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Abstract Textile effluents are hugely hazardous, and

comparatively less research have been focused on their

biodecolorization process optimization by single bacte-

rium. Hence, present study was intended toward statistical

optimization of textile wastewater biodecolorization by

Pseudomonas sp. SUK1 employing response surface

methodology. Effects of pH, temperature, and effluent

concentrations were analyzed, and an optimal response of

92.20 % American Dye Manufacturing Institute (ADMI)

value removal was recorded at 7.0 pH, 40 �C, and 40 % of

effluent concentration. This response was maximized to

94.08 % ADMI removal from predicted solutions. Actual

and predicted values were matching and the process was

found suitable for quadratic model. Success of response

surface methodology was validated from R2. Significant

interactions of each variable were demonstrated by

response surface plots. Bacterium reduced the heavy metals

concentration, Biological Oxygen Demand, and Chemical

Oxygen Demand values significantly. Degradation of dyes

was checked by high performance thin layer chromatog-

raphy. Effluent treatment caused the nicking of pBR322.

Up- /down- regulation of antioxidant enzymes in Allium

cepa L. confirmed the severe toxicity of effluent and also

suggested that the toxicity was significantly reduced by the

bacterial treatment.

Keywords ADMI � Biodecolorization � Pseudomonas sp.

SUK1 � Response surface methodology � Wastewater

Introduction

Colored appearance is a unique characteristic in many

industrial wastewaters including dye manufacturing, tan-

nery, plastic, paper, pulp, leather, textile industrial waste-

water, and other industrial wastes e.g., food and cosmetic

(Fu and Viraraghavan 2001). However, textile industry is

the major source of colored effluent because major chem-

ical pollutants present in textile wastes are ‘‘dyes’’, while

others include toxic heavy metals, pentachlorophenol,

chlorine bleaching, halogen carriers, carcinogenic amines,

free formaldehyde, biocides, salts, surfactants, disinfec-

tants, solvents, and softeners etc. (Correia et al. 1994).

Since 1856, over 105 different dyes have been produced

worldwide with an annual production of over 7 9 105

metric tons (Ali 2010) indicating their increased require-

ment and usage. Out of the total usage, 10 % of dyes are

released in environment in the form of effluents (Maguire

1992; Selvam et al. 2003).

Several hazardous effects of textile effluent are reported

worldwide on aquatic flora and fauna, animals, and even on

humans. Colored effluents can cause esthetic and envi-

ronmental problems by absorbing the light and by inter-

fering with aquatic biological processes (Kao et al. 2001).
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Dyes are recalcitrant, xenobiotic, highly toxic compounds,

and known as carcinogenic (Bhaskar et al. 2003) and

genotoxic when lead to exposure in the human gastroin-

testinal tract (Stiborova et al. 2002). Importantly, in Eco-

logical and Toxicological Association of the dyestuff

(ETAD) survey, over 90 % of some dyes (4,000 dyes tes-

ted) had the LD50 values greater than 2,000 mg kg-1

(Ayed et al. 2009). As a result, in recent years, government

policies have restricted these industries to discharge efflu-

ent with proper treatment. There are several methods

reported for the decolorization purpose, but biological

treatment is highly attractive for a variety of reasons

(Robinson et al. 2001; Forgacs et al. 2004). Though lot of

work has been carried out in microbial remediation and

process optimization with single dyes, comparatively less

work is done on real untreated textile effluent. In routine

practice, one does not know the dyes, their types, and

several other chemicals present in the effluent. Here,

treating such effluent is more relevant and challenging task

because combined stress generated on microbial biomass

due to several dyes and chemicals is considerably high.

Hence we aim to study the remediation of untreated,

undiluted textile effluent by using bacterium Pseudomonas

sp. SUK1.

Previous studies also lack, to great extent, the efforts to

optimize (specifically) the wastewater decolorization pro-

cesses statistically. Hence, in this study, various experi-

mental conditions have been optimized and their

interdependence on decolorization was also investigated by

Response surface methodology (RSM). And to the best of

our knowledge, this might be the first report on RSM

application specifically for single bacterium- mediated

textile wastewater decolorization; although previous stud-

ies include microbial consortium mediated effluent treat-

ment, RSM optimization for single dyes or synthetic dye

mixture, effluent treatment using single fungal strains, etc.

Materials and methods

Chemicals

All chemicals required for enzyme assays were obtained

from Sigma Aldrich. Solvents were purchased from Hi-

media Laboratories Pvt. Ltd., Mumbai, India and Sisco

Research Laboratory (SRLs), India. All chemicals used

were of the highest purity available and of analytical grade.

Effluent collection and its characterization

Effluent used in this study was obtained from local textile

industry, Ichalkaranji, India, directly from the outlet,

without its prior treatment in effluent treatment plant (10 lit

sample collected only once). It was filtered through filter

paper, autoclave sterilized, and stored at 4 �C until use for

decolorization studies without any dilution.

Effluent was characterized by biological oxygen demand

(BOD)and chemical oxygen demand (COD) (APHA 1998)

before and after dye degradation. BOD and COD values

were measured by using Hanna BOD meter and automated

COD analyzer (Spectralab CT 15, India), respectively.

Effluent was also characterized for some other parameters

like hardness, alkalinity, total solids (TS), total dissolved

solids (TDS), and total suspended solids (TSS) (APHA

1998).

Bacterium and culture conditions

Strain Pseudomonas sp. SUK1 used in this study was

previously isolated in our laboratory by Kalyani et al.

(2008) and chosen because of its decolorization capability.

Pure culture was maintained at 4 �C on nutrient agar slant

containing (g dm-3): NaCl 5.0, bacteriological peptone

10.0, yeast extract 2.0, beef extract 1.0, and agar 25.0.

Decolorization experiment

All decolorization experiments were performed in 250 cm3

Erlenmeyer flasks, at static condition. Bacterium was

grown for 24 h at 30 �C at static condition, in nutrient

broth having composition as mentioned above, except agar.

From this microbial broth, 50 cm3 grown culture was

added in the flask containing 50 cm3 textile industry

effluents (during preliminary experiments). Aliquot of

4 cm3 from this mixture was centrifuged at 6,000 rpm for

15 min to separate the cell mass, and the clear supernatant

was used to determine the decolorization activity. Decol-

orization was analyzed using American Dye Manufacturing

Institute (ADMI) 3WL tristimulus method. Transmittance

of the sample at three wavelengths (590, 540, and 438 nm)

was recorded in UV–Vis spectrophotometer (Shimadzu

UV-1800), and using these values, ADMI tristimulus val-

ues were calculated (Kurade et al. 2012). Hence, decolor-

ization was expressed in terms of ADMI removal ratio and

calculated as follows:

ADMI removal ð%Þ ¼ ADMIðt0Þ � ADMIðtÞ
ADMIðt0Þ

� 100

ðA:1Þ

in which ADMI (t0) and ADMI (t) are the initial ADMI

value (at 0 h) and the ADMI value after a particular

reaction time (t), respectively. All decolorization experi-

ments were carried out in triplicates. Abiotic controls

(without microorganism) were always included.
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Process optimization by RSM

Box-Behnken design was applied using Design-Expert

(Stat-Ease) software trial version 8.0.6.1 to our study, which

is a three-level design operated here for three variables viz.

–pH (units), temperature (�C), and effluent concentration

(%, v/v). These parameters were chosen based on the results

from preliminary experiments as the critical variables to

optimize effluent decolorization and designated as A, B, and

C. Statistical significance of the model equation and model

terms was evaluated by F test and Analysis of Variance

(ANOVA). Quality of the quadratic model equation was

expressed by determination coefficient R2 and adjusted R2.

Optimal values were obtained by solving the regression

equation, and 3D response surface and contour plots were

used for analyzing the interactive effect of each variable.

Enzyme assays

Enzyme analysis was carried in control sample immedi-

ately after addition of textile effluent to the culture broth

(0 h) and after the decolorization of effluent (24 h): both

intracellular and extracellular. Preparation of cell-free

extract and enzymatic status of various biotransformation

enzymes viz. NADH-DCIP reductase, veratryl alcohol

oxidase (VAO), laccase, tyrosinase, and azo reductase were

assessed spectrophotometrically using Shimadzu UV-1800

UV–Vis spectrophotometer as mentioned in our previous

report (Jadhav et al. 2013). Activity of NADH-DCIP

reductase was monitored by DCIP as a substrate and

NADH as a cofactor, while the enzyme activities of laccase

and VAO were determined using o-tolidine and veratryl

alcohol as a substrate, respectively. All experiments were

carried out in triplicates and the average rates were cal-

culated. Enzyme blanks were always included.

Extraction of metabolites and analytical analyses

Decolorized medium was centrifuged at 6,000 rpm for

20 min at room temperature. Supernatant obtained was used

to extract metabolites with ethyl acetate (1:1) firstly at

neutral pH (7.0), and the solvent fraction was collected

separately. Similar extraction procedure was followed at

acidic (4.0) as well as basic (10.0) pH values by readjusting

the pH of same supernatant. All solvent fractions were

mixed together and evaporated to dryness. This dried resi-

due was redissolved in small volume of HPLC grade

methanol and used for High Performance Thin Layer

Chromatography (HPTLC) analysis. For UV–Vis and

Atomic Absorbance Spectroscopic (AAS) analyses, super-

natant was used as it is (Phugare et al. 2011).

For HPTLC analysis, pre-coated TLC silica gel (60F

254) plates supplied by Merck were used. Samples

(effluent, degradation product) of amount 10 lm3 were

spotted on TLC plates using a micro syringe under N2

pressure (HPTLC Camag, Switzerland) (Phugare et al.

2011). Mobile phase used was toluene: ethyl acetate: pro-

panol (7:2:1, v/v). Plate was scanned at 254 nm and

observed under UV–chamber. Detection of metals from the

textile effluent was done by AAS. Ion content was evalu-

ated using Perkin–Elmer model 300, with a hallow cathode

lamp and a deuterium background corrector, at respective

resonance line using an air–acetylene flame.

Phytotoxicity, antioxidant enzymes, and plasmid

nicking assays

Phytotoxicity studies using Triticum aestivum and Sorghum

vulgare plant species were conducted by evaluating the

seed germination index and the length of plumule and

radicle (Phugare et al. 2011).

Antioxidant enzyme status was checked in A. cepa root

cells, (Jadhav et al. 2013) and spectrophotometric assays

were performed according to the protocol given by Achary

et al. (2008). Enzymes analyzed were catalase (CAT, E.C.

1.11.1.6), superoxide dismutase (SOD, E.C. 1.15.1.1), and

guaiacol peroxidase (GPX, E.C. 1.11.1.7).

This assay was carried out as described by Siddiqui et al.

(2011) with slight change. Plasmid pBR322 DNA (0.5 lg)

was treated with effluent and its degradation products in a

total volume of 20 lm3 for 20 h at room temperature.

D/W-treated plasmid served as negative control. After the

treatment, 2 lm3 of 59 tracking dye (40 mM EDTA,

0.05 % bromophenol blue, and 50 % (v/v) glycerol) was

added to the reaction mixtures, and they were subjected to

electrophoresis on 1 % agarose gels. Gel was run at

102 mA for 30 min and stained with ethidium bromide

(0.5 lg dm-3) for 30 min at room temperature. After

washing, the bands in the gel were visualized in a Gel-Doc

system.

Statistical analysis

Data were analyzed by ANOVA with Tukey–Kramer

multiple comparisons test (Taran et al. 2011; Jadhav et al.

2013) using Graph pad software. Readings were considered

significant when P was \0.05.

Results and discussion

Effluent characterization

Effluents from textile dying facilities are very difficult to

treat successfully because of their high compositional

variability and high color intensity (Kao et al. 2001).

Application of response surface methodology
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Pseudomonas sp. SUK1 has been shown to possess tre-

mendous potential for textile dye degradation. However, its

potential was estimated for the individual dye degradation

and in consortium for the effluent decolorization studies

(Kalyani et al. 2008; Jadhav et al. 2010). Here we aimed to

evaluate the textile effluent decolorization potential of this

strain individually. Textile effluent without any prior

treatment was obtained directly from the outlet of the

industry. Initial color of the effluent was showing the

absorbance maxima at 548 nm having absorbance of 0.192

units and showed the ADMI value of 985 units. Pre-

liminary characterization was done in terms of organic

load. The pH was basic i.e., 8.25, and the effluent showed

absorbance maxima at 468 nm (Table 1). Total dissolved

solids were 920 mg dm-3 and total solids concentration

estimated was 1300 mg dm-3, whereas the hardness

counted was 158 mg dm-3.

Microbial growth and decolorization experiments were

carried out in static conditions. At shaking condition,

microbial growth was higher than that of static, but there

was no highly significant difference in decolorization

capacity. Also, shaking conditions would have further

increased the cost of this treatment process.

Initial BOD and COD values were 380 and

624 mg dm-3, respectively, but after the bacterial treat-

ment, significant reduction of 47.3 and 35.9 % were

recorded, respectively for BOD and COD. As heavy metals

are often used in different textile processes, they are fre-

quently found in textile dyeing effluents (Rybicki et al.

2004) as free ionic metals or complex metals that eventu-

ally contribute to environmental concerns (Hill et al. 1993).

When the effluent in present study was tested for the pre-

sence of metals, Copper, Magnesium, Iron, Manganese,

Zinc, Chromium, Sodium, and Lead were found (Table 1).

Some of them were present in higher quantities than given

by the National Environmental Quality Standards (Phugare

et al. 2011). Sodium was found to be present in compara-

tively very higher quantity, which might be representing

the salinity of effluent, and Pb was in least concentration.

In this case also, after bacterial treatment, all the metals

were found to be reduced in concentration with Pb been

removed by highest percent.

Optimization of decolorization

In recent years, chemo metric tools have been frequently

applied to the optimization of analytical methods and RSM

is one of them. These methods offer the advantages such as

a reduction in number of experiments that need to be

executed, resulting in lower reagent consumption and

considerably less laboratory work (Ferreira et al. 2007).

RSM has been extensively used in biotechnology namely

optimization of medium composition, value-added pro-

ducts, and dye decolorization (Nyanhongo et al. 2002;

Zhang et al. 2007; Dey et al. 2012; Jalasutaram et al. 2013;

Vedaraman et al. 2013), simulated dye effluent and oil mill

effluent decolorization (Sharma et al. 2009; Neoh et al.

2013) and food process (Yann et al. 2005). However,

studies aiming the optimization of textile effluent biode-

colorization are lacking. Hence, here we have optimized

the effluent decolorization performance of bacterium by

employing RSM. Application of RSM in textile effluent

treatment process can result in improved decolorization,

reduced process variability, time, and overall costs (Tav-

ares et al. 2009). Additionally, it is also useful for the

identification and optimization of factors that influence the

experiments and further, possible synergic or antagonistic

interactions that may exist between factors can also be

studied. Furthermore, using these methods, mathematical

models can be developed that permit assessment of the

relevance, statistical significance of the affecting factor as

well as to evaluate the interactive effects between the

factors (Ferreira et al. 2007). Hence, a class of three-level

complete factorial design for the estimation of the param-

eters in a second-order model was developed by Box and

Behnken (1960), and we employed this design in our

present study. Table 2 shows the process affecting

parameters and their minus, zero, and plus levels. Response

(decolorization) was expressed in terms of % ADMI

removal value. Because being a complex mixture of dyes,

Table 1 Effluent characterization before and after decolorization

Characteristics Textile effluent

before bacterial

treatment

Textile effluent

after bacterial

treatment

pH 8.25 7.90

kmax 468 nm –

CODa 624 224

BODa 380 179

Total dissolved solids

(TDS)a
920 705

Total suspended solids

(TSS)a
380 –

Total solidsa 1300 –

Total hardness

(CaCO3)a
158 71

Cua 2.74 2.17

Mga 5.0 4.0

Fea 0.70 0.15

Mna 0.47 0.35

Zna 2.48 1.91

Cra 0.40 0.29

Pba 0.17 0.02

Naa 1532 1340

a mg dm-3
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textile effluent does not show well-defined peaks in the

visible region, hence the decolorization of mixture of dyes

was determined in terms of ADMI value. It provides a true

measurement of water color, independent of hue and thus

opens the way to a more accurate definition of wastewater

and colored mixture measurements (Kao et al. 2001). It

was calculated using the ‘Adams-Nickerson chromatic

value formula’ (Kurade et al. 2012). It is to be noted that no

biosorption occurred and the decolorization was by bacte-

rial degradation activity only. This conclusion was based

on the observations of dye desorption studies (by using

solvents methanol, chloroform, ethyl acetate and dichlo-

romethane dimethyl sulfoxide, and also using NaOH) of

the dyes on the bacterial cells before and after effluent

decolorization (where no dye was recovered from the

bacterial cell surface). And also no decolorization was

observed by the heat-killed cell suspension (Kalyani et al.

2012).

Design matrix and statistical analysis

For the RSM studies, prior knowledge regarding process

and its variables was necessary, and parameters were

chosen based on preliminary decolorization experiments.

During optimization, quadratic model was found to be

suitable for the decolorization process in this study. From

multiple regression analysis, second-order quadratic poly-

nomial equation for predicted response Y (% ADMI

removal), in terms of coded as well actual values, was

obtained as follows:

Final equation in terms of coded factors:

Y ¼ þ87:36 � 4:95 � A þ 6:31 � B � 4:61

� C � 1:98 � A � B þ 2:73 � A � C

� 2:85 � B � C � 8:43 � A2 � 4:46

� B2 � 4:36 � C2:

ðB:1Þ

Final equation in terms of actual factors:

%ADMI removal ¼ �424:75500 þ 105:37000� pH

þ 6:11175 � Temperature

þ 2:84125 � Effluent conc:

� 0:19750 � pH � Temperature

þ 0:27250 � pH � Effluent conc:

� 0:028500 � Temperature

� Effluent conc:

� 8:43000 � pH2 � 0:044550

� Temperature2 � 0:043550

� Effluent conc:2:

ðB:2Þ

Total of 17 runs were required for this Box-Behnken

design and details of this experimental design matrix is

presented in Table 2; along with actual and predicted

responses. Optimum values of the operational parameters

were obtained by solving the regression equation, analyz-

ing the 3D and contour plots, and by setting up restrictions

for the levels of the factors under study. It can be seen that

all the experimental results were in very good agreement

Table 2 Box-Behnken design matrix with variables along with actual and predicted responses

Std. Order A [pH] B [Temp.

(�C)]

C [Effl. conc.

(%)]

Actual response

(Y %)

Predicated

response (Y1 %)

Externally studentized

residual

1 6 20 50 71.10 71.14 -0.130

2 8 20 50 65.30 65.19 0.395

3 6 40 50 87.60 87.71 -0.395

4 8 40 50 73.90 73.86 0.130

5 6 30 40 87.10 86.86 0.874

6 8 30 40 71.60 71.51 0.305

7 6 30 60 72.10 72.19 -0.305

8 8 30 60 67.50 67.74 -0.874

9 7 20 40 73.80 74.00 -0.722

10 7 40 40 92.20 92.33 -0.440

11 7 20 60 70.60 70.47 0.440

12 7 40 60 77.60 77.40 0.722

13 7 30 50 86.60 87.36 -1.841

14 7 30 50 87.40 87.36 0.078

15 7 30 50 88.30 87.36 2.721

16 7 30 50 86.90 87.36 -0.956

17 7 30 50 87.60 87.36 0.473
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with predicted ones i.e., %ADMI removal values of each

experiment were matching. Maximum ADMI removal of

92.20 % was observed at pH 7.0, temperature 40 �C, and

effluent concentration 40 %. ANOVA analysis was

employed to validate the predicted quadratic model, from

which the relationship between variables and response was

studied. Table 3 shows the statistical analysis of this pro-

cess. ANOVA of the regression model suggested the high

significance of model; based on Fisher’s ‘F’ test, the ‘P’

value of model was very low (\0.0001), which is very

highly significant. F value of model should be greater than

the tabulated value of the F distribution for a certain

number of degrees of freedom at a level of significance

a = 5 % (Kousha et al. 2012). So the ‘P’ value of less than

0.05 indicates model significance at the 95 % confidence

level. Box-Cox plot is another analysis which can be used

to check the validity of the model. Only few parameters

near the optimum region can be significant, while others

might appear to be significant outside the region of opti-

mum. So the plot provides guideline for selecting the

correct power-law transformation. Present study model

showed that the minimum confidence interval value is

-0.83 and the maximum value is 2.65 (Fig. 1). The current

point of confidence interval (k = 1) is very much closer to

model design value i.e., best = 0.9. Hence, no transfor-

mation of the model was required as recommended by the

Box-Cox analysis. Major test for validating the model is

‘lack of fit’ test. This test should be non-significant; we

want the model to fit the process. ‘P’ value of 0.8875 and

‘Lack of fit F value’ of 0.21 in the present study renders

this as non-significant (Table 3).

Adequacy of the model, response prediction,

and confirmation

It is important to check the adequacy of the fitted model

before analyzing and predicting the responses. Fitted model

should give sufficient approximation to the actual test

otherwise it can lead to poor results. From Table 2, it is

evident that almost all the externally studentized residuals

lie between -2 and ?2 values with the exception of 15th

run. Because this parameter/analysis is important in check-

ing adequacy of the model, the quadric model in present

study seemed adequate. Further multiple correlation coeffi-

cients, normal probability plot, and ‘adequate precision’

were used to judge the model adequacy. Integrity of the

predicted quadratic model was investigated by determina-

tion coefficient (R2) and multiple correlation coefficients

(R). It gives goodness of the fitted model and explains the

Fig. 1 Box-Cox analysis for checking the requirement of transfor-

mation of model

Table 3 ANOVA analysis and

‘lack of fit test’ for the quadratic

model

R2 -0.9984; Pred R2 -0.9945;

Adj R-Squared -0.9964;

SD -0.53; Mean -79.25;

C.V. -0.67 %; PRESS -6.99;

Adeq. Precision -66.204
a Degrees of freedom

Source Sum of squares dfa Mean square F values P value Prob [ F

Model 1272.24 9 141.36 494.88 \0.0001 Significant

A-pH 196.02 1 196.02 686.24 \0.0001

B-Temperature 318.78 1 318.78 1116.01 \0.0001

C-Effluent conc. 170.20 1 170.20 595.85 \0.0001

AB 15.60 1 15.60 54.62 0.0002

AC 29.70 1 29.70 103.98 \0.0001

BC 32.49 1 32.49 113.74 \0.0001

A2 299.22 1 299.22 1047.53 \0.0001

B2 83.57 1 83.57 292.56 \0.0001

C2 79.86 1 79.86 279.57 \0.0001

Residual 2.00 7 0.29

Lack of fit 0.27 3 0.089 0.21 0.8875 Not significant

Pure error 1.73 4 0.43

Cor total 1274.24 16
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correlation between actual and predicted values. The value

of ‘R2’ needs to be closer to 1 and in the present process, it

was 0.9984–– demonstrating the better correlation. ‘‘Pred

R2’’ of 0.9945 is in reasonable agreement with the ‘Adjusted

R2’ of 0.9964 (Table 3). This value of ‘Adj R2’ suggested

total variation of more than 99 % for ADMI removal value

to the independent variables. Only 0.5 % variation was not

explained by fitted model. So this analysis permitted the use

of response surface for modeling the design space. Normal

probability plot ensures the normality assumption of resid-

uals. It is necessary that mean zero and unit variance should

be approximately normal with residuals. This plot lies along

a straight line because almost no residuals had the value over

2 and it fulfilled the normality assumption (Fig. 2). The

range in predicted response relative to its associated error

can be measured by adequate precision. Value of this ratio

should be greater than four (Kousha et al. 2012; Aghamo-

hammadi et al. 2007). In this study, a value of 66.204 of this

ratio suggests that the data obtained through predicted

quadratic model is reliable and can be used to navigate the

design space.

Next step in RSM is to predict the response. Contour

and 3D response surface plots were generated to examine

the interactive effect of independent variables of the pro-

cess. Figure 3a gives the interactive effect of pH and temp.

while keeping the effluent concentration constant (50 %). It

is evident that as temperature rises from 20 to 40 �C, there

was almost linear increase in % ADMI removal value of

effluent decolorization. Further increase in temperature

might have affected the enzyme system and/or cell via-

bility. Whereas, the decolorization was observed at pH

values from 6.0 to 7.5 units and it seemed to be inhibited at

further basic pH values. A maximum of approximately

90 % ADMI removal can be seen at 40 �C and pH 6.8. ‘P’

(Prob [ F) value of 0.0002 for this interaction is rendering

it quite significant (Table 3). In the next part, interactive

effect of effluent concentration and pH was investigated by

keeping the temp. constant (30 �C). Here it is clear that

with higher effluent concentrations there was decrease in

decolorization efficiency of bacterium above 45 % effluent

concentration, when the pH was varied over the range

6.0–8.0 (Fig. 3b). Region of maximum % ADMI removal

efficiency was at pH 6.7 and effluent concentration 45 %.

At higher concentrations of effluent, there might be toxic

effects to the bacterium or cell number is low to utilize

these much higher concentrations rendering the overall

decolorization rate slow with respect to the tested time

(24 h). Further at constant pH of 7.0, interactive effect of

temperature against effluent concentration was studied

(Fig. 3c). More than 90 % of ADMI removal can be seen at

temp. 40 �C and low effluent concentration (40 %) which

came out during experimental design matrix. It can be said

that lower effluent concentrations were required to achieve

the significant decolorization. And at higher temperature of

40 �C, there might be increased activity of enzymes or

cells may be optimally permeable to intracellular uptake of

dye/s and thereby subsequent decolorization of dyes by

enzymes. The intracellular uptake and degradation of the

dyes is a very commonly found phenomena in the

microbes.

Another beauty of RSM is that software generates the

possible combinations of experimental variables where

further maximum response can be accomplished. Accord-

ingly we selected few such experiments and performed in

triplicates, so as to validate and confirm the adequacy of

fitted model. In these confirmatory experiments also, the

actual values were very close to the predicted response

values (Table 4). These experiments also confirmed the

predicted responses. Because in all these tested combina-

tions, pH of near neutral value, temp. of near 40 �C and

lower effluent concentrations (around 40 %) were proved

to be optimum. The response (% ADMI removal) was

maximized to 94.08 % from experimental combination

of—pH 6.6, temp. 38.44 �C and effluent concentration

42.66 %

Enzymatic and analytical analysis

Various biotransformation enzymes were analyzed for their

role in decolorization of textile effluent. As evident from

Table 5, intracellular activities of laccase, VAO, NADH-

DCIP reductase and significantly in tyrosinase were found

to be induced after decolorization of textile effluent. A

significant increase in the extracellular activities of NADH-

DCIP reductase, tyrosinase, laccase, and particularly in

VAO was also observed after decolorization. It can be

concluded that the presence of these enzymes was neces-

sary for the decolorization of colored effluent or their co-

ordinate action which ultimately lead to the decolorization

Fig. 2 Normal probability plot of residuals
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and degradation of various dyes present in effluent. These

enzymes are now very well established in dye decoloriza-

tion (Jadhav et al. 2013). Activity of azo reductase was

absent in both enzyme samples. Here, it is difficult to

predict whether there was any azo dye present in the

effluent or not because laccase has been previously shown

to remove the azo bond by Pereira et al. (2009) and we

have found laccase activity in this study.

Decolorization of textile effluent was confirmed with

UV–Vis spectroscopy (Fig. 4). HPTLC analysis was

conducted to confirm the biodegradation of dyes present in

this colored effluent. In this study, fluorescent TLC plate

was loaded with samples, developed using mobile phase-

propanol: toluene: ethyl acetate (1:7:2). Figure 5a repre-

sents the plate observed under UV chamber at 366 nm. It is

easily visible that bands obtained in the control sample

(lane ‘a’) were not same as in the metabolite sample (lane

‘b’). Major bands corresponding to the dyes, were either

vanished or biotransformed into compounds with altered Rf

values. These outcomes were further supported by 3D

Fig. 3 Interactive effect of each variable. a Temp.–pH b Effluent conc.–pH c Effluent conc.–temp
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graph obtained in the software (Fig. 5b), in which tracks

were scanned in visible range i.e., at 530 nm. Multiple

peaks in control were lost in the metabolite sample where

no major peak appeared which can be responsible for

colored product. From these studies, it can be concluded

that the dye molecules present in effluent were biodegraded

or biotransformed that lead to the decolorization.

Toxic effects of effluent

Here toxicity was estimated using three different toxicity

assays to evaluate the success of this bioremediation pro-

cess. Because we found that there might be biotransfor-

mation of some dyes and biotransformation may not

always be necessarily beneficial. So it was imperative to

check the toxicity of metabolites formed after decoloriza-

tion of effluent.

Phytotoxicity and antioxidant enzyme analysis

Phytotoxicity studies using plant seedlings have been used

widely because these offer most simple, compatible, and

inexpensive approach to test out the toxic effects of pol-

lutants, though mainly for dyes (Lin and Xing 2007;

Kalyani et al. 2008; Kumar et al. 2013). We used this assay

with Triticum aestivum and Sorghum vulgare which

occupies the major place of diet in India. Indication of

toxic effects of effluent with respect to plumule and radicle

length and germination (%) of seeds were visible from

phytotoxicity studies (Table 6). Significant differences can

be seen in effluent treatment. While all the values of the

metabolite-treated samples were very close to that of the

water-treated samples (control), it gives clear idea about

the less toxic nature of metabolites as compared to effluent

(Table 6).

Antioxidant enzyme analyses are important in evaluat-

ing the production of reactive oxygen species or indirectly

oxidative stress because these form the defense mechanism

of plants against stress. A. Cepa was chosen here because it

is a major dietory component, its soft roots which makes

the enzyme isolation and also its assay protocols are well

established. We tested SOD, CAT, and GPX enzymes in A.

Cepa root cells treated with water, effluent, and metabolites

separately. Selection of enzymes was based on the fact that

Fig. 4 UV–Vis spectroscopy analysis of textile effluent before and

after its decolorization

Table 4 Confirmatory experiments for Box-Behnken design matrix

model validation and confirmation

Solution pH Temp. Effluent

conc.

Actual

response

(% Y)

Predicted

response

(% Y1)

1 6.53 36.58 45.95 92.46 93.09

2 6.85 37.80 40.61 93.12 93.30

3 6.60 38.44 42.66 94.08 94.41

Table 5 Enzyme activities in Pseudomonas sp. SUK1 in control (0 time) and after treatment (24 h)

Enzyme Intracellular Extracellular

Before decolorization After decolorization Before decolorization After decolorization

VAOa 1.161 ± 0.055 1.241 ± 0.040 0.821 ± 0.078 1.320 ± 0.123**

Laccasea 0.135 ± 0.021 0.141 ± 0.043 0.137 ± 0.092 0.241 ± 0.032**

NADH-DCIP reductaseb 321.6 ± 2.561 408.5 ± 5.51*** 210.2 ± 3.92 259.26 ± 2.09**

Tyrosinasea 245.0 ± 31.83 709.8 ± 25.5*** 502.9 ± 21.32 832.0 ± 21.3***

Azoreductasec ND ND ND ND

Values are mean of three experiments, (±) SD. Significantly different from control (before decolorization) at ** P \ 0.01, *** P \ 0.001 by

One-way analysis of variance (ANOVA) with Tukey–Kramer comparison test

ND Not detected
a Units mg-1 protein min-1

b lg of DCIP reduced mg-1 protein min-1

c lmol of methyl red reduced mg-1 protein min-1
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they are well known for their important role in reducing the

toxic levels of reactive oxygen species, which ultimately

demonstrates the stress. Induction in activity of CAT and

inhibition of activities of SOD and GPX were observed in

effluent-treated samples, while these activities were found

close to that of control values in case of metabolite-treated

sample (Table 7). Achary et al. (2008) has suggested that

the interplay of these enzymes can be considered as a

response to the oxidative stress. The efficient role of an

antioxidant in detoxifying or scavenging reactive oxygen

species depends on the type of species in which it occurs,

intensity of a stress, and also the growth stage at which a

plant is exposed to stress (Ashraf 2009). From these results,

it is evocative that there was generation of reactive oxygen

species in response to effluent-mediated stress due to which

there was up- /down- regulation of antioxidant enzymes

occurred.

In vitro plasmid nicking assay

This assay also offers easy and quick method of assessing

the toxicity. So, in this study, we tested the effect of

effluent on plasmid DNA in an in vitro assay. Plasmid

DNA was treated with metabolites and effluent separately

along with untreated plasmid and plasmid treated with

D/W served as controls. Figure 6 gives the electrophoretic

band pattern of plasmid pBR322 under these treatments

and reveals the highly toxic nature of textile effluent used

in this study. Three bands corresponding to the open cir-

cular (OC), linear (L), and super coiled (SC) were observed

in control (lane ‘a’, without any treatment). This pattern

was very much similar in case of metabolite treatment

(lane ‘c’). Hence, a less toxic nature of metabolites was

confirmed. While there was almost complete degradation

of plasmid DNA after effluent treatment, a smear of band is

observable that traveled a greater distance than control and

metabolite. This toxicity was higher than reported in earlier

reports of wastewaters (Siddiqui et al. 2011; Tabreza and

Ahmad 2011). In those reports, single band of plasmid

DNA was converted to OC, L, and SC or further degra-

dation of one of these bands was found occurred. While

effluent in our present study seemed to possess more toxic

effects as the extent of denaturation of DNA was higher in

its case.

Conclusions

RSM was applied successfully to optimize the bioremedi-

ation process for textile wastewater. It can result in

Fig. 5 HPTLC analysis. a Fluorescent plate observed at 366 nm. Arrows suggest the probable major dye bands b 3D graph after scanning of

plate at 530 nm

Table 6 Phytotoxicity study of the effluent and its degradation

product

Parameter ? Plants; Germination Plumule (cm) Radical (cm)

Triticum aestivum

Control 90 11.2 ± 1.62 6.01 ± 0.31

Effluent 40 5.12 ± 2.02*** 3.53 ± 0.24*

Metabolite 70 8.93 ± 1.64 5.43 ± 0.73

Sorghum vulgare

Control 80 7.87 ± 1.32 5.63 ± 0.61

Effluent 30 4.03 ± 0.89* 2.41 ± 0.21**

Metabolite 60 7.42 ± 0.93 4.28 ± 0.54

Values are mean of three experiments, SEM (±), significantly different from the

control (seeds germinated in water) at * P \ 0.05, ** P \ 0.01 and *** P\0.001

by One-way analysis of variance (ANOVA) with Tukey–Kramer comparison test
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improved decolorization, reduced process variability, time,

and overall cost. With these studies, model response can be

predicted at any given conditions of variables. These

optimized conditions will be beneficial for industry-level

treatment of textile wastewater by Pseudomonas sp. SUK1.

However, further large scale studies are required to check

the feasibility of process. Analytical analysis provided the

confirmation that decolorization was due to biodegradation

and/or biotransformation of dyes. Toxicity analysis proved

the lethalness of effluent. Its less toxic nature after bacterial

treatment confirmed the accomplishment of bioremediation

process. Present study marks the bacterial potential for the

bioremediation of real textile waste waters and suggests

that bioremediation is a feasible approach. In the present

context of this huge textile industrialization, which is

ultimately leading to the environmental pollution, biore-

mediation approach should be employed for the restoration

of polluted environments. Hence, it becomes further nec-

essary to receive the efforts to take this approach to the

application level. This study can have the future perspec-

tives of pilot-scale application.
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Tavares AP, Cristóvão RO, Loureiro JM, Boaventura RA, Macedo

EA (2009) Application of statistical experimental methodology

to optimize reactive dye decolourization by commercial laccase.

J Hazard Mater 162:1255–1260

Vedaraman N, Begum SS, Srinivasan SV (2013) Response surface

methodology for decolourisation of leather dye using ozonation

in a packed bed reactor. Clean Techn Environ Policy 15:607–616

Yann D, Didier H, Daniel B (2005) Utilisation of the experimental

design methodology to reduce browning defects in hard cheeses

technology. J Food Eng 68:481–490

Zhang T, Wen S, Tan T (2007) Optimization of the medium for

glutathione production in Saccharomyces cerevisiae. Process

Biochem 42:454–458

S. B. Jadhav et al.

123



Enzymatic production of N-acetyl-D-glucosamine by solid state
fermentation of chitinase by Penicillium ochrochloron MTCC 517 using
agricultural residues

Nilambari S. Patil, Jyoti P. Jadhav*

Department of Biotechnology, Shivaji University, Vidyanagar, Kolhapur 416004, India

a r t i c l e i n f o

Article history:
Received 18 January 2014
Received in revised form
2 March 2014
Accepted 3 March 2014
Available online 28 March 2014

Keywords:
Solid state fermentation
Chitinase
Central composite design
Penicillium ochrochloron
GlcNAc

a b s t r a c t

The optimization studies for production of chitinase were carried out by response surface methodology
(RSM) based on statistics experimental design using three substrates, which were wheat, rice and
red gram bran. 24 full factorial central composite design was applied to evaluate optimal combinations of
variables. These variables were chitin concentration, initial moisture content, inoculum level, and incu-
bation time. The results of second order polynomial showed that all four variables had significant effect on
chitinase production. Maximum chitinase activity was recorded for wheat bran (2443.23 U g�1) than rice
(1216.65 U g�1) and red gram bran (961.32 U g�1). An overall 3-fold increase in chitinase activity was
achieved using optimized strategies of RSM. Growth of the fungus on all bran particles have been visu-
alized by scanning electron microscopy. These results indicated the potential of Penicillium ochrochloron
for economical production of chitinase using agricultural residues. TLC and HPLC analysis of colloidal
chitin hydrolysate with partially purified chitinases revealed that the major reaction product was
monomeric GlcNAc indicating the potential of these enzymes for efficient production of GlcNAc.

� 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Chitin is a high molecular weight polymer of N-acetyl-D-
glucosamine (NAG) units linked by b-D-(1e4) linkage, with 1000e
3000 units (Lower, 1984). Chitinase (E.C. 3.2.1.14) is a glycosyl hy-
drolase, which catalyzes the degradation of chitin polymer
(Henrissat and Bairoch, 1993). This class of enzymes has important
roles in biological control of pests and diseases, such as growth
promoting factors in food and feed, medicine, waste management,
sweeteners, and in industries (Aloise et al., 1996). In spite of such
industrial, environmental, and biological significance, the high cost
of the enzyme together with low activity and stability of available
purified chitinases restrict its commercial utilization (Suresh and
Chandrasekaran, 1998).

Solid substrate fermentation (SSF) has recently gained impor-
tance for the production of microbial enzymes due to several eco-
nomic advantages over conventional submerged fermentation
(Viniegra-Gonzalez et al., 2003). Research for the selection of suit-
able substrates for SSF has been mainly centered on agro-industrial

residues due to their potential advantages for filamentous fungi,
which are capable of penetrating into the hardest of these solid
substrates (Ramachandran et al., 2004). SSF provides an environ-
ment friendly approach because out of total available agricultural
waste, only a fraction is used as animal feed. The remaining waste is
disposed off by incineration, which causes a highly detrimental
impact on the environment (Kumar and Kanwar, 2012). Uptil now
different types of chitinous substrates have been reported for pro-
duction of chitinase include fungal cell walls, (Gupta et al., 1995),
crab, and shrimp shells (Suresh and Chandrasekaran, 1998; Chang
et al., 2003; Matsumoto et al., 2004) and agricultural residues
(Dahiya et al., 2005; Kumar et al., 2012).

Response surface methodology (RSM), a collection of mathe-
matical and statistical techniques for building empirical models, is
gaining importance for optimizing conditions for the production of
industrially important products (Chen et al., 2005). Classical
method of medium optimization is time consuming, laborious and
expensive. In addition, it fails to determine the combined effect of
different factors. Hence, researchers are encouraged to apply sta-
tistical experimental approaches, which provide a great amount of
information based on only a small number of experiments (Aghaie
et al., 2012).
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N-Acetyl-D-glucosamine (NAG), the monomer of chitin, is a
valuable pharmacological agent. N-acetyleD glucosamine is more
suitable than glucosamine for oral administration, because of its
sweet taste (Sashiwa et al., 2002). Generally, GlcNAc is produced by
acid hydrolysis of chitin, a process that is mainly performed in
concentrated acid at (high temperature) high temperature. This
procedure, however, has some problems such as high cost; low
yield (below 65%) and acidic wastes (Jamialahmadi et al., 2011).
Moreover, GlcN from shellfish may not be suitable for people with
shellfish allergies (Deng et al., 2006). Furthermore, the cost and
stability of these enzymes are tremendous challenges, which
cannot be ignored when employing them in enzymatic hydrolysis.
Due to increasing demand of GlcNAc in various fields, a
fermentation-based production process have been employed that
uses filamentous fungi (Hsieh et al., 2007; Sitanggang et al., 2010).

P. ochrochloron has several advantages over previously studied
bacteria and fungi such as efficient chitinase production and ability
to grow on various substrates. As chitinase has remarkable appli-
cations in various fields, large scale production is necessary. SSF
seems to be the low cost and prospective alternative for large-scale
production of microbial metabolites. Hence, present study is
intended to optimize chitinase production by Penicillium ochro-
chloron in SSF system using three different agricultural wastes, such
as wheat, rice and red gram bran, by employing RSM as well as
growth of P. ochrochloron on these substrates, which was observed
using scanning electron microscopy.

2. Materials and methods

2.1. Microorganism and substrate preparation

P. ochrochloronMTCC 517 was obtained fromMTCC, Chandigarh,
India. Itwasmaintained onpotato dextrose agar (PDA)medium. The
spores on a fully sporulated slant were dispersed in 10 ml of 0.1%
Tween-80 solution by dislodging them with a sterile loop under
aseptic conditions and used as inoculum after adjusting the desired
spore count (2�107 spore’s ml�1). Abundantly available substrates,
wheat bran, rice bran and red gram bran, were obtained from local
market in Kolhapur city. All substrates were washed with distilled
water followed by hot water and then dried overnight at 60 �C.

2.2. Experimental design

The software ‘Design Expert’ (Version 8.0.7.1 Stat-Ease Inc.
Minneapolis, USA) was used to generate the central composite
experimental design and to analyze the experimental data. Initially,
different experiments were carried out by conventional ‘one factor
at a time’ method for optimizing the physico-chemical parameters
for the production of chitinase using wheat, rice and red gram bran.

Further, the central level values were selected based on the results
of these experiments. Four important variables, namely, chitin
concentration, initial moisture level, inoculum size and incubation
time were selected for studying combined interactions among
these variables. A central composite design of 24 was used to
optimize chitinase production in solid state fermentation.

Central composite design consisted of 1) A complete 2K factorial
design, where the factor levels were coded to the usual �1, þ1
value. This was called the factorial portion of the design and no
center points. 2) Two axial points on the axis of the design variable
at a distance of � a from the design center. This was called the axial
portion of the design. Total number of design points was thus equal
to, a¼ [2k]1/4. Thus K¼ 4a¼ 2 x4/4 a¼ 2. A CCD with six star points
(a ¼ 2) and six replicates at the center point (no 6) with a total
number of experiments (N), N ¼ 30 (Montgomery, 1997).

The second order polynomial coefficients were calculated and
analyzed using the “Design Expert” software. The predicted
response could be calculated from the second-degree polynomials,
as shown in Eq. (1), which includes all interaction terms.

Y ¼ b0 þ
X

biiXi þ
X

biiX
2
i þ

X
biiXiXj (1)

Where Y stands for chitinase production, b0 is the offset term, bi, bii
and bij represent coefficient of the linear effect, coefficient of
quadratic effect, and coefficient ijth interaction effect, respectively.
Xi, Xj are input variables that influence the response variable Y, and
bi is ith linear coefficient.

For this investigation, chitin concentration, initial moisture
level, inoculum size, and incubation time were the independent
variables in a series of chitinase production experiments. The coded
values of the low and high levels of each independent variable
selected for chitinase production are mentioned in Table 1.

2.3. Solid state fermentation

For all experimental designs, fermentations were carried out in
250 ml Erlenmeyer flasks. Solid media for chitinase production
were prepared by 5 g of bran and 0.75 g of chitin. The media were
moistened with distilled water. pH of the bran was adjusted to 7.0
with 1N HCl or NaOH. SSF was carried out at 30 �C. All the moldy
brans were extracted with 0.1% tween-80 on a gyratory shaker for
30 min and centrifuged at 6000� g for 10 min and the supernatant
was used for the enzyme assay.

2.4. Enzyme assay

Chitinase enzyme assay was carried out with colloidal chitin as a
substrate. The assay mixture contained 1 ml 0.5% colloidal chitin,
0.5ml sodium phosphate buffer (25mM, pH 7.0) and 0.5ml enzyme

Table 1
Experimental range and levels of independent variables.

Coded factors Variables Substrates Range studied Levels of variables

-a �1 0 1 a

A Chitin (g) Wheat bran
Rice bran
Red gram bran

0.5e1.0 0.25 0.5 0.75 1.0 1.25

B Initial moisture content (%) Wheat bran
Rice bran
Red gram bran

60e80 50 60 70 80 90

C Inoculum level (ml) Wheat bran
Rice bran
Red gram bran

1e2 0.5 1.0 1.5 2.0 2.5

D Incubation time (hrs) Wheat bran
Rice bran
Red gram bran

72e120 48 72 96 120 144

N.S. Patil, J.P. Jadhav / International Biodeterioration & Biodegradation 91 (2014) 9e1710



solution, which was incubated for 1 h at 40 �C (Waghmare and
Ghosh, 2010). The reducing sugar released during the reaction was
quantified by using N-acetyl-b-D-glucosamine standards with
concentrations ranging from 100 to 1000 mg ml�1 by the dinitro
salicylic acid (DNSA) method (Miller, 1959). One unit of enzyme
activity was defined as the amount of enzyme required to release
1 mmol of reducing sugar fromcolloidal chitin per hour and reported
in terms of chitinase activity per gram initial dry substrate (U g�1).

2.5. Analysis of hydrolyzed product

To obtain the partially purified enzyme, the culture supernatant
was centrifuged at 2795� g for 20min to obtain a cell-freemedium.
This cell-free mediumwas then precipitated with 70% acetone. The
precipitate was collected by centrifuging themixture at 7155� g for
30 min, 4 �C and redissolved in 25 mM sodium phosphate buffer
(pH-7.0) and dialyzed against the same buffer.

The enzyme was incubated with colloidal chitin at 40 �C. At
every 1-h interval, aliquots of the reaction mixture were analyzed
by TLC on HPTLC plates (Silica gel 60F254, Merck, Germany).
Analysis was carried out using 26:14:7:2 ethyl acetateeiso-
propanolewaterepyridine as the mobile phase, and the products

were detected by spraying with anilineediphenylamine reagent.
The same reaction mixture and standard N-acetyl-D-glucosamine
were applied on high performance liquid chromatography (HPLC)
KYATECH C18 column (JASCO HPLC-DAD (4.6 � 250 mm). Analysis
was carried out by HPLC using acetonitrile: water (70:30 v/v) as a
mobile phase at a flow rate of 1.0 ml min�1 in an isocratic elution
mode (Waghmare and Ghosh, 2010). Before delivering the mobile
phase in to the system, it was degassed and filtered through
0.20 mm syringe filter. Injection volumewas 20 ml and the detection
was performed at 215 nm. It would be judged whether hydrolytic
product of fermentation is N-acetyl-D-glucosamine after comparing
the corresponding chromatographs of TLC and HPLC.

2.6. Scanning electron microscopy

Growth of P. ochrochloron on wheat, rice, and red gram bran
particles was observed using an electron microscope (JEOL JSM
6360, Japan). Sample preparation was done according to method of
Galabova et al. (1996). The fermented sample (96 h) was adequately
dried and mounted on a brass stud followed by a mild gold coating
(100 �A) and subjected to electron microscopy at an accelerating
voltage of 10 kV.

Table 2
Experimental plan of the designwith the observed and predicted response for the solid state fermentation of P. ochrochloron chitinase using wheat, rice, and red gram bran as a
substrate.

Run Chitin (gm) Moisture
content (%)

Inoculum
level (ml)

Incubation
time (hrs)

Wheat bran Rice bran Red gram bran

Observed Predicted Observed Predicted Observed Predicted

1 0.5 60 1 72 507.94 514.0392 730.85 726.0946 427.8 430.1963
2 1 60 1 72 1195.11 1174.767 672 668.9575 572.1 563.94
3 0.5 80 1 72 872.72 839.4567 624.26 635.5625 590.2 583.6733
4 1 80 1 72 2048.26 2074.549 586.14 574.8779 735.15 733.3296
5 0.5 60 2 72 1154.32 1137.367 701.02 690.3258 533.85 529.51
6 1 60 2 72 947.1 946.6092 866.94 869.1363 621.14 625.1163
7 0.5 80 2 72 318.29 310.8842 526.72 535.2013 645.95 635.4546
8 1 80 2 72 713.04 694.4917 713.64 710.4642 741.52 746.9733
9 0.5 60 1 120 182.2 180.455 372.92 379.4575 265.3 264.9433
10 1 60 1 120 504.29 522.6875 286.47 273.3529 512.25 517.2896
11 0.5 80 1 120 480.52 492.0025 476.29 469.4579 376.19 366.7579
12 1 80 1 120 1411.94 1408.6 345.75 359.8058 625.58 635.0167
13 0.5 60 2 120 1248.15 1232.853 312.85 319.4763 346.83 343.1946
14 1 60 2 120 710.63 723.6 457.26 449.3192 545.78 557.4033
15 0.5 80 2 120 392.45 392.5 338.48 344.8842 384.22 397.4767
16 1 80 2 120 452.72 457.6125 471.06 471.1796 635.45 627.5979
17 0.25 70 1.5 96 356.15 380.0158 570.19 561.0179 231.35 240.7371
18 1.25 70 1.5 96 1120.42 1105.856 619.73 630.1763 613.63 604.6021
19 0.75 50 1.5 96 1017.33 1021.361 498.26 509.7179 653.41 649.9588
20 0.75 90 1.5 96 1075.52 1080.791 451.23 441.0463 869.82 873.6304
21 0.75 70 0.5 96 545.16 538.7208 315.29 318.2096 262.96 267.4921
22 0.75 70 2.5 96 195.32 211.0608 395.46 393.8146 363.56 359.3871
23 0.75 70 1.5 48 1364.29 1391.948 980.52 985.3579 774.3 783.8788
24 0.75 70 1.5 144 839.84 821.4842 403 399.4363 508.47 499.2504
25 0.75 70 1.5 96 2410.9 2410.715 1190.9 1190.82 927.77 927.4467
26 0.75 70 1.5 96 2410.75 2410.715 1190.93 1190.82 926.98 927.4467
27 0.75 70 1.5 96 2410.68 2410.715 1190.63 1190.82 927.37 927.4467
28 0.75 70 1.5 96 2410.52 2410.715 1190.75 1190.82 927.6 927.4467
29 0.75 70 1.5 96 2410.81 2410.715 1190.82 1190.82 927.56 927.4467
30 0.75 70 1.5 96 2410.63 2410.715 1190.89 1190.82 927.4 927.4467

Table 3
Final model equations in terms of coded levels.

1. Wheat bran
Chitinase activity ¼ 2410.715 þ 181.46 � A þ 14.8575 � B � 81.915 � C � 142.616 � D þ 143.5913 � A � B � 212.871 � A � C � 79.6238 � A � D � 287.975 � B � C

� 3.4675 � B � D þ 107.2675 � C � D � 416.945 � A2 � 339.91 � B2 � 508.956 � C2 � 326 � D2

2. Rice bran
Chitinase activity ¼ 1190.82 þ 17.28958 � A � 17.1679 � B þ 18.90125 � C � 146.48 � D � 0.88687 � A � B þ 58.98688 � A � C � 12.2419 � A � D

� 16.1481 � B � C þ 45.13313 � B � D � 6.05313 � C � D � 148.806 � A2 � 178.859 � B2 � 208.702 � C2 � 124.606 � D2

3. Red gram bran
Chitinase activity¼ 907.4467þ 90.96625� Aþ 55.91792� Bþ 22.97375� C� 71.1571� Dþ 3.978125� A� B� 9.53438� A� Cþ 29.65063� A�De 11.8831� B� C

� 12.9156 � B � D e 5.26563 � C � D e 126.194 � A2 e 41.413 � B2 � 153.502 � C2 � 71.4705 � D2

Where A ¼ chitin conc. B ¼ initial moisture content C ¼ Inoculum level D ¼ Incubation time.
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3. Results and discussion

3.1. Different agro-residues as substrate for SSF

P. ochrochloronMTCC 517 has been reported earlier for chitinase
production in submerged fermentation (Patil et al., 2013). SSF has
been a goodwayof utilizing agriculturalwastes as a substrate. In SSF
process, the solid substrate not only supplies the nutrients for the

production of enzymes but also serve as anchorage for microbial
cells (Susana and Angeles, 2006). All the agricultural wastes used in
this study supported the growth and enzyme production. Wheat
bran was shown to be superior over other two substrates. Wheat
bran has been themost widely chosen substrate in SSF, which is due
to its excellent mechanical properties (structure retention and lack
of particle agglomeration) in addition to its nutritional value that
stimulates the fungal sporulation (El-Sayed, 2009).

Table 4
Analysis of variance (ANOVA) table for quadratic model of chitinase production.

Substrate Sum of
squares

Degree
of freedom

Mean
square

Model
F-value

Pure error Adequate
precision

Wheat bran 16,954,122 14 1,211,009 2996.173 0.0909 156.884
Rice bran 2,858,121 14 204,151.5 1950.075 0.3667 126.810
Red gram bran 1,417,741 14 101,267.2 1174.65 0.0644 104.594

Fig. 1. Three-dimensional response surface curve showing the effect of interactions of (A) initial moisture content and chitin, (B) incubation time and chitin, (C) inoculum level and
chitin (D) inoculum level and initial moisture content, (E) incubation time and initial moisture content, (F) incubation time and inoculum level in solid state fermentation of
P. ochrochloron chitinase using wheat bran.
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3.2. Experimental design

The parameters that had the maximum influence on chitinase
productionwere identified by ‘one factor-at-a-time approach’ (data
not shown), and interactions of four selected variables, mentioned
in previous section, were studied using RSM (CCD).

Design matrix and predicted response of 30 experiments for
wheat, rice and red gram bran are presented in Table 2. The sta-
tistical significance of the second order model equations (Table 3)
were checked by ANOVA. From the analysis, it was evident that the
model was highly significant, as observed from significant model F-
value (Table 4). The coefficient of determination (R2) of polynomial
model was 0.9996 for wheat, 0.9994 for rice and 0.9990 for red
gram bran. R2 value provided a measure of extent of variability in
the observed response values that can be explained by the exper-
imental factors and their interactions. It implied that the sample
variation of 99.96% (wheat), 99.94% (rice) and 99.90% (red gram) for
chitinase production was attributed to the independent variables.

The R2 value was always between 0 and 1, and closer the R2 value
was to 1, stronger themodel. Adequate precisionmeasures signal to
noise ratio, a ratio greater than 4 is desirable. The precision of
156.88 (wheat), 126.81 (rice) and 104.594 (red gram bran) for chi-
tinase production was an adequate signal, thus the model could be
used to navigate the design space.

3.3. Effect of parameters

To investigate the interaction between the two parameters by
keeping the third parameter at zero level, three-dimensional sur-
face plots and the contour plots were analyzed. These three-
dimensional plots, for the interaction of tested variables, are
given in Figs. 1e3. Shapes of the contour plots, circular or elliptical,
indicated if the mutual interactions between the variables were
significant or not. A circular contour plot indicated that in-
teractions between the corresponding variables were negligible.
An elliptical nature of the contour plots indicated that interactions

Fig. 2. Three-dimensional response surface curve showing the effect of interactions of (A) initial moisture content and chitin, (B) incubation time and chitin, (C) inoculum level and
chitin (D) inoculum level and initial moisture content, (E) incubation time and initial moisture content, (F) incubation time and inoculum level in solid state fermentation of
P. ochrochloron chitinase using rice bran.
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between the corresponding variables were significant (Muralidhar
et al., 2001).

Fig. 1 represents the combined effect of chitin, initial moisture
content, inoculum level, and incubation time on chitinase produc-
tion usingwheat bran as a substrate. Optimumconcentrations of the
respective components were obtained from coordinates of the
central point within the highest contour level. From 3D response
surface plots and the corresponding contour plots, itwas convenient
to understand the interaction between each independent variable
pair and theoptimalvaluesof the independentvariables. The surface
plots were plotted for a constant chitin concentration (0.75 g),
moisture content (70%), inoculum level (1.5 mle3 � 107), and in-
cubation time (96 h). The surface plots showed higher contour cor-
responding to 2443.71 U g�1. The maximum chitinase activity was
found, approximately, at chitin concentration 0.7e0.8 g, 70e73%
moisture content, 1.4e1.6 ml inoculum level, and 86e96 h incuba-
tion time.

The combined effect of chitin concentration, initial moisture
content, inoculum level, and incubation time on chitinase produc-
tion using rice bran and red gram bran are shown in Figs. 2 and 3. By
keeping optimumconcentration of variables, chitin 0.7e0.8 g, initial
moisture content 70e75%, inoculum level 1.4e1.5 ml, and incuba-
tion time 86e96 h, chitinase activitywas found to be 1216.659 U g�1

and 961.326 U g�1 for rice and red gram bran, respectively.
Usually in SSF, optimum moisture content for growth and sub-

strate utilizationwas found to vary between 40 and 70%, depending
on the organism and substrate for cultivation (Pandey, 1992). Op-
timum moisture content in this SSF was found to be 70.54% for
wheat, 70.27% for rice, and 73.83% for red gram bran. The
requirement of these initial moisture content (%) was agreeable
with earlier studies (Konstantinos et al., 2003), who reported that
initial moisture level of 65% was found to be optimum for pro-
duction of N-acetyl D-glucosaminidase (23.6 U g�1) by Fusarium
oxysporum F3. Nampoothiri et al. (2004) reported that an initial

Fig. 3. Three-dimensional response surface curve showing the effect of interactions of (A) initial moisture content and chitin, (B) incubation time and chitin, (C) inoculum level and
chitin (D) inoculum level and initial moisture content, (E) incubation time and initial moisture content, (F) incubation time and inoculum level in solid state fermentation of
P. ochrochloron chitinase using red gram bran. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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moisture content of 65.7% provided the best conditions for pro-
duction of chitinase by Trichoderma harzianum with maximum
chitinase yield of 3.18 U g�1 after 96 h at 30 �C. Prakash Bhanu et al.
(2008) reported that moisture content of 22.34% was optimum for
production of Metarhizium anisopliae conidiospores, when rice was
used as a substrate in SSF.

In SSF, moisture content had great impact on enzyme produc-
tion. Higher moisture level caused decreased porosity, altered bran
particle structure, lowered oxygen transfer and enhanced forma-
tion of aerial mycelia, while lower moisture level decreased the
solubility of the solid substrate, lowered the degree of swelling and
produced higher water tension (Pandey and Radhakrishnan, 1992).

P. ochrochloron showed maximum chitinase activity when
grown onwheat, rice, and red gram bran in combinationwith chitin
concentration .Chitinase activity was found to be increased with
increase in chitin concentration but after optimum level, it was
decreased. The probable reason could be the production of end
products might repress chitinase activity.

It is important to provide optimum inoculum level in fermen-
tation. The total biomass production on the solid medium depen-
ded on the inoculum size (Pandey,1994). An increase in the number
of spores in the inoculum ensured a rapid proliferation and biomass
synthesis. However after a certain limit, competition for the nu-
trients resulted in decreased metabolic activity of the organism.
With optimum inoculum size for the enzyme production, therewas
a balance between proliferating biomass and availability of nutri-
ents that supported production of enzyme (Matsumoto et al., 2004).

Growth rate and enzyme production pattern were generally
dependent on the duration of fermentation time. In case of all three
substrates, after 96 h, the production started to decrease as the
growth of the organism might had reached a stage, from which it
could no longer balance its steady growth with the availability of
nutrient resources. Chitinase production by fungal culture generally
had been found to be atmaximumbetween 72 and 96 h. A literature
survey revealed that maximum enzyme titers had been obtained in
72e96 h from filamentous fungi grown in SSF using agro industrial
residues (Suresh and Chandrasekaran, 1999; Nampoothiri et al.,
2004).

Various agricultural residues, such as wheat bran and rice bran
were used for SSF of chitinase. Although red gram bran has not been
used for chitinase production other than alkaline protease pro-
duction (Divakar et al., 2006), the present study contributes the use
of red gram bran in SSF. P. ochrochloron showed the maximum
chitinase activity on wheat (2443.23 U g�1), rice (1216.65 U g�1),
and red gram bran (961.32 U g�1) after 96 h. Literature review
revealed that 248 U g�1 was observed after 5 days of incubation in
SSF on prawn waste (Suresh and Chandrasekaran, 1998) while
Beauveria bassiana produced 23.6 U g�1 of N-acetyl D-glucosami-
nidase activity after 12 days of incubation onwheat bran and chitin
(Konstantinos et al., 2003).

3.4. Validation of the model

Validation was carried out under conditions predicted by the
model (Table 5). The predicted chitinase production with these
values was found to be 2443.23 U g�1, 1216.65 U g�1 and

961.32 U g�1 for wheat, rice and red gram bran, respectively. The
actual production obtained was 2462.72 U g�1 (wheat),
1228.54 U g�1 (rice) and 956.20 U g�1 (red gram bran). The close
correlation was seen between the experimental and predicted
values, which validated the model. In addition, the increased chi-
tinase production was observed with the parameters optimized
using RSM than the initially used conditions.

3.5. Analysis of hydrolyzed product

Colloidal chitin was incubated with partially purified fermented
sample for 3 h and end products were analyzed by TLC. It can be
noted from Fig. 4 that after 1e3 h incubation, the end product
produced predominantly was GlcNAc. HPLC analysis also showed
similar results. At 2 h incubation, a peak corresponding to GlcN was
observed in the chromatogram. With incubation time increasing
(3 h), the production of GlcN also increased, as was evident by the
increase in peak area of the chromatogram. TLC and HPLC data
analysis confirmed GlcNAc is the final product. The production of
N-acetyl-d-glucosamine (GlcNAc) by enzymatic hydrolysis was re-
ported earlier. Sashiwa et al. (2002) reported the production of

Fig. 4. TLC analysis of hydrolyzed products. The partially purified fermented sample
was incubated with colloidal chitin and the hydrolyzed product was analyzed by TLC
using anilineediphenylamine as the visualizing reagent (1: standard N-acetylglucos-
amine GlcNAc, 2: N, N-diacetyl chitobiose (GlcNAc)2, 3, 4, 5: Hydrolyzed product
formed after 1, 2, 3 h incubation respectively).

Table 5
Optimized solid-state fermentation variables for the solid state fermentation of chitinase production using different substrates.

Substrates Chitin (gm) Initial moisture
content (%)

Inoculum
level (ml)

Incubation
time (hrs)

Predicted
response

Observed
response

Wheat bran 0.77 70.54 1.43 93.40 2443.23 2462.72
Rice bran 0.78 70.27 1.54 90.81 1216.65 1228.54
Red gram bran 0.76 73.83 1.45 88.21 961.32 965.20
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Fig. 5. HPLC chromatograms of hydrolyzed products in SSF. The chitinase was incubated with colloidal chitin and the hydrolyzed products were detected by monitoring absorbance
at 215 nm from 1 to 3 h by HPLC.

Fig. 6. Scanning electron micrographs showing growth of P. ochrochloron on (A) Control of non fermented sample (B) fermented wheat, (C) fermented rice and (D) fermented red
gram bran.
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GlcNAc from chitin by using crude enzymes obtained from Aero-
monas hydrophila H-2330. Similar result was also reported by
Jamialahmadi et al. (2011) from Aeromonas sp. PTCC 1691.

3.6. Scanning electron microscopy

Scanning electron micrographs of growth of P. ochrochloron on
wheat, rice and red gram bran particles (Fig. 5) showed penetration
of fungus into the respective substrates and mycelial invasions
together with spore formation. The appearance of thick fungus
growth was observed visually after 96 h of incubation Fig. 6.

The physico-chemical properties and nutritional complexity of
different substrates had significant effect on the growth and
morphology of this fungus (Suresh et al., 2011). SEM studies
showed that in the micrograph of fermented wheat and rice sub-
strate, typical hyphal morphology, mycelial invasion and spore
formation have been observed while in case of fermented gram
bran substrate, the hyphae are very thin. The hyphal mode of
growth gave a major advantage to filamentous fungi over unicel-
lular microorganisms in the colonization of solid substrates and for
the utilization of available nutrients. The hyphal mode of growth
also gave the filamentous fungi the power to enter into the solid
substrates (Raimbault, 1998).

4. Conclusion

Considering the immense potential of P. ochrochloron chitinase,
optimization and enhancement of economic production of chiti-
nase was significant. Statistically based design of RSM was proved
to be a valuable tool for optimization of process parameters. A
highly significant quadratic polynomial equation obtained by cen-
tral composite design was very useful for determining interactive
effect of process parameters that had significant effects on chitinase
production in SSF. Use of abundant, easily available and inexpensive
agricultural residues, such as wheat, rice and red gram bran, made
the production of chitinase economically feasible. TLC and HPLC
analysis revealed that the chitinolytic enzyme preparations from
P. ochrochloron produced monomeric GlcNAc as the major end
product suggesting their potential commercial application. P.
ochrochloron MTCC 517 was able to produce high titers of chitinase
both in submerged and solid state fermentation indicating that this
could be a promising organism for commercial chitinase produc-
tion in future.
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a b s t r a c t

In vitro grown Petunia grandiflora and Gaillardia grandiflora plantlets showed 76 percent and 62 percent
American Dye Manufacturers Institute value (color) removal from a simulated dyes mixture within 36 h
respectively whereas their consortium gave 94 percent decolorization. P. grandiflora, G. grandiflora and
their consortium could reduce BOD by 44 percent, 31 percent and, 69 percent and COD by 58 percent, 37
percent and 73 percent respectively. Individually, root cells of P. grandiflora showed 74 and 24 percent
induction in the activities of veratryl alcohol oxidase and laccase respectively; whereas G. grandiflora root
cells showed 379 percent, 142 percent and 77 percent induction in the activities of tyrosinase, riboflavin
reductase and lignin peroxidase respectively. In the consortium set, entirely a different enzymatic pattern
was observed, where P. grandiflora root cells showed 231 percent, 12 percent and 65 percent induction in
the activities of veratryl alcohol oxidase, laccase and 2, 6-dichlorophenol-indophenol reductase
respectively, while G. grandiflora root cells gave 300 percent, 160 percent, 79 percent and 55 percent
inductions in the activities of lignin peroxidase, riboflavin reductase, tyrosinase and laccase respectively.
Because of the synergistic effect of the enzymes from both the plants, the consortium was found to be
more effective for the degradation of dyes from the mixture. Preferential dye removal was confirmed by
analyzing metabolites of treated dye mixture using UV–vis spectroscopy, FTIR and biotransformation was
visualized using HPTLC. Metabolites formed after the degradation of dyes revealed the reduced
cytogenotoxicity on Allium cepa roots cells when compared with untreated dye mixture solution.
Phytotoxicity study exhibited the less toxic nature of the metabolites.

& 2014 Elsevier Inc. All rights reserved.

1. Introduction

Research and development in phytoremediation of recalcitrant
xenobiotic has gained awareness since a last few years. Textile
dyes are one of the most important and toxic classes of xenobiotic
compounds. They have been proved to be highly toxic to fishes like
Daphnia magna (Bae and Freeman, 2005). Mutagenicity of various
dyes like Disperse Blue 373, Disperse Orange 37 and Disperse
Violet 93, components of a Black Dye and their metabolites with

aromatic amine rings has been also documented by Oliveira et al.
(2007). Frog Xenopus laevis embryo teratogenesis assay has
employed to demonstrate the toxicity and teratogenity of six
commercial textile dyes namely Astrazon Blue FGRL, Remazol
Red RR, Astrazon Red FBL, Cibacron Blue FN-R, Cibacron Red FN-
3 G and Remazol Turquoise Blue G-A (Birhanli and Ozmen, 2005).
It has been earlier shown that complex structure of Aminoazo-
benzene dye and their derivatives may cause mutagenesis leading
to cancer (Garg et al., 2002). A xanthene class of dye, Erythrosine,
widely used as colorant in textiles, drugs, cosmetics and foods is
highly toxic and imparts various toxic properties such being
allergent, DNA damaging, carcinogenic, neurotoxic and xenoestro-
genic for humans and other animals (Mittal et al., 2006). The
spraying of a textile paint chemical has caused pulmonary diseases
called as Ardystil syndrome to many sprayers leading to deaths in
Spain and Algeria (Hoet et al., 1999).

Phytoremediation, use of appropriate plants for environmental
cleanup, is emerging as a real green technology nowadays (Dietz and
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Schnoor, 2001). This solar energy driven method is cost effective and
efficient eco-remediation strategy for industrial wastewater, ground-
water, and brown fields contaminated with xenobiotic pollutants like
heavy metals, hydrocarbons, chemicals, dyes, explosives (Vanek et al.,
2003; Roy et al., 2005; Atagana, 2010; Kagalkar et al., 2010). So far,
several plants such as Aster amellus, Portulaca grandiflora, Salsola
vermiculata, Glandularia pulchella, Sesuvium portulacastrum, Petunia
grandiflora have already been explored for their ability to degrade
structurally different textile dyes (Bestani et al., 2008; Khandare et al.,
2011a, 2011b; Kabra et al., 2011a, 2011b; Patil et al., 2011; Watharkar
et al., 2013b). Remediation of textile dyes like Acid Orange 7, Direct
Red 5B, Brilliant Blue R, Remazol Red, sulphonated anthraquinone and
acid dye has been independently conducted by using some plants
namely Thymus valgaris, Tagetes patula, Rheum rabarbarum (rhubarb),
Rheum hydroplantarum and Brassica rapa (Zheng and Shetty ,2000;
Aubert and Schwitzguebel, 2004; Kulshrestha and Husain, 2007; Patil
et al., 2009). Plant bacterial synergistic strategy was successfully
explored for the development of bioreactors to treat textile waste-
water (Kabra et al., 2013; Khandare et al., 2013). A set of enzymes
namely LiP, veratryl alcohol oxidase, laccase, tyrosinase, DCIP reduc-
tase, riboflavin reductase and azo reductase from plants and various
microbes has been proposed to play the major role in the degradation
of textile dyes. These enzymes in purified forms have been tested for
degradation of different textile dyes (Govindwar and Kagalkar, 2010).
A very little information is available on phytoremediation by com-
bined plants cultivation. Cheema et al. (2010) have performed the
degradation of phenanthrene and pyrene in spiked soil by using single
and combined cultivation of plants tall fescue, ryegrass, alfalfa, and
rape seed. Kabra et al. (2011b) have observed the differential degrada-
tion of Remazol Orange 3 R dye by individual plant species of A.
amellus and G. pulchella and their consortium proving the greater
synergistic efficacy.

The present work was aimed to achieve an efficient degrada-
tion of a simulated mixture of structurally different dyes and to
verify the actual role of model plants by using in vitro plantlets of
P. grandiflora, G. grandiflora and their consortium. Both the plants
are ornamental herbs which are cosmopolitan in distribution.
They have a fibrous root system making them appropriate candi-
dates for phytoremediation. Cultivation of these ornaments is not
hazardous for environment rather beneficial for phytoremediation
technologies because of their aesthetical and commercial value.

2. Materials and methods

2.1. Chemicals and dyes

Hydrogen peroxide, Tartaric acid, NADPH, 2, 6-dichlorophenol-indophenol
disodium salt (DCIP), n-propanol and catechol were purchased from Sisco Research
Laboratories, Mumbai and Maharashtra, India. 2, 20-Azino-bis (3-ethylbenzothiazo-
line) 6-sulfonic acid (ABTS) was purchased from Sigma-Aldrich (St Louis, MO, 140
USA). MS basal medium, clarigel and phytohormone like Indole butyric acid (IBA)
was bought from Hi-Media, India. All chemicals of the highest purity and analytical
grade were used. The dyes were obtained from Mahesh dye processors,
Ichalkaranji, India.

2.2. Screening and selection of plant materials

A number of common garden plants were screened initially for decolorization
of dyes. Based on the performance of dyes decolorization by all the tested plants, P.
grandiflora and G. grandiflora were selected for further study. These are fast
growing; non edible plants with beautiful flowers, available in large amount during
months of August to March of the year. Nursery grown plants were collected from
Sajeev nursery, Kolhapur to carry out initial screening experiments. Seeds were
collected from local shop, Kolhapur to obtain tissue cultured plants of P. grandiflora
and G. grandiflora.

2.3. Tissue culture conditions for development of the plants

Seed culture method was used as per the earlier report (Watharkar et al.,
2013a). To obtain massive root system, P. grandiflora were subcultured on fresh MS
liquid media (Murashige and Skoog, 1962) with IBA. G. grandiflora showed a good
rooting on plain full strength liquid MS media. These tissue cultured plants were
used for further experimentations.

2.4. Decolorization experiments

Decolorization experiments were carried out individually for each textile dye
namely Brilliant Blue G, Direct Blue GLL, Rubin GFL, Scarlet RR, and Brown 3 REL.
The first tube (150�15 mm2) was kept as abiotic control. In second and third tubes,
two plantlets of P. grandiflora and G. grandiflora were exposed to 10 mL of dye
solution, independently. Fourth tube contained one plantlet of each P. grandiflora
and G. grandiflora in 10 mL of dye solution, it was called as consortium PG. Biotic
controls were also kept. All the experiments were performed in triplicates.
Absorbances of all the dyes were measured separately after every 6 h by removing
a 0.5 mL of solution at their corresponding absorbance wavelength maxima and
percent decolorization was calculated (Watharkar et al., 2013a).

2.5. Color removal and characterization of a mixture of dyes samples by P. grandiflora,
G. grandiflora and consortium PG

The simulated mixture of dyes at a concentration of 50 mg L�1 was prepared
taking 10 mg of each of the following structurally different textile dyes like Brilliant
Blue G, Direct Blue GLL, Rubin GFL, Scarlet RR, and Brown 3 REL. Decolorization of
the dye mixture was monitored by using in vitro grown cultures P. grandiflora and G.
grandiflora and their consortium in the experimental apparatus similar to that
mentioned in Section 2.4 (Fig. A.1).

As the mixture of dyes has no particular color hence, it is expressed in terms of
ADMI (American Dye Manufactures Institute) values. The transmittances of abiotic
and test samples were measured by removing 0.5 mL of dye solution after 36 h at
multicolored wavelength viz. 590 nm, 540 nm and 438 nm. Percentage ADMI
removal was calculated as:

% ADMI removal¼ Initial ADMI ðt0Þ–Final ADMI ðtÞ
InitialADMI ðt0Þ

� 100

where, to be the 0 h value and t is the value at 36 h.
The samples of mixture of dyes were collected before and after treatment by P.

grandiflora and G. grandiflora and consortium PG and characterization was done by
BOD and COD by using earlier known methods (APHA, 1998).

2.6. Preparation of cell free extract and enzyme assay

Roots of the plants were incised from the shoot structure, weighed, finely
chopped and then smashed in mortar and pestle in presence of 50 mM potassium
phosphate buffer (pH 7.4) and the roots pest was homogenized. Then it was
subjected for centrifugation at 8481 g for 15 min at 4 1C to obtain cell free extract in
supernatant as intracellular enzyme source. The protein content of all the samples
was calculated by Lowry0s method (Lowry et al., 1951).

All enzyme assays for test samples and biotic control samples were performed
in triplicate set at 30 1C with reference blanks that contained all components
excluding the enzyme. For investigating activity of following enzymes, their
subsequent standard protocols were used. Lignin peroxidase, veratryl alcohol
oxidase, tyrosinase, laccase, DCIP reductase, azo reductase and riboflavin reductase
were assayed spectrophotometrically in cell free extract of test as well as in the
control. Lignin peroxidase activity was estimated by monitoring the formation of
propanaldehyde at 300 nm in a reaction mixture of 2.5 mL containing 100 mM
n-propanol, 250 mM tartaric acid, 10 mM H2O2 (Jadhav et al., 2007). Tyrosinase
activity was calculated at 495 nm by observing the formation of catechol quinone
in a reaction mixture (2.0 mL) containing 0.01% catechol in 100 mM potassium
phosphate buffer (pH 6.8) (Kalme et al., 2007). Veratryl alcohol was the substrate to
determine veratryl alcohol oxidase activity. The reaction mixture of 2 mL consisted
4 mM veratryl alcohol, in 0.05 M citrate phosphate buffer having pH 3.0, and 0.2 mL
of enzyme. Oxidation of the substrate at room temperature was monitored by an
increase in absorbance at 310 nm due to the formation of veratraldehyde
(Bourbonnais and Paice, 1988). Riboflavin reductase [NAD(P)H: Flavin oxidoreduc-
tase] reaction rates were calculated by using a molar extinction coefficient of
6.3 M�1 cm�1 (Kurade et al., 2012). Laccase activity was measured in a reaction
mixture of 2 mL containing 10% ABTS in 0.1 M acetate buffer (pH 4.9), and induction
in optical density was monitored at 420 nm (Tamboli et al., 2010). DCIP reductase
activity was estimated by monitored reduction of 2, 6-dichlorophenon-indophenol
at 620 nm and assumed the extinction coefficient as 19 mM cm�1. The reaction
mixture (5.0 mL) contained 50 mM substrate (DCIP) in 50 mM potassium phos-
phate buffer (pH 7.4) and 0.1 mL enzyme, from which, 2.0 mL reaction mixture was
assayed at 620 nm by freshly prepared addition of 50 mM NADH (Salokhe and
Govindwar, 1999).
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2.7. Extraction and detection of biotransformation metabolites of mixture of dyes

The decolorized solution was mixed with equal volumes ethyl acetate in a
separating funnel and extraction and collection of organic phase was done. The
extract was evaporated in vacuum over anhydrous Na2SO4 and dried. The solid
residues formed were dissolved in a small volume of HPLC grade methanol and
samples were utilized for analytical study. Extraction was also conducted from the
abiotic control sample.

Decolorization of all the dyes was supervised by UV–vis spectrometric
analysis using supernatants, whereas pattern of phytotransformation was
observed using HPTLC and FTIR. HPTLC analysis was done by using HPTLC system
(CAMAG, Switzerland). Predevelopment of stationary phase HPTLC silica gel 60
F254 (Merck, Germany) was carried out by analytical grade methanol. The pre
developed HPTLC plate was subjected to dry at 120 1C for 20 min, cooled to room
temperature, and equilibrated with the relative humidity of the instrumentation
laboratory. 10 mL of untreated and treated mixture of dyes sample obtained after
every 12 h by tissue cultured plants of P. grandiflora, G. grandiflora and consortium
PG, were loaded on pre-coated HPTLC plates (Lichrospher silica gel plate 60, size
6�10 cm2, Merck, Germany) as bands by spray-on technique (nitrogen as spray
gas) and TLC sample loading instrument (CAMAG LINOMAT 5). The bands
(12 mm) were applied at 10 mm from the lower edge of the plate with first
application position at 20 mm from left edge of the plate and 5 mm apart from
each other. HPTLC plate was kept in pre saturated twin-trough chamber
(10�20 cm2) for the development of dyes and ethyl acetate extracted metabolites
(products); with 10 mL of standardized developing solvent system of toluene:
propanol: methanol: acetone: acetic acid (8: 0.5: 0.5: 0.5: 0.5 v/v). After devel-
opment, scanning was executed in the absorbance mode with slit dimension of
5�0.45 mm2, scanning distance 5–85 mm2, at 254 nm, using deuterium lamp by
using TLC scanner. The results were examined by using HPTLC Win CATS
1.4.4.6337 software (Waghmode et al., 2011). The samples which were used for
HPTLC were evaporated and dried residues were obtained and used for FTIR
(Perkin Elmer, Spectrum one B; Shelton, WA). All the dried samples were mixed
with spectroscopically pure KBr in the ratio of 5:95, pellets were fixed in sample
holder, and the analyses were performed (Lade et al., 2012). The change in
functional group peak profiles of mixture of dyes was characterized by FTIR and
compared with the control sample. The FTIR analysis was conducted in the mid-IR
region of 400–4000 cm�1 with 16 scan speed.

2.8. Toxicity analysis

2.8.1. Cytotoxicity and genotoxicity analysis
A. cepa bulbs with uniform size and shape were put in water initially for

development of roots. The bulbs thus arranged were classified in to five sets at
2772 1C. Roots were exposed to untreated mixture of dyes sample and metabolites
of treated mixture of dyes sample by P. grandiflora, G. grandiflora and consortium PG
separately whereas root exposed to plain water was kept as control. After exposure,
the bulbs were thoroughly washed under running tap water and subjected for
further cytogenotoxicity studies (Jadhav et al., 2011).

2.8.2. Comet assay (single cell gel electrophoresis)
Comet assay was performed by using 50 randomly selected nuclei of apical root

meristem cells of A. cepa exposed to untreated and treated mixture of dyes sample
and were observed using a compound microscope (Phugare et al., 2011a, 2011b). A
computerized image analysis system (Cometversion1.5) was employed to assess %
DNA in head (%H), % DNA in tail (%T) and tail length (TL).

2.8.3. Phytotoxicity
Solutions of untreated and treated mixture of dyes sample at a concentration of

2 g L�1 were prepared in distilled water and were implemented for the toxicity
testing on seeds of Sorghum vulgare and Phaseolus mungo at room temperature. The
viable seeds were sowed in autoclaved sand and every day addition of 5 mL
distilled water (as a control) and solutions prepared from untreated dye mixture
sample as well as treated samples by P. grandiflora, G. grandiflora and consortium
PG. The shoot lengths (plumule) and root lengths (radicle) were measured; seed
germination percentage was estimated after 7 days (Supplementary data).

2.9. Statistical analysis

The one way analysis of variance (ANOVA) with Tukey–kramer comparisons
test was utilized for data analysis.

3. Results and discussions

3.1. Decolorization of dyes by P. grandiflora, G. grandiflora
and consortium PG

The initial decolorization experiments for dyes Brilliant Blue G,
Direct Blue GLL, Rubin GFL, Scarlet RR, and Brown 3 REL were
carried out by using in vitro grown plantlets of P. grandiflora,
G. grandiflora and their consortium. Brown 3 REL was decolorized
up to 81, 79 and 96% by P. grandiflora, G. grandiflora and con-
sortium PG respectively within 36 h. Direct Blue GLL was decolor-
ized up to 78, 72 and 91% within 48 h when treated by
P. grandiflora, G. grandiflora and consortium PG respectively. Out
of all the dyes, Brilliant Blue G was rapidly decolorized up to 94%
within just 24 h while Rubin GFL was slowly removed and took
60 h for 95% decolorization by consortium PG. Dye Scarlet RR was
moderately decolorized in 40 h at extent of 76, 62 and 89% by P.
grandiflora, G. grandiflora and consortium PG respectively (Table
A.1). After carrying of initial experiment, it was cleared that the
consortium PG was more efficient than individual plants. The
consortium set contained enzymes from both the plants and
therefore must have acted synergistically resulting in better
decolorization performance. A consortium of nursery grown A.
amellus and G. pulchella also gave faster degradation of Remeazol
Orange 3R as compared to individual plants (Kabra et al., 2011b).

3.2. Analysis of color removal and characterization in case of mixture
of dyes

It is difficult to recognize the exact color of a dye mixture
because of their chemical composition. Therefore, true color values
i.e. ADMI values was used to determine color removal of mixture
of five synthetic dyes treated by P. grandiflora, G. grandiflora and
consortium PG respectively. In this study, consortium PG showed
better capacity to reduce ADMI values up to 94 percent but
individually, P. grandiflora and G. grandiflora could reduce the
ADMI values by 76 percent and 62 percent respectively at 36 h.
P. grandiflora, G. grandiflora and consortium PG reduced the BOD
by 44 percent, 31 percent and, 69 percent and COD by 58 percent,
37 percent and 73 percent respectively within 36 h indicating
superior phytoremediation efficacy of consortium PG.

3.3. Enzyme analysis

Phytoremediation involves accumulation or degradation and
mineralization of contaminants by the enzymatic defense systems
of plants, the plant peroxidase are well known to degrade textile
dyes (Carias et al., 2007). Enzymes like lignin peroxidase; tyrosi-
nase, veratryl alcohol oxidase, laccase; NADH-DCIP reductase,
riboflavin reductase and azo reductase have been used successfully
for dye decolorization studies and have shown evident induction
in their activities in the root cells of Typhonium flagelliforme,
Tagetes patula, during the degradation of Brilliant Blue R, Reactive
Blue 160 (Kagalkar et al., 2010, Patil and Jadhav, 2013).

In the current study, the enzyme activities in roots of individual
in vitro grown plantlets of P. grandiflora, G. grandiflora and con-
sortium PG were estimated while exposed to mixture of dye (test)
and distilled water (biotic control) respectively. P. grandiflora
showed a significant induction in the activities of veratryl alcohol
oxidase (74 percent) and laccase (24 percent). Interestingly,
P. grandiflora in consortium PG showed more induction than that
of individual plant in the enzyme activities veratryl alcohol oxidase
(231 percent) and laccase (12 percent) with one more enzyme
activity induction viz. NADH-DCIP reductase which showed 65
percent induction in the activity. In case of G. grandiflora, enzyme
activities of tyrosinase (379 percent), riboflavin reductase (142
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percent) and lignin peroxidase (77 percent) were significantly
induced. While surprisingly again, G. grandiflora in consortium PG
showed increased percentage in the activities of lignin peroxidase
(300 percent), riboflavin reductase (160 percent), tyrosinase (79
percent) and laccase which was absent in the individual culture
showed 55% induction revealing their probable role in the degra-
dation of mixture of dye (Table 1). All the enzymes from individual
plants were present together in the consortium with two more
newly induced enzymes and therefore the consortium could more
efficiently degrade the dye mixture than the individual plants.
Differential metabolic pathways of Remazol Orange 3R degradation
due to induction of different set of enzymes in domesticated A.
amellus and G. pulchella plants as well in their consortium was
observed, the consortium was found to show induced enhanced
activities of enzymes as compared to individual plants (Kabra et al.,
2011b). It has been earlier reported that the intermediate metabo-
lites produced by enzymes from one could act as substrates or
redox mediators for the enzyme catalyzed breakdown by other
plants (Kabra et al., 2013; Khandare et al., 2013) therefore leading
to better degradation and treatment of the textile dyes.

3.4. Analysis of the metabolites

In this study, HPTLC profile (Fig. 1A) exhibited the progressive
pattern of degradation of untreated and treated mixture of dyes.
The untreated dye mixture (sample a) containing dyes Brilliant
Blue G, Direct Blue GLL, Rubin GFL, Scarlet RR, Brown 3 REL (Lane
a) indicated 5 major peaks with different Rf values of 0.9, 0.8, 0.7,
0.6, 0.4 with different absorbances respectively. Brilliant Blue G got
most rapidly decolorized within 12 h as it could be the first
priority as substrate to plant enzymes, while Rubin GFL band
remained most persistent till 48 h, this could because of its
complex chemical structures but it was found to be disappearing
due to the synergistic action of enzymes from both the plants
(Fig. 1A). Eventually, the chromatophoric group from Rubin GFL
can be seen to be removed at 60 h. In dye mixture, metabolites or
intermediate compounds of one of the dyes formed after one of
the plants enzymatic action might have played a role of redox
mediator for the other enzymes from other plant which finally
caused faster substrate utilization by the oxido-reductive enzymes
(Kurade et al., 2011). HPTLC results also approved the combined

Table 1
Enzyme activities in roots of in vitro P. grandiflora Juss. and in G. grandiflora plantlets at 0 h and 36 h of mixture of dye addition.

Enzymes Enzyme activity of individual plants at in vitro condition Enzyme activity of plants in Consortium PG at in vitro condition

P. grandiflora G. grandiflora P. grandiflora G. grandiflora

0 h 36 h 0 h 36 h 0 h 36 h 0 h 36 h

LiPa 0.1370.01 0.1070.01 0.2670.03 0.4670.04nn 0.1470.01 0.1170.01 0.1270.01 0.4870.04nn

VAOa 0.2770.03 0.4770.04nn NA NA 0.1670.01 0.5370.04nnn NA NA
Laccasea 0.1770.13 0.2170.03nn 0.2670.03 0.2470.02 1.5170.20 1.6970.26n 1.4070.15 2.1770.30nn

Tyrosinasea 26497218 708788 3975.10 1845743nnn 57367483 29557195 24037106 42897347nnn

DCIP reductaseb 129.40727.41 102.63717.60 62.2723.31 50.37713.70 204.56753.42 337.31767.23nn 253.03757.60 225.76725.90
RbfRc 5.4070.91 4.7670.48 4.4170.50 10.6670.80nnn 7.1270.87 5.8370.52 2.8970.30 7.5270.60nnn

Values are a mean of three experiments7standard error of mean (SEM), significantly different from control (0 h) at ***Po0.001, **Po0.01 and *Po0.05 by one-way ANOVA
with Tukey Kramer comparison test. Where, LiP: Lignin peroxidase; VAO: Veratryl alcohol oxidase; RbfR: Riboflavin reductase.

a Activity in units min�1 mg�1.
b mg of DCIP reduced min�1 mg protein�1.
c mg of Riboflavin reduced min�1 mg protein�1, NA: No activity.

Fig. 1. (A) HPTLC profile of (a) untreated mixture of dyes at 0 h and, treated samples by (b) P. grandiflora, (c) G. grandiflora and (d) consortium PG from 12 h to 60 h showing
dyes removal. (B) 3-D graph of mixture of dyes after scanning at 254 nm during treatment from 0 h to 60 h by P. grandiflora, G. grandiflora and consortium PG.
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enzymatic system of two plants in consortium is more efficient to
decolorize mixture of dyes than individual plants.

FTIR spectral comparison between sample of untreated mixture
of dye, sample prepared from treated dye mixture by individual
plants P. grandiflora and G. grandiflora as well as their consortium
PG after 60 h of decolorization experiments confirmed the biode-
gradation and biotransformation of the mixture of dyes into
different metabolites. FTIR spectrum of the untreated mixture of
dye samples showed the presence of different peaks at
3078.17 cm�1 for N–H stretching, Peaks at 2926.26 cm�1 stand
for C–H stretching, peak at 1740.32 cm�1 represents C¼O stretch-
ing, while the peak at 896.43 and 830.71 cm�1 represents C–H
deformation. The peak at 1040.87, 1194.80 and 1339.29 cm�1

showed S¼O stretching. A peak at 3078.17 and 2088.60 cm�1

represents N–H stretching and NH3
þstretching respectively while

1643.09 cm�1 represents NH3
þ deformation. The peaks at 1515.83

and 1452.51 cm�1 reveal N¼O stretching, whereas a peak
2249.38 cm�1 represents C�N stretching. Azo bond N¼N was
detected by peak at 1595.92 cm�1 while, presence of halides i.e.
C¼Cl bond observed by peaks at 749.26 and 682.14 cm�1 (Fig. 2A).
All these peaks seen in the dye mixture were found to be
vanishing after its degradation. The peaks of treated dye mixture
sample by P. grandiflora (sample B) have been shown in (Fig. 2B).
The FTIR spectrum of the sample b after degradation showed some
new peaks such as at 3437.97 cm�1 represents NH2 stretching and
a peak at 2920.20 and 2851.25 cm�1 represents C–H stretching,
the peak at 1567.63 cm�1 represents C¼O stretching. The peak at
1381.11 and 1627.88 cm�1 represents CH3 deformations and NH3

þ

deformation respectively. The peak at 1464.06 and 1040.13 cm�1

represents N¼O stretching and S¼O stretching, peak
1248.02 cm�1 represents C–N vibration, peak 535.97 cm�1 also
denotes the presence of C–Cl (Fig. 2B). The peaks of treated dye
mixture sample by G. grandiflora (sample C) have been shown the
partial role of this plant in disappearance of some peaks from the
parent dye mixture (Fig. 2C). The FTIR spectrum of the sample c
after partial remediation showed some new peaks such as at
2359.17 and 1560.31 cm�1 represents NHþ stretching and NH

deformations respectively while, peaks at 2918.63 and
2850.34 cm�1 represents C–H stretching. The peak at
1771.13 cm�1 represents C¼O stretching while 1628.60 and
1267.01 cm�1 represents C¼N stretching and C–N vibration. The
peak at 944.50 cm�1 represents CH deformations. The peak at
1465.46 and 1381.61 cm�1 represents N¼O stretching and S¼O
stretching, peak 712.84 cm�1 shows the presence of chloride
(Fig. 2C). The peaks of treated dye mixture sample by consortium
PG (sample D) have been exhibited the combined and efficient role
of two different plants species than that of individual one in
complete disappearance of all peaks from the parent dye mixture
(Fig. 2D). The FTIR spectrum of the sample d after complete
decolorization supports the transformation of dye mixture into
new metabolites revealing some new peaks such as at 3477.10 and
1563.96 cm�1 represents NHþ stretching and NH deformations
respectively while, peaks at 1626.65 cm�1 represents NH3

þ defor-
mation. Peaks at 2956.35 and 2918.89 cm�1 represents C–H
stretching. The peak at 1769.17 cm�1 represents C¼O stretching
while the peak at 973.43, 838.29 and 724.23 cm�1 represents CH
deformations while peak at 1377.90 cm�1 represents CH3 defor-
mation. The peak at 1462.87 and 1039.72 cm�1 represents N¼O
stretching and S¼O stretching, peak 553.22 cm�1 shows the
presence of halide (Fig. 2D). The difference in FTIR spectra of
untreated and treated mixture of dye solution endorse the con-
firmation of decolorization and phytodegradation of the dye
mixture in to different metabolites.

3.5. Toxicity study

3.5.1. Cytogenotoxicity
A study of ecosystem bio monitoring indicates that the cyto-

genotoxicity can occur due to induction or reduction in the mitotic
index (MI) (Phugare et al., 2011a, 2011b). Cytogenetic observations
reveal the strong genotoxic effects of dye mixture solution
(50 mg L�1) on the mitotic cell of A. cepa, while compared with
the mitotic indexes for observed cells from treated samples and
control distilled water. The control showed the MI of 8.6%, while

Fig. 2. FTIR spectral analysis of (A) untreated mixture of dyes at 0 h and treated samples by (B) P. grandiflora (C) G. grandiflora and (D) consortium PG at 60.
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cells exposed to untreated and treated dye mixture sample formed
by the individual cultures of P. grandiflora, G. grandiflora and their
consortium PG showed the MI of 14.4, 10.5, 10.2 and 9.8%
respectively. A few earlier reports assume that increase or
decrease in mitotic index of meristematic cells of A. cepa might
be a reliable strategy to verify the presence of cytotoxic com-
pounds in the nature (Carita and Marin-Morales, 2008). MI
induction can also occur by uncontrolled proliferation of meriste-
matic cells of A. cepa leading to tumor formation which is
destructive to cells (Achary et al., 2008). This study explores the
adverse effects of dyes on chromosomes and cell division causing
increase in MI. The statistical scrutiny of the genotoxicity tests
discloses that the percentage of atypical mitotic cells caused by
untreated dye solution was considerably dissimilar from that of
the control and treated samples with individual plants and
consortium PG (Tables 2 and 3). An increase in the frequency of
altered cells was visualized which might have occurred due to an
impact of the dyes mixture on proteins of the spindle apparatus.
Interestingly, the remediated sample by consortium PG exhibited
the mitotic index nearly similar to that of control. Untreated dye
sample caused alteration in early prophase cells such as disinte-
grated prophase; binucleated cells with micronuclei in addition to
alterations in anaphase cells, such as sticky anaphases, presence of
sticky metaphase, laggard chromosomes were observed (Fig. A.2).
The increase in number and frequency of chromosome aberrations
percentage in Allium root tip meristem exhibits strong genotoxic
effects even at less concentration of the dye (Table 3). The
metabolites formed after treatment of dye mixture by consortium
PG were notably responsible for a significant decrease of the
percentage of total aberrant mitotic cells than that of treated

sample by individual plants (Tables 2 and 3) and hence, approve
the enhanced phytotransformation potential of combined system
of two different plants.

3.5.2. Comet assay
The comet assay was carried out to check the percentage DNA

damage by the untreated and treated dye mixture sample by
individual plants of P. grandiflora, G. grandiflora and their con-
sortium PG. The alkaline method of the comet assay is relatively
skillful, universal and time saving method for identifying DNA
damage at individual cells (Achary et al., 2008). This study
confirms the high susceptibility of isolated nuclei from A. cepa
meristem exposed to the dye sample in electric field due to their
naked condition, leakage in nuclear membrane from which ele-
vated content of DNA with decreased package of the DNA in
proliferation. The comet parameters observed were percentage of
head DNA (% of DNA in head of comet), percentage of tail DNA (%
of DNA in comet tail), tail length (μm) and tail movement. ANOVA
test suggested a significant difference for the parameters mea-
sured. Untreated textile dye mixture sample induced an �4.6, 14.8
and 18.3 fold increase in the percent tail DNA, tail length and in
tail moment while sample of treated dye mixture by consortium
PG showed merely �1.5, 1.6 and 1.6 fold increase respectively over
control (Table A.2). However, % head DNA from the mitotic cells
exposed to untreated dye mixture sample were observed to be
highly decreased when compared with the control. Interestingly,
treated dye mixture metabolite samples by consortium PG endorse
its less toxic nature than that of individual plants by causing less
DNA damage in isolated nuclei approximating control (Fig. A.3).

Table 2
Effect of untreated and treated effluent on root length, mitotic index, number and frequency of micronuclei and chromosome breaks obtained for the Allium cepa tests.

Analysis Sample

D/W Mixture of dyes P. grandiflora G. grandiflora Consortium PG

RL (cm) 6.370.43 5.170.45n 5.870.41 5.370.20 6.170.32
MI (%) 8.670.61 14.471.50n 10.570.80 10.270.92 9.870.73
MN 1 4 1 1 1
CB 1 1 1 2 1
TA 2 5 2 3 2
TCA 5113 5210 4787 5018 4950
Frequency of TA 0.03970.01 0.09570.05n 0.04170.02 0.05970.03 0.04070.02

Values are a mean of three experiments7standard error of mean (SEM), significantly different from control (0 h) at nPo0.05 by one-way ANOVA with Tukey Kramer
comparison test.
2000 mg L�1; RL—Root length, MI—Mitotic index, MN—Micronuclei, CB—chromosomal breaks, TCA—total no of cells analyzed, TA—Total no of alteration.

Table 3
Effect of untreated and treated (biodegraded) mixture of dye solution on number and frequency of chromosome aberrations obtained for the Allium cepa tests.

Analysis Sample

D/W Mixture of dyes P. grandiflora G. grandiflora Consortium PG

AB 0 0 0 0 0
ML 1 4 1 2 1
LC 0 7 1 0 1
BC 1 17 2 4 1
VC 1 5 1 1 1
TCA 3 33 5 7 4
TMO 536 570 470 498 510
Frequency of TCA 0.5570.43 5.7871.81nn 1.0670.72 1.4070.91 0.7870.50

nnValues are mean of three experiments, standard deviation (7), significantly different from the control (roots meristem germinated in water) nnPo0.01, by One-way
analysis of variance (ANOVA) with Tukey Kramer multiple comparison test.
AB- Anaphase with bridge, LC—Laggard chromosome, BC—Binucleated cells, ML—Metaphase with loss, TMO—Total mitotic observed cells, TCA—total no. of cells with
alterations.
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3.5.3. Phytotoxicity study
The untreated synthetic solution of dyes mixture inhibited

shoots and roots length of plants P. mungo and S. vulgare when
compared to metabolite solution obtained from the treated dye
mixture by individual plants of P. grandiflora, G. grandiflora and
their consortium after decolorization (Table A.3). Synthetic dye
mixture solution showed 50% inhibition of germination of
P. mungo and S. vulgare seeds whereas all the metabolite solutions
obtained after the treatment of dye mixture by individual plants
and their consortium PG showed reduced toxicity inhibiting the
germination of P. mungo up to only 10%. The metabolite solutions
from treated dye mixture by P. grandiflora, G. grandiflora and
consortium PG showed 20 percent, 30 percent and 10 percent
inhibition of germination of S. vulgare seeds respectively confirm-
ing less toxic nature of the metabolites. The length of the radicle
and plumule were reduced for plantlets grown in the dye mixture
solution contrasting to those cultivated in distilled water and
metabolites solution. This indicates the toxic influence of the dyes
mixture and the non toxicity of the metabolites obtained after
phytoremediation.

4. Conclusions

Plant–plant consortial phytoremediation is a capable green
technology than the use of individual plant systems for the
treatment of toxic pollutants like textile dyes. This work discovers
the efficacy of P. grandiflora and G. grandiflora individually as well
as in consortium to decolorize a simulated mixture of dyes to
remarkable levels through their collectively activated enzymatic
machineries. The use of such plants would be very esthetically
gratifying, commercial, ecofriendly and energy saving real tech-
nology for the treatment of textile dyes. Plant–plant consortium
strategy can also be applied for the in situ treatment of textile
wastes in constructed wetland.
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a  b  s  t  r a  c t

Tyrosinase  inhibitors  have potential applications  in the  cosmetics  and  food industries  for  preventing
browning  reactions  and also  as  therapeutic  drugs for  neurodegenerative  diseases  such  as Parkinson’s.
In  this  article, crocin and curcumin were  evaluated  as mushroom tyrosinase inhibitors.  Results  showed
that,  both  compounds  strongly  inhibited the  diphenolase  activity  than monophenolase. The IC50 values  for
diphenolase  activity were estimated  to be  0.11  mM  and  0.18 mM  for  crocin and curcumin  respectively.  The
binding kinetics of crocin and curcumin  was  studied  with  mushroom  tyrosinase  using surface plasmon
resonance (SPR).  Tyrosinase  was immobilized  on the  gold surface of a  Biacore  sensor chip  through  amine
coupling.  Binding  of inhibitors  was analyzed  by  SPR  without  the  need  to further  modify  the  surface or  the
use of other  reagents.  The binding  constant KD (M) for mushroom  tyrosinase  obtained  was 1.21  × 10−4 M
for  crocin  and  1.64  × 10−4 M for  curcumin, while showing  a higher affinity for  L-DOPA  1.95  ×  10−8 M, a
substrate for  tyrosinase (positive  control).  The study reveals the  SPR  sensor’s ability  to detect binding of
the  inhibitors.

© 2014  Elsevier B.V.  All  rights  reserved.

1. Introduction

Tyrosinase (E.C. 1.14.18.1) is a  ubiquitous enzyme involved in
pigmentation and is  widely distributed in plant, fungi and animals.
It plays a  major role in hydroxylation of monophenols and conver-
sion of o-diphenols to the corresponding o-quiniones [1].  Therefore,
tyrosinases have a  great potential for development in the fields
of food, medicine, agricultural industries as well as analytical and
environmental purposes [2].

Products from tyrosinase activity can cause deleterious effects,
those associated with browning reactions in  fruits, vegetables and
black spotting of shrimp and lobsters. However, abnormal accu-
mulation of melanin product is  responsible for hyperpigmentation
which includes melasma, senile lentigines; it would lead to a  seri-
ous aesthetic problem, also dermatological disorders such as age
spots and freckles [3].  Thus, it is a  major problem in the food indus-
try and one of the main causes of quality loss during post harvest
handling, processing and also responsible for many skin disorders
[4].

As a result, tyrosinase inhibitors have become increasingly
important in  food industry as well as the medical and cosmetic
products due to their ability to decrease the hyperpigmentation

∗ Corresponding author at: Department of Biotechnology, Shivaji University,
Vidyanagar, Kolhapur 416004, India. Tel.: +91 231 2609365; fax: +91 231 1691533.

E-mail addresses: jpjbiochem@gmail.com, profjpjadhav@gmail.com (J.  Jadhav).

resulting from enzyme action [4–7].  Until now, large numbers
of natural and synthetic tyrosinase inhibitors were screened for
effective tyrosinase inhibition [8–10].  But, some of their individ-
ual activities are not potent enough to be considered for practical
use, following safety regulations for food and cosmetic products
[3].  Recently, number of potent tyrosinase inhibitors from various
sources such as, from the roots of Artocarpus heterophyllus (Artoin-
donesianin F), components from a desugared sugar cane extract,
synthetic inhibitors like azo-resveratrol and azo-oxyresveratrol,
resveratrol analogues, arctigenin from Fructus arctii and azastilbene
analogues, from pomegranate fruit peel, benzaldehyde thiosemi-
carbazones, curcumin-like diarylpentanoid analogues, hesperetin
inhibition kinetics by integrated computational simulation study
have been reported [11–20].

Surface plasmon resonance (SPR) with coupling chemistries for
enzyme immobilization on the sensor surface facilitates detec-
tion and screening of inhibitors [21].  SPR is an optical technique
that reports changes in refractive index based on alterations
occurring in the dielectric medium within 500 nm from a  metal
gold surface [22].  SPR makes possible real-time, label-free detec-
tion of biomolecular binding events such as ligand–receptor
coupling, antibody–antigen interactions, and protein–DNA inter-
actions. Detection of tyrosinase inhibitors using SPR has been
reported recently [23,24].

In this study, affinity of crocin and curcumin towards mushroom
tyrosinase was  detected directly by SPR using surface-immobilized
tyrosinase. Change in refractive index indicates binding of

0141-8130/$ – see front matter © 2014 Elsevier B.V. All  rights reserved.
http://dx.doi.org/10.1016/j.ijbiomac.2014.01.028
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tyrosinase inhibitors (crocin and curcumin) at different concen-
trations were monitored by  SPR. The sensor was able to detect
both inhibitors and corresponding binding affinity constants were
generated after the analysis. This approach could be used to eval-
uate the binding of other tyrosinase inhibitors. It can be  used for
other proteins which undergo conformational changes on binding
of small molecules.

2. Materials and methods

2.1. Chemicals and reagents

Sensor Chips Series S CM5, N-ethyl-N′-(dimethylaminopropyl)-
carbodiimide (EDC), N-hydroxysuccinimide (NHS), ethanolamine
HCl, as well as sampling vials, and caps were obtained from GE
Healthcare Life Sciences, Uppsala, Sweden. Mushroom tyrosinase,
crocin and curcumin were purchased from Sigma (St. Louis, MO,
USA), whereas L-3, 4 dihydroxyphenylalanine (l-DOPA), l-tyrosine
from Himedia, India. All  other chemicals were of highest purity and
analytical grade. Milli Q  (Milipore) water was used for preparing
buffers and reagents.

2.2. Enzyme activity assay

2.2.1. Diphenolase activity assay
Diphenolase activity of mushroom tyrosinase was  performed

using L-DOPA as substrate by measuring the dopachrome
accumulation at 475 nm (εdopachrome =  3400 M−1 cm−1) [4].  The
reaction media (3 ml)  contained 0.5 mM L-DOPA in  50 mM
Na2HPO4–NaH2PO4 buffer (pH 6.8); a  portion of 100 �l of enzyme
(20 �g)  was used for the activity assay. The reaction was  carried
out at a constant temperature of 30 ◦C using Shimadzu UV visible
spectrophotometer.

2.2.2. Inhibition of tyrosinase activity
Inhibitory activity assay was measured according to the method

of [25],  with minor modifications. The crocin and curcumin were
first dissolved in 10% DMSO and incubated with 20 �l of mush-
room tyrosinase (3130 U/mg) in  50 mM sodium phosphate buffer,
pH 6.8. The reaction mixture was incubated for 10 min. Then, 40 �l
of 0.5 mM L-DOPA in  50 mM sodium phosphate buffer pH 6.8 was
added. The final concentration of DMSO in the reaction mixture
was 3.3%. The amount of dopachrome in the mixture was deter-
mined by  the optical density at 475 nm using Shimadzu UV visible
spectrophotometer. Kojic acid is  used as positive control agent. The
inhibitory percentage of tyrosinase was calculated as follows:

% inhibition = 100[A  − B] − [C  − D]
[A  − B]

A is the OD at 475 nm without test substance; B is  the OD
at 475 nm without test substance and tyrosinase; C is the OD at
475 nm with test substance; D is  OD at 475 nm with test substance
without tyrosinase.

The extent of inhibition by the addition of sample was expressed
as percentage necessary for 50% inhibition (IC50).

2.3. Surface plasmon resonance (SPR) studies

SPR interaction analyses were performed using a Biacore T  200
optical biosensor (GE Healthcare Life Sciences, Bangalore, India).
SPR measurements were carried out in phosphate buffer saline
(PBS), from analyte stock solutions, working solutions were diluted
in PBS prior to flowing them on the sensor surface. Data were
collected with the Biacore control software. Experiments were per-
formed by  monitoring the refractive index changes as a  function
of time under constant flow conditions. The relative amount of

inhibitor bound to the tyrosinase was  determined by measuring
the net increase of refractive index over time compared with that
of running buffer alone. There is  an inline subtraction of refer-
ence surface during the run. This change is  usually reported in
response units (RU). The surface was washed with PBS (running
buffer) between each concentration.

Mushroom tyrosinase dissolved (50 �g/ml) in  0.1  M sodium
acetate buffer pH 4.5 was immobilized to a  CM5  chip using amine
coupling. Using a  flow rate of 10 �l/min, the surface of  flow
cell was activated for 7 min  using a  1:1 mixture of 100 mM N-
ethyl-N′-(dimethylaminopropyl)-carbodiimide (EDC) and 100 mM
N-hydroxysuccinimide (NHS) (both dissolved in  water), and sub-
sequently tyrosinase was injected for 7 min, and residual activated
carboxy methyl groups on the surface were blocked by a  7  min
injection of 1 M ethanolamine, pH 8.5. A total of 3594 (RU) of
tyrosinase were immobilized. For this study, flow cell 3 was blank
immobilized (without protein) for using as a reference.

To analyze interactions of L-DOPA, curcumin, and crocin with
immobilized tyrosinase, compounds were dissolved in  10 mM  PBS
pH 7.4 containing 0.005% P20 and were injected. The same buffer
was used as the running buffer. Flow rate was maintained constant
throughout the kinetics experiment (45 �L/min), contact time and
dissociation time was  kept at 120 s. Regeneration was carried out
with 10 mM glycine pH 2.5 for 30 s.  Experiments were performed
with various concentrations of L-DOPA or  crocin or curcumin from
12.5 �M to 200 �M respectively. The data analysis was done with
T200 evaluation software ver 2.0 and data was fit to  1:1 binding or
two state binding.

3. Results and discussion

Melanin formation is the main cause of enzymatic browning
in plants, fruits and human skin. It  is  known that biosynthe-
sis of melanin leads to undesirable changes in colour; flavour
and nutritive values of plant derived foods and beverages. There-
fore, tyrosinase inhibitors have become increasingly important in
cosmetic, food and pharmaceutical products in relation to hyper-
pigmentation [26]. Edible mushroom is considered as a  clean,
enriched, and cheap source of tyrosinase.

In  the present study, the inhibition studies and binding kinetics
of crocin and curcumin compounds on  mushroom tyrosinase activ-
ity has been evaluated. Generally, crocin compounds are natural
carotenoids found in flowers (Crocus sativus).  The methanol extract
of Crocus sativus showed anti-tyrosinase activity and antioxidant
activity [27,28].  But the binding kinetics of particular compound
in Crocus sativus (crocin) was  not yet studied. Also curcumin is
the principal curcuminoid of the popular Indian spice turmeric.
The antioxidant and anti-tyrosinase activity of  curcumin analogues
were studied using spectral methods [29].

Inhibition studies showed that crocin and curcumin are the very
effective inhibitors of diphenolase activity of mushroom tyrosinase.
The low IC50 value of crocin (0.11 mM) and curcumin (0.18 mM)
(Fig. 1)  reveals that the compound is more potent than kojic acid
(IC50 59.72 mM)  [30]. Kojic acid is a  competitive inhibitor of  the
monophenolase activity and a mixed inhibitor for diphenolase
activity. It  is  also reported to chelate copper in the active site
[10].  In  turn, crocin-1, the constituents of the Crocus sativus exhib-
ited more potent inhibitory activity with IC50 140 �M [27].  Also,
tyrosinase inhibitory activity was  reported by synthesized cur-
cumin analogues [31].  Most of the inhibitors were reported to
inhibit the diphenolase activity of mushroom tyrosinase compared
to monophenolase. Similarly, in  this study both inhibitors showed
considerable inhibition of monophenolase activity.

The interaction kinetics between mushroom tyrosinase and var-
ious compounds L-DOPA, curcumin and crocin was  studied by
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Fig. 1. Effect of crocin and curcumin concentrations on the diphenolase activity of
mushroom tyrosinase using L-DOPA as a substrate. The reaction media contained
0.5  mM of substrate in a final concentration of 0.05 M phosphate buffer, pH 6.8.

Table 1
Interaction kinetics of mushroom tyrosinase with crocin, curcumin and L-DOPA fit
to  1:1 model.

Sl. No ka (1/Ms) kd (1/s) KD (M)

Crocin 40.42 0.00488 1.21E−04
Curcumin 82.17 0.01345 1.64E−04
L-DOPA 9.99E+04 0.001951 1.95E−08

Biacore. The study showed that crocin and curcumin have a  low
binding affinity towards mushroom tyrosinase with potencies com-
pared with IC50 values. The data at different concentrations was fit
to 1:1 equation and shown in  Table 1.  Crocin and curcumin show
a low affinity for tyrosinase with KD values of 1.21 ×  10−4 M and
1.64 × 10−4 M respectively (Table 1). As shown in  the table, tyrosi-
nase has a higher affinity for its known substrate L-DOPA with KD of
1.95 × 10−8 M.  Crocin and curcumin bind with low affinity perhaps
due to  their perturbing effect on the copper residues present at the
active site of tyrosinase.

The binding kinetics (Fig. 2)  for crocin (A) and curcumin (B) with
1:1 fit clearly indicates almost similar association and dissociation
rate constant which indicates a  similar mode of inhibition. The two
states fit for both the inhibitors shows conformational changes as
evident form the kinetic data as shown in Table 2.  There is a  slower
binding phase indicated by ka1 kd1 and a  very rapid phase with and
ka2 kd2.  However, L-DOPA, a  substrate for tyrosinase used in  this
experiment as a positive control, has higher rates of association
and dissociation and a  higher equilibrium dissociation constant as
evident from Fig. 3. L-DOPA clearly does not show a  two state mode
of binding as indicated by poor fit.

Several tyrosinase inhibitors were reported earlier to  decrease
hyperpigmentation resulting from the enzyme action. Most of
the tyrosinase inhibitors were mono, di and trihydroxyl phe-
nols, flavonoids, and peptides [8,26]. The reported inhibitor for
mushroom tyrosinase is the diester, formed from the disaccharide

Table 2
Interaction kinetics of mushroom tyrosinase with crocin, curcumin and L-DOPA fit
to  two state model.

Sl. No ka1 (1/Ms) kd1 (1/s) Ka2 (1/s) Kd2 (1/s) KD (M)

Crocin 120.5 0.08385 0.01129 0.002313 1.23 × 10−4

Curcumin 163.7 0.08086 0.01131 0.01012 2.3 ×  10−4

L-DOPA No fit No fit No fit No fit Not calculated

Fig. 2. Binding sensogram for (A) crocin and (B) curcumin interaction with immo-
bilized mushroom tyrosinase.

gentibiose and the dicarboxylic acid crocetin and curcuminoid of
the  popular Indian spice turmeric.

The results seem to indicate that the sensor is detecting changes
in protein rather than mass binding of inhibitor. In support of this
view, there have been a few recent reports suggesting that alter-
ations in conformation of proteins bound on the surface can be
detected by SPR [32–34].  Direct detection of low-molecular-weight
analytes by SPR has been reported for binding of Ca2+ ions to  trans-
glutaminase [35] and sulfonamide inhibitors to carbonic anhydrase

Fig. 3. Interaction of L-DOPA with immobilized tyrosinase.
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[36]. The present study demonstrates for the first time the direct
detection of tyrosinase inhibitor binding by  an SPR sensor. The abil-
ity of this sensor to  detect binding of tyrosinase inhibitors at various
concentrations showed that it can also be used for the screening
of new tyrosinase inhibitors. In addition, the sensor was relatively
simple to  make and did not require the use of antibodies to  detect
the small size inhibitors. Moreover, by immobilizing other enzymes
or cell receptors of interest on the SPR sensor surface, their response
on exposure to inhibitors and ligands can also be assessed, resulting
in the development of new biosensors rather tyrosinase biosensor
to study various application of tyrosinase in  concerned areas.

4. Conclusion

In conclusion, crocin and curcumin had potent anti-tyrosinase
activity, spectroscopic analysis with IC50 values showed strong
diphenolase inhibition. The binding studies reveals that, crocin and
curcumin show a  low affinity for mushroom tyrosinase with KD val-
ues of 1.21 × 10−4 M and 1.64 × 10−4 M  respectively. Therefore, this
enzyme-based biosensor has the potential to  be used in the detec-
tion and screening of new inhibitor drug candidates. Inhibitors may
therefore have good potential as antibrowning agents to  be applied
in food industries as well as in  cosmetics. The sensors can be used
for high-throughput screening of potential pharmaceutical drug
candidates.
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Abstract  

Aims: Protoplast fusion between Aspergillus oryzae and Trichoderma harzianum and application 

of fusant in degradation of shellfish waste. 

Methods and Results: The filamentous chitinolytic fungal strains Aspergillus oryzae NCIM 

1272 and Trichoderma harzianum NCIM 1185 were selected as parents for protoplast fusion. 

Viable protoplasts were released from fungal mycelium using enzyme cocktail containing 5 mg 

mL-1 lysing enzymes from T. harzianum, 0.06 mg mL-1 β-glucuronidase from H. pomatia and 1 

mg mL-1 purified P. ochrochloron chitinase in 0.8 M sorbitol as an osmotic stabilizer. 

Intergeneric protoplast fusion was carried out using 60 % polyethylene glycol as a fusogen. At 

optimum conditions, the regeneration frequency of the fused protoplasts on colloidal chitin 

medium and fusion frequency were calculated. Fusant showed higher rate of growth pattern, 

chitinase activity and protein content than parents. Fusant formation was confirmed by 

morphological markers viz., colony morphology and spore size and denaturation gradient gel 

electrophoresis (DGGE). 

Conclusions: The present study revealed protoplast fusion between Aspergillus oryzae and 

Trichoderma harzianum significantly enhanced chitinase activity which ultimately provides 

potential strain for degradation of shellfish waste. Consistency in the molecular characterization 

results using DGGE is the major outcome of present study which can be emerged as a 

fundamental step in fusant identification. 

Significance and Impact of the Study: Now it is need to provide attention over effective chitin 

degradation in order to manage shrimp processing issues. In this aspect, ability of fusant to 

degrade shellfish waste efficiently in short incubation time revealed discovery of potential strain 

in the reclamation of seafood processing crustacean bio-waste.  
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Keywords: Protoplast fusion, intergeneric hybrid, Aspergillus oryzae, Trichoderma harzianum, 

chitinase, DGGE (denaturing gradient gel electrophoresis)  

 

1. Introduction 

Chitin is a high molecular weight linear homopolymer of β- 1, 4 linked N-acetyl-D-

glucosamine (Lower 1984). It is found in insects as a major component of the cuticle, the 

peritrophic membrane and also as a protective sleeve, and in gut lining of many insects (Kramer 

and Koga 1986). It also constitutes the structural polysaccharide of fungal cell walls and the 

outer shell of crustaceans, nematodes, etc. (Wang et al. 2001). Chitin and its derivatives have 

great economical value because of their biological activities and their escalating demand in 

industrial applications. Main commercial sources of chitin are shells of crustaceans such as 

shrimps, crabs, lobsters and krill that are available in large quantities by the shellfish processing 

(Wassila et al. 2013). 

 

In India 60,000 ± 80,000 tonnes of chitinous wastes are produced annually. Shellfish 

processing industries faced severe problems in disposing off the formidable quantity of shellfish 

solid wastes (Nirmala 1991). However, despite small quantity used for the extraction of chitin 

most of these valuable byproducts are discarded by ocean dumping or incineration. Moreover, 

chemical method of extraction of chitin involves deproteinization and demineralization which 

are expensive and not ecofriendly techniques (Wassila et al. 2013). Therefore, attention must be 

paid to overcome this problem and discover effective, economic method of chitin utilization in 

order to manage shrimp processing waste. Bioconversion of waste by microbial chitinase (E.C. 

3.2.1.14) which has potential of catalyzing the enzymatic degradation of chitin polymer is 



A
cc

ep
te

d
 A

rt
ic

le

This article is protected by copyright. All rights reserved. 

probably the most cost effective and environment friendly procedure for waste utilization (Healy 

et al. 1994). 

Protoplast fusion is an important tool in strain improvement for bringing genetic 

recombination and developing hybrid strains in filamentous fungi (Lalithakumari 2000). It is 

used to produce interspecific or even intergeneric hybrids. It has become an important tool of 

gene manipulation because it breakdown the barriers to genetic exchange imposed by 

conventional mating systems. Protoplast fusion technique has a great potential for genetic 

analysis and for strain improvement. It is particularly useful for industrially useful 

microorganisms (Murlidhar and Panda 2000). These techniques have been widely used for 

enhanced yield in conversion of cellulose to ethanol (Knowles et al. 1987), strain improvement 

for alcohol fermentation (Lima et al. 1995), citric acid producing strains of Aspergillus niger 

(Kirimura et al. 1986). Moreover, this technique is an important tool for the genetic manipulation 

of industrially important fungi. Ogawa et al. (1989) reported enhanced cellulase production in 

Trichoderma reesei by inter-specific protoplast fusion while Prabavathy et al. (2006) reported 

increase in chitinase production and biocontrol activity in Trichoderma harzianum by self fusion 

of protoplasts but not much work has been focused for application of chitinase in shellfish waste 

degradation using this technique.  

 

Recently, the development of molecular techniques has created new possibilities for the selection 

and genetic improvement of livestocks (Godrat et al. 2005). Nearly all RAPD markers are 

dominant, i.e. it is not possible to distinguish whether a DNA segment is amplified from a locus 

that is heterozygous or homozygous. Co dominant RAPD markers, observed as different-sized 

DNA segments amplified from the same locus, are detected only rarely. Thus, the RAPD 
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technique is notoriously laboratory dependent and not reproducible. Mismatches between the 

primer and the template concentration may result in the total absence of PCR product as well as 

in a merely decreased amount of the product. Thus, the RAPD results can be difficult to interpret 

(Senthil Kumar and Gurusubramanian 2011). On the other hand, denaturing gradient gel 

electrophoresis (DGGE) is an electrophoresis technique to identify single base changes in 

segment of DNA. DGGE separates PCR amplicons according to their nucleotides composition 

and reveals microbial community dynamics in both environmental and pure cultures population 

studies (Muyzer et al. 1993; Muyzer and Smalla, 1998). DGGE could allow considerable savings 

of time and treatment costs. 

The protoplast isolation, regeneration have been reported for different fungi in literature, 

however, not much work has been focused on intraspecific and intrageneric protoplast fusion in 

filamentous fungi. Also, all the reports on strain improvement for high yields of titers of 

chitinase are by mutation and no reports are available in this regard by exploiting protoplast 

fusion system. This prompted us to develop an intergeneric fusant of Aspergillus oryzae and 

Trichoderma harzianum using protoplast fusion technology. In addition molecular 

characterization of fusant identification was done by DGGE (Denaturating gradient gel 

electrophoresis) and approach of fusant was focused for degradation of crab shell waste. 

 

Materials and methods  

Chemicals and enzymes  

Chitin and polyethylene glycol were purchased from Sigma (St Louis, MO). Other chemicals 

used were highest purity and analytical grade. P. ochrochloron MTCC 517 was obtained from 

MTCC, Chandigarh, Trichoderma harzianum NCIM 1185, Aspergillus oryzae NCIM 1272, were 
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procured from NCIM, Pune. Colloidal chitin was prepared from commercial chitin by the 

method of Hsu and Lockwood (1975).  

 

Screening for chitinase production 

The organism was tested for chitinase activity on colloidal chitin agar (composition g L-

1): NaNO3 (3), K2HPO4 (1), KCl (0.5), MgSO4.7H2O (0.5), FeSO4 (0.01), agar (25) and colloidal 

chitin (20), pH 7.0) at 30°C by the method of Kenji et al. (1998). Qualitative and quantitative 

screening for extracellular chitinase resulted in selecting Trichoderma harzianum and 

Aspergillus oryzae strain for protoplast fusion programme. The parental strains were cultured on 

czapek dox agar medium and maintained on potato dextrose agar medium. 

 

Protoplast formation 

Protoplast formation was carried out according to method of Kitamoto et al. (2000) with 

slight modifications. The spore suspensions (1×106 spore’s mL-1) from both fungi have been 

inoculated into potato dextrose broth (pH 6.0). The flasks were incubated on a rotary shaker at 

120 rpm for 48 h at 30 oC. After incubation, mycelia were harvested by filtration through cheese 

cloth and collected by centrifugation at (1000×g, 5 min) and washed twice with distilled water. 

Protoplasting was performed using 50 mg wet mycelia in 5.0 ml of 25 mM sodium phosphate 

buffer, pH 7.0. For protoplast generation, enzyme cocktail containing 5 mg mL-1 lysing enzymes 

from T. harzianum, 0.06 mg mL-1 β-glucuronidase from H. pomatia and 1 mg mL-1 purified P. 

ochrochloron chitinase (Patil et al. 2013) and osmotic stabilizer 0.8 M sorbitol; were incubated at 

37 °C on a rotary shaker (120 rpm) and protoplast release was examined under light microscope. 

After 2 h, the protoplasts preparation was filtered through sterile cotton wad and centrifuged at 



A
cc

ep
te

d
 A

rt
ic

le

This article is protected by copyright. All rights reserved. 

100 rpm for 10 min. The supernatant was discarded and the sedimented protoplasts were 

suspended immediately in buffered-osmotic stabilizer solution. Protoplast yield (protoplasts mL-

1) was determined by using a Neubauer haemocytometer (Marienfeld). 

 

Protoplast fusion  

Fusion of protoplasts of Trichoderma harzianum and Aspergillus oryzae was carried out 

by the method of Stasz et al. (1988) with slight modification. Polyethylene glycol (PEG) 

prepared in STC buffer (0.8 M Sorbitol; 10 mM Tris–HCl; 10 mM CaCl2, pH 6.5) was used as 

fusogen. One mL of protoplast suspension from each parents were mixed with equal volume of 

PEG solution (6000, 60 %) and the fusion mixture was incubated at 30 °C. After 10 min, the 

mixture was diluted with 1 mL of STC buffer. The PEG in the fusion mixture was washed away, 

using STC buffer and the fused protoplasts were collected by centrifugation at 100 rpm for 10 

min, suspended in STC buffer and plated on 2 % colloidal chitin agar (CCA) selective medium 

containing (g L-1) colloidal chitin (5.0), NaNO3(2.0), K2HPO4 (1.0), KCl (0.5), MgSO4 (0.5), 

FeSO4 (0.01), sucrose (0.8 M), agar (15) distilled water 1000 ml at pH 7.0. The plates were 

incubated at 25 °C and the protoplast regeneration and development of colonies were observed. 

The regenerated protoplasts were transferred to PDA slants. Nuclear staining of fused protoplasts 

has been performed using aceto-orcein stain (Bos and Slakhorst 1981). 

 

Markers for fusant identification 

Colony morphology, spore size were used as fusant markers. DGGE analysis was 

performed using molecular marker of ITS region for fusant identification. The genomic DNA of 

parent 1, 2 and fusant was extracted according to the method described by Prabha et al. (2013). 
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NrITS region were first amplified using the primer pairs ITS1 forward and ITS2 reverse 

according to White et al. (1990). All reactions were carried out in a 50 μL reaction mixture 

containing 1X PCR buffer, 1 pM, 1 nM of dNTPs, 2 mM MgSO4, 1 unit Taq DNA polymerase, 

0.25 pM of forward and reverse primers and 2 μL of template DNA. The thermocycling program 

was as follows: initial denaturation at 95 oC for 5 min, 35 cycles of 95 oC for 15 s, 50 oC for 15 s, 

and 72 oC for 15 s, followed by 10 min final extension at 72 oC. PCR product was then check on 

2 % agarose gel. Successfully amplified products were then purified using GenEluteTM PCR 

clean-up kit (Sigma) as per manufacture instruction. 

For DGGE analysis, a nested PCR was performed in a total volume of 50 μL, each with 2 

μL of purified PCR product from the previous reaction as template DNA. Amplification was 

performed using the forward primer ITS1-GC clamped 

(CGCCCGCCGCGCCCCGCGCCCGGCCCGCCGCCGCGGCCGC) and reverse primer ITS2 

(GCTGCGTTCTTCATCGATGC). Nested PCR reaction were performed at higher stringency 

(increasing temperature by 4 °C and decreasing cycles to 30). The cycling scheme was as 

follows: 5 min denaturation at 94 oC, followed by 35 cycles of 1 min denaturation at 94 oC, 1 

min annealing at 58 oC for ITS1-GC primer or 62 oC for ITS2-GC primer, 1 min extension at 72 

oC with a final extension step at 72 oC. PCR products were analyzed by electrophoresis in a 2 % 

(w/v) agarose gel. 

Amplified product was purified and denaturing gradient gel electrophoresis (DGGE) of 

concentrated product was performed using Decode Universal Mutation Detection System 

(BioRad). Samples were loaded onto 8 % (w/v) polyacrylamide gels (37.5:1, acrylamide: 

bisacrylamide) in 1× TAE buffer with a denaturing gradient ranging from 20 %  to 80 % , 
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denaturant run at 60 oC, 100 V for 12 hr (Joshi et al. 2013). Gel was stained using SYBR gold 

and visualized on UVITEC gel documentation system. 

 

Estimation of protein and chitinase activity in the culture filtrates 

Above stated medium in screening was used for the production of chitinase. Parents and 

fusants (2 × 107 spores mL-1) were inoculated in flasks containing medium that has colloidal 

chitin as sole source of carbon and incubated in an orbital shaker at 40 °C and 120 rpm for 72 h. 

After 72 hrs, the cultures were harvested, filtered through Whatman No. 1 filter paper and 

centrifuged at 8161× g at 4 °C. The cell free culture filtrates of parent and fusants were used as 

enzyme sources for chitinase assay. 

Chitinase enzyme assay was carried out with colloidal chitin as a substrate. The assay 

mixture contained 1 ml 0.5 % colloidal chitin, 0.5 ml sodium phosphate buffer (25 mM, pH 7.0) 

and 0.5 ml enzyme solution, which was incubated for 1h at 40 °C (Waghmare and Ghosh 2010). 

The reducing sugar released during the reaction was quantified by using N-acetyl-β-D-

glucosamine standards with concentrations ranging from 100 to 1,000 μg mL−1 by DNS method 

(Miller 1959). One unit of enzyme activity was defined as the amount of enzyme required to 

release 1 μmol of reducing sugar from colloidal chitin per minute. The protein content was 

estimated by Lowry et al. (1951) using bovine serum albumin as standard protein. 

 

Decomposition of crab shell waste by parent and fusant  

Fresh crab shell chitin waste (CSCW) containing head and shell was obtained from local 

marine food supplier market. It was washed twice with tap water in order to remove the dirt. The 

washed CSCW chips were dried at 60 °C for 24 h in a hot air oven, milled with an electric 

wearing blender and sieved through mesh sieve. The CSCW powder was used for further process 
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without any further demineralization or deproteinization. To test the degradation of CSCW 

parents and fusant strain were cultured with degradation media containing 0.1 % (w/v) of CSCW 

powder with vigorous agitation at 40 °C. 

The percentage degradation of CSCW was determined by considering the dry weight of 

substrate remaining in the culture broth at the end of experiment. The results were expressed as 

percentage of the initial weight (considered as 100 %) and calculated by comparison between the 

dry weight of residual substrate before and after hydrolysis (Cortezi et al. 2008). 

 

Results  

Effect of enzyme concentration for protoplast formation 

Penicillium ochrochloron MTCC 517 has been reported earlier for chitinase production 

in submerged (Patil et al. 2013) and solid state fermentation (Patil et al. 2014). Enzyme cocktail 

posse’s immense potential to digest the cell wall of various fungi and production of large number 

of protoplasts. It was observed that lysing enzyme β-glucuronidase was not much effective in the 

release of protoplasts, when used individually. Combination of the enzyme cocktail with 5 mg 

mL-1 lysing enzymes from T. harzianum, 0.06 mg mL-1 β-glucuronidase from H. pomatia in 

combination with 1 mg mL-1 purified P. ochrochloron chitinase, lysed the cell wall components 

efficiently and yielded high amounts of protoplasts. The amount of protoplasts obtained after 

enzymatic treatment were 5.2 × 107 and   1 × 106   for   Aspergillus oryzae and Trichoderma 

harzianum respectively. 

Effect of osmotic stabilizers 

In order to identify the best osmotic stabilizers, we used different osmotic stabilizers at 0.8 M 

concentration. Among them, 0.8 M sorbitol was found to be optimal for release of protoplasts 

from both T. harzianum and A. oryzae (data not shown). 
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Effect of incubation time 

The maximum yields of protoplasts were reached after 2 h incubation, but the number 

decreased above 3 h due to bursting and prolonged incubation caused lysis of protoplasts. Empty 

hyphal segments were detected after protoplasts were released into surrounding medium through 

openings in the cell wall. Protoplasts released after 1 hr of incubation from partially digested 

mycelia and large size protoplasts have been obtained after 2 hr of incubation (Fig 1). 

 

Effect of PEG concentration during protoplast fusion 

The effect of PEG concentration on protoplast fusion was studied with various 

concentrations of PEG (30–70 % v/v) with a uniform concentration of 10 mM CaCl2. The 

present study revealed that incubation mixture containing 10 mM CaCl2 and 10 mM Tris - HCl 

buffer with 1 ml of PEG (60 %) was favorable for the development of fusant (Table 1). When 

PEG solution was added to the protoplasts, they were attracted with each other. Later, the plasma 

membrane at the place of contact dissolved and protoplasmic contents fused together. Finally, 

the fusion protoplasts became single oval shaped structures (Fig 2). Nuclear staining showed 

presence of two nuclei in fused protoplasts (Fig 3). The present study revealed that incubation 

mixture containing 10 mM CaCl2, 0.8 M sorbitol and 10 mM Tris – HCl buffer with 1 ml of PEG 

(60 %) was favorable for the development of fusant. 

 

Selection of fusants 

The fused protoplasts were plated on 2 % colloidal chitin medium for fusant selection. 

Fused protoplasts grew very fast than parental strains. Similar observations have been made by 

Prabavathy et al. (2006) in Trichoderma harzianum.  
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The parental colonies of T. harzianum were pure white in color while A. oryzae parental 

colonies were greenish in color. The fusant colonies were greenish white in color (Fig 4). Spore 

size was considered by Mrinalini (1997) to select fusants of Trichoderma sp. The sizes of the 

conidiospores were 4.96 um, 5.12 um and 5.84 um (diam.) in A. oryzae, T. harzianum and fusant 

respectively. 

In the present study, DGGE has been focused as a molecular tool for identification of 

fusant. After extraction of DNA from parents and fusant, ITS was amplified using ITS1 and 

ITS2 primers, which were subsequently analyzed by denaturing gradient gel electrophoresis 

(DGGE). PCR amplification of the extracted DNA from parents and fusant showed single 

amplification product of 300 bps on 2 % agarose gel (Fig 5A). In DGGE analysis single band 

were observed in the case of both parents but at different position. On the other hand, in fusant 

sample two bands were observed and their respective position confirms the fusion process (Fig 

5B).  

Estimation of protein and chitinase activity in the culture filtrates 

In addition to growth pattern, fusant showed enhanced production of extracellular 

chitinase and protein content (Table 2). High protein content was observed in fusant than in 

parent. Similarly, in case of chitinase production appreciable increase in chitinase activity was 

observed in fusant than in parent.  

The formed fusant by protoplast fusion shows the productivity of chitinase maximum 

upto four subcultures in 6 months thereafter slight decrease in activity was observed. 

Decomposition of crab shell waste by parent and fusant  

Highly chitinolytic fusant strain was used for degradation of crab shell waste. The fusant 

was able to degrade 0.1 % CSCW at about 92 % in 4 days (Fig 6). 
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Discussion 

A lot of work needs to be done on strain improvement of different fungi by protoplast 

fusion for increasing the production of industrially important enzymes. With a view of strain 

improvement, the present study is aimed at developing an intergeneric fusant between slow 

growing high chitinase producing fungus Trichoderma harzianum and fast growing high 

chitinase producing fungus Aspergillus oryzae. 

Osmotic stabilizers are one of the important parameters for high yield of protoplasts. 

Osmotic stabilizers play an important role in the release and maintenance of the integrity of the 

protoplast (Mukherjee and Sengupta 1988).  Chang et al. (1985) and Savitha et al. (2010) have 

reported that 0.6 M KCl served as the best osmotic stabilizer for Trichoderma sp. and 

Rhizoctonia solani. Tashpulatov et al. (1991) have reported that 0.4 M NaCl and 0.7 M mannitol 

were effective in protoplast yield from T. harzianum. 

 

The molecular weight of PEG is critical to the fusion frequency and in most of the studies PEG 

chain length of 4000 or 6000 was used (Revathi and Lalithakumari 1993). 40 % PEG was 

reported as optimum for interspecific fusion of protoplasts between T. harzianum and 

Trichoderma longibrachiatum (Mrinalini and Lalithakumari 1998) and the concentration 

between 40 % and 60 % was suitable for protoplasts fusion in different fungi (Hashiba and 

Yamada 1984). The higher frequency of regeneration from fungal protoplasts is not only the 

foundation of fungi genetic manipulation and improvement but also a good experimental system 

for the study of gene expression and molecular studies (Xuanwei et al. 2008). Fused protoplasts 

grew very fast than parental strains. Similar observations have been made by Prabavathy et al. in 

Trichoderma harzianum. 
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The higher frequency of regeneration from fungal protoplasts is not only the foundation 

of fungal genetic manipulation and improvement but also a good experimental system for the 

study of gene expression and molecular studies (Xuanwei et al. 2008). Reversion and 

regeneration of protoplasts to normal mycelia is important. 

Colony morphology has been used to identify interspecific and intergeneric fusion 

products especially if the species differ greatly in colony morphology (Mrinalini 1997). 

Protoplast fusion may have resulted in genetic interaction at the metabolic level, giving rise to 

the pigment variation in hybrid colonies. The modification or stimulation of pigment production 

during protoplast hybridization has been observed in other species of fungi also (Kevei and 

Peberdy 1977; Raymond et al. 1986). 

Random amplified polymorphic DNA (RAPD) and restriction fragment length 

polymorphism (RFLP) techniques have been used for protoplast fusant identification. 

Mycologists are working on new techniques of polymerase chain reaction with primers specific 

for fungi followed by either terminal restriction fragment length polymorphism analysis (T-

RFLP) or DGGE (Nikolcheva and Barlocher 2003a). DGGE, however, can distinguish 

differences in sequences down to one nucleotide (Barlocher, 2010). By using DGGE, gene 

diversity can more accurately be visualized rather than simply relying on gene size as is the case 

with traditional agarose gel electrophoresis (Nikolcheva and Barlocher 2003b). From present 

study, it was found that DDGE analysis is a method that enables confirmation of protoplast 

fusion.  

Considering the pattern of CSCW degradation literature survey revealed that 

Streptomyces rimosus was also effective in shrimp shell decomposition 38.2 % after 14 days 

(Brzezinska et al. 2013) while Hoang et al. (2010) studied the degradation of shrimp shells by 
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Streptomyces sp TH-11 in 21 days. Wang et al. (2001) reported microbial reclamation of 

shellfish wastes for the production of chitinases where they prepared shrimp and crab shell 

powder by boiling and crushing shellfish processing waste which was used as a substrate for 

chitinolytic microorganisms. Moreover, ability of fusant to degrade CSCW efficiently  than 

parent in short incubation time revealed foundation of hybrid strain by protoplast fusion 

technique in the reclamation of seafood processing crustacean bio-waste.  

Enormous efforts are being invested by investigators in harnessing new species of 

microorganisms as well as different bioprocesses for economic enzyme production. In this 

aspect, protoplast fusion technique provides way of strain improvement programme. With 

enormous significance of protoplast fusion technique in gene manipulation, it is possible to 

develop superior hybrid strains in fungi that lack sexual reproduction capability. 
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Figure captions 

Figure 1. Microscopic observation (400×) of hyphae and released protoplasts.  

(A) Parent hyphae of Aspergillus oryzae, (B) Parent hyphae of Trichoderma harzianum, (C,D) 

Release of protoplasts after digestion of hyphal tip by the action of chitinase, (E) Single 

protoplasts.  

Figure 2. Intrageneric protoplast fusion between Aspergillus oryzae and Trichoderma 

harzianum. (A) Close contact and formation of pair of protoplasts with each other, (B) Rupture 

of membranes of fusing protoplasts, (C) Complete rupture of membranes and fusion of 

protoplasts.  

Figure 3. Nuclear staining of fused protoplasts.  

Figure 4. Regeneration of protoplasts.  

(A) Aspergillus oryzae. (B) Trichoderma harzianum, (C) fused protoplasts on 2 % colloidal 

chitin agar.  

Figure 5. PCR amplification (A) and DGGE analysis (B) of Aspergillus oryzae (1), Trichoderma 

harzianum (2) and fusant (3).  

Figure 6. Degradation of CSCW by Aspergillus oryzae and Trichoderma harzianum and fusant. 
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Tables 

 

 

Table 1 Effect of polyethylene glycol concentration on protoplast fusion. 

PEG concentration (%)  Fusion frequency (%) 

30 0.15 ±0.09 

40 0.34±0.04 

50 0.52±0.10 

60 0.75±0.06 

70 0.61±0.08 

                                 Values are mean of three replicates ± standard deviation 

 

 

 

 

Table 2 Chitinase activity and protein content in culture filtrates of parents and fusant 

 Trichoderma harzianum Aspergillus oryzae Fusant 
Chitinase activity (U /mL) 
  

20 ± 0.06 13.63±0.02 64 ±0.01 

Protein content (µg /mL ) 15± 0.08 27 ± 0.001 60 ±0.05 
 

Each value represents the mean ± standard error values (n=3) 
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Abstract Textile industry is the major source of colored

effluents constituting a number of complex dyes affecting

terrestrial and aquatic ecosystems which necessitates their

removal from environment. Bioremediation offers an

inexpensive and eco-friendly approach hence, Pseudomo-

nas sp. SUK 1, which is already known for its potential in

degradation of individual dyes is used to degrade synthetic

dye mixture of eight structurally different dyes. The bac-

terium was capable to remove 94.3 % American Dye

Manufacturing Institute value of dyes mixture, within 24 h

under static condition at pH 7 and 30 �C temperature. The

results from the batch experiments revealed the ability of

the tested bacterium to remove the synthetic dye mixture

after repeated exposure. Induction in the activities of var-

ious biotransformation enzymes like laccase, veratryl

alcohol oxidase, nicotinamide adenine dinucleotide-2,

6-dichlorophenol-indophenol reductase and tyrosinase was

observed, indicating the significant role of these enzymes

in biodegradation. After treatment significant decrease in

chemical oxygen demand and biological oxygen demand

was observed. The biotransformation of synthetic dye

mixture was confirmed by UV–Vis spectroscopy, high

performance liquid chromatography and Fourier transform

infrared spectroscopy analyses of samples before and after

decolorization. The toxicity analysis of degraded metabo-

lites formed after biotransformation was carried out on

Triticum aestivum, Phaseolus mungo and Sorghum vulgare

crop plants with respect to germination ability, shoot and

root length analysis. However oxidative stress study was

carried out on Allium cepa L. proved that degraded

metabolites were less toxic. Thus biodegradation of com-

plex synthetic dye mixture to non-toxic metabolites using

Pseudomonas sp. SUK 1 would be a better option for

biological treatment of textile effluents.

Keywords Biodegradation � Enzyme assay �
Oxidative stress � Phytotoxicity � Synthetic dye mixture

Introduction

The revolutionary research in 18th century gave birth to

synthetic dyes which proved to be a breakthrough in dyeing

and textile processing. However, increased use of dyes in

textile industries has resulted into severe problems of water

pollution due to effluents, contaminated with dyestuffs.

Throughout the world annual consumption of dyes is

around 7 9 104 tones and out of which 50 % of dyes are

lost in processing and manufacturing units [1]. Dyes are

designed to be chemically stable thus they introduce

potential danger of bioaccumulation that eventually affects

human beings by transport through the food chain. Due to

discharge of colored effluents into natural water bodies, the

sunlight penetration is decreased which reduces both pho-

tosynthetic activity and dissolved oxygen concentration [2]

and disturbs ecology of water. Structural changes in red

and white blood cells of fishes were recorded due to stress

caused by such eco-toxic effluents [3]. Toxic effects of
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textile dyes are not only limited to aquatic flora and fauna

but there are some reports which are indicative of transport

of dyes through food chain. Contamination of hot chilli,

baked foods and other spices with azo dyes [4] which are

known as carcinogenic [5] and genotoxic [6] in nature

leading to exposure in the human gastrointestinal tract.

Increased amount of such effluents and their hazards gen-

erated a need to concentrate upon the proper waste man-

agement tasks.

Several physico-chemical decolorization methods have

been developed during past two decades which are still

being used as routine practice in textile industries [7, 8].

These methods have major disadvantages as they are

highly expensive, coupled with formation of sludge and

emission of toxic substances which result into secondary

pollution [9, 10]. Therefore, cost-effective and eco-friendly

methods were required to treat the effluents before their

discharge into water bodies. Biological treatment fulfills

these requirements along with several other attractive

benefits [11, 12]. Thus microbial decolorization has

received much attention due to the ability of microbes to

survive under extreme conditions and its cost-effectiveness

[13]. Recently, several reports showed that microorganisms

have ability, not only to decolorize dyes but also to

detoxify them [14–16]. Thus currently an extensive

research work is carried out to find out optimal microbial

biomass which is versatile and capable of treatment of

large volume of effluents [17]. Many studies are focused on

decolorization of single textile dye. However, the effluent

released from textile industry contains mixture of different

dyes thus there is a need to study the capability of single

microorganism to degrade variety of dyes.

Present study is focused on decolorization and biodegra-

dation of a synthetic dye mixture (SDM) by using the bacterial

strain Pseudomonas sp. SUK 1. Furthermore, not only the

effects of various physico-chemical parameters (temperature,

pH and SDM concentrations) on degradation capability were

studied but also the role of enzymes in decolorization of SDM

was determined. Various analytical techniques such as UV–

Vis spectroscopy, high performance liquid chromatography

(HPLC) and Fourier transform infrared spectroscopy (FTIR)

were used to confirm the degradation of dyes present in SDM.

Additionally chemical oxygen demand (COD), biological

oxygen demand (BOD) and toxic nature of SDM before and

after dye decolorization was determined.

Material and Methods

Chemicals and Textile Dyestuffs

All chemicals required were of analytical grade and

obtained from Sigma Aldrich. Solvents were purchased

from Hi-media Laboratories Pvt. Ltd., Mumbai, India and

Sisco Research Laboratory (SRLs), India. The textile dyes

viz. Remazol Orange 3R, Scarlet RR, Brown 3REL,

Golden yellow HER, Remazol Red, Cotton Blue, Ama-

ranth and Orange 2RX were obtained from textile indus-

tries in Ichalkaranji, India.

Media Preparation and Maintenance of Microorganism

The strain Pseudomonas sp. SUK 1 procured from

Department of Biochemistry, Shivaji University, Kolhapur

was chosen for the study because of its high efficiency in

dye decolorization. The pure culture was maintained on

nutrient agar slants at 4 �C. The decolorizing medium

consists of peptone 5 g, NaCl 5 g, yeast extract 1.5 g and

vegetable extract 1.5 g per liter of distilled water and has

pH 7.4 ± 0.2. Prior to addition of SDM the medium was

sterilized by autoclaving at 121 �C and 15 lb pressure for

20 min.

SDM Decolorization

The degradation ability of microorganism towards various

dyes was evaluated and dyes showing better decolorization

(Remazol Orange 3R, Scarlet RR, Brown 3REL, Golden

yellow HER, Remazol Red, Cotton Blue, Amaranth,

Orange 2RX) were selected for the preparation of SDM.

The stock dye mixture of 2,400 mg l-1 concentration was

prepared by adding 15 mg of each of these dyes in 50 ml

distilled water. The concentration of SDM in the nutrient

media was 80 mg l-1 during the study. Decolorization of

SDM was monitored using American Dye Manufacturing

Institute (ADMI) 3WL tristimulus method reported earlier

by Waghmode et al. [18]. Abiotic controls (with died cells

and without cells) were always included.

COD and BOD of SDM

The BOD and COD [19] was measured before and after

SDM degradation by using Hanna BOD meter and auto-

mated COD analyzer (Spectralab CT 15, India)

respectively.

Effect of Various Physico-chemical Parameters

The 24 h grown culture broth of Pseudomonas sp. SUK 1

in the nutrient medium at 30 �C, under static condition was

used to study effect of physico-chemical parameters. The

SDM was added into culture broth and kept at static and

shaking (120 rpm) conditions. The decolorization activity

was recorded in both conditions. Effect of variable pH (4,

5, 6, 7, 8, 9 and 10) on the decolorization performance was

studied. The pH of media was adjusted with the help of
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0.1 M NaOH and 0.1 N HCl by using pH meter (Thermo

scientific, Eutech instruments model-pHTestr20) prior to

addition of SDM. Similarly the effect of various tempera-

tures (10, 20, 30, 40 and 50 �C) on the decolorization

performance was studied. Culture flasks were kept at

respective temperatures for 30 min before SDM addition to

attain the temperature and after SDM addition, incubation

was continued at respective temperatures. Effect of initial

SDM concentrations (26.6–133 mg l-1) on the decolor-

ization performance was studied.

Effect of Fed Batch Culture

A fixed concentration of SDM (80 mg l-1) was added into

the 24 h grown culture of Pseudomonas sp. SUK 1. After

decolorization, again fixed concentration of SDM was

added continuously into the decolorized broth (without

further addition of supplement) until the microorganism

loses its decolorization ability.

Enzyme Assays

The 24 h grown culture of Pseudomonas sp. SUK 1 was

centrifuged at 6,786 g for 25 min at 4 �C. Supernatant was

used as the source of extracellular enzymes. The biomass

of microorganism was separately resuspended in 50 mM

potassium phosphate buffer (pH 7.4) and homogenized,

which results into cell rupture. It was sonicated (sonics-

vibracell ultrasonic processor, 7 strokes of 30 S each for

30 min interval based on 40 amplitude output) at 4 �C.

This sample was further centrifuged (4 �C, at 6786 g for

25 min) and used as a source of intracellular enzymes.

Similar procedure was used to quantify the enzyme activ-

ities after SDM decolorization. The extracellular (cell free

broth) and intracellular (cell extract) activities of dye

degrading enzymes such as laccase, veratryl alcohol oxi-

dase (VAO) [20] and tyrosinase [21] were assayed at room

temperature (25 ± 2 �C). Laccase activity was monitored

with o-tolidine (50 mM) in a 2.1 ml reaction mixture

containing 1.8 ml buffer (acetate buffer, 0.1 M and pH

4.8), 0.2 ml o-tolidine and 0.2 ml enzyme. For VAO assay,

the 2 ml reaction mixture contained 4 mM veratryl alcohol

in 0.05 M citrate phosphate buffer, pH 3 and 0.2 ml

enzyme to start the reaction. For tyrosinase assay the 3 ml

reaction mixture contained 50 mM of catechol and 2.1 mM

of ascorbic acid in 50 mM potassium phosphate buffer (pH

6.5) equilibrated at 25 �C. The DA265 nm was monitored

until constant and then 0.1 ml of the supernatant from the

reaction mixture was added. The formation of o-benzo-

quinone and dehydro-ascorbic acid and decrease in optical

density was measured at 265 nm. One unit of tyrosinase

activity was equal to a DA265 nm of 0.001 per min at pH

6.5 at 25 �C in a 3 ml reaction mixture containing L-

catechol and L-ascorbic acid. The nicotinamide adenine

dinucleotide-2, 6-dichlorophenol-indophenol (NADH–

DCIP) reductase activity was assayed by modifying earlier

reported method [22]. DCIP reduction was monitored at

590 nm and calculated using an extinction coefficient of

0.019 lM-1 cm-1. The reaction mixture (5 ml) prepared

contained 25 lM substrate (DCIP) in 50 mM potassium

phosphate buffer (pH 7.4) and 0.1 ml enzyme. From this,

2 ml reaction mixture was assayed at 590 nm by addition

of 250 lM NADH. All the enzyme assays were run in

triplicates.

SDM Biodegradation Analysis

SDM decolorization was monitored after 24 h by taking

UV–Vis spectrophotometer (Shimadzu UV-1800 Spectro-

photometer, Tokyo, Japan) wavelength scan (400–800 nm).

The metabolites formed after decolorization of SDM were

extracted with two different solvent systems which were

ethyl acetate: toluene and dichloromethane: acetonitrile at

1:1 proportion, dried, dissolved in HPLC grade methanol

and used for HPLC and FTIR analysis [18].

Toxicological Studies

The phytotoxicity study was carried out using Phaseolus

mungo, Sorghum vulgare and Triticum aestivum seeds at

room temperature by watering 5 ml of dye solution

(1,200 ppm) and its formed metabolites (1,200 ppm)

obtained after degradation. Control set was carried out

using distilled water (daily 5 ml watering) at the same

time. Germination (%) and length of shoot and root was

recorded after 7 days. Germination % was calculated by

following formula as:

Germination ð%Þ ¼ No: of seeds germinated

No: of seeds sowed
� 100

The oxidative stress, with respect to antioxidant enzymes

and lipid peroxidation, was studied in the bulbs of A. cepa.

The bulbs were cleaned and exposed to water for the

development of the roots. These roots developed bulbs which

were then grouped into three sets as (a) control (distilled

water treatment), (b) treated with SDM and (c) treated with

metabolites obtained after SDM degradation [23]. The bulbs

in each case were exposed to the respective treatment for

72 h. Antioxidant enzymes namely catalase (CAT, E.C.

1.11.1.6), superoxide dismutase (SOD, E.C. 1.15.1.1) and

guaiacol peroxidase (GPX, E.C. 1.11.1.7) were analyzed by

spectrophotometric measurements, using the procedure

reported earlier [24]. Lipid peroxidation was measured by

the method reported earlier [24], with slight modification.

Briefly, samples prepared from different target species as

described above were homogenized in 4 ml reaction mixture
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containing 20 % (w/v) trichloroacetic acid (TCA) and 0.5 %

(w/v) thiobarbituric acid (TBA). The homogenate was

incubated at 95 �C for 30 min. The reaction was stopped

by placing the homogenate in ice. Afterwards homogenate

was centrifuged at 8,378 g for 15 min, followed by

measurement of absorbance of resulting supernatant at 532

and 600 nm. The nonspecific absorbance at 600 nm was

subtracted from the absorbance at 532 nm. The

concentration of malonyldialdehyde (MDA) was

calculated using an extinction coefficient (e = 155 mM-1

cm-1) and expressed in nmol g-1 FW.

Statistical Analysis

Data was analyzed by one-way analysis of variance

(ANOVA) and Turkey-Kramer Multiple Comparison Test.

Level of significance was studied at P value 0.5.

Results and Discussion

Decolorization of SDM

After screening various textile dyes, the SDM of eight

structurally different dyes as Remazol Orange 3R, Scarlet

RR, Brown 3REL, Golden Yellow HER, Remazol Red,

Cotton Blue, Amaranth, Orange 2RX was prepared and

taken for further study. The decolorization of dye mixture

was determined in terms of the ADMI value [25]. The

ADMI value provides an accurate measurement of water

color, independent of hue thus used in effluent and dye

mixture decolorization study [26]. There was no significant

decolorization of SDM in abiotic control (without cells). It

was also notable that there was no adsorption of dyes on

heat killed cells which indicates that only bacterial action

was responsible for the decolorization of SDM.

Effect of physico-chemical parameters (static; shaking

condition, pH, temperature and initial SDM

concentration) on decolorization

Bacterium showed 84 and 8.90 % ADMI removal at static

and shaking (120 rpm) conditions respectively after 24 h of

incubation which suggests that under the static condition

Pseudomonas sp. SUK 1 shows enhanced decolorization of

SDM than in shaking condition. Similar results were

observed in early reported studies with bacterial strains such

as P. desmolyticum and S. marcescens which show better

decolorization of dye under static condition than the shak-

ing condition [27, 28]. In the presence of shaking condition

only oxidative enzymatic system is present, however under

the static anoxic condition synchronized action of oxidative

as well as reductive enzymatic systems work for efficient

decolorization of dyes [29]. The maximum decolorization

was observed at the pH 7.0 (Fig. 1), however slight acidic

and basic shift of pH affected the percent ADMI removal

capacity of the bacterium steeply. However, maximum

94.3 % ADMI removal was recorded at temperature 30 �C

(Fig. 2). Maximum potential of Pseudomonas sp. to

decolorize Malachite green, Fast green, Brilliant green,

Congo red and Methylene blue [30] and Red BLI [31] was

noticed at 30 �C. Higher ADMI removal is achieved using

Pseudomonas sp. SUK 1 than previous reports on SDM

[18]. Optimum pH, temperature for decolorization is 7 and

30 �C respectively which are easy to maintain at static

condition for large scale treatment.

Different concentrations of the mixture were treated by

Pseudomonas sp. SUK 1 to prove its degradation potential.

With increasing initial SDM concentrations as 26.6, 53.2,

80 and 106 mg l-1 time required was observed to be

increased respectively (Fig. 3). Increasing concentrations

of SDM repressed the % ADMI removal and also

decreased the decolorization rate. The % ADMI removal
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was strongly inhibited at 133 mg l-1 dye in the medium.

The increased dye concentrations might be inhibitory to the

bacterial enzyme system as it was observed in previous

study [20]. Reduction of color removal capacity of bacteria

due to increasing dye concentrations has been reported

earlier [32, 33].

Effect of Fed Batch Process

Consecutive 4 cycles of dye decolorization were studied by

the repeated additions of SDM (80 mg l-1) in the medium.

It showed the effective dye decolorization during these

cycles. The time required for the decolorization was

increased steadily. The decolorization occurred for first

cycle within 24 h and after that the subsequent cycles

required 30, 34 and 44 h respectively (Fig. 4). Similar

observations have been recorded previously for decolor-

ization of reactive dyes [34, 35]. It might be due to

decreased number of viable cells and exhaustion of nutri-

ents, in the medium. Thus, Pseudomonas sp. SUK 1 shows

the ability to decolorize repeated addition of SDM. It can

decolorize different types of dyes at the same time and at

several times, which is noteworthy for its commercial

applications.

BOD and COD Reduction

Generally textile wastewater has higher BOD and COD

values because of complex and recalcitrant nature of dyes

present in it. Efficient treatment of textile wastewater is

essential to decrease the BOD and COD values [36]. Ini-

tially recorded BOD of SDM containing microbial broth

was 700 mg l-1, which was reduced considerably to

500 mg l-1. Observed COD reduction of 25 % showed

partial mineralization of SDM. Considerable amount of

reduction in BOD and COD was recorded after 24 h of

microbial treatment.

Enzymatic Analysis

Enzymatic studies (Table 1) indicated the differences

between the enzyme activities present in the control and in

sample obtained after decolorization. Intracellular activi-

ties of laccase, NADH–DCIP reductase, VAO and tyrosi-

nase were present in the control cells. A significant

increase in the activities of NADH–DCIP reductase,

tyrosinase and laccase were observed in the cells obtained

after decolorization. In extracellular samples activities of

laccase, NADH–DCIP reductase and VAO were found to

be induced. It can be presumed that the major mechanism

of decolorization in the cells is mostly because of the

biotransformation enzymes viz. laccase, VAO, NADH–

DCIP reductase and tyrosinase. The relative contributions

of different biotransformation enzymes in decolorization of

dyes may be different for different microorganisms [37].

The induction of NADH–DCIP reductase, laccase, VAO

and tyrosinase enzymes showed their predominant role in

the decolorization process. This supports the earlier

observations of Kalme et al. [38]. The enzyme activity

without adding SDM after reaction was reduced which may

be due to limited availability of nutrients, cells entering in

death phase or enzyme turnover.

SDM Biodegradation Analyses

UV–Vis Spectral Analysis

UV–Vis analysis (400–800 nm) of supernatants obtained

after treatment of SDM with Pseudomonas sp. SUK 1 for
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24 h showed the decolorization and decrease in dye con-

centration (Fig. 5). Initially due to the presence of dyes in

control SDM UV–Vis spectrum showed higher absorbance

at kmax 510 nm but after the microbial treatment absor-

bance was significantly decreased.

High Performance Liquid Chromatography (HPLC)

Analysis

The HPLC analysis of the control SDM showed retention

time of 1.923, 2.117, 3.005, 2.883, 3.279 3.436 and

4.406 min (Fig. 6a), whereas metabolite sample obtained

after the biodegradation of dyes present in SDM (after

24 h) showed complete different profile. The retention time

of metabolites was found to be 2.466, 2.649, 3.251, 3.805

and 5.515 min which was different from the control sample

(Fig. 6b). Thus significant variations in the retention time

before and after microbial treatment was observed. This

confirmed the biodegradation of different dyes present in

the mixture into different metabolites.

FTIR Analysis

FTIR analysis was carried out to detect the presence of

various functional groups in SDM which are transformed

or removed after treatment by Pseudomonas sp. SUK 1

(Fig. 7). FTIR spectrum of the SDM showed the peaks at

3,232.80, 2964.69, 2887.53, 2349.38, 1666.55, 673.18,

1575.97 and 1408.08 cm-1 which suggest the presence

of free or bonded O–H stretching or N–H trans stretching,

–CH3 stretching, C–H stretching, NH3
? stretching, C–S

stretching, C–S stretching, C–S stretching and S=O

stretching or C–OH deformation respectively. The FTIR

spectrum of metabolites obtained after degradation of the

SDM showed the peaks at 3261.74, 2949.26, 1442.80,

2351.30, 1680.05, 1535.39, 1267.27 and 690.54 cm-1

which suggest the presence of O–H stretching, –CH3

stretching, –CH3 stretching, NH?, C=C stretching, C=N

stretching, conjugated C–O–C stretching and C–S stretch-

ing. Metabolites obtained after decolorization of SDM by

Pseudomonas sp. SUK 1 showed differential FTIR spec-

trum than control SDM suggests the biodegradation of

SDM. Similar analysis of biodegradation of dyes using

FTIR has been reported earlier [36].

Toxicity Study

Phytotoxicity Study of SDM and its Degradation Product

Despite the fact that untreated dyeing effluents may cause

the serious environmental and health hazards, they are

being disposed off in water bodies and this water is used

for the agriculture purpose. Thus, assessment of phyto-

toxicity of the SDM before and after degradation becomes

necessary. Phytotoxicity studies on the germination of

Table 1 Enzyme activities in control (0 h), decolorized state (after 24 h) and without SDM (24 h)

Enzyme Intracellular Extracellular

Before

decolorization (0 h)

After decolorization

(24 h)

Without SDM

(24 h)

Before

decolorization (0 h)

After decolorization

(24 h)

Without SDM

(24 h)

Laccasea 0.14 ± 0.02 5.09 ± 0.03** 0.05 ± 0.02 0.14 ± 0.08 0.24 ± 0.03* 0.04 ± 0.02

VAOa 1.16 ± 0.06 1.17 ± 0.03 0.29 ± 0.02 0.82 ± 0.08 1.21 ± 0.11* 0.31 ± 0.04

Tyrosinasea 245 ± 31.8 553 ± 20.5** 92.3 ± 12.2 503 ± 21.3 532 ± 21.3 108 ± 17.1

NADH–DCIP reductaseb 322 ± 2.56 452 ± 3.61*** 114 ± 1.63 210 ± 3.92 292 ± 6.09** 48.2 ± 2.03

a Units mg-1 protein min-1

b lg of DCIP reduced mg-1 protein min-1

Values are mean of three experiments (±) SD. Significantly different from control (before decolorization) at * P \ 0.05, ** P \ 0.01, ***

P \ 0.001 by one-way analysis of variance (ANOVA) with Tukey–Kramer comparison test
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Fig. 5 Visible range scan of synthetic dye mixture decolorization
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plant seeds Triticum aestivum (Wheat), Sorghum vulgare

(Jowar) and Phaseolus mungo (Green gram), which are

important plants in Indian agriculture, were studied. The

relative sensitivities towards the SDM and its degradation

products in relation to these plant seeds are presented in

Table 2. Phytotoxicity study with Sorghum vulgare, Triti-

cum aestivum and Phaseolus mungo seeds treated with

metabolites formed after SDM degradation showed 60, 70

and 80 % germination rate respectively which is (ca. 40 %)

higher than germination rate of respective seeds treated

with SDM. Significant growth in the plumule and radical

was recorded in all plant seeds treated with metabolites as

compared to the SDM treated seeds. This study indicates

that the toxicity of SDM was reduced after its treatment

with Pseudomonas sp. SUK 1.

Oxidative Stress Studies and Lipid Peroxidation Assay

Analysis of antioxidant enzyme activities (SOD, CAT and

GPX) and lipid peroxidation from the root cells of A. cepa

exposed to SDM and its degradation products was carried

out. Achary et al. [24] have studied the antioxidant

enzymes during the toxicity of Al in A. cepa root cells.

According to them up/down regulation of these enzymes

can be taken as indication of oxidative stress. In this study

SDM treated samples showed increase in CAT activity as

compared to CAT activity in water treated roots (control).

SDM might be leading to generate H2O2 radicals in high

amount and it can be efficiently scavenged by CAT. On the

other hand activities of SOD and GPX enzymes decreased

in the SDM treated samples as compared to control. This

might be because, SDM could not generate the substrate for

them. Also the H2O2 in the presence of catalytic iron ions

might have inactivated SOD [39]. In all the three cases

enzyme activity values of metabolite treated samples were

close to the control values indicating their less toxic nature

(Table 3).

Oxidative stress subsequently accompanies with lipid

peroxidation. It was observed that the level of lipid per-

oxidation was increased in SDM treated root sample and

the biodegraded metabolite treated sample which showed

almost similar level of LiP with respect to control which

defines reduction in the toxicity. Lipid peroxidation chain

reaction is a strong indicative of generation of oxidative

stress. Thus it can be concluded that textile dyes induce

oxidative stress on plants.

Fig. 6 HPLC elution profile of

the synthetic dye mixture before

(a) and after its decolorization

(b)
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Fig. 7 FTIR spectra of

synthetic dye mixture (a) and

metabolites extracted after 24 h

(b)

Table 2 Phytotoxicity study of

synthetic dye mixture and its

degradation product

a Water treated sample
b 1,200 ppm

Values are mean of three

experiments, SEM (±),

significantly different from the

control (seeds germinated in

water) at * P \ 0.05, **

P \ 0.01 and *** P \ 0.001 by

one-way analysis of variance

(ANOVA) with Tukey–Kramer

comparison test

Plants Parameter

Germination Plumule (cm) Radical (cm)

Triticum aestivum

Controla 80 12.2 ± 1.62 6.01 ± 0.31

SDMb 30** 3.66 ± 0.32*** 3.53 ± 0.24*

Metaboliteb 70 9.03 ± 1.64 5.43 ± 0.73

Sorghum vulgare

Controla 80 5.93 ± 0.32 5.33 ± 0.61

SDMb 30** 3 ± 0.89** 1.66 ± 0.21**

Metaboliteb 60 4.33 ± 0.43 4.28 ± 0.54

Phaseolus mungo

Controla 100 11.5 ± 0.81 3.86 ± 0.21

SDMb 30*** 7.76 ± 0.76** 1.86 ± 0.11*

Metaboliteb 80 9.91 ± 1.15 2.95 ± 0.43
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Conclusion

In conclusion, Pseudomonas sp. SUK 1 possesses high

decolorization efficiency, reusability and stability for

SDM. The maximum 94.3 % ADMI removal obtained after

24 h at pH 7 and temperature 30 �C under static condition

which is easy to obtain for large scale treatment of textile

waste. The observed COD reduction was 25 % and

reduction in BOD was recorded more than 28 % within

24 h. The decolorization and degradation of SDM by

Pseudomonas sp. SUK 1 might be because of activity of

laccase, VAO, NADH–DCIP reductase and tyrosinase. The

analytical study confirms biodegradation into different

products. The phytotoxicity and oxidative stress study

suggests that these products are less toxic in nature and

toxicity of SDM is drastically reduced. Thus the bacterium

is suitable for industrial application and further study can

be focused on designing a bioreactor and immobilization of

these cells which will scale up the process and reduce the

disruption of cells.
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Abstract
The conversion of the enzymatic hydrolysate of shellfish chitin to single-cell protein was investigated. The end-

product of chitin hydrolysis by Penicillium ochrochloron chitinase was mainly N-acetyl-D-glucosamine, its further 
utilization as a substrate for SCP production using Yerrowia lipolytica NCIM 3450 has been studied. The 2% chitin 
hydrolysate was found to be optimal for SCP production. A biomass of 9.4 g/l, total protein and nucleic acid content 
of the biomass was 65% and 2.9%, respectively. Fish diets were formulated to replace fishmeal partially by single 
cell protein from Yerrowia lipolytica using chitin hydrolysate in diets of Lepidocephalus thermalis for a period of 2 
weeks. Control diet and three experimental diets were prepared to replace 25%, 50% and 75% of fish meal using 
SCP. The result indicated 50% yeast SCP diet gave the better growth response in Lepidocephalus thermalis than 
other formulations.

Single Cell Protein Production Using Penicillium ochrochloron Chitinase 
and Its Evaluation in Fish Meal Formulations
Nilambari S Patil and Jyoti P Jadhav*

Department of Biotechnology, Shivaji University, Kolhapur, India

Keywords: Lepidocephalus thermalis; Penicillium ochrochloron;
Single cell protein; Yerrowia lipolytica

Introduction
Chitin, a poly-β-1, 4-N-acetylglucosamine, is an abundant 

renewable natural resource after cellulose. It constitutes as the structural 
polysaccharide of fungal cell walls and the outer shell of crustaceans, 
nematodes [1]. To date, the major source of industrial chitin comes 
from the wastes of marine food production, mainly crustacean shells, 
e.g. shrimp, crab or krill shells [2]. Crustacean shell waste consists 
mainly of 30–40% protein, 30–50% calcium carbonate, and 20–30% 
chitin [3].

In recent years, there has been a constant increase in the exploitation 
of fish resources and estimated quantity used for human consumption 
(105.6 million tons) is globally 75% of the worldwide fish production. 
The remaining 25% of the catch (34.8 million tons) are considered as 
wastes [4]. Seafood waste is one of the byproducts of shellfish processing 
industries. The industries are faced severe problems in disposing of the 
formidable quantity of chitinous shellfish solid wastes [5]. 

The conventional method of seafood processing includes chitin 
disposal by ocean dumping, incineration and land filling. However, 
factors such as cost of transportation and environmental pollution 
have prompted the search for alternative disposal methods. The 
chemical treatments also create waste disposal problems, because 
neutralization and detoxification of the discharged waste water are 
necessary [5,6]. Bioconversion is an effective way of reprocessing of 
waste material into useful value added products for the agricultural 
sector. The biotechnological potential of agro-industrial residues has 
been described earlier but there is hardly any such reference available 
on seafood processing wastes.

Aquaculture is a fast-growing industry, currently providing 
>30% of the fish used for human consumption [7]. Aquafeeds is 
being used extensively in aquaculture as a major source of protein in 
formulated feeds. Because of rising prices and scarce availability, there 
is a need to replace fish meal partially or completely with single cell 
protein to bring down the cost of the fish feed. Considerable interest 
has focused on developing new fish feed in which the inclusion of 
fish meal is reduced by adding alternative sources of protein [7].The 
shellfish industries facing the waste disposal problem. Crab wastes 
have chitin concentrations of 13-15% [10]. Utilization of chitinous 

waste for single cell protein production and its use in aquaculture feed 
is a widely acceptable alternative [8,9]. It serves the dual purpose of 
solving the problems of environmental degradation arising from waste 
accumulation and providing a good protein source for fish diets.

Penicillium ochrochloron MTCC 517 is a potent producer of 
chitinolytic enzymes [10,11]. This paper concerns the enzymatic 
hydrolysis of chitin with P. ochrochloron culture filtrate and further 
utilization of the chitin hydrolysate for SCP production using 
Yerrowia lipolytica NCIM 3450. Also utilization of SCP in the diet of 
Lepidocephalus thermalis has been carried out.

Materials and Methods
Microorganism and screening for SCP production

Penicillium ochrochloron MTCC 517 was obtained from MTCC, 
Chandigarh, India. It was maintained on Potato Dextrose Agar (PDA) 
medium. Yerrowia lipolytica NCIM 3450, Yerrowia lipolytica NCIM 
3472, Saccharomyces cerevisiae NCIM 3283, Saccharomyces cerevisiae 
NCIM 3284 yeast strains were used in this study, were procured from 
National Collection for Industrial Microorganisms (NCIM), Pune 
and maintained on YPD medium consisting of 1% yeast extract, 2% 
peptone, and 2% glucose.

Single cell protein production

Production was performed according to the method of Vyas and 
Deshpande [6].The Yerrowia lipolytica NCIM 3450 used for SCP was 
grown in a medium containing (g/l): glucose, 10; yeast extract, 3.0; 
peptone, 5.0. After 24 h of incubation at 28°C under shaking conditions 
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(200 rpm), harvested cells were washed twice with distilled water. 
Using 2% acid swollen chitin as a substrate, hydrolysis was carried out 
at 40°C for 96 h on a rotator shaker as per the method of Patil et al. [10]. 
The chitin hydrolyzate obtained was supplemented with 0.67% yeast 
nitrogen base and inoculated with 2×108 cells of yeast. Yeast cells were 
calculated by using a Neubauer haemocytometer (Marienfeld). Cells 
harvested after 48 h of growth under shaking conditions at 30°C were 
studied for SCP parameters. The biomass yield, protein and nucleic 
acid content of Yerrowia lipolytica NCIM 3450 were determined by the 
methods described by Levine and Cooney [12].

Experimental design

Four rectangular glass tanks of about 5-litre capacity were used for 
the study. These were filled with water and covered with a chicken mesh. 
The tanks were all connected to aerators and the water was regularly 
aerated. Fishes (Lepidocephalus thermalis) were purchased from a local 
fish food supplier in Kolhapur city. They were stocked in the tanks at 
the rate of 8 fishes per tank and allowed to acclimate for a period of two 
weeks. During this period, dead fish were removed and the remaining 
fish were then redistributed at the rate of 5 fish per tank. During this 
period of acclimatization the fishes were trained to accept feed and fed 
with the control diet at 1.5% of their body weight twice daily at 10.00 h 
and 16.00 h. Four food diets were formulated according to Al-Hafedh 
and Alam [13] and designated (A0, A1, A2, and A3) (Table 1). Water in 
all the tanks was changed on alternate day throughout the experiment. 
The fish was weighed in grams (g) on weighing balance and growth 
performance data was recorded. 

Proximate analysis of feed 

Analyses of dry matter (1100 C, 24 hrs), Crude protein Kjeldahl 
method (crude protein=6.25×Kjeldahl nitrogen), crude fat (methanol-
chloroform extraction) in the diets were performed according to 
standard laboratory procedures [14]. 

Determination of growth parameters

Growth parameters were calculated from the initial and final 
weights; dry feed during the experiment using the following formulae:

1. Relative weight gain was calculated using following formula [15].

Relative weight gain (RWG)=(Final weight-Initial weight)/Initial 
weight

2. Growth rate (g/fish/day)=(Final weight-Initial weight)/
experiment days

Statistical analysis

Data obtained were expressed as the mean ± SD and analyzed 
statistically using (GraphPad InStat version 3.00, GraphPad Software, 
San Diego California, USA).

Results and Discussion
Selection of yeast for Single Cell Protein (SCP) Production

It was performed according to the method of Revah–Moiseev et al. 
[9]. Briefly, Yerrowia lipolytica NCIM 3450, Yerrowia lipolytica NCIM 
3472, Saccharomyces cerevisiae NCIM 3283, Saccharomyces cerevisiae 
NCIM 3284 yeast strains were screened on solid medium containing 
chitin hydrolyzate with a yeast nitrogen source for rapid utilization of 
N-acetylglucosamine. Among them, Yerrowia lipolytica NCIM 3450 
was found to be the best one. 

Effect of chitin hydrolysate on SCP production

Hydrolysis of chitin to N-acetylglucosamine has been performed 
at 40°C for 96 h using Penicillium ochrochloron MTCC chitinase [10]. 
Figure 1 shows the biomass of Yerrowia lipolytica produced in the 
presence of chitin hydrolyzate obtained from enzymatic hydrolysis of 
colloidal chitin from chitinases of P. ochrochloron.

N-acetylglucosamine could be easily metabolized by the Y. 
lipolytica thus giving higher biomass yield (0.94 gm/100 ml). It was 
found that the biomass yield of yeast increased as the concentration of 
chitin hydrolysate increased in the medium. The 2% chitin hydrolysate 
was seen to be optimal for SCP production, as beyond which there was 
no increase in SCP production (Figure 1).

Evaluation of parameters for single cell protein production

Partial conversion of the raw material into yeast biomass (SCP) 
is useful because of the high nutritional quality of the yeasts. The 
advantages of microbial protein are high productivity, a high proportion 
of cell mass as protein, a good profile of desirable amino acids, 
good performance in feeding livestock and no toxic or carcinogenic 
compounds [16].

The criteria used for the evaluation of SCP production include 
growth yield, total protein and nucleic acid contents. Our results show 
that Yerrowia lipolytica is a better substitute than Pichia kudriavzevii 
and Saccharomyces cerevisiae NCIM 3052 as its protein content is 
higher (65% as compared to 61% and 45% respectively) and the 
nucleic acid content is lower (2.9% as compared to 3.1% and 8-11% 
respectively), which are the criteria preferred for SCP [6]. Nucleic 
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Figure 1: Effect of chitin hydrolysate on SCP production.

Ingredients A0 A1 A2 A3

Fish meal 34 25.5 17 8.5
Single cell protein 0.00 11.6 23.2 34.8
Wheat bran 25 28.9 31.8 32.7
Wheat flour 9 9 9 9
Corn starch 26.5 19.5 13.5 9.5
Cod liver oil 1.5 1.5 1.5 1.5
Vitamins1 2 2 2 2
Minerals2 2 2 2 2

Vitamin mix1 (g/kg mix): vit A (500000 IU/g), 1.5; 1.5; vit E (500 W/g), 6; vit K, 0.25; 
thiamin, 0.75; riboflavin, 1.5; pyridoxine, 0.75; nicotinic acid, 8.75; vit C, 25; folic 
acid, 0.25; vit B2 (1 g/kg), 2.5; inositol, 50; biotin (2%), 6.25; calcium pantothenate, 
2.5; choline (50%). 200.
Mineral mix2 (g/kg mix): calcium carbonate, 215; magnesium hydroxide,124; KCl, 
90; fenic citrate, 20; KI, 0.4; NaCl, 40; Calcium Hydrogen Phosphate (CaHPO4), 
500; copper sulfate, 3; zinc sulfate, 4; cobalt sulfate, 0.2; manganese sulfate, 3.

Table 1: Formulations of the experiment diets (g/100g dry weight).
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acids are very essential in the body; however Daramwal and Gaur 
[17] stated, foods with high nucleic acid content are unfit for human 
consumption. According to Protein Advisory Groups (PAG) of the 
United Nations, safe daily intake is estimated to be approximately 4 g 
of which 2 g can be derived from SCP [18].This indicates that quantities 
of protein and nucleic acid reported are acceptable values if consumed. 
Vyas and Deshpande [6] reported the production of SCP using chitin 
hydrolysate from the culture filtrate of Serratia marcescens. Revah et 
al. [9] have carried out saccharification of shell fish waste chitin and 
obtained SCP of Pichia kudriavzevii using the hydrolysate.

The sustainability of SCP for food industry is dependent on its 
composition since its nutritional value depends upon the pattern and 
concentration of essential amino acids [19]. The content of amino acids 
determines the proteins nutritive value. Y. lipolytica possesses the same 
general pattern of amino acids [20] as compared to the typical yeast 
[21]. The results of the study indicate that P. ochrochloron chitinase 
hydrolyzes chitin to NAG with high efficiency. Yerrowia lipolytica 
NCIM 3450 is appropriate yeast for bioconversion of chitin hydrolysate 
into single cell protein.

Experimental fish and determination of growth parameters 

Lepidocephalus thermalis (Cobitis thermalis) is the one of the fish 
species produced in freshwater river system in India.

Table 2 describes nutrient analysis in control and experimental 
diets. The protein content of the diets was 32.83%; fat content ranged 
from 5.34% to 6.12% and dry matter ranged from 96 to 97%. Growth 
performance of fish is important parameter during feed trials. The 
growth parameters studied are listed in Table 3. 

Out of the five diets tested, maximum growth of fish was observed 
in the A2 diet. It was clearly showed that test diet showed significantly 
better growth than control diet. The result of present work was 
supported by that of Mahnken et al. [22] who evaluated yeast as a 
substitute for fishmeal in Oregon Moist Pellet (OMP) for Oncorhynchus 
kisutch and Salmo gairdneri and observed that alkane yeast was an 
acceptable partial substitute for fishmeal in the rainbow trout diets. Al-
Hafedh and Alam [13] reported that yeast SCP can replace up to 50% of 
fishmeal in juvenile Nile tilapia diets. Davies and Wareham [23] which 
showed that up to 40% fishmeal could be replaced by an industrial 
single cell protein without a significant reduction in growth. 

In diets for Lepidocephalus thermalis, fishmeal could be replaced 
successfully with 50% yeast SCP. Fish feed technologists can use this 
protein source in fishmeal formulations. A major obstacle in the 
aquaculture industry is to ensure supply of high-quality fish feed. Aqua 
feeds have high protein content and this tends to increase the price 
of production, especially with the high inclusion level of fish meal. 

It has thus become imperative to search out for cheaper alternative 
protein sources to fish meal. Shellfish wastes generated from shellfish 
processing industries contains chitin as major component which 
accumulate in environment in considerable amount and creating 
pollution. Penicillium ochrochloron chitinase has ability to hydrolyse 
chitin into N-acetyl-D-glucosamine. Its further utilization as a substrate 
for SCP production using yeast serves the dual role in reduction of 
environmental pollution and providing a good protein source for 
fish diets. Further studies are needed to find out effects of yeast SCP 
substitution fishmeal on other fish species. 
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Abstract  27 

Tyrosinase inhibitors have been used as whitening or antihyperpigment agents because of their 28 

ability to suppress dermal-melanin production.  In this present study, screening and kinetic evaluation 29 

of various small molecules was studied on mushroom tyrosinase (MT) using surface plasmon 30 

resonance. The binding constant KD (M) values obtained for tannic acid, phloroglucinol, saffron, 31 

catechol and pyrogallol are 1.213 × 10-4, 7.136 × 10-5, 3.111 × 10-5, 1.557 × 10-5 and 7.981 × 10-6 M 
32 

respectively. Pyrogallol has been found to display high affinity for MT whereas catechol, saffron and 33 

phloroglucinol have been found to bind with low affinity. MT shows considerable changes in the 34 

secondary structure in presence of inhibitors. The study reveals the Biacore/SPR sensor’s ability for 35 

rapid identification and characterization of inhibitors for MT.  Methodology described here can be used 36 

to rapidly screen and optimize various leads compounds for other enzymes and elucidate structure 37 

function inter-relationships between various enzymes. 38 

Keywords: Mushroom tyrosinase, inhibitors, surface plasmon resonance 39 

 40 

41 
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 42 

Introduction 43 

Tyrosinase (EC1.14.18.1), a multifunctional copper-containing oxygenase, is widely distributed 44 

in nature. It catalyzes the hydroxylation of a monophenol and the conversion of o-diphenols to the 45 

corresponding o-quinones1. These quinones are highly reactive compounds that can polymerize 46 

spontaneously to form melanin. Products formed as a result of tyrosinase activity are precursors for 47 

skin pigmentation, defense and protective mechanisms in plants and fungi, and leads to pigmentation in 48 

flowers2-6. These precursors from tyrosinase activity may also lead to deleterious effects like browning 49 

reactions in fruits and vegetables and black spotting of shrimp and lobsters7, 8. Various inhibitors of 50 

mushroom tyrosinase are reported such as, aromatic aldehydes9, 10 acids11, tropolone12 and kojic acid13.  51 

 Changes in tyrosinase activity can be measured using conventional spectrophotometric 52 

methods by detection of the substrate turnover at different wavelengths14-16.  The most accepted dye 53 

based or tracer based assays are Besthorn's hydrazone17, 18 cysteine19 or proline20. Many electrochemical 54 

methods are based on measurement of oxygen consumption21 or product formation is reported in the 55 

literature22-26. However these assays will produce much false positive identification of compounds as 56 

they are color based or dye based reactions. Identification and characterization of lead compounds by 57 

SPR is a very rapid and promising alternative.  58 

Surface plasmon resonance (SPR) with coupling chemistries for enzyme immobilization on the 59 

sensor surface facilitates detection and screening of various inhibitors27.  SPR is an optical technique 60 

that analyses changes in refractive index based on alterations occurring in the dielectric medium within 61 

500 nm from a metal gold surface28. SPR makes possible real-time, label-free detection of biomolecular 62 

binding events such as ligand–receptor coupling, antibody–antigen interactions, and protein–DNA 63 

interactions. Detection of tyrosinase inhibitors using SPR has been reported recently29, 30. In this present 64 

study, screening of small molecules as inhibitors of mushroom tyrosinase was studied by using SPR.  65 
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Material and methods 66 

Chemicals and reagents 67 

Sensor chips CM5, N-ethyl-N’-(dimethylaminopropyl)-carbodiimide (EDC), N-68 

hydroxysuccinimide (NHS), ethanolamine HCl, sampling vials, were obtained from GE Healthcare Life 69 

Sciences, Uppsala, Sweden. Mushroom tyrosinase was purchased from Sigma chemical company (St. 70 

Louis, MO, USA). All other chemicals were from Himedia India Pvt ltd, India with highest purity and 71 

analytical grade. Milli Q (Milipore, USA) water was used for preparing buffers and reagents. 72 

Enzyme activity assay 73 

Monophenolase and diphenolase activities of mushroom tyrosinase was performed using L-74 

Tyrosine and L-DOPA respectively by measuring the dopachrome accumulation at 475 nm (ε 75 

dopachrome = 3400 M−1 cm−1)31, 32 before immobilization on chip surface.  76 

Surface plasmon resonance (SPR) studies 77 

SPR interaction analyses were performed using a Biacore X100 optical biosensor (GE 78 

Healthcare Life Sciences, Bangalore, India).  SPR measurements were carried out in phosphate buffer 79 

saline [0.1 M phosphate buffer with 27 mM KCl and 1.37 M NaCl 0.005 % polysorbate 20 pH 7.4], and 80 

stock solutions were diluted in the same buffer. Data was collected with the Biacore control software 81 

version 2.0.  Experiments were performed by monitoring the refractive index changes as a function of 82 

time under constant flow rate of 30 µl/min. The relative amount of inhibitor bound to the tyrosinase 83 

was determined by measuring the net increase in refractive index over time compared to control 84 

running buffer. There is an inline subtraction of reference surface during the run. This change is usually 85 

reported in response units (RU).  86 

Enzyme immobilization 87 
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Mushroom tyrosinase dissolved (50 µg ml-1) in 0.1 M sodium acetate buffer pH 4.5 was 88 

immobilized to a CM5 chip using amine coupling.  Using a flow rate of 10 µl min-1, the surface of flow 89 

cell was activated for 7 min using a 1:1 mixture of 100 mM N-ethyl-N’-(dimethylaminopropyl)-90 

carbodiimide (EDC) and 100 mM N-hydroxysuccinimide (NHS) (both dissolved in water), and 91 

subsequently tyrosinase was injected for 7 min, and residual activated carboxy methyl groups on the 92 

surface were blocked by a 7 min injection of 1M ethanolamine, pH 8.5. A total of 2353 (RU) of 93 

tyrosinase was immobilized. The activity of enzyme after immobilization was confirmed by plotting RI 94 

(RU) response against concentration of substrate (L-DOPA and L-tyrosine).  95 

Screening of different small molecules 96 

For this study, one of the flow cell was blank immobilized (without protein) for using as a 97 

reference. Different analytes like, monohydroxy, dihydroxy and trihydroxy phenols were screened 98 

against mushroom tyrosinase. Flow rate was maintained constant throughout the binding (10 µl/min) 99 

and kinetics experiment (30 µl/min), contact time and dissociation time was kept at 120 s. Regeneration 100 

was carried out with 10 mM glycine HCl pH 2.5 for 30 s and at 30 µl/min. Kinetics was performed with 101 

various concentrations of compounds (12.5 µM to 200 µM) in a single cycle kinetics33, 34 or multi-cycle 102 

kinetics mode. The data analysis was done with Biacore X100 evaluation software ver 2.0.1 and data 103 

was fit to 1:1 binding model or two state fit. 104 

Circular dichroism (CD) spectroscopy  105 

The CD spectra were recorded on a Jasco J-815 CD Spectropolarimeter to give the content of 106 

regularly secondary structure in mushroom tyrosinase. Protein solutions 0.05 mg ml-1 was prepared in 107 

the 0.1 mM PBS buffer at pH 6.8. Scans were performed at 20 °C using 0.1 cm path length quartz 108 

cuvette with 8 sec differential integration time at a scan rate of 50 nm min-1.  The protein solutions of 109 

0.05 mg ml-1 were incubated with and without pyrogallol, phloroglucinol, tannic acid, saffron and 110 
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catechol at concentration of 200 µM for 15 min and were used to obtain the spectra. All spectra were 111 

collected in a triplicate from 200 to 280 nm and a background corrected against buffer blank. The 112 

results were expressed as molar ellipticity (◦cm2 dmol-1) based on a mean amino acid residue weight 113 

(MRW) of mushroom tyrosinase. The molar ellipticity was determined as [θ obs] = (100 × (MRW) × 114 

θobs/cl), where θ is the observed ellipticity in degrees at a given wavelength, c is the protein 115 

concentration in mg/ml and l is the length of the light path in cm35. 116 

Result and discussion 117 

It has been recently discovered that various dermatological disorders such as age spots and 118 

freckles are caused due to hyperpigmentation1. Hyperpigmentation in human skin and enzymatic 119 

browning in fruits are not desirable36.  Thus, hyperpigmentation becomes a major problem in the food 120 

industry and one of the main causes of quality loss during post harvest handling and processing31.  The 121 

regulation of melanin synthesis via the inhibition of tyrosinase is a current area of research in the 122 

context of preventing hyperpigmentation37. As a result, tyrosinase inhibitors have become increasingly 123 

important in food, medical and cosmetic industries38, 39. 124 

Various tyrosinase-based biosensors have been developed in the past few years22-26.  Using 125 

these sensors, the detection of the large group of phenolic compounds as tyrosinase inhibitors was 126 

possible. However, low sensitivity is one of their major drawbacks40. In the present paper, the affinity 127 

and binding kinetics of various small molecules towards mushroom tyrosinase using surface plasmon 128 

resonance has been evaluated. In addition, this sensor has ability to detect the number of different 129 

inhibitors of enzyme in a single run with high sensitivity and accuracy. Label free interactions are more 130 

sensitive and less error prone compared with the conventional spectroscopic methods which are based 131 

on the color formation.  132 
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The screening results showed that the affinity towards mushroom tyrosinase varies from 133 

molecule to molecule which is clearly observed from Figure 1.  Many compounds showed high affinity 134 

for tyrosinase but possess low stability. Low stability compounds were found to display a higher 135 

dissociation rate. Based on binding studies various small molecules like catechol, pyrogallol, saffron, 136 

tannic acid and phloroglucinol were selected further for affinity and kinetic analysis against mushroom 137 

tyrosinase. This study shows that pyrogallol has a higher binding affinity for mushroom tyrosinase with 138 

KD values of 7.981 ×10-6 M.  The data with different concentrations was fit to two state equation and 139 

shown in the Table 1. Pyrogallol has higher rates of association and dissociation and a higher 140 

equilibrium dissociation constant as evident from Figure 2. Pyrogallol is trihydroxy phenol: it perhaps 141 

binds more rapidly as compared to L-DOPA and L-tyrosine which are dihydroxy and monohydroxy 142 

phenols, respectively. Order of tyrosinase action on phenolic substrates follows the order monohydroxy 143 

˃ dihydroxy ˃ trihydroxy phenols. The KD value for L-DOPA was reported by us before32. L-DOPA 144 

was also run between inhibitors during the kinetic runs to ascertain the activity of tyrosinase. The 145 

activity of enzyme after immobilization was proportional with increasing concentration of L-DOPA 146 

and L-tyrosine (Figure 3) which confirmed the stability and reactivity of mushroom tyrosinase after 147 

immobilization. Pyrogallol was reported as suicide inhibitor of tyrosinase and predicted to bind with 148 

high affinity41.  The low affinity of catechol (1.557 ×10-5 M) (Figure 4) compared to pyrogallol may be 149 

due to catechol follows ‘cresolase presentation’. Catechol being oxidized to form a product able to 150 

undergo deprotonation and reductive elimination, resulting in inactivation of the enzyme through the 151 

formation of copper at the active site. However, since the OH groups are equivalent, the probability of 152 

catalysis and inactivation increases in case of pyrogallol (trihydroxy phenol) and catechol (o-153 

diphenol)42. Catechol showed fast association and slow dissociation time as it is a substrate for 154 

tyrosinase (Table 1).  155 
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Saffron, phloroglucinol and tannic acid have a low binding affinity towards mushroom 156 

tyrosinase with KD values of 3.111 ×10-5, 7.136 ×10-5 and 1.213 ×10-4 M, respectively (Table 1). Also 157 

these three compounds showed slow association and fast dissociation in comparison with pyrogallol 158 

and catechol (Table 1). The binding kinetics for saffron (Figure 5), phloroglucinol (Figure 6) and tannic 159 

acid (Figure 7) with 1:1 fit clearly indicate almost similar association and dissociation rate constants 160 

which perhaps suggests a similar mode of inhibition. The key component in saffron is crocin, is 161 

reported as a potent inhibitors of the tyrosinase32. Also, phloroglucinol (IC50 ˃ 300 µM) and tannic acid 162 

are reported as inhibitors of mushroom tyrosinase43, 44. Inhibition of tannic acid is a reversible reaction. 163 

In order to understand the, structural changes of the mushroom tyrosinase in the presence of 164 

inhibitors was studied by CD spectroscopy technique. As illustrated in Figure 8, results in significant 165 

differences in the secondary structure of the native enzyme and mushroom tyrosinase in presence of 166 

inhibitors. CD studies also confirm secondary structural changes analyzed using SPR. The % changes 167 

in alpha helix in presence of inhibitors have been given (Table 2). 168 

A number of tyrosinase inhibitors have earlier been reported to decrease hyperpigmentation 169 

resulting from the enzyme action.  Most of these tyrosinase inhibitors were mono, di and trihydroxyl 170 

phenols, flavonoids, and peptides36, 45.  These reported activators and inhibitors are phenols and other 171 

common cosmetic ingredients well studied on mushroom tyrosinase. 172 

Biacore sensor has the ability to detect changes in protein conformation in addition to binding 173 

of inhibitors.  Direct detection of low molecular-weight analytes by SPR has been reported for binding 174 

of Ca2+ ions to transglutaminase46 and sulfonamide inhibitors to carbonic anhydrase47. The present 175 

study demonstrates for the first time direct detection of tyrosinase inhibitors binding using an SPR 176 

sensor. The study proves the ability of this sensor to screen the binding ability of different types of 177 

inhibitors towards mushroom tyrosinase at various concentrations and also to be used for the screening 178 
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of new tyrosinase inhibitors.  In addition, the sensor was relatively simple to make and did not require 179 

the use of antibodies to detect small size inhibitors employed in the study. Once the enzyme is 180 

immobilized on the sensor surface it will be useful for a long time through proper storage. Moreover, 181 

by immobilizing other enzymes or cell receptors of interest on the SPR sensor surface, their response 182 

on exposure to inhibitors and ligands can also be assessed, resulting in the development of novel and 183 

rapidly sensing biosensors. Other, undesirable properties relate more to how the target and ligand 184 

interact. One such mechanism, recently described by McGovern et al.48, 49 involves the formation of 185 

ligands into aggregates of 30-400 nm in diameter. These aggregates were proposed to inhibit either by 186 

absorption onto the surface of enzymes or by incorporating enzymes within them. Inhibitors acting in 187 

this manner were termed “promiscuous” inhibitors, as they appeared to inhibit a number of unrelated 188 

enzymes, although it is likely that there are other mechanisms by which compounds may inhibit 189 

numerous enzymes. McGovern et al. 48, 49 identified and characterized a number of these “promiscuous” 190 

inhibitors by testing for properties that distinguished them from classical 1:1 reversible inhibitors. 191 

In conclusion, pyrogallol, catechol, saffron and phloroglucinol and tannic acid had anti-192 

tyrosinase activity, but showed difference in their binding affinity for the tyrosinase. Therefore, this 193 

enzyme-based biosensor has the potential to be used in the detection and screening of new inhibitor 194 

drug candidates. Another advantage is that label free interactions are more sensitive compared with the 195 

spectroscopic methods. Inhibitors may therefore have good potential as antibrowning agents to be 196 

applied in food industries as well as in cosmetics. The sensors can be used for high-throughput 197 

screening of potential pharmaceutical drug candidates. 198 
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Figure captions 361 

Figure 1 Binding sensogram of various compounds towards immobilized mushroom tyrosinase (2353 362 

RU), enzyme concentration was 50 µg ml-1 in 0.1 M sodium acetate buffer pH 4.5. Increasing 363 

concentration for each compound (125 µM, 250 µM, and 500 µM) were injected simultaneously 364 

over surface of immobilized enzyme and the total cycles ranges from 1 to 101 are as buffer (1-5), 365 

followed by L-DOPA, catechol, L-tyrosine, phloroglucinol, ABTS, o-toludine, caffic acid, 366 

gallic acid, guaiacol, syringaldehyde, pyrogallol, p-hydroxybenzoic acid, orcine, tannic acid, 367 

resorcinol, saffron, veratrol, vertryl alcohol, o-dianisidine  hydroquinone, curcumin, glutathione,  368 

o-cresol,  p-cresol,  NaCl,  sodium azide,  ascorbic acid,  kojic acid,  thioglycolic acid,  2, 6 369 

dimethoxybenzoic acid,  m-cresol, crocin etc (respective 3 cycles for each analyte). Flow rate 370 

was maintained constant throughout the binding (10 µl/min).  371 

Figure 2 Binding sensogram for pyrogallol interaction with immobilized mushroom tyrosinase       372 

Increasing concentration of pyrogallol from 6.25, 12.5, 25, 50 and 100 µM were injected over 373 

the enzyme surface. Flow rate (30 µl/min) contact time and dissociation time was kept at 120 s. 374 

Regeneration was carried out with 10 mM glycine HCl pH 2.5 for 30 s and at 30 µl/min. The 375 

data analysis was done with Biacore X100 evaluation software ver 2.0.1 and data was fit to two 376 

state. 377 

Figure 3 The activity of enzyme after immobilization was confirmed by plotting RI (RU) response 378 

against concentration of substrate for L-DOPA (--♦--) and L-tyrosine (--■--).   379 

Figure 4 Binding sensogram for catechol interaction with immobilized mushroom tyrosinase. 380 

Increasing concentration of catechol from 12.5, 25, 50, 100 and 200 µM were injected over the 381 

enzyme surface. Flow rate (30 µl/min) contact time and dissociation time was kept at 120 s. 382 

Regeneration was carried out with 10 mM glycine HCl pH 2.5 for 30 s and at 30 µl/min. The 383 
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data analysis was done with Biacore X100 evaluation software ver 2.0.1 and data was fit to two 384 

state. 385 

Figure 5 Binding sensogram for saffron interaction with immobilized mushroom tyrosinase. Increasing 386 

concentration of Saffron from 12.5, 25, 50, 100 and 200 µM were injected over the enzyme 387 

surface. Flow rate (30 µl/min) contact time and dissociation time was kept at 120 s. 388 

Regeneration was carried out with 10 mM glycine HCl pH 2.5 for 30 s and at 30 µl/min. The 389 

data analysis was done with Biacore X100 evaluation software ver 2.0.1 and data was fit to two 390 

state.  The resulting equilibrium dissociation constants are reported in Table 1. 391 

Figure 6 Binding sensogram for phloroglucinol interaction with immobilized mushroom tyrosinase. 392 

Increasing concentration of Phloroglucinol from 12.5, 25, 50, 100 and 200 µM were injected 393 

over the enzyme surface. Flow rate (30 µl/min) contact time and dissociation time was kept at 394 

120 s. Regeneration was carried out with 10 mM glycine HCl pH 2.5 for 30 s and at 30 µl/min. 395 

The data analysis was done with Biacore X100 evaluation software ver 2.0.1 and data was fit to 396 

two state.  The resulting equilibrium dissociation constants are reported in Table 1. 397 

Figure 7 Binding sensogram for tannic acid interaction with immobilized mushroom tyrosinase. 398 

Increasing concentration of Tannic acid from 6.25, 12.5, 25, 50 and 100 µM were injected over 399 

the enzyme surface. Flow rate (30 µl/min) contact time and dissociation time was kept at 120 s. 400 

Regeneration was carried out with 10 mM glycine HCl pH 2.5 for 30 s and at 30 µl/min. The 401 

data analysis was done with Biacore X100 evaluation software ver 2.0.1 and data was fit to two 402 

state.  The resulting equilibrium dissociation constants are reported in Table 1. 403 

Figure 8 CD spectrum of mushroom tyrosinase without (     ) and with pyrogallol (     ), phloroglucinol  404 

            (      ), tannic acid (     ), saffron (     ) and catechol (      ) at 200 µm concentration each. 405 

406 

Page 18 of 29

ACS Paragon Plus Environment

Journal of Agricultural and Food Chemistry



19 

 

Figures 407 

  408 

 409 

 410 

Figure 1 411 

412 

Page 19 of 29

ACS Paragon Plus Environment

Journal of Agricultural and Food Chemistry



20 

 

 413 

-20

30

80

130

180

-500 0 500 1000 1500 2000 2500

Time s

RU

R
e
s
p
o
n
s
e

 414 

 415 

Figure 2 416 

 417 

 418 

 419 

 420 

 421 

 422 

423 

Page 20 of 29

ACS Paragon Plus Environment

Journal of Agricultural and Food Chemistry



21 

 

 424 

0

0.5

1

1.5

2

2.5

3

3.5

0 200 400 600 800

R
I 
(R

U
)

Concentration (µM)

L-DOPA L-tyrosine

 425 

 426 

Figure 3 427 

428 

Page 21 of 29

ACS Paragon Plus Environment

Journal of Agricultural and Food Chemistry



22 

 

 429 

 430 

 431 

 432 

-25

-20

-15

-10

-5

0

5

10

15

20

25

-500 0 500 1000 1500 2000 2500

Time s

RU

R
e
s
p
o
n
s
e

 433 

 434 

Figure 4 435 

 436 

 437 

 438 

 439 

 440 

 441 

 442 

 443 

 444 

 445 

Page 22 of 29

ACS Paragon Plus Environment

Journal of Agricultural and Food Chemistry



23 

 

-25

-20

-15

-10

-5

0

5

10

15

20

-500 0 500 1000 1500 2000 2500

Time s

RU

R
e
s
p
o
n
s
e

 446 

 447 

 448 

Figure 5 449 

 450 

 451 

 452 

 453 

 454 

 455 

 456 

 457 

 458 

 459 

 460 

 461 

 462 

Page 23 of 29

ACS Paragon Plus Environment

Journal of Agricultural and Food Chemistry



24 

 

-20

-15

-10

-5

0

5

10

15

-500 0 500 1000 1500 2000 2500

RU
R
e
s
p
o
n
s
e

Time s 463 

 464 

    Figure 6 465 

 466 

 467 

468 

Page 24 of 29

ACS Paragon Plus Environment

Journal of Agricultural and Food Chemistry



25 

 

 469 

 470 

-2000

-1000

0

1000

2000

3000

4000

5000

-500 0 500 1000 1500 2000 2500

RU

R
e
s
p
o
n
s
e

Time s 471 

 472 

      Figure 7 473 

474 

Page 25 of 29

ACS Paragon Plus Environment

Journal of Agricultural and Food Chemistry



26 

 

 475 

 476 

 477 

Figure 8 478 

479 

Page 26 of 29

ACS Paragon Plus Environment

Journal of Agricultural and Food Chemistry



27 

 

Tables 480 

Table 1 Interaction kinetics of mushroom tyrosinase with different inhibitors fit to two state model 481 

using Biacore evaluation software 482 

 483 

 484 

 485 

 486 

 487 

 488 

 489 

 490 

 491 

 492 

 493 

 494 

Standard error values were calculated from three measurements for each analyte by software itself 495 

496 

Inhibitor  ka1(1/Ms) kd1(1/s) Ka2(1/s) Kd2(1/s) KD (M) 

Tannic acid 397.4±21 0.08624 

±0.0033 

8.708×10-4 

±4.1×10-5 

0.001103 

±6.7×10-5 

1.213×10-4±0.8 

Phloroglucinol 4321±41 0.3582±0.019 5.208×10-4 

±5.2×10-4 

0.003219 

±7.5×10-5 

7.136×10-5±2 

Saffron 2.774×104 

±3.2×103 

0.9011±0.089 0.003694 

±0.0024 

0.08329±0.031 3.111×10-5±0.3 

Catechol 1.248×104 

±1.1×103 

0.3185±0.015 4.848×10-4 

±2.6×10-5 

7.589× 10-4 

±6.3×10-5 

1.557×10-5±0.4 

Pyrogallol 297.2 ±7.5 0.02551 

±7.8×10-4 

0.005049 

±8.2×10-5 

5.176×10-4 

±5.18×10-5 

7.981×10-6±2 
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 497 

Table 2 Changes in secondary structure of MT in presence of inhibitors 498 

 499 

 500 

  501 

502 Inhibitors Pyrogallol Phloroglucinol Tannic acid Saffron Catechol 

Wave 

length 

(nm) 

208 222 208 222 208 222 208 222 208 222 

% changes  21.97
±4.3 

23.13
±4.16 

78.03 
±14.82 

147 
±29.4 

60.41 
±10.26 

124.17
±24.83 

9.63 
±1.15 

92.57 
±16.6 

73.87 
±14.03 

15.08
±2.41 
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Abstract 3,4-Dihydroxy L-phenylalanine (L-DOPA) is considered a potent drug for the treatment of Parkinson disease.

Physical and nutritional parameters where optimized by using Yarrowia lipolytica-NCIM 3450 to accomplished the highest

production of L-DOPA. Screenings of critical components were completed by using a Plackett–Burman design, while

further optimization was carried out using the Box–Behnken design. The optimized factor levels predicted by the model

were pH 6.1, 1.659 g L-1 yeast extract, 1.491 g L-1
L-tyrosine and 0.0290 g L-1 CuSO4. The predicted yield of L-DOPA

with these levels was 1.319 g L-1, while actual yield obtained was 1.273 g L-1. The statistical analysis revealed that

model is significant with F value 19.55 and R2 value 0.9514. This process resulted in a 3.594-fold increase in the yield of L-

DOPA. L-DOPA was confirmed by HPTLC and HPLC analysis. Thus, Yarrowia lipolytica-NCIM 3450 has potential to be

a new source for the production of L-DOPA.

Keywords L-DOPA � L-tyrosine � RSM � Yarrowia lipolytica

1 Introduction

Parkinson’s disease affects individuals worldwide, with the

incidence increasing sharply with age to about 200–250 per

20 million in those over 60 years old. L-DOPA (3,4-dihy-

droxy phenyl L-alanine) is the drug of choice in the treat-

ment of Parkinson’s disease and for controlling the changes

in enzymes of energy metabolism in Myocardium follow-

ing neurogenic injury [1]. L-DOPA is produced from

L-tyrosine by one-step oxidation reaction by which is

catalyzed by enzyme tyrosinase [2, 3]. Tyrosinases (EC

1.14.1.18.1) are widely distributed in Nature and have been

purified to homogeneity from both microbial and plant

sources [4].

About 250 tons of L-DOPA is now supplied per year

with trade names Dopar, Larodopar, Sinemet, [5, 6]. As the

demand for L-DOPA is high, its production by various

biological sources is highly relevant [7]. L-DOPA have

been produced earlier by several biological sources that

include Erwinia herbicola [8], Aspergillus oryzae [9],

Yarrowia lipolytica NRRL-143 [10], Bacillus sp. JPJ [11]

and Brevundimonas sp. SGJ [12], Acremonium rutilum [13]

and Egyptian halophilic black yeast [14]. In addition, plant

sources, such as cell suspension cultures of banana and

Portulaca grandiflora, have also been reported for L-DOPA

production [15, 16]. The seeds of M. pruriens [17],

M. monosperma [18] have been used for L-DOPA pro-

duction. Most of the L-DOPA sold commercially is

chemically synthesized that involves eight reaction steps.

Chemical synthesis of L-DOPA is a time-consuming pro-

cess which involves several chemicals that are extremely
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costly and requires catalysts that are not ecofriendly

[13, 19]. In contrast to chemical production, biotechno-

logical production of L-DOPA by microorganisms is

environmental friendly and enables an enhanced product

under simple process conditions [8].

The optimization of fermentation conditions, particu-

larly physical and nutritional parameters are of primary

importance in the development of any fermentation process

owing to their impact on the economy and practicability of

the process [20]. Classical method have some disadvan-

tages like more time consumption, laborious process and

high cost, in addition to this, it fails to determine the

combined effect of different factors. Thus researchers are

encouraged to apply statistical approaches such as

‘response surface methodology’ (RSM), which provide a

great amount of information based on only a small number

of experiments [21, 22]. In the present study Plackett–

Burman design and Box–Behnken design of the RSM were

used to optimize the medium compositions and cultivation

conditions for the highest L-DOPA production by using

Y. lipolytica-NCIM 3450.

2 Results and Discussion

2.1 Plackett–Burman Design for Screening of Critical

Factors

Statistical analysis using a Plackett–Burman design implies

that pH (X1), yeast extract (X3), L-tyrosine (X7), and

CuSO4 (X8) were significantly affected the L-DOPA pro-

duction. The remaining components were found to be

insignificant. The ‘Pareto chart’ (Fig. 1) showed that value

of L-tyrosine (X7) was above the ‘Bonferroni Limit’, this

indicates it is certainly significant. Also the values of pH

(X1), yeast extract (X3), L-tyrosine (X7), and CuSO4 (X8)

were above the t value limit that implies that these factors

are possibly significant. While the remaining factors were

below the t-value limit which indicates their insignificance

[23]. Statistical analysis of the responses was performed, as

shown in Table 1. The model F value of 31.7145 implies

that the model is significant. The values of ‘‘prob [ F’’ less

than 0.05 indicate model terms are significant. ‘‘Adeq

Precision’’ measures the signal-to-noise ratio, with a ratio

greater than 4 regarded as desirable [23]. The ‘‘Adeq Pre-

cision’’ ratio of 9.007 obtained in this study indicates an

adequate signal. Thus, this model can be used to navigate

the design space. Statistical analysis showed that it is not

possible to evaluate the relationship between significant

independent variables and the response by a first-order

equation. Thus, the first-order model is not appropriate to

predict the response; hence the further investigation could

be conducted through a second-order model.

2.2 Box–Behnken Design

Further optimization of the factors that found to be sig-

nificant from the Plackett–Burman design were carried out

which included pH (X1), yeast extract (X3), L-tyrosine (X7),

and CuSO4 (X8). The results obtained were submitted to

ANOVA using the Design expert software and results were

presented in Table 2 (version 8.0, Stat-Ease Inc. USA), and

the regression model equation was given as:

L-DOPA ¼1:31 � 0:077X1 þ 0:18 X3 þ 0:19 X7

þ 0:15X8 � 0:17 X1X3 � 0:21 X1X7

� 0:11 X1X8 þ 0:071 X3X7 þ 0:089 X3X8

þ 0:13X7X8 � 0:54 X2
1 � 0:32 X2

3

� 0:25 X2
7 � 0:28 X2

8

ð1Þ

Fig. 1 Pareto chart showing significant effects of factors above the

‘Bonferroni Limit’ and ‘t-value Limit’ and insignificant effect of the

factors below the ‘Bonferroni Limit’ and ‘t-value Limit’ X1 (pH), X2

(temperature), X3 (yeast extract), X4 (peptone), X5 (beef extract), X6

(sucrose), X7 (L-tyrosine), X8 (CuSO4), X9 (MgSO4), X10 (K2HPO4),

and X11 (Thiamine)

Table 1 Statistical analysis of the model by Plackett–Burman design

for L-DOPA production

Source Sum of

Squares

df Mean

square

F value P value

Prob [ F

Model 0.101625 4 0.025406 31.7145 0.0001*

X1-pH 0.008427 1 0.008427 10.51935 0.0142*

X3-yeast extract 0.01068 1 0.01068 13.33216 0.0082*

X7-L-tyrosine 0.072075 1 0.072075 89.97058 \0.0001*

X8-CuSO4 0.010443 1 0.010443 13.0359 0.0086*

Residual 0.02175 7 0.02175

Cor total 0.005608 12

P \ 0.05, * Significant P value

142 S. T. Gurme et al.

123



where X1 is pH, X3 is yeast extract, X7 is L-tyrosine, and X8

is CuSO4. The ANOVA of the quadratic regression model

(Table 2) demonstrated that Eq. (1) is a highly significant

model (P = 0.001). The model F value of 19.55 implies

that the model was significant. The goodness of fit of the

model was checked using the determination coefficient

(R2). In this case, the value of the R2 was 0.9514. The

value of the adjusted determination coefficient (Adj

R2 = 0.9027) was in reasonable agreement with the Pred

R2 (0.7409). The lack-of-fit value (0.1203) for this model

was not significant relative to the pure error, which was

good to fit the model. ‘‘Adeq Precision’’ measures the

signal-to-noise ratio [23]. The ‘‘Adeq Precision’’ ratio of

30.520 obtained in this study indicates an adequate signal.

Thus, this model can be used to navigate the design space.

2.3 Three-Dimensional (3D) Response Surface Curves

3D graphs were generated for the pair wise combination of

the four factors while keeping the other two at their opti-

mum levels for L-DOPA production. The graphs are given

here to highlight the roles played by various factors in the

final yield of L-DOPA. The response surface plot (Fig. 2a)

of the interaction of pH and yeast extract indicates that

interaction of these components significantly affected the

production of L-DOPA. The higher and lower levels of

these components affect the L-DOPA yield drastically

while mid-levels provide a maximum yield. The interaction

between pH and yeast extract was found to significant

because acidic and alkaline pH results in lower L-DOPA

yields might be because of inhibited tyrosinase activity and

cell viability. Also at alkaline pH, less L-DOPA yield

resulted due to the conversion of L-DOPA into further

metabolites like dopaquinone and melanin [9]. Previous

reports shows that Egyptian Black Yeast produced

L-DOPA at 10 pH [14], while Y. lipolytica NRRL-143 and

A. oryzae shows the L-DOPA production at acidic condi-

tion; 3.5 and 5.4 respectively [9, 10].

The response surface curve (Fig. 2b) of the interaction

between pH and L-tyrosine showed that L-DOPA produc-

tion was drastically affected by the levels of these factors.

The higher and lower concentrations of both factors

resulted in lesser L-DOPA yield. The interaction between

pH and L-tyrosine was found to highly significant because

its solubility is decreases at neutral and alkaline conditions

while L-tyrosine soluble at acidic conditions [11, 24]. The

higher concentration of L-tyrosine inhibited the L-DOPA

production due to its decreased solubility [10, 25].

The interaction between pH and CuSO4 less signifi-

cantly affect the yield of L-DOPA. The statistical analysis

showed the insignificant P value (0.806) for this interaction

(Fig. 2c; Table 2). In addition, the interaction between

yeast extract and L-tyrosine (Fig. 2d) found to be insig-

nificant. The effect of the interaction between yeast extract

and CuSO4 (Fig. 2e) indicates that the L-DOPA yield was

not highly altered by changes in the concentration of both

media components. The shape of the response surface

curve and statistical analysis (Table 2) indicate that highly

insignificant interaction occurred between these factors.

The response surface curve of L-tyrosine and CuSO4

(Fig. 2f) showed a positive effect on L-DOPA production

because the tyrosinase involved in the conversion of

L-tyrosine to L-DOPA is a copper-containing enzyme [26].

The use of CuSO4 in the media for L-DOPA production by

A. rutilum has been reported earlier [13].

2.4 Validation of the Experimental Model

Validation was carried out under conditions predicted by

the model. The optimized levels predicted by the model

were pH 6.1, 1.659 g L-1 yeast extract, 1.491 g L-1

L-tyrosine and 0.0290 g L-1 CuSO4. The predicted yield of

L-DOPA with these concentrations was 1.319 g L-1, while

the actual yield obtained was 1.273 g L-1. A close corre-

lation between the experimental and predicted values was

observed, which validates this model.

Table 2 Analysis of variance (ANOVA) for the fitted quadratic

polynomial model of L-DOPA production

Source Sum of

Squares

df Mean

Square

F value P value

Prob [ F

Model 4.067057 14 0.290504 19.55822 \0.0001*

X1-pH 0.070994 1 0.070994 4.779684 0.0463*

X3-Yeast

extract

0.392047 1 0.392047 26.39459 0.0002*

X7-L-tyrosin 0.45202 1 0.45202 30.4323 \0.0001*

X8-CuSO4 0.262552 1 0.262552 17.67635 0.0009*

X1 X3 0.110889 1 0.110889 7.465614 0.0162*

X1 X7 0.178929 1 0.178929 12.04641 0.0037*

X1 X8 0.05267 1 0.05267 3.54603 0.0806

X3 X7 0.020306 1 0.020306 1.36712 0.2618

X3 X8 0.032041 1 0.032041 2.157164 0.1640

X7 X8 0.069696 1 0.069696 4.692291 0.0480*

X1
2 1.897243 1 1.897243 127.7321 \0.0001*

X3
2 0.667645 1 0.667645 44.9493 \0.0001*

X7
2 0.408899 1 0.408899 27.52919 0.0001*

X8
2 0.514278 1 0.514278 34.6238 \0.0001*

Residual 0.207946 14 0.014853

Lack of fit 0.186523 10 0.018652 3.482636 0.1203

Pure error 0.021423 4 5.3558

Cor total 4.275003 28

P \ 0.05, * Significant P value
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Fig. 2 Three-dimensional response surface curve showing the effect of interactions of a pH and yeast extract b pH and L-tyrosine c pH and

CuSO4 d yeast extract and L-tyrosine e yeast extract and CuSO4 f L-tyrosine and CuSO4
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2.5 L-DOPA Yield and Tyrosinase Activity

The L-DOPA production before and after optimization is

depicted in Fig. 3, which indicates that in the medium

before optimization, L-DOPA production started after the

6th hour with a yield of 0.0261 g L-1, gradually increased

to 0.387 g L-1 at the 24th hour, and then decreased to

0.307 g L-1 at the 30th hour. In contrast, in the medium

optimized by RSM, L-DOPA production started at the 6th

hour with a yield of 0.218 g L-1, gradually increased to

1.391 g L-1 at the 24th hour, and finally decreased to

0.794 g L-1 at the 30th hour. The decrease in the L-DOPA

yield after the 18th hour was due to the conversion of

L-DOPA to further metabolites, such as dopaquinone and

melanin [10, 11]. Thus, the medium optimization by RSM

resulted in a 3.594-fold increase in the L-DOPA yield

over the yield before optimization. The literature survey

revealed that single and multiple stage cell suspension

cultures of M. pruriens have been reported to yield

0.028 g L-1
L-DOPA within 15 and 30 days, respectively

[17]. P. grandiflora has been reported to produce

0.488 g L-1 of L-DOPA at the 16th hour [16]; A. rutilum

produced 0.89 g L-1
L-DOPA, whereas Egyptian black

yeast yielded 0.064 g L-1 [13, 14]. Thus Y. lipolytica-

NCIM 3450 in the present study produced the highest yield

of L-DOPA (1.273 g L-1). The Y. lipolytica-NCIM 3450

reported here produced maximum L-DOPA and has several

advantages over the plant, fungal, and bacterial sources

used earlier, such as a short incubation period, efficient

production, and requirement of simple medium compo-

nents. The L-DOPA produced previously by bacterial

sources like E. herbicola used pyrocatechol as substrate,

which is a toxic phenolic compound, and required poly-

acrylamide gel, which is an expensive chemical [8, 11].

Thus, the present study contributes to the optimization of

the nutritional requirements that will be most useful for

large-scale production of L-DOPA using Y. lipolytica-

NCIM 3450. The highest tyrosinase activity was found to

be 2738 U mg-1. On the other hand, some pycnoporus

species P. sanguineus, Edible mushroom, bacteria Ther-

momicrobium roseum and yeast Y. lipolytica NRRL-143

have Specific activity 30, 21.92, 2.49 and 1.55 U mg-1

respectively [10, 27–29].

2.6 Analysis of L-DOPA by HPTLC and HPLC

The HPTLC peak profile and the HPTLC plate (Electronic

supplementary material Fig. S1) of the cell-free broth

showed a distinct peak and band at the RF 0.24, which was

identical to standard L-DOPA (0.23). These results pri-

marily confirmed the L-DOPA production in the medium.

The HPLC elution profile of standard L-DOPA showed a

peak at the retention time 2.723 min (Electronic supple-

mentary material Fig. S2), while the HPLC elution profile

of the broth after incubation showed a prominent peak at

the retention time 2.721 min. This analysis confirmed the

production of L-DOPA.

3 Experimental Section

3.1 Chemicals, Strain and L-DOPA Production

L-tyrosine and L-DOPA were purchased from Sigma-

Aldrich (St Louis, MO, USA) and all other chemicals were

obtained from Himedia (India). The strain Y. lipolytica-

NCIM 3450 was purchased from National Collection of

Industrial Microorganism (NCIM), Pune, India. The med-

ium for the cultivation of the Y. lipolytica strain composed

of 1 g L-1 yeast extract, 0.5 g L-1 peptone, 0.5 g L-1

glucose and 1 g L-1
L-tyrosine at pH 7. The stock cultures

of yeast strain were maintained routinely on this medium

and stored at 4 �C until used. L-DOPA production was

carried out in 250 mL Erlenmeyer flask containing medium

mentioned earlier. These flasks were kept in an incubator

shaker at 30 �C and 120 rpm for 24 h. L-DOPA was

assayed in cell free broth which was obtained after

centrifugation at 5000 rpm. The optimization of L-DOPA

production was carried out by using Plackett–Burman

design and RSM.

3.2 Screening of the Critical Factors Using a Plackett–

Burman Design

Plackett–Burman design, an efficient technique for medium

component optimization, was used to pick factors that sig-

nificantly influenced L-DOPA production and insignificant

ones were eliminated in order to obtain a smaller, more

manageable set of factors. The factors affecting the yield of

Fig. 3 L-DOPA production before and after optimization by RSM
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L-DOPA were selected by screening various carbon sources,

nitrogen sources, mineral salts and physical factors such as pH

and temperature. In addition, some of these variables were

selected from the primary literature review [13, 14]. A total of

11 process parameters, including X1 (pH), X2 (Temperature),

X3 (Yeast extract), X4 (Peptone), X5 (Beef extract),

X6(Sucrose), X7 (L-tyrosine), X8 (CuSO4), X9(MgSO4), X10

(K2HPO4), X11(Thiamine) were added at two levels: low (-1)

and high (?1). The low and high levels of these factors were

taken as pH (5 and 7), temperature (20 �C and 50 �C). While

levels of media components were (g L-1): yeast extract (0.5

and 2.5), peptone (0.5 and 2.5), beef extract (0.5 and 2.5),

sucrose (0.5 and 2.5), L-tyrosine (0.5 and 2.5), CuSO4 (0.01

and 0.05), MgSO4 (0.001 and 0.005), K2HPO4 (0.5 and 2.5)

and thiamine (0.001 and 0.005). The full experimental plan

with L-DOPA yield is presented in Electronic supplementary

material Table S1. The statistical significance of the first-order

model was identified using Fisher’s test for analysis of vari-

ance (ANOVA) by Design expert software (version 8.0, Stat-

Ease Inc. USA). Moreover, the multiple correlation coeffi-

cients (R2) were used to express the fit of this first model.

3.3 Optimization by Box–Behnken Design

Based on the results of Plackett–Burman experiments,

critical factors were further optimized. The variables each

at levels with three replicates at the centre points [23, 30]

was used to fit a polynomial model. The experimental plan

with L-DOPA yield for Box–Behnken design is given in

Electronic supplementary material Table S2. A multiple

regression analysis of the data was carried out to define the

response in terms of the independent variables. Response

surface graphs were obtained to understand the effect of the

variables, individually and in combination, and to deter-

mine their optimum levels for maximum L-DOPA pro-

duction by using Design expert software (version 8.0, Stat-

Ease Inc. USA). All trials were performed in triplicate, and

the average L-DOPA yield was used as response Y.

3.4 L-DOPA Production and Tyrosinase Activity

After validation of the experiment using the optimum

process parameters generated by the Design Expert soft-

ware, the L-DOPA production was observed in the medium

before optimization and after optimization. The L-DOPA

production was observed at 6-h of time intervals for up to

24 h. The tyrosinase activity was observed at optimum

incubation period.

3.5 Analysis of L-DOPA by HPTLC and HPLC

High-performance thin-layer chromatography (HPTLC)

analysis of the cell-free broth was performed using a

HPTLC system (CAMAG, Switzerland). The conditions

used for HPTLC were similar to those in the previously

described method [12]. High-performance liquid chroma-

tography (HPLC) analysis of the cell-free broth was carried

out (Waters model no. 2690) on a C18 column

(4.6 mm 9 250 mm, Symmetry) using methanol as mobile

phase, with a flow rate of 1 mL min-1 for 10 min and a

UV detector at 280 nm. The standard L-DOPA and cell-

free broth were prepared in HPLC-grade water and injected

into the HPLC column [11, 13].

3.6 L-DOPA and Tyrosinase Assay

L-DOPA produced in the broth was determined according to

Arnow’s method [25]. The tyrosinase activity was deter-

mined by the previously described method [10, 12, 31]. The

protein content in the cell free broth was determined using

Lowry’s method [32].

4 Conclusion

Thus, statistical method not only helped in locating the

optimum levels of the most significant factors considered

with minimum resources and time but also proved to be

useful and satisfactory in this process-optimizing exercise.

The optimization of vital nutritional parameters by using

RSM significantly enhanced the yield of L-DOPA as

proved its feasibility of the process for large scale pro-

duction by Y. lipolytica-NCIM 3450. So the Y. lipolytica-

NCIM 3450 can be a potential source for L-DOPA

production.
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Summary The genus Amorphophallus Blume ex Decne. is represented by 18 species and seven 
varieties in India out of which 11 species and three varieties are endemic to the country. The present 
paper provides a comparative account of morphology and karyology of recently described three 
varieties, viz. Amorphophallus commutatus var. anmodensis Sivad. & Jaleel, A. commutatus var. 
anshiensis Punekar et al. and A. commutatus var. wayanadensis Sivad. & Jaleel. The somatic 
chromosome number 2n = 26 is reported for all the three taxa.

Key words Aroid, Karyotype, India, Morphology.

The genus Amorphophallus Blume ex Decne. has about 200 species distributed in tropical 
Africa, Madagascar, tropical and subtropical Asia, the Malay Archipelago, Melanesia and Australia 
(Mayo et al. 1997). In India, the genus is represented by three sections, viz. Candarum Engl., 
Conophallus (Schott) Engl. and Rhaphiophallus (Schott) Engl. Amorphophallus sect. Conophallus 
is the largest section in the genus consisting of about 57 species and nine varieties (Engler 1911) of 
which 4 species [A. bulbifer (Roxb.) Blume, A. commutatus (Schott) Engl., A. longistylus Kurz ex 
Hook. and A. muelleri Blume] and six varieties [A. bulbifer var. atroviridimaculata Engl., A. 
bulbifer var. marmoratus Engl., A. bulbifer var. tuberuliger (Schott) Engl., A. commutatus var. 
anmodensis Sivad. & Jaleel, A. commutatus var. anshiensis Punekar et al. and A. commutatus var. 
wayanadensis Sivad. & Jaleel] occur in India. The genus Amorphophallus is divided into 21 
groups/sections on the basis of molecular evidences (Ittenbach 1997, Van der Ham et al. 1998). 
According to Grob et al. (2002) the Indian species, A. commutatus belongs to an African section 
Engleri. The section Engleri is characterized by globose or disciform tubers, more or less clearly 
constricted spathe, twisted limb, spadix as long as or much longer than spathe and variable pollen.

Amorphophallus commutatus is a widespread species in the Western Ghats. Recently, three 
varieties of the species have been described (Sivadasan and Jaleel 2002, Punekar and 
Lakshminarsimhan 2011). The varieties have been distinguished on the basis of peduncle length, 
ovary and spathe characters (Table 1). However, no cytological studies have been performed so far 
on these varieties. In this backdrop, the present paper attempts to analyze the cytological variations 
of these varieties, if any.

© 2014 The Japan Mendel Society Cytologia 79(3): 359–363
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Materials and methods

The materials for the present investigation were collected from wild resources of Western Ghats 
(Table 1). For mitotic studies, root tips obtained from tubers were used after pretreatment with 
aqueous saturated solution of paradichlorobenzene at 8–10°C for 6 to 7 h. These were hydrolyzed in 
1 N HCL and stained and squashed with 2% propionic-orcein. Suitable metaphase plates with good 
spreading of chromosomes were photographed with a Nikon Coolpix 4500 digital camera at ×1000 
magnification. The karyotype was described by following the nomenclature of Levan et al. (1964). 
Chromosome type was determined by the centromeric index as: short arm×100/total length of the 
chromosome. Homologous chromosomes were paired by length and centromeric index. The relative 
length of a chromosome was estimated from the mean of the total length of the chromosome and 
standard deviation was calculated for mean values.

Results

Amorphophallus commutatus var. anmodensis, A. commutatus var. anshiensis, A. commutatus 
var. wayanadensis showed the somatic count 2n=26. The longest (9.40±1.91 μm) and the shortest 
chromosome pairs (3.68±0.45 μm) were observed in A. commutatus var. anmodensis and A. 
commutatus var. waynadensis respectively. All three varieties exhibited the same karyotype formula 
of 4sm+22m. As far as Stebbins (1971) karyotype asymmetry classes are concerned, A. commutatus 
var. anshiensis and A. commutatus var. anmodensis fell in 4a category while 3b category was found 
for A. commutatus var. wayanadensis. The data for karyotypic analysis are presented in Tables 2–4. 
The total haploid chromosome length (TCL) in A. commutatus var. anmodensis was found to be the 
highest (82.44±15.57 μm), while the lowest value (70.78±7.61 μm) was reported for A. commutatus 
var. wayanadensis. Amorphophallus commutatus var. anshiensis had a TCL value (81.51±14.82 μm) 
very close to A. commutatus var. anmodensis.

Table 1.   Comparative account of morphological and cytological characters of three varieties of 
Amorphophallus commutatus from the Western Ghats of India.

Sr. 
No.

Taxon
Peduncle 

height  
(cm)

Ovary Spathe
Karyotype 

formula

Stebbins 
asymmetry 

classes
Distribution

Latitude and 
longitude

Voucher 
specimens

1. A. commutatus  
var. commutatus

15–170 Sub-globose Spathe tube at the 
base verrucose with 
silvery hairs within

– – Maharashtra, 
Karnataka  
(*Jog fall),  
Kerala

N18°03.443 
E074°37.998

ARG-19

2. A. commutatus  
var. anmodensis

8–10 Sub-globose Spathe tube slightly 
purplish and 
verrucose with 
unicellular hairs at the 
base within

4sm+22m 4a Goa  
(*Anmod 
Ghats)

N15°2541.17 
E74°2245.03

ARG-21

3. A. commutatus  
var. anshiensis

3.5–10 Oblate-
depressed 
globose

Spathe tube at the 
base with numerous 
white or light pink 
rounded warts

4sm+22m 4a Karnataka 
(*Anshi  
Ghats)

N14°5927.95 
E74°2212.32

ARG-22

4. A. commutatus  
var. wayanadensis

65–90 Sub-globose Spathe tube verrucose 
within rounded 
bumps within

4sm+22m 3b Kerala, 
Maharashtra 
(*Mulshi)

N18°28.604 
E073°29.258

ARG-20

* Locality of present collection, – values not known.
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Table 2. Karyological analysis of Amorphophallus commutatus var. anmodensis.

Chromosome 
pair

Length of 
long arm  

(l) μm

Length of 
short arm  

(s) μm

Total length 
μm c = l+s d = l-s Arm ratio 

r = l/s

Centromeric 
index  

i = s/c×100

Centromeric 
position

I 4.98±0.95 4.42±0.98 9.40±1.91 0.56 1.14 46.90 m
II 4.44±0.77 3.96±0.77 8.41±1.52 0.48 1.13 47.06 m
III 4.00±0.69 3.24±0.70 7.24±1.33 0.76 1.25 44.63 m
IV 3.85±0.75 3.09±0.66 6.94±1.31 0.76 1.26 44.52 m
V 3.65±0.80 3.02±0.50 6.67±1.30 0.63 1.20 45.50 m
VI 3.53±0.64 2.96±0.62 6.49±1.24 0.57 1.20 45.47 m
VII 3.55±0.66 2.64±0.65 6.20±1.20 0.91 1.39 42.46 m
VIII 3.34±0.60 2.59±0.59 5.94±1.14 0.75 1.31 43.55 m
IX 3.44±0.64 2.24±0.45 5.68±1.04 1.20 1.55 39.45 m
X 3.25±0.55 2.14±0.41 5.40±0.91 1.11 1.53 39.66 m
XI 3.28±0.56 1.83±0.45 5.11±0.89 1.46 1.86 35.58 sm
XII 2.88±0.52 1.88±0.50 4.76±0.96 1.00 1.58 39.19 m
XIII 2.71±0.58 1.50±0.35 4.21±0.83 1.21 1.85 35.75 sm

Table 3. Karyological analysis of Amorphophallus commutatus var. anshiensis.

Chromosome 
pair

Length of  
long arm  

(l) μm

Length of  
short arm  

(s) μm

Total length 
μm c = l+s d = l-s Arm ratio  

r = l/s

Centromeric 
index  

i = s/c×100

Centromeric 
position

I 4.48 ±0.93 4.15±0.91 8.63±1.82 0.34 1.08 48.02 m
II 4.06±0.74 3.73±0.87 7.79±1.50 0.34 1.11 47.68 m
III 4.12±0.86 3.06±0.90 7.18±1.67 1.07 1.42 42.00 m
IV 3.92±0.68 3.18±0.62 7.10±1.22 0.73 1.24 44.78 m
V 3.77±0.76 3.02±0.48 6.78±1.19 0.75 1.25 44.62 m
VI 3.73±0.95 2.68±0.69 6.41±1.38 1.05 1.44 42.05 m
VII 3.54±0.62 2.64±0.77 6.18±1.22 0.90 1.41 42.22 m
VIII 3.56±0.64 2.58±0.54 6.13±0.98 0.98 1.41 42.04 m
IX 3.41±0.61 2.39±0.46 5.80±0.99 1.03 1.45 41.12 m
X 3.50±0.61 1.91±0.36 5.40±0.86 1.59 1.87 35.29 sm
XI 3.16±0.65 1.99±0.32 5.15±0.68 1.17 1.63 38.93 m
XII 2.83±0.36 1.97±0.42 4.79±0.69 0.86 1.48 40.79 m
XIII 2.62±0.46 1.55±0.38 4.17±0.61 1.07 1.77 37.14 sm

Table 4. Karyological analysis of Amorphophallus commutatus var. wayanadensis.

Chromosome 
pair

Length of  
long arm  

(l) μm

Length of  
short arm  

(s) μm

Total length 
μm c = l+s d = 1-s Arm ratio  

r = l/s

Centromeric 
index  

i = s/c×100

Centromeric 
position

I 4.02±0.44 3.71±0.34 7.73±0.77 0.31 1.08 48.06 m
II 3.68±0.44 3.12±0.42 6.80±0.78 0.56 1.19 45.84 m
III 3.38±0.32 2.90±0.38 6.28±0.68 0.48 1.17 46.14 m
IV 3.25±0.43 2.78±0.26 6.04±0.58 0.47 1.17 46.20 m
V 3.12±0.31 2.72±0.23 5.84±0.51 0.40 1.15 46.63 m
VI 2.97±0.30 2.57±0.31 5.54±0.58 0.40 1.16 46.34 m
VII 3.14±0.58 2.21±0.33 5.35±0.63 0.92 1.45 41.59 m
VIII 3.01±0.37 2.11±0.36 5.12±0.66 0.91 1.45 41.04 m
IX 2.96±0.56 2.03±0.22 4.99±0.64 0.92 1.46 41.09 m
X 2.99±0.38 1.78±0.32 4.78±0.49 1.21 1.73 37.33 sm
XI 2.75±0.36 1.75±0.21 4.50±0.40 1.00 1.60 38.96 m
XII 2.55±0.32 1.58±0.26 4.13±0.42 0.97 1.65 38.28 m
XIII 2.52±0.37 1.16±0.16 3.68±0.45 1.36 2.19 31.68 sm
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Discussion

The species analyzed here showed the base number x = 13, which is the most common base 
number for the genus Amorphophallus. Chauhan and Brandham (1985) in their study on 
chromosome and DNA variation in Amorphophallus has also reported x = 13 as the base number for 
the species of the section Conophallus, viz. A. bulbifer (2n = 39), A. commutatus (2n = 26), and A. 
muelleri (2n = 39). The present investigation reports somatic chromosome number 2n = 26 for all the 
three varieties (A. commutatus var. anmodensis, A. commutatus var. anshiensis and A. commutatus 
var. wayanadensis). This reveals that the three varieties do not differ in their chromosome numbers. 
However, they differ in some cytological parameters like chromosome length, TCL value etc.

Amorphophallus commutatus var. commutatus is very similar to A. commutatus var. anmodensis 
but differs only in verrucose spathe with silvery hairs as against non-silvery hairs in the latter variety. 
On the basis of chromosome morphology also, these two varieties seems to be closely related. The 

Fig. 1.   (a, d, g) Amorphophallus commutatus var. anmodensis a: spadix, d: mitotic metaphase, g: karyogram; 
(b, e, h) A. commutatus var. anshiensis b: spadix, e: mitotic metaphase, h: karyogram; (c, f, i) A. 
commutatus var. wayanadensis c: spadix, f: mitotic metaphase, i: karyogram. Scale bar = 5 μm.
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length of the longest and shortest pairs of chromosome for A. commutatus var. commutatus as 
reported by Chauhan and Brandham (1985) is 9.3 μm and 4.2 μm, respectively. This comes very near 
to the present values of the longest (9.4±1.91 μm) and the shortest (4.21±0.83 μm) chromosomes of 
A. commutatus var. anmodensis. Hence, both the varieties do not differ much in their cytology and 
form a varietal pair. Another varietal pair comprised Amorphophallus commutatus var. anshiensis 
and A. commutatus var. wayanadensis. These two varieties are morphologically very close to each 
other than each is to any other variety. They only differ in their spathe tube. In the former, the spathe 
tube is verrucose with white or pink rounded warts, while in the latter, the verrucose spathe tube 
has rounded bumps. In addition to being morphologically close, these varieties show similarity in 
their chromosome morphology. In Amorphophallus commutatus var. anshiensis the length of the 
longest and shortest pairs was 8.63±1.82 μm and 4.17±0.61 μm respectively, while A. commutatus 
var. wayanadensis had slightly lower values for the longest (7.73±0.77 μm) and the shortest 
chromosome pairs (3.68±0.45 μm). It can be concluded that varieties of Amorphophallus commutatus 
can be segregated in two varietal pairs. The first pair is formed by Amorphophallus commutatus 
var. commutatus and A. commutatus var. anmodensis, while A. commutatus var. anshiensis and A. 
commutatus var. wayanadensis form a second pair. The varietal status for all the taxa 
(Amorphophallus commutatus var. commutatus, A. commutatus var. anmodensis, A. commutatus var. 
anshiensis and A. commutatus var. wayanadensis) is justified and supported by karyomorphology.

Acknowledgments

Authors are thankful to Head, Department of Botany, Shivaji University, Kolhapur for 
providing laboratory facilities. Thanks are due to Dr. Sachin Anil Punekar, Agharkar Research 
Institute, Pune for providing necessary help in fieldwork. We are thankful to DBT (IPLS) for 
financial assistance.

References

Chauhan, K. P. S. and Brandham, P. E. 1985. Chromosome and DNA variation in Amorphophallus (Araceae). Kew Bull. 
40: 745–758.

Engler, A. 1911. Araceae–Lasioideae. In: Engler, A. (ed.). Das Pflanzenreich 48 (IV. 23 C). Wilhelm Engelmann, Leipzig. 
pp. 1–130.

Grob, G. B. J., Gravendeel, B., Eurlings, M. C. M. and Hetterscheid, W. L. A. 2002. Phlyogeny of the tribe Thomsonieae 
(Araceae) based on chloroplast, matK and trnL intron sequences. Syst. Bot. 27: 453–467.

Ittenbach, S. 1997. Revision der Afrikanischen Arten der Gattung Amorphophallus (Araceae). Thesis, Rheinischen 
Fridrich-Wilhelms-Universitat, Bonn.

Levan, A., Fredge K. and Sandberg, A. 1964. Nomenclature for centromeric positions on chromosomes. Hereditas 52: 
201–220.

Mayo, S. J., Bogner, J. and Boyce, P. C. 1997. The Genera of Araceae. Royal Botanic Gardens, Kew, Richmond. pp. 235–
239.

Punekar, A. and Lakshminarsimhan, P. 2011. Flora of Anshi National Park, Western Ghats Karnataka. Biospheres 
Publication, Pune. p. 514.

Sivadasan, M. and Jaleel, V. A. 2002. Two new varieties of Amorphophallus commutatus (Schott) Engl. (Araceae) from 
India. Rheedea 12: 159–168.

Stebbins, G. L. 1971. Chromosomal Evolution in Higher plants. Edward Arnold Ltd., London.
Van der Ham, R. W. J. M., Hettercheid, W. L. A. and Van Heuven, B. J. 1998. Noets on the genus Amorphophallus 

(Araceae)-8 pollen morphology of Amorphophallus and Pseudodracontium. Rev. Palaeobot. Palynol. 103: 95–142.



Accepted Manuscript

Title: Treatment of textile effluent in a developed phytoreactor
with immobilized bacterial augmentation and subsequent
toxicity studies on Etheostoma olmstedi fish

Author: Anuprita D. Watharkar Rahul V. Khandare
Pankajkumar R. Waghmare Ashwini D. Jagadale Sanjay P.
Govindwar Jyoti P. Jadhav

PII: S0304-3894(14)00840-1
DOI: http://dx.doi.org/doi:10.1016/j.jhazmat.2014.10.019
Reference: HAZMAT 16336

To appear in: Journal of Hazardous Materials

Received date: 18-8-2014
Revised date: 30-9-2014
Accepted date: 3-10-2014

Please cite this article as: A.D. Watharkar, R.V. Khandare, P.R.
Waghmare, A.D. Jagadale, S.P. Govindwar, J.P.J. <ce:inter-ref
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Research Highlights 

• A phytoreactor was developed and augmented with immobilized bacteria  

• This consortium showed enhanced treatment than the individual species 

• Oxido-reductases from P. crinitum and B. pumilus could decolorize the effluent 

• Characterization of effluent samples endorsed the efficacy of consortial strategy 

• Toxicity studies revealed the less toxic nature of the consortium treated effluent  
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Abstract 

A static hydroponic bioreactor using nursery grown plants of Pogonatherum crinitum along 

with immobilized Bacillus pumilus cells was developed for the treatment of textile 

wastewater. Independent reactors with plants and immobilized cells were also kept for 

performance and efficacy evaluation. The effluent samples characterized before and after 

their treatment showed that the plant-bacterial consortium reactor was found to be more 

efficient than those of individual plant and bacterium reactors. COD, BOD, ADMI, 

conductivity, turbidity, TDS and TSS of the textile effluent was found to be reduced by 78, 

70, 93, 4, 90, 13 and 70 % respectively within 12 d by the consortial set. HPTLC analysis 

revealed the transformation of the textile effluent to new products. The phytotoxicity study on 

Phaeseolus mungo and Sorghum vulgare seeds showed reduced toxicity of treated effluents. 

The animal toxicity study performed on Etheostoma olmstedi fishes showed the toxic nature 

of untreated effluent giving extreme stress to fishes leading to death. Histology of fish gills 

exposed to treated effluent was found to be less affected. The oxidative stress related 

enzymes like superoxide dismutase and catalase were found to show decreased activities and 

less lipid peroxidation in fishes exposed to treated effluent.  

 

Key words: Phytoremediation; Decolorization; Pogonatherum crinitum; Phytoreactor; 

Etheostoma olmstedi; Oxidative stress 
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1. Introduction 

Real textile effluents are a complex mixture of organic, inorganic, elemental, 

polymeric products, acids, base, salts, mordants, fasteners, and detergents predominated by a 

variety of dyes and coloring agents. The toxicity of dyes and textile effluents is becoming a 

major threat confronting the modern world as these xenobiotic compounds pollute our 

valuable water resources [1]. Presence of these dye stuffs in the water bodies decreases the 

penetration of sunlight which reduces the photosynthetic activity, dissolved oxygen 

concentration, water quality and depicts toxic effects on the aquatic flora and fauna [2]. The 

textile wastewaters containing mixture of dyes generally have high BOD, COD, TOC, 

suspended, and dissolved solids and other toxic chemical compounds. The colored 

wastewaters released by textile dye processors are not only difficult to treat but also very 

toxic to all biological forms including humans.  

Textile dyes have been proved to be highly toxic to crustaceans like Daphnia magna 

[3]. Some of the reactive dyes were found to show an increased rate of bladder cancer in dye 

manufacturing industry workers [4]. Textile paint chemical sprays have been reported to 

cause a pulmonary disease called ‘Ardystil syndrome’ to many sprayers leading to deaths in 

Spain and Algeria [5]. The complex structure of aminoazobenzene dyes and their derivatives 

are able to cause mutations leading to cancer [6]. The studies on Salmonella bacterium and 

human HepG2 cell line revealed the mutagenic nature of Disperse Blue 291 dye [7, 8]. 

Malachite Green dye and its metabolite leucomalachite green have also been reported as toxic 

and persistent in two human cell lines causing hypertrophy and vacuolization followed by 

necrosis and cirrhosis in hepatocytes of freshwater catfish, Heteropneustes fossilis [9]. The 

concentrated textile effluents have been found to significantly reduce the red blood cells 

count in Swiss albino rats [10]. These are just a few examples of toxicity of textile dyes and 
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many more are yet to be found out. Therefore, it becomes very essential to treat textile 

effluents before their release into the environmental sink.  

The modern methods like bio and phytoremediation for textile effluent treatment 

discourage the employment of physicochemical methods owing to their shortcomings like 

secondary pollution, cost and efficacies. In biological methods, the use of bacteria, fungi or 

other combinatorial systems are difficult to be monitored when in situ administration of the 

pollutant is concerned. Phytoremediation has immerged as a famous, cost effective and 

ecofriendly treatment method for the treatment of textile wastewaters. Common garden plants 

like Tagetes patula, Aster amellus, Glandullaria pulchella, Sesuvium portulacastrum and 

Petunia grandiflora were shown to have tremendous dye degradation potential [11-14]. The 

bacterial assisted phytoremediation as recently proposed as a more efficient process also have 

in situ applicability [15-17]. In this study, a static hydroponic phytoreactor was developed 

using Pogonatherum crinitum grass and augmented with immobilized Bacillus pumilus cells 

for enhancement of efficacy. The bacterium is a natural inhabitant of root zone and therefore 

can easily survive on exudates released by plants. After the treatment process, the toxicity 

and risk assessment of untreated and treated real textile effluent on Etheostoma olmstedi fish 

was performed. 

2. Materials and methods 

2.1. Chemicals, dyes and plant material 

2, 2’Azino-bis 3-ethylbenzothiazoline 6-sulfonic acid (ABTS) was obtained from 

Sigma Aldrich (St Louis, MO, USA). 2, 6-dichlorophenol indophenol sodium salt was 

obtained from Sisco Research Laboratories, India. Ethyl acetate, Toluene, Acetone, 

Methanol, hydrogen peroxide and sodium chloride were obtained from Qualigens Fine 

Chemicals, Mumbai, India. Lichrospher silica plate and N, N-dimethylformamide was 

purchased from Merck Pvt. Ltd. India.  
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P. crinitum was selected for this study after initial screening of many garden plants. 

The plant commonly known as bamboo grass is a rhizomatous, soft grass from Poaceae 

family. It is a perennial with tiny, clustered bamboo like stalks, covered with the sea green, 

slim leaf blades. This plant being a grass can vegetative propagates. Moreover, an immense 

and fibrous root system of the plant makes it an appropriate candidate for phytoremediation.  

2.2. Immobilization of Bacillus pumilus Strain PgJ cells 

The Bacillus pumilus Strain PgJ cells have been shown to posses’ siginificant dye 

degrading potential [19]. The bacterial culture was obtained in nutrient broth at 30 °C and 

was harvested at 24 h of growth. The cells were then homogenously mixed with 2 % sodium 

alginate solution and were added drop wise to 0.2 M CaCl2 solution. The formed beads 

(approximately each of 3 mm in diameter) were kept for 2 h in the same solution to acquire 

proper entrapment and bead shapes. The synthesized beads were stored at 4 °C till the 

experiment. 

2.3. Development of static hydroponic phytoreactor using Pogonatherum crinitum augmented 

with immobilized Bacillus pumilus Strain PgJ 

The hydroponic system was developed by using plastic crates (46.6 cm length, 29.4 cm 

width and 18.3 cm heights) which were filled with real textile effluent. P. crinitum plants 

were uprooted and the adhering soil was washed off. The plants were carefully placed in the 

holes made on a thermocol sheet (50 cm length, 32 cm width and 2.5 cm height); one plant 

was carefully placed in each hole. The light weighted thermocol sheet provided a soft 

substratum to all the plants and held them firmly without causing any mechanical injuries. 

For making the plants withstand in holes, each plant was supported by small thermocol pieces 

of 2.5 x 2.5 cm sizes on four of its sides. This assembly was then put on the plastic crate with 

effluent in such a manner that the roots were exposed to the effluent whereas the shoot 

system was above the crate. For experimental setup, four crates were kept viz. a) real textile 
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effluent b) 1 kg of immobilized Bacillus pumilus strain PgJ in real textile effluent c) Twelve  

plants of P. crinitum in real textile effluent d) Six plants of P. crinitum in consortium with 0.5 

kg immobilized Bacillus pumilus strain PgJ in real textile effluent (Fig. 1). Every bioreactor 

was provided with two outlets for sample collection. The wastewater was made to retain 

static in vicinity of roots of plants and immobilized bacterial cells. The volume of textile 

effluent was 25 litres in each crate at the beginning of the experiment. A 100 ml sample was 

collected from each reactor after every 24 h for measurement of ADMI values to monitor the 

extent of decolorization of effluent. After spectrophotometric ADMI measurement the 

collected samples were immediately returned back to the respective crates to maintain the 

standard volume. The experiment lasted for 12 days. The treated effluent samples were 

characterized before and after the treatment.   

2.4. Color removal and characterization of textile effluent samples by P. crinitum, 

immobilized B. pumilus and consortial reactors 

True color values were determined in case of textile effluent by using the American Dye 

Manufacturers’ Institute (ADMI 3WL; New York, USA) tristimulus filter method [14]. This 

textile effluent was allowed to treat with different phytoreactors independently. The ADMI 

values of textile effluent were measured throughout the experiment at an interval of 24 h. The 

ADMI removal ratio was calculated based on initial and final ADMI as: 

                                      Initial ADMI – Final ADMI 

Decolorization % =   ---------------------------------------   x 100 

                                                 Initial ADMI  

The BOD, COD of untreated and treated effluent solutions by different bioreactors 

were determined by using standard procedures [18].  
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Conductivity of the samples was determined using (EQUIP TRONICS: Model No. EQ-

660A) Conductivity meter. While, the samples were taken in the nephelometer tube one by 

one and the scale reading was noted [18]. The turbidity of the solution was calculated as: 

Turbidity (NTU) = Nephelometer reading × 4  

2.5.  Preparation of cell free extract and enzyme assay 

The cell free extracts of the enzymes were prepared by using earlier reported method by 

Watharkar et al.  [19]. Protein content of all the samples was calculated by Lowry’s method 

[20].  

All enzyme assays for test samples and biotic control samples were performed in 

triplicate set at 30oC with reference blanks that contained all components excluding the 

enzyme. Lignin peroxidase activity was estimated by monitoring the formation of 

propanaldehyde at 300 nm [21]. Tyrosinase activity was calculated at 495 nm by observing 

the formation of catechol quinone in a reaction mixture [22]. Veratryl alcohol oxidase was 

the substrate to determine veratryl alcohol oxidase activity as per an earlier report [23]. 

Riboflavin reductase assay was performed as per the report of Kurade et al. [24]. Laccase 

activity in a reaction mixture of 2 mL containing 10% ABTS was monitored at 420 nm [17]. 

DCIP reductase activity was estimated by the reduction of DCIP at 620 nm [25]. 

2.6.  Extraction and detection of biotransformation metabolites of textile effluent  

The extraction and sample preparation of the textile effluent and its metabolites was 

carried out as per the earlier reports of Watharkar et al. [19, 26]. 

During treatment of real textile effluent by static hydroponic bioreactor, 2 µL sample of 

untreated and treated samples by Pogonatherum crinitum, Bacillus pumilus and their 

consortium were loaded on pre-coated fluorescent HPTLC blue plate (5×10 cm) as bands by 

TLC sample loading machines. HPTLC was performed as per the report of Kurade et al. [24] 

and the plate was run on solvent system of methanol: Toluene: Ethyl acetate (8: 2: 2 v/v). 
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After development scanning was performed in the absorbance mode with slit dimension of 

5×0.45 mm, scanning distance 5–85 mm, at 254 nm using deuterium lamp by using TLC 

scanner. The results were analyzed by using HPTLC Win CATS 1.4.4.6337 software 

developed by CAMAG Muttenz⁄Switzerland. 

2.7. Toxicity studies 

2.7.1.  Phytotoxicity 

The phytotoxicity study was carried out using Sorghum vulgare and Phaseolus mungo 

seeds at room temperature by watering 5 mL of untreated and treated effluent solutions. 

Control sets were kept using distilled water and the sets were watered with 5 mL solution 

daily. Length of shoots and roots were measured after 7 d and germination % was calculated. 

2.7.2. Histological and oxidative stress studies on tessellated darter fish  

Living darter fish (E. olmstedi) were purchased from local fish market of Kolhapur, 

India and were kept in declorinated tap water for acclimatization purpose for a week prior to 

toxicity studies. The fresh weight of the model fish was approximately 0.5 g and length was 4 

cm. Tessellated darter fishes were exposed to untreated and treated effluent independently, 

and after 48 h of exposure, gills biopsies of fishes from every bioreactor were collected and 

stained using hematoxylin, eosin and Masson’s trichrome techniques to obtain micrographs 

and results were analyzed [27].   

The oxidative stress studies on tessellated darter fish were performed after 48 h 

exposure to tap water, untreated and treated effluent independently, and status of 

antioxidative enzymes was estimated. Samples (5 L) of tap water, untreated effluent, treated 

effluent by B. pumillus, P. crinitum and consortial systems were taken separately in five 

different containers and ten fishes were exposed to each sample, independently. Superoxide 
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dismutase, catalase and lipid peroxidation (LPO) assays were performed using whole fishes 

except fins as per the earlier reported method [28].  

2.8.  Statistical analysis 

Data was analyzed by one-way analysis of variance (ANOVA) and Tukey-Kramer 

Multiple Comparison Test. 

3. Results and discussions 

3.1.  Analysis of color removal and characterization in case of mixture of dyes  

The consortium hydroponic system showed an enhanced reduction of BOD and COD 

and ADMI of textile effluent than those of hydroponic systems with individual species 

demonstrating its capability as a phytotechnology tool. The plant bacterial systems have 

earlier been shown to have greater efficacy when compared to their individual reactors [16, 

17]. In this study, P. crinitum exhibited the potential to treat and remove a number of dyes 

from dye solution and wastewater. This ornamental sturdy grass also adds aesthetical values 

to the system. It also has greater biomass and therefore can be a good candidate plant for 

phytoremediation strategies. 

COD, BOD, ADMI, conductivity, turbidity, TDS and TSS of the textile effluent was 

found to be notably decreased in case of effluent treated with plant-bacterium consortium by 

78, 70, 93, 4, 90, 13 and 70 % respectively within 12 d. Effluent treated by B. pumilus 

showed 42, 31, 66, 0.34, 14, 9 and 36 % reductions, respectively. While effluent treated by 

individual P. crinitum plants gave 59, 54, 74, 0.60, 44, 11 and 7 % respective reductions after 

12 d (Table 1).  Immobilized bacteria can also be used to increase the efficacy of earlier 

reported phyto-tunnel [8] like systems and can be employed for treatment of real textile 

effluents. The bacterial assisted phytoremediation has earlier been shown in vitro but this 

study provides a pilot scale demonstration by using immobilized bacterial cells. A pilot scale 
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vertical flow constructed wetland having Phragmites australis plants was found to reduce the 

COD of Acid Orange dye solution at a concentration of 100 mg L-1 up to 90 and 76 % with 

and without aeration respectively with in 6 d [29]. In another study, a phyto-tunnel reactor 

developed by using plants of Portulaca grandiflora was also found to decrease the COD, 

BOD and TOC of a real textile effluent up to 57, 57 and 45 % within 96 h [1]. These studies 

show, varying efficiencies of the reactors and the plants based on their enzymatic 

involvements, plants used and other factors like hydraulics and pollutant loads. In the earlier 

proposed subsurface flow reactors [16, 17] the bacterial cells were shown to be directly added 

to soil which could also provide substrates for the growth of pathogenic microbes. Therefore, 

entrapped and immobilized cells were used in this study. The treatment time taken by 

proposed reactor might seem longer but was found to be efficacious.  

3.2. Enzymatic analysis 

 It has been proved earlier that enhanced phytoremediation of real textile effluent can 

be achieved by plant-bacterium synergistic strategies as different set of enzymatic 

machineries from plant and bacteria work together in consortial systems [16, 17]. P. crinitum 

also showed significant induction in enzymes activities of riboflavin reductase (4005%), 

tyrosinase (647 %) while enzymes like laccase (197 %), DCIP reductase (147 %), veratryl 

alcohol oxidase (99 %) and lignin peroxidase (71 %) were induced moderately indicating 

their possible role in the degradation of textile effluent. Whereas, B. pumilus exhibited 

notable induction in tyrosinase (526 %) and laccase (413 %) along with other enzymes like 

DCIP reductase (240 %), lignin peroxidase (184 %), veratryl alcohol oxidase (171 %) and 

riboflavin reductase (131 %). Interestingly, bacterium showed induction in the azo reductase 

(51 %) activity which was not exhibited by the plant (Table 2). The in vitro plant-bacterial 

consortial studies on Zinnia angustifolia-Exiguobacterium aesturii [15], Glandullaria 

pulchella-Pseudomonas monteilii and Portulaca grandiflora-Pseudomonas putida [30] have 
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revealed an enhanced performance of dye decolorization because of the synergistic action of 

enzymes from plants and bacteria. A similar consortial strategy was employed in this work 

and enhanced biodegradation of the effluent was achieved.  

3.3. Analysis of the metabolites 

HPTLC plate image at 254 nm (Fig. 2A) shows the pattern of degradation. The 

chromatic groups of dye stuff in effluent were removed and effluent was biodegraded into 

different metabolites. The HPTLC profile at 254 nm (Fig. 2B) shows change in Rf value of 

the real textile effluent after treatment. The untreated dye effluent (Lane d) shows four 

different peaks at Rf value of 0.27, 0.51, 0.57 and 0.83 with an absorbance of 11.5, 108.4, 

469.7 and 235.6 AU. After treatment with B. pumilus entrapped beads of alginate (lane a), 

these band/peak disappeared and new bands with different Rf values (0.55, 0.62, 0.71 and 

0.83) with absorbance of 38.8, 182.5, 39.3, 119 AU, were respectively obtained revealing that 

some of the dyes still remained untreated. The treated effluent by plants’ reactor (Lane b), 

showed four different bands at the Rf of 0.53, 0.56, 0.63 and 0.83 with an absorbance of 27.2, 

28.7, 158.4 and 180.6 AU, respectively. While, the plant-bacterial consortium (lane c) proved 

to be the best in the treatment and the treated effluent showed the presence at four different 

bands at the Rf of 0.54, 0.64, 0.72 and 0.83, respectively with an absorbance of 23.1, 95.30, 

14.2 and 133.5 AU revealing the highest removal of dyes from the effluent. During the 

treatment of textile effluent, intermediate compounds of dyes formed after the plants 

enzymatic action often behave as redox mediators for the other enzymes from bacteria or vice 

versa resulting in to rapid substrate utilization [24, 26]. The dyes in mixtures and effluents 

were found to undergo preferential degradation by Aster amellus and Glandularia pulchella 

plants under similar conditions [31]. HPTLC analyses of simulated dye mixtures have earlier 

revealed the disappearances and/or transformations of parent dyes to different metabolites by 

plants as well as bacteria [1, 16, 17, 24]. HPTLC results in this study, endorse that the 
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treatment of effluent by consortial system was more efficient than those of individual plant 

and microbial hydroponic reactors.  

3.4. Toxicity analysis 

3.4.1. Phytotoxicity 

 The complex and concentrated untreated effluent showed inhibitory effects on shoot 

and root lengths when compared to treated effluent with plant-bacterium consortium 

hydroponic system. Untreated effluent showed 30 and 40 % germination of S. vulgare and P. 

mungo respectively whereas treated effluent by hydroponic bioreactor with plant-bacterium 

consortium showed highest 90 and 100 % germination of S. vulgare and P. mungo 

respectively (Table 3). The lengths of the radicles and plumules were also found to be 

reduced for plantlets grown in the real textile effluent unlike to those cultivated in distilled 

water and treated effluent. This indicates the toxic influence of the real effluent and the 

reduced toxicity of the metabolites. 

3.4.2. Histological study and oxidative stress studies on tessellated darter fish of Etheostoma 

olmstedi (tessellated darter fish)  

All the fishes exposed to real textile effluent were found dead within 48 h of effluent 

exposure, while those in the tap water, and treated effluent samples could easily 

survive. This observation revealed the toxic nature of untreated textile effluent. 

Histology study was carried out to investigate the reason behind fish death. A gill is 

the vital organ which regulates respiration and osmoregulation in fish. It actually 

comes in contact with water and hence it was selected for histology study. Severe 

destruction and versatile damage patterns in gills were observed in fish exposed to 

untreated effluent while compared to those in tap water. While fishes exposed to 

treated effluent exhibited less extent of damage patterns than that of fish in untreated 

effluent (Fig. 3). The gills of the fishes in tap water were found to show normal 
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histology (Fig. 3a) while fish gills exposed to untreated and treated effluent revealed 

various of damage patterns such as hyperplasia with severe fusion of the lamellae (Fig. 

3b) due to chemical or physical irritation. Hyperplasia generally affects gaseous 

exchange and respiration leading to suffocation of fish. Hypertrophy evident by loss of 

the normal structure of the gills, and gill filaments were found to have inflammation 

showing abnormal size of the epithelial cells (Fig. 3c). Fig.3d shows hypertrophy in 

gills filaments with fusion and bloody cephalic cells formation at head of the filament. 

Hemorrhage due to broken capillaries within gill filaments with desquamation 

(detachment of the epithelium in tissue) of lamella leading to vasocongestion was 

found to occur in the gills along with bloody cephalic cells formation (Fig. 3e) while 

Fig. 3f is exhibiting the normal gill lamellae endorsing the very less toxic nature of 

consortial treated effluent.  The gills may become vulnerable to bacterial and fungal 

disease as a result of poor water quality, stress or parasites finally leading to death. 

Bernet et al. have monitored the histological alterations in fish Salmo trutta due to 

wastewater showing a number of alterations and destructions in native shape [32].  

Darter fishes have the potential to defend reactive oxygen species (ROS) by 

synthesizing different types of antioxidative enzymes like SOD and CAT. ROS are free 

radicals that are atoms or groups of atoms having at least one unpaired electron such as 

superoxide anion O2 and hydroxyl radical (OH---) [28]. Significant inductions in antioxidant 

enzymes activities in fishes exposed to untreated real effluent were such as SOD (368 %), 

CAT (1112 %), LPO (1266 %), when compared with fishes in tap water (Table 4). Fishes 

from consortium reactor exhibited less toxic nature of the treated effluent with very less 

induction in antioxidant enzymes such as SOD (5 %), CAT (465 %) and LPO (509 %). While 

fishes from independent plant and bacterium reactors showed considerable inductions in the 

activities of SOD, CAT and LPO showing 9, 794, 980 %, and 33, 1043, and 1088 % 
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respectively. The untreated textile effluent affected the antioxidant defense and caused 

elevated lipid peroxidation in fishes exposed to it than those exposed to treated effluent. The 

elevated CAT activities in the darter fish in effluent may be in response to degrade and 

detoxify H2O2 which is produced by SOD activity.  

Conclusions 

A phytoreactor using the plants of P. crinitum was developed for the degradation of real 

textile effluents and its efficacy was enhanced successfully by augmentation with 

immobilized B. pumilus cells. The consortial system was found to be more efficient when 

compared to individual reactors of plants and bacteria. Synergistically, the plant-bacterial 

system could decrease the COD and BOD to harmless levels. The treated effluent was found 

to show nontoxic effects on the seed germination of P. mungo and S. vulgare. The animal 

toxicity tests on tessellated darter fish also revealed the less toxic nature of the treated 

effluent.  
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Figure captions: 

Fig. 1 Schematic presentation of the developed phytoreactor with immobilized Bacillus 

pumilus strain PgJ augmentation, [B] Fibrous and dense roots of P. crinitum and [C] 

samples from different reactors viz. I) untreated effluent and treated effluent in 

reactors with II) bacteria, III) plants and IV) consortium 

Fig. 2 [A] HPTLC profile of untreated real textile effluent and treated sample at 12 d 

showing biotransformation at 254 nm and [B] 3-D graph of treated sample by a) 

Bacillus pumilus strain PgJ b) P. grandiflora, c) Plant-bacterium consortium and d) 

untreated real textile effluent after scanning at 254 nm 

Fig. 3 Representative micrographs of histological sections of tessellated darter gills after 48 h 

exposure to water (a) normal gills structure, real textile effluent to observe damage 

patterns viz. (b) hyperplasia of the epithelial cells with the severe fusion of the 

lamellae, (c) hypertrophy of epithelium of the gill, (d) hypertrophy in gill filaments 

with fusion of filaments and bloody cephalic cells formation at head of filament, (e) 

hemorrhage between gill filaments with desquamation of lamella and bloody cephalic 

cells  formation at head of filament and consortially treated sample (f) showing normal 

gill lamellae endorsing the less toxic nature of effluents after treatment. 
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Table 1. Characterization of textile effluent before and after treatment by independent 

reactors with, immobilized bacterial cells, plants and their consortium. 

 

 

 

 

Parameter Real textile 

Effluent 

Treated 

effluent by  B. 

pumilus Strain 

PgJ 

Treated 

effluent by  

P. crinitum 

Treated effluent 

by  

Plant+Bacterium 

consortium 

COD (mg L-1) 1090 630 445 240 

BOD (mg L-1) 141 97 65 42 

ADMI value 2423 829 626 169 

Conductivity  

(µS cm-1) 

1152 1148 1145 1104 

Turbidity (NTU) 13.5 11.6 7.6 1.3 

TDS (mg L-1) 0.765 0.693 0.685 0.667 

TSS (mg L-1) 1004 640 930 300 
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Table 2. Enzyme activities in the roots of Pogonatherum crinitum and in Bacillus pumilus 

Strain PgJ at 0 d and 12 d of effluent exposure. 

Pogonatherum crinitum Bacillus pumilus strain PgJ Enzymes  

0th  day 12th day 0th  day 12th day 

Lignin Peroxidasea  3.90± 0.1 6.70± 0.3* 0.192± 0.01 0.540± 0.04** 

Tyrosinase a  4.91± 0.5 36.71± 0.7*** 259.72± 65.12 1628.2± 184.4*** 

VAO a 2.47± 0.4 4.91± 0.32* 0.287± 0.03 0.762± 0.05** 

Laccasea  3.66± 0.02 10.87± 0.3** 0.82± 0.06 4.21± 0.5*** 

DCIP reductaseb  1004.6± 84.6 2473± 164.1** 121.72± 33.42 415.45± 79.32** 

Azo reductase c NA NA 43.47± 7.53 65.21± 19.84* 

Riboflavin reductase d 1.90± 0.01 78.23± 29.4*** 29.54± 4.28 67.13± 23.17* 

 

Values are a mean of three experiments ± SEM. Significantly different from control (0day) at 

***P< 0.001, **P< 0.01 and * P< 0.05 by one-way ANOVA with Tukey Kramer comparison 

test. aActivity in units min-1 mg-1, bµg of DCIP reduced min-1 mg protein-1, cµg of Azo dye 

reduced min-1 mg protein-1 , dµg of Riboflavin reduced min-1 mg protein-1,  and NA: No 

activity . 
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Table 3. Phytotoxicity studies of untreated and treated effluent by treatment by independent reactors with, immobilized bacterial cells, plants 

and their consortium. 

Sorghum vulgare Phaseolus mungo Parameters  

A B C D E A B C D E 

Germination (%) 100 30 60 50 90 100 40 70 70 100 

Plumule (cm) 8.40± 

0.2 

3.24± 

0.07** 

5.92± 

0.61$ 

4.32± 

0.24$ 

7.62± 

0.02$$ 

14.45± 

0.32 

4.80± 

0.06*** 

8.17± 

0.05$ 

6.29± 

0.02$ 

12.2± 

0.01$$$ 

Radicle (cm) 5.73± 

0.12 

1.68± 

0.04*** 

3.52± 

0.05$ 

2.89± 

0.08$ 

4.38± 

0.06$$$ 

6.20± 

0.16 

2.30± 

0.04** 

4.38± 

0.12$ 

3.67± 

0.04$ 

5.18± 

0.02$ 

 

A) Water (B) untreated effluent (C) treated effluent by Pogonatherum crinitum (D) treated effluent by Bacillus pumilus Strain PgJ (E) treated 

effluent by plant-bacterium consortium. Values are a mean of three experiments ± SEM. Root and shoot lengths of plants grown in untreated 

effluent are significantly different from that of plants grown in distilled water by *P < 0.1, **P < 0.01, *** P < 0.001. Root and shoot lengths of 

plants grown in the extracted metabolites of treated effluent are also significantly different from that of plants grown in untreated effluent 

samples by $P<0.1,$$P<0.01,$$$P<0.001.
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Table 4.  Effect of untreated and treated real textile effluent on antioxidative enzymes in 
Etheostoma olmstedi (tessellated darter fish) after 24 h 

Etheostoma olmstedi (tessellated darter fish) exposed to Toxicity  studies 

Tap water 

(control) 

Untreated 

textile 

effluent 

Treated 

effluent with 

B. pumilus   

Treated 

effluent with 

P. crinitum 

Treated 

effluent 

with  

consortium 

aSOD activity  5.52± 0.34 25.88± 6.56* 7.32± 2.1$ 6.03± 0.8$ 5.82± 0.03$$ 

bCAT activity  17.32± 2.2 210± 57.3** 198± 42.7$ 155± 18.4$ 98± 9.2$$ 

cLipid peroxidation  2.24± 0.01 30.6± 8.8* 26.6± 5.5$ 24.2± 4.9$ 13.66± 2.2$$ 

 

The values are means of three experiments, and SEM (±) calculated by one-way analysis of 

variance (ANOVA) test with the Tukey–Kramer multiple comparison tests. SOD, CAT, LPO 

activity status of fish in untreated effluent are significantly different from that of in tap water by 

*P<0.01 and ** P<0.001. SOD, CAT, LPO activity status of fish in the treated effluent are also 

significantly different from that of in untreated effluent samples by $P<0.1 and $$P<0.01. 

 

a50 % inhibition of the NBT photoreduction rate (U mg−1 protein) 

bnmol of H2O2 utilized  (U mg−1 protein) 

cnmol MDA min−1 mL−1 homogenate 
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Abstract Penicillium ochrochloron MTCC 517 is a potent producer of chitinolytic enzymes. Novo-

zyme 234, traditional enzyme cocktail for protoplast generation is not available in the market. So,

new enzyme cocktail is prepared for protoplast formation from various filamentous fungi which

consists of 5 mg ml�1 lysing enzymes from Trichoderma harzianum, 0.06 mg ml�1 b-glucuronidase
from Helix pomatia and 1 mg ml�1 P. ochrochloron chitinase. The greatest number of protoplasts

could be produced from most of the fungi in 0.8 M sorbitol and by incubation for about 2 h at

37 �C, but the number was decreased by incubation for more than 3 h. About twice as many pro-

toplasts were produced from different species of fungi by involvement of P. ochrochloron chitinase

than with combined commercial enzymes.
ª 2014 The Authors. Production and hosting by Elsevier B.V. on behalf of King Saud University. This is an

open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).

1. Introduction

Fungal protoplasts have recently become an effective experi-
mental tool and an important technique with an increasing

number of applications in pure and applied biological research

(Peberdy and Ferenczy, 1985). Strain improvement pro-
grammes facilitate the production of potential strains with
desirable properties by protoplast fusion of industrially impor-

tant fungi. Fusion and transformation systems depend on the
yield and speed of protoplast formation (Hamlyn et al., 1981).

In recent years, efforts are taken by researchers for improv-

ing the methods for protoplast formation from mycelial cells
for fungal genetic study. For every fungus, concentration of
enzymes and osmotic stabilizers must be estimated properly

in order to obtain maximum yield of protoplasts without
affecting their viability. The efficient transfer of genetic mate-
rial is based on the formation of stable and viable protoplasts
(Xuanwei et al., 2008). Various treatments for protoplast
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preparation have been developed by the use of combinations
of commercial enzymes.

Furthermore, most of these studies used Novozyme 234;

however, this enzymatic complex is not commercially avail-
able. Henceforth, the present study is undertaken to investigate
new enzyme cocktail for production and regeneration of pro-

toplasts from different filamentous fungi. Various conditions
were optimized along with the effect of various enzyme con-
centrations and osmotic stabilizers to enhance protoplast yield.

2. Materials and methods

2.1. Microorganisms

Penicillium ochrochloron MTCC 517 was obtained from

MTCC, Chandigarh, India. The deuteromycotina strains;
Aspergillus sojae NCIM 1198, Trichoderma harzianum NCIM
1185, Aspergillus oryzae NCIM 1272, Rhizopus oligosporus
NCIM 1215 and Neurospora crassa NCIM 870 belonging to

ascomycotina were procured from NCIM, Pune.

2.2. Chemicals and enzymes

The cell-wall-lytic enzyme, chitinase from P. ochrochloron used
for the study was purified in author’s laboratory (Patil et al.,
2013). Elaborately, acetone precipitation of a culture filtrate

of P. ochrochloron MTCC 517 followed by dialysis and
DEAE–cellulose ion exchange chromatography. Other
enzymes used were lysing enzymes from T. harzianum and b-
glucuronidase from Helix pomatia (Sigma, St. Louis, MO).
Other chemicals used were of highest purity and analytical
grade.

2.3. Protoplast formation

Protoplast formation was carried out according to the method
of Yutaka et al. (1988) with slight modifications. The spore sus-

pensions from different species of fungi have been inoculated
into 100 ml medium containing 20% potato infusion and 2%
dextrose having pH 6.0. The flasks were incubated on a rotary

shaker at 120 rpm for 24–72 h at 30 �C. After incubation, myce-
lia were harvested by filtration through cheese cloth and col-
lected by centrifugation at 1000 · g for 15 min and washed

twice with distilled water. Protoplasting was performed using
50 mg wet mycelia in 1.0 ml of 25 mM sodium phosphate buf-
fer, pH 7.0. Enzyme preparation of P. ochrochloron was added
at different concentrations and with different osmotic stabiliz-

ers (0.8 M) such as mannitol, sorbitol, KCl and sucrose; after
that mycelium suspensions were incubated at 37 �C on a rotary
shaker (120 rpm). Commercial lytic enzymes from T. harzianum

and b-glucuronidase from H. pomatia were also tested alone
and in combination with P. ochrochloron chitinase for their
capability of releasing protoplasts from different fungi.

Protoplast yield (protoplasts ml�1) was determined by using a
Neubauer haemocytometer (Marienfeld).

2.4. Protoplast regeneration

The crude protoplast suspension was filtered through a
glass funnel and centrifuged at 1000 · g for 5 min. 100 ll of

protoplast suspension was spread on the regeneration medium
containing 0.1% peptone, 0.1% KH2PO4, 0.03% MgSO4. 7
H2O, 0.05% yeast extract and 0.8 M sucrose and incubated at

25 �C. The incubated plate was observed for mycelia develop-
ment and spore formation. Regeneration frequency of protop-
lasts has been calculated as the ratio of number of protoplasts

regenerated to the number of protoplasts plated in the regener-
ation medium. Regeneration in liquid phase was checked by
suspending aliquots of protoplasts in the regeneration medium

and observed under microscope at different intervals.

3. Results and discussion

3.1. Protoplast formation from various fungi

P. ochrochloron enzyme possesses immense potential to digest
the cell wall of various fungi and production of large number
of protoplasts. Among the fungi tested, the highest production
of protoplasts has been obtained fromN. crassa species of asco-

mycotina. The yield of fungi belonging to zygomycotina and
deuteromycotina varied depending on species which is probably
due to variability in the degree of digestibility in the cell walls of

mycelia. In addition digestibility was varied among fungal spe-
cies belonging to same subdivision (Yutaka et al., 1988). Cell
wall ofN. crassa, A. sojae and A. oryzae was easily digested fol-

lowed by R. oligosporus and T. harzianum.

3.2. Effect of osmotic stabilizers

Protoplasts were released from various fungi using lytic
enzyme preparation from P. ochrochloron. Protoplasting has
been performed as mentioned earlier in 0.8 M sorbitol and
enzyme preparation was added to a final concentration of

1.0 mg ml�1. Osmotic stabilizers are one of the important
parameters for release and high yield of protoplasts. They sup-
port the protoplasts from being lysed. Besides sorbitol, various

other osmotic stabilizers were tested, all at 0.8 M concentra-
tion. In sorbitol, good results of protoplast formation were
observed as compared to mannitol, sucrose and KCl (Fig. 1).

Several other osmotic stabilizers like sucrose (Kim et al.,
2000), magnesium sulphate (Gupta et al., 1997) and mannitol
(Wakabayashi et al., 1985) had been successfully used for max-
imum protoplast yield in fungi.

3.3. Effect of incubation time

The maximum yields of protoplasts were reached after 2 h

incubation, but the number decreased above 3 h due to burst-
ing and prolonged incubation caused lysis of protoplasts. Pro-
toplasts released after 1 h of incubation from partially digested

mycelia and large size protoplasts have been obtained after 2 h
of incubation (Fig. 1). These results seem to be in accord with
preparations of cell-wall-lytic enzymes from T. harzianum

(Yutaka et al., 1988) and Trichoderma koningii UC174 (Liu
and Zhu, 2000).

3.4. Effect of enzyme concentration

During incubation with P. ochrochloron chitinase at concentra-

tions of 0.25–2.0 mg ml�1, discrepancies in the yield of proto-
plast formation were observed (data not shown). The initial
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rate of protoplast formation and the yields of protoplasts from
various fungi were increased by the addition of an increasing
concentration of the enzyme, but were not improved over
1.0 mg ml�1 which is probably due to high concentrations

resulting in the lysis of protoplasts soon after their appearance.
Effectiveness of commercial preparations of lytic enzymes

in releasing protoplasts from fungi was investigated. Lytic

enzyme mixture from T. harzianum and b-glucuronidase from
H. pomatia gave good yields of protoplasts from various fungi.
Nevertheless, the yield of protoplasts obtained with the P.

ochrochloron enzyme when used in combination with the above
mentioned commercial enzymes was about 2 times than alone
commercial enzymes (Table 1). Enzyme cocktail containing

5 mg ml�1 lysing enzymes from T. harzianum, 0.06 mg ml�1

b-glucuronidase from H. pomatia and 1 mg ml�1 P. ochrochlo-
ron chitinase has been used in the present study for generation
of protoplasts from various fungi.

Chitin and b-glucan are the major components of fungal
cell wall and chitinases and b-1,3glucanase have been known
to lyse the fungal cell wall. P. ochrochloron MTCC 517 has
been reported earlier for b-1,3glucanase (Jadhav et al., 2006)

and chitinase activity (Patil et al., 2013). The addition of chiti-
nase to the lytic enzyme systems is not uncommon and has
been shown to be necessary for hydrolysis of the cell walls of

many organisms (Skujins et al., 1965; Liu and Zhu, 2000).
Bekker et al. (2009) reported that the cocktail consists of lysing
enzymes from T. harzianum, chitinase from Streptomyces gris-

eus and b-glucuronidase from H. pomatia for production of
protoplasts from Aspergillus niger. Considering the chitinase
activity of S. griseus (0.15 U ml�1) used in above enzyme cock-

tail is significantly lower than P. ochrochloron (61 U ml�1). In
this aspect, use of P. ochrochloron chitinase in combination
with commercial enzymes would be superior in generation of
protoplasts from various fungi.

Figure 1 (A) Parent hyphae. (B) Arrow indicated digested mycelia. (C) Release of protoplasts from mycelia. (D) Protoplasts (400·
magnification).

Table 1 Comparison of production of protoplasts using commercial enzyme and in combination with P. ochrochloron chitinase.

Fungal strain Lysing enzymes from

Trichoderma harzianum+

b-glucuronidase from Helix pomatia

Lysing enzymes from Trichoderma

harzianum +b-glucuronidase
from Helix pomatia+ 1 mg ml�1

P. ochrochloron chitinase

Neurospora crassa NCIM 870 0.7 · 108 2 · 108

Aspergillus sojae NCIM 1198 4.3 · 106 7.8 · 107

Aspergillus oryzae NCIM 1212 3.6 · 106 5.2 · 107

Rhizopus oligosporus NCIM 1215 0.2 · 105 2 · 106

Trichoderma harzianum NCIM 1185 8.0 · 105 1 · 106
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3.5. Regeneration of protoplasts

The higher frequency of regeneration from fungal protoplasts
is not only the foundation of fungi genetic manipulation and
improvement but also a good experimental system for the
study of gene expression and molecular studies (Xuanwei

et al., 2008). Successful reversion and regeneration of protop-
lasts to normal mycelia are important. The regeneration of
protoplasts was observed in terms of morphological changes

detected after 2 h. The protoplasts put forth bud like struc-
tures, which developed into germ tubes. These germ tubes later
formed hyphal cells (Fig. 2) Lalithakumari (2000) reported

similar patterns of hyphal regeneration (including a third type
of a germ tube like hypha germinating from the protoplasts) in
several filamentous fungi.

Among the different osmotic stabilizers used in the regener-

ation medium, regeneration frequency has been observed bet-
ter with sucrose and it was found to be maximum for A. oryzae
(Table 2). Protoplast regeneration provides a relative measure

of the effects of enzyme treatment on cell viability. Protoplasts
that lack the ability to regenerate presumably either lack nuclei
or were damaged at some point during or after the enzyme

treatment (Rui, 1993).

4. Conclusion

The present study provides major finding purified chitinase
from P. ochrochloron MTCC 517 having tremendous activity
suitable for digestion of cell wall and protoplast formation

from various fungi. P. ochrochloron chitinase can be used in
enzyme cocktail in combination with commercial enzyme to
obtain obstacle yield of protoplasts. It also provides intuition
into conditions that control the formation and regeneration

of protoplasts. Considering yield and regeneration capacity
of protoplasts different fungal strains would definitely provide
basis for protoplast fusion and strain improvement studies.
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Abstract: The aim of the present study was to investigate the textile effluent degrading potential of an isolated bacterial
consortium PMB11. The consortium had the capacity to decolourize various textile dyes and textile effluent. Ninety-
one percent textile effluent decolourization was observed within 120 hours. The physiochemical characterization of textile
effluent indicates reduction in the total hardness (CaCO3), fluorides, chlorides, sulphate, chemical oxygen demand, and
biochemical oxygen demand of textile effluent after treatment with consortium PMB11. Induction in the activities of NADH-
dichlorophenolindophenol reductase, azoreductase, and aminopyrine N-demethylase was observed after decolourization,
which indicates involvement of these enzymes in the decolourization and degradation process. The biodegradation of dyes
from effluent was confirmed using various analytical techniques, such as UV-Vis spectroscopy, Fourier transform infrared
spectroscopy, gas chromatography – mass spectroscopy, and HPLC. A phytotoxicity study was performed to confirm the
less toxic nature of the degradation metabolites than the effluent.

Key words: textile effluent; decolourization; biodegradation; azoreductase; phytotoxicity.

Abbreviations: BOD, biochemical oxygen demand; COD, chemical oxygen demand; DCIP, dichlorophenolindophenol;
FTIR, Fourier transform infrared spectroscopy; GC-MS, gas chromatography – mass spectroscopy, NADH, nicotinamide
adenine dinucleotide reduced disodium salt; TDS, total dissolved solids; TSS, total suspended solids.

Introduction

The world’s ever-increasing population and its progres-
sive adoption of an industrial-based lifestyle have led
to an obvious increased anthropogenic impact on the
biosphere. During textile production, hazardous com-
pounds are released at the various stages of operation
in an effort to improve human standards of living and
fashion. Their unplanned infringement into the environ-
ment is a great paradox, and it can reverse the stan-
dards of living by negative impact on the environment
(Asamudo et al. 2005).
About 3,000 azo dyes are used in various indus-

tries, such as paper, food, cosmetics, and pharmaceuti-
cals (Pan et al. 2012). Over 7 × 105 metric tons are pro-
duced annually worldwide (Ali 2010). The textile indus-
try has led to increased volumes of textile wastewater,
which causes environmental problems. Textile wastewa-
ter is a complex mixture of several polluting substances,
including heavy metals, bleaching agents, fibres, and

various types of dyes and dyestuffs (Correia et al. 1994).
It can percolate and pollute underground water; pollu-
tants cannot be restricted within specific boundaries
where they are discharged (Asamudo et al. 2005). This
alters the pH, increases the biochemical oxygen demand
(BOD) and chemical oxygen demand (COD), and gives
rivers intense colourations (Olukanni et al. 2006).
Dyes of different structures are often used in the

textile processing industry, and therefore, the effluents
from the industry are markedly variable in composi-
tion (Kalyani et al. 2009). The difficulties encountered
in wastewater treatment resulting from dyeing opera-
tions lie in the wide variability of the dyes used and
in the excessive colour of the effluents (Machado et
al. 2006). The characteristic structure of dye, and par-
ticularly reactive dye, is very complex and difficult to
degrade or eliminate (Cronk & Fennessey 2001) from
textile wastewater. Reactive dye can dissolve in water
as it is a highly soluble compound, and the resultant
change in the water colour is unattractive to the pub-
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lic. Colour can be the conditional indicator of the need
to reduce dye in wastewater to an acceptable level since
a very small amount of dye in water (10–50 mg/L) leads
to reduction in sunlight penetration, which causes de-
crease in photosynthetic activity and dissolved oxygen,
water transparency, and gas solubility of water bodies
(Alexander 1994).
The contamination of dye in public streams may

present a risk to humans because of the aquatic living
organisms like fish that can accumulate dye into tissues
and affect the food web (Nilratnisakorn et al. 2007).
Azo dyes have been shown to be mutagenic to the hu-
man hepatoma cell line, where frame shift mutation was
observed (Ferraz et al. 2011a,b).
Various methods including adsorption, chemical

precipitation and flocculation, photolysis, chemical oxi-
dation and reduction, electrochemical treatment, and
ion pair extraction have been used to depollute dye
wastewater (Wang et al. 2009). All these chemical
or physico-chemical methods possess significant differ-
ences in colour removal results, volume capability, oper-
ating speeds, and capital costs (Forgacs et al. 2004). As
available alternative, biological processes have received
increasing interest owing to their low cost, effectiveness,
ability to produce low sludge, and environmental benig-
nity (Jadhav et al. 2010a,b). Biological processes have
the potential to convert or degrade pollutants as water,
carbon dioxide, and various salts of inorganic nature
(Dhanve et al. 2009).
The economic removal of textile wastewater is an

important problem since waste discharge is being en-
forced by authorities. Many textile plants are in ru-
ral areas, and municipal treatment cost payments are
pretty high; hence it may be economical to build a waste
treatment plant on site. Thus, in spite of all the present
wastewater treatment methods, biological methods are
simple to use and low in cost. Various available reports
conclude that microbial systems not only decolourize
and degrade but also detoxify the dyes, are eco-friendly
and cost-competitive alternative to the chemical decom-
position processes (Rajaguru et al. 2000; Adedayo et al.
2004; Patil et al. 2008; Kayani et al. 2009; Dawkar et
al. 2010; Kabra et al. 2011; Surwase et al. 2012; Kadam
et al. 2013).
The isolation of potent species and thereby degra-

dation is one of the interests in the biological aspect of
effluents treatment (Jadhav et al. 2010a,b). Recently,
a number of studies have focused on the biodegrada-
tion of dye in wastewater. A wide variety of microbial
consortia have been reported to be capable of decolour-
izing a wide range of dyes (Patil et al. 2008; Jadhav
et al. 2010a; Kadam et al. 2011; Kurade et al. 2012;
Waghmode et al. 2012).
The utilization of microbial consortia offers consid-

erable advantages over the use of pure cultures in the
degradation of synthetic dyes (Junnarkar et al. 2006;
Patil et al. 2010). Different strains may attack dye
molecule at different positions or may use decompo-
sition products produced by another strain for further
decomposition (Patil et al. 2008). There is still a need

for research to unravel the potential of various microbes
for the rehabilitation of our natural resources.
An assessment of the ecological impact of the en-

vironmental pollutants on plant populations is of great
importance as plants are important commercial prod-
ucts and are consumed by humans. Moreover, plants
may be used as biosensors of toxicity of environmental
pollutants. Toxicity assays are routinely used to eval-
uate the toxic potential of chemicals in the environ-
ment. Also, this test can be performed without requir-
ing lengthy and expensive methods of concentration for
the detection of toxicants in water. Therefore, the tox-
icity potential of textile effluent before and after de-
colourization was studied by assessing phytotoxicity.
In the present study, we have focused our atten-

tion on the decolourization and degradation of textile
effluent. The effluent has λmax of 410 nm. The article re-
ports studies on decolourization by individual bacterial
strains as well as by consortium PMB11. Enzymes in-
volved in the action of effluent dyes were also assayed.
Moreover, the dye from the effluent was not only re-
moved, but also degraded into different metabolites.

Material and methods

Dyes and chemicals
Textile effluent was obtained from the local textile in-
dustry Ichalkaranji Kolhapur, India. The 2,2’-azino-bis(3-
ethylbenzothiazoline-6-sulphonic acid) was obtained from
Sigma Aldrich (USA). Tartaric acid was obtained from
BDH Chemicals, India. Nicotinamide adenine dinucleotide
reduced disodium salt (NADH), n-propanol, catechol, and
ethyl acetate were obtained from SRL Chemicals, India.

Decolourization experiments
Textile effluent has a maximum absorbance of 410 nm. All
the decolourization experiments were performed in tripli-
cates in 250 mL Erlenmeyer flask containing 100 mL efflu-
ent. The 24-h grown cultures of Bacillus odysseyi SUK3,
Morganella morganii SUK5, Proteus sp. SUK7, and consor-
tium were used for decolourization and degradation studies.
The individual bacterial strains and consortium (5% v/v)
were separately added to 100 mL effluent, and the flasks
were incubated at 30◦C for 24 h. After decolourization (120
h), aliquots (3 mL) of the sample were withdrawn and cen-
trifuged at 10,000 × g for 20 min to separate the bacterial
cell mass. The absorbance of the supernatant was measured
at respective wavelengths, and the percentage decolouriza-
tion was calculated by using formula [(A – B)/A] × 100,
where A and B are the initial and the final absorbance, re-
spectively.

Characterization of textile effluent
The effluent samples before and after decolourization were
analyzed for pH, total dissolved solids (TDS), total sus-
pended solids (TSS), BOD, and COD. The characteristics of
effluent, like fluoride, chloride, iron, calcium, sulphate con-
tent, and hardness were analyzed using a water analysis kit
from HiMedia Laboratories, Mumbai.

Determination of pH
The pH of the effluent samples before and after decolouriza-
tion was checked by using pH meter from Toshniwal, Ajmer,
India.
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Determination of TSS
About 20 mL of effluent sample before and after decolour-
ization was filtered through Whatmann filter paper, and the
filter paper was dried at 103◦C in a hot air oven and cooled
in a desiccator. The weight of the paper before filtration was
also recorded and calculated using the formula:

total suspended solids (mg/L) = (Wf –Wi) × 1000 / volume
of sample (mL),

where Wf is the final weight of the filter paper after filtration
and drying of the effluent and Wi is the initial weight of the
filter paper.

Determination of TDS
An evaporating dish of 50 mL capacity was washed, dried at
103◦C in hot air oven, cooled in a desiccator, and the weight
was recorded (W1). Effluent sample (20 mL) was filtered in
an evaporating dish and allowed to evaporate in a hot air
oven at 180◦C. The evaporating dish was cooled in a desic-
cator when all the water in the sample was evaporated and
the final weight of the evaporating dish (W2) was recorded.
The total dissolved solids were calculated using the formula:

total dissolved solids (mg/L) = (W2 – W1) × 1000 / V,

where V is the volume of the sample in mL.

Determination of COD and BOD
The COD of the samples was determined at different time
intervals. The COD was determined using a procedure re-
ported earlier by Patil et al. (2012). The BOD was measured
using Spectralab model-EM2 system (Thane, India), follow-
ing the instructions of the manufacturer.

Preparation of cell-free extract
The bacterial cells grown in the nutrient broth at 30◦C for
24 h were considered as control. The cell-free extract was
prepared by using the earlier reported procedure (Patil et
al. 2012). A similar procedure was used to quantify enzyme
activities during effluent decolourization. One unit of the
enzyme activity was defined as a change in absorbance unit
per min per mg protein.

Enzyme assays
Enzymes were assayed spectrophotometrically, where the
reference blank contained all components except the en-
zyme. Lignin peroxidase activity was determined by mon-
itoring the formation of propanaldehyde at 300 nm in a
reaction mixture of 2.5 mL (pH 3.5) containing 100 mM n-
propanol, 250 mM tartaric acid, 10 mM H2O2, according
to the procedure by Shanmugamet al. (1999). Laccase and
tyrosinase activities were measured by a modified method
of Patil et al. (2008). NADH-dichlorophenolindophenol
(DCIP) reductase activity was determined using a proce-
dure reported earlier by Salokhe & Govindwar (1999), and
reduction was calculated using the extinction coefficient of
19 mM/cm. Aminopyrine N-demethylase activity was deter-
mined by the procedure reported by Jadhav & Govindwar
(2006). All enzyme assays were performed in triplicate.

Analytical techniques
Metabolites produced after the biodegradation of the
textile-effluent-containing dye were extracted with equal
volumes of ethyl acetate. The extract was dried over anhy-
drous Na2SO4 and evaporated to dryness in the rotary evap-
orator. The obtained residue was dissolved in the HPLC-
grade methanol and used for analytical studies. UV-Vis

Fig. 1. Decolourization of effluent by individual bacterial strains
and consortium PMB11.

spectral analysis was carried out using Hitachi UV-Vis spec-
trophotometer (UV 2800, USA), and changes in its ab-
sorption spectrum (400-800) were recorded. HPLC analysis
was performed in an isocratic Waters 2690 system, USA,
equipped with a dual absorbance detector, using C18 col-
umn (4.6 × 250 mm) and HPLC-grade methanol as a mo-
bile phase. Fourier transform infrared spectroscopy (FTIR)
analysis of biodegraded effluent was carried out using Perkin
Elmer 783 Spectrophotometer in the mid-IR region of 400–
4000 cm−1 with 16 scan speed. The samples were mixed
with spectroscopically pure KBr, pellets formed were fixed
in a sample holder, and the analysis was carried out.

Toxicity study
The extracted metabolites obtained after the biodegrada-
tion of textile effluent were dried and dissolved in water to
form the final concentration range 1000 mg/L for phyto-
toxicity studies. The phytotoxicity study was carried out
(at room temperature) using Sorghum vulgare and Pheseo-
lus mungo (10 seeds of each), by adding separately a 5 mL
sample of textile effluent and biodegradation metabolites
per day. Control set was carried out using plain water at
the same time. The length of plumule (shoot), radicle (root),
and germination (%) was recorded after 7 days.

Statistical analysis
Data were analyzed by one-way analysis of variance
(ANOVA) with Tukey-Kramer multiple comparisons test.

Result and discussion

Decolourization of effluent
The effluent was decolourized by individual bacterial
strains as well as consortium PMB11 (Fig. 1). Within
120 h, more decolourization of textile effluent was seen
by consortium PMB11 (91%), while B. odysseyi SUK3,
M. morganii SUK5 and Proteus sp. SUK7 decolourized
the effluent to 67%, 72% and 84%, respectively. When
these three bacterial cultures were mixed and inocu-
lated together into the effluent, decolourization was ob-
served in high percentage as compared with individual
bacterial strains. As the catabolic activities of microor-
ganisms in mixed consortium complement each other,
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Table 1. Physicochemical characterization of textile effluent before and after treatment (120 h) with consortium PMB11.

Characteristics NEQS values Before treatmentb After treatmentb

pH 6–10 8.1 7.9
CODa 400 9860 2120
BODa 250 880 220
TDSa 3500 8756 7920
TSSa 400 1089 –
Total hardnessa – 689 421
Fluoridesa 10 12.0 6.5
Chloridesa 1000 1254 521
Sulphatea 1000 1123 534
Irona 2 1.7 1.7

a The values are in mg/L. Total hardness, CaCO3; TDS, total dissolved solids; TSS, total suspended solids; NEQS, national environ-
mental quality standards.
b Before treatment – textile effluent before treatment; after treatment – textile effluent after treatment with consortium.

Fig. 2. UV-Vis spectral analysis of effluent (—) 0 h, after
decolourization by consortium PMB11 (· · ·), Bacillus odysseyi
SUK3 ( ), Morganella morganii SUK5 (�), and Proteus sp.
SUK7(�).

syntrophic interactions present in the mixed commu-
nities can obviously lead to complete decolourization
of azo dyes. These results suggest a synergistic role of
bacterial species in effluent decolourization.

Characterization of textile effluent
The characterization of effluent was performed and re-
sults are summarized in Table 1. The effluent is well
characterized by calculating its COD and BOD. When
both the BOD and COD values of textile effluent be-
fore and after degradation by consortium were tested,
it was found that the values of COD were decreased
(2120 mg/L) when compared with the COD value of
control effluent (9860 mg/L). The BOD value in the
treated effluent sample was observed lower as compared
with control effluent. Along with the biodegradation
by consortium PMB11, the concentration of hardness,
TDS, TSS, sulphate, fluorides, chlorides, etc., was found
to be lowered in the treated effluent sample in compar-
ison with the control effluent. The consortium PMB11
may also be applied for the actual dye effluent treat-
ment.

UV-Vis spectral analysis
The dye effluent showed a maximum absorbance of
410 nm, which was decreased in the absorbance of
samples withdrawn after decolourization (Fig. 2). In
the spectrophotometric analysis, major visible light ab-
sorbance peak would completely disappear, or a new
peak would appear when the dye was removed because
of biodegradation. The disappearance of absorbance
maxima in effluent spectra indicates the removal of
colour from effluent by consortium PMB11 as well as
individual bacterial strains.

FTIR analysis
The FTIR spectral comparison between the effluent
control sample and test samples obtained after de-
colourization confirmed the biodegradation of the dye
into different metabolites by consortium PMB11 as well
as individual strains (Fig. 3a). The FTIR spectrum of
the dye effluent showed the presence of different peaks
at 3446 cm−1 for NH stretching of amides, at 2343
cm−1 for C-NH stretching of charged amino acids, and
at 2094 cm−1 representing alkyne compound. A peak
at 1633 cm−1 represents the NN stretch of azo com-
pound; it confirmed the tested effluent had azo dyes.
Peaks at 1431 and 1124 cm−1 indicated CH stretching
of alkanes and CH deformation of substituted benzene,
respectively. After decolourization, displayed peaks at
2929, 2632 and 1915 cm−1 indicated the CH stretching
of alkanes, CH stretching of alkenes and NH stretch-
ing, respectively. Peak at 1695 cm−1 may represent
CO stretching of α − β unsaturated alkanes, while the
peaks at 1425 and 1209 cm−1 indicated CH deforma-
tion of ketone or esters and skeletal structure of alka-
nes or tertiary butyl, respectively. As the samples ob-
tained after decolourization of effluent lack the peak at
1633.76 cm−1 present in the spectrum of the effluent as
control sample, it indicated the breaking of azo bond
during the biotransformation process.
The FTIR spectrum of the test sample that was of

the metabolites formed after decolourization by indi-
vidual bacterial strains (Fig. 3b) showed peaks at 2915
and 1431 cm−1 for the CH stretching and deforma-
tion of alkanes, respectively. Peak at 1683 cm−1 showed
CO stretch of conjugated polyene aldehyde and peak at
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Table 2. Induced state enzyme activities in effluent decolourization.a

Enzyme Bacillus odysseyi SUK3 Morganella morganii SUK5 Proteus sp. SUK7 Consortium PMB11

Lignin peroxidaseb 0.094 ± 0.009 0.27 ± 0.02** 0.014 ± 0.002 0.20 ± 0.032**
Laccaseb 0.053 ± 0.01** 0.03 ± 0.001** 0.059 ± 0.056** 0.047 ± 0.014
Tyrosinaseb 0.005 ± 0.001 0.004 ± 0.001** 0.002 ± 0.001 0.014 ± 0.005
DCIP reductasec 1.15 ± 0.008** 0.49 ± 0.01 1.072 ± 0.008 3.69 ± 0.14**
ANDd 14.75 ± 0.001** 15.07 ± 0.003 12.56 ± 0.019** 70.32 ± 0.032**
Azoreductasee 0.312 ± 0.001 0.948 ± 0.001 0.628 ± 0.001 1.05 ± 0.006**

a Values are mean of three experiments ± SEM. Significantly different from control cells at **P < 0.01 by One-way (ANOVA) with
Tukey-Kramer comparison test.
b Enzyme unit per mg protein per minute.
c µg DCIP reduced per mg protein per minute.
d AND, AminopyrineN-demethylation; n moles of formaldehyde liberated per mg protein.
e µM of Methyl red reduced per mg of protein per minute.

Fig. 3. (a) FTIR spectrum of effluent and degradation metabolites
by consortium PMB11. (b) FTIR spectrum of effluent degrada-
tion metabolites by individual bacterial strains.

1199 cm−1 for ester. All these four peaks were common
in the FTIR spectrum of the degradation metabolites,
formed by B. odysseyi SUK3, M. morganii SUK5 and
Proteus sp. SUK7. These results indicated the effluent
degradation might be in the similar manner by individ-
ual bacterial strains but different from the consortium
degradation.

HPLC analysis
In the HPLC analysis of the control sample, effluent

exhibited a major peak at retention time 6.282 min
and minor peaks at 6.282 and 8.773 min. These peaks at
different retention times indicated the presence of one
or more than one dye present in the effluent, while the
analysis of the test sample containing products after
the degradation of the effluent by consortium PMB11
showed peaks at 6.709, 7.110, and 7.860 min (Fig. 4a).
Metabolites extracted after the degradation of effluent
by individual strains showed the presence of peaks at
different retention times (Fig. 4b,c,d). The metabolites
formed after the degradation of effluent by B. odysseyi
SUK3 showed a peak of 8.065 mins, by M. morganii
SUK5 peaks of 6.643 and 7.256 min, and by Proteus
sp. SUK7 those of 6.763 and 7.003 min.

Enzymatic analysis
The various enzyme activities demonstrated involve-
ment of various oxidatives as well as reductive enzymes
during the decolourization process. The induction of
various enzymes during decolourization gives additional
insight into the decolourization mechanism and sup-
ports also the active role of microorganisms in the
biodegradation process. Enzyme activities during de-
colourization of effluent by individual bacterial strains
as well as by the consortium PMB11 are summarized
in Table 2.
Lignin peroxidase, laccase, tyrosinase, NADH-

DCIP reductase, azoreductase, and aminopyrine N-
demethylase were found to be present in the control
cells. After decolourization, a significant increase in the
activity of lignin peroxidase in M. morganii SUK5 and
in consortium PMB11 was observed. The induced ac-
tivity of aminopyrine N-demethylase was found in the
B. odysseyi SUK3, Proteus sp. SUK7, and consortium
PMB11 as well as significantly induced laccase in all the
bacterial cells except those in the consortium PMB11.
The activity of tyrosinase was found only in M. mor-
ganii SUK5. The activity of the NADH-DCIP reduc-
tase was induced in B. odysseyi SUK3 and consortium
PMB11 after decolourization. The induction in the ac-
tivity of the enzymes was found to be variable in the
individual strains as well as in their consortium. The
collective action of all of these enzymes might be the
key to the efficacy of consortium. The role of enzymes
such as laccase, DCIP reductase, and azoreductase in
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Table 3. Phytotoxicity studies.a

Phaseolus mungo Triticum aestivum
Parameters

Water Effluent Metabolites Water Effluent Metabolites

Germination (%) 100 50 100 100 40 100
Plumule (cm) 7.4 ± 0.80 3.1 ± 0.16 6.21 ± 0.18** 3.7 ± 0.74 2.17 ± 0.10 3.14 ± 0.17**
Radicle (cm) 3.16 ± 0.24 2.4 ± 0.09 2.89 ± 0.13** 11.12 ± 0.58 6.8 ± 0.15 8.27 ± 0.29**

a Data were analyzed by One-way (ANOVA) test and mentioned values are the mean of ten germinated seeds of three sets ± SEM.
Seeds germinated in degradation products are significantly different from the seeds germinated in effluent at **P < 0.01 when compared
by Tukey-Kramer multiple comparison test.

Fig. 4. HPLC elution profile of effluent and its degradation metabolites by consortium PMB11 (a), and individual bacterial strains
(b–d).

dye decolourization has been well documented (Jadhav
& Govindwar 2006; Telke et al. 2009; Jadhav et al. 2009,
2010b). The collective enzyme activities of mixed mi-
crobial cultures are far better for dye decolourization as
compared with individual strains (Saratale et al. 2009;
Jadhav et al. 2010a,b).

Phytotoxicity study
The disposal of the untreated dyeing effluent without
any treatment in water bodies causes serious environ-
mental and health hazards. Thus, it was of prime in-
terest to assess the phytotoxicity of the effluent and its

extracted metabolites after effluent treatment.
The germination of the Phaseolus mungo and

Triticum aestivum seeds was observed to the level
of 50% and 40%, respectively, with effluent treat-
ment; also, its degradation metabolites and plain water
showed 100% seed germination (Table 3). The mean of
plumule length and radicle length of P. mungo were
7.4 ± 0.8 and 3.16 ± 0.24 cm, respectively, and in
the case of T. aestivum they were 3.7 ± 0.74 and
11.12 ± 0.58 cm, respectively, in water as a control.
The lengths of plumule and radicle were more sig-
nificantly affected by effluent than by its degradation

Brought to you by | New York University Bobst Library Technical Services
Authenticated

Download Date | 7/6/15 2:38 AM



Bacterial consortium PMB11 degrades textile dye effluent 17

metabolites. It showed that the mean of plumule length
and radicle length of P. mungo was 3.1 ± 0.16 and
2.4 ± 0.09 cm, respectively, and in the case of T. aes-
tivum they were 2.17 ± 0.1 and 6.8 ± 0.15 cm, re-
spectively. In contrast, when treated with degrada-
tion metabolites of effluent, plumule length and radi-
cle length were found in P. mungo to be 6.21 ± 0.18
and 2.89 ± 0.13 cm, respectively, whereas they were
3.14 ± 0.17 and 8.27 ± 0.29 cm, respectively, in T. aes-
tivum, with 100% germination.
Both the plumule and radicle lengths were signifi-

cantly affected by effluent. In contrast, the plumule and
radicle lengths of Phaseolus and Triticum were scarcely
and not significantly affected when treated with degra-
dation metabolites of effluent. It might becaused by
high concentration of TDS, TSS, COD, BOD, hardness,
dye, etc., in effluent rather than in the treated effluent.
Hence, this study revealed that biodegradation of ef-
fluent by bacterial consortium PMB11 resulted in the
effluent that was not only degraded but also detoxified.

Conclusions
The consortium PMB11, developed in this study,
showed a significant efficiency in the colour removal
from the effluent. It was composed of Bacillus odysseyi
SUK3, Morganella morganii SUK5 and Proteus sp.
SUK7. The bacterial consortium was able to degrade
dye from effluent with a significant decolourization rate
relative to individual strains. This enhanced effect of
the consortium PMB11 was due to the coordinated
metabolic interactions of individual strains. The signifi-
cant induction in oxido-reductive enzymes at the intra-
cellular location in consortium PMB11 compared with
pure cultures showed a difference in the metabolic ac-
tions during the degradation of dye-containing effluent.
The consortium PMB11 has the capacity to reduce the
TDS, TSS, hardness, BOD, COD, iron, sulphate, flu-
orides, and chlorides. The toxicity of the textile dyes
effluent on plant sources was further studied by ex-
amining the germination of the Phaseolus mungo and
Triticum aestivum plant seeds, which are common in
Indian agriculture. Nevertheless, the potential of the
consortium PMB11 needs to be demonstrated for its
application in treatment textile effluent in an actual in-
dustry site on a large scale using the appropriate biore-
actor systems and furthermore treated effluent use for
irrigation purposes.
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against pest Helicoverpa armigera
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� Penicillium ochrochloron MTCC 517 chitinase as a biocontrol agent against Helicoverpa armigera.
� Antifeedant and growth inhibition activity against Helicoverpa armigera.
� Changes in mean body weights of treated group fed on leaves treated with 2000 U mL�1 of chitinase.
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a b s t r a c t

Penicillium ochrochloron chitinase purified by DEAE-cellulose ion exchange chromatography was evaluat-
ed for its antifeedant and growth inhibitory activities against Helicoverpa armigera at different concentra-
tions of 2000, 1000, 500, 250 and 100 U mL�1.

It reduced the successful pupation and increased larval and pupal mortality, adult emergence in a
dosage-dependent manner when applied topically. The highest mortalities were recorded for groups
treated with 2000 U mL�1 chitinase activity. The studies showed P. ochrochloron chitinase can affect
the growth of H. armigera larvae. Since this insect pest species has developed resistance and resurgence
to chemical insecticides, only alternate is the usage of enzyme-based pesticide formulations as an envi-
ronmentally friendly pest management tool.

� 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Pod borer, Helicoverpa armigera (Lepidoptera: Noctuidae) is a
polyphagous pest, that infects important crops like cotton, tomato,
sunflower, pigeon pea, chickpea, okra and corn throughout the
world. It was recorded feeding on 181 plant species belonging to
47 botanical families in the Indian subcontinent (Manjunath
et al., 1989). Initially, larvae feed on tender leaves, and thereafter
when on legumes, they bore into the pods and feed within them.
A single larva can destroy 30–40 pods before pupation. The total
annual losses of agricultural production caused by this pest alone
are estimated for 29.2% in chickpea, Cicer arietinum L. (Fabales:
Fabaceae) in India, where it has 7–8 generations per year (Fitt,
1989). According to Lammers and MacLeod (2007), the worldwide
annual costs for controlling this pest, along with yield losses, reach

US$ 5 billion. In India and China, 50% of pesticides in agriculture
are used for controlling this pest.

Thirty percent of all pesticides used worldwide directed against
H. armigera resulted in high levels of insecticide resistance in this
pest. The use of Bacillus thuringiensis (Bt) either in the form of for-
mulation and transgenic plant may lead to develop resistance in
insect in a short period of time, since many insect pests have devel-
oped resistance to Bt-like chemical pesticides (Udamale et al.,
2013).

For the control of this pest, a variety of methods such as physi-
cal methods, chemical pesticides and biological methods based on
microorganisms are employed. Majority of the farmers still heavily
relies on synthetic chemicals to control these pests. Hazardous
implications of these insecticides and their residue at various trop-
ic levels have also caused incalculable damage to every aspect of
the environment, globally (Manjunath et al., 1989). Furthermore,
chemical control of H. armigera insect is not effective, because it
has developed high levels of resistance to oraganochlorides,
organophosphates, and pyrethroids (Heckel et al., 1997). The adap-
tation and detoxification mechanism in H. armigera increases its

http://dx.doi.org/10.1016/j.chemosphere.2015.01.038
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resistance to nonhost plants, making this pest difficult to manage
in the field (Bauer, 1995).

The frequent use of systemic insecticides to manage insect pests
leads to a destabilization of ecosystem and enhanced resistance to
insecticides in pests (Kranthi et al., 2001), suggesting a clear need
for alternatives. Biopesticides provide an alternative to synthetic
pesticides because of low toxicity to humans, low environmental
pollution, and other advantages (Liu et al., 2000).

In insects, chitin is a significant component of the cuticle. It con-
stitutes part of the exoskeleton, and partially lines along internal
organs, including the digestive tract; in addition it is a structural
component of the peritrophic membrane that covers the midgut
(Peters, 1992). Chitinase is used by insects to degrade the struc-
tural polysaccharide ‘chitin’ during the molting process (Zhang
et al., 2002). Chitinase is very important in the biological control
of insects (Reguera and Leschine, 2001) and plant pathogenic fungi
(El-Tarabily, 2003). In insects, chitinases are involved in molting
and digestion processes. Cuticle in insects is the target site of chiti-
nolytic enzymes and its damage affects survival (Hegedus et al.,
2009). Alterations of the peritrophic membrane disturb its selec-
tive permeability properties resulting in nutritional imbalances,
by affecting food acquisition, water retention or excretion and
digestion (Peters, 1992).

Some entomopathogenic fungi such as Metarhizium anisopliae,
Beauveria bassiana, Nomuraea rileyi are capable of producing multi-
ple extracellular degradative enzymes, including chitinolytic and
proteolytic enzymes that help the pathogens to penetrate the bar-
riers and expedite infection (El-Sayed et al., 1989). As these
enzymes degrade chitin, it might be speculated that if applied on
to the insect, or injected into the gut of insect larvae, it can cause
significant damage to the peritrophic membrane structure which
will result in the larvae being unable to feed and consequently
leads to death (Binod et al., 2007). It is possible to employ chitinase
as a potential agent to be included in the spraying type of biologi-
cal control formulations. Considering this approach the present
study focuses on possible development of an enzyme-based bio-
control agent against Helicoverpa larvae.

2. Materials and methods

2.1. Maintenance of larvae

Larvae of H. armigera were collected from the field of Kolhapur
district, Maharashtra, India. The collected H. armigera larvae were
reared individually in a plastic container and cultured at room
temperature (27 ± 2 �C), 12: 12 (L: D) h of light. Third instar larvae
were used for antifeeding trials and fifth instar larvae for growth
inhibition studies.

2.2. Enzyme production

Chitinase from Penicillium ochrochloron used for the study was
purified in the author’s laboratory (Patil et al., 2013). Elaborately,
acetone precipitation of a culture filtrates of P. ochrochloron MTCC
517 followed by dialysis and DEAE-cellulose ion exchange chro-
matography. The enzyme (2360 U mg�1 protein) was concentrated
to powder by lyophilization. Upon a requirement the powder was
reconstituted with 25 mM sodium phosphate buffer (pH 7.0) to
obtain the required enzyme concentrations.

2.3. Antifeedant trials

Antifeedant trials were performed according to the method of
Binod et al. (2007). The efficacy of purified chitinase as an antifee-
dant was tested by feeding larvae with chick pea leaves coated

with an enzyme. Discs of known dimensions were made from
chickpea leaves and were dipped in the enzyme preparation
(2000 U mL�1chitinase activity) for 1 min. The discs were spread
on paper and air dried before being fed to the larvae. Leaf discs
similarly treated with distilled water was used as a control.
Healthy third instar larvae of similar weight were taken for the
experiment. Each experimental group consisted of 10 larvae,
starved for 12 h and then fed with enzyme-coated leaves. Feeding
with treated leaves was continued for 5 d, after which normal feed-
ing was resumed. The weight of larvae was measured daily and
observations regarding the general health of larvae, pupation and
mortality were performed till the 12th day. Leaf weight was mea-
sured before and after feeding every day until normal feeding was
resumed. The rate of feeding was measured by noting the leaf
weight consumed by the larvae.

2.4. Growth inhibition studies

In the bioassay experiment for growth inhibition, lyophilized
preparations of purified enzyme were used. The lyophilized pow-
der was diluted in 25 mM sodium phosphate buffer (pH 7.0) to
obtain final chitinase activities of 2000, 1000, 500, 250 and
100 U mL�1. Five microlitres of each preparation were applied topi-
cally on the thorax back of the fifth instar larvae using a micropip-
ette. Five microlitres of distilled water served as control. In case of
dip method, larvae were dipped in the enzyme preparation for 5 s
and then transferred to the respective clean plastic container. Topi-
cal application was continued for 4 d, after which the larvae were
left undisturbed. The weights of larvae were measured daily and
observations regarding the health of larvae; changes in body
weight, pupation, and death were performed until the 17th day.

2.5. Statistical analysis

Three independent experiments were performed to check the
reproducibility of results. Data obtained were expressed as the
mean ± SD and analyzed statistically using (GraphPad InStat ver-
sion 3.00, GraphPad Software, San Diego California, USA). Antifee-
dant and growth inhibition activities were analyzed using one way
ANOVA with Tukey–Kramer multiple comparisons test. Readings
were considered significant when P < 0.05.

3. Results

3.1. Effect on larval feeding rate in antifeedant trials

The purified chitinase, when used for coating the leaves resulted
in a lesser consumption of feed by the larvae. At 2000 U mL�1 chiti-
nase concentration, larval feeding was lower than the control.

3.2. Effect on the larval growth rate in antifeedant trials

Data presented in Fig. 1 show changes in mean body weights of
the treated group fed on leaves treated with 2000 U mL�1 of chiti-
nase. Until day 7, the groups fed with chitinase showed a retarded
growth rate compared with the control. While in control, growth as
indicated by increased body weight. Feeding on chitinase-treated
leaves might have led to the destruction of peritrophic membrane
which ultimately leads the larvae being not able to feed well and
result in slow growth rate (Binod et al., 2007).

3.3. Effect on pupation in growth inhibition studies

Assay of growth inhibition was performed by dip method and
topical application. Both methods supported the experiment. As a
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result of topical application of enzyme on the thorax back of the
larvae, the percentage of pupation in larvae decreased in propor-
tion to the concentration of chitinase. Fig. 2 represents the mor-
tality of larvae (A), abnormal pupa (B) and abnormal adult
emergence (C) compared to that of control. Pupation had started
from day 3 onwards and reached the maximum by day 5. The low-
est pupation percentage was recorded for larvae treated with
2000 U mL�1 chitinase. While at the remaining concentrations; it
was observed that as the enzyme dose was increased number of
pupae decreased. Highest pupation efficiency of 100% was
obtained in the control and 100 U mL�1 concentration of chitinase.
The experimental group treated with this concentration showed an

onset of pupation even at day 3. So it can be concluded that at this
concentration, though the larvae progress through pupation quick-
ly because of stress, the pupae are not properly formed and finally
die (Binod et al., 2007).

3.4. Effect on the larval growth rate in growth inhibition studies

The effect of treatment on larval development was represented
as the percentage of successful pupation at the end of the experi-
ment. Successful pupation was defined as the formation of healthy
pupae which can be developed into normal adults at the end of the
test period. The percentage of successful pupation was calculated
in terms of healthy pupae. At 2000 U ml�1 concentration only
20% of successful pupation was noted (Fig. 3). It was observed that
chitinase affects successful pupation in H. armigera.

Mortality of larvae or pupae because of the treatment was mea-
sured on the 17th day. Formation of lesser number of pupae was
proportionate to the concentration of chitinase used. On day 17,
the percentage of larval or pupal mortality was measured as pre-
sented in Fig. 4. The highest mortalities (80%) were recorded for
groups treated with 2000 U mL�1, whereas the control and the
lowest chitinase concentration (100 U mL�1) showed nearly 10%
mortality. The groups treated with 1000 U mL�1 chitinase showed
a mortality rate of 50%.

4. Discussion

Chitinases are enzymes (EC 3.2.1.14) with a specific hydrolytic
activity directed toward chitin. Enzymatic cleavages generally
occur randomly at internal locations over the entire length of the

Fig. 1. Changes in mean body weights of treated group fed on leaves treated with
2000 U mL�1 of chitinase. Data are presented as mean of three replicates ± standard
deviations and significantly different from treatment with control at P < 0.001 by
one-way analysis of variance (ANOVA) with Tukey–Kramer comparison test.

Fig. 2. Mortality of larvae (A), abnormal pupa (B) and abnormal adult emergence (C) compared to that of control.
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polymer. The final products from chitinase catalysis are soluble,
low molecular mass multimers of GlcNAc, such as chitotetraose,
chitotriose, and chitobiose, with the smallest oligosaccharides
being predominant (Kramer and Koga, 1986). Chitinases have been
receiving an increased attention due to their role in the biocontrol
of fungal phytopathogens and harmful insects (Mathivanan et al.,
1998) and important role in mosquito control and plant defense
systems against chitin-containing pathogens (Mendonsa et al.,
1996).

Due to the importance of chitinolytic enzymes in the insect,
nematode, and fungal growth and development, they are receiving
attention in regard to their development as biopesticides. Consid-
erable interest in the physical, chemical, kinetic and biocidal prop-
erties of chitinases have been stimulated by their possible
involvement as defense agents against chitinous pathogenic or
pestiferous organisms such as fungi and insects. In this sense, the
peritrophic membrane and exoskeleton of insects act as physico-
chemical barriers to environmental hazards and predators
(Bollar, 1987). Entomopathogenic fungi apparently are capable of
producing multiple extracellular enzymes, including chitinolytic
and proteolytic enzymes that help to penetrate the cuticle and
facilitate infection (El-Sayed et al., 1989).

Reports are available for the degradation of insect gut peritrophic
membrane by chitinase. Perforation of peritrophic membranes
occurred in vivo after Spodoptera fifth instar larvae were fed on a
diet containing recombinant ChiAII, a recombinant endochitinase
encoded by Serratia marcescens (Regev et al., 1996).Leaves excised
from chitinase-positive and negative transgenic tobacco plants
expressing the Manduca sexta chitinase were fed to first instar larvae
of the tobacco budworm, Heliothis virescens (Ding et al., 1998). After

3 weeks, the total mass of larvae recovered from chitinase-negative
leaves were nearly six fold higher than the mass of larvae surviving
on chitinase-positive leaves. Larvae reared on plants lacking the
Manduca chitinase gene consumed substantially more leaf tissue
than did larvae feeding on plants expressing the gene. Overall, mor-
tality was greater for larvae grown on chitinase-positive plants.

Microbial chitinases have been used in mixing experiments to
increase the potency of entomopathogenic micro-organisms. A
chitinase mixture from Streptomyces albidoflavus containing three
endochitinases, two 1, 4-b-D-chitobiosidases (exochitinase) and
one glucosaminidase, with ability to degrade chitin. In addition,
the mixture affected the growth, development and survival of the
budworm H. virescens, the looper Trichoplusia ni, the whitefly Bemi-
sia argentifolii, the potato aphid Myzus persicae, and the coffee berry
borer Hypothenemus hampei (Broadway et al., 1998). Gongora et al.
(2001) cloned the coding sequences of two enzymes of the S. albid-
oflavus mixture: an endochitinase and a chitibiosidase (exochiti-
nase) (Broadway and Harman, 2000) and transformed tomato
plants (Lycopersicon esculentum) with these genes. The plants
showed an effect on the growth and development of T. ni larvae
by consistently decreasing the growth rate of the insect and alter-
ing the chitin of the intestinal peritrophic membrane; thereby
increasing the permeability of the membrane.

Bacterial chitinolytic enzymes have been used to enhance the
activity of microbial insecticides, including B. thuringiensis and a
baculovirus. Larvae of the spruce budworm, Choristoneura fumifer-
ana, died more rapidly when exposed to chitinase-Bt mixtures than
when exposed to the enzyme or bacterium alone (Smirnoff, 1974).
The mortality of gypsy moth (Lymantriadispar) larvae was
enhanced when chitinase was mixed with Bt relative to a treat-
ment with Bt alone. The toxic effect was correlated positively with
enzyme levels. Crude chitinase preparation from Bacillus circulans
enhanced the toxicity of Bt kurstaki toward diamond back moth
larvae (Kramer and Muthukrishnan, 1997). The larvicidal activity
of a nuclear polyhedrosis virus toward gypsy moth larvae was
increased fivefold when it was co-administered with bacterial
chitinase (Shapiro et al., 1987). In that case, chitinases were sup-
posed to cause perforations in the gut peritrophic membrane,
facilitating entry of the pathogens into the hemocoel of susceptible
insects.

The present studies conducted for testing the efficacy of fungal
chitinase as a biocontrol agent against the insect pest. H. armigera
have shown that the enzyme is capable of affecting the growth and
metamorphosis of the larvae; when use as an antifeedant and
applied topically and dip method. It is evident that at the specific
concentrations tested, P. ochrochloron chitinase can promote mor-
tality of larvae and pupa. It can be postulated that the adults
emerging from chitinase-treated larvae may be abnormal and inca-
pable of normal life. It might enable the use of P. ochrochloron chiti-
nase sprays combined with other pesticide formulations to
facilitate faster rate of mortality of larvae.
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Biodegradation of Acetamiprid by Isolated Bacterial
Strain Rhodococcus sp. BCH2 and Toxicological
Analysis of Its Metabolites in Silkworm (Bombax mori)

An acetamiprid degrading bacterial strain that showed confluent growth on a minimal
medium containing acetamiprid was isolated by enrichment technique, from the soil
contaminated with pesticide. The 16S rRNA gene sequence was used for identification
and further the strain was designated as Rhodococcus sp. BCH2 based on BLAST results.
The biodegradation of acetamiprid was studied using Rhodococcus sp. BCH2, followed by
toxicological evaluation of pesticide and its biodegradation metabolites. Acetamiprid
was found to be degraded via formation of N-amidoamide derivative, 1-(6-chloropyridin-
3yl)-N-methylmethanamine (m/z ¼ 156) and 6-chloronicotinic acid (m/z ¼ 157). Toxico-
logical analysis was performed with respect to genotoxicity, antioxidant enzymes, lipid
peroxidation, and protein oxidation using silkworm (Bombax mori) as a model animal.
The studies showed that, the parent compound exerts more toxic effect than its
biodegradation metabolites. Rhodococcus sp. BCH2 was a good candidate for faster and
effective biodegradation of acetamiprid.
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1 Introduction
Neonicotinoid insecticides are one of the most important commer-
cial insecticides used worldwide. They are systemic broad-spectrum
insecticides and act as a contact or stomach poison against sucking
insect pests, such as aphids, whiteflies, leaf- and plant-hoppers,
thrips, some micro-lepidoptera, and a number of coleopteran pests
[1, 2]. Their superior physicochemical properties render them to be
applicable for a wide range of techniques, including foliar, seed
treatment, soil drench, and stem application [1, 3]. Highly insect
specific action of neonicotinic compounds made them popular
amongst all other insecticides and now used in higher quantities
throughout the world. Extensive application of such neonicotinoids
has put forth the major problem that lead to exertion of extreme
toxic effects on non-target economical insects like honeybees and
silkworms. In recent years, many problems have appeared in

silkworm, Bombax mori, rearing as a result of pesticide applications
to field crops, especially whenmulberry trees grow next to field crops
[4]. The studies focusing on the effect of insecticides on B. mori dealing
with toxicity, retardation of growth and development, fecundity,
mortality, food utilization, and economic parameters has been
reported previously [5].
The extensive application of any of the chemical compound

eventually leads to the detrimental effects on environment. Several
attempts were made previously for biodegradation of such

neonicotinic compounds using various microbial species, Stenotro-
phomonas maltophilia [6], Pseudomonas sp. 1G [7], S. maltophilia CGMCC
1.1788 [1], Leifsonia sp. [8], Rhodotorula mucilaginosa strain IM-2 [2]. The
degradation of acetamiprid is reported previously via N-demethyla-
tion reaction [1]. Similarly, conversion of acetamiprid to various
metabolites using yeast R. mucilaginosa strain IM-2 is also reported
recently [2].
The aim of present study was to isolate potent bacterial strain

capable of degrading acetamiprid. Acetamiprid degradation ability of
isolate was checked under various experimental conditions.
Biodegradation of acetamiprid was confirmed using HPLC, GC–MS,
and FTIR analysis. Toxicity of neonicotinoids to non-target economic
insect is the issue of concern nowadays. Hence, an attempt is made in
the present study to elucidate toxicological effects of acetamiprid
and its metabolites produced after biodegradation, using economical
insect silkworm. Till date there very few reports are available, which
are focusing the harmful effect of pesticides to economical insects
like silkworms. Hence, the present study brings valuable information
regarding acetamiprid biodegradation potential of Rhodococcus sp.
BCH2 and toxicological nature of acetamiprid and its biodegraded
metabolites.

2 Materials and methods

2.1 Chemicals

Riboflavin, NBT (nitro-blue tetrazolium) and tricholoroacetic acid
were purchased from Hi-Media Laboratories, Mumbai. Acetamiprid
sample was obtained from IRTL (Insecticide and Residue Testing
Laboratory) Pune, with a purity of 99.5%.
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2.2 Isolation, identification and phylogenetic
analysis

The bacterial strains were isolated by enrichment of acetamiprid
contaminated agricultural soil and further screened for acetamiprid
degradation, using a previously reported protocol [9]. The enrichment
cultures were prepared in 100 mL MSM broth supplemented with
100 mg/L of acetamiprid and 2 g pesticide contaminated soil. The
enrichment flasks were sub-cultured at 5-day interval to get enriched
microbial culture, free of soil, following a previous report [9]. The
potent bacterial isolate obtained through enriched cultures was
subjected to 16S rRNA gene sequence analysis for identification.
Molecular identification of the sequence was carried out at
professional molecular biology laboratory, (Chromous Biotech,
Bangalore, India) followed by deposition to GenBank. The �1.4 kb
rDNA fragment was amplified using high-fidelity PCR polymerase
using universal primers (forward primer: 50-AGAGTRTGATCMTYGCT-
WAC-30 and reverse primer 50 -CGYTAMCTTWTTACGRCT-30) [10]. The
blast analysis of nucleotide sequence (1437 bp) of Rhodococcus sp.
BCH2 was performed at NCBI server [9] for phylogenic analysis. The
evolutionary relationship was established using neighbor-joining
technique [11]. The bootstrap test (1000 replicates) clusters associated
taxa and the percentage of replicate trees was shown next to the
branches in phylogenetic tree [12]. The MEGA4 package was used for

construction of phylogenetic tree [13].

2.3 Culture maintenance and media

The isolate was maintained routinely on nutrient agar containing:
5 g/L NaCl, 10 g/L bacteriological peptone, 2 g/L yeast extract, 1 g/L
beef extract, 15 g/L and agar, stored at 4°C until used as a
stock culture. Biodegradation studies were performed after pre-
culturing the organism from stock culture in full strength MSM
having composition: 6 g/L Na2HPO4, 5 g/L NaCl, 3 g/L K2HPO4, 0.1 g/L
MgSO4, 2 g/L NH4Cl, 5 g/L glucose at 30 � 2°C and neutral pH
for 24 h.

2.4 Biodegradation experiments

The biodegradation experiments were carried out in 100 mL of full
strength MSM broth containing 24-h grown culture of Rhodococcus
strain BCH2 (prepared by addition of 5 mL precultured inoculums in
minimal salt medium from stock culture), as reported earlier [9]. For
the biodegradation experiments broths were supplemented with
50 mg/L of acetamiprid unless otherwise state. The experiments were
conducted at 30°C, neutral pH and static conditions unless otherwise
stated. During the experiment, samples fractions (3 mL) were
collected after each 24 h interval followed by centrifugation
(10 000 � g for 10 min). The supernatant obtained was further
tested for residual pesticide concentration by HPLC analysis after
solvent extraction as reported earlier [7].

2.5 Effect of various physicochemical conditions
on biodegradation

To study the effect of various temperatures on the acetamiprid
biodegradation, flasks were prepared as described above and
incubated at various temperatures viz. 10, 20, 30, 40, and 50°C.
Residual pesticide concentration was estimated at regular intervals.
Similarly, pH effect on acetamiprid biodegradation was tested by

adjusting initial pH of the culture medium to 3, 5, 7, 9, and 11
followed by biodegradation analysis at regular time intervals. Effect
of increasing concentration of acetamiprid on biodegradation
capacity of Rhodococcus strain BCH2 was studied by addition of 50,
100, 150, 200, 250 mg/L of acetamiprid separately in 24 h grown
culture broths. The biodegradation was measured at regular time
interval. Abiotic controls were always included. Effect of different
carbon and nitrogen sources on degradation rate was assayed by
supplementing MSM with various carbon and nitrogen sources at
0.5% concentration. Glucose, mannitol, sucrose, starch, sodium
citrate, peptone, yeast extract, urea, ammonium chloride, and
ammonium acetate were used in this experiment.

2.6 Analytical studies

After acetamiprid biodegradation, metabolites were extracted with
dichloromethane followed by two extraction cycles with chloro-
form–acetonitrile under alkaline conditions. Finally, concentrated
HCl was added to the separated aqueous fraction, followed by
extraction with chloroform–acetonitrile as above. The combined
extracts were dried by evaporation and finally dissolved in 0.5 mL
of methanol (HPLC grade) and subsequently used for analytical
studies, as per earlier report [9]. Pesticide biodegradation was
evaluated using various analytical techniques reported previously
[9, 10] as, UV–Vis spectral analysis, FTIR, HPLC, and GC–MS. HPLC
analysis was executed by isocratic elution on C18 column (Waters
System 2690), using acetonitrile as mobile phase. The flow rate was
maintained at 1.0 mL/min. UV–Vis spectral scan was performed
using Hitachi UV 2800 to determine absorption spectrum changes
during acetamiprid biodegradation. The changes and shifts of
various functional groups of acetamiprid and its metabolites during
biodegradation were noted using FTIR analysis in the region of 400–
4000/cm (Shimadzu 8400S). The metabolite identification was done

using GC–MS analysis (Shimadzu Model QP2010). Initially the
temperature of column was maintained at 80°C for 2 min, followed
by a linear increase at 15°C/min to 210°C thereafter with 10°C/min
increase up to 240°C and detained for 2 min, and lastly risen up
to 280°C at a rate of 5°C/min and held for 10 min. Injection port
was maintained at 270°C, whereas interface temperature was kept
at 280°C [9]. The carrier gas used was helium at the flow rate of
1.0 mL/min [9].

2.7 Silkworm toxicity assay

Freshly hatched larvae of B. mori (collar gold race) were cultured until
the IVth molt. The larvae were fed with leaves of Morus alba (M5
variety), andmaintained in an experimental chamber as per standard
rearing protocol [14]. Technical grade samples of acetamiprid (99.5%)
were used for preparation of stock solutions. For preparing the stock
solution 10, 20, 30 mg of 99.5% pure insecticide sample were
dissolved in 100 mL distilled water. Further, working solution was
prepared by diluting the above stock solution to get final
concentrations of 1, 2, and 3 mg/L. After the IVth molt, silkworms
of identical size and age were divided into six batches, with 10 larvae
in each batch. The experimental chambers were maintained at 24°C
with 75 � 5% relative humidity [14]. Mulberry leaves were dipped in
working solutions of the insecticide for 5–10 min, then removed
followed by complete water evaporation before feeding to
silkworms [15]. Further, same feeding protocol was followed four
times a day until spinning.
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2.8 Preparation of tissue extract and measurement
of protein content

The larvae fed with mulberry leaves exposed to various concen-
trations of acetamiprid and metabolites extracted after biodegrada-
tion of acetamiprid (test), as well as water (control) were used for the
evaluation of antioxidant enzyme status. The whole midgut was
excised from larvae in ice-cold buffer (Phosphate buffer saline, pH 7.4)
solution. The contents were homogenized gently in themortar pestle
under cold conditions at 4°C. The supernatant was collected by
centrifugation (10 000 � g at 4°C) of homogenate and used as source
of enzymes. The soluble protein content was determined according to
the lowery method with bovine serum albumin as the standard [16].

2.9 Oxidative stress analysis

Super oxide dismutase activity was measured using previously
reported protocol [17, 18]. Activity of SOD was expressed as the
quantity of enzyme required for 50% inhibition of photoreduction
rate of NBT, and the results were noted as U/mg [9]. Catalase activity
wasmeasured usingH2O2 as a substrate, as described earlier [9, 17, 18].
Catalase activity was expressed as amount of enzyme required for
consumption of half of H2O2 within 100 s at room temperature [9].
Oxidative modification of lipids and protein (Lipid peroxidation and

protein oxidation) was assayed as reported earlier [17].

2.10 Genotoxicity analysis (Comet assay)

At the end of the exposure period (48 h), two larvae were selected
randomly from each group of ten. The larval hemocytes were taken
with a cut through one of the prolegs. From each larva, 0.5 mL
hemocytes was washed and centrifuged for 5 min at 1189 � g and
4°C [19]. The pellet was transferred to tubes and suspended with
1 mL PBS (pH 7.4). Comet assay was performed by the procedure
reported earlier [17, 20] Staining was performed using silver staining
method reported earlier [17]. The software Comet version 1.5 was
used for measurement of % DNA damage (%T) and tail length (TL).

2.11 Statistical analysis

Statistical analysis was performed using ANOVA with Tukey–Kramer
multiple comparison analysis [9]. The results were average of three
experiments.

3 Results

3.1 Microorganism used, molecular sequence and
evolutionary studies

The acetamiprid degrading bacterial isolate was isolated by
enrichment of pesticide-contaminated soil. The isolate was further
identified by 16S rRNA gene sequence analysis. The identified
nucleotide sequence showed maximum similarity to Rhodococcus
genus and hence the strain was designated as Rhodococcus sp. BCH2.
The sequence of Rhodococcus sp. BCH2 was submitted to GenBank
(accession number GU327664). Figure 1 illustrates phylogenetic
relationship of Rhodococcus sp. BCH2 with other species of this genus
that were found in GenBank database. The accession numbers of
different species are shown in parentheses [9]. The results of
homology relationship indicated that Rhodococcus sp. BCH2 showed

maximum similarity (99%) with other species as Rhodococcus globerulus
strain DSM 4954 (NR_026184) and Rhodococcus coprophilus strain CUB
687 (NR_029206) in the phylogenetic branch (Fig. 1).

3.2 Biodegradation experiment

Biodegradation of acetamiprid was primarily optimized in acetami-
prid containing MSM broth (full strength), as well as nitrogen
limiting or carbon limiting MSM broth. Rhodococcus sp. BCH2
exhibited the highest acetamiprid biodegradability in the MSM
broth (full strength); therefore, MSM broth was selected as the
medium for further study. Degradation of acetamiprid was expressed
with respect to percentage decrease in its concentration after
microbial treatment using HPLC analysis, as per earlier report [9]. The
time course of biodegradation of acetamiprid showed that Rhodo-
coccus sp. BCH2 degraded 84.65% acetamiprid in 8 days. Abiotic loss of
acetamiprid was not observed in control flask. Further, ethyl acetate
extracted residual cell mass showed no evidence of acetamiprid

absorption over cell surface, indicating depletion of acetamiprid was
not mere biosorption.

3.3 Effect of physico-chemical conditions on
biodegradation

Biodegradation of acetamiprid was evaluated under different pH and
temperature conditions. Effect of pH showed that, pH 7 was found to
be optimum for degradation (85.65%) whereas an acidic pH of 3 and 5
showed 23 and 35% degradation, respectively. The pH in the alkaline
range, 9 and 11, showed 31 and 19% degradation, respectively (Fig. 2).
Similarly, temperature studies showed that maximum degradation
achieved when temperature was 35°C. The rise or fall in temperature
from 35°C, reduces the biodegradation ability of Rhodococcus sp.
BCH2, which concludes the organism is optimum in mesophilic
habitat (Fig. 2). The degradation rate at 20°C was 40%, whereas at
55°C it was 27%. The temperature and pH studies conclude that the

Figure 1. Phylogenetic analysis of 16S rRNA gene sequence of
Rhodococcus sp. BCH2. The percentages at the nodes indicate the
levels of bootstrap support based on neighbor-joining analyses of 1000
replicates. Brackets represent sequence accession numbers.
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change in temperature and pH significantly alter the biodegradation
performance of the strain.
The effect of initial pesticide concentration on biodegradation is an

important parameter to reveal the correlation between the cell
biomass and biodegradation rate. Here, we have studied the
acetamiprid biodegradation by taking initial acetamiprid concentra-
tion from 50 to 250 mg/L. The increased pesticide concentration

eventually affected the growth and retarded the biodegradation rate.
The biodegradation ratewas 85% for 50 mg/L concentration, whereas;
degradation rate was reduced to 14% at 250 mg/L of acetamiprid
concentration (Fig. 2).
Carbon and nitrogen sources were found to alter acetamiprid

degradation rate significantly (Fig. 2). Amongst the tested carbon and
nitrogen sources, yeast extract served optimum carbon as well as
nitrogen source showing 87% of degradation. On the other hand
when citric acid was used as the carbon source, degradation was
completely suppressed. Amongst the nitrogen sources, sodium
nitrate showed noteworthy inhibition of acetamiprid degradation
and it was noted to be 40% (Fig. 2).

3.4 Biodegradation analysis

Biodegradation of acetamiprid was analyzed using various analytical
techniques. The UV–vis absorption spectra were found to be changed
significantly during various time intervals, indicating the depletion
of the acetamiprid from the broth (Fig. 3). The change in the spectrum
of compared to the standard acetamiprid indicates degradation of
acetamiprid. The 6th and 8th day spectrum showed formation of a
new peak at 320 nm, indicating that depletion of peak is not by
biosorption but by its degradation to different metabolites the
removal of acetamiprid. The standard spectrum of 6-chloronicotinic
acid and the newly formed peak on 6th and 8th day showed similar
absorption maxima of 320 nm, which indicates the formation of
6-chloronicotinic acid on 6th and 8th day (Fig. 3).

HPLC analysis of the acetamiprid before and after microbial
treatment confirmed the biodegradation of the pesticide in to
different metabolites. Figure 4 shows the HPLC elution profiles of
standard acetamiprid, standard 6-chloronicotinic acid and the
biodegradation metabolites extracted at different time intervals.
Acetamiprid and 6-choloronicotnic acid showed the peaks at 2.9 and
2.7 min, respectively. The biodegradation metabolites extracted at

2nd, 4th, 6th, and 8th showed the different peak pattern with altered
retention time compare to standard acetamiprid. The samples
extracted on 6th and 8th day showed the formation of new peak at
retention time 2.7 min, indicating the conversion of acetamiprid to
6-choloronicotnic acid. In addition, two more peaks were appeared

Figure 2. Effect of physico-chemical parameters on
acetamiprid degradation effect of (a) pH and tempera-
ture, (b) pesticide concentration, (c) carbon source, and
(d) nitrogen source.
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Figure 3. UV–Vis spectra of acetamiprid, 6-chloronicotnic acid and
biodegradation metabolites.
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having retention time 2.6 and 3.1 min. The overall observation from
the HPLC analysis collectively concludes the biodegradation of
acetamiprid in to different metabolites by the action of Rhodococcus
sp. BCH2.

The FTIR analysis confirmed the significant difference in the
peak pattern of control acetamiprid and its biodegradation
metabolites (Fig. 5). FTIR spectrum of acetamiprid showed peaks
at, 3062.10/cm for presence of pyridine ring, 2812.31/cm for C–H
stretching of methyl amines, 1564.32/cm for nitroso compounds.

Alternatively, the spectrum of the metabolites obtained after
biodegradation on 8th day showed significantly different peak
pattern with disappearance of few peaks and formation new ones.
The metabolites showed peaks at, 3186.51/cm for O–H stretching

of R-COOH, bonded OH of 6-chloronicotinic acid, 1631.83/cm for
NH–CO–NH stretching of urea compounds, 1533.46/cm for amide
groups with NH deformation.
The metabolites produced during the acetamiprid biodegradation

were analyzed through GC–MS analysis. The gas chromatogram of

Figure 4. HPLC elution profile of standard acetamiprid (a), standard 6-chloronocotinic acid (b), extracted metabolites on day 2 (c), day 4 (d), day 6 (e), and
day 8 (f).

Figure 5. FTIR analysis of acetamiprid and its
biodegradation metabolites.
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degraded acetamiprid revealed the formation of new peaks.
Furthermore, obtained mass fragmentation and m/z values were
used for prediction of proposed structures of metabolites generated
after biodegradation (Fig. 6). Acetamiprid biodegradation pathway
has been proposed by GC–MS analysis (Fig. 6). Various metabolites
formed during the biodegradation of acetamiprid includes; N-
amidoamide derivative, 1-(6-chloropyridin-3yl)-N-methylmethan-
amine (m/z ¼ 156) and 6-chloronicotinic acid (m/z ¼ 157).

3.5 Toxicological analysis

Physiological analysis of the silkworm as a function of silk gland
weight, midgut weight, and total length of the silkworm was
performed. Table 1 reveals that total growth of the body was retarded
in case of the silkworms fed with the acetamiprid treated leaves with
loss of nervous coordination. From the table, it is clear that the
worms fed with acetamiprid treated leaves showed retarded growth,
especially of silk glands. The silk gland is the organ of the silkworm
that plays a key role in silk synthesis. Toxic nature of the acetamiprid
will ultimately affect silk synthesis.

The DNA damage in larval hemocytes was measured using comet
assay for prediction of genotoxic nature of acetamiprid and its
metabolites. The hemocytes were collected (after 48 h treatment)
from the silkworm fed with mulberry leaves exposed to the various
acetamiprid concentrations and then subjected to comet assay,
followed by measurement of %T (% DNA present in tail) and TL in mm
(Tab. 2), as reported previously [9]. Significant difference was
noted in case of observed parameters compared to control. Results
of the present study conclude, the DNAmolecules are migrated away
from nucleus as result of damage to nuclear membrane. The
migration of DNA is higher in the cells of silkworm exposed to the
acetamiprid. Alternatively, the DNA migration was not much in the
cells of silkworm exposed to biodegradation metabolites. From this
study, it can be concluded that microbial treatment favors
degradation as well as toxicity reduction of acetamiprid.
Oxidative stress studiesmainly associated with level of antioxidant

enzymes; SOD and CAT are core amongst them. SOD and CAT are well
studied in case of silkworm B. mori. Spectrophotometric assays
revealed the induction of CAT and SOD in the midgut, after exposure
to acetamiprid (Tab. 3). Conversely, induction in case of test samples

Figure 6. Proposed pathway of acetamiprid biodegradation using Rhodococcus sp. BCH2.
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(fed with leaves exposed to biodegraded metabolites) was compara-
tively less.
Oxidative modification of proteins and lipids are well-recognized

parameters for toxicity assessment of chemical compound. Table 3
gives an idea of effect of acetamiprid and its biodegradation
metabolites on lipid peroxidation (MDA formation) in silkworm B.
mori. Oxidatively modified proteins were detected for protein
oxidation analysis. Protein oxidation was prominent in case of

larvae fed with mulberry leaves treated with acetamiprid while it
seems to be lowered in case of larvae fed with mulberry leaves
exposed to the biodegraded metabolites (Tab. 3).

4 Discussion
The neonicotinoids are a new insecticide class, which include the
commercial products imidacloprid, acetamiprid, nitenpyram, and

Table 1. Physical analysis of the silkworms fed with mulberry leaves treated with acetamiprid, biodegradation metabolites of acetamiprid and water
(control)

Parameter Control Silkworms fed with treated mulberry leaves

Acetamiprid (ppm) Biodegradation metabolites (ppm)

1 2 3 1 2 3

Body length (cm) Initial 2.2 2.1 2.5 2.4 2.3 2.1 2.5
Final 4.7 3.3 3.1 2.9 4.0 3.9 3.8

Silk gland weight
(mg)

212.43 � 2.4 96.87 � 1.5�� 75.88 � 1.8�� 60.43 � 1.3�� 176.33 � 2.5�� 154.65 � 3.1�� 149.76 � 2.9��

Midgut weight (mg)
(after feeding 48 h)

200.67 � 1.7 131.67 � 1.2�� 117.33 � 2.7�� 103.33 � 1.5�� 192.00 � 1.7 186.33� � 2.1 173.00 � 3.2��

The values are mean of three experiments and SEM (�) is significantly different from the control cells at �p < 0.01 and ��p < 0.001 by one-way
analysis of variance (ANOVA) test with Tukey–Kramer multiple comparison test.

Table 2. Detection DNA damage in the hemocytes of silkworm fed with mulberry leaves exposed to acetamiprid and its degraded metabolites
produced after bacterial treatment using Comet assay

Parameter analyzed Control Silkworms fed with treated mulberry leaves

Acetamiprid (ppm) Biodegradation metabolites (ppm)

1 2 3 1 2 3

TL (mm) Mean � SD 36.00 � 4.04 54.33 � 1.04�� 65.33 � 1.34�� 78.66 � 1.24�� 44.66 � 1.77� 50.33 � 1.54� 1.33 � 1.87�
%T Mean � SD 48.58 � 3.10 77.00 � 1.74�� 83.66 � 1.23�� 96.67 � 1.64�� 55.87 � 1.95 57.87 � 1.38� 64.67 � 1.59�

The values are mean of three experiments and SEM (�) is significantly different from the control cells at �p < 0.01 and ��p < 0.001 by one-way
analysis of variance (ANOVA) test with Tukey–Kramer multiple comparison test.

Table 3. Analysis of antioxidant enzyme activities (SOD and CAT), lipid peroxidation, and protein oxidation in the midgut of silkworm fed with
mulberry leaves exposed to acetamiprid and its degraded metabolites produced after bacterial treatment

Parameter analyzed Control Silkworms fed with treated mulberry leaves

Acetamiprid (ppm) Biodegradation metabolites (ppm)

1 2 3 1 2 3

SOD activity (inhibition
of NBT reduction by
50%)/mg protein/h

6.701 � 1.20 14.56 � 2.02� 18.50 � 1.0�� 22.74 � 1.54�� 6.701 � 1.20 9.43 � 1.44 13.40 � 1.50�

CAT activity (nmol of
H2O2 utilized)/mg
protein

29.49 � 0.93 35.45 � 2.42 42.57 � 1.2�� 56.54 � 1.24�� 28.98 � 2.50 32.54 � 1.45 39.54 � 1.63��

Protein oxidation
(carbonyl content
in nmol/mg protein)

5.7 � 1.23 7.02 � 0.88 8.60 � 1.5�� 9.53 � 1.4�� 6.73 � 1.40 6.79 � 1.01 6.99 � 0.97

Lipid peroxidation
(MDA nmol/g FW)

0.68 � 0.20 0.99 � 0.45� 1.52 � 0.8�� 1.76 � 0.6�� 0.77 � 0.52 0.91 � 0.34� 0.98 � 0.20�

The values are mean of three experiments and SEM (�) is significantly different from the control cells at �p < 0.01 and ��p < 0.001 by one-way
analysis of variance (ANOVA) test with Tukey–Kramer multiple comparison test.

302 S. S. Phugare and J. P. Jadhav

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.clean-journal.com Clean – Soil, Air, Water 2015, 43 (2), 296–304



thiamethoxam and are important to agriculture because of their
activity against sucking insects and some heteroptera, coleoptera and
lepidoptera [21, 22]. Due to the less toxicity to the mammals use of
neonicotinoids is increasing day-by-day [23, 24], which resulted the
serious problem to the non target economical insects like honeybees
and silkworms. Hence, nowadays remediation of such compounds is of
prime concern and many of the researchers are focusing on the
degradation and mineralization of these compounds by different
methods, including physico-chemical and biologicalmethods [1, 2, 25].
The endeavor of present study was to evaluate the use of a

biological treatment with the aid of isolated bacterial culture for
pesticide biodegradation. Till date, very few bacterial species have
been reported for acetamiprid degradation [1, 2]. Here, we report that
Rhodococcus sp. BCH2 could able to degrade acetamiprid up to 85%
within 8 days, which is significantly higher and faster as compared to
the reported bacterial strains for acetamiprid degradation. Recently,
Dai et al. reported use of yeast R. mucilaginosa strain IM-2 for
biotransformation of the acetamiprid and the yeast was found to
degrade 93% of acetamiprid after 14 days of incubation. The yeast
transformed the acetamiprid to the metabolite IM 1-3 [2]. Similarly,
the biotransformation of the acetamiprid to IM 2-1 by the action
of S. maltophilia CGMCC 1.1788 was reported earlier [1]. Present
study reports degradation of acetamirpid via the formation of
N-amidoamide derivative, 1-(6-chloropyridin-3yl)-N-methylmethan-
amine and 6-chloronictinic acid metabolites. Biochemical degrada-
tion pathway of acetamiprid was proposed earlier in case of yeast
R. mucilaginosa strain IM-2 [2]. However, analytical studies showed that
themetabolites predicted earlier and themetabolites obtained in the
present study are significantly different, hence present study brings
new insights for acetamiprid biotransformation.
The optimization of physico-chemical parameters for acetamiprid

biodegradation revealed that pH 7 and temperature 35°C was
optimum for degradation. Overall, the optimization of pH and

temperature is important for many microbial degradation experi-
ments. Such optimization studies for biodegradation of dimethoate
by Brevundimonas sp. MCM B-427 has been previously reported [26].
Studies with the increasing acetamiprid concentration revealed that
the rate of biodegradation was found to be reduced. The higher
concentration might exert the toxic effect on to the cells and
ultimately on to the enzyme systems, hence, it results in to decreased
biodegradation. Similar experiments were reported earlier to study
the effect of initial dye concentration in case of biodegradation
studies of dye using various microbial systems [27].
The growth of the microorganisms mainly depends up on the

nutrient availability in the growth habitat. All the metabolic
activities of the microbes are regulated through the nutrient status
of the medium. Sometimes under starvation, microbes switch on the
alternative metabolic pathways to utilize the available material as
food source on contrary sometimes readily available nutrient sources
hampers alternative metabolic activity of the cells. On the other
hand, sometimes additional carbon and nitrogen sources might act
as a stimulator for subsidiary metabolic activity. Effect of addition of
external carbon and nitrogen sources on biodegradation of chemicals
were studied previously by many researchers [28, 29]. Figure 2 gives
clear idea about effect of carbon as well as nitrogen sources on the
degradation ability of the strain was reduced which might be due to
suppression of acetamiprid utilizing machinery of Rhodococcus sp.
BCH2. Complete inhibition of degradation rate in presence of citric
acid might be associated with inhibition of microbial enzymes under
extreme acidic conditions. On the contrary, yeast extract was found

to stimulate biodegradation, which might be due to the induction of
pesticide degrading enzymes in presence of yeast extract.
HPLC analysis of the acetamiprid before and after microbial

treatment confirmed the biodegradation of the pesticide in to
different metabolites. Comparison of standard spectrum (UV–vis and
HPLC peaks) of acetamiprid and 6-chloronicotinic acid with the
spectrum of biodegradation metabolites confirms the degradation of
acetamiprid to 6-chloronicotinic acid. The observations obtained
through HPLC and UV–vis analysis are better supported by the results
of FTIR and GC–MS analysis.
The neonicotinic compounds are less toxic to the mammals due to

their specific action. On the other hand, they are moderately toxic to
the insects. Due to the action of neonicotinoids, target as well as non-
target insects get affected. The acetamiprid exerts strong toxic effect
on the silkworms and the physiological retardation of silkworms is
shown in Tab. 1. Hence, present study provides important finding
regarding the toxicological nature of acetamiprid and its biodegra-
dation metabolites on silkworms. The comet assay (alkaline version)
is renowned method for detection genotoxicity of a compound and
proved to be useful for biomonitering of the environmental
pollutants [20]. Acetamiprid exerts strong genotoxic effect on the
silkworms compared to its biodegradationmetabolites. Furthermore,
toxicity of acetamiprid was evaluated by studying the antioxidant
enzymes. Dose dependent induction was noted in midgut CAT and
SOD after exposure to acetamiprid (Tab. 3). Oxidative stress
development in the thymic cells of mice, followed by altered
antioxidant enzyme status was reported after exposure to pesticides
like malathion and lindane [30]. Lipid peroxidation and protein
oxidation are well known biomarkers for toxicity analysis of
chemical compound. The acetamiprid was found increase the rate
of lipid peroxidation whereas in case of metabolites produced after
microbial treatment peroxidation rate was comparatively less
(Tab. 3). Similarly, elevated oxidative modification of proteins was

noted in case of larvae fed with acetamiprid treated leaves, while in
case of larvae fed with metabolites treated leaves (obtained after
biodegradation) rate seems to be lowered (Tab. 3). Raised values of
oxidatively modified lipids indicate generation of reactive oxygen
intermediates (ROS) as a response to pesticide, further leading to cell
apoptosis [9]. Development of oxidative stress and ROS are reported to
be triggers of cell apoptosis [9, 31]. Induction of lipid peroxidation in
fish by endosulfan, [32] and cypermethrin [5] was reported previously.
Similar observations were reported earlier in acephate-exposed
earthworms [9].
The present study brings valuable information regarding acet-

amiprid biodegradation potential of Rhodococcus sp. BCH2 and the
strain was found to be a good candidate for faster and effective
biodegradation of acetamiprid. The biodegradation studies coupled
with toxicological analysis concluded that the pesticide was trans-
formed to the metabolites that were relatively less toxic to the
silkworms.
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Abstract Pressmud is a byproduct of sugar industry.

Currently it is used both as a soil reclamation agent and soil

conditioner. Repeated use of pressmud makes soil highly

alkaline and decreases the soil quality, which is adversely

affecting the growth of agricultural crops. Thus, the

objective of the present study is to evaluate changes in

physico-chemical and phyto-chemical parameters of soil

and chilli plant, Capsicum annum after treating with the

pressmud, which is enriched with feather degraded product

(FDP) and humus. The results showed that the plant

amended with a dose of 5 % of pressmud and 5 % FDP

supplied as a foliar spray in the soil at an interval of 5 days

had promising growth and growth-related parameters, such

as proteins, carbohydrates, amino acids and chlorophyll

contents. Fertility of the soil was also increased. Therefore

the application of this organic amendment could promote

and improve the agro-ecosystem, and also represent an

effective strategy for a sustainable solution to the problem

of feather disposal.

Keywords Chilli plant � Humus �
Feather degraded product (FDP) � Pressmud �
Sugar industry

Introduction

India ranks second in agricultural industries globally with

more than 400 sugar industries. Indian sugarcane industry

produces several byproducts of immense potential value,

which includes pressmud (filter cake), molasses and spent

wash, out of these pressmud is generated during clarifica-

tion of sugarcane juice. Approximately 36–40 kg of

pressmud is obtained after crushing a ton of sugarcane [1].

Pressmud is a fibrous, odiferous, mildly corrosive and

biodegradable organic waste that is rich in organic matters,

like organic carbon, sugars, proteins, macro (N, P, and K)

and micro (Zn, Fe, Mg, Mn, Cu etc.) nutrients, and

microbial flora [2]. Though it is nutritionally rich, its use in

agriculture as compost is very low due to its odor, trans-

portation cost, and fear that its application may lead to

crust formation, pH variation and pollution of soil [3].

Conventional composting of pressmud takes about

6 months and has less nutritive value and compact nature.

Similarly a byproduct of poultry is feather waste, which is

made up of keratin protein (90 %) and generated in millions

of tons annually [4]. The feather waste upon biodegradation

by Chryseobacterium sp RBT produces peptides and several

amino acids, like glycine, alanine, serine, cysteine, valine

and macro and micro elements, which can be a good source

of organic nitrogen [5]. An opportunity exists for the

development of new nitrogen-rich organic amendments that

will serve the dual purpose of improving plant growth and

stimulating microbial activity in the soil, beneficial to

enhance the quality of the pressmud [6]. Therefore, the

protein rich concentrate of feather waste generated from

poultry farm,which acts as a semi slow released fertilizer [7],

can be used for organic farming.

The enrichment of pressmud with other organic wastes

like humus or chicken feather degradation products (FDP)
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can increase the nutritional value of pressmud within a

short period of time and then it could be more beneficial

than pressmud alone as manure. According to Deashmukh

et al. [8] conversion of raw pressmud into enriched press-

mud compost through composting process increased the

available nutrient content like, N, P and K. The application

of enriched pressmud compost increased soil properties

instead of raw pressmud.

The aim of the present study was to determine the

physico-chemical parameters of the pressmud and enrich

its quality by using FDP and humus as organic supplement.

Similarly, impact of these combinations on growth and

biochemical analysis of chilli plant was evaluated. As the

pressmud compost increases availability of nutrients in

soil, therefore, the soil was also tested in the present study.

Material and Methods

The laboratory experiment for chilli plantation was con-

ducted in the winter of 2012–2013 in the open space of

Environmental Science Department, Shivaji University,

Kolhapur, Maharashtra, India in natural conditions, where

the plantlets were 30-days old and 12–15 cm in height, and

were purchased from a local nursery in Kalamba area,

Kolhapur.

The experiment was planned to determine the effect of

pressmud enriched by FDP and humus on following sets of

parameters, (1) phyto-chemical growth and quality

parameters, like chlorophyll content, protein content, and

amino acids content etc. of chilli plant and (2) physico-

chemical parameters of soil before plantation and after

harvest of the crop.

The experiment was arranged in small pots with three

replicates. The pot size was 25 cm (length) 9 15 cm

(height). Total five treatments including control were

employed.

The data of physico-chemical and phyto-chemical

parameters were recorded accordingly at appropriate time

of above treatments.

Collection of Pressmud, Chicken Feather

and Humus

Pressmud was collected from Kumbhi Kasari S.S.K. situ-

ated at about 12 km west of Kolhapur city having its

crushing capacity 3500 TCD Distillery of 45000 LPD.

Chicken feathers were obtained from waste near local

poultry processing unit, from Kolhapur, India. Feathers

were washed in running tap water to remove debris and

rinsed with distilled water and sun dried.

In humus preparation, the kitchen waste was mixed with

soil in 2:1 ratio and allowed to decompose for 2 weeks in a

shallow pit. After 2 weeks, the waste was converted into

dark crumbly mass that was used as humus.

Formation of FDP

Biodegradation of feathers was carried out by the isolated

microorganism, Chrysobacterium sp RBT, by using min-

eral salt medium containing 100 ml sterilized basal salt

medium (BSM) having composition (g l-1) of KH2PO4 (4),

Na2HPO4 (6), NaCl (5), MgSO4 (0.1) and feathers (10).

After incubation, the complete feather degradation was

observed within 30 h. This degraded broth contained pep-

tides and amino acids [5].

Chilli Plantation in Controlled Conditions

The chilli plantlets, of variety named Jyoti, were planted in

the pots during winter season (November) of 2012–2013 in

the open space of Environmental Science Department,

Shivaji University, Kolhapur (Maharashtra, India) under

natural conditions. Five different treatments that were

employed are as follows, (1) control with no inoculum (S0),

(2) 80 % soil mixed with 20 % pressmud (S1), (3) 90 %

soil mixed with 10 % pressmud (S2), (4) 90 % soil mixed

with 5 % pressmud and 5 % humus (S3), and (5) 90 % soil

mixed with 5 % pressmud and sprayed with 5 % FDP (S4).

Each treatment had three replicates. The experimental units

were arranged in completely randomized design.

Analysis of Physico-chemical Parameters

of Pressmud and Soil

The pressmud and soil were analyzed for pH and moisture

content [9], organic carbon content [10], organic matter

[11], available phosphorus [12], total nitrogen [13], cal-

cium [14] and magnesium [15], exchangeable sodium [16]

and potassium [17]. Similarly, the soluble protein [18],

total sugar content [19], reducing sugar [20] and amino

acids [21] were also evaluated.

Analysis of Phyto-chemical Parameters of Chilli

Plant

The biochemical characteristics of vegetative part were

determined in terms of their chlorophyll content [22], total

phenolics [23], total flavonoids [24], protein [18], carbo-

hydrates [19], amino acid [21], proline, tryptophan [25,

26], and indol acetic acid [27].

Data Analysis

All the experiments were carried out in triplicate and data

were analyzed using a one-way analysis of variance

P. R. Bhosale et al.
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(ANOVA) with the Tukey–Kramer multiple comparison

test using the Graph pad software.

Results and Discussion

Initial Physico-chemical Parameters of Soil

and Other Combinations Before Plantation

The analysis of the studied soil is given in Table 1, which

showed that most of the physico-chemical properties of the

soil have been positively changed by application of different

combinations of pressmud.Application of pressmudalone has

shown an increase in soil pH, as the pressmud is alkaline in

nature. Other combinations have been able to minimize the

alkalinity of pressmud, as shown in Table 1. The optimumpH

range for most plants is 6–7.5, however, some plants have

adapted to thrive at pH values outside this range [28]. Simi-

larly, the determined moisture content was 14 ± 0.011 %,

whereas that of pressmud was 24 ± 0.008 %. The moisture

contents of other combinations are shown in Table 1. The

readings showed that elevated levels of pressmud in the soil

increased moisture content. Similarly, the organic matter in

soil was 6.6 ± 0.013 % and that of pressmud was

19.6 ± 0.014 %. The organic matter content of remaining

combinations is shown in Table 1. Also, the macronutrient

contents of the pressmud and other combinations were found

to be more as compared to that of the soil alone. Calcium,

magnesium and sodium were found in higher amounts in the

pressmud (Table 1).

Carbon content was evaluated and found to be higher in the

pressmud. The results of carbon content of soil, pressmud and

their combinations are given in Table 1. It was also shown

that soil containing pressmud had higher percentage of

organic carbon. Due to high organic content, i.e. organic

carbon and organic matter, pressmud can serve as better

source of organic nutrients [29]. Chemically pressmud is a

rich source of organic matter, organic carbon, sugar, protein,

enzymes, macronutrients, micronutrients and microbes [30].

The organic matter increases water and nutrient holding

capacity, improves surface stability, aeration and water pen-

etration by altering the soil structure [31]. However, the dis-

advantages of pressmud appear when it is freshly applied to

the soil directly from the factory. It has the tendency to burn

the plants as the result of the rapid decomposition, which

liberates heat and ammonia in high concentrations [32]. The

simplest and appropriate application of recycled feather

wastes is a low cost soil amendment that provides organic

matter, and it is an important elector of biologically active and

productive soils [33]. Therefore, it is necessary to enrich the

quality of pressmud by using FDP and humus as organic

supplement. Similarly, impact of these combinations on

growth and biochemical parameters of chilli plants, and

analysis of soil nutrients for the plants fertilitywere evaluated.

Organic manure or biofertillizer produced from FDP plays a

key role in increasing the desired soil properties and exerts a

beneficial effect on all soil characteristics [34].

Effect of Various Combinations of Pressmud,

Humus and FDP on Physico-chemical Parameters

of Soil

In the pot experiments, results were observed after

3 months of plantation. They are mentioned in Table 2.

Table 1 Analysis of the soil and various combinations at the initiation of pot experiment, before plantation

Sr. no Parameters S0 S1 S2 S3 S4

1 pH 7.15 ± 0.028 7.30 ± 0.023 7.22 ± 0.026 7.20 ± 0.014 7.22 ± 0.020

2 Moisture content 14 ± 0.011 24 ± 0.008 19 ± 0.008 17 ± 0.012 23 ± 0.009

3 Carbon 2.67 ± 0.031 6.42 ± 0.062 4.57 ± 0.028 3.78 ± 0.090 5.80 ± 0.080

4 Organic matter 6.6 ± 0.013 19.6 ± 0.014 12.4 ± 0.006 11.4 ± 0.017 12.6 ± 0.033

5 Available phosphorus 0.41 ± 0.006 0.65 ± 0.001 0.54 ± 0.005 0.48 ± 0.002 0.50 ± 0.005

6 Total nitrogen 0.10 ± 0.007 0.36 ± 0.003 0.24 ± 0.001 0.15 ± 0.005 0.20 ± 0.001

7 Total calcium 0.12 ± 0.004 0.26 ± 0.001 0.28 ± 0.004 0.17 ± 0.002 0.17 ± 0.004

8 Total magnesium 0.08 ± 0.002 0.19 ± 0.004 0.12 ± 0.002 0.05 ± 0.001 0.12 ± 0.002

9 Total sodium 0.054 ± 0. 010 0.007 ± 0.004 0.006 ± 0.002 0.005 ± 0.003 0.006 ± 0.002

10 Total potassium 0.15 ± 0.080 0.21 ± 0.075 0.18 ± 0.057 0.26 ± 0.032 0.18 ± 0.057

11 Protein content 0.077 ± 0.003 0.65 ± 0.005 0.32 ± 0.006 0.22 ± 0.008 0.32 ± 0.006

12 Total sugar content 0.064 ± 0.007 0.564 ± 0.002 0.248 ± 0.006 0.168 ± 0.004 0.248 ± 0.006

13 Reducing sugar 0.052 ± 0.003 0.122 ± 0.004 0.072 ± 0.005 0.052 ± 0.003 0.072 ± 0.005

14 Amino acid 0.019 ± 0.001 0.089 ± 0.003 0.059 ± 0.002 0.029 ± 0.003 0.059 ± 0.002

The values represent mean of triplicates, and SEM (±) is significantly different from the control cells by one way analysis of variance (ANOVA)

test with the Turkeye–Kramer multiple comparison test. S0: control; S1: 80 % soil and 20 % pressmud; S2: 90 % soil and 10 % pressmud; S3:

90 % soil, 5 % pressmud and 5 % humus; S4: 90 % soil, 5 % pressmud and 5 % FDP
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Changes in pH

The S0 showed no change in pH. The pH of soil in S1 and

S2 were 7.94 ± 0.023 and 7.81 ± 0.026, respectively,

while soil pH values in S3 and S4 were 7.15 ± 0.014 and

7.12 ± 0.020, respectively. Pressmud-containing samples

had alkaline pH, plants might have had faced difficulties in

uptake of nutrients and thus showed reduced growth as

compared to the plants that were grown in soil alone.

Enrichment of pressmud with humus or FDP helps in

maintaining the pH around 7, which is favorable for proper

growth of plants. The pressmud also provides nutrients and

amino acids as a growth enhancer.

Changes in Moisture Content

Among all the treatments S3 showed higher percentage of

moisture content i.e. 43 ± 0.014 % as compared to other

treatments. Humus has high moisture content, which

favored photosynthesis and transpiration [35]. So plants in

humus-containing soil showed greater height and leaf

number than plants in soil alone. Humus can hold the

equivalent of 80–90 % of its weight in moisture, and

therefore increases the soil’s capacity to withstand drought

conditions [36].

Changes in Organic Carbon and Organic Matter

In general, percentage of organic carbon and organic

matter increased significantly with change in treatment.

The organic carbon and organic matter of control soil (S0)

were 2.99 ± 0.048 and 6.2 ± 0.021 %, respectively.

Among all the treatments S1 and S4 showed superior effect

as compared to S2 and S3. Maximum organic carbon and

organic matter were recorded in treatment S1 followed by

S4, organic carbon being 7.39 ± 0.014, 7.03 ± 0.042 %

and organic matter 16.6 ± 0.092, 13.6 ± 0.014 %,

respectively, whereas S2 and S3 showed 5.82 ± 0.057,

5.98 ± 0.066 % organic carbon and 11.4 ± 0.017,

12.8 ± 0.020 % organic matter, respectively. The content

of organic carbon had increased with application of

pressmud, humus and FDP, as this combination had high

concentration of organic carbon. The maximum growth of

plants was observed in treated soil than plants grown in the

plain soil. Organic carbon plays an important role in pro-

viding plant nutrients, enhancing cation exchange capacity,

improving soil aggregation and water retention, and sup-

porting biological activity of soil [37]. According to

Soleimanzadeh and Ghooshchi [38] feathers are also a

good source of soil organic matter, which plays a key role

in maintaining soil fertility and productivity.

Changes in Nitrogen Content

Pressmud, enriched with humus and FDP, was found to

have significant effect on nitrogen content of soil. Unlike

carbon content, nitrogen was increased gradually (Table 2).

Among all the treatments, S4 showed maximum nitrogen

content of 0.33 ± 0.002 % followed by S3 (0.25 ±

0.004 %), whereas S1 and S2 showed 0.19 ± 0.003 and

0.17 ± 0.004 %, respectively. Nitrogen is one of the key

nutrients in the soil. Increase in available soil nitrogen, on

Table 2 Analysis of the soil and various combinations at the end of the pot experiment, 3 months after the plantation

Sr. No Parameters S0 S1 S2 S3 S4

1 pH 7.18 ± 0.016 7.94 ± 0.021 7.81 ± 0.023 7.15 ± 0.026 7.12 ± 0.030

2 Moisture 14 ± 0.011 39 ± 0.008 35 ± 0.013 43 ± 0.014 36 ± 0.098

3 Carbon 2.99 ± 0.048 7.39 ± 0.014 5.82 ± 0.057 5.98 ± 0.066 7.03 ± 0.042

4 Organic matter 6.2 ± 0.021 16.6 ± 0.092 11.4 ± 0.017 12.8 ± 0.020 13.6 ± 0.014

5 Available phosphorus 0.39 ± 0.001 0.52 ± 0.008 0.43 ± 0.005 0.57 ± 0.002 0.58 ± 0.003

6 Total nitrogen 0.07 ± 0.001 0.19 ± 0.003 0.17 ± 0.004 0.25 ± 0.004 0.33 ± 0.002

7 Total calcium 0.1 ± 0.004 0.19 ± 0.001 0.16 ± 0.003 0.19 ± 0.002 0.26 ± 0.002

8 Total magnesium 0.02 ± 0.001 0.09 ± 0.008 0.06 ± 0.001 0.06 ± 0.002 0.13 ± 0.002

9 Total sodium 0.052 ± 0.140 0.056 ± 0.230 0.052 ± 0.150 0.051 ± 0.410 0.054 ± 0.570

10 Total potassium 0.10 ± 0.121 0.13 ± 0.080 0.12 ± 0.031 0.14 ± 0.072 0.17 ± 0.110

11 Protein content 0.064 ± 0.006 0.31 ± 0.005 0.12 ± 0.001 0.23 ± 0.002 0.37 ± 0.004

12 Total sugar content 0.048 ± 0.008 0.40 ± 0.003 0.22 ± 0.008 0.14 ± 0.012 0.24 ± 0.014

13 Reducing sugar 0.022 ± 0.003 0.082 ± 0.002 0.042 ± 0.003 0.032 ± 0.001 0.052 ± 0.004

14 Amino acid 0.019 ± 0.001 0.059 ± 0.022 0.029 ± 0.002 0.039 ± 0.003 0.059 ± 0.003

The values represent mean of triplicates, and SEM (±) is significantly different from the control cells by one way analysis of variance (ANOVA)

test with the Turkeye–Kramer multiple comparison test. S0: control; S1: 80 % soil and 20 % pressmud; S2: 90 % soil and 10 % pressmud; S3:

90 % soil, 5 % pressmud and 5 % humus; S4:90 % soil, 5 % pressmud and 5 % FDP
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account of this FDP application, indicated that the nitrogen

present in pressmud was readily available for plant nutri-

tion. Amino acids present in FDP also acted as nitrogen

source. Therefore, feather waste generated from poultry

can act as nitrogen rich source that serve the dual purpose

of improving plant growth and intensifying microbial

activity in soil [39].

Changes in Phosphorus (P) and Potassium (K)

Phosphorus and potassium are essential elements for plant

growth and development as they not only improve level of

nutrition of the soil, but also improve the quality of crop

[40]. Among all the treatments S4 was found to have

0.58 ± 0.003 % more phosphorus and 0.17 ± 0.110 %

more potassium than control S0, 0.39 ± 0.001 % (P) and

0.10 ± 0.121 % (K). The other treatment S3 showed

0.57 ± 0.002 % (P) and 0.14 ± 0.072 %(K) followed by

S1 and S2, which showed 0.52 ± 0.008, 0.43 ± 0.005 %

(P) and 0.12 ± 0.031, 0.14 ± 0.072 % (K), respectively. It

was found that there is significant increase in phosphorus

and potassium contents of soil with application of press-

mud, humus and FDP. Pressmud and FDP have high

amounts of phosphorus than soil. In initial analysis of soil,

phosphorus content was higher while after growth of plants

it was reduced. This indicates that plants had utilized

phosphorus for their metabolism.

Changes in Calcium and Magnesium Content

Every plant needs calcium to grow. It is an important

constituent of cell wall. Without an adequate amount of

calcium, plants experience a variety of problems like

necrosis or stunted growth. Pressmud and FDP have higher

amount of Ca??, which would be helpful for plant growth.

The soil treated with pressmud and FDP i.e. S1, S3 and S4
respectively showed significant amount of Ca content i.e.

0.19 ± 0.001, 0.19 ± 0.002 and 0.26 ± 0.002 %, while S2
and S0 showed 0.16 ± 0.003 and 0.1 ± 0.004 %, respec-

tively. Pressmud is rich in Mg content but due to alkaline

conditions plants fail to uptake appropriate amount of

magnesium but when pressmud was enriched with humus

or FDP, its pH came down, which would help in proper

uptake of magnesium by plants. As magnesium content

increased consequently chlorophyll content increased. The

treatments S4 and S1 show higher percentage of magnesium

content i.e. 0.13 ± 0.002 and 0.09 ± 0.008 %, respec-

tively. Magnesium is the central element of the chlorophyll

molecule, which is vital for photosynthesis. It is a co-factor

and a constituent of many enzymes [41]. Conclusively, the

addition of FDP hydrolysate the major and minor nutrient

constituents in the soil like N, P, K, C, Mg, Ca and Na were

changed favorably for plant growth [42].

Changes in Biochemical Parameters

Generally pressmud shows 3.02 % protein content. In

Table 1 pure soil shows 0.077 % protein content while in

other combinations, S1, S2, S3 and S4, the soil showed

0.65 ± 0.005, 0.32 ± 0.006, 0.22 ± 0.008 and

0.32 ± 0.006 % protein content, respectively. Along with

protein, the percentages of sugar and amino acids in the

soil also increased due to addition of the pressmud, since it

is rich in proteins, sugars and amino acids. After 3 months

protein, total sugar and amino acid content of S3 and S4
combinations showed better results as compared to other

combinations. According to Sinha and Pant [43] the bio-

stimulating effect of the keratin hydrolysates is associated

with its formulation, as the protein waste materials might

be digested into soluble proteins, peptides and free amino

acids. This indicated that FDP is good source of nutrient for

plant growth as feathers are rich in proteins (90 %), which

were solubilized into peptides and amino acids using

microbial keratinase [6].

Effect of Various Treatments on Phyto-chemical

Parameters of Chilli Plant

Estimation of Chlorophyll Content

Chlorophyll is vital for photosynthesis, which allows plants

to absorb energy from light [44]. Figure 1 shows that

chlorophyll contents of chilli plant grown in S4 and S3 were

0.74 ± 0.08 and 0.56 ± 0.05 mg g-1, respectively,

whereas other combinations such as S1, S2, and S0 showed

less chlorophyll content. According to Neals [45], forma-

tion of chlorophyll molecule is dependent on nutrients like

N, Mg, S, Ca, Fe, Mn, as well as Zn available to the plants.

These metals are present in good amount in FDP and in

humus. Supplementing plants with these might have

enhanced the chlorophyll content. Higher concentration of

Fig. 1 Effect of selected doses on the chlorophyll content of chilli

plant. Data shown as mean ± SEM, n = 3, S0 control; S1 80 % soil

and 20 % pressmud; S2 90 % soil and 10 % pressmud; S3 90 % soil,

5 % pressmud and 5 % humus; S4 90 % soil, 5 % pressmud and 5 %

FDP
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chlorophyll favors the synthesis of carbohydrates and other

compounds, which have a positive effect on fruit yield

[46].

Estimation of Protein, Carbohydrates and Amino Acids

Figure 2 shows the effect of doses of pressmud, humus and

FDP on the protein, carbohydrate and amino acid contents

of chilli plant. It was observed that protein content of chilli

plant grown in S4 was 2.19 ± 0.63 mg g-1, subsequently

protein contents of chilli plant grown in S3, S0 and S2
combinations were 2.04 ± 0.30, 1.97 ± 0.56 and

1.92 ± 0.34 mg g-1, respectively. The protein content was

slightly less in plants that were grown in S1, which was

1.897 ± 0.24 mg g-1. Proteins act as important macro

molecules that participate in every aspect of plant growth

and development. Proteins are involved in processes such

as catalyzing chemical reactions, facilitating membrane

transport, intracellular structure and energy generating

reaction, which involves electron transport. Plants contain

low levels of proteins due to the large amount of structural

carbohydrate that compose most of the plant structure [47].

Protein contents were higher in plants that were grown in

S4. The carbohydrate content was more in plants grown in

S4, which was 4.3 ± 0.023 mg g-1, followed by S2 com-

bination and quite alike in only S1, S3 and S0 combinations,

which are 3.7 ± 0.045, 3.6 ± 0.37 and 3.4 ± 0.047,

3.4 ± 0.062 mg g-1, respectively. Carbohydrates play an

important role in plant growth, development and stress

response. The level and quality of carbohydrates depend on

species, organ, growth conditions and many other param-

eters, but globally it reflects the balance among photo-

synthesis and growth. In addition total plant biomass and,

as a result, yield in case of many crops largely depend on

photosynthetic carbon fixation and carbohydrate

metabolism [48]. Similarly, amino acid content was found

to be elevated in plants that were grown in S4 and it was

1.77 ± 0.11 mg g-1. Chilli plants grown in other combi-

nations, such as S3, S0, S2, S1, showed amino acid contents

as 1.57 ± 0.09, 1.37 ± 0.13, 1.41 ± 0.023 and

1.21 ± 0.18 mg g-1, respectively. Amino acids are

organic nitrogen compounds, traditionally characterized as

precursors and constituents of proteins [49]. Also it is

important for growth regulation and as modulators of

growth and cell differentiation, which possibly affect

general metabolism and consequently morphogenesis [50].

Moreover, amino acids play vital role in the induction and

development of maximum number of multiple shoots [51].

Estimation of Tryptophan and Indole Acetic Acid (IAA)

Content

Figure 3 shows the tryptophan and indole acetic acid (IAA)

contents of chilli plants grown in different combinations. It

was pragmatic that tryptophan content was greater in plants

that were grown in S4 (8.4 ± 0.02 mg g-1), than S3 (5.4 ±

0.04 mg g-1), followed by S0 (5.4 ± 0.052 mg g-1), S2
(4.9 ± 0.014 mg g-1) and S1 (4.9 ± 0.038 mg g-1).

Tryptophan is a precursor of phytohormones auxin and

cytokinin [52]. Elevated levels of tryptophan in plants

might be helpful in synthesis of phytohormones, which

results in higher growth of plants. IAA contents were

observed to be higher in the plants grown in S3 and S4 in

addition to S1 combination, which were 1.20 ± 0.35,

1.15 ± 0.28, and 1.0 ± 0.05 mg g-1, respectively, while

0.95 ± 0.46 mg g-1 in S0 and S2. Since one of the most

frequently studied amino acid is tryptophan, and a pre-

cursor of IAA synthesis, high levels of tryptophan pro-

motes higher synthesis of IAA (auxin), which results in

higher growth of plants [53].

Fig. 2 Effect of selected doses on the protein, carbohydrate and

amino acid content of chilli plant. Data shown as mean ± SEM,

n = 3, S0 control, S1 80 % soil and 20 % pressmud, S2 90 % soil and

10 % pressmud, S3 90 % soil, 5 % pressmud and 5 % humus, S4 90 %

soil, 5 % pressmud and 5 % FDP

Fig. 3 Effect of selected doses on the tryptophan and indole acetic

acid content of chilli plant. Data shown as mean ± SEM, n = 3, S0
control, S1 80 % soil and 20 % pressmud, S290 % soil and 10 %

pressmud, S3 90 % soil, 5 % pressmud and 5 % humus, S4 90 % soil,

5 % pressmud and 5 % FDP
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Estimation of Phenolics and Flavonoids Content

Polyphenols constitute the majority of plant secondary

metabolites and dietary antioxidants [54]. These are

broadly distributed in the plant kingdom and considered as

the most potent natural antioxidants [55]. Recently, the

natural antioxidants in fruits and vegetables have drawn the

attention of food scientists, nutrition specialists and con-

sumers, as they reduce the risk of chronic diseases and

promote human health [56]. Figure 4 shows the polyphe-

nolic content of chilli plants grown in different samples. It

was observed that phenolic compounds were found slightly

greater in plants that were grown in S1 combination

(2.92 ± 0.025 mg g-1) followed by S2 combination

(2.74 ± 0.075 mg g-1) and were found comparatively less

in S3 and S4 combinations, which were 2.41 ± 0.029 and

2.05 ± 0.045 mg g-1, respectively. S0 showed

2.77 ± 0.034 mg g-1 of phenolic content. Phenolic com-

pounds are generally involved in plant adaptation to envi-

ronmental stress conditions. These compounds have a

number of beneficial health properties related to their

potent antioxidant activity and they also have hepato-pro-

tective, hypoglycemic and antiviral activities [57]. Flavo-

noids are commonly known for their antioxidant activity

[58]. Flavonoid content was found more in plants grown in

S4 and S3 combinations, whereas in other combinations it

was similar to that of plain soil. The flavonoid content of

chilli plant grown in S4 was recorded as

1.33 ± 0.025 mg g-1, while flavonoids contents of chilli

plants grown in other combinations, such as S0, S1, S2 and

S3, were recorded as 0.95 ± 0.029, 0.98 ± 0.041,

0.98 ± 0.45 and 0.10 ± 0.05 mg g-1, respectively. Fla-

vonoids are the most important plant pigments for flower

coloration. In higher plants, they are involved in UV fil-

tration, symbiotic nitrogen fixation and floral pigmentation.

They may act as a chemical messenger or physiological

regulators [59]. Thus, the study suggests that the addition

of FDP improves phenolics as well as flavonoid levels.

Estimation of Proline Content

The impact of selected doses of pressmud, humus and FDP

on proline content of chilli plant is shown in Fig. 5. The

proline content was higher in plants grown in S1
(0.150 ± 0.005 mg g-1) and S2 (0.168 ± 0.007 mg g-1),

and lesser in S3 (0.093 ± 0.015 mg g-1) and S4 combi-

nations (0.085 ± 0.008 mg g-1) as compared to S0
(0.145 ± 0.022 mg g-1). Proline is produced in stress

conditions and plays an osmo-protective role in physio-

logical responses, enabling the plants to tolerate the

adverse effects of abiotic stress in a better way [60].

Effect of Pressmud Improved with Humus and FDP

on Morphology and Growth of Chilli Plant

The chilli plants treated with different combinations of

pressmud and FDP showed variations in their height,

number of leaves, number of fruits as well as fruit length.

The plants treated with FDP i.e. S4 showed maximum

height 32.4 ± 0.124 cm and number of leaves

47.6 ± 0.013 per plant, as well as it showed

5.29 ± 0.021 cm of fruit length and 28.5 ± 0.043 of

number of fruits per plants. S3 combination also showed

increase in height, number of leaves, fruit length and

number of fruits followed by S0 and S2 combinations.

Stunted growth and less number of leaves were observed in

higher dose of pressmud, therefore results of Table 3

showed that application of FDP significantly enhanced the

growth and yield of chilli plants. According to Gurav and

Jadhav [6], 20 % of FDP can be used as nontoxic, eco-

friendly biofertilizer to promote the growth of plants and

also as a soil conditioner. Commonly, keratinous wastes,

rich in protein and amino acids, are suggested to serve as

fertilizers providing organic matter and reducing the use of

Fig. 4 Effect of selected doses on the phenolics and flavonoids

content of chilli plant. Data shown as mean ± SEM, n = 3, S0:

control; S1 80 % soil and 20 % pressmud, S2 90 % soil and 10 %

pressmud, S3 90 % soil, 5 % pressmud and 5 % humus, S4 90 % soil,

5 % pressmud and 5 % FDP

Fig. 5 Effect of selected doses on the proline content of chilli plant.

Data shown as mean ± SEM, n = 3, S0 control, S1 80 % soil and

20 % pressmud; S2 90 % soil and 10 % pressmud, S3 90 % soil, 5 %

pressmud and 5 % humus, S4 90 % soil, 5 % pressmud and 5 % FDP
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fungicides through increase the plant resistance against

pathogenic organisms [34]. Authors assured that addition

of hydrolysate to the plants improved quantitative and

qualitative characteristics of plant and regulated the major

and minor nutrients to favorable concentrations [42], which

help to enhance the growth and yield of plant.

Conclusion

The outcome of the present study revealed that pressmud

alone when applied to soil as manure increases the pH of

soil, resulting in rise in the alkalinity of soil. Consequently

even if pressmud contains high amount of nutrients, plants

are unable to uptake these nutrients due to alkaline con-

ditions resulting in poor growth of the plants. Enrichment

of pressmud with other organic wastes, like humus and

FDP, helps in maintaining pH around 7, which is optimum

for proper growth of plants. The enrichment also provides

macronutrients and amino acids as growth enhancers.

Humus and FDP further add nutrients and increase the

moisture content of soil, which help in promoting growth

of the plants. The results of present study indicate that

enrichment of pressmud with FDP and humus increases

soil fertility. It is also found that the pressmud with FDP

gives better results. This organic manure combination can

recycle the waste poultry feathers into a value added pro-

duct like a biofertilizer and soil conditioner. The

researchers have a better scope to study the similar

experiments at field level to confirm these results.
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Abstract Mucuna is a well-known medicinal and

food plant widely exploited for its seed pods and

leaves in many tropical countries. The drug L-3,

4-dihydroxyphenylalanine (L-DOPA) extracted from

seeds of Mucuna plant has been commonly used in the

treatment of Parkinson’s disease. In the present study,

a new species of Mucuna, M. sanjappae Aitawade et

Yadav from north-Western Ghats of India, has been

analyzed for the presence of L-DOPA and a reason-

able level of this drug (7.3 %) was detected. The

necessary biochemical characterization of the seeds

extract of this plant showed nutritional and anti-

nutritional components. Simultaneously, moisture,

ash, dietary fiber, calorific value, nitrate and mineral

contents of seeds were also determined. This new plant

species will be a potential candidate for extraction of

L-DOPA and will be a good addition to the existing

natural sources of anti-Parkinson’s drug since demand

for L-DOPA is continuously escalating.

Keywords L-DOPA � Mucuna sanjappae �
Parkinson’s disease

Introduction

The genus Mucuna Adans. belongs to the family

Leguminosae and comprises about 100 species dis-

tributed throughout the tropical and subtropical

regions of the world. It has been subdivided into two

subgenera, Mucuna and Stizolobium P. Browne,

however; nine species and three varieties have been

reported from India (Wilmot-Dear 1986, 1991).

Additionally, one variety of M. pruriens named as

M. pruriens (L.) DC. var. thekkadiensis Thot. et Ravi

Kumar from Kerala state of India has also been

documented (Thothathri and Ravikumar 1997) and at

present, in India, ten species and four varieties have

been reported. In another studies, specifically under-

taken on Western Ghats flora of India, this genus is

represented by five species and four varieties (Sharma

et al. 1984; Kothari 2001; Nayar et al. 2006).

Mucuna is considered as a plant of prime signifi-

cance having broad uses and multifarious advantages.

This wondrous ayurvedic herb is known by many

names, including sea beans, buffalo beans, dopa bean,

cowitch, kapikachu and atmagupta. The main medic-

inal benefits come from the seeds, but the roots have

also been used. M. pachylobia (Piper et Tracy) Rock is

grown as a vegetable for its young pods and seeds in
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India. The wild species of Mucuna like M. pruriens

var. pruriens (Wall. ex Weight) Baker ex Burck and

M. pruriens var. hirsuta (Wight et Arn.) Wilmot-Dear

are being cultivated in India and Brazil as a cover and

green manure crop. In Nigeria and Cameroon, it is

planted near houses to prevent snakes while some

species of Mucuna are also cultivated as ornamental

plants. (Hanelt 2001).

The genus Mucuna contains a non-protein amino

acid L-3, 4-dihydroxyphenylalanine (L-DOPA) which

is used as a drug for the treatment of Parkinson’s

disease (PD) (Yadav et al. 2013). PD also known as

‘‘Shaking Palsy’’ is a second most common neurode-

generative disorder caused by a progressive degener-

ation of nigrostriatal dopaminergic neurons and

characterized by a slowness of movement, muscular

stiffness, rigidity, tremor, poor posture, imbalance and

sensory-motor integration deficits (Inamdar et al.

2013; Yadav et al. 2013). L-DOPA is the drug widely

used for the treatment of PD. Dopamine cannot pass

through blood brain barrier but L-DOPA, a precursor

of dopamine, passes through it and gives symptomatic

relief from the disease. Chemical as well as numerous

microbial sources has been attempted for the synthesis

of L-DOPA (Surwase et al. 2012; Krishnaveni et al.

2009; Ali et al. 2007; Ali and Haq 2006). However,

more than 1,000 species in 135 plant families have

been screened for the presence of L-DOPA

(Daxenbichler et al. 1971). The genus Mucuna was

found to contain the maximum level of L-DOPA and

M. pruriens has been profitably exploited for the

extraction of this drug since long time. The plants have

several advantages over the microbial and chemically

synthesized L-DOPA viz.; it is natural, inexpensive

source and provides additional benefits like antioxidant

properties to reduce oxidative stress produced during

PD. However, as the demand for L-DOPA is constantly

increasing, it is a need of time to exploration and

exploitation of other species of Mucuna for this anti-

Parkinson’s drug. M. sanjappae is newly described,

neglected and underutilized species from north-

Western Ghats, India (Aitawade and Yadav 2012).

M. sanjappae is a woody perennial twine having

stem up to 15–20 m long and slender branches. Leaves

are up to 45 cm long, pinnately trifoliate with longi-

tudinal ridges and all leaflets at lower surface with

dense uniform silky-shiny hairs. Inflorescence is a

raceme 40–45 cm long and flowers are in bundles of 3

arising on a fleshy pad with whitish brown hairs. Small

globular glands are present on lateral sides near base of

the calyx. A single pod contains 5–6 brown and black

seeds. This plant is distributed in Maharashtra state of

India, specifically in Durgawadi and Junnar areas of

Pune district (Fig. 1). The local names of M. sanjappae

are khaj khujali and kavach beej. We have focused our

efforts on this plant for the presence of L-DOPA and to

develop it as an added source for mining of this

valuable drug. Additionally, nutraceuticals studies for

understanding nutritional and anti-nutritional factors

(ANF) have been carried out in the present work.

Materials and methods

Collection of material

The M. sanjappae pods were collected from the Junner

area of Pune, Maharashtra, India and brought to the

laboratory. The seeds were removed from the pods and

stored at room temperature in polyethylene bag

(25 ± 2 �C) until use. The seeds were grinded in

mechanical grinder to make fine powder, which was

used for further experiments.

HPLC quantification of L-DOPA

Sample preparation for the quantification of L-DOPA

using High Performance Liquid Chromatography

(HPLC) was carried out as described by Upadhyay

et al. (2012). Briefly, 50 mg powder was dissolved in

15 ml 0.1 N aqueous HCL and sonicated for 20 min.

After sonication, the volume was made up to 50 ml

with 0.1 N aqueous HCL and filtered through 0.45 lm

membrane filter. HPLC analysis was carried out

(Waters model no. 2690) on C 18 column (symmetry,

4.6 mm 9 250 mm) by using methanol as a mobile

phase with a flow rate of 1 ml min-1 for 10 min and

UV detector at 280 nm. 10 ll of standard L-DOPA

and sample was injected in HPLC column.

Biochemical analysis

Sample preparation

A 100 mg seed powder was crushed in 5 ml distilled

water (D/W) using mortar and pestle and then

centrifuged at 6,000 rpm for 10 min, the supernatant

was decanted and again procedure was repeated for
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residue. The supernatant were pulled together and

diluted to a known volume by D/W. This sample was

used for different analysis.

Nutritional factors analysis

Total ash was determined by the method of AOAC

(2000). Ash percent was calculated by the formula,

Ash% ¼Weight of ashed sample

=Weight of sample taken� 100

Total solid was determined by deducting percent

moisture from hundred as described by James (1995).

%total solids ¼ 100�%moisture

Crude fiber content of the seed was determined

according to AOAC (1990) method.

The protein content was determined using Lowry’s

method (Lowry et al. 1951). 1 ml aliquot was added

with 3 ml of Lowry C and incubated for 15 min at

room temperature. After the addition of Folin-phenol

reagent, tubes were incubated for 30 min. The absor-

bance was measured at 660 nm using a double-beam

UV–visible spectrophotometer (Shimadzu UV-1800,

Kyoto, Japan).

The carbohydrate content was determined using

Anthrone reagent method (Trevelyan et al. 1952).

1 ml aliquot was added with 5 ml Anthrone reagent

and incubated in the boiling water bath for 8 min. The

absorbance was measured at 620 nm.

Crude fat was determined by Mojonnier method

(James 1995). The fat content was determined gravimet-

rically after extraction with diethyl ether and petroleum

ether from an ammonia alcoholic solution of the sample.

About 10 g of sample was taken into a Mojonnier tube.

The extraction was repeated thrice using a mixture of

5 ml ethanol, 25 ml diethyl ether and 25 ml petroleum

ether and adding the extraction to the distillation flask.

After the distillation of solvent, flask was dried for 1 h at

100 �C and reweighed. The percentage fat content of the

sample was calculated by the following formula,

%fat ¼W2 �W1=Weight of sample� 100=1

where, W1 = Weight of evaporating dish,

W2 = Weight of sample ? weight of evaporating dish

Gross energy of the samples was calculated from

data obtained on proximate analysis employing the

formula established by Carpenter and Clegg (1956).

The seed flour of M. sanjappae was made sugar free

using 80 % ethanol and then starch extracted by

perchloric acid reagent as has been described by

McCready et al. (1950). Starch in the extract was

determined colorimetrically at 630 nm. The concentra-

tion of starch was calculated in mg of glucose 9 0.9.

Vitamin C content was determined by the method

as described by Nino and Shah (1986). The spectro-

photometrically absorbance was measured at 540 nm.

The flavonoids content was determined according

to the method by Chang et al. (2002). In brief, 1 ml

sample was mixed with 1.5 ml methanol, 0.1 ml of

aluminium chloride (10 %) and 0.1 ml of potassium

acetate (1 M). Total volume was adjusted to 4.5 ml by

the addition of 2.8 ml of D/W. Reaction mixture then

incubated for 30 min at room temperature and absor-

bance was measured at 415 nm. This was compared to

the standard curve of quercetin concentrations and

expressed as milligram of quercetin equivalents per

gram (mg QUE g-1) of dry weight.

The proanthocyanidin content was evaluated by the

method of Sun et al. (1998). The sample solution

(0.5 ml) was mixed with 3 ml of vanillin (4 %) and

1.5 ml of conc. HCl. After incubation for 15 min, the

absorbance was measured at 490 nm and proanthocy-

anidin content was calculated as catechin equivalents

per gram (mg CAE g-1) of dry weight.

Anti-nutritional factors determination

The phenolic content of M. sanjappae seeds was

determined spectrophotometrically according to the

method described by Singleton and Rossi (1965).

Appropriate volumes of the sample extract (1 ml) was

oxidized with 1.8 ml of Folin-Ciocalteu reagent. After

5 min incubation at 25 �C, the reaction was neutral-

ized by adding 1.2 ml of 15 % sodium carbonate

solution and allowed to stand for 90 min at room

temperature. The absorbance was measured at

765 nm. Total phenolics value is expressed in terms

of mg of gallic acid equivalent per gram (mg GAE g -1)

of dry mass.

Tannin was determined by the Folin-Denis color-

imetric method described by Kirk and Sawyer (1998).

5 ml supernatant was mixed with 1 ml Folin-Ciocal-

teu reagent and 2.5 ml saturated sodium carbonate.

The volume was made up to 50 ml and incubated at

28 �C for 90 min at room temperature. The colour

intensity was measured at 760 nm.
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The phytic acid content was determined according

to the method described by Gao et al. (2007). 1 ml

sample was added with 1 ml of Wade reagent (0.03 %

FeCl3.6 H2O and 0.3 % sulfosalicylic acid in D/W).

Solution was vertexes for 5 s and centrifuged for

10 min. Supernatant was used for the measurement of

absorbance at 500 nm.

Saponin was quantified by the method described by

Harborne (1973) using formula,

%Saponin ¼W2 �W1=Weight of sample� 100=1

where, W1 = Weight of evaporating dish,

W2 = Weight of sample ? weight of evaporating dish.

Nitrate and mineral determination

The nitrate content of M. sanjappae seeds was

determined by the method of Cataldo et al. (1975).

For the mineral quantification purpose, ash of seed

flour (1–2 g) was made on a bunsen flame for 20 min

and subjected to dry-ashing in well cleaned porcelain

crucibles at 550 �C in a muffle furnace. The resulting

grayish-white residue was dissolved in 5 ml of HNO3/

HCl (1:1) solution while heating on a hot plate at the

boiling temperature of the solution until brown fumes

disappeared. To the residue, in each crucible, 5 ml of

deionised water was added and the mixture heated

until a colourless solution was obtained. The resulting

mineral solution in each crucible was filtered through a

Whatman No. 42 filter paper and transferred into a

100 ml volumetric flask. The volume was adjusted up

to the mark by D/W. The metals were determined

using a Perkin–Elmer 8650 atomic absorption spec-

trophotometer. Phosphorus content of the digest was

determined colorimetrically, according to the method

described by Nahapetian and Bassiri (1975). KH2PO4

was used as the standard (Table 3).

Results and discussion

L-DOPA quantification

The HPLC quantification of L-DOPA confirmed the

high quantity of L-DOPA (7.3 %) in M. sanjappae seed

(Fig. 2). The present demonstration of the satisfactory

level of L-DOPA in the new species of Mucuna is a

significant finding and will be an additional source of

drug for treating Parkinson’s patient. Excessive exploi-

tation of natural plant wealth for medicinal drugs is a

continuous process practiced on a global level creating

dearth of precious plant products. Although M. pruriens

is a widely used source for the treatment of PD, to fulfill

excessive need of this drug, seeds of M. pruriens may

not be sufficient to execute the requirement appropri-

ately. In this context, M. sanjappae which is a neglected

plant species will be an additional resource for the

treatment of PD. Some other species of Mucuna like M.

birdwoodiana (Tutcher), M. andreana (Micheli) and M.

holtonii (Kuntze) Mold. have been reported to contain a

higher level of L-DOPA (9.1, 6.3–8.9 and 6.13–7.5 %

respectively) (Ingle 2003). Hence, M. sanjappae can be

added to this elite group of Mucuna species.

Nutritional analysis

Chao et al. (2012) have postulated that dietary supple-

ments may reduce the side effects of current treatments

or enhance the bioavailability of L-DOPA during PD

treatment. Hence, the nutritional analysis of M. san-

jappae seeds was carried out (Table 1). The composi-

tion of seed showed ash 5.2 ± 0.4 %, total solid

91.31 % and fiber 7.8 ± 0.07 %. As it is an established

fact that fibers help to maintain the health of gastroin-

testinal tract, the moderate amount of dietary fibers

enhances the nutritional value of the seeds. The protein

content of seed was 5.43 ± 0.18 % which is much

lower than M. pruriens var. utilis (301 g/kg) as

described earlier by Siddhuraju and Becker (2005). A

study pertaining to carbohydrate analysis showed the

presence of relatively high levels of it (78.18 ± 2.4 %).

The calorific value of seed was 383 kcal. M. sanjappae

seed has a low level of starch (3.32 ± 0.43 %).

Phenolics and flavonoids are natural antioxidant

substances capable of scavenging free superoxide

radicals, reducing the risk of cancer and protecting

biological system against the harmful effects of

oxidative processes (Saxena et al. 2012). The flavo-

noids have been also reported for their anti-Parkin-

son’s activity on 6-OHDA-induced experimental

Parkinsonism (Mu et al. 2009). The high content of

flavonoids (184.16 ± 3.05 mg QAE g-1) in M. san-

jappae seed might be beneficial for reducing oxidative

stress and related disorders like diabetes and Parkin-

sonism. M. sanjappae seed showed proanthocyanidin

1.59 ± 0.04 %. Proanthocyanidin are oligomeric or

polymeric compounds composed of flavan-3-ol
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subunits and known to have antioxidant, antimicro-

bial, antiallergic and antihypertensive activity. (Rosch

et al. 2004).

Vitamin C has many health effective functions by

preventing disorders like diabetes, cataracts, stroke

heart diseases, cancer etc. (Iqbal et al. 2004).

Vitamin C was found to enhance absorption of

L-DOPA in elderly patients with PD (Nagayama

2004). The M. sanjappae seed showed 0.48 ±

0.007 % vitamin C which is insufficient to fulfill

the daily requirement of body but can be consider as

a supplementary source.

Fig. 1 Mucuna sanjappae.

a Plants in natural habit.

b Inflorescence, c Mature

fruits. d Seeds
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Anti-nutritional factors analysis

Anti-nutritional compounds like phenolics, tannin,

phytic acid and saponin are well-known to interfere

with protein and carbohydrate digestion as well as

mineral bioavailability (Osman and Gassem 2013).

Legume seed contains ANF which causes poor

protein digestibility; reduces food intake and nutri-

ent availability as well as induces hepatoxic and

neurotoxic effects. (Esenwah and Ikenebomey

2008). So, quantitative analysis of ANF is most

important parameter during the study of plant based

drugs and food. Quantification of anti-nutritional

components in M. sanjappae seed is shown in

Table 2. Though phenolics are considered as an

ANF, it has wide spectrum of antioxidant activity

which may be responsible for curing diseases

generated due to oxidative stress (Saxena et al.

2012). The content of total free phenolics of

investigated seed samples was found to be low

(2.58 ± 0.08 mg GAE g-1) when compared with M.

pruriens var. utilis (3.1–4.9 %) (Vadivel and Janar-

dhanan 2000). The M. sanjappae seeds contained

high amount of phytic acid (22.46 ± 0.11 %).

While, M. pruriens var. utilis showed 9.5 ± 0.5 %

(Vadivel and Janardhanan 2000) of phytic acid, this

is much lower than plant under study. The tannin

Fig. 2 HPLC analysis of M. sanjappae seeds for L-DOPA. A HPLC profile of standard L-DOPA. B HPLC profile of M. sanjappae seeds

Table 1 Analysis of M. sanjappae seeds for nutritional factors

Sr. no. Components Content

1. Gross energy (kcal) 383.0

2. Ash (%) 5.2 ± 0.4 %

3. Total solid (%)* 91.31

4. Crude fiber (%) 7.8 ± 0.07

5. Crude protein (%) 5.43 ± 0.18

6. Total carbohydrate (%) 78.18 ± 2.4

7. Crude fat (%) 5.40 ± 0.35

8. Starch (%) 3.32 ± 0.43

9. Vitamin C (%) 0.48 ± 0.007

10. Total flavonoids (mg QAE g-1) 18.41 ± 0.30

11. Proanthocyanidin (mg CAE g-1) 1.59 ± 0.04

* The moisture content of M. sanjappae seed was 8.69 %

Total solid was calculated by the formula % total solids = 100 -

% moisture
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and saponin content were 0.458 ± 0.02 and

1.9 ± 0.1 % respectively.

Nitrate and mineral determination

Nitrate, represented by NO3
-, is a vital component in

living system because; it is the readily assimilated

form of nitrogen by plants. It is beneficial for plants as

an essential plant nutrient, in immune system and to

produce seed. The M. sanjappae seed showed less

nitrate content (0.06 %).

Minerals are inorganic substances required for the

body to work properly, for growth, development and

maintenance of the health. The mineral content of M.

sanjappae seeds revealed high potassium content with

moderate amount nitrogen, phosphorus, calcium,

sulphur and sodium but magnesium was not detected.

The trace elements boron, zinc, iron, molybdenum

were detected at PPM level (Table 3).

Conclusion

The natural plant wealth is embodied with wonderful

and amazing plants having wide applications in

several significant products useful to human welfare.

Utilization of plant derived components is extensively

spread and increasing considerably in both traditional

and modern medicines. In this circumstance, Mucuna

species are considered as plants of prime significance

having broad uses and multifarious advantages. The

observations made in the present study showed that,

M. sanjappae is a rich source of anti-Parkinson’s drug

L-DOPA with good nutritional value. Although M.

sanjappae contains a high level of L-DOPA, it is a

wild plant hence needed to cultivate on a large scale to

obtain the drug in a sufficient quantity for wider

utilization. This will ease the burden on M. pruriens

for L-DOPA extraction since numerous studies have

been conducted on M. pruriens for exploiting its

immense therapeutic properties (Kasture et al. 2013).

Further, studies are necessary to exploit this plant for

its other desirable characters. In this direction, the

present work could be a foundation to assist future

endeavors.
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a b s t r a c t

Gastrointestinal tract of Giant African snail, Achatina fulica was investigated as a source for isolation of
cellulose degrading bacteria. The cellulose degrading bacteria from different gastrointestinal tract re-
gions such as esophagus, crop, stomach, intestine and rectum were enriched in carboxymethyl cellulose
and identified. Thirty two cellulose degrading bacteria belonging to two major phyla namely Proteo-
bacteria and Firmicutes were enriched, isolated and identified by 16S rDNA amplification and
sequencing. Based on plate based assay, 18 of these isolates displayed cellulase activity and were iden-
tified as the members of Bacillus, Achromobacter, Ochrobactrum and Klebsiella. Among the 18 isolates, 5
isolates with high activity were further studied for various enzyme activities such as endoglucanase,
exoglucanase and xylanase on different lignocellulosic substrates. Isolate identified as Ochrobactrum sp.
K38 exhibited the highest CMCase activity (501.75 IU/ml extract) after 14 days of incubation. The highest
avicelase activity (3116.92 IU/ml extract) was shown by Bacillus subtilis Cf60 on Filter paper as substrate
after 10 days of incubation whereas all other isolates showed a low xylanase activity on all tested
substrates except filter paper. The present study demonstrates the utility of snail gut as a rich source for
isolation of cellulose degrading bacteria that can have many industrial applications.

© 2014 Elsevier Ltd. All rights reserved.

Introduction

Interest in bioenergy has been sharply increasing from the onset
of 21st century due to the necessity of sustainable economies and
clean environments (Lynd et al., 1991, 2008; Sun and Scharf, 2010).
Moreover drawbacks of fossil fuels like global warming and non-
renewability are motivating research into optimizing new sus-
tainable sources of energy from biological origin (Stern, 2006;
Vert�es et al., 2006; Escobar et al., 2009). Currently, the second
generation biofuels such as bioethanol, biodiesel, bio-hydrogen and
methane etc., are increasingly been produced from lignocellulosic
wastes (LCW) rather than from energy crops such as Jatropha,
Switchgrass, hybrid Poplar and Willow. This is because of the
foodefuel conflicts related to energy crops (Mtui, 2009).

Furthermore, the idea of producing biofuels from bio-wastes comes
naturally as a promising alternative solution for problems related to
much-feared energy crisis, waste disposal management problems
and will thus be helpful in the upliftment of the rural population.

In nature, lignocellulosic (LC) biomass is degraded with the
cooperation of many microorganisms, mainly including diverse
fungal and bacterial genera producing a variety of cellulolytic and
hemi-cellulolytic enzymes under aerobic and anaerobic conditions
(Kumar et al., 2008). Over the years, cellulase-producing bacteria
have been isolated from a wide variety of sources such as com-
posting plants, decaying plant material from forestry or agricultural
waste, the feces of ruminants, soils and organic matter (Lynd et al.,
1991) and guts of animals etc.

Herbivorous animals lack the capacity to degrade down ligno-
cellulose themselves and instead rely upon the gut microbial
community having this repertoire. The invasive Giant African Snail
(GAS), Achatina fulica is one of such animals which specifically feed
on lignocellulosic plant material. A. fulica is most destructive pest,
ranked 2nd among the 100 worst alien invasive species (Anon.,
2013). Despite the economic and ecological importance of snails
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in general, and A. fulica in particular, little is known about the di-
versity and community structure of cellulolytic bacteria in its
Gastro-Intestinal (GI) tract. In addition, not much is known about
the potential role of bacteria in cellulose digestion in Snail's GI tract.

Therefore, in the present study, we investigated the different GI
regions of the GAS as potential source for the isolation of cellulo-
lytic bacteria. Members of cellulolytic bacterial communities from
different GI regions were enriched in Carboxy Methyl Cellulose
(CMC), grown and then identified by 16S rDNA amplification and
sequencing. Further, the potential of five promising isolates to
degrade various commercially available substrates such as CMC,
Avicel, Xylan, filter paper and agro-residues such as grass straw and
wheat husk were tested.

Materials and methods

Dissection of snails and enrichment of cellulolytic bacteria

Adult snails (n ¼ 3) in active state were collected from the
premises of Govt. Polytechnic College Pune, Maharashtra, India and
immediately brought to the laboratory prior to dissection. The
shells were broken opened carefully with the bone cutter and the
animals were surface sterilized with 70% ethanol (v/v) under sterile
conditions in a laminar air flow. Animals were then aseptically
dissected with sterile forceps to remove the whole guts. The whole
GI tracts (n ¼ 3) were divided into different gut regions such as
esophagus, crop, stomach, intestine and rectum. Each GI region
(n ¼ 3) was then suspended in 2 ml of sterile Phosphate Buffer
Saline (PBS) solution and homogenized. One milliliter of GI region
homogenate was aseptically inoculated in enrichment culture flask
containing 10 ml of Berg Minimal Salt medium (BMS) which
comprised of NaNO3, 2 g; K2HPO4, 0.5 g; MgSO4$7H2O, 0.02 g;
MnSO4$7H2O, 0.02 g; FeSO4$7H2O, 0.02 g; CaCl2$2H2O, 5 g per liter
of solution supplemented with 0.5% CMC. The inoculated medium
was then agitated on a shaker at 120 rpm, 37 �C for 2 days. After two
days, 1 ml of the culture of each regionwas sub-cultivated to 9ml of
fresh BMS medium with 0.5% (w/v) CMC and remaining 9 ml cul-
ture was used to monitor the progress of enrichment by enumer-
ation of total viable count (TVC), isolation and identification of
bacteria. This procedure of sampling, sub-cultivation, enumeration
of TVC was continued for two weeks.

Enumeration of total viable count and isolation of cellulolytic
bacteria

From the 9 ml of culture remained after sub-cultivation, 100 ml
was serially diluted up to 10�8 and 100 ml of each dilution was
spread on BMS agar plates supplemented with 0.5% (w/v) CMC.
Plates were incubated at 37 �C for 48e72 h and then observed for
bacterial growth and enumeration of TVC. Based on visual inspec-
tion of colony morphologies such as color, shape, elevation, margin
2e3 colonies with similar morphology were picked and transferred
to BMS agar medium with CMC as well as Luria Bertani (LB) Agar
media. Each colony was made into pure culture by repeated
streaking, then codified and preserved for further use.

Identification and phylogenetic analysis

The isolates were grown overnight in LB broth at 37 �C and then
DNA from each isolate was extracted by using the HipurA™ 96
Bacterial Genomic DNA purification Kit MB505-250 PR (HiMedia
Pvt Ltd, Mumbai, India). For amplification 16S rRNA gene, PCR was
performed with the bacteria-specific primer pair 27F (50-
AGAGTTTGATYMTGGCTCAG-30) and 907R (50-CCGTCAATTCMTTT-
GAGTTT-30) (Weisburg et al., 1991). The 50 ml PCR reaction consisted

of 4 ml (10 ng/ml) of template DNA, 5 ml of Taq buffer (Bangalore
Genei, India), 0.2 mmol/l dNTPs (Bangalore Genei, India), 10 pmol of
each of primers, and 0.5 U of Taq polymerase (Bangalore Genei,
India). The PCR conditions consisted of initial denaturation at 95 �C
for 5 min, 35 amplification cycles of primary denaturation at 94 �C
for 1 min, annealing at 55 �C for 1 min and extension at 72 �C for
1 min, and a final extension step at 72 �C of 7 min. All PCR reactions
were carried out in triplicates and products were checked for size
and purity on 1% (w/v) agarose gels.

The sequencing of 16S rDNA amplicon of each isolate was per-
formed using the ABI Big-Dye version 3.1 sequencing kit as per the
manufacturer's instructions, and using 27F and 907R primers. The
generated sequences were analyzed using ChromasPro software
(http://www.technelysium.com.au/ChromasPro.html). The se-
quences representing each isolate were compared with NCBI
database using BLASTN with GenBank (http://www.ncbi.nlm.nih.
gov) and the closest matches to bacterial isolates were obtained.
For phylogenetic analysis, multiple sequence alignments of 16S
rRNA gene sequences were performed with ClustalX (Thompson
et al., 1997) and were edited manually using DAMBE (Xia and Xie,
2001) to obtain an unambiguous sequence alignment. A bootstrap
Neighbor Joining (NJ) method was used for the construction of
phylogenetic trees using MEGA 5.0 program (Tamura et al., 2011).

Nucleotide accession numbers

The 16S rDNA sequences generated from bacterial isolates have
been deposited to NCBI database under accession numbers
KJ669189eKJ669218.

Screening of cellulolytic activity of bacterial isolates

Screening for the cellulolytic activity of isolates was carried out
by using plate base technique. All the bacterial isolates obtained
from enriched cultures were patched and grown (patch size not
more than 0.5 mm) on BMS Agar plates supplemented with 0.5%
CMC (w/v). After an incubation of 48e72 h at 37 �C and proper
growth of patched isolates, the plates were flooded with 5 ml of
Gram's Iodine (Kasana et al., 2008) for 5 min. The excess stain was
drained and plates were observed for zone of clearance around the
colonies hereafter referred as “Halos”. Based on the diameter of
halos (cm), cellulolytic activities of isolates were identified as low
(0.5e1.9), medium (2.0e3.9) and high (above �4). Cellulose-
degrading potential of the positive isolates was also semi-
quantitatively estimated by calculating hydrolysis capacity (HC),
that is, the ratio of the diameter of zone of clearance to the diameter
of colony (Hendricks et al., 1995). The isolates showing higher ac-
tivities were preserved and selected for further studies.

Enzyme assays

The cellulolytic potential of promising isolates was tested by
estimating various enzyme activities such as endoglucanase, exo-
glucanase and Xylanase. To accomplish this, isolates were grown on
commercially available cellulosic substrates such as CMC, Avicel,
Xylan; alkali treated agro residues viz., Grass straw, Wheat husk,
filter paper and then activities were estimated. Isolates were
cultured in BMS liquid medium with 0.5% (w/v) cellulosic sub-
strates, agitated at 120 rpm, 37 �C for 14 days. To optimize optimum
incubation period and monitor how enzymes activity varies over
the incubation period of 14 days, sampling was done on every
alternate day by taking small aliquotes of cultures (~5ml). Aliquotes
were centrifuged at 10,000 rpm for 10 min at RT and supernatants
were used for estimation of enzyme activities. Endoglucanase
(CMCase) activity was determined according to the method
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described by Nitisinprasert and Temmes (1991), with few modifi-
cations using a reaction mixture containing 1 ml of enzyme solu-
tion with 1 ml of 1% CMC in sodium citrate buffer (pH 5.4) and
incubated at 50 �C for 15 min. Exoglucanase (avicelase) activity was
assayed by following the Nitisinprasert and Temmes (1991)
method. In this assay method, the reaction mixture containing
250 ml enzyme extract with 250 ml of 1% avicel cellulose in sodium
citrate buffer (pH 5.4) was incubated at 40 �C for 2 h. The reaction
was terminated by addition of 750 ml of 3, 5-dinitrosalicylic acid
(DNSA) reagent. Extensive care was taken during this assay to
prevent the avicel from mixing with the enzyme extract after
centrifugation. In these tests, reducing sugars were estimated
spectrophotometrically at 540 nm with DNSA (Miller, 1959)
method, using glucose as standard (Kumar et al., 2008). Xylanase
activity was determined according to Nitisinprasert and Temmes
(1991), using a reaction mixture containing 250 ml of enzyme so-
lution appropriately diluted in sodium citrate buffer (pH 5.4) with
250 ml of aqueous suspension of 1% (w/v) xylan at 50 �C for 10 min.
The reaction was terminated by adding 750 ml of DNSA reagent and
heating in boiling water bath for 5 min. The amount of reducing
sugars released was determined using D-xylose as standard.

Enzyme activity was determined in international units (IU)
where 1 IU of activity is defined as the amount of enzyme required
to liberate 1 mmol of glucose equivalent per min under the assay
conditions. The remaining supernatant was used for the estimation
of proteins by Lowry method (Lowry, 1990). A standard curve was
generated using solutions containing 10 mg/ml Bovine Serum Al-
bumin (BSA). Absorbances were measured in triplicate at 660 nm
after 30 min of incubation at room temperature.

Results

Determination of TVC, isolation and identification of cellulolytic
bacteria

The progress of enrichment over the incubation period of two
weeks wasmonitored by estimating the TVC on every alternate day.
The determination of TVC in enrichment cultures from all GI re-
gions under study indicated that TVC increased up to the 8th day
and then decreased slightly. Except in crop, TVCs in cultures from
all other GI regions under study were highest on 8th day; whereas
highest bacterial load (20.8 � 109 CFU/ml) in culture from crop was
observed on the 12th day of incubation (Fig. S1).

Initially, a total of 114 isolates were purified and obtained from
enriched cultures of all GI regions under study. Subsequently, based
on size, color and morphology, 22 isolates were removed due to
similar size, color andmorphological characteristics. Thus, from the
entire GI regions, total 92 isolates were obtained, Maximum 23
isolates from esophagus followed by 19 isolates each from intestine
and crop, 18 isolates from rectum and 13 isolates from stomach
were obtained (Table 1).

Based on 16S rDNA amplification and sequencing, many isolates
were found common among different GI regions. Two third (56) of
the total number of isolates obtained were the members of Gamma
proteobacteria while Firmicutes accounted for 1/9 (12) of the total
number of isolates from the GI tract. Alpha (1) and Beta-proteo-
bacteria (1) were represented by single genus each such as Ochro-
bactrum and Achromobacter respectively. The members of
Gammaproteobacteria identified included the species of genera
Klebsiella, Enterobacter, and Shigella, which are usually found in soil,
plants, and the intestines of animals (Park et al., 2007). The mem-
bers of Klebsiella (35.86%), Enterobacter (23%), un-cultured bacte-
rium clone (19%) and Bacillus (12%) dominated the entire gut with
33, 21, 18 and 11 isolates, respectively (Fig. S2).

Screening for cellulolytic activity

Although all bacteria were isolated from cultures enriched in
CMC, not all of them showed cellulolytic activity when tested using
plate based assay. The plate based screening (Fig. 1) indicated that
32 (34.78%) isolates showed cellulolytic activity amongst which 18,
2 and 12 isolates exhibited low, medium and maximum cellulolytic
activities respectively (Table 1). Isolates from only two GI regions
such as rectum and intestine displayed highest activity. In com-
parison to other GI regions, rectum was found to harbor highest
load of cellulolytic bacteria among which 50% showed highest ac-
tivity. Only 13% of isolates from esophagus were found with either
moderate or lowest activities. The hydrolytic capacity which is a
measure of the ratio of diameter of zone of clearance to the colony
diameter ranged from 1.4 to 17 (Fig. S3) among all cellulolytic iso-
lates, with 59.3% of the isolates showing high CMC-degrading ac-
tivity (ratio � 3). This demonstrated that multiple bacterial isolates
from the snail gut possess the ability to produce CMCase. The
cellulolytic activity of the isolates from crop and stomach was
relatively poor. This pattern of activity shown by the isolates from
different regions showed a positive correlation with the physiology
of digestion indicating that the digestion of the ingested material
occurs mainly in the hindgut region of the GI tract.

The phylogenetic analysis of cellulolytic isolates and their
closest related strains from the GenBank indicated that the cellu-
lolytic bacteria were the members of two major phyla namely Fir-
micutes and the Proteobacteria (Fig. 2). However, cellulolytic
members of Proteobacteria exhibited low or medium cellulolytic
activity as compared to members of Firmicutes. Among the Pro-
teobacteria, isolates showing closest database matches to Ochro-
bactrum sp. K38 and Achromobacter xylosidanswere the only strains
that showed highest activity. Besides these two isolates with high
cellulolytic potential, four Bacillus subtilis strains also showed high
cellulolytic potential when tested using cellulose agar plate based
assay. Therefore, based on plate base assay, four isolates identified
as strains of B. subtilis namely B. subtilis AN5, B. subtilis EHFS1,
B. subtilis Cf60, B. subtilis A2 and one Ochrobactrum sp. K38 were
chosen for further various cellulolytic enzyme assays.

Table 1
Distribution and cellulolytic activity of bacterial isolates enriched and grown from different regions of GI tract.

Gut region Total no. of
isolates

No. showing
activity & (%)

No. showing highest
activity & (%)

No. showing medium
activity & (%)

No. showing lowest
activity & (%)

No. showing no
activity & (%)

Esophagus 23 3 (13.04) 0 2 (8.69) 1 (4.34) 20 (86.96)
Crop 19 6 (31.58) 0 0 6 (31.57) 13 (68.42)
Stomach 13 5 (38.46) 0 0 5 (38.46) 8 (61.54)
Intestine 19 5 (26.32) 3 (15.78) 0 2 (10.52) 14 (73.68)
Rectum 18 13 (72.22) 9 (50) 0 4 (22.22) 5 (27.78)

Total 92 32 (34.78) 12 (13.04) 2 (2.17) 18 (19.56) 60 (65.22)

Values are represented as no. of isolates followed by percentage of total no. of isolates in parenthesis.
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Cellulolytic enzyme assays

Endoglucanase activity
To study the lignocellulolytic potential of selected five isolates,

their various enzyme activities on different substrates were stud-
ied. To achieve this, the selected isolates were grown for 14 days on
CMC, various agro-residues such as grass straw, wheat husk, filter
paper and activities were determined on every alternate day. Using
CMC as substrate, all tested isolates except B. subtilis A2 showed
increased endoglucanase activity over the period of 14 days. Among
the isolates tested, B. subtilis EHFS1 was estimated with maximum
activity of 230.86 IU/ml extract after 12 days of incubation. The
endoglucanase activities shown by remaining isolatesweremore or
less in similar range (Fig. 3A).

On Grass straw, filter paper and wheat husk as substrate,
Ochrobactrum sp. K38 produced maximum endoglucanase activity
than other four studied B. subtilis strains. Ochrobactrum sp. K38
produced highest endoglucanase activities of 502.75 IU/ml extract
(14th day), and 347.65 IU/ml extract (4th day) 112.68 IU/ml (6th
day) on grass straw, wheat husk, and filter paper respectively
(Fig. 3BeD). Although the pattern of endoglucanase activity was
similar on Grass straw and filter paper as substrate, the level of
endoglucanase activity was more on grass straw than filter paper
(Fig. 3B and D). When wheat husk as substrate was used, Ochro-
bactrum sp. K38 was noted with highest endoglucanase activity of
347.65 IU/ml extract on fourth day which suddenly decreased on
sixth day (Fig. 3C).

Exoglucanase activity
The highest (2628.65 IU/ml extract) and lowest (200.57 IU/ml

extract) exoglucanase activities were revealed by B. subtilis AN5
after 12 and 8 days of incubation respectively (Fig. 4A) while rest of
the isolates showed a moderate exoglucanase activity when grown
on Avicel as substrate. When all substrates testedwere compared, it
was found that highest (3777.61 IU/ml extract) exoglucanase ac-
tivity was produced on filter paper by B. subtilis AN5 on 10th day of
incubation (Fig. 4AeD). This was 1.43 fold higher than activity on

Avicel substrate by the same isolate. Moreover, the overall exo-
glucanase activity was 7 fold higher than the highest endogluca-
nase activity recorded. In case of wheat husk, maximum 2406.31
IU/ml extract exoglucanase activity was produced by Ochrobactrum
sp. K38 after 14 days of incubation (Fig. 4C).

On grass straw, B. subtilis EHFS1, B. subtilis Cf60, B. subtilis A2 and
Ochrobactrum sp. K38 showed similar pattern of increased exo-
glucanase activity over the period of 14 dayswhereas B. subtilis AN5
was estimated with slight increase in activity on fourth day and
then activity decreased till last day of incubation (Fig. 4B). B. subtilis
Cf60 was determined with maximum (1838.77 IU/ml extract)
exoglucanase activity among the isolates on 10th day of incubation.

Xylanase activity
On xylan as substrate, the highest xylanase activity was

exhibited by B. subtilis AN5 on the 2nd day and then slightly
decreased over the incubation period of 14 days, whereas all other
tested isolates showed slight increase in activity (Fig. 5A). Likewise
on grass straw and wheat husk, all isolates showed a slight increase
in xylanase activity from first to 14th day of incubation. Maximum
82.03 IU/ml extract xylanase activity was produced by Ochrobac-
trum sp. K38 using grass straw on 14th day, whereas B. subtilis AN5
showed a highest activity (60.22IU/ml extract) on wheat husk after
4 days of incubation (Fig. 5B and C). However, on filter paper, only
Ochrobactrum sp. K38was able to produce xylanase activity that too
displayed a decreasing trend with a maximum activity of 24.23 IU/
ml extract on 4th day of incubation. The overall xylanase activity
produced by all tested isolates on all substrates used was compar-
atively lower than endo- and exo-glucanase activities.

Discussion

The GAS, A. fulica, is known to feed primarily on vascular plants
(Rauth and Barker, 2002) and plant materials with high protein and
calcium contents (Iglesias and Castillejo, 1994; Chevalier et al.,
2003). This snail also participates, with other soil invertebrates, in
the decomposition of leaf litter (Hatziioannou et al., 1994).

Fig. 1. Plate based cellulolytic activity screening of isolates. A: Isolates patched and grown on CMC agar plate (before activity staining); B: isolates showing zones of clearance
around the colonies after activity staining with Gram's Iodine solution.
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Consequently, a large set of cellulose degrading bacteria might
inhabit the GI tract of this snail. Recently, we found that different
regions of GI tract of this snail harbor high bacterial diversity
(Pawar et al., 2012). Also recent metagenomic analysis of micro-
biota of crop of this snail revealed an abundance of sequences

coding for oligosaccharide-degrading enzymes and many novel
cellulase and hemicellulase coding sequences (Cardoso et al., 2012).
None of these reports revealed the composition and community
structure of cellulose degrading bacteria. The cellulolytic bacterial
community structure in the gut of GAS is not known yet. Keeping
this in view, we investigated the composition and community
structure of cellulolytic bacteria in GI tract of this snail. To accom-
plish this, cellulolytic bacterial community was enriched using CMC
as cellulosic substrate and characterized. Since different GI regions
such as esophagus, crop, stomach, intestine and rectum are the
specialized compartments with specialized function, we hypothe-
sized that each of these regions might be harboring unique set of
cellulolytic bacteria. To test this hypothesis, the cellulolytic bacteria
were enriched, isolated and identified from each of these GI regions
separately and compared. In congruence with our previous obser-
vations (Pawar et al., 2012), cellulolytic members in the GI tract of
GASwere dominated bymembers of Proteobacteria and Firmicutes.
It was interesting to note that cellulolytic members of Tenericutes
were not isolated in this study. Interestingly, bacteria with high
cellulolytic potential were isolated only from intestine and rectum
(Table 1). The low abundance of cellulolytic bacteria in GI regions
such as stomach can be attributed to the digestive physiology and
pH milieu of the stomach. As reported by Misra and Shrivastava
(1994), the pH in stomach of gastropod molluscs is more acidic
than other GI tract regions. Moreover, digestion in stomach is car-
ried out by enzymes produced by digestive glands or gastric cecae.
The absence or low abundance of cellulolytic members in stomach
may be as a result of acidic environment and extracellular enzy-
matic digestion.

The significant outcome of our study is the isolation and iden-
tification of B. subtilis strains with high lignocellulolytic potentials
from the GI tract of GAS. Moreover our study indicates that these
isolates possess various extracellular enzyme activities and have
significant potential to degrade various lignocellulosic substrates.
When five isolates with high cellulolytic potential obtained in this
study were tested for their capabilities to degrade various ligno-
cellulosic substrates, it was observed that theywere able to degrade
all the tested substrates to varying extend. In comparison, these
tested isolates degraded agro residue based substrates such as grass
straw, wheat husk and filter paper more efficiently than commer-
cially available cellulosic substrates such as CMC, Avicel and Xylan.
Most of these tested isolates produced maximum endoglucanase,
exoglucanase and xylanase activities when grown on agro residues
like grass straw, filter paper and wheat husk respectively. Bacillus
strains have been widely reported as predominant aerobic cellu-
lolytic species isolated from soils and waste sites with high cellu-
lose content (Ulrich and Wirth, 1999; Pourcher et al., 2001). Many
previous studies have also indicated that B. subtilis shows prom-
ising potential for the production of several bio-based products
from lignocellulosic feedstock, since, unlike many other currently
used industrial microbes, it naturally imports and metabolizes
cellobiose and C5 sugars (Tobisch et al., 1997; Stülke and Hillen,
2000). Hitherto B. subtilis has been largely studied for its tremen-
dous industrial and other biotechnological interests. But most of
those strains were isolated from sources (€Oztürk et al., 2008; Sarker
et al., 2010) other than from invertebrate gut. B. subtilis is also
known to have multicellulase-carrying minicellulosomes due to
which it has been extensively exploited in conversion of lignocel-
lulosic biomass into bio products viz. bioethanol, biohydrogen etc.
Moreover, Bacillus strains are known for their ability to enter into
resting states (spores) and are good producers of secondary me-
tabolites such as antibiotics (Lynd et al., 2002). These strategies
could provide themwith an additional advantage over competitors
under aestivation and conditions of slow growth on cellulosic
substrates.

Fig. 2. Phylogenetic tree of the 16S rRNA gene from cellulolytic bacterial isolates and
their closest related strains from the GenBank. The tree was generated by using the
Neighbor Joining method with Kimura 2 parameter distances in MEGA 5.0 software.
Numbers at nodes indicate percent bootstrap values calculated based on 1000 repli-
cates. Activity of each isolate in parenthesis is denoted as: þ, low activity; þþ, medium
activity and þþþ, high activity given besides.
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Gastropods have not been the main focus of recent prospecting
studies targeting the cellulolytic bacteria due to the initial suc-
cesses with the insect families, most notably termites (Tokuda and
Watanabe, 2007) and beetles (Cazemier et al., 1997, 2003).

However, our findings suggest that the isolates obtained in this
study possess higher cellulolytic activities than the isolates from
the guts of these insect. In comparison, the endoglucanase activity
of our isolates was found many fold higher than the activity of

Fig. 3. Endoglucanase activity of tested isolates on various lignocellulosic substrates (A: CMC, B: Grass straw, C: Wheat Husk, D: Filter paper). Values are means ± SD (n ¼ 3).

Fig. 4. Exoglucanase activity of tested isolates on various lignocellulosic substrates (A: Avicel, B: Grass straw, C: Wheat Husk, D: Filter paper). Values are means ± SD (n ¼ 3).
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Bacillus sp. (Cho et al., 2010), Pseudoxanthomonas sp., Micro-
bacterium sp. (Okeke and Lu, 2011) and Promicromonospora pach-
nodae (Cazemier et al., 2003) isolated from the gut of termite
Reticulitermes speratus, scarab beetle Pachnodamarginata and forest
litter soil respectively. Similarly, avicelase activity exhibited by our
isolates was higher than avicelase activity by Serratia sp., Chrys-
eobacterium sp., and Bacillus sp. isolated from the gut of termite
R. speratus (Cho et al., 2010).

Although, cellulolytic bacteria have been isolated from many
resources, the present study is the first report to have evaluated the
A. fulica's GI tract as a source for isolation of lignocellulolytic bac-
teria. The evaluation of cellulolytic potential of isolates using plate
based and various enzyme assay have shown that these isolates
indeed posses cellulolytic potentials and may have good applica-
tions for production of various lignocellulolytic enzymes for biofuel
industry. However, we attempted the isolation by employing the
enrichment technique that used CMC as cellulosic substrates. In
order to reveal the complete potential of GI tract of GAS as a source
for isolation of lignocellulolytic bacteria, further studies would be
needed to know the effects on enrichment by using various
lignocellulosic substrates. Also, for the present study, snails in
active state were collected from only one location in one season.
The effects of physiological states of snail such as active and aes-
tivating, season of collection and collection sites on enrichment,
isolation and identification would need to be revealed. In the view
of fact that B. subtilis has multicellulase-carrying minicellulosomes,
our future research will focus on purification, identification and
analysis of such multicellulase-carrying minicellulosomes from the
B. subtilis strains and Ochrobactrum sp. K38 obtained in this study.
In conclusion, we have demonstrated that different GI tract regions
of GAS can serve as a good source for isolation of lignocellulolytic
bacteria that can be used for purification of various cellulolytic
enzymes for bioethanol industry.
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a  b  s  t  r a  c t

Laccases  have a  great potential for  use in industrial  and  biotechnological  applications.  It  has  affinity
towards  phenolics  and finds  major applications  in the  field of bioremediation.  Here, Surface  Plasmon
Resonance  (SPR)  as  a  biosensor  with  immobilized  laccase  on  chip  surface  has  been studied.  Laccase  was
immobilized  by  thiol coupling  method and  compounds  containing  increasing number  of  hydroxyl groups
were analyzed  for their  binding affinity at  various  concentrations in millimolar range.  The small molecules
like phloroglucinol  (1.532  ×  10−8 M),  crocin  (3.204  ×  10−3 M), ascorbic acid  (8.331  × 10−8 M),  kojic  acid
(6.411 × 10−7 M) and  saffron (3.466  ×  10−7 M) were  studied  and  respective  KD values are  obtained.  The
results  were  also confirmed by  inhibition assay  and IC50 values  were  calculated.  All  these  molecules
showed  different  affinity towards  laccase  in terms  of KD values. This  method may  be  useful  for  prelim-
inary  screening and characterization  of small  molecules  as laccase  substrates,  inhibitors  or  modulators
of  activity. This  method will be  useful for  rapid  screening of phenolics  in waste water  because  of high
sensitivity.

©  2015  Elsevier Inc.  All rights  reserved.

1. Introduction

Laccase is  belonging to the polyphenol oxidase family found in
plant, fungi and bacteria with copper atoms in  the catalytic cen-
ter. Phenolic substrates such as ortho-and para-diphenol, aromatic
compounds with hydroxyl and amine groups are [1] oxidized by
laccase. It catalyzes the oxidation of organic substrates of broad
range such as phenols concomitantly reducing molecular oxygen
to water. Because of various functions and broad substrate speci-
ficity, laccase can be  utilized in  industrial processes like, textile
dye bleaching, paper and pulp industry, phenolics removal, efflu-
ent detoxification, and many other processes [2,3].  In addition, it
is used in cosmetics as deodorants, other products such as tooth-
paste, mouthwash, detergent, soap, and diapers [4–11] also, in
food industry for wine stabilization [12],  stabilization of fruit juices
[13–15],  in  dough and/or baked products to increase strength of
gluten structures [13,16,17],  in pharmaceutical industry in anes-
thetics, anti-inflammatory drugs, also in  antibiotics and sedatives
[18–21],in nanobiotechnology, as nanoparticles based biosensors

∗ Corresponding author at: Department of Biochemistry and Biotechnology, Shiv-
aji University, Kolhapur 416004, India.

E-mail address: jpjbiochem@gmail.com (J.P. Jadhav).

and in  biosensors for determination of glucose, aromatic amines
and phenolic compounds [22–28].

Many reports are available on immobilization of  laccase as it
can be easily reused and have longer stability compared to free
enzyme. Moreover, immobilization of the biocatalyst can reduce
the enzyme loss and facilitate their use in  continuous processes,
such as bioreactors [29–32].  Successful immobilization of  laccases
were carried out on support materials such as Eupergit® C [33],
mesoporous silica spheres which are magnetically separable [34],
gold nanoporous particles [35], mesostructured cellular foams [36],
fumed silica nanoparticles [37],  platinum surface [38–40] etc. Lac-
case, due to its broad substrate range has wide applications in
biosensor technology for the detection of phenolics [41].  Immo-
bilized laccase enzyme was used as biosensor for determination
of phenolic acids in human plasma [42],  phenols such as cate-
chols detection in tea [43],  phenolic compounds in  wine, lignin
and phenolic residues in  wastewaters [44],  detection, oxidation
and removal of phenolic compounds from wastewater [45,46,33],
determination of catecholamine from plasma and urine samples
[47].  Reported conventional methods are available for successful
immobilization of laccase using electrode surfaces. To avoid these
labor-intensive methods Surface Plasmon Resonance with immo-
bilized laccase is studied.

http://dx.doi.org/10.1016/j.enzmictec.2015.09.002
0141-0229/© 2015 Elsevier Inc. All  rights reserved.
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SPR with different coupling chemistries for immobilization of
enzyme facilitates interaction of small molecules and their bind-
ing affinity. SPR is optical technique analyzes label-free, real-time
detection of binding of biomolecules such as coupling of ligand and
receptor, interactions between antigen-antibody and DNA-protein
[48].  As a  biosensor, SPR has been used in  various studies, for detec-
tion of bacteria causing water born diseases [49], interaction of
nitric oxide synthase I and calmodulin to  the CaM-binding site [50]
etc. In present study, affinity of ascorbic acid, phloroglucinol, kojic
acid, saffron and crocin towards fungal laccase was detected by
SPR using surface-immobilized laccase. Change in refractive index
indicates binding of analyte to  the immobilized ligand at differ-
ent concentrations [48].  The corresponding binding constants were
generated after affinity screening analysis. These results were also
confirmed by  inhibition assay. This is the first report evaluating
the binding and affinity studies of immobilized laccase using SPR
towards various compounds. This approach might be helpful for
the detection and affinity of various bioactive phenolics from waste
generated from beer, wine and fruit juice industrial waste.

2. Material and methods

2.1. Chemicals

Sensor Chips CM5, N-ethyl-N-(dimethylaminopropyl)-
carbodiimide (EDC), N-hydroxysuccinimide (NHS), ethanolamine
HCl, vials, and caps were obtained from GE Healthcare Life Sci-
ences, Uppsala, Sweden. Saffron, crocin, Trametes versicolor laccase
and ABTS, were purchased from Sigma (St. Louis, MO,  USA) and
ascorbic acid, phloroglucinol and kojic acid were obtained from
Himedia, Mumbai, India. All  other chemicals used in study were of
highest purity and analytical grade. Milli Q (Milipore) water was
used for preparing buffers and reagents.

2.2. Enzyme activity

2.2.1. Laccase activity assay
Laccase activity of T. versicolor was determined by  oxidation of

2,2′-azino-bis(3 ethylbenzthiazoline-6-sulfonic acid) (ABTS) as a
substrate. The reaction mixture containing 10% ABTS and 100 mM
sodium acetate buffer (pH 4.8) [51].  The reaction was  started
with the addition of enzyme solution. The oxidation of substrate
was monitored at 420 nm (�420 =  36,000 M−1 cm−1). One unit of
enzyme activity was defined as the amount of enzyme oxidizing
1 �M of ABTS per min. The reaction was carried out at 30 ◦C using
Shimadzu UV visible spectrophotometer.

2.2.2. Inhibition of laccase activity
Inhibitory activity assay was carried out as same as for standard

laccase assay. Ascorbic acid, kojic acid, phloroglucinol, saffron and
crocin were first dissolved in  deionised water and incubated with
0.2 ml of fungal laccase (1 mg/ml) in 100 mM sodium acetate buffer,
pH 4.8. The reaction was incubated for 90 s. Then, absorbance of
each mixture was determined by the optical density at respective
wavelength using Shimadzu UV visible spectrophotometer. ABTS is

Table 1
Binding affinity (KD)  and IC50values of compounds from SPR and spectrophotometric
method.

Compound name KD values IC50 values

Ascorbic acid 8.331 ×  10−8 M 34.66 ± 4.16 �M
Kojic  acid 6.411 ×  10−7 M 10.33 ± 3.5 �M
Phloroglucinol 1.532 ×  10−8 M 0.266 ± 0.06 �M
Saffron 3.466 ×  10−7 M 0.19 ± 0.05 �M
Crocin 3.204 ×  10−3 M 0.17 ± 0.05 �M

Data is  presented as mean of three replicates with standard deviation (±).

a  positive control. The inhibitory percentage of laccase was calcu-
lated as follows:

%inhibition = Abs.  of test  compounds  [Final −  Initial]
Abs.  of ABTS[Final − Initial]

× 100

The extent of inhibition by the addition of test compound was
expressed as percentage necessary for 50% inhibition (IC50).

2.3. Surface Plasmon Resonance (SPR) studies

SPR interaction studies were performed using a  Biacore T200
optical biosensor (GE Healthcare Life Sciences, Bangalore, India).
The phosphate buffer saline (PBS) was used to carry out surface
sensitive SPR measurements. Working solutions were diluted from
analytes stock solutions, in PBS buffer before use on the sensor
surface. Data were collected with the Biacore control software.
Changes in the refractive index as a  function of time were mon-
itored under constant flow conditions [52]. The relative amount of
analytes bound to the laccase was determined by measuring the
net increase of refractive index over time compared with that of
running buffer alone. There is  an inline subtraction of reference
surface during the run which is  reported in  response units (RU).
The surface, between each increasing concentration of  analytes was
washed with PBS (running buffer).

Fungal laccase dissolved (1 mg/ml) in 10 mM sodium acetate
buffer pH 5.0 was  immobilized on CM5  chip by  thiol coupling.
The surface of flow cell was activated for 7 min  using a 1:1 mix-
ture of 100 mM N-ethyl-N-(dimethylaminopropyl)-carbodiimide
(EDC) and 100 mM N-hydroxysuccinimide (NHS) (both dissolved
in water) with a  flow rate of 10 �l/min and subsequently laccase
was injected for 7 min, and the surface holding residual activated
carboxy methyl groups were blocked by a  7  min  injection of 1 M
ethanolamine, pH 8.5. A total of 326 (RU) of laccase were immo-
bilized. For this study, flow cell was  blank immobilized (without
protein) for using as a  reference.

To analyze interactions of saffron, ascorbic acid, phloroglucinol,
kojic acid and crocin with immobilized laccase, compounds were
dissolved in 10 mM  PBS pH 7.4 except crocin pH 8.5 containing
0.005% P20 and were injected. Experiments were performed in sin-
gle cycle kinetics mode with higher concentrations in millimolar
range of ascorbic acid (5.7, 2.85, 1.42, 0.712, 0.356), phlorogluci-
nol (8, 4, 2, 1,  0.5), kojic acid (3.5, 1.75, 0.87, 0.437, 0.218), saffron
(60, 30, 15, 7.5, 3.75), and crocin (1, 0.5, 0,  25, 0.125, 0.0625). The
same buffer was  used as the running buffer (Tables 1 and 2). Flow
rate was  maintained constant throughout the kinetics experiment
(10 �l/min), contact time and dissociation time was kept at 180 s

Table 2
Interaction kinetics of T. versicolor laccase of analytes with two state fit model.

Analytes ka1 (1/Ms) Kd1 (1/s) Ka2 (1/s) kd2 (1/s) KD (M)

Phloroglucinol 7885 ± 8.6E +  2  0.07135 ± 0.0053 0.001841 ± 9.0E − 5 3.122 × 10−6 ± 1.8E − 5 1.532 ×  10−8 M
Kojic acid 3.145 × 104 ± 4.0E + 4 0.02356 ± 0.018 7.451 ×  10−4 ±  0.0016 0.004417 ± 0.0039 6.411 ×  10−7 M
Saffron 4.532 × 104 ± 6.5E + 4 0.09320 ± 0.012 8.655 ×  10−5 ±  2.2E − 5 1.755 × 10−5 ± 1.8E − 4 3.466 ×  10−7 M
Ascorbic acid 1.881 × 105 ± 1.3E + 5 0.01813 ± 0.0068 5.697 ×  10−4 ±  4.9E − 4 0.003641 ± 0.0017 8.331 ×  10−8 M
Crocin 154.2 ± 15 0.6043 ± 0.025 2.052 ×  10−4 ± 1.9E − 5 9.191 × 10−4 ± 1.5E − 4 3.204 × 10−3 M
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and 200 s respectively. Regeneration was carried out for 30 s with
10 mM glycine pH 2.0 at 30 �l/min [53].  The data analysis was  done
with T200 evaluation software ver. 2.0 and was fit to two state
binding [54].

3. Results and discussion

Laccase has a great potential for industrial and biotechnological
applications. It has ability to metabolize phenolic compounds in  the
field of bioremediation [55,56].  A number of immobilized laccase
biosensors have been developed and studied for the determina-
tions of phenolics [24,25,33,41–47,57–63]. All  reported biosensors
consist of an electrode for immobilization of laccase enzyme which
showed stability for one to  two months only. Therefore in this study
we have used SPR as a biosensor for immobilization of laccase on
chip surface which can be used for hundreds of times without los-
ing enzyme biological activity under proper maintenance. Here the
chip surface was used for detection of binding affinity with different
small molecules by  thiol coupling method. SPR is  a  real time, label
free, quick method compared with others reported in  the literature
because SPR has the ability to detect several compounds within a
short time [33,45] and with great sensitivity and reproducibility.
Laccase with broad substrate specificity towards various phenolics
was studied using electrode surfaces as laccase biosensor for detec-
tion, monitoring and oxidation of phenolic compounds [39,25,46].
The affinity of phenolics towards immobilized laccase and their
detection will develop new approaches for characterization of
bioactive phenolics binding to  laccase. In this study, compounds
were chosen with increasing number of hydroxyl groups in  their
structure as laccase has affinity towards mono, di,  and tri hydroxyl
phenols. Also these compounds are important in pharmaceutical
and food industry for their use as antioxidants, coloring and flavor-
ing agents, indicators of food quality, as anticancer agent etc.

In the present study, the steady state affinity constants (KD) fol-
lowed by binding affinity (Fig. 1) of compounds were evaluated
with SPR. For very small compounds it is very difficult to esti-
mate kinetics as on/off rates are very fast. The studied compounds
showed affinity towards immobilized laccase (T. versicolor).  Laccase
showed binding constants (KD)  for ascorbic acid (8.331 ×  10−8 M),
kojic acid (6.411 × 10−7 M),  phloroglucinol (1.532 ×  10−8 M),  crocin
(3.204 ×  10−3 M)  and saffron (3.466 ×  10−7 M).  All these molecules
showed higher affinity towards laccase except crocin. This indi-
cates that laccase oxidizes above compounds with characteristics
similar to p-diphenol. Laccase activity reduces by oxidizing these
compounds which was confirmed by calculating percentage inhi-
bition and their IC50 values. The IC50 value of ascorbic acid and kojic
acid was observed 34.66 �M and10.33 �M respectively (Fig. 2). It
has been reported in literature that fungal laccase oxidize ascor-
bic acid [64]. T. versicolor laccase [42] was used to determine the
phenolic acid including ascorbic acid present in blood plasma. In
food industry, laccase was used in  monitoring ascorbic acid [13] as
it is a relevant indicator of food quality. Acting as an antioxidant
due to action of polyphenols, ascorbic acid can improve the color
and palatability of food products. While IC50 value for kojic acid
reported by Refs. [65] and [66] was 0.13 �M and 175 �M respec-
tively. The IC50 value of phloroglucinol was 0.26 �M (Fig. 3). T.
versicolor laccase with slow oxidation rate showed stability in  the
presence of phloroglucinol [67].  Phloroglucinol with more number
of hydroxyl groups on the aromatic ring can aid in decoloriza-
tion of indigo carmine as efficient laccase mediators due to which
its phenoxy radicals make them more stable [68].  IC50 value for
crocin was 0.17 �M and saffron 0.19 �M (Fig. 3). Ascorbic acid, kojic
acid and phloroglucinol are well studied compounds with laccase
enzyme. Crocin is  a  well known inhibitor of monophenolase activity
of polyphenol oxidase (PPO) and also found to be inhibiting diphe-

Fig. 1. Binding sensorgrams of phloroglucinol, kojic acid, saffron, ascorbic acid and
crocin with immobilized laccase.

nolase laccase enzyme. As the compounds described above have
applications in  the food and pharmaceutical industry, it might be
advantageous to investigate them using SPR. The biosensor was
thus successful in  revealing binding of the compounds with immo-
bilized laccase in a  very easy manner without using any labeling
step. The present study demonstrates for the first time the detection
of phenolics and their oxidation by immobilized laccase showing
their affinity constants with SPR.



S.V. Surwase et al. /  Enzyme and Microbial Technology 82 (2016) 110–114 113

0

20

40

60

80

100

0 50 0 100 0 150 0 200 0

%
 in

hi
bi

ti
on

Concentration  (µM)

KA AA

Fig. 2. Effect of increasing concentrations (�M) of compounds on laccase enzyme and their %  inhibition.

0

20

40

60

80

100

120

140

160

0 20 40 60 80 10 0 12 0 14 0 16 0 18 0 20 0

%
 In

hi
bi

�o
n

Concentra�on  (μM)  

Saff ron Crocin PHR
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4. Conclusions

Here we can conclude that, SPR is a label free, real time method
used for detection of phenolics. SPR based biosensor with immo-
bilized laccase showed binding affinity constants which were
confirmed by  enzyme inhibition assay of laccase. The proposed
method is  very simple and has potential applications for the devel-
opment of SPR biosensors related characterization of inhibitors
and modulators of laccase activity. Detection of various pheno-
lics present in  fruit juices, wine, analysis of lignin in wastewater
and to check the levels of tannins at different stages of tea pro-
duction, determination of neurological transmitters in  plasma and
urine samples will be taken up in our  later studies.
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ABSTRACT 

Objective: The aim of current work was to assess the total phenolic content (TPC), total flavonoid content (TFC), phenolic compounds and 
antioxidant properties of different extracts of four Cheilanthes sp.: Cheilanthes farinosa (Forssk.) Kaulf., Cheilanthes anceps Sw., Cheilanthes tenuifolia 
(Burm.f.) Sw., and Cheilanthes albomarginata Clarke. which is collected from Northern Western Ghats of India. 

Methods: Analysis of the scavenging activity using 1, 1-diphenyl-2-picrylhydrazyl (DPPH), ferric reducing power assays and N, N-dimethyl-p-
phenylendiamine (DMPD) radical cation decolorization assay.  

Results: Cheilanthes sp.whole plant with rhizome was analyzed for total flavonoids content (TFC) and phenolic content (TPC). The ethyl alcohol and 
water are the best solvents for the extracting phenols and flavonoids from the Cheilanthes sp.whole plant with rhizome (CSWPR).The antioxidant 
activities of Cheilanthes sp. whole plant with rhizome extracts were a positive correlation between total flavonoids and phenolic content capacity 
and observed DPPH radical scavenging activity based on these results, the result signifies that the potentiality Cheilanthes sp. whole plant with 
rhizome is one of the natural sources of antioxidant compounds.  

Conclusion: We have reported in this study the Cheilanthes species from whole plant with rhizome powder possess good antioxidant properties as 
well as their potential antioxidant capacity against DPPH radical, ferric reducing power and DMPD radical. Cheilanthes species whole plant with 
rhizome is a rich source of Phytochemicals including total antioxidant and phenolic compounds and it offers to the development of value-added 
products from Cheilanthes species whole plants so enhance today's opportunities in nutraceuticals and food applications for Human Health. 

Keywords: Antioxidant activity; DMPD radical; DPPH radical; Total flavonoids content; Total phenolic content. 

 

 

INTRODUCTION 

Since ancient times fern have been used by mankind as food and 
medicine[1] Ferns mainly belong to the bioactive components of 
phenolic, flavonoid, alkaloid and terpenoids families [2]The potent 
antioxidants have been demonstrated Flavonoids and other phenolic 
compounds [3] Hence, one of ferns functional properties of that are 
pertinent to human health and  their antioxidant activities[4] The 
antioxidants supports from the capacity damaging oxidative stress, 
which is a conclusion of an imbalance between creation of Reactive 
Oxygen Species (ROS) and the antioxidant defense body. The 
protective system of antioxidants possesses a Living cells which 
prevents excessive formation and make able the inactivation of 
ROS[5]  The evidence indicates a role of growing amount of reactive 
oxygen species (ROS)  such as peroxyl radicals , hydroxyl radical , 
superoxide anion  and singlet oxygen in the different degenerative 
diseases such as cancer, cardiovascular diseases, Alzheimer’s disease 
and Parkinson’s disease and  pathophysiology of aging (Davies, 
2000; Fenkel & Holbrook, 2000) Antioxidants stabilize or deactivate 
free radicals,  They frequently  attack targets in biological cells[6] 
Essential antioxidative mechanism has an Human body and mostly 
the biological functions such as the anti-carcinogenic, antimutagenic, 
and anti-aging responses originate from this property.[7,8,9] 
Antioxidant properties have been investigated from number of 
medicinal plants and antioxidants are the naturally form of raw 
extracts and their chemical constituents and they are very affective 
to prevent the destructive processes caused by oxidative stress. 
Despite numerous advantages, recently interest in naturally 
occurring antioxidants has considerably increased for use in food,  

 

cosmetic and pharmaceutical products, because they possess 
multifacetedness in their multitude and magnitude of activity and 
provide enormous scope in correcting imbalance [10,11]. The 
purpose of this study was to investigate the antioxidant potentials of 
Cheilanthes sp.whole plant with rhizome. The antioxidant properties 
of CSWPR extracts were tested for their total antioxidants capacity 
with 3-different methods. 

MATERIALS AND METHODS 

Plant Material 

Plant materials of four Cheilanthes species were obtained from 
different localities of Northern Western Ghats of India (Cheilanthes 
farinosa (Forssk.) Kaulf. — Molem locality, GPS: 150 22l09ll N′,740 12l 
44ll E; Cheilanthes anceps Sw.— Mahabaleshwar locality, GPS: 170 55l  

31ll N,730  39l 45ll E; Cheilanthes tenuifolia(Burm.f.) Sw. —
Gaganbawada locality, GPS: 16031l  58llN′,730  49l 5ll E; Cheilanthes 
albomarginata Clarke.— Amboli locality, GPS: 150 57l  42ll N,730  59l 
48ll E;).Specimens were authentically identified with help of Dr. 
Manisha kale (Associate Professor Department of Botany, Jaysingpur 
College Jaysingpur, Maharashtra, India. The Whole Plant with 
rhizome of Cheilanthes sp. was collected from Northern Western 
Ghats, Maharashtra, India. The Cheilanthes species were cleaned and 
separated into dry powder form. The CSWPR was stored in a freezer 
(−20°C) until further analysis.[30] 

Chemicals 

Entire chemicals and solvents were of analytical grade and 
purchased from  Native suppliers., 1, 1-diphenyl-2-picrylhydrazyl 
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(DPPH), Folin-Ciocalteu reagent, Ascorbic acid, aluminum trichloride 
,potassium phosphate (monobasic and dibasic), ferric chloride, 
sodium carbonate, 2,4,6-tripyridyls- triazine (TPTZ) and 
trichloroacetic acid were obtained from Sigma Chemical Co., USA. N, 
N-dimethyl-p-phenylendiamine (DMPD) was buying from Fluka 
(Schweiz, Switzerland). Methanol (HPLC grade) and Glacial acetic 
acid (HPLC grade) were obtained from Merck Trolox. (6- Hydroxy 
2,5,7,8 tetramethyl chroman 2-carboxylic acid) was acquired from 
Aldrich Chemical Co, USA. 

Extractions  

CSWPR Dried, ground plant extracts were obtained by 
homogenizing. The CSWPR in four different solvents (acetone, 
methanol, ethanol, and water) keeping CSWPR to solvent ratio of 
1:10. Extraction was carried out on an orbital shaker for 24 h at 
room temperatures. The homogenates were centrifuged at 15,000 
rpm at 4°C for 10 min and the supernatants were recovered and 
stored at −20°C. 

Determination of Total Phenolic Content (TPC) 

The total phenolic content in the Whole Plant with rhizome of 
Cheilanthes species (CSWPR) extracts was determined 
spectrophotometrically utilizing the Folin-Ciocalteu method. A 
portion of a total amount of a solution of 125μl extract mixed with 
1.8 ml of Folin Ciocalteu reagent and which is distilled water diluted 
10-fold with previously. Before adding 1.2 ml of 15% sodium 
Carbonate solution in distilled water the solution was allowed to 
stand at 25°C for 5 min and absorbance was measured at 765 nm 
using a spectrophotometer. After 90 min at room temperature, this 
was compared as expressed mg of Gallic acid equivalents per g (mg 
GAE g−1) of dry powder to standard curve of gallic acid 
concentrations. [12]. 

Determination of Total Flavonoids Content (TFC) 

The colorimetric method was measured by Total flavonoid contents 
of all four extracts [13]. Cheilanthes species extracts (0.5 ml) were 
mixed with methanol (1.5 ml), to which 10% aluminum chloride (0.1 
ml), 1 M potassium acetate (0.1 ml) and distilled water (2.8 ml) were 
added. The solution was vortexed, allowed to stand for 30 min at 
room temperature. The UV–vis spectroscopic analysis using an 
absorbance of reaction mixture was measured at 415 nm (Hitachi U-
2800; Hitachi, Tokyo, Japan). According to the standard curve 
prepared for rutin and the concentration of flavonoids was reported 
as mg of rutin equivalents per g (mg RE g−1) of sample was 
quantified the total flavonoids content. 

DPPH Radical Scavenging Activity 

Potential of Antioxidant activity of the Cheilanthes species extracts 
was evaluated by 1, 1-diphenyl-2-picrylhydrazyl (DPPH) assay [12] 
with some modifications. In short, the prepared by stock reagent 
solution was dissolving 24 mg of DPPH in 100 ml methanol as well 
as kept stored at −20°C until use. The  obtained by working solution 
was mixing  of stock solution 10 ml with 45 ml methanol and using a 
spectrophotometer  obtain an absorbance value of 1.1±0.02 at 517 
nm. Allowed to react with 3 ml of DPPH solution with the different 
concentrations of Cheilanthes farinosa extracts. The vigorously 
shaken was mixture simultaneously kept at room temperature for 
30 min in the dark. The spectrophotometrically measured mixture 
was at 517 nm. Extract was also analyzed without added control 
sample and the grades were produced as radical scavenging activity 
(% RSA). 

% RSA = (A control – A sample) ×100 = A control  
Here, A = absorbance at 517 nm. 

By plotting the percentage (%) of free radical scavenging activity of 
ascorbic acid against its concentration then arranged a standard 
curve. The expressed closing results of mg ascorbic acid as equal 
antioxidant capacity in 1 g of sample (mg AEAC g−1). 

FRAP (Ferric Reducing/Antioxidant Power) Assay 

The Ferric Reducing/Antioxidant Power assay was completed by 
Benzie and Strain as before described [14] with certain 

modifications. For a moment the employed Ferric 
Reducing/Antioxidant Power reagent produced by mixing 300 mM 
acetate buffer (pH 3.6) 10 mM 2, 4, 6-tripyridyl-s-triazine (TPTZ) in 
40 mM HCL and 20 mM FeCl3· 6H2O in 10:1:1 ratio earlier to use 
then heated to 37°C in water bath for 10 min. Cheilanthes species 
extracts were permissible to react with 2.7 ml of the Ferric 
Reducing/Antioxidant Power reagent of several concentrations (1–5 
mg/ml). The reaction mixture was made up to 3 ml of closing 
volume with distilled water. The kept reaction mixture was left in 
dark for 30 min. The colored product readings are taken at 593 nm 
(ferrous tripyridyltriazine complex). The output was expressed as 
mM Trolox equivalent g−1 Sample of dry weight. 

DMPD (N, N-dimethyl-p-phenylendiamine) Assay 

This assay is created on the principle of reduction of the purple 
radical cation DMPD+ (N, N-dimethyl-phenylendiamine). Dissolving 
209 mg DMPD in 10 ml distilled water was arranged by A 100 mM 
DMPD solution. 100 ml 0.1 M acetate buffer (pH 5.25) was added to 
one ml of this solution. The purple radical cation DMPD+ resulted in 
adding 0.2 ml of a 0.05 M ferric chloride solution, which was 
measured at equilibrated to an absorbance of 0.900±0.100 and 505 
nm.  

Up to 12 h The DMPD radical cation was stable. 50 μl antioxidant 
solutions and 1 μl of DMPD+ solution were mixed 10 min at 25°C 
endlessly. This solution was occupied at 505 nm after mixing of the 
absorbance [15]. The potential of antioxidative was evaluated the 
four Constituents as display for the DPPH assay. 

Statistical Analysis 

In this study, Three analyses of every sample were made and all 
experiment was carried out in triplicate i. e. (n=3).The obtained data 
were calculated from the mean value and standard deviation. 
Determined by linear regression analysis of obtained RSA (Microsoft 
Excel programmer for Windows XP) wherever values signifying the 
concentration of examined extracts that cause 50% of inhibition 
(IC50). 

RESULTS AND DISCUSSION 

Total Phenolic Content (TPC) 

The Total Phenolic Content (TPC) amount of determined in different 
solvent extracts of Cheilanthes species is shown in Table 1 and 2. In 
phenolic compounds extracting results discovered that ethanol was 
the best solvent for followed by water, methanol, and acetone. Total 
phenolics (0.44 mg GAE g−1) of Cheilanthes species contained 
amounts. There are time to time variations in the TPC of the 
different plants and some ferns and mangrove plants Antioxidant 
Capacity and Phenol Content reported from different authors in 
Mangrove Infoline Database as well as Fern Ethnomedicinal plant 
database [16, 27, 28and 29]. Due to the complex nature of these 
groups of compounds the methods of extraction and analysis [17]. It 
was shown that the plants phenolic content of are influenced by 
extrinsic (agronomic, environmental, handling and storage) factors 
and a number of intrinsic (genus, species, cultivar) [18, 19]. 

Total Flavonoids Content (TFC) 

Flavonoids are naturally present in mostly plants and flavonoid is a 

group of polyphenolic compounds. They constitute most of the 

yellow, red and blue colors in the fruit [20]. Currently wide studied 

as components flavonoids from the plants and fruits that has the 

capacity to provide multiple benefits of health. Clinical studies and 

Epidemiological have provided evidence of a capacity role for 

flavonoids in lowering the risk of cardiovascular diseases, free 

radical coronary heart disease prevention, osteoporosis, scavenging 

capacity, and neurodegenerative diseases [21, 22]. The amount of 

TFC in different solvent extracts of CSWPR is shown in Table 2. The 

results discovered that extract capacity of flavonoids was also 

affected by the solvent used. Extracting flavonoid compounds from 

the water are the best solvent for (0.28 mg of RE g−1). The methanol, 

ethanol and acetone were not good solvents for extraction of 

flavonoids from CSWPR Extract. Because of the flavonoids solubility 
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changed during growing process, the flavonoids widely held from 

under CSWPR were methanol soluble as well as the flavonoids from 

over CSWPR were water soluble [23].  

 

Table 1 Total phenolic contents for the studied extracts of four species Cheilanthes. 

 

Sr.No Plant  Parts Solvent Total phenolics (mg GAE/g) 
C. farinosa C.anceps C. tenuifolia C. albomarginata  

1 Whole Plant with 
Rhizome 

Water  0.24±0.016 0.28±0.014 0.22±0.016 0.26±0.013 

2 Methanol 0.44±0.012 0.32±0.018 0.42±0.014 0.38±0.016 

3 Ethanol 0.22±0.013 0.26±0.016 0.28±0.012 0.24±0.012 
4 Acetone 0.24±0.013 0.22±0.012 0.26±0.013 0.24±0.014 

 

Table 2 Total flavonoids contents for the studied extracts of four species Cheilanthes. 

 

Sr.No Plant  Parts   Solvent Total flavonoids (mg RE/g) 
C. farinosa C.anceps C. tenuifolia C.albomarginata  

1 Whole Plant 
with Rhizome 

Water  0.22±0.013 0.24±0.016 0.22±0.019 0.18±0.019 

2 Methanol 0.24±0.017 0.22±0.012 0.23±0.013 0.18±0.019 

3 Ethanol 0.26±0.019 0.32±0.013 0.24±0.017 0.22±0.017 
4 Acetone 0.18±0.019 0.26±0.013 0.22±0.019 0.24±0.019 

 
Radical Scavenging Activity on 1, 

1-diphenyl-2-picrylhydrazyl (DPPH) Radical 

The quantification of free radical scavenging activity is used by the 
DPPH method in worldwide, foreign to biological system and in vitro 
[22]. Antioxidant activity is unique mechanisms to investigate the 
scavenging result on proton radicals. In the recent  study, the total 
antioxidant capacity investigation was measured as the compounds 
of cumulative ability existing in the sample to scavenge stable 
organic free radicals as well as  deep violet color, using the DPPH 
reaction  which gave the maximum absorbance within 515– 528 nm 
range,. The antioxidant occurrence in the sample leads to 
disappearance of DPPH radical chromogens, which can be noticed 
spectrophotometrically at 517 nm. Type of solvents and Light, pH, 
Oxygen, are methods sensitive to used [23]. Extracts of CSWPR of all 
are the radical scavenging effects denoted in Fig. 1. 

 

 

Fig.1 DPPH radical scavenging activity of different CSWPR extra
cts, data expressed in mean ± SD, n=3 

Entire extracts assessed were able to reduce the stable, purple 
colored DPPH· radical reaching 50% of reduction. The maximum as 
well as minimum IC50 value for methanolic extract 0.4 mg/ml and 0.7 
mg/ml. It has been showed that flavonoids and phenolic compounds 
are present in the plants and responsible for essentially antioxidant 
activity [24].The methanolic and water Extracts of CSWPR evidenced 
their capacity as an antioxidant from the above results. 

FRAP (Ferric Reducing/Antioxidant Power) Assay 

The Ferric Reducing/Antioxidant Power assay is very beneficial for 
routine analysis and one of the most simple, rapid, inexpensive tests. 

The direct test of total antioxidant power of a sample is developed 
for Ferric Reducing/Antioxidant Power assay. The antioxidant 
activities of CSWPR extracts using FRAP assay are shown in Fig. 2 

 

 

Fig.2 FRAP assay of different CFWP extracts, data expressed in 
mean ± SD, n=3 

and arranged were diverse concentrations (1–5 mg/ml). The CSWPR 
extracts increased with increasing in concentration (1–5 mg/ml) of 
ferric reducing power. The CSWPR  extract (5 mg/ml) higher ability 
showed  to reduce Fe3+ to Fe2+, 1.7 mM TEAC g−1 for methanolic 
and 1.4 mM TEAC g−1 for water extract. The methanol soluble factor 
is commonly responsible for reducing potential of the Extracts. The 
radical scavenging capacity of plant dry powder decreased with 
increasing growth status [23]. The essential role in determining the 
antioxidant properties which played a phenolic Phytochemicals 
exhibited redox properties [25]. Hence the ability of reducing 
extracts was strongly correlated with the phenolic and flavonoid 
content. 

DMPD (N, N-dimethyl-p-phenylendiamine) Assay 

Several benefits of the N, N-dimethyl-p-phenylendiamine i.e.DMPD 
assay has as high stability of the end point, cost effective and fewer 
cumbersome rapid reaction times. DMPD is transformed to stable 
and colored DMPD radical cation (DMPD·+, absorption maxima 505 
nm) in the occurrence of an oxidant solution (ferric chloride) at 
acidic pH. The sample capable to transfer a hydrogen atom to 
DMPD·+ and caused discoloration, which was proportional to their 
concentration of the present in antioxidant compounds [26]. 
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Antioxidant activity (% RSA) of the diverse CSWPR extracts the Data 
in Fig. 3 showed and all the extracts demonstrated antioxidant 
activity and clearly indicated that Results in Fig. 3 and it was 
quantity dependent  methanol > ethanol > water > acetone. The 
CSWPR extracts of concentrations that cause 50% inhibition (IC50) 
were as follows: 3.43 mg/ml for methanolic extract, 3.6 mg/ml for 
ethanolic extract and 3.9 mg/ml for water extract. All extracts of 
CFWP exhibited that was experimental lower free radical scavenging 
activity than the standard ascorbic acid. 

 

 

Fig. 3 DMPD radical scavenging activity of different CFWP 
extracts, data expressed in mean ± SD, n=3 

CONCLUSION 

In the current study, the Cheilanthes species from whole plant with 
rhizome powder extracts found strong antioxidant activity. The 
CSWPR extracts might be attributed to their free radical scavenging 
activity in the antioxidant mechanisms. The flavonoid and phenolic 
compounds appeared in addition, to be responsible for the 
antioxidant activity of CSWPR extracts. Here the results presented 
on the basis of Cheilanthes species from whole plant with rhizome 
powder possess good antioxidant properties. Potential of the total 
antioxidant capacity of Plants, vegetables and other fruit products 
and due to the multifaceted nature of Phytochemicals could not be 
performed accurately by any single method. We have stated in this 
study, their potential antioxidant capacity against DPPH radical, 
ferric reducing power and DMPD radical. The Cheilanthes species 
whole plant with rhizome is a rich source of phytochemicals as well 
as phenolic compounds and deals to the development of value-added 
products from Cheilanthes species whole plants with rhizome so 
enhance today’s opportunities in nutraceuticals and food 
applications for Human Health. 

Acknowledgement: 

P.N Ghorpade and S.B Thakar two of the authors are Thankful to 
Department of Biotechnology Shivaji University, Kolhapur 
Maharashtra India for Laboratory Facilities. 

REFERENCES 

1. Lee, C.H. and S.L. Shin. Functional activities of ferns for human 
health. In H. Fernández, M.A. Revilla, and A.  Kumar (eds.), 
Working with ferns: Issues and applications. Springer, New 
York, pp. 2010;347-359. 

2. Ho, R., T. Teai, J.-P. Bianchini, R. Lafont, and P. Rahariveloma 
nana. Ferns: From traditional uses to pharmaceutical 
development, chemical identification of active principles. In H. 
Fernández, M.A. Revilla, and A. Kumar (eds.), Working with 
ferns: Issues and applications. Springer, New York, pp.2010; 
321-346. 

3. Dai, J. and R.J. Mumper. Plant Phenolics: Extraction, analysis 
and their antioxidant and anticancer properties. Molecules 
2010;15: 7313-7352. 

4. Lee, C.H. and S.L. Shin.Functional activities of ferns for human 
health. In H. Fernández, M.A. Revilla, and A.  Kumar (eds.), 
Working with ferns: Issues and applications. Springer, New 
York, pp.2010; 347-359. 

5. Maria Kratchanova, et.al, Evaluation of antioxidant activity of 
medicinal plants containing polyphenol compounds. 
Comparison of two extraction systems. Acta Biochimica 
Polonica Vol. 57, No. 2/2010 229–234  

6. Nunes PX, Silva SF, Guedes RJ, Almeida S: Biological oxidations 
and antioxidant activity of natural products, Phytochemicals 
as nutraceuticals Global Approaches to Their Role in Nutrition 
and Health. 2012 

7. Gulcin I: Antioxidant activity of food constituents: an 
overview. ArchToxicol 2012, 86:345–        391. 

8. Gocer H, Gulcin I: Caffeic acid phenethyl ester (CAPE): 
correlation of structure   and          antioxidant properties. Int J 
Food Sci Nutr 2011, 62:821–825. 

9. Naima Saeed et al. Antioxidant activity total phenolic and total 
flavonoid contents of whole        plant extracts Torilis 
leptophylla L, BMC Complementary and Alternative Medicine 
2012,       12:2217. 

10. Djeridane A, Yousfi M, Nadjemi B, Boutassouna D, Stocker P, 
Vidal N: Antioxidant         activity of some Algerian medicinal 
plants extracts containing phenolic compounds. Food Chem 
2006, 97:654–660. 

11. Wannes WA, Mhamdi B, Sriti J, Jemia MB, Ouchikh O, 
Hamdaoui G, and Kchouk        ME, Marzouk B: Antioxidant 
activities of the essential oil and methanol extracts from 
myrtle leaf stem and flower. Food Chem Toxicol 2010, 
48:1362–1370. 

12. Lee HC, Kim JH, JeongSM, Kim DR, Ha JU, Nam KC Effect of far 
infrared               radiation on the antioxidant activity of rice 
hulls. J Agric Food Chem 2003; 51(15):4400–4403 

13. Chang C, Yang M, Wen H, Chen J (2002) Estimation of total 
flavonoids content in propolis          by two complementary 
colorimetric methods. J Food Drug Anal 10:178–182 

14. Benzie IFF, Strain JJ. The ferric reducing ability of plasma 
(FRAP) as a measure of      “antioxidant power”: the FRAP 
assay. Analytical Biochem1996; 239: 70–76. 

15. Schlesier K, Harvat M, Bohm V, Bitsch R. Assessment of 
antioxidant activity by using       different in vitro methods. 
Free Radic Res 2002;36(2):177–187 

16. Sambhaji B. Thakar and Kailas D. Sonawane  Mangrove 
Infoline Database: A Database of       Mangrove Plants with 
Protein Sequence Information. Current Bioinformatics, 2013, 
8, 524-      529 

17. Kalt W, Ryan DAJ, Duy JC, Prior RL, Ehlenfeldt MK, 
KloetSPVInterspecific          variation in anthocyanins, 
phenolics and antioxidant capacity among genotypes of high 
bush      and low bush blueberries (Vaccinium section 
Cyanococcus sp.). J Agric Food chem.      2001;49:4761–4767. 

18. Thomas-Barberan F, Espin JC. Phenolic compounds and 
related enzymes as determinants of quality of fruits and 
vegetables. J Sci Food Agric 2001; 81:853–876 

19. Umesh B. Jagtap, Shrimant N. Panaskar, V. A. Bapat Evaluation 
of Antioxidant         Capacity and Phenol Content in Jackfruit 
(Artocarpus heterophyllus Lam.) Fruit Pulp.  Plant Foods Hum 
Nutr2010;DOI 10.1007/s11130- 010-0155-7 

20. Erlund I. Review of the flavonoids quercetin, hesperetin and 
naringenin. Dietary          sources, bioactivities, bioavailability 
and epidemiology.2004; Nutr Res 24:851–874 

21. Yao LH, Jiang YM, Shi J, Tomas-Barberan FA, Dutta N, 
Singanusong R, Chen SS         Flavonoids in food and their 
health benefits. Plant foods Hum Nutr 2004; 59:113–122 

22. Lampila P, Lieshout M, Gremmen B, Lahteenmaki L.Consumer 
attitudes towards       enhanced flavonoid content in fruit. Food 
Res Int 2009;42:122–129 

23. .Harris GG, Brannan RG A preliminary evaluation of 
antioxidant compounds, reducing       potential and radical 
scavenging of pawpaw (Asimina triloba) fruit pulp from 
different stages      of Ripeness. LWT-Food Sci Technol 2009; 
42:275–279 

24. Zhou K, Yu L Effects of extractions solvent on the wheat bran 
antioxidant activity      estimation. LWT-Food Sci Technol 
2004; 37:717–721 

25. Rice-Evans CA, Miller NT, Paganga G Antioxidant properties of 
phenolic compounds. Trends Plant Sci 1997; 4:304–309 



Kale al. 
Asian J Pharm Clin Res, Vol 9, lssue 2, 2016, 378-382  

382 
 

26. Fogliano V, Verde V, Randazzo G, Rittieni A Method for 
measuring antioxidant activity and its application to 
monitoring the antioxidant capacity of wines. J Agric Food 
Chem.1999; 47:1035–1040 

27. S B Thakar, P N Ghorpade, M V Kale, K D Sonawane FERN 
Ethnomedicinal Plant       Database: Exploring fern 
ethnomedicinal plants knowledge for computational drug 
discovery Current computer-aided drug design 11 (3), 266-
271 

28. PN Ghorpade, SB Thakar, MV Kale. Phytochemical analysis of 
bioactive components       cheilanthes farinosa. RJLBPCS 1 (1), 
31-35  

29. P N Ghorpade, K N Dubal and M V Kale. Chemical profile of 
diplazium esculentum Sw.      A medicinal fern from Western 
Ghats 2014, 1-4 

  30.      P .N. Ghorpade, S.B. Thakar, M .M Dongare, M. V Kale (2015). 
              Diversity, Distribution and microclimatic conditions of Four 
              Ethnomadicinal Cheilanthes Species from Northern Western 
            Ghats of India. RJLBPCS 1(4) 

 



ORIGINAL ARTICLE

Sulfitolytic and keratinolytic potential of Chryseobacterium sp.
RBT revealed hydrolysis of melanin containing feathers

Ranjit G. Gurav1,2 • Jingchun Tang2 • Jyoti P. Jadhav1

Received: 2 April 2016 / Accepted: 11 June 2016

� The Author(s) 2016. This article is published with open access at Springerlink.com

Abstract In black feathers, melanin is embedded in ker-

atin matrix that makes feather more resistance to the

microbial degradation. Chryseobacterium sp. RBT previ-

ously isolated from the poultry waste disposable site

revealed strong sulfitolytic and keratinolytic activities.

Maximum keratinase activity was observed at 48 h

(89.12 U ml-1) showed 83 % of native black feather

degradation. The concentration of free sulfhydryl groups

released during degradation was 0.648 9 10-4 M (12 h),

2.144 9 10-4 M (96 h), and however, declined on prolong

incubation to 1.752 9 10-4 M (120 h). Melanin was

released in the degradation medium after microbial

exploitation of black feather. After purification, melanin

was dark brown colored powder insoluble in water, 5 M

HCL, ethanol, methanol, benzene, chloroform, and ace-

tone; whereas, soluble in KOH and NaOH. On exposure to

oxidizing and reducing reagents feather melanin showed

decolorization, while formed a brown precipitate when

reacted with FeCl3. The spectroscopic characterization of

isolated melanin demonstrated absorption at infra-red

region. Similarly, UV–visible scan confirmed that increase

in the wavelength progressively declined the absorbance of

pigment. The crude keratinase enzyme (2 % v/v) produced

during degradation showed complete dehairing of goat skin

within 20 h.

Keywords 5,50-Dithio-bis-(2-nitrobenzoicacid) �
Chryseobacterium � Dehairing � Keratinase � Melanin

Introduction

In birds, feather pigmentation mainly depends on the

components, such as keratin and melanin, having different

refractive indexes. Melanin is widely distributed in plants,

animals, and some microbes, although it has been not

assigned any specific role in the growth and development

but to enhance their survival and competitiveness (Alois

and Michael 1986). Chemically melanin was a dark col-

ored, negatively charged, and high molecular weight

heterogeneous polymer which was insoluble in most of the

aqueous or organic solvents (Nicolaus et al. 1964; Crippa

et al. 1989). Melanin is embedded in the b-keratin matrix

arranged in a complex array of feather barbules (Durrer

1986). Besides pigmentation, melanin provides structural

rigidity to feathers by cross-linking with proteins and

making them more resistant against feather feeding

microorganisms and ecto-parasites (Burtt 1986; Goldstein

et al. 2004; Gunderson et al. 2008). Wilson et al. (2007) in

their study with archaeological contexts found that micro-

bial activity degraded only keratin without affecting the

melanin. Similarly, Goldstein et al. (2004) and Gunderson

et al. (2008) demonstrated the degradation of melanized

feathers using Bacillus licheniformi and B. licheniformi

OWU 138B and concluded that melanized feathers where

unable to biodegrade.

Keratins are the highly specialized fibrous proteins

ubiquitous in animals. Feather contains about 90 % ker-

atin protein rich in disulfide bridges which are responsible

for making feathers more resistant against common pro-

teases, such as trypsin, pepsin, and papain, thus reduces
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the degradation process in nature (Onifade et al. 1998).

However, some biological entities, such as insects

(clothes moth larvae, carpet beetles, and chewing lice)

and microorganisms (eucarya, bacteria, and archaea), can

exploit the keratins. Microbes produce keratinases enzyme

to breakdown the keratin and utilize it as a source of

carbon, nitrogen, sulfur, and energy for its growth and

development (Noval and Nickerson 1959). Previously,

Lysobacter NCIMB 9497 (Allpress et al. 2002), Mi-

crobacterium sp. (Thys et al. 2004), Xanthomonas mal-

tophilia (de Toni et al. 2002), Stenotrophomonas sp.

(Yamamura et al. 2002), Chryseobacterium indologenes

TKU014 (Wang et al. 2008), and Serratia sp. HPC 1383

(Khardenavis et al. 2009) were reported as keratin

degraders.

Several researchers had isolated genus Chryseobac-

terium from the poultry carcasses and believed that this

bacteria might have been originated from the poultry itself

or from the slaughterhouse environment (Hang’ombe et al.

1999). Beer et al. (2005) stated that most of the Chry-

seobacterium were isolated from the raw chicken portion

or whole bird at different stages of meat processing. Van-

damme et al. (1994) have stated that genus Chryseobac-

terium was closely associated with strong proteolytic

activity.

Therefore, in present study, previously isolated Chry-

seobacterium sp. RBT was demonstrated for the degrada-

tion of melanin containing native feathers that cannot be

degraded by normal microbial flora. This was the first

report signifying highest degradation of native black

feather within short span of time. The biodegradation

efficiency was analyzed by quantifying the keratinase

enzyme, soluble protein, amino acid, and free sulfhydryl

groups in the medium. During black feather degradation

melanin embedded in the feather matrix was released in the

medium. This melanin was purified and characterized

which has many industrial appplications. Whereas, the

crude keratinase enzyme was applied for ecofriendly

dehairing of goat skin.

Materials and methods

Chemicals, black feathers, and goat skin

Standard melanin (synthetic) and 5,50-dithio-bis (2-ni-

trobenzoic acid) were purchased from Sigma-Aldrich,

USA. Keratin powder, bovine serum albumin, sodium

hydroxide, hydrogen peroxide, ferric chloride, sodium

hypochlorite, and potassium hydroxide were obtained from

Himedia, India. Solvents, such as ethanol, methanol,

chloroform, acetone, benzene, and phenol were procured

from Sisco Research Laboratory (SRL), India. All the

chemicals and reagents used were of the highest purity and

analytical grade. Black feathers of slaughtered domestic

fowl (Gallus gallus domesticus) collected from central

chicken market, Kolhapur, India were washed, dried, and

stored for further studies. Whereas, goat (Capra hircus-

Osmanabadi breed) skin was obtained from the local meat

market in Kolhapur, India.

Microorganism and maintenance

The Chryseobacterium sp. RBT (genebank accession

number GU481093) used in this study was previously

isolated from the poultry waste contaminated site. Bacterial

culture was routinely subculture and maintained on keratin

agar containing (g l-1): Na2HPO4 (6.0), KH2PO4 (3), NaCl

(5), MgSO4 (0.1), keratin powder (1), and agar (25) as a

solidifying agent (Gurav and Jadhav 2013a).

Biodegradation of black feathers

The black feather degradation experiment was carried out

in basic salt medium (BSM) having composition (g l-1):

Na2HPO4 (6.0), KH2PO4 (3.0), NaCl (5.0), MgSO4 (0.1),

and native black feathers (10). This medium was inoculated

with 0.1 % (v/v) of Chryseobacterium sp. RBT culture

having absorbance 0.92 at 660 nm and incubated on the

orbital shaker (140 rpm) at 37 �C (Gurav and Jadhav

2013a). The degradation rate was assessed by pulling ali-

quots at different time intervals to analyze the keratinase

activity, free sulfhydryl groups, soluble proteins, and

amino acids.

Keratinase assay

The keratinase activity was determined using pure keratin

powder as a substrate (Gurav and Jadhav 2013a). In brief,

1 ml of crude enzyme diluted in tris–HCl buffer and 1 ml

substrate (0.1 % keratin powder) was incubated at 37 �C
for 10 min. The reaction was terminated by adding 2 ml of

0.5 M trichloro acetic acid (TCA). This reaction mixture

was centrifuged, and the absorbance was detected at

280 nm (UV-1800, Shimadzu, Japan). The enzyme control

was treated in the same way except the TCA and was added

before incubation. One unit (U ml-1) of keratinase activity

was defined as an increase in corrected absorbance by

0.001 units at 280 nm with control min-1 (Cai et al. 2008)

and calculated using formula:

U ¼ 4 � n� A280= 0:01 � 10ð Þ;

where n, dilution rate; 4, final reaction volume; 10, incu-

bation time (min).
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Quantification of free sulfhydryl groups

The quantification of free sulfhydryl groups released during

feather degradation was executed using 5,50-dithio-bis-(2-

nitrobenzoic acid), also known as DTNB or Ellman’s

reagent (Ellman 1959). Sulfhydryl groups in the degrada-

tion medium reacted with DTNB and produced a mixture

of disulfide and 2-nitro-5-thiobenzoic acid (TNB) which

was yellow-colored product measured at 412 nm. In brief,

200 ll of cell-free supernatant was added to 2.5 ml of

reaction buffer (0.1 M sodium phosphate, pH 8.0, con-

taining 1 mM EDTA) and 50 ll of DTNB solution

(4 mg ml-1). This reaction mixture was incubated at room

temperature for 15 min and absorbance was recorded at

412 nm (UV-1800, Shimadzu, Japan). Blank was prepared

by adding 2.7 ml of reaction buffer and 50 ll of DTNB

solution. The free sulfhydryl concentration was calculated

using the following formula.

Molar absorptivity (E) is defined as follows:

E ¼ A=bc;

where A is the absorbance; b is the path length in cen-

timeters; c is the concentration in M l-1 (=M).

Solving for concentration gave the following formula:

c ¼ A=bE:

The reported molar extinction coefficient of TNB in

0.1 M phosphate, pH 8.0, 1 mM EDTA was

E = 14,150 M-1 cm-1 at 412 nm.

Detection of soluble protein and amino acids

Soluble protein content of degradation medium was

determined by folin-phenol method using BSA as standard

(Lowry et al. 1951). Similarly, the amino acids were

quantified by ninhydrin method using leucine as standard

(Moore and Stein 1957).

Percentage degradation of feather biomass

The percentage degradation of black feathers was deter-

mined on the basis of cell-free dry weight of the residual

feathers in the culture broth at the end of experiment

(Cortezi et al. 2008).

Separation and purification of the melanin pigment

Melanin released in the feather degradation medium was

filtered through the mesh to separate them from the undi-

gested feathers. The filtrate contained the cell biomass and

melanin was further centrifuged, and the resulted pellet was

dissolved in NaOH to make the pH 12 and incubated at

room temperature for 60 min. This mixture was then

acidified by adding HCl to precipitate the pigment by

decreasing the pH level to three (Sajjan et al. 2010; Sur-

wase et al. 2013). After centrifugation, a dark blackish

brown precipitate of crude melano-protein obtained was

washed 4–5 times with doubled distilled water. This brown

amorphous material was re-dissolved in 0.1 M NaOH and

deproteinised with 20 % chloroform, and subsequently, the

dark brown layer was then separated and re-precipitated

with the acid. The obtained pellet was repeatedly washed

with methanol and ethanol and was finally lyophilized.

Chemical and spectroscopic characterizations were per-

formed with reference to the synthetic standard melanin

(Sigma, USA) (Surwase et al. 2013).

Characterization of purified pigment

Qualitative chemical analysis

Chemical analysis of the purified pigment was done in

parallel to the standard melanin. The pigment solubility

was checked in distilled water, ethanol, methanol, chloro-

form, acetone, benzene, NaOH, and KOH. Similarly, the

specific qualitative tests for melanin were performed using

H2O2, FeCl3, and NaOCl (Sajjan et al. 2010).

Spectral analysis

The purified pigment and standard melanin were dissolved

in 0.1 M NaOH, and the UV–visible adsorption spectra

were recorded between 220 and 800 nm (Shimadzu, Japan)

using 0.1 M NaOH as blank. The purified feather melanin

and standard melanin spectrum were plotted as optical

density of compound against the wavelength (Surwase

et al. 2013).

FT-IR study

Fourier transform infra-red spectroscopy (Perkin Elmer,

Spectrum 100, USA) of the isolated pigment with reference

to the standard melanin was done in the mid IR region of

400–4000 cm-1 with 16 scan speed. The pellet was pre-

pared using spectroscopic grade KBr (10:90), and analysis

was carried out and the changes in % transmission at dif-

ferent wavelengths were recorded (Sajjan et al. 2010).

Enzymatic leather processing

The Chryseobacterium sp. RBT produced keratinase

enzyme during black feather degradation was applied on

goat skin to check the dehairing ability. Crude keratinase

2.0 % (v/v) was applied on clean goat skin placed in tris–

HCl buffer (50 mM, pH 8.6) and kept at 37 �C (Gurav and

Jadhav 2013a). The enzyme treated skin samples were
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washed thoroughly under tap water and visually observed

for the dehairing, and data was recorded in the form of

photographs and time required for skin dehairing.

Statistical analysis

The data was analyzed by the one-way analysis of variance

(ANOVA) with the Tukey–Kramer multiple comparisons

test.

Results and discussion

Degradation of melanin containing feathers

In the present study, Chryseobacterium sp. RBT hydro-

lyzed the native black feathers of Gallus gallus domesticus

and utilized it as sole source of carbon, nitrogen, and

energy. The native black feathers were degraded (83 %)

within 48 h, by releasing melanin embedded in the feather

matrix (Fig. 1). Initially, the keratinase enzyme activity

was observed at 12 h (21.9 U ml-1) and was highest at

48 h (89.12 ml-1). However, further incubation until 120 h

(16.20 U ml-1) significantly declined the keratinase

activity (Fig. 2). During the degradation process, an

increase in the pH from 7.5 to 8.8 was observed. This

tendency of medium alkalinity was attributed due to the

deamination reactions leading to release of ammonia from

protein, peptides, and amino acids. Such increase in pH

during feather degradation is the important indication of

high keratinolytic potential of the microorganisms (Riffel

et al. 2003). Similarly, our previous study on poultry

feather degradation using Chryseobacterium sp. RBT

showed maximum keratinase activity at pH 8.6 (Gurav and

Jadhav 2013a). On the other hand, medium alkalization

may have facilitated the release of melanin embedded in

the feather matrix, as it has been well documented by many

authors that melanin pigment was likely to be solubilized at

alkaline pH.

Determination of free sulphydryl groups

Loss in the feather biomass was used as a primary and most

reliable indicator for microbial keratinolytic abilities

(Korniłłowicz-Kowalska 1997). However, other important

indicators, such as peptides, amino acids, ammonia, sulf-

hydryl groups, sulfate excretion, keratinase activity, and

medium alkalinisation, are also crucial to study the keratin

degradation (Korniłłowicz-Kowalska 1997). Free sulfhy-

dryl groups released during feather degradation were ana-

lyzed at different time intervals using 5,50-dithio-bis (2-

nitrobenzoic acid) (DTNB). DTNB reagent has high

specificity for –SH groups at neutral pH, high molar

extinction coefficient, and short reaction time. The con-

centration of free sulfhydryl groups in degradation medium

was 0.648 9 10-4 and 2.144 9 10-4 M at 12 and 96 h,

respectively. However, further incubation until 120 h

reduced the content to 1.752 9 10-4 M (Fig. 3).

The cross-linking of protein chains by several disulphide

bonds is the most distinctive character of keratins. Such

bonding makes the keratin molecule more resistant to

mechanical and enzymatic degradation. Many pathways

were proposed to explain the microbial breakdown of

keratin molecules amongst them one was cleavage of

disulfide bonds prior to the proteolytic breakdown. This

cleavage of the disulphide bond was carried out by sulfi-

tolytic activities, which was determined by detecting free

sulfhydryl groups in the culture media; these results were

in agreement with the study of Onifade et al. (1998). The

sulfitolytic cleavage of cystine was carried out by means of

Fig. 1 Degradation of native black feathers by releasing of melanin

embedded in the feather matrix. ‘Control’ without inoculum and ‘C.

RBT’ inoculated with Chryseobacterium sp. RBT (48 h)
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excess sulfite released by the microbial cells and was

previously studied in filamentous keratinolytic fungi and

actinomycetes; however, this pathway was also detected in

bacterial degradation (Laba et al. 2015). Such disulphide

bonds cleavage during microbial degradation was previ-

ously described in Streptomyces pactum (Böckle et al.

1995). Thus, in the present study, Chryseobacterium sp.

RBT possesses a strong disulphide-bond breaking ability.

Quantifying the peptides and amino acids

The Chryseobacterium sp. RBT produces the keratinase

enzyme responsible for the degradation of feather keratin

into peptides and amino acids. Liberating the protein and

amino acid during degradation served as a crucial indicator

in feather keratin degradation. The highest soluble protein

content was observed at 48 h (2.98 mg ml-1), whereas

further incubation until 120 h declined the content to

1.14 mg ml-1 (Fig. 4). Similarly, the concentration of free

amino acids was evaluated and was enhanced with time;

this may be due to the peptides continued to breakdown

into amino acids. The maximum free amino acids content

was 3.24 mg ml-1 at 84 h of incubation (Fig. 4). A good

correlation between protein, amino acids content, and

feather biomass was observed during degradation.

In general, feather degrading microorganisms can either

digest keratin through secretion of keratinases or otherwise

grow directly on the feathers (Ruiz-Rodrı́guez et al. 2009).

Microbial degradation of the feather biomass results into

the hydrolysate rich in peptides, amino acids, and minerals,

such as nitrogen, phosphorus, potassium, calcium, mag-

nesium, iron, manganese, zinc, and copper (Gurav and

Jadhav 2013b). Soil and foliar application of this feather

hydrolysate to banana cultivation created a promising

approach for nourishing the soil and also stimulated the

production of banana fruits rich in health beneficial com-

pounds, such as antioxidants (Gurav and Jadhav 2013b).

Characterization of feather melanin

On purification obtained blackish brown colored pigment

was insoluble in water, 5 M HCL, ethanol, methanol,

benzene, chloroform, acetone, and soluble in KOH and

NaOH. Whereas pigment showed decolorization after

reacting with the oxidizing and reducing reagents, such as

NaOCl and H2O2. Similarly, pigment produced a brown

precipitate when reacted with FeCl3. All the results were

compared and found identical with the synthetic standard

melanin (Sigma).

Spectroscopic analysis of the pigment

The UV–visible absorption spectrum of synthetic and

purified feather melanin is described in Fig. 5. The
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absorption was highest in UV region at 200–300 nm, but

significantly declined towards the visible region, which

was the characteristic property of melanin. This phe-

nomenon was due to the presence of very complex con-

jugated arrangement in the melanin. A linear relationship

between log absorbance and wavelength from 400 to

800 nm was observed, which was one of the most impor-

tant criteria in melanin characterization. Such distinctive

straight line with negative slope was demonstrated earlier

in melanin produced by microorganisms (Sajjan et al.

2010; Surwase et al. 2013).

The FT-IR spectroscopy was preferred for additional

characterization of the feather pigment. FT-IR was the

most revealing, well-resolved, and non-destructive method,

providing information on functional groups and detailed

structural analysis (Sajjan et al. 2010; Surwase et al. 2013).

The IR spectrum of feather melanin and standard melanin

showed high degree of similarity with each other (Fig. 6).

This characteristic property of the IR spectrum of melanin

pigment was analogous with many earlier reports.

The obtained feather melanin could be used as an

ingredient in photo protective creams, sunscreen lotions,

bioinsecticidal preparations, removal of the heavy metals

found in the environment, and protective against reactive

oxygen and reactive nitrogen species (Sajjan et al. 2010;

Surwase et al. 2013).

Leather dehairing

The crude keratinase enzyme after applying on goat skin

showed effective dehairing within 20 h (Fig. 7). Mechan-

ical forces were not needed in enzymatic treated skin to

remove the hair. However, the untreated goat skin showed

intact hair with no hair releasing signs even by plucking

with the forceps.

Currently, lime and sodium sulphide is widely applied

for dehairing of the skin however; such chemicals are

hazardous to humans and the environment (Malathi and

Chakraborty 1991). In the enzymatic dehairing process, a

selective breakdown of keratin tissue in hair follicle was

observed which releases the intact hair without affecting

the tensile strength of leather and the removed hair can be

further used for vale addition (Macedo et al. 2005).

Conclusion

Chryseobacterium sp. RBT degraded the native black

feathers within short span of time liberating melanin

embedded in the feathers matrix. This bacterium exhibited

both keratinolytic as well as sulfitolysis activities that

facilitated the breakdown of protein and di-sulphide bonds

in keratin. The isolated feather melanin showed similar

physical and chemical properties with synthetic melanin

which could be exploited for many industrial applications.

Whereas the crude keratinase enzyme could be employed

as an effective and ecofriendly alternative in leather pro-

cessing. Results of this research work can guide and lead to

the anticipated path for biotechnological interventions to

produce the value added products from the waste feather

biomass.
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ABSTRACT

Objective: To investigate L-3, 4-dihydroxyphenylalanine (L-dopa, anti-Parkinson drug),
anti-inflammatory activity, proximate nutritional composition and antioxidant potential of
Mucuna macrocarpa (M. macrocarpa) beans.
Methods: L-dopa content was determined and quantified by high performance thin layer
chromatography and reversed phase high-performance liquid chromatography (RP-
HPLC) methods. Anti-inflammatory activity was performed by in vitro protein denatur-
ation inhibition and human red blood cell membrane stabilisation activity. Proximate
composition and elemental analysis were also investigated. The antioxidant potential
(2,2-diphenyl-1-picrylhydrazyl, N-N-dimethyl-phenylenediamine and ferric-reducing
antioxidant power) of M. macrocarpa beans were evaluated by using different extrac-
tion solvents. The RP-HPLC analysis also quantified significant phenolics such as gallic
acid, tannic acid, p-hydroxybenzoic acid and p-coumaric acid.
Results: RP-HPLC quantification revealed that M. macrocarpa beans contain a high
level of L-dopa [(115.41 ± 0.985) mg/g] which was the highest among the Mucuna
species from Indian sub-continent. Water extract of seed powder showed strong anti-
inflammatory and antioxidant potential. Proximate composition of M. macrocarpa
beans revealed numerous nutritional and anti-nutritional components. RP-HPLC analysis
of major phenolics such as tannic acid (43.795 mg/g), gallic acid (0.864 mg/g), p-cou-
maric acid (0.364 mg/g) and p-hydroxybenzoic acid (0.036 mg/g) quantified successfully
from M. macrocarpa beans respectively.
Conclusions: This study suggests that M. macrocarpa is a potential source of L-dopa
with promising anti-inflammatory, antioxidant and nutritional benefits.

1. Introduction

Parkinson's disease is the second most neurological disorder
occurs after the Alzheimer's disease [1]. Degeneration of

dopaminergic neurons and Lewy body's formation in the
substantia nigra pars compacta region of the brain are the
main hallmark of Parkinson's disease [2]. Some factors have a
critical role in the development of Parkinson's disease like age,
genetics, exposure to an excess of iron, pesticides, fungicides
and toxins [3]. Mechanism of dopaminergic cell degeneration
involves microglial activation, excitotoxicity, oxidative stress,
neuroinflammation and mitochondrial dysfunction which
ultimately leads to apoptosis [4].

L-3, 4-dihydroxyphenylalanine (L-dopa) is the principal drug
used for the management of Parkinson's disease at earlier stages
of disease progression. There are several sources of L-dopa
(synthetic and biological). Plants are the most popularly used
source to treat Parkinson's disease due to their advantage of
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comprising several other metabolites including phenolics, fla-
vonoids and alkaloids which assist treatment through various
pathways [5]. Mucuna pruriens (M. pruriens), a well-known
species from genus Mucuna is commercialised for L-dopa
extraction and has been successfully exploited for the Parkin-
son's disease management [6]. Genus Mucuna comprises nine
species and four varieties throughout India [7]. Unfortunately,
most of the species have been remained neglected for their
investigation regarding their valuable properties. As
Parkinson's disease occurrence is continuously rising, the
demand of L-dopa is also increasing concurrently. Hence, the
finding of novel potential L-dopa sources is of great importance.

Inflammation is a crucial function of the immune system to
resist microbial infections and to provoke anti-inflammatory
molecules. Several chronic disorders such as Alzheimer dis-
ease and Parkinson's disease happen due to long-term neuro-
inflammation [8]. For the treatment of inflammatory disorders,
various drugs are available in the market. However, long-term
use of these drugs may lead to immunodeficiency and gastro-
intestinal disorder [9]. In this direction, investigation of new anti-
inflammatory molecules with potential for the alleviation of
inflammation is an essential task. Plants are the excellent source
of polyphenols, terpenoids, anthocyanidins, carotenoids, flavo-
noids, glucosinolates, isoflavonoids, and phytoestrogens. These
molecules have health beneficial effects through antioxidant and
anti-inflammatory mechanism [10].

Free radicals produced in cellular metabolism lead to the
pathogenesis of Parkinson's disease by producing reactive ox-
ygen and nitrogen species [11]. Brain cells are highly vulnerable
to oxidative stress because of polyunsaturated fatty acids in the
cell membrane, poor catalase, superoxide dismutase and
glutathione peroxidase activity and higher content of iron
generating free radicals [12]. Researches on animal models of
Parkinson's disease, cell culture, postmortem brain tissue and
the investigation of human genetics demonstrates the
contributions of oxidative stress and mitochondrial
dysfunction in Parkinson's disease development [13]. Free
radicals generate oxidative stress which leads to cell
impairment and destruction [14]. To reduce the oxidative
stress, supplementation of external antioxidant is required.
Several secondary metabolites such as phenolics, flavonoids,
alkaloids derived from plants show superfluous antioxidant
potential [15]. In Indian system of Ayurveda, various
medicinal plants with surplus antioxidant activity have been
reported and extensively used for the management of
neurodegenerative diseases [16].

Mucuna macrocarpa (M. macrocarpa) is a species predom-
inately found in Taiwan and Southeastern Asia including India
and China [17]. It is a large and woody climber, up to 70 m long
stem, 20–25 cm in diameter, trifoliate leaves and 5–25 cm long
inflorescences. Pods are woody, linear straight or slightly curved
(40–42 cm long) having 9–13 seeds per pod. Seeds are flattened
round and brown with hard seed coat and an average weight of
5–7 g [17]. Recently, anti-leukaemic, antioxidant and
antimicrobial properties of M. macrocarpa bark and root
extract have been reported [18]. However, M. macrocarpa seed
has remained uninvestigated for its enormous medicinal and
nutritional properties. Hence, the present study attempted to
evaluate L-dopa content, proximate nutritional composition,
anti-inflammatory and antioxidant potential of M. macrocarpa
beans.

2. Materials and methods

2.1. Standard chemicals and reagents

The chemicals, standard and reagents used in the present
work were of analytical and high performance liquid chroma-
tography grade. 2, 2-diphenyl-1-picrylhydrazyl (DPPH), 2, 4, 6-
tripyridyl-s-triazine, N-N-dimethyl-phenylenediamine (DMPD),
ammonium acetate, and acetonitrile were purchased from Sigma
(St. Louis, MO, USA). Ferric chloride and other chemicals were
procured from S.D. Fine Chemicals Ltd. (Mumbai, India) and
Himedia (Mumbai, India). The reference standards for phenolics
viz., gallic acid, tannic acid, 3, 4-dihydroxybenzoic acid, p-
coumaric acid, vanillic acid and ferulic acid were purchased
from Himedia (Mumbai, India).

2.2. Collection of plant material

The M. macrocarpa seeds were collected from Darjeeling,
West Bengal, India. Herbarium of plant material maintained at
the Botany Department, Shivaji University, Kolhapur (Voucher
No.-Swaroopsingh 030 SUK). The M. macrocarpa seeds were
grinded (after removing seed coat) in a mechanical grinder to
obtain fine powder and stored at −20 �C refrigerator for further
analysis.

2.3. Qualitative and quantitative analysis of L-dopa

Qualitative and quantitative investigation of L-dopa was
conducted according to the method described by Rathod et al.
[19]. Shortly, 50 mg of M. macrocarpa powder was mixed with
15 mL 0.1 N aqueous HCl and mixture then sonicated for
20 min. Further, the volume was adjusted to 50 mL with
0.1 N HCl. The sample was then filtered through 0.45 mm
nylon filter (Axiva filters). The filtered sample was used for
the qualitative analysis by using high-performance thin layer
chromatography (HPTLC) (E. Merck, Darmstadt, Germany).
The sample was spotted on the silica-coated aluminium sheet
(10 cm × 10 cm with 0.2 mm thickness) using a Camag Linomat
V automatic sample spotter (Muttenz, Switzerland). n-butanol,
acetic acid and water were used as mobile phase at 4:1:1 pro-
portion [20]. Thin layer plates scanning was done at 280 nm with
the help of Camag thin layer scanner Ⅲ.

Reverse phase high-performance liquid chromatography (RP-
HPLC) analysis was performed by Shimadzu prominence unit
with degasser DGU-20A 5R, low-pressure quaternary pump LC
20 AD and SPD-M20A as a photo diode array detector. Water,
methanol and acetonitrile (5:3:2) containing 0.2% triethylamine
used as mobile phase having pH 3.3 [19]. A total of 20 mL
volume was used for the injection. Nova-Pak C18 column
(4 mm, 4.6 mm × 250 mm) from water (Milford, USA) was used
for the chromatographic separation.

2.4. In vitro anti-inflammatory activity

Sample preparation was carried out by adding
100 mg M. macrocarpa seed powder in 10 mL distilled water,
extracted in mortar petal and centrifuged at 10 000 rpm for
10 min. The supernatant was collected and calculated the
effective yield. Further, the supernatant was kept in the refrig-
erator until further analysis.
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2.4.1. Bovine serum albumin (BSA) anti-denaturation
assay

BSA protein anti-denaturation assay was performed accord-
ing to the method described by Grant et al. [21] with minor
changes. In brief, 1 mL of extracted samples of
M. macrocarpa bean with different concentrations was
allowed to react with 1 mL of BSA solution (1% BSA in
50 mM Tris buffer, pH 6.5). Diclofenac was used as a
standard anti-denaturating drug with various concentrations.
The reaction mixture was kept at room temperature for 20 min
for the incubation and then kept to 64 �C in water bath for 5–
10 m till mixture got turbid. After cooling, the absorbance of the
reaction mixture was recorded at 660 nm by spectrophotometer
to measure the turbidity. Distilled water was used as a control.
The experiment was conducted in triplicate number for statistical
analysis. The percentage of protein denaturation inhibition was
calculated as follows:

% denaturation inhibition =
Acontrol −Asample

Acontrol
× 100

where, AControl stands for absorbance of the control and ASample

stands for absorbance of the sample.

2.4.2. Human red blood cell membrane stabilisation test
Freshly collected 10 mL of human blood sample was

centrifuged at 3 000 rpm for 10 min to obtain packed red blood
cells. The collected red blood cells were then washed for three
times with equal volume of normal saline by centrifugation at
3 000 rpm for 10 min. The collected human red blood cell
membranes were measured and re-constituted with normal saline
to obtain 10% v/v suspension [22].

The hypotonicity induced haemolysis of human red blood
cell membrane was performed according to Bhurat et al. [23]. In
short, the reaction solution consists of 2 mL hypo saline, 1 mL
0.15 M phosphate buffer (pH 7.4), 1 mL M. macrocarpa extract
(200 mg–600 mg/mL) in an isosaline and 0.5 mL 10%
reconstituted human red blood cell. Distilled water was used
to prepare control instead of hypo saline. The mixture then
was kept at room temperature for 30 min and centrifugation
was carried out at 3 000 rpm for 20 min. The supernatant was
collected and used to measure the haemoglobin content at
560 nm by a spectrophotometer. Aspirin was used as a
standard drug.

Percentage of stabilization = 100−
Atest

Acontrol
× 100

where, Atest stands for absorbance of test and Acontrol stands for
absorbance of control.

2.5. Biochemical analysis

2.5.1. Sample preparation
M. macrocarpa seed powder (200 mg) was added with

10 mL D/W and kept on rotator shaker for 3 h at room tem-
perature and extracted using mortar and pestle. Then centrifu-
gation was carried out at 8 000 rpm for 15 min, the supernatant
was collected and sediment re-extracted. After the 2–3 times
centrifugation, supernatant collected altogether and kept in the
refrigerator for further biochemical analysis.

2.5.2. Nutritional and anti-nutritional parameters
analysis

The prepared sample was used for the analysis of various
nutritional and anti-nutritional parameters. Total ash content of
M. macrocarpa seed powder was analysed by the Association of
Official Agricultural Chemists method [24]. Total solid was
determined as described by James [25]. Crude fibre content of
the beans was calculated according to Association of Official
Agricultural Chemists method [26]. Protein and carbohydrate
content was estimated by using Lowry's method [27] and
Anthrone method [28]. The fat content of the sample was
estimated by extracting sample in diethyl and petroleum ether
solution and results were expressed in percentage of fat
according to the method described by James [25]. The energy
content of the sample was determined according to the formula
described by Carpenter et al. [29] with considering proximate
analysis data. Starch content of the seed flour was estimated by
McCready et al. method [30]; in short, the powder was treated
with 80% ethanol and perchloric acid was added to extract the
starch. The proanthocyanidin content was estimated according
to a method of Sun et al. [31] and results were expressed as
catechin equivalents per gram (mg CAE/g) of dry weight.

Tannin and phytic acid content of the seed was quantified by
the Folin-Denis colorimetric [32] and Gao et al. method [33].
Total saponin was determined according to a method of
Harborne et al. [34].

2.5.3. Mineral determination
Mineral quantification of seed powder was carried out by

preparing ash of seed flour using Bunsen flame for 20 min. The
prepared ash was kept in cleaned porcelain crucibles at 550 �C in
a muffle furnace to analyse the metal content of the sample by
using atomic absorption spectrophotometer (Perkin–Elmer
8650). The phosphorus content of the digested sample was
estimated according to by Nahapetian and Bassiri method [35].

2.6. Total phenolic content, total flavonoids content and
antioxidant potential

M. macrocarpa seed powder was extracted in four different
extracting solvents (water, methanol, ethanol and acetone) at the
concentration of 1 mg/mL. Samples were prepared using
shaking at (120 ± 2) rpm for 2 h and sonicated for 10 min in a
sonication bath. The extracted sample then was centrifuged at
10 000 rpm for 15 min and the supernatant was collected. The
centrifugation procedure was repeated twice. The supernatant
was pulled together, and effective yield of respective sample
was calculated and diluted to known concentration for further
study.

2.6.1. Total phenolics content and flavonoids content
The total phenolics content of M. macrocarpa seed powder

was quantified spectrophotometrically according to a method of
Singleton and Rossi [36]. Gallic acid was used as standard and
results were expressed per gram (mg GAE/g) of dry weight.
The flavonoids content was determined by the method of
Chang et al. [37]. Total flavonoids content was calculated by
comparing quercetin as a standard and results were expressed
as milligram of quercetin equivalent to per gram of dry powder.
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2.6.2. Antioxidant activity study
Radical scavenging activity of different solvent extracted

M. macrocarpa seed powder samples was estimated by DPPH
[38], DMPD [39] and ferric-reducing antioxidant power (FRAP)
[40] assay. DPPH and DMPD activity was expressed in terms of
percent radical scavenging activity, whereas, FRAP activity in
terms of optical density at 593 nm.

2.7. RP-HPLC-DAD determination of phenolic acids

Sample preparation for the quantification of phenolics was
done by continuous shaking with constant stirring for (110 ± 2)
rpm at room temperature [(25 ± 2) �C]; methanol was used as a
solvent for the extraction. The extracted sample was then passed
through 0.45 mm nylon filter (Axiva filters), the final volume
was adjusted with methanol and stored in the amber vial at 4 �C
until RP-HPLC analysis. A solvent system consisting of water,
acetonitrile and glacial acetic acid in the 90:5:5 proportion [41]

and 20 mL was used as injection volume. The flow rate of
mobile phase was 1 mL/min with 15 min run time and
280 nm was used as absorbance channel.

2.8. Statistical analysis

All experimental analysis was performed in triplicates and
results were calculated as a mean ± SD value. The data were
statistically analyzed by GraphPad Prism 5 software using
Dunnett multiple range test to check the significant differences
among the mean values.

3. Results

3.1. Qualitative and quantitative analysis of L-dopa

The qualitative (HPTLC) (Figure 1) and quantitative (HPLC)
analysis of L-dopa from M. macrocarpa beans were carried out.
The qualitative HPTLC evaluation confirmed L-dopa content in
the seed sample. RP-HPLC quantification revealed that

M. macrocarpa beans contain a high level of L-dopa
[(115.410 ± 0.985) mg/g] (Figure 2).

3.2. In vitro anti-inflammatory potential

In the present research, M. macrocarpa seed powder showed
strong protein anti-denaturation activity. Albumin denaturation
inhibition activity of M. macrocarpa sample at various con-
centrations has been shown in Table 1. M. macrocarpa water
extract showed strong inhibition of protein denaturation
(90.13% ± 6.25%) at 500 mg/mL concentration, whereas, stan-
dard drug diclofenac showed (98.35% ± 5.12%) inhibition at
500 mg concentration. M. macrocarpa seed powder was also
examined on the human red blood cell membrane stabilisation
activity and showed excellent anti-inflammatory activity in a
concentration-dependent manner (Table 1). The M. macrocarpa
bean showed maximum membrane stabilisation activity
(59.53% ± 4.23%) at 500 mg/mL concentration. However,
aspirin was used as a standard drug and showed
(62.35% ± 1.35%) activity for the same concentration.

3.3. Biochemical analysis

3.3.1. Nutritional and anti-nutritional factors analysis
Proximate composition of M. macrocarpa beans revealed

numerous nutritional and anti-nutritional components. The
composition of seed showed ash (23.0 ± 4.5) mg/g, total solid
(957.5 ± 11.6) mg/g and fibre (74.8 ± 2.8) mg/g. The total
protein content of M. macrocarpa seed was (90.7 ± 2.8) mg/g. It
was observed that M. macrocarpa seed contains a moderate
level of total carbohydrate (123.0 ± 8.2) mg/g. The total calorific
value of seed was 95.56 kcal. The crude fat and starch contents
were (11.20 ± 1.27) and (29.00 ± 2.61) mg/g respectively. The
M. macrocarpa seed showed (36.0 ± 4.7) mg/g of proantho-
cyanidin. M. macrocarpa bean also revealed major anti-
nutritional factors. Seed powder showed (97.2 ± 6.4) mg/g of
phytic acid, (136.60 ± 27.12) mg/g of tannin and (47.2 ± 5.8)
mg/g of saponin level. The mineral analysis of M. macrocarpa

Figure 1. HPTLC analysis of M. macrocarpa seeds for L-dopa.
HPTLC chromatograms. (a) Std L-DOPA; (b) M. macrocarpa seed sample (n = 3).
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beans explored high calcium and sodium level. The content of
nitrogen, phosphorus, potassium, sulphur, and magnesium was
in moderate level. The trace elements iron, boron, copper,
manganese, zinc, iron, molybdenum were also recorded at a
lesser concentration (Table 2).

3.4. Total phenolics and total flavonoids content

In the present research work, total phenolics content and total
flavonoids content were evaluated from M. macrocarpa beans
by using four different solvents (Table 3). The M. macrocarpa

water extract showed higher phenolic and flavonoids content
viz., (103.030 ± 1.122) mg GAE/g and (129.166 7 ± 0.956 0) mg
CHE/g, while M. macrocarpa methanol extract showed
(87.060 ± 0.695) mg GAE/g and (139.166 7 ± 1.238 0) mg
CHE/g respectively.

3.5. Antioxidant potential

3.5.1. DPPH free radical scavenging activity
The DPPH radical scavenging activity of differentially

extracted M. macrocarpa seed was carried out in comparison

Figure 2. HPLC analysis of M. macrocarpa seeds for L-dopa.
(a) HPLC profile of standard (L-dopa); (b) HPLC profile of M. macrocarpa seeds (n = 3).

Table 1

Human red blood cell membrane stabilisation activity and heat induced BSA anti-denaturation activity of M. macrocarpa seed (mean ± SD) (n = 3).

Concentration (mg) Aspirina M. macrocarpaa DCFb M. macrocarpaIb

100 42.62 ± 3.60 32.33 ± 3.85 66.11 ± 5.53 61.23 ± 4.23
200 49.56 ± 1.34 44.25 ± 4.76 77.77 ± 4.56 72.68 ± 5.21
300 54.25 ± 4.23 48.04 ± 3.76 88.47 ± 6.21 81.87 ± 5.89
400 58.21 ± 2.78 52.76 ± 2.49 95.82 ± 6.45 85.40 ± 4.84
500 62.35 ± 1.35 59.53 ± 4.23 98.35 ± 5.12 90.13 ± 6.25

a % Human red blood cell membrane stabilisation activity. b % inhibition of protein denaturation.
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with ascorbic acid as an internal standard. Increase in antioxi-
dant activity with a simultaneous increase in sample concen-
tration was observed. M. macrocarpa water extract showed
(18.92% ± 1.86%) activity at 10 mg concentration and

(89.46% ± 1.76%) at 50 mg (Table 4). DPPH radical scavenging
activity of M. macrocarpa methanol extract was ranged from
(16.03% ± 1.86%) to (86.04% ± 3.61%) respectively for the
lower and higher concentration of sample under study.
M. macrocarpa ethanol extract showed (14.11% ± 0.93%) to
(78.04% ± 3.95%) while M. macrocarpa acetone extract con-
tains low DPPH radical scavenging activity (8.69% ± 0.90%) to
(45.46% ± 2.84%). The ascorbic acid showed (23.13% ± 1.97%)
and (97.65% ± 3.52%) activity at the 20 mM and 100 mM
concentration respectively. The order of DPPH radical scav-
enging activity for the different solvents was water > methanol
> ethanol > acetone.

3.5.2. DMPD radical scavenging activity
The DMPD radical scavenging potential of M. macrocarpa

seed powder using different solvents has been depicted in
Table 6. M. macrocarpa water extract showed (8.98% ± 1.05%)
activity at 20 mg concentration while (44.84% ± 3.10%) at
100 mg. M. macrocarpa methanol extract showed
(8.30% ± 0.32%) activity at 20 mg and (40.23% ± 2.80%) at
250 mg concentration. M. macrocarpa ethanol extract and
M. macrocarpa acetone extract showed negligible DMPD
radical scavenging activity. The ascorbic acid showed (10.02 ±
1.02)% and (51.34 ± 2.81)% activity at 50 mM and 250 mM
concentration respectively. The trend of DMPD radical scav-
enging activity for the different solvents was
water > methanol > ethanol > acetone (Table 5).

3.5.3. FRAP activity
Table 6 represents ferric reducing antioxidant potential of

M. macrocarpa beans in form of absorbance values. In the
present study, M. macrocarpa methanol extract showed good

Table 2

Minerals content of M. macrocarpa seed.

Parameters Analysis

Nitrogen % 0.22
Phosphorous % 0.19
Potassium % 0.17
Calcium % 3.50
Magnesium % 0.14
Sulphur % 0.18
Sodium % 8.75
Zinc PPM 131.89
Ferrous PPM �1.00
Copper PPM 91.00
Manganese PPM 209.97
Molybdenum PPM 1 133.70
Boron PPM 4.87

Table 3

Total phenolics (mg GAE/g) and total flavonoids (mg CHE/g) content of

M. macrocarpa seed (mean ± SD) (n = 3).

Solvents Phenolics (mg GAE/g) Flavonoids (mg CHE/g)

MMWE 103.03 ± 1.12 129.16 ± 0.95
MMME 87.06 ± 0.69 139.16 ± 1.23
MMEE 66.96 ± 0.95 91.66 ± 1.02
MMAE 14.84 ± 0.68 14.66 ± 0.48

MMWE: M. macrocarpa seed water extract; MMME: M. macrocarpa
seed methanol extract; MMEE: M. macrocarpa seed ethanol extract;
MMAE: M. macrocarpa seed acetone extract.

Table 4

DPPH radical scavenging activity of M. macrocarpa in percentage (%) (mean ± SD, n = 3).

Concentration (mg) Std. Ascorbic acid Water Methanol Ethanol Acetone

10 23.13 ± 1.97 18.92 ± 1.86 16.03 ± 1.86 14.11 ± 0.93 8.69 ± 0.90
20 41.42 ± 1.84 34.12 ± 1.16 30.29 ± 1.93 25.96 ± 2.13 14.56 ± 0.73
30 64.88 ± 1.90 55.01 ± 1.93 52.63 ± 2.05 45.92 ± 2.92 26.45 ± 2.10
40 86.85 ± 2.52 68.56 ± 1.61 65.01 ± 3.14 60.88 ± 2.88 33.47 ± 2.31
50 97.65 ± 3.52 89.46 ± 1.76 86.04 ± 3.61 78.04 ± 3.95 45.46 ± 2.84

Table 6

FRAP assay of M. macrocarpa expressed in OD at 593 nm (mean ± SD, n = 3).

Concentration (mg) Std. Ascorbic acid Water Methanol Ethanol Acetone

10 0.70 ± 0.11 0.49 ± 0.05 0.51 ± 0.06 0.40 ± 0.02 0.18 ± 0.02
20 1.06 ± 0.08 0.91 ± 0.05 0.90 ± 0.08 0.80 ± 0.09 0.24 ± 0.09
30 1.60 ± 0.07 1.43 ± 0.07 1.30 ± 0.04 1.22 ± 0.07 0.42 ± 0.08
40 1.90 ± 0.11 1.61 ± 0.10 1.71 ± 0.09 1.51 ± 0.08 0.72 ± 0.07
50 2.37 ± 0.09 1.67 ± 0.14 2.05 ± 0.08 1.60 ± 0.07 1.07 ± 0.10

Table 5

DMPD radical scavenging activity of M. macrocarpa in percentage (%) (mean ± SD, n = 3).

Concentration (mg) Std. Ascorbic acid Water Methanol Ethanol Acetone

20 10.02 ± 1.02 8.98 ± 1.05 8.30 ± 0.32 4.74 ± 0.55 2.67 ± 0.19
40 17.47 ± 1.64 13.03 ± 1.86 12.04 ± 1.15 7.090 ± 1.161 4.29 ± 1.03
60 29.49 ± 2.10 24.43 ± 2.10 21.00 ± 1.64 11.28 ± 1.88 7.02 ± 0.68
80 42.38 ± 2.40 36.14 ± 2.53 28.48 ± 2.11 12.81 ± 1.30 10.74 ± 1.25
100 51.34 ± 2.81 44.84 ± 3.12 40.23 ± 2.80 15.45 ± 1.71 13.24 ± 1.00
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ferric reducing capacity viz., (0.51 ± 0.06) OD at 10 mg
concentration while (2.05 ± 0.08) OD at 50 mg. The ascorbic
acid showed (0.70 ± 0.11) OD and (2.37 ± 0.09) activity at
the 10 mg and 50 mg concentration respectively. The order
of FRAP activity for the different solvents was
methanol > water > ethanol > acetone.

3.6. Quantitative RP-HPLC analysis of major phenolic
compounds

Quantitative analysis of major phenolics from
M. macrocarpa beans was carried out with a comparison of the
standard RP-HPLC chromatographic profile. RP-HPLC revealed
that M. macrocarpa bean contains tannic acid (43.795 mg/g),
gallic acid (0.864 mg/g), p-coumaric acid (0.364 mg/g) and p-
hydroxybenzoic acid (0.036 mg/g) (Figure 3).

4. Discussion

L-dopa is important molecule used for the synthesis of the
neurotransmitter dopamine and acts as a prime drug for the

symptomatic management of Parkinson's disease. Synthetic L-
dopa causes several secondary complications after prolonged use
for the treatment [42]. Hence, research is being focused on the
natural sources of L-dopa with special emphasis on herbal
medicines. The plants have the advantage that, despite specific
drug content, it also shows additional properties like
antioxidant activity, anti-inflammatory property which may
reduce the adverse effects of the synthetic counterpart. RP-
HPLC quantification proved that M. macrocarpa beans
contain (115.410 ± 0.985) mg/g of L-dopa which is the highest
among theMucuna species from Indian sub-continent. The well-
known species of Mucuna, M. pruriens contain 12.5–91.6 mg/g
of L-dopa [6] whereas, species of Mucuna like M. pruriens var.
utilis and Mucuna sanjappae contains 12.5–91.6 mg/g [6] and
73 mg/g respectively [7]. The RP-HPLC revealed the higher
content of L-dopa inM. macrocarpa beans which accelerate their
exploitation for the management of Parkinson's disease.

Neurodegenerative disease such as Alzheimer disease and
Parkinson's disease are caused due to prolong neuroinflammation
[8]. In the animals, most of the inflammatory reaction happens due
to secretion of lysosomal enzymes and denaturation of protein

Figure 3. HPLC chromatogram for analysis of phenolics in M. macrocarpa seed powder.
(a) HPLC profile of standard phenolics compounds P-1.062 (tannic acid), P-1.36 (gallic acid), P-3.245 (p-hydroxybenzoic acid), P-4.083 (vanillic acid), P-
7.18 (p-coumaric acid), P-9.601 (ferulic acid), (b) HPLC profile of M. macrocarpa seed powder extract showing tannic acid, gallic acid, p-hydroxybenzoic
acid and p-coumaric acid (n = 3).
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which causes a variety of impairments in surrounding tissues [22].
Several synthetic drugs show dose-dependent activity for inhibi-
tion of protein denaturation [43]. However, long-term use of these
drugs may lead to several secondary complications [9]. Herbal
drugs usually contain a variety of bioactive compounds which
show strong anti-inflammatory and antioxidant potential. Some
of these biomolecules can penetrate the blood–brain barrier and
can be deployed for the use of central nervous system related
neuroinflammatory disorders [44]. The findings of this study
indicate that M. macrocarpa beans have excellent anti-
inflammatory activity. M. macrocarpa beans show strong inhi-
bition of protein denaturation with maximum membrane stabili-
sation activity.

Proximate composition of M. macrocarpa beans revealed
numerous nutritional and anti-nutritional factors. It was observed
that M. macrocarpa seed contains a moderate level of total
carbohydrate and lower level of protein and energy as compared
to M. pruriens var. utilis and Mucuna sanjappae [7].
M. macrocarpa beans also showed the excellent content of
proanthocyanidin which is well-known for antimicrobial, anti-
allergic, antihypertensive and antioxidant activity [45]. Anti-
nutritional factors are the components found in the leguminous
seeds having a negative role in the digestion of protein, carbo-
hydrates and minerals [7]. Therefore, determination of anti-
nutritional factors is an essential feature for the consideration
of leguminous seeds for food or medicinal purpose.
M. macrocarpa seed has a moderate level of phytic acid and
saponin, whereas, high level of tannin was observed. According
to some previous reports, anti-nutritional factors also exert
beneficiary effects on the treatment of different diseases through
diverse molecular pathways. For instance, iron-induced oxida-
tive stress has a critical role in Parkinson's disease generation [12]

and phytic acid acts as natural iron chelators reducing the
adverse effect of iron accumulation in the brain [46]. Saponins
are well known anti-cancer agents whereas tannin is used as
an anti-inflammatory molecule for the inhibition of tissue
swelling [47].

Phenolic and flavonoid compounds are the major secondary
metabolites having strong therapeutic perspective [48]. Plant
phenolics and flavonoids prevent heart disease, reduce
inflammation, lower the incidence of cancers and diabetes,
reduce rates of mutagenesis in human cells and prevents
neurodegenerative disease like Alzheimer and Parkinson's
disease [49]. Measurement of these secondary metabolites
using single extraction solvent may not give a precise
conclusion. Hence, in the investigation, we evaluated several
phytocomponents using four different solvents. The
M. macrocarpa water extract and M. macrocarpa methanol
extract showed higher phenolic and flavonoids, whereas,
M. macrocarpa ethanol extract and M. macrocarpa acetone
extract showed a low level of phenolics and flavonoids
extraction capacity. It was explored that, total phenolics
content and total flavonoids content were significantly affected
by the extracting solvents. The order of total phenolics
content extraction for the different solvents was
water > methanol > ethanol > acetone. The finding in work
revealed that M. macrocarpa seed powder has significant
levels of phenolics and flavonoids as compared to M. pruriens
var. utilis [50] which may react with free radicals to recover
oxidative stress-induced cell damage. The present work also
has shown that M. macrocarpa seed powder has enormous
levels of phenolics and flavonoids as compared to M. pruriens

var. utilis [50], which may react with free radicals to release
oxidative stress.

Oxidative stress has been evidenced for the pathogenesis of
several disorders [51]. The imbalance between the bodily
antioxidant system and generated oxidants creates oxidative
stress ultimately resulting in different disorder including
neurological disorders [52]. To surmount such cases, we have to
rely on external sources such as herbal drugs and food-based
sources of antioxidants [53]. M. macrocarpa seed powder extract
showed excellent in vitro antioxidant potential by DPPH free
radical scavenging activity, DMPD radical scavenging activity
and FRAP activity. M. macrocarpa water extract and
M. macrocarpa methanol extract showed significant reduction
of DPPH radicals into DPPH-H molecule by hydrogen-donating
antioxidant potential. The order of DPPH radical
scavenging activity for the different solvents was
water > methanol > ethanol > acetone respectively. In DMPD
radical scavenging activity, the hydrogen ions are transferred from
the antioxidant molecules to stabilise the free radical and DMPD
solution is decolorised [7]. The DMPD radical scavenging
potential of M. macrocarpa seed powder was explored with
different solvents. Water and methanol extract showed excellent
radical scavenging activity as compared to ethanol and acetone.
The order of DMPD radical scavenging activity for the different
solvents was water > methanol > ethanol > acetone. FRAP
results revealed that the M. macrocarpa methanol extract has
good potential of reducing ferric radicals than other solvent
extracts. The order of FRAP activity for the different solvents
was methanol > water > ethanol > acetone. The excellent
antioxidant potential of M. macrocarpa beans suggests its
possible use to cure oxidative stress-related disorders including
Parkinson's disease.

Plants contain numerous phytocomponents such as poly-
phenols, flavonoids and terpenoids which have the antioxidant
and anti-inflammatory potential [10]. RP-HPLC analysis showed
the presence of major phenolics such as tannic acid, gallic acid,
p-coumaric acid and p-hydroxybenzoic acid in M. macrocarpa
beans. Tannic acid has an enormous role in biological activities
and used for the treatment of cancer, neuroinflammation, and
several microbial and oxidative stress-related disorders [54].
Gallic acid plays a significant role in anti-Parkinson's disease
and anti-amyloid fibril formation activity [55]. p-
hydroxybenzoic acid is mostly used as preservatives in food
and beverage industries [56], whereas, p-coumaric acid has
application in aromatic and cosmetic products [57].

As compared to commonly usedM. pruriens,M. macrocarpa
possesses a higher level of anti-Parkinson drug L-dopa with
essential secondary metabolites. As Parkinson's disease cases are
increasing continually, there are tremendous scopes for
exploring M. macrocarpa for effective management of Parkin-
son and other oxidative stress-related disorders. It will also ease
the burden created by commonly used Mucuna species.

In conclusion, in recent years, genus Mucuna has gained
more attentions for the research because of its strong medicinal
and food potential. There is an increasing demand of L-dopa for
the Parkinson's disease treatment which is creating a burden on
the commonly used Mucuna species (M. pruriens). Hence,
exploitation of underutilised Mucuna species like
M. macrocarpa is a need of time. This study proves
M. macrocarpa as a potential source of L-dopa with promising
anti-inflammatory and antioxidant activity. The present study
also motivates its conservation and improvement by advanced
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biotechnological tools, as it is endemic and threatened by
increasing urbanisation. Further research is needed to explore
this plant for anti-Parkinson's disease and other oxidative stress-
related disease combating properties.
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Abstract Plastid DNA markers sequencing and DNA fin-

gerprinting approacheswere used and compared for resolving

molecular phylogeny of closely related, previously unex-

plored Amorphophallus species of India. The utility of indi-

vidual plastid markers namely rbcL, matK, trnH–psbA,

trnLC–trnLD, their combined dataset and two fingerprinting

techniques viz. RAPD and ISSR were tested for their efficacy

to resolves Amorphophallus species into three sections

specific clades namely Rhaphiophallus, Conophallus and

Amorphophallus. In the present study, sequences of these four

plastid DNA regions as well as RAPD and ISSR profiles of 16

Amorphophallus species together with six varieties of two

species were generated and analyzed. Maximum likelihood

and Bayesian Inference based construction of phylogenetic

trees indicated that among the four plastidDNA regions tested

individually and their combined dataset, rbcLwas found best

suited for resolving closely related Amorphophallus species

into section specific clades.When analyzed individually, rbcL

exhibited better discrimination ability thanmatK, trnH–psbA,

trnLC–trnLD and combination of all four tested plastid

markers. Among two fingerprinting techniques used, the res-

olution of Amorphophallus species using RAPD was better

than ISSR and combination of RAPD ?ISSR and in congru-

ence with resolution based on rbcL.

Keywords Amorphophallus � Molecular phylogeny � DNA
finger printing � rbcL � matK � Maximum likelihood �
Bayesian inference

Introduction

Genus Amorphophallus Blume ex Decne belongs to the

family Araceae and comprises of perennial herbaceous

plants that are mainly adapted to grow in the shady and

mountainous areas. This genus is represented by 200 spe-

cies distributed in the tropical Africa, Madagascar, tropical

and subtropical Asia, the Malay Archipelago, Melanesia

and Australia (Mayo et al. 1997). The genus has economic

potential as starch and other carbohydrate yielding plants.

Some of the species are used as food and vegetables while

others have ornamental potentials. With the merger of

Amorphophallus sect. synantherias into section Rhaphio-

phallus (Sivadasan 1989), the genus at present has 10

sections, of which 3 sections viz. Candarum Engl.,

Conophallus (Schott) Engl. and Rhaphiophallus (Schott)

Engl. are represented in India. Recently section Candarum

has been revised and renamed as section Amorphophallus

(Jaleel et al. 2014). In India, these sections are represented

by 18 species and 7 varieties of which 12 species and 3

varieties are endemic to the country. Identification and

discrimination of Amorphophallus species is difficult due

to closely related morphological characters. Because of the

timing of emergence of inflorescences and their relatively

short active period of existence, the taxonomic
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identification of Amorphophallus species becomes difficult.

Moreover, close similarity of morphological characters of

the leaves of many Amorphophallus species makes their

identification with vegetative specimens difficult or

impossible (Jaleel et al. 2011).

Previously, several studies investigated the phylogenetic

relationships within the genus Amorphophallus. Recently,

Grob et al. (2002, 2004) used molecular data for phylo-

genetic reconstruction and attempted to interpret morpho-

logical character evolution in Amorphophallus based on a

combined nuclear and plastid phylogeny. This study based

on matK and trnL intron sequences indicated that Amor-

phophallus can be divided into five well supported clades

(Grob et al. 2002). Also, Sedayu et al. (2010) studied the

morphological character evolution of Amorphophallus

based on a combined phylogenetic analysis of trnL, rbcL

and LEAFY second intron sequences. Three major clades

were identified which reflected the biogeographical distri-

bution of Amorphophallus and some of the clades were

supported by morphological characters. The study con-

ducted by Grob et al. (2002) included only three Amor-

phophallus species from India namely A. commutatus, A.

margaritifer and A. smithsonianus whereas the study by

Sedayu et al. (2010) included six species from India

namely A. commutatus, A. hirsutus, A. hohenackeri, A.

konkanensis, A. longiconnectivus and A. margaritifer. The

molecular phylogeny of remaining Amorphophallus spe-

cies from India is still not known.

It is generally agreed that a multilocus approach based

on plastid (‘chloroplast’) data is currently the most effec-

tive strategy for species identification and species recog-

nition in plants (Chase et al. 2005, 2007a, b; Kress et al.

2005, Kress and Erickson 2007; Newmaster et al.

2006, 2008; Cowan et al. 2006). Beside multilocus DNA

barcoding approach, molecular marker based fingerprinting

techniques can also be used to study the similarity of

genome of the different species distributed in same geo-

logical area (Kumar et al. 2008). Molecular markers such

as randomly amplified polymorphic DNA (RAPD) and

Inter Simple Sequence Repeats (ISSR) have been suc-

cessfully utilized for phylogenetic studies of many plant

species (Fang et al. 1997; Joshi et al. 2000; Rajesh et al.

2003; Arnau et al. 2003).

In this report, we reconstructed the molecular phylogeny

of Amorphophallus species from India using four different

plastid gene regions sequences viz. rbcL, matK, trnH–

psbA, trnLC–trnLD and two fingerprinting markers namely

RAPD and ISSR. Molecular phylogeny was reconstructed

to infer species relationship and to test if molecular phy-

logeny resolves Amorphophallus species into three section

specific clades namely Rhaphiophallus, Conophallus and

Amorphophallus. We evaluated the sequences of these

plastid gene regions individually as well as their combined

data for reconstruction of phylogenetic trees using for

maximum likelihood (ML) and Bayesian Inference (BI)

analyses and compared their efficacies with RAPD and

ISSR. The objective of the present study was to assess if

the resolution of closely related Amorphophallus species of

India into three sections is also supported by molecular

phylogeny. This was achieved by using (1) multi-locus

plastid gene regions sequencing approach (2) DNA fin-

gerprinting method, and (3) and comparing the perfor-

mance of both approaches.

Materials and methods

Sampling

Tubers or plantlets of 16 Amorphophallus species together

with six varieties of two species were initially collected from

different locations in India andmaintained in Lead Botanical

Garden of Department of Botany, Shivaji University, Kol-

hapur, India. Our specimen included ten species from section

Rhaphiophallus, four species together with four varieties of

Amorphophallus commutatus from section Conophallus,

two species together with two varieties of Amorphophallus

paeoniifolius from section Amorphophallus, and Sauroma-

tum venosum as an out-group (Table 1). Specimens were

taxonomically identified by studying floral characters

(Fig. 1), using basic floras, monographs; papers and

herbarium were submitted at Dept. of Botany, Shivaji

University, Kolhapur (SUK), India.

DNA extraction, PCR amplification and sequencing

Total genomic DNA from each species under study was

isolated from approximately 0.5 g of fresh leaf material

using CTAB method (Doyle and Doyle 1987). The

extracted DNAs were checked for their purity on agarose

gel (1%) and quantified spectrophotometrically. Prior to

PCR amplification of barcoding, RAPD and ISSR markers,

working stock (20 ng/ll) of each of genomic DNA was

prepared and used. The PCR amplifications of various

barcode regions were performed with optimized annealing

temperatures (Ta) depending upon the primers used

(Table 2). DNA was amplified in 50 ll reaction mixtures

containing 2U of high fidelity Taq DNA polymerase

(Merck Bioscience Pvt. Ltd, Bangalore, India) with 1 X

Buffer A, 2.5 mM MgCl2 (Merck Bioscience Pvt. Ltd,

Bangalore, India), 400 lM dNTPs, 400 lM of each primer

and, 40 ng of template DNA. PCR conditions were as

follows: initial denaturation at 96 �C for 5 min., followed

by 35 cycles of denaturation at 96 �C for 1 min., annealing

at optimized temperature for 1 min, extension at 72 �C for

1 min, and final extension at 72 �C for 10 min. Successful
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amplification was checked on 1% agarose gel, amplified

products were purified using PCR purification Kit (Sigma

Aldrich, India). Purified PCR products were sequenced

bidirectionally on ABI’s 35009L genetic analyzer using a

BigDye Terminator v3.1 cycle sequencing kit (Invitrogen,

Carlsbad, USA) using standard conditions.

Phylogenetic reconstructions and analyses

Sequences were analyzed, edited and assembled using

ChromasPro software (http://www.technelysium.com.au/

ChromasPro.html). For phylogenetic analysis, multiple

sequence alignments of sequences were performed with

ClustalW (Thompson et al. 1994) and edited manually

using DAMBE (Xia and Xie, 2001) to obtain an unam-

biguous sequence alignment. For the analyses of combined

datasets, sequences were concatenated using DAMBE.

Interspecific genetic divergences was calculated using

Kimura 2-Parameter (K2P) distances in MEGA 5.0 fol-

lowing the instruction of the CBOL for distance calcula-

tions (Tamura et al. 2011).

Maximum likelihood (ML) analyses for individual and

combined datasets of rbcL, matK, trnH–psbA, trnLC–

trnLD were carried out in RAxML (Stamatakis,

2006, 2014) using the application raxmlGUI 1.5b1(Silve-

stro and Michalak, 2011). The clade support was estimated

using ML ? rapid bootstrap with 1000 replicates based on

a maximum likelihood analysis with the model

GTRGAMMA using RAxML version 8.0.0 (Stamatakis

2014).

Bayesian inference (BI) of phylogeny using Monte

Carlo Markov chains (Yang and Rannala, 1997) was per-

formed with MrBayes v. 3.2 (Ronquist et al. 2012). Indi-

vidual and combined datasets of rbcL, matK, trnH–psbA,

trnLC–trnLD were tested for the appropriate model of

nucleotide evolution with MrModelTest 2.3 (Nylander,

2004). The optimal model was implemented according to

the Akaike information criterion and then implemented for

the analyses (Posada and Buckley 2004). In BI analyses,

1,000,000 generations of two independent Monte Carlo

Markov chains with equal rates until convergence was

achieved, implemented as ‘stoprule’ when average devia-

tion of split frequencies was below 0.01, were carried out.

Trees were sampled every 100 generations and initial 10%

trees before stationarity were discarded as burn-in (set to

0.1). Plot of the generation versus log probability was

generated by giving the ‘‘sump’’ command and used for

estimation of stationarity of the analyses. Convergence

between runs was reported by MrBayes using ‘‘mcmcdi-

agn’’ command. The majority-rule consensus trees with

posterior probabilities (PP) values were constructed using

remaining trees. PP values between 0.8 and 0.89 were

considered as moderate support whereas PP values over 0.9

were considered as high support.

Table 1 Collection localities and sections of Amorphophallus species and varieties

Sr. no. Name of species Vouchers specimens Sections Locality

1 A. commutatus var. commutatus ARG-19 Conophallus Amba, Maharashtra, India.

2 A. commutatus var. anmodensis ARG-21 Conophallus Anmod Ghat, Goa, India

3 A. commutatus var. wayanadensis ARG-20 Conophallus Mulshi, Maharashtra, India

4 A. commutatus var. anshiensis ARG-22 Conophallus Anshi National Park, Karnataka, India

5 A. bulbifer ARG-18 Conophallus Jog fall, Karnataka, India

6 A. hirsutus ARG-35 Amorphophallus Andaman Island, India

7 A. oncophyllus ARG-36 Conophallus Andaman Island, India

8 A. konkanensis ARG-12 Rhaphiophallus Belgaum, Karnataka, India

9 A. hohenackeri ARG-16 Rhaphiophallus Kaddan pedika, Kerala, India

10 A. margaritifer ARG-8 Rhaphiophallus Parasnath, Jharkhand, India

11 Amorphophallus species ARG-24 Rhaphiophallus Gondia, Maharashtra, India

12 A. paeoniifolius var. campanulatus ARG-34 Amorphophallus Botanical Garden. Shivaji Uinversity, India

13 A. paeoniifolius var. paeoniifolius ARG-37 Amorphophallus Botanical Garden. Shivaji Uinversity, India

14 A. bhandarensis ARG-38 Rhaphiophallus Bhandara, Tumsar, Maharashtra, India

15 A. bonaccordensis ARG-13 Rhaphiophallus Bonaccord, Kerala, India

16 A. longiconnectivus ARG-3 Rhaphiophallus Khandva, Madhya Pradesh, India

17 A. mysorensis ARG-33 Rhaphiophallus Billigirirangan Hills., Karnataka, India

18 A. nicolsonianus ARG-15 Conophallus Bonaccord, Kerala, India

19 A. smithsonianus ARG-14 Rhaphiophallus Bonaccord, Kerala, India

20 A. sylvaticus ARG-40 Rhaphiophallus Pillathikkuppam, Tamil Nadu, India.

21 Sauromatum venosum ARG-39 Outgroup Botanical Garden. Shivaji Uinversity, India
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Nucleotide accession numbers

Sequences generated in this study have been submitted to

NCBI’s GeneBank under following accession numbers.

rbcL: KM093835–KM093855, matK: KM113324–

KM113344, psbA–trnH: KM113366–KM113372, trnLC–

D: KM113345–KM113365.

RAPD and ISSR analyses

Initially, a total of 25 decamer RAPD primers from Ban-

galore Genei Kit (Merck Bioscience Pvt. Ltd, Bangalore,

India) and 50 ISSR primers (UBC primer set No. 9,

University of British Columbia, Canada) were screened for

RAPD and ISSR analyses respectively. In order to select

ISSR primers that could give good amplification and suit-

able annealing temperatures, a preliminary screening was

carried out using gradient annealing temperatures (Ta). The

PCR amplification reaction (25 ll) consisted of 40 ng of

DNA, 1X PCR buffer A (10 mM Tris pH 9.0, 50 mM KCl,

1.5 mM MgCl2), 100 lM of each of the four dNTPs,

0.4 lM of RAPD or ISSR primer and 1U of Taq DNA

polymerase (Merck Bioscience Pvt. Ltd, Bangalore, India).

PCR amplifications were performed in C1000 Touch

Thermal Cycler (Biorad, India) with an initial denaturation

at 94 �C for 3 min followed by 45 cycles at 94 �C for 45 s,

36 �C for 30 s and 72 �C for 2 min with a final extension at

72 �C for 7 min. Regardless of the marker system used, all

the PCR amplifications included a negative control (no

DNA) to avoid erroneous interpretations. The amplified

PCR products were separated on 1.8% agarose gel in 1X

TAE buffer by electrophoresis at 100 V for 3 h., stained

with ethidium bromide and documented on G:Box gel

imaging system (Syngene Bioimaging Pvt. Ltd, India). To

ensure reproducibility, DNA amplified profiles with ISSR

and RAPD markers were tested for repeatability at least

thrice. This was done by repeating the PCR reactions on

two different thermal cyclers. The generated band profiles

were considered reproducible and scorable only after

observing and comparing them in three separate amplifi-

cations for each primer. Only clear and intense bands were

considered and scored while faint bands were not scored

for the analysis.

Statistical analysis

For each primer, the presence (1) or absence (0) of poly-

morphic bands in each species profile was scored using

GeneTool image analysis software (Syngene Bioimaging

Pvt. Ltd, India) and set in a binary matrix. Genetic simi-

larities were calculated using Jaccard similarity coefficient

for RAPD and ISSR polymorphisms individually as well as

together. The Mantel test of significance was determined to

measure the goodness of fit between the similarity matrices

Table 2 List of primer pairs and polymerase chain reaction (PCR) annealing temperatures of candidate barcodes markers used

Locus Primer name Sequence Annealing temperature References

rbcL rbcL 1F ATGTCACCACAAACAGAAAC 46 Fay et al. (1998)

rbcL 724R TCGCATGTACCTGCAGTAGC

rbcL aF ATGTCACCACAAACAGAGACTAAAGC 48 Levin et al. (2003), Kress et al. (2009)

rbcL aR GTAAAATCAAGTCCACCRCG

matK mat K 390 CGATCTATTCATTCAATATTC 48 Cuénoud et al. (2002)

matK 1326 TCTAGCACACGAAAGTCGAAGT

matK F ACCCAGTCCATCTGGAAATCTTGGTTC 50 Fofana et al. (1997)

matK R CGTACAGTACTTTTGTGTTTACGAG

ITS ITS 8F AACAAGGTTTCCGTAGGTGA 58 Wen and Zimmer (1996)

ITS 9R TATGCTTAAAYTCAGCGGGT

ITS 10F CGAACACGTTACAATACCG 55

ITS 11R ACCACTTGTCGTGACGTCC

trnLC–trnLD trnL C CGAAATCGGTAGACGCTACG 48.5 Taberlet et al. (1991)

trnL D GGGGATAGAGGGACTTGAAC

trnH–psbA psbA GTTATGCATGAACGTAATGCTC 55 Sang et al. (1997)

trnH CGCGCATGGTGGATTCACAATCC Tate and Simpson (2003)

bFig. 1 Kinds of inflorescence/flower in 16 Amorphophallus species

and six varieties of India included in this study: A. commutatus var.

commutatus (a) A. commutatus var. anmodensis (b), A. commutatus
var. wayanadensis (c), A. commutatus var. anshiensis (d), A. bulbifer
(e), A. hirsutus (f), A. oncophyllus (g), A. konkanensis (h), A.

hohenackeri (i), A. margaritifer (j), Amorphophallus species (k), A.
paeoniifolius var. campanulatus (l), A. paeoniifolius var. paeoniifolius
(m), A. bhandarensis (n), A. bonaccordensis (o), A. longiconnectivus
(p), A. mysorensis (q), A. nicolsonianus (r), A. smithsonianus (s), A.
sylvaticus (t), Sauromatum venosum-outgroup (u)
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produced with the two marker systems. Dendrograms were

constructed using the un-weighted pair-group method with

an arithmetic average (UPGMA) using the NTSYS PC

version 2.11 (Applied Biostatistics Inc, Setauket, USA).

Results

PCR amplification and sequence analyses

To evaluate the utility of different plastid DNA markers for

assessing the phylogenetic relationships among the Amor-

phophallus species of India, we initially tested different

plastid regions such as rbcL, matK, trnH–psbA, trnLC–

trnLD, rpoB and rpoC and nuclear locus ITS. The effi-

ciency of PCR amplification of ITS, rpoB and rpoC were

less than 40% (Data not shown), therefore were not used

further. The most successful PCR rate (100%) was

observed for rbcL, matK, trnH–psbA, trnLC–trnLD. Except

trnH-psbA, substantial sequence length differences were

not detected in these three markers and PCR products were

sequenced without complications.

For individual marker regions, aligned sequence lengths

was 524 for rbcL, 724 for matK, 144 for trnH–psbA, and

529 for trnLC–trnLD (Table 3). Among the four loci ana-

lyzed, rbcL was found most conserved (93.12%) in

Amorphophallus species and trnH-psbA was least con-

served (22.22%). Locus trnH-psbA was also noted with

highest percentage of Parsimony Informative (PI, 66.66%)

characters and maximum mean interspecific K2P distance

(0.58). When sequence of all four studied loci were con-

catenated, it resulted aligned length of 2014 bp with

65.59% conserved sites, 11.71% PI characters and inter-

specific K2P distance of 0.05.

Maximum likelihood analyses

The majority rule consensus trees with bootstrap support

values resulting from the ML analyses based on rbcL,

matK, trnH–psbA, trnLC–trnLD and combined dataset are

shown in Fig. 2 and Supplementary Figure S1. The ML

analysis based on rbcL marker resolved tested taxa in three

strongly supported section specific clades I (BS 100%),

clade II (BS 99%) and clade III (BS 93%) (Fig. 2a). In

clade I, resolved topology strongly (BS 100%) supported

the monophyly of all three tested members of section

Amorphophallus. Clade II comprised of monophyletic

group of four tested varieties of A. commutatus of section

Conophallus (BS 94%) whereas remaining two members

namely A. bulbifer and A. oncophyllus were sister (BS

100%) to clade III. In Clade III, seven of the eleven species

of section Rhaphiophallus were resolved as monophyletic

with 99% BS and remaining four were resolved either as

paraphyletic or polyphyletic (Fig. 2a).

Section specific clades were not resolved in ML tree

based on matK markers and tree was highly polytomous

with low bootstrap supports (Fig. S1a). ML tree based on

trnH–psbA resolved the taxa in two clades and the

topologies in both of these clades were polytomic and none

resolved tested taxa into the section specific clades

(Fig. S1b). Clade I was strongly supported with BS 100%

and comprised of all of the tested species of sections

Conophallus and Amorphophallus, whereas poorly sup-

ported (BS 41%) clade II comprised of species of section

Rhaphiophallus. The members of section Amorphophallus

were found embedded in the clade I that was composed of

most of the members of section Conophallus. The mono-

phyly of tested section was not supported in both these

clades. The topology of ML tree based on trnLC–trnLD

was similar to that obtained in ML tree based on matK.

Although species were resolved in two clades, they were

polytomy and none of these clades was section specific

(Fig. S1c).

Similar to resolutions and tree topologies resulted from

ML analysis of individual markers, resolutions and tree

topology resulted from combined data was not in congru-

ence with the rbcL. Unlike on the rbcL phylogeny, the

resolution of relationships among Amorphophallus species

Table 3 Properties of the four plastid DNA loci and their combinations (the outgroup sequence is not included in the calculation)

Locci and their combinations Align

length (bp)

No. of

variable sites

No. of

conserved sites

No. of par-

informative sites

No. of

singleton sites

Mean interspecific

K2P distance

rbcL 524 27 (5.15) 488 (93.12) 13 (2.48) 14 (2.67) 0.011 (0.002–0.034)

matK 724 201 (27.76) 455 (62.84) 68 (9.39) 122 (16.85) 0.046 (0.018–0.097)

trnH–psbA 144 110 (76.38) 32 (22.22) 96 (66.66) 14 (9.72) 0.585 (0.069–1.153)

trnLC–trnLD 529 101 (19.09) 378 (71.45) 59 (11.15) 42 (7.93) 0.069 (0.003–0.126)

rbcL ? matK ? trnH–

psbA ? trnLC–trnLD

2014 437 (21.69) 1321 (65.59) 236 (11.71) 190 (9.43) 0.051 (0.009–0.067)

Figures in the parenthesis for no. of variable sites, no. of conserved sites and no. of Parsimony informative sites indicate the percentage of aligned

length; Figures in the paranthesis for Mean K2P interspecific distance indicate range of K2P interspecific distance in 16 Amorphophallus species

and six varieties
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based on combined data were poor. None of the two clades

supported monophyly of tested sections and none resolved

species into section specific clades. In clade II (BS 90%),

five of the ten members of section Rhaphiophallus formed

an unresolved polytomy together with members of section

Conophallus whereas remaining members formed clade I

(Fig. 2b).

BI analysis

The Bayesian 50% majority rule consensus trees with

posterior probability values resulting from the BI analyses

based on individual marker and their combined dataset are

shown in Fig. 3 and Supplementary Figure S3.

When we carried out BI analysis, resolution of the

species relationship and tree topology based on rbcL were

similar to that obtained in ML analysis (Figs. 2a, 3a). Like

ML analysis, BI analysis also resolved tested taxa into in

three section specific clades viz. clade I, II and III that were

strongly supported with higher posterior probabilities (PP

1, 1, and 0.9 respectively) (Fig. 3a). The clade I comprised

of all three tested members of section Amorphophallus and

their monophyly was strongly supported (PP 1). Clade II

comprised of four tested varieties of A. commutatus of

section Conophallus as monophyletic group with strong

support (PP 1). Remaining two members of section

Conophallus namely A. bulbifer and A. oncophyllus were

embedded in clade III as sister to monophyletic group of

seven of the ten species of section Rhaphiophallus (PP 1)

(Fig. 3a).

The species resolutions and tree topologies in BI trees

based on matK was better than ML tree and resolved tested

species into three clades that were in congruence with ML

and BI trees based on rbcL (Figs. S2a, 2a, 3a). The BI

analysis of trnH–psbA and trnLC–trnLD were also similar

to those obtained in ML trees (Fig. S2 b, c, Fig. S1 b, c). In

BI trees of these three markers, section specific, mono-

phyletic clades were not resolved and showed high poly-

tomy with low supports of posterior probabilities.

When BI analysis was performed for the combined

dataset of all four tested markers, species resolution and

tree topology were comparable and in congruence with ML

tree of combined dataset. Similar to ML tree, BI tree also

resolved tested taxa in two clades (Fig. 3b). Major Clade I

(PP 1) comprised of most of the species of all three section

while minor clade II (PP 1) comprised of five species of

section Rhaphiophallus. Similar to ML tree, section

specific monophyly of tested species was not supported in

either of these two clades and none resolved species into

section specific clades (Fig. 3b).

Fig. 2 Maximum likelihood majority rule consensus trees (RAxML)

showing the relationships among Amorphophallus species of India

based on a rbcL sequences and b combined dataset of rbcL, matK,

TrnH–psbA and TrnL C–D sequences. ML bootstrap values are shown

next to the node
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Resolution based on DNA fingerprinting approaches

Resolution based on RAPD

To study the suitability of fingerprinting techniques for

resolving molecular phylogeny of Amorphophallus species,

we initially screened 25 decamer RAPD primers and 50

ISSR primers. Out of 25 RAPD primers tested, nine primers

produced amplification products all of which revealed

polymorphic fingerprint patterns in tested Amorphophallus

species. These nine RAPD primers produced a total of 162

reproducible and scorable bands, 126 (77%) were poly-

morphic with an average of 14 polymorphic bands per

primer. The total number of bands per amplification varied

from 13 to 23 in the molecular size range of 77–1507 bp.

Maximum 23 bands were produced by primer RPi 4

whereas maximum 18 polymorphic bands were produced

by RPi 1 and RPi 4. Using RAPD, the percentage of poly-

morphism ranged from 64.79% (RPi 6) to 85% (RPi 2) with

an average polymorphism of 77.30% per primer (Table 4).

The genetic similarity based on Jaccard coefficients

among 16 Amorphophallus species and six varieties was

used to construct a dendrogram (Fig. 4) by UPGMA

method. The genetic distance among the Amorphophallus

species ranged from 0.11 to 0.84. The dendrogram clus-

tered 16 Amorphophallus species and six varieties into

clusters that were in congruent with the morphological

characters. All of the three species and four varieties A.

commutatus of section Conophallus were clustered toge-

ther. However, this resolved group of Conophallus also

contained A. sylvaticus, a member of Rhaphiophallus,

whereas eight of the remaining nine species of Rhaphio-

phallus were clustered together in two groups. With the

exception of A. hirsutus that was clustered with species of

section Rhaphiophallus, remaining two varieties of A.

paeoniifolius of section Amorphophallus were also found

clustered together (Fig. 4).

Resolution based on ISSR

Of the 50 ISSR primers screened, 16 primers resulted

amplification of which ten primers generated polymorphic

banding patterns. Out of 101 bands (10.1 per primer), 86

were polymorphic indicating an average of 8.6 polymorphic

bands per primer. With tested ISSR primers, the number of

bands amplified per primer ranged from eight (UBC 4) to 14

(UBC 3 and 36) with band size between 170 bp and 3.2 kb.

The percentage of polymorphism ranged from 57.14%

(UBC 3) to 87.50% (UBC 4) with an average polymorphism

of 76.59% across the Amorphophallus species studied. The

genetic distance based on Jaccard coefficients ranged from

0.15 to 0.71. UPGMA dendrogram based on ISSR profile

Fig. 3 The Bayesian 50% majority rule consensus trees showing the

relationships among Amorphophallus species of India based on a rbcL
sequences and b combined dataset of rbcL, matK, TrnH–psbA and

TrnL C–D sequences. The Bayesian posterior probability values are

shown next to the node
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did not resolve Amorphophallus species into section

specific clusters congruent with the sections proposed by

Sivadasan (1989) (Fig. S3). This clearly indicated that the

DNA based marker ISSR alone is not suitable for resolution

of Amorphophallus species.

Resolution based on combined data of RAPD and ISSR

The NJ analysis and UPGMA dendrogram of the combined

126 RAPD and 86 ISSR bands for 16 species six varieties

clustered together all of the three species of section of

Amorphophallus while 9 of the ten species of section

Rhaphiophallus were also clustered together. The species

of section Conophallus did not clustered together (Fig. S4).

The resolution based on combined data of RAPD and ISSR

also could not resolve Amorphophallus species completely

into three proposed section. In comparison, the resolution

based on combined data of RAPD and ISSR was better

than the ISSR alone but not better that RAPD alone.

Discussion

In the present study, the molecular phylogeny of Amor-

phophallus species of India was reconstructed using plastid

gene regions’ sequences and two DNA fingerprinting

markers namely RAPD and ISSR. We tested the perfor-

mances of sequences of four plant loci viz. rbcL, matK,

trnH–psbA, trnLC–trnLD for the resolution of Amor-

phophallus species into three Indian sections namely

Rhaphiophallus, Conophallus, and Amorphophallus. In

addition, the utility of two DNA finger printing techniques

namely RAPD and ISSR for species resolution was also

tested. Our study included most of the previously unex-

plored species of Amorphophallus occurring in India.

Because of rare and endangered status of some of Amor-

phophallus species, we could not include multiple specimen

and accessions. For the selection of suitable locus regions,

criteria of efficiency of reproducible amplification and ease

of sequencing were applied. The efficiency of PCR ampli-

fication, which is an important index to evaluate the candi-

date barcode, was determined to select the suitable candidate

barcoding marker. In comparison to rbcL, matK, trnH–psbA

and trnLC–trnLD, the efficiency of PCR amplification of

ITS, rpoB and rpoC was low (\40%), therefore were not

used further. Unlike two barcode markers namely matK and

rbcL that have already been established and recommended

for plant barcoding (CBOL 2009), the use of ITS2 is still

debated for its potential use as a DNA barcode in different

plant groups. In our study, the use of ITS specific primers

was consistently resulting lower amplification efficiency

and amplification of multiple bands.

Table 4 RAPD and ISSR primers and their characteristics

No Name Annealing

temperature used (Ta)

No. of Bands Band size (bp) No. of polymorphic

bands

% polymorphism

RAPD

1 RPi 1 38.0 22 119–1507 18 81.18

2 RPi 2 39.0 20 85–660 17 85.00

3 RPi 3 38.5 21 85–117 17 80.95

4 RPi 4 38.0 23 313–1082 18 78.36

5 RPi 5 40.0 16 530–1340 13 81.25

6 RPi 6 39.0 17 450–920 11 64.79

7 RPi 7 40.0 13 480–1340 10 76.92

8 RPi 9 38.5 14 77–682 11 78.57

9 RPi 10 38.0 16 80–387 11 68.75

ISSR

1 UBC 2 44.6 11 170–2900 9 81.81

2 UBC 3 44.6 14 340–2050 8 57.14

3 UBC 4 44.6 8 300–1950 7 87.50

4 UBC 5 49.2 10 450–2370 8 80.00

5 UBC 6 49.2 9 250–3010 7 77.77

6 UBC 18 59.8 12 300–1810 9 75.00

7 UBC 22 55.0 13 1060–2240 10 76.92

8 UBC 26 60.0 13 200–3200 11 84.61

9 UBC 27 60.0 9 600–1790 6 66.66

10 UBC 36 59.8 14 470–2740 11 78.57
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Despite of our attempts to amplify other barcode

regions, successful amplifications were achieved only for

rbcL, matK, trnH–psbA and trnLC–trnLD. For these loci,

amplification and sequencing success was 100%. Among

the tested markers, substantial difference in the length of

amplified product was not observed for rbcL, matK and

trnLC–trnLD, however, despite of 100% amplification

efficiency of trnH–psbA, the length of amplified product

varied in the range of 140–200 bp. Similar variation in

amplified length of trnH–psbA was demonstrated in Um-

belliferae and in Araliaceae (Degtjareva et al. 2012). The

ease of amplification of rbcL and matK in Amorphophallus

species was congruent with those reported by Grob et al.

(2002, 2004) and Sedayu et al. (2010). The performance of

these four loci was analyzed individually as well as in

combinations of four loci.

Locus rbcL as one of the core plant plastid barcode

regions has been recommended as universal and was found

easy to be sequenced and aligned in group of plants such as

ferns, mosses and angiosperms (Hasebe et al. 1995; Hol-

lingsworth et al. 2009; Liu et al. 2011). Despites of some

doubts in few plant groups about the universality and

applicability, another plastid coding region matK has also

been recommended as one of the core plant barcode by

CBOL (Cuénoud et al. 2002; Chase et al. 2007a, b). In the

view of universality and applicability of rbcL and matK, we

anticipated good resolution of phylogeny of Amor-

phophallus species using these two barcode markers.

However, in our study, rbcL as a single locus was found

most conserved than other three loci analyzed. It also

contained low percentages of PI sites, singleton sites and

lowest interspecific K2P distance. Similar observation

Fig. 4 Species dendrogram of

16 Amorphophallus species and

six varieties based on 126

polymorphic bands from RAPD

profile

164 Physiol Mol Biol Plants (January–March 2017) 23(1):155–167

123



wherein rbcL possessed very low inter-specific variation in

closely related species was made by few workers (New-

master et al. 2008; Kress et al. 2005). Among four loci

tested, rbcL was found most suitable for resolving Amor-

phophallus species than matK, trnH–psbA and trnLC–

trnLD. Surprisingly, in the order of their efficacy for res-

olution of tested species, the performance of small inter-

genic spacer region trnH–psbA was found better suited than

widely used plastid barcode marker matK. trnH–psbA was

also noted with the highest percentage of variable sites, PI

sites, interspecific K2P distance. Using matK and trnLC–

trnLD, tree topology and relationships among the Amor-

phophallus species in ML and BI trees were not fully

resolved. In comparison to ML and BI trees based on matK,

trnH–psbA and trnLC–trnLD, the ML and BI trees based

on rbcL clearly resolved Amorphophallus species into three

clades which were strongly supported with boorstrap,

posterior probabilities values and morphological charac-

ters. As expected, four tested varieties of A. commutatus of

section Conophallus were resolved as monophyletic in ML

and BI tress based on rbcL. Two members of Conophallus

namely A. oncophyllus and A. bulbifer always grouped

together as monophyletic with strong support and mor-

phological characters. Also the species of section Amor-

phophallus namely A. hirsutus and two varieties of A.

paeoniifolius namely var. paeoniifolius and campanulatus

were recovered as monophyletic with strong support and

morphological characters.

The monophyly of species of sections Rhaphiophallus,

Conophallus and Amorphophallus was not fully supported

and section specific clades were not recovered when ML

and BI analyses were performed on combined datasets as

well. In comparison, the efficacy and performance of rbcL

alone was found better than matK, trnH–psbA and trnLC–

trnLD and combined dataset for species resolution and

recovery of section specific clades. The lower efficacy and

poor performances of matK, trnH–psbA and trnLC–trnLD

was also reflected in efficacy and performances of com-

bined dataset.

In the view of our observation that individual locci

matK, trnH–psbA and trnLC–trnLD were not able to

resolve Amorphophallus species into clades supported by

morphological characters, we further carried out ML and

BI analyses on concatenated sequences of various combi-

nations of two and three loci and found that their perfor-

mances and efficiencies were also poor in terms of

complete resolution and recovery of tested taxa into section

specific clades (Data not shown). The Indian section

Rhaphiophallus was founded by Engler and it is still in use

(Grob et al. 2002). In our analysis, the species forming the

clade of Rhaphiophallus were supported by morphological

characters such the presence of stipitate spadix that con-

tains staminodes between the female and the male zone,

large stigma and undifferentiated spathe, whereas the

species forming clade of Conophallus were supported by

characters like globose or disciform tuber, with globose or

rhizomatus offsets, spadix longer than spathe. Species

forming clade of Amorphophallus had globose or depressed

tuber with distinct annular root-scar, highly variable

appendix and psilate pollen.

In previous analysis by Grob et al. (2002), two species

namely A. smithsonianus and A. margaritifer of Rhaphio-

phallus section were not placed together. In congruence

with this observation, we also observed that these two

species were also not placed together, instead they were

found polyphyletic in most of our ML and BI analyses.

Based on these results, our study demonstrates and rec-

ommends that rbcL should also be considered better suited

locus for resolving molecular phylogeny of closely related

species of genus Amorphophallus of India. In terms of the

resolving power, trnH-psbA had ranked second to rbcL and

was found polymorphic, consequently suitable for resolv-

ing closely related Amorphophallus species. However,

none of these tested loci completely resolved Amor-

phophallus species into Rhaphiophallus, Conophallus, and

Amorphophallus section specific clades. The use of matK,

trnH–psbA and trnLC–D as a single locus and multi-locus

marker approach based on combination of two and three

loci were not much suitable for resolution.

Recently, several workers have used RAPD and ISSR

markers for the study of phylogeny and species discrimi-

nation. RAPD was successfully used for the study of

relationships among Verbascum species (Muazaz et al.

2014) and combination of ISSR and RAPD was used to

study genetic relationships in Coffea and Indian Psilanthus

species (Kumar et al. 2008). In the view of these reports,

we have also accessed the utility of RAPD and ISSR for

resolving the phylogeny of Amorphophallus species. Since

RAPD markers are known to suffer from a lack of repro-

ducibility, we checked the consistency of the elec-

trophoretic patterns and the polymorphism detected by

repeating every PCR reaction twice on two different ther-

mal cyclers. Phylogenetic dendrogarm based on RAPD

profile clustered together all of the species of section

Conophallus and species of section Rhaphiophallus were

grouped in two clusters. In our study, to resolve the phy-

logeny of Amorphophallus species using DNA finger-

printing technique, RAPD alone performed better than

ISSR and combination of RAPD and ISSR, but was not

better than plastid gene region sequencing and analysis

approach. In comparison, plastid gene region sequencing

approach using rbcL was found most suitable for resolving

molecular phylogeny and relationship among the Amor-

phophallus species of India.

Earlier studies of molecular phylogeny of Amor-

phophallus species by Grob et al. (2002, 2004) and Sedayu
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et al. (2010) included only five Amorphophallus species

each from India. Our study differs from these two reports in

having studied most of the previously unexplored Indian

species. Moreover, as plastid gene region sequencing

approach, we have compared the performance of single and

combinations of four barcode loci for resolution of phy-

logeny. In addition, the utility and performance of ISSR

and RAPD fingerprinting technique has also been com-

pared with plastid DNA region sequencing approach.
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Till date, drugs that have been used to manage Parkinson’s disease (PD) have only
shown symptomatic relief with several adverse effects besides their inability to prevent
neurodegeneration. Neuroinflammation plays an important role in the advancement of
PD and can be targeted for its effective treatment. Researchers have suggested that
herbal plants exhibiting the anti-inflammatory and anti-oxidant properties are therefore
beneficial to human health. Conventionally, Mucuna pruriens (Mp) seeds are used
for maintaining male virility in India. Reportedly, Mp is used as a rejuvenator drug
having neuroprotective property. Our study aimed to investigate effects of aqueous
extract of Mp (100 mg/kgbwt) on neuroinflammation, orally administered to mice
intoxicated with 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) as well as the
molecular mechanism involved in the progression of PD. In this study, we have
observed significant behavioral abnormalities beside decreased antioxidant defense in
MPTP intoxicated mice. We have also observed significant increase in inflammatory
parameters like Glial Fibrillary Acidic Protein, Inducible Nitric Oxide Synthase, Intercellular
Cell Adhesion Molecule, and Tumor Necrosis Factor alpha in substantia nigra pars
compacta (SNpc) of parkinsonian mice, while Mp treatment has notably reduced these
inflammatory parameters. Mp also inhibited the MPTP induced activation of NF-κB and
promoted pAkt1 activity which further prevented the apoptosis of the dopaminergic
neurons. Moreover, Mp exhibited significant antioxidant defense by inhibiting the
lipid peroxidation and nitrite level, and by improving catalase activity and enhancing
GSH level in nigrostriatal region of mouse brain. Mp also recovered the behavioral
abnormalities in MPTP treated mice. Additionally, Mp treatment considerably increased
the immunoreactivity of Tyrosine Hydroxylase and Dopamine Transporter in SNpc of
parkinsonian mice. Our high performance liquid chromatography analysis of the Mp
seed extract have shown L-DOPA, gallic acid, phytic acid, quercetin, and catechin
equivalents as the major components which might cause neuroprotection in PD mice.
Our result suggested that Mp extract treatment containing L-DOPA and a mixture of
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rich novel phytochemicals significantly alleviates the MPTP induced neurotoxicity by
NF-κB and pAkt pathway. The findings observed thereby indicate that Mp extract have
suggestively ameliorated MPTP induced neuroinflammation, restored the biochemical
and behavioral abnormalities in PD mouse and thus provided a scientific basis for its
traditional claim.

Keywords: Parkinson’s disease, neuroinflammation, Mucuna pruriens, tyrosine hydroxylase, MPTP (1-methyl-4-
phenyl-1,2,3,6-tetrahydropyridine), substantia nigra

INTRODUCTION

After Alzheimer’s disease (AD), Parkinson’s disease
(PD) is considered to be the most common progressive
neurodegenerative disease. PD is basically characterized by the
loss of dopaminergic neurons in substantia nigra pars compacta
(SNpc) and reduced level of dopamine (DA) within the striatum
(ST) (Siderowf and Stern, 2003; Yadav et al., 2013, 2014; Rai
et al., 2016). Among non-motor symptoms, cognitive decline
appears the major one in the case of PD (Aarsland et al., 2017).
Dopaminergic neuronal degradation, formation of inclusions
called Lewy bodies and activation of glial cells are the hallmark
of PD pathogenesis in brain. While the etiopathogenesis of PD
still not fully known, it is identified to go worse on exposure
to environmental neurotoxins such as MPTP, Paraquat (PQ),
and several others (Bové et al., 2005; Khan et al., 2013; Yadav
et al., 2013). In humans and primates, MPTP which is a potent
inhibitor of mitochondrial complex-1 of electron transport chain
creates parkinsonian characteristic, and in mice, it recapitulates
dopaminergic degenerations via nigrostriatal pathway. For
that reason, in animal models of PD, MPTP is extensively
used to study and explore the molecular events responsible for
dopaminergic neuronal degeneration and to check the efficacy
of several neuroprotective agents (Jackson-Lewis et al., 2012).
Biomolecules such as lipids, proteins, and DNA are damaged
by reactive oxygen species (ROS) and reactive nitrogen species
(RNS), by-products of which were observed in the SN and
striatum of human PD post-mortem brains (Dexter et al., 1994;
Khan et al., 2013). The oxidation of lipid and proteins can thus
lead to loss of membrane integrity, enzyme inactivation leading
to cell death in neurodegenerative disorders (Hald and Lotharius,
2005).

Previous literature suggests that in PD, prolonged
neuroinflammation plays an important role during degeneration
of neurons (Hirsch and Hunot, 2009; Joglar et al., 2009; Khan
et al., 2013). Inflammatory response during neurodegeneration
has not yet been thoroughly investigated. Proinflammatory
mediators such as cytokines/chemokines, enzymes like
cyclooxygenase-2 (COX-2) and inducible nitric oxide synthase
(iNOS) are produced by glial (astroglial and microglial)
cells in response to extracellular insult to dopaminergic
neurons (Khan et al., 2013). In addition, nuclear transcription
factor-κB (NF-κB) plays a central role in the PD pathogenesis
by inducing the expression of tumor necrosis factor-alpha
(TNF-α) and interleukin-1 beta (IL-1β) via oxidative stress
mediated neurodegeneration (Hald and Lotharius, 2005).
These cytokines and enzymes could cause neuronal death

by the cytotoxic mechanism. Previous literature has also
suggested that anti-inflammatory drugs significantly inhibit
the neuroinflammatory processes and ultimately protect
dopaminergic neuronal loss in different parkinsonian models
(Choi et al., 2005; Jin et al., 2005).

In spite of important evidences in learning the pathobiology
of neurodegeneration, various efforts to expand and advance
successful treatment strategies are being done (Brotchie and
Jenner, 2011) with minimal translational results. With this
background, there has been a lot of focus on the herbal
mediated neuroprotection of PD with special emphasis on the
anti-oxidative and anti-inflammatory activities of these herbal
plants and their derivatives. Recently, Kim et al. (2015) suggested
that Ligusticum officinale exhibits potent anti-inflammatory
activity via NF-κB/IκB-α and MAPK pathway. Pycnogenol,
extracted from Pinus maritima bark also protects dopaminergic
neuron in MPTP induced neuroinflammation (Khan et al., 2013).

In Indian system of medicine, Mucuna pruriens (Mp)
is the most accepted drug. A number of reports have
recommended that it exhibits various pharmacological properties
like analgesic, anti-inflammatory, anti-neoplastic, anti-epileptic,
and anti-microbial activities (Sathiyanarayanan and Arulmozhi,
2007; Adepoju and Odubena, 2009; Yadav et al., 2013). Mp
has been found to be rich in bioactive compounds such as
tannins, alkaloids, phenolics compounds, and flavonoids (Duke,
1995). Diabetes, atherosclerosis, rheumatoid arthritis, nervous
disorders, and Parkinsonism are certain diseases that have
been found to be effectively managed by free-radical mediated
disease management property of Mp seeds (Bhaskar et al., 2011).
Moreover, our high performance liquid chromatography (HPLC)
data has shown the presence of different phytochemicals such as
proanthocyanidin, tannin, gallic acid, quercetin, and phytic acid
in the aqueous seed extract of Mp. The anti-neuroinflammatory
activity of Mp might be due to the presence of these active
constituents. Also, other phytochemicals can act in combination
for exploring its synergistic effect. Recently, Uchegbu et al.
(2016), have suggested the anti-inflammatory activity of Mp by
administering the doses of 10 and 50 mg/kgbwt in carrageenan
and formalin induced acute and chronic paw edema respectively.
They compared the anti-inflammatory activity of Mp with
diclofenac potassium as a standard anti-inflammatory drug. At
the doses of 10 and 50 mg/kg, Mp showed an inhibition % of 9.8
and 47.8 and 6.6 and 38.8 respectively against their corresponding
carrageenan and formalin induced acute paw edema (Uchegbu
et al., 2016). Additionally, Yadav et al. (2017) showed that Mp
seed extract (100 mg/kg bwt) has improved the neurobehavioral
activity by reducing the oxidative stress in nigrostriatal tissue
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effectively by mitigating the iNOS expression levels in Paraquat
(PQ) induced parkinsonian mouse model. Mp contains L-DOPA
and ursolic acid which has potent anti-parkinsonian property
(Rai et al., 2016; Yadav et al., 2016). There is very little literature
which shows the anti-inflammatory activity of Mp in PD. With all
the background information, in the present study, we have chosen
Mp seed extract in MPTP induced Parkinsonian mouse model to
explore its potent anti-neuroinflammatory activity.

MATERIALS AND METHODS

Reagents and Antibodies
Acetic acid, disodium hydrogen phosphate, reduced glutathione
(GSH), reduced nicotinamide adenine dinucleotide phosphate
(NADPH), Potassium chloride, Ammonum chloride, Sodium
dihydrogen phosphate, and Bovine Serum Albumin (BSA) were
procured from Sisco Research Laboratories (SRL; Mumbai,
India). 1-Methyl-4-phenyl-1,2,3,6-tetra hydropyridine (MPTP),
Normal Goat Serum (NGS) from Sigma–Aldrich (St. Louis, MO,
United States). Protein estimation kit by Bradford GeNeiTM,
hydrogen peroxide (H2O2), and potassium dichromate were
purchased from Merck (Darmstadt, Germany), Sodim dodecyl
sulfate (SDS), Thiobarbituric acid (TBA), Griess reagent and
DABCO were procured from HiMedia (Mumbai, India).
Sodium nitrite and Paraformaldehyde were purchased from
Lobachemie, India. Primary antibodies for TH (SC-25269), iNOS
(SC-651), Glial Fibrillary Acidic Protein (GFAP) (SC-33673) and
Intercellular Cell Adhesion Molecule (ICAM) (SC-8439) were
procured from Santa Cruz, Biotechnology (Santa Cruz, CA,
United States) and the primary antibodies for TNF-α (ab1793),
NF-κB (ab16502), DAT (ab111468), and pAkt1 (ab81283) were
purchased from Abcam Life Science, Biogenuix Medsystems, Pvt.
Ltd. (New Delhi, India), secondary fluorescent tagged antibodies
for IHCCy2-conjugated and cy3-conjugated were procured from
Merck Millipore and Chemicon respectively.

Experimental Animals
Eight to ten weeks old male mice (Swiss Albino mice, 25–30 g)
were purchased from animal research facility of Banaras Hindu
University, Varanasi, India. Before starting the experiment,
animals were made to adapt the laboratory conditions for about a
week under standard laboratory conditions by keeping light and
dark cycles of 12 h. Mice were fed with standard rodent food
purchased from market and water ad libitum. Experiments were
done in between 12:00 noon to 03:00 pm. The investigational
protocol for animals on which the test was carried out, was
approved by the Animal Ethics Committee of Banaras Hindu
University, Varanasi, India.

Plant Extracts Preparation
Mp seed powder was purchased from the Ayurveda Pharmacy,
Institute of Medical Sciences, Banaras Hindu University,
Varanasi, India. Mp seed extract was prepared by the method
of Uhegbu et al. (2005) in which distilled water was used as the
solvent. 20 g of Mp seed powder was taken and soaked in 200 ml
of autoclaved distilled water. The solution was stirred for about

6 min and left overnight for proper mixing. Next day, the solution
was filtered by using filter paper (Whatman No. A-1) and the
extract were allowed to dry in rotary vacuum evaporator under
reduced pressure and temperature (below 40◦C).

RP-HPLC Quantitative Analysis of
L-DOPA and Phytochemicals
L-DOPA was quantified in Mp seeds using reverse phase high
performance liquid chromatography (RP-HPLC) involved with
diode array detection. Samples were prepared as described
by Rathod and Patel (2014) with minor modifications. One
gram powder of Mp seed was extracted using autoclaved
doubled distilled water: 0.1 M HCl (70:30) for 30 min on
rotary shaker (120 rpm) and sonicated for 5 min. Then
sample was evaporated, dissolved in distilled water and
filtered through 0.45 µm nylon filter (Axiva filters). RP-HPLC
analysis was performed by Shimadzu prominence equipped
with degasser DGU-20A 5R, photo diode array detector
SPD- M20 A and low pressure quaternary pump LC 20 AD.
Chromatographic separation was achieved using a Waters,
Nova-Pak C18 column (4 µm, 4.6 mm × 250 mm). The
commercially available synthetic L-DOPA (Himedia) was taken
as a standard.

Total phenolics content of Mp seeds has been determined
spectrophotometrically (Singleton and Rossi, 1965). The sample
was mixed with 1.8 ml of Folin–Ciocalteu reagent and incubated
for 5 min at 25◦C with 1.2 ml of 15% sodium carbonate solution
for neutralization of reaction and further kept for 90 min at room
temperature. The absorbance was taken at 765 nm. Result was
noted in terms of mg of gallic acid equivalent per gram (mg GAE
g−1) of dry mass.

Total flavonoids were quantified according to the method by
Chang et al. (2002). In brief, 1 ml aqueous extract of Mp seed
was added to 1.5 ml distilled water, 0.1 ml of aluminum chloride
(10%) and 0.1 ml of potassium acetate (1 M). The total volume
was made up to 4.5 ml by adding distilled water. Incubation was
carried out for 30 min at room temperature and absorbance was
recorded at 415 nm. Expression of flavonoids level was done as
milligram of quercetin equivalents per gram (mg QUE g−1) of
dry weight.

Evaluation of proanthocyanidin was done as described by
Sun et al. (1998). The 0.5 ml sample was mixed with 3 ml
of 4% vanillin and 1.5 ml of concentration HCl. Reaction
mixture was incubated for 15 min and absorbance was taken at
490 nm. Content of Proanthocyanidin was expressed as catechin
equivalents per gram (mg CAE g-1) of dry weight.

As described by Kirk and Sawyer (1998), Tannin level was
measured with the help of Folin–Denis colorimetric method. 5 ml
Mp seed extract was mixed with 1 ml Folin–Ciocalteu reagent
and 2.5 ml saturated sodium carbonate. The solution was further
incubated for 90 min at 28◦C after the final volume was made up
to 50 ml. The color intensity was measured at 760 nm.

The content of phytic acid was estimated according to the
method of Gao et al. (2007). In short, 1 ml of Mp seed extract was
added with 1 ml volume of Wade reagent (0.03% FeCl3.6 H2O
and 0.3% sulfosalicylic acid in D/W). Vortexing of the solution
was done for 5 s and then it was put to centrifugation for about
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10 min. Absorbance of supernatant was taken at 500 nm using
UV-spectrophotometer.

Experimental Design
The first group, i.e., control (n = 6) was treated with normal saline
(i.p.). MPTP (30 mg/kg body weight) was prepared by dissolving
it in 0.9% saline. The mice were injected (i.p.) twice with MPTP
(30 mg/kg body weight) within 16 h of interval to induce PD to
the second group (n = 6) (Yadav et al., 2014). The third group
(n = 6) was first given two injections (i.p.) of MPTP (30 mg/kg
body weight) within 16 h of interval and then daily orally treated
with Mp seed aqueous extract (100 mg/kg body weight) from next
day till 21 days after second MPTP injection.

Group I: Mice (n = 6) were given intraperitoneal (i.p.)
injections of saline (0.9%), this served as control.

Group II: Mice (n = 6) were administered i.p. injections of
MPTP (30 mg/kg body wt.), twice within 16 h interval.

Group III: Mice (n = 6) were first intoxicated (i.p.) with MPTP
(30 mg/kg body wt.), twice within 16 h interval and from the
next day they were orally treated with aqueous seed extract of Mp
(100 mg/kg body wt.) daily for 21 days.

Neurobehavioral Studies
Rotarod Test
In Rotarod test, prior to experiment, group animals were trained
for 3 successive days at a fixed speed (5 rpm) and the time
was noted after the mice fall up to a maximum of 5 min. The
experiment was repeated four times for each animal; finally
average time was calculated as described previously (Manna et al.,
2006). The same procedure was repeated once the treatment was
completed and the time taken by the mice to fall was noted down.

Hanging Test
In this test, mice were placed on a horizontal grid and allowed
to have grip on it. This grid was then made upside down so
that mouse hangs downward, gripping on it, until they lose their
control and fall down. The experiment was repeated three times,
and the hanging time was noted for each group (Mohanasundari
et al., 2006).

Narrow Beam Walking Test
Motor coordination in mice was assessed using this test. Animals
from each group were trained to move on stationary wooden
narrow flat beam (1 cm) which was positioned at a height of
100 cm above the floor (L 100 cm×W 1 cm). Then according to
Pisa, time spent in walking from one end of the beam to another
was noted and the procedure was repeated thrice for each group’s
animals (Pisa, 1998).

Sample Preparation for Biochemical
Studies
After completion of experiment, the animals were sacrificed by
cervical decapitation from each groups (n = 3), the collection of
nigrostriatal tissue was done individually and they were further
homogenized in KCl buffer (Tris-HCl 10 mM, NaCl 140 mM, KCl
300 mM, ethylenediaminetetraacetic acid 1 mM, Triton-X 100
0.5%) at pH 8.0 complemented with phosphatase and protease

inhibitor. Centrifugation of the tissue homogenates was done
at 12,000 g at a temperature of 4◦C for about 20 min for the
estimation of antioxidant enzymes and different biochemical
parameters.

Biochemical Test
Catalase and Nitrite Test
In accordance with the decomposition of hydrogen peroxide,
the Catalase activity was estimated (Kumar et al., 2010). Briefly
10% w/v tissue homogenate was added in phosphate buffer
pH-7, distilled water, hydrogen peroxide (0.02 M) and incubated
at room temperature for 1 min then potassium dichromate and
acetic acid (1:3) solution was added and solution was allowed to
boil for 15 min in boiling water bath and absorbance was taken at
570 nm. The activity of enzyme was measured in nmoles/min/mg
protein.

By using standard procedure, Nitrite level was estimated in the
supernatant (Granger et al., 1996). Supernatant of 10% w/v tissue
homogenate was taken and ammonum chloride (0.7 mM) mixed
with Griess reagent (0.1% N-naphthyl ethylenediamine and 1%
sulfanilamide in 2.5% phosphoric acid) was added. The solution
was allowed to stand at 37◦C for 30 min, and the supernatant was
then taken out to record the absorbance at 540 nm. By using the
standard curve for sodium nitrite (10–100 µM), the total content
of nitrite was calculated in terms of µmoles/mL.

Lipid Peroxidation and GSH Test
Estimation of Lipid peroxidation was done in the same way
as described previously (Ohkawa et al., 1979) with fewer
modifications in the nigrostriatal tissue of the mouse brain.
Briefly, for measuring the concentration of malondialdehyde
(MDA), a reaction mixture containing 10% tissue homogenate
(0.1 mL) was added in 10% SDS solution (0.1 mL) and was
kept at room temperature for 5 min. After that, 20% acetic acid
(0.6 mL) was added and the solution was incubated 2–5 min.
At last 0.8% Thio-barbituric acid TBA (0.6 mL) was added and
the solution was kept in a boiling water bath for 1 h. The
reaction mixture was then allowed to cool, centrifugation was
done and absorbance of the supernatant was taken at 532 nm
against control. Expression of LPO levels was done as nano moles
MDA/mg protein. Glutathione reductase (GSH) level in the brain
homogenate was measured by the method described previously
(Moron et al., 1979) and reported as µM GSH/mg tissue.

Immunofluorescence Staining of TH,
NF-κB, TNF-α, DAT, iNOS, GFAP, ICAM,
and pAkt1 in SNpc
In the SNpc of brain, Immunofluorescence staining of TH,
NF-κB, TNF-α, DAT, iNOS, GFAP, ICAM, and pAkt1 in SNpc
was performed (Gorbatyuk et al., 2008). Mice were anesthetized
with pentobarbital and the perfusion was done with 4%
paraformaldehyde and the brains were post-fixed and collected.
Using a cryomicrotome, the brain was cut in 25 µ thick coronal
sections at the SN level (Leica, Wetzlar, Germany). Washing of
the sections were done twice with 0.01 M PBS at pH 7.4 and then
they were allowed to incubate with blocking reagent (10% normal
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FIGURE 1 | High performance liquid chromatography (HPLC) analysis of M. pruriens seeds for L-DOPA. HPLC profile of standard L-DOPA (A). HPLC profile of
M. pruriens seed extract (B).

goat serum in PBS, 0.3% Triton-X 100) for 1 h. Incubation of
the sections with primary antibodies at 1:1000 dilutions was
done with the polyclonal anti-mouse against TH, polyclonal
anti-rabbit against NF-κB p65, monoclonal anti-mouse against
TNF-α, polyclonal anti-rabbit against DAT, polyclonal anti-rabbit
against iNOS, monoclonal anti-mouse against GFAP, monoclonal
anti-mouse against ICAM, and monoclonal anti-rabbit against
pAkt1 for 16 h at 4◦C. The washing of the sections was again
done five times in PBST and they were further incubated
with Cy2-conjugated (Ex max 492 nm and Em max 510 nm)
donkey anti-mouse and cy3-conjugated secondary antibodies
(Ex max 550 nm and Em max 570 nm) donkey anti-rabbit
in 1% BSA blocking solution for 1 h at Room Temperature.
Washing of the sections was again done for three times and
then mounted using mounting media, fluoro shield (Sigma–
Aldrich). The images of the sections were taken with the help
of fluorescent microscope Nikon (Thermo Fisher Scientific).
Immunofluorescence was analyzed by Image J software (NIH,
United States) and reported in mean integrated fluorescent value
(IFV).

Statistical Analysis
Statistical analysis of differences between means of groups was
determined by one way ANOVA followed by Student-Newman–
Keuls post hoc test using GraphPad Prism 7.0 software. A p< 0.05
was considered statistically significant.

RESULTS

L-DOPA and Phytochemicals Content
Reverse phase high performance liquid chromatography analysis
showed as compared to standard L-DOPA (Figure 1A),
65 mg g−1 of L-DOPA present in the aqueous extract of Mp seed
(Figure 1B). Mp showed 38.9 ± 1.6 mg per gram of gallic acid
equivalent (mg GAE g−1) of phenolics and 54.14 ± 3.05 mg per
gm of quercetin equivalent (mg QAE g−1). The Mp seed showed
25.71 ± 4.13 mg per gram of catechin equivalents (mg CAE
g−1) proanthocyanidin level. Mp also showed 8.2± 0.15 mg g−1

of tannin level. Mp seed contain 6.72 ± 0.11 mg g−1 phytic
acid.

Behavioral Studies
Effect of Mp on Behavioral Recovery
The result shows that the time taken by the MPTP treated
mice for which it remained on the rotarod was significantly
reduced (p < 0.001) compared to control. Whereas, when
MPTP treated mice were treated with Mp, mice stayed on
the rotarod significantly longer than MPTP mice (p < 0.05)
(Figure 2A).

Our findings suggested that, in MPTP-treated mice, the
time of gripping and hanging was significantly poorer
(p < 0.001) as compared to control mice. When MPTP
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FIGURE 2 | Effect of Mp extract on behavioral parameters. (A) MPTP PD mice showed significantly reduced time of walking and staying on rotarod as compared to
CONT group, which has been significantly improved on Mp supplementation to PD mice in comparison with untreated PD mice. (B) Hanging test showed significant
improvement in Mp treated group compared to MPTP treated group. MPTP group mice fall early as compared to CONT group. (C) Narrow beam walking time was
significantly increased in the MPTP treated mice in comparison with control group while Mp treatment declines the narrow beam walking time as compared to MPTP
induced PD mouse (∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001, n = 6). ns, non-significant.

mice were treated with Mp, the hanging time was increased
(p < 0.001) when compared with MPTP treated mice
(Figure 2B).

Result shows that in MPTP treated mice narrow beam walking
time was increased (p < 0.001) as compared to CONT mice.
When MPTP mice were treated with Mp the narrow beam walk
time was decreased (p < 0.001) as compared to MPTP mice
(Figure 2C).

Biochemical Studies
Effect of Mp on Catalase and Nitrite
We observed that MPTP injection significantly decrease the
activity of CAT (p < 0.001) and increase the nitrite (p < 0.001)
content in MPTP-injected mice when compared to CONT
group. However, Mp treatment (MPTP+Mp) increased the
activity of catalase (p < 0.01) (Figure 3A) and decreased nitrite
level (p < 0.01) (Figure 3B) as compared to MPTP-treated
group.

Effect of Mp on MDA and GSH Content
When compared to CONT group, the mice intoxicated
with MPTP showed a significant increment (p < 0.001) in
lipid peroxidation product, known as MDA. Conversely,
MPTP administration caused a significant decline in GSH
(p < 0.001) levels when compared with CONT group. Mp
treatment (MPTP+Mp) significantly attenuated (p < 0.001) the
rise in MDA level (Figure 3C) and improved (p < 0.05)
the GSH levels (Figure 3D) compared to the MPTP
group.

Effect of Mp on the Expression of TH,
NF-κB, TNF-α, DAT, iNOS, GFAP, ICAM,
and pAkt1 in SNpc
We have observed an increased in NF-κB (p < 0.05), TNF-α
(p < 0.01), iNOS (p < 0.01), ICAM (p < 0.01), and GFAP
(p < 0.01) positive cells expression in the MPTP treated
mice as compared to CONT group. After Mp treatment
(MPTP+Mp), a decrease in NF-κB (p < 0.05) (Figure 4A),
TNF-α (p < 0.01) (Figure 4B), iNOS (p < 0.01) (Figure 4C),
ICAM (p < 0.01) (Figure 4D), and GFAP (p < 0.05)
(Figure 5A) expression was observed as compared to MPTP-
treated mice. We also found decreased expression of pAkt1
positive cells (p < 0.01, Supplementary Figure S1) and DAT
positive dopaminergic neurons (p < 0.05) as compared to
control while Mp treatment (MPTP+Mp) significantly increased
the expression of pAkt1 (p < 0.05) (Figure 5B) and DAT
(p < 0.05) (Figure 5C) as compared to MPTP treated groups.
A reduced (p < 0.05) level of TH positive dopaminergic neurons
was seen in response to MPTP injection while comparing to
the CONT group. However, following treatment with Mp in
MPTP-administered mice, an increase in TH level (p < 0.05)
(Figure 5D) was observed when compared to MPTP-treated
mice.

Effect of Mp on the Nuclear
Translocation of NF-κB in SNpc
We have observed that in MPTP injected mice, the nuclear
translocation of NF-κB has occurred (Figure 6B) when compared
with the control group (Figure 6A). Whereas, Mp treatment
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(Figure 6C) has significantly inhibited this nuclear translocation
of NF-κB as compared to MPTP treated mice.

DISCUSSION

In this study we demonstrate that Mp, an aqueous extract
containing L-DOPA and a mixture of rich novel phytochemicals
protect nigrostriatal degeneration of dopaminergic neurons
by alleviating oxidative stress and neuroinflammation in PD
mouse model. Dopaminergic neurons can be protected by
neuroinflammation linked inhibition of iNOS, GFAP, ICAM
as well as NF-κB activation and its responsive genes TNF-α.
Protective effect of Mp on dopaminergic neurons suggest that
it is an efficient herbal agent in PD research, corroborating
previous studies (Yadav et al., 2013, 2014, 2017; Olson and
Gendelman, 2016). From several decades there is a lot of
focus on Mp’s anti-parkinsonian activity specifically related to
its anti-oxidative and metal chelating activity (Tharakan et al.,
2007; Dhanasekaran et al., 2008; Yadav et al., 2013). Other
than showing the anti-parkinsonian activity, Mp extract has
also shown therapeutic potential in protecting against stroke
and ischemia (Nayak et al., 2017). Mp extracts thus due to
the presence of dopamine and 5-HT (5-hydroxytryptamine) has
the potential to be an anti-cataleptic and antiepileptic drug
(Champatisingh et al., 2011). Ginkgo Biloba extract 761 (EGb
761) is a well-defined mixture containing flavonoids (24%)
and terpenoids (6%) and is patented (Rojas et al., 2009). This
extract having the antioxidant and anti-apoptotic properties
has the potential to show neuroprotection as it can help in
the regulation of MAO. Phytomix-40 (PM-40) is a certified
parapharmaceutical comprises extract from 40 plants including
ginseng, eleutherococcus, Rhodiola rosea etc., which helps in
improving hormonal, antioxidant and immune system of body.
Administration of PM-40 along with standard anti- Parkinson’s
drugs improves Parkinson’s symptoms and helps in decreasing
negative activation of immune system which occurs during
standard anti-Parkinson’s therapy alone (Bocharov et al., 2010).
Anti-Parkinson’s activities of flavonoids have been also reported
on 6-OHDA-induced experimental Parkinsonism in vivo and
in vitro (Mu et al., 2009). Phenolics and flavonoids are important
class of natural antioxidant substances having potential of
scavenging free radicals, ultimately reducing the risk of oxidative
stress related disorders including cancer and PD (Saxena et al.,
2012; Patil et al., 2015). Recently, Cilia et al. (2017) have reported
that 12.5–17.5 mg/kg Mp seed powder shows neuroprotective
activity in PD patient with a more favorable tolerability profile.

The neuroprotective role of Mp in other neurodegenerative
diseases such as AD and Multiple Sclerosis has not yet been
investigated.

In this paper, we have reported the potential anti-
neuroinflammatory activity of Mp in MPTP induced
parkinsonian mouse model via NF-κB and Akt pathway.

Natural compounds containing flavonoids, phytochemicals
having antioxidative and anti-inflammatory activities are
neuroprotective in neurodegenerative diseases (Parkinson’s
disease, 2012). Past studies potentially exhibiting that orally

FIGURE 3 | Estimation of CAT, Nitrite, MDA, and GSH in nigrostriatal region of
mice. MPTP injected mice showed significant decrease in CAT activity and
GSH level and increase in Nitrite and MDA level as compared to control
(CONT) group. While Mp treatment in MPTP group significantly increase the
level of CAT (A), decrease in the level of nitrite (B) and MDA (C), increase in
the level of GSH (D). Values are expressed as mean ± SEM (∗p < 0.05,
∗∗p < 0.01, ∗∗∗p < 0.001, n = 3). ns, non-significant; MDA, malondialdehyde;
GSH, glutathione; CAT, catalase; SEM, standard error of mean.

administered Mp reaches to the brain in adequate quantity
to protect the dopaminergic neurons in PD (Katzenschlager
et al., 2004; Yadav et al., 2013, 2014, 2017). To investigate the
supplementary outcome of the drugs, oral route has been utilized
as an efficient way of administration as it is the feasible and
efficient way for drug delivery.

This study has demonstrated that in mice, MPTP intoxication
creates behavioral impairment which is tested by rotarod, grip
strength, and narrow beam walking test. Mp was found to
significantly improve the motor deficits in parkinsonian mice.
Our behavioral findings are in agreement with the earlier reports
(Yadav et al., 2013, 2014).

Researchers have suggested that MPTP intoxication
generates ROS and RNS which induces oxidative stress and
neuroinflammation associated nigrostriatal degeneration of
dopaminergic neurons (Yokoyama et al., 2008; Chung et al.,
2011; More et al., 2013). Despite of the fact that, PQ poorly
crosses the BBB, the patients died of PQ intoxication has been
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FIGURE 4 | Immunofluorescence expression of NF-κB, TNF-α, iNOS, and ICAM in SNpc. of CONT, MPTP, and MPTP+Mp mice by using Image J Software at 20x
magnification. The MPTP intoxicated PD mice showed significantly enhanced expression level of NF-κB (A), TNF-α (B), iNOS (C), and ICAM (D) positive cells as
compared to control. On Mp supplementation in PD mice showed significantly alleviated expression level of NF-κB, TNF-α, iNOS, and ICAM positive cells as
compared to MPTP mice. Values are expressed as mean ± SEM of integrated fluorescent value (IFV) (∗p < 0.05, ∗∗p < 0.01, n = 3). ns, non-significant; TNF-α,
tumor necrosis factor alpha; iNOS, inducible nitric oxide synthase; ICAM, intercellular adhesion molecule 1; SNpc, substantia nigra pars compacta.

detected with significant damage to the brain (Bové et al.,
2005). MPTP intoxication has helped in mimicking most of the
parkinsonian symptoms which can help us in understanding PD
(Meredith and Rademacher, 2011). MPTP induced Parkinsonian
Mouse models have been most widely used. MPTP, being
lipophilic in nature crosses the BBB easily and binds mainly in
astrocyte lysosomes, where it is converted to its toxic metabolite,
the 1-methyl-4-phenylpyridinium (MPP+) ion (Meredith and
Rademacher, 2011). However, central dopaminergic neurons
were not damaged upon systemic administration of MPP+ as it
is unable to cross the BBB due to its charge. But, much of the
DAergic nigrostriatal pathway was destroyed by direct infusion
into the brain. MPP+ is selectively taken by the dopaminergic
neurons because it is an excellent substrate for the dopamine
transporter (DAT) (Meredith and Rademacher, 2011). So we
have used MPTP induced mouse model instead of PQ.

Similarly, this study clearly shows that MPTP intoxication
produces neuroinflammation induced ROS and RNS
overproduction, whereas Mp reduces this ROS and RNS

accumulation and downstream proceedings of this cascade. It
is well-established that inflammation is the downstream event
of oxidative stress. This might be suggested that Mp uses its
antioxidative and anti-inflammatory activities to inhibit these
oxidative and inflammatory loads. In PD, dopaminergic neurons
possess reduced antioxidant ability which makes dopaminergic
neurons more susceptible to oxidative stress, as exhibited by the
low level of intracellular reduced glutathione. Reduced GSH is
one of the main factors responsible for the antioxidant defense,
which scavenges free radicals generated in brain tissue (Dringen,
2000). In this study, MPTP injection produces free radicals
which creates oxidative damage and is eventually responsible for
reduced GSH level along with decreased activity of antioxidant
enzyme catalase, while it has also increased the level of lipid
peroxidation. This finding in MPTP treated mice is consistent
with earlier reports (Cheng et al., 2008; Khan et al., 2010; Lee
et al., 2011; Yadav et al., 2013, 2014). Following MPTP injections,
treatment with Mp reduced the oxidative injury by decreasing
the MDA level along with restoration of GSH level and catalase
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FIGURE 5 | Immunofluorescence expression of GFAP, pAkt1, DAT, and TH in SNpc. of CONT, MPTP, and MPTP+Mp mice by using Image J Software at 20x
magnification. The MPTP intoxicated PD mice showed significantly enhanced expression level of GFAP positive cells (A) as compared to control, while on Mp
supplementation in PD mice showed significantly alleviated expression level of GFAP positive cells as compared to MPTP mice. On the contrary immunofluorescence
staining of pAkt1 positive cells were reduced in MPTP treated mice (B) while Mp treatment substantially enhanced the expression of pAkt1. Similarly, DAT (C) and TH
(D) positive dopaminergic neurons expression were reduced in MPTP treated mice while Mp treatment in MPTP treated mice significantly enhanced the expression
of DAT and TH. Values are expressed as mean ± SEM of IFV (∗p < 0.05, ∗∗p < 0.01, n = 3). ns, non-significant; GFAP, glial fibrillary acidic protein; DAT, dopamine
transporter; TH, tyrosine hydroxylase.

activity in the nigrostriatum. Recent findings have suggested that
oxygen free radical and nitric oxide (NO) play a major role in
stress mediated neurodegeneration. In addition, peroxynitrite
is formed when NO react with superoxide, which then induces
nitration of tyrosine to produce hydroxyl radicals. Therefore,
NO along with peroxynitrite may adversely affect neuronal cell
death in SN (Yokoyama et al., 2008). Our result exhibits that
nitrite level was significantly reduced after Mp treatment which
further protected the dopaminergic neurons from NO mediated
neurodegeneration, corroborating previous studies (Yokoyama
et al., 2008; Yadav et al., 2014).

During the pathogenesis of PD, activation of the glial
cells is considered to be a rapid cellular response leading
to neuroinflammation (Ghosh et al., 2007; Gordon et al.,
2012; Hirsch et al., 2012). Upregulation in the expression
of iNOS, ICAM GFAP, TNF-α, and NF-κB after MPTP
administration signifies the process of glial activation. Different
studies have suggested the presence of activated glial cells
in SN and striatum of PD brains (Hirsch et al., 2003;

Ouchi et al., 2009). Activation of Glial cells results in NF-κB
activation which further triggers the upregulation and release of
proinflammatory enzymes iNOS, and proinflammatory cytokine
TNF-α in PD (Kim and Joh, 2006; Mosley et al., 2006).
Studies done previously suggested that inhibition of glial
activation by using some inhibitors prevents MPTP-induced
neurotoxicity (Wu et al., 2003; Chung et al., 2011). In our
study, inflammatory response due to glial cell activation and
dopaminergic neuronal loss is suppressed on treatment with Mp.
During neuroinflammation, redox sensitive transcription factor,
e.g., NF-κB can be initiated by nitric oxide, ROS and RNS.
NF-κB shows activity during neurodegeneration by regulating
the expression of different proinflammatory mediators. NF-κB
is kept in inhibited form, bounded to inhibitory protein IκB, in
the cytoplasm to prevent its nuclear translocation necessary for
transcriptional activity. NF-κB regulated transcription of certain
proinflammatory genes such as TNF-α, IL-1β, COX-2, enzyme
like iNOS, and adhesion molecules (ICAM) occurs only when IκB
undergoes phosphorylation and proteolytic degradation resulting
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FIGURE 6 | Effect of Mp on the nuclear translocation of NF-κB in SNpc with 40x magnifications after staining. In substantia nigra (SN) as compared to control group
(A), nuclear translocation of NF-κB positive cells were increased in MPTP treated group (B) while Mp treatment inhibits this nuclear translocation of NF-κB (C).

in translocation of free NF-κB to the nucleus, where it binds to
target DNA elements (gene promoters containing κB binding
sites) (Shen et al., 2010). Also, MPTP leads to impairment of
the mitochondrial function in PD (Acuna-Castroviejo et al.,
2011). As the activity of mitochondrial enzyme complex get
inhibited, generation of superoxide anions occurs, which further
helps in the process of neuroinflammation by up-regulating
NF-κB activation. Thus, it can be suggested that drugs, which
can be used in inhibiting the generation of ROS, can be used
as neuroprotective agents to protect from the neurotoxin such
as MPTP. In this study, Mp has significantly inhibited the
production of ROS as well as the activation and translocation
of NF-κB. Aqueous extract of Mp treatment improved the
normal expression levels of iNOS and GFAP in MPTP treated
animals (Yadav et al., 2014). Our aqueous extract of Mp also
shows the similar activity as it improved the normal expression
levels of iNOS, GFAP, ICAM, and TNF-α in SNpc of MPTP
treated animals. Thus, antioxidative and anti-inflammatory drugs
can be used effectively as therapeutic agents in the case of
neurodegenerative diseases (Jin et al., 2005).

Akt activation helps in the survival of different types of
cells including various neuronal types, as reported through
various in vitro studies. Furthermore, Akt promotes the survival
of different neurons by mediating the functions of different
neurotrophic factors (Dudek et al., 1997; Crowder and Freeman,
1998; Brunet et al., 2001; Orike et al., 2001; Downward,
2004; Duronio, 2008). Death of cultured neurons occurs when
interference with activation of Akt occurs, while, transfection

with a constitutively active form of the kinase promotes the
survival of neurons in the absence of any other support.
Although studies about the Akt signaling is less in the case
of survival of non-stressed neurons in vivo, it has been more
studied in post-natal substantia nigra (SN), the brain area
of high relevance in the case of PD (Ries et al., 2009).
Dopaminergic neurons numbers get reduced in SN and incidence
of apoptotic neurons was doubled due to a dominant negative
form of Akt delivered by adeno-associated virus. On the other
hand, developmental neuron death in the SN was reduced
by transduction of a constitutively active form of Akt. The
maintenance of the survival of dopaminergic neurons in SN
under basal conditions has been highlighted by these significant
findings. Phosphorylation of Akt at Ser473 (Malagelada et al.,
2008; Timmons et al., 2009) and Thr308 (Malagelada et al., 2008)
is considerably decreased in dopaminergic SN neurons of PD
patients when compared with non-PD patients as indicated by
the Immunostaining of post-mortem brains. A drop in total
Akt staining in such neurons from PD patients was also seen
(Timmons et al., 2009). Significantly, in the Ries et al. (2009)
study cited above, reduction in number of individual TH+ fibers
correlated with decreased density of TH+ fiber staining in the
striatum was seen in the dominant-negative Akt mice model.
Our result shows that MPTP inhibits the activation of pAkt1
in the SNpc while Mp treatment overcomes this inhibition,
in accordance with the above citation. So, Mp treatment
also suggests a possible neuroprotective pathway mediated by
pAkt1.
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Thus anti-inflammatory pathway especially NF-κB and Akt
pathway plays a major role in PD treatment. As MPTP is
converted to its active form MPP+ inside the astroglial cells,
then it is taken by dopaminergic neuron through transporter
of dopamine, i.e., DAT (Kostic et al., 1996). These transporters
get damaged during MPP+ uptake process as number of DAT
get reduced in the SN, after MPTP administration (Jakowec
et al., 2004). Accordingly, our data also shows that DAT
immunoreactivity was reduced in MPTP group while it is
considerably improved in Mp treated group. The rate-limiting
enzyme in the production of DA, i.e., TH is the marker for
the dopaminergic neuron survival. Previous studies explore that
TH immunoreactivity was decreased gradually in SN of mice
after MPTP treatment. Their findings give important evidence
about MPTP-induced neurodegeneration (Kurosaki et al., 2003;
Ghosh et al., 2007). The immunohistochemical expression of TH
in SNpc region indicates the protective action of Mp in MPTP
injected parkinsonian mice, seen in the previous studies too
(Kurosaki et al., 2003; Yadav et al., 2014).

The pathophysiology of different diseases such as gout,
muscular pain, cancer, arthritis, and other vascular diseases have
been seen to be associated with inflammation. Inflammatory
symptoms are being treated by using different drugs and natural
products (Ahmad et al., 2005). It has been discussed earlier
too, that Mp is rich in different constituents such as saponins,
tannins, alkaloids, flavonoids in addition to L-DOPA and has
been used in the treatment of diseases like fever, muscular pains,
spasms and dysmenorrhea in past (Javed et al., 2010) and is thus
being tested for its anti-inflammatory activity and the reason
behind its traditional use for pain and fever. The results of our
present investigation indicates that seed powder of Mp possess
significant anti-inflammatory activity by inhibiting the NF-κB
and Akt dependent pathways as highlighted by the results of our
study.

It is well-established that Mp contain L-DOPA as the primary
component (Tripathi and Updhyay, 2001; Tomita-Yokotani
et al., 2004; Kasture et al., 2009). The seed of Mp also contains
Serotonin and its precursor 5-Hydroxytryptophan (5-HTP),
N,N-dimethyltryptamine and 5-MeO-dimethyltryptamine
(bufotenin) (Ghosal et al., 1971). Different saponins,
anthraquinones, flavonoids, terpenoids, cardiac glycosides, and
tannins are present in Mp (Agbafor and Nwachukwu, 2011).
Data from RP-HPLC analysis of aqueous extract of Mp used in
this study revealed a significant peak of L-DOPA correspond to
standard L-DOPA peak, Mp also contain various phytochemicals
like gallic acid, proanthocyanidin, tannin, quercetin, and phytic
acid. Quercetin being one of the major component in our RP-
HPLC result, might be showing anti-inflammatory activity.
Querctin has shown both antioxidant and antiinflammatory
activity as reported earlier by several studies (Haleagrahara et al.,

2011; Weng et al., 2012; Costa et al., 2016; Lee et al., 2016).
Moreover, other phytochemicals present in Mp might also act
in combination to explore its synergistic effect.

CONCLUSION

Our study suggests that Mp extract appreciably ameliorate
the neuroinflammatory processes and also restore biochemical
and behavioral parameters along with TH and DAT
immunoreactivity. NF-κB and Akt pathway might be responsible
for the underlying mechanism of Mp. The anti-inflammatory
activity along with potent anti-oxidant properties shown by Mp
extract can be used in treating inflammatory condition in the case
of PD.

AUTHOR CONTRIBUTIONS

SR, HB, SSS, and WZ: designed and performed the experiments,
co-wrote the MS. RP and JJ: performed the HPLC experiments,
co-wrote the MS. MG: assisted in the design of the study,
statistical analysis, and MS writing. SPS: conceived, designed,
directed, and supervised the complete study.

ACKNOWLEDGMENTS

The authors SR, HB, SSS, and WZ were sincerely thankful to
ICMR, DBT, ICMR, BHU India for their respective fellowship.
They are also thankful to the Head, Department of Biochemistry,
I.O.S, B.H.U for providing the basic Departmental Facility and
I.S.L.S, B.H.U for their central facility. They would also like to
acknowledge Anand Prakash, Cytogenetics Lab, Department of
Zoology, B.H.U for helping in fluorescence studies and Ashok
Kumar Yadav, Lab attendant for his help in the animal care and
other necessary assistance.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fnagi.
2017.00421/full#supplementary-material

FIGURE S1 | Immunofluorescence expression of pAkt1 in SNpc. of CONT, MPTP,
and MPTP+Mp mice by using Image J Software at 20x magnification. The MPTP
intoxicated PD mice showed significantly decreased expression level of pAkt1
positive cells as compared to control, while on Mp supplementation in PD mice
showed significantly elevated expression level of pAkt1 positive cells as compared
to MPTP mice. Values are expressed as mean ± SEM of integrated fluorescent
value (IFV) (∗p < 0.05, ∗∗p < 0.01, n = 3).

REFERENCES
Aarsland, D., Creese, B., Politis, M., Chaudhuri, K. R., Ffytche, D. H.,

Weintraub, D., et al. (2017). Cognitive decline in Parkinson disease. Nat. Rev.
Neurol. 13, 217–231. doi: 10.1038/nrneurol.2017.27

Acuna-Castroviejo, D., Tapias, V., Lopez, L. C., Doerrier, C., Camacho, E.,
Carrion, M. D., et al. (2011). Protective effects of synthetic kynurenines
on 1-methyl-4-phenyl-1,2,3,6- tetrahydropyridine-induced parkinsonism
in mice. Brain Res. Bull. 85, 133–140. doi: 10.1016/j.brainresbull.2011.
03.008

Frontiers in Aging Neuroscience | www.frontiersin.org 11 December 2017 | Volume 9 | Article 421



fnagi-09-00421 December 15, 2017 Time: 16:51 # 12

Rai et al. Mucuna pruriens Reduces PD Neuroinflammation

Adepoju, G. K. A., and Odubena, O. O. (2009). Effect of Mucuna pruriens on
some haematological and biochemical parameters. J. Med. Plants Res. 3,
73–76.

Agbafor, K. N., and Nwachukwu, N. (2011). Phytochemical analysis and
antioxidant property of leaf extracts of Vitex doniana and Mucuna pruriens.
Biochem. Res. Int. 2011:459839. doi: 10.1155/2011/459839

Ahmad, N., Kumar, V., Raja, S., Mukherjee, K., and Mukherjee, P. K. (2005). Anti-
nociceptive and anti-inflammatory activity of Araucaria bidwillii hook. Iranian
J. Pharmacol. Therap. 4, 105–109.

Bhaskar, A., Nithya, V., and Vidhya, V. G. (2011). Phytochemical evaluation by
GC-MS and antihyperglycemic activity of Mucuna pruriens on streptozotocin
induced diabetes in rats. J. Chem. Pharm. Res. 3, 689–696.

Bocharov, E. V., Karpova, R. V., Bocharova, O. A., Kucheryanu, V. G., and Shprakh,
Z. S. (2010). Effect of phytoadaptogen administration during early ontogeny on
lifespan and somatic status of CBA mice with high incidence of tumors. Bull.
Exp. Biol. Med. 149, 682–684. doi: 10.1007/s10517-017-3904-x

Bové, J., Prou, D., Perier, C., and Przedborski, S. (2005). Toxin-Induced Models of
Parkinson’s disease. NeuroRX 2, 484–494. doi: 10.1602/neurorx.2.3.484

Brotchie, J., and Jenner, P. (2011). New approaches to therapy. Int. Rev. Neurobiol.
98, 123–150. doi: 10.1016/B978-0-12-381328-2.00005-5

Brunet, A., Datta, S. R., and Greenberg, M. E. (2001). Transcription-dependent and
-independent control of neuronal survival by the PI3K-Akt signaling pathway.
Curr. Opin. Neurobiol. 11, 297–305. doi: 10.1016/S0959-4388(00)00211-7

Champatisingh, D., Sahu, P. K., Pal, A., and Nanda, G. S. (2011). Anticataleptic and
antiepileptic activity of ethanolic extract of leaves of Mucuna pruriens: a study
on role of dopaminergic system in epilepsy in albino rats. Indian J. Pharmacol.
43, 197–199. doi: 10.4103/0253-7613.77368

Chang, C., Yang, M., Wen, H., and Chern, J. (2002). Estimation of total flavonoid
content in propolis by two complementary colorimetric methods. J. Food Drug
Anal. 10, 178–182.

Cheng, Y., He, G., Mu, X., Zhang, T., Li, X., Hu, J., et al. (2008). Neuroprotective
effect of baicalein against MPTP neurotoxicity: behavioral, biochemical and
immunohistochemical profile. Neurosci. Lett. 441, 16–20. doi: 10.1016/j.neulet.
2008.05.116

Choi, D. K., Pennathur, S., Perier, C., Tieu, K., Teismann, P., Wu, D. C.,
et al. (2005). Ablation of the inflammatory enzyme myeloperoxidase mitigates
features of Parkinson’s disease in mice. J. Neurosci. 25, 6594–6600. doi: 10.1523/
JNEUROSCI.0970-05.2005

Chung, Y. C., Kim, S. R., Park, J. Y., Chung, E. S., Park, K. W., Won, S. Y., et al.
(2011). Fluoxetine prevents MPTP-induced loss of dopaminergic neurons by
inhibiting microglial activation. Neuropharmacology 60, 963–974. doi: 10.1016/
j.neuropharm.2011.01.043

Cilia, R., Laguna, J., Cassani, E., Cereda, E., Pozzi, N. G., Isaias, I. U., et al. (2017).
Mucuna pruriens in Parkinson disease: a double-blind, randomized, controlled,
crossover study. Neurology 89, 432–438. doi: 10.1212/WNL.0000000000004175

Costa, L. G., Garrick, J. M., Roquè, P. J., and Pellacani, C. (2016). Mechanisms of
neuroprotection by quercetin: counteracting oxidative stress and more. Oxid.
Med. Cell. Longev. 2016:2986796. doi: 10.1155/2016/2986796

Crowder, R. J., and Freeman, R. S. (1998). Phosphatidylinositol 3-kinase and Akt
protein kinase are necessary and sufficient for the survival of nerve growth
factor-dependent sympathetic neurons. J. Neurosci. 18, 2933–2943.

Dexter, D. T., Holley, A. E., Flitter, W. D., Slater, T. F., Wells, F. R., Daniel,
S. E., et al. (1994). Increased levels of lipid hydroperoxides in the parkinsonian
substantia nigra: an HPLC and ESR study. Mov. Disord. 9, 92–97. doi: 10.1002/
mds.870090115

Dhanasekaran, M., Tharakan, B., and Manyam, B. V. (2008). Antiparkinson drug –
Mucuna pruriens shows antioxidant and metal chelating activity. Phytother. Res.
22, 6–11. doi: 10.1002/ptr.2109

Downward, J. (2004). PI 3-kinase, Akt and cell survival. Semin. Cell Dev. Biol. 15,
177–182. doi: 10.1016/j.semcdb.2004.01.002

Dringen, R. (2000). Metabolism and functions of glutathione in brain. Prog.
Neurobiol. 62, 649–671. doi: 10.1016/S0301-0082(99)00060-X

Dudek, H., Datta, S. R., Franke, T. F., Birnbaum, M. J., Yao, R., Cooper,
G. M., et al. (1997). Regulation of neuronal survival by the serine-
threonine protein kinase Akt. Science 275, 661–665. doi: 10.1126/science.275.
5300.661

Duke, A. T. (1995). Handbook of Medicinal Herbs, 3rd Edn. London: CRS
Press, 220.

Duronio, V. (2008). The life of a cell: apoptosis regulation by the PI3K/PKB
pathway. Biochem. J. 415, 333–344. doi: 10.1042/BJ20081056

Gao, Y., Shang, C., Maroof, S., and Buss, G. R. (2007). A modified colorimetric
method for phytic acid analysis in soybean. Crop. Sci. 47, 1797–1803.
doi: 10.2135/cropsci2007.03.0122

Ghosal, S., Singh, S., and Bhattacharya, S. K. (1971). Alkaloids of Mucuna pruriens
chemistry and pharmacology. Planta Med. 19, 280–284. doi: 10.1055/s-0028-
1099642

Ghosh, A., Roy, A., Liu, X., Kordower, J. H., Mufson, E. J., Hartley, D. M., et al.
(2007). Selective inhibition of NF-B activation prevents dopaminergic neuronal
loss in a mouse model of Parkinson’s disease. Proc. Natl. Acad. Sci. U.S.A. 104,
18754–18759. doi: 10.1073/pnas.0704908104

Gorbatyuk, O. S., Li, S., Sullivan, L. F., Chen, W., Kondrikova, G., Manfredsson,
F. P., et al. (2008). The phosphorylation state of Ser-129 in human alpha-
synuclein determines neurodegeneration in a rat model of Parkinson disease.
Proc. Natl. Acad. Sci. U.S.A. 105, 763–768. doi: 10.1073/pnas.0711053105

Gordon, R., Anantharam, V., Kanthasamy, A. G., and Kanthasamy, A. (2012).
Proteolytic activation of proapoptotic kinase protein kinase Cdelta by tumor
necrosis factor alpha death receptor signaling in dopaminergic neurons during
neuroinflammation. J. Neuroinflammation 9:82. doi: 10.1186/1742-2094-9-82

Granger, D. L., Taintor, R. R., Boockvar, K. S., and Hibbs, J. B. (1996). Measurement
of nitrate and nitrite in biological samples using nitrate reductase and
Greiss reaction. Methods Enzymol. 268, 142–151. doi: 10.1016/S0076-6879(96)
68016-1

Hald, A., and Lotharius, J. (2005). Oxidative stress and inflammation in Parkinson’s
disease: is there a causal link? Exp. Neurol. 193, 279–290. doi: 10.1016/j.
expneurol.2005.01.013

Haleagrahara, N., Siew, C. J., Mitra, N. K., and Kumari, M. (2011). Neuroprotective
effect of bioflavonoid quercetin in 6-hydroxydopamine-induced oxidative stress
biomarkers in the rat striatum. Neurosci. Lett. 500, 139–143. doi: 10.1016/j.
neulet.2011.06.021

Hirsch, E. C., Breidert, T., Rousselet, E., Hunot, S., Hartmann, A., and Michel, P. P.
(2003). The role of glial reaction and inflammation in Parkinson’s disease. Ann.
N. Y. Acad. Sci. 991, 214–228. doi: 10.1111/j.1749-6632.2003.tb07478.x

Hirsch, E. C., and Hunot, S. (2009). Neuroinflammation in Parkinson’s disease:
a target for neuroprotection? Lancet Neurol. 8, 382–397. doi: 10.1016/S1474-
4422(09)70062-6

Hirsch, E. C., Vyas, S., and Hunot, S. (2012). Neuroinflammation in Parkinson’s
disease. Parkinsonism Relat. Disord 18(Suppl. 1), S210–S212. doi: 10.1016/
S1353-8020(11)70065-7

Jackson-Lewis, V., Blesa, J., and Przedborski, S. (2012). Animal models of
Parkinson’s disease. Parkinsonism Relat. Disord. 18, S183–S185. doi: 10.1016/
S1353-8020(11)70057-8

Jakowec, M. W., Nixon, K., Hogg, E., McNeill, T., and Petzinger, G. M.
(2004). Tyrosine hydroxylase and dopamine transporter expression following
1-methyl-4-phenyl-1,2,3,6-tetrahydropyridineinduced neurodegeneration of
the mouse nigrostriatal pathway. J. Neurosci. Res. 76, 539–550. doi: 10.1002/
jnr.20114

Javed, N., Alam, S. S., Subhani, H., Akhtar, M. S., and Khan, A. H. (2010).
Evaluation of anti-inflammatory activity of Mucuna pruriens Linn. seeds. Proc.
S.Z.P.G.M.I. 24, 97–102.

Jin, D. Q., Lim, C. S., Hwang, J. K., Ha, I., and Han, J. S. (2005). Anti-oxidant and
anti-inflammatory activities of macelignan in murine hippocampal cell line and
primary culture of rat microglial cells. Biochem. Biophys. Res. Commun. 331,
1264–1269. doi: 10.1016/j.bbrc.2005.04.036

Joglar, B., Rodriguez-Pallares, J., Rodriguez-Perez, A. I., Rey, P., Guerra, M. J.,
and Labandeira-Garcia, J. L. (2009). The inflammatory response in the MPTP
model of Parkinson’s disease is mediated by brain angiotensin: relevance to
progression of the disease. J. Neurochem. 109, 656–669. doi: 10.1111/j.1471-
4159.2009.05999.x

Kasture, S., Pontis, S., Pinna, A., Schintu, N., Spina, L., Longoni, R., et al. (2009).
Assessment of symptomatic and neuroprotective efficacy of Mucuna Pruriens
seed extract in rodent model of Parkinson’s disease. Neurotox. Res. 15, 111–122.
doi: 10.1007/s12640-009-9011-7

Katzenschlager, R., Evans, A., Manson, A., Patsalos, P. N., Ratnaraj, N., Watt, H.,
et al. (2004). Mucuna pruriens in Parkinson’s disease: a double blind clinical
and pharmacological study. J. Neurol. Neurosurg. Psychiatry 75, 1672–1677.
doi: 10.1136/jnnp.2003.028761

Frontiers in Aging Neuroscience | www.frontiersin.org 12 December 2017 | Volume 9 | Article 421



fnagi-09-00421 December 15, 2017 Time: 16:51 # 13

Rai et al. Mucuna pruriens Reduces PD Neuroinflammation

Khan, M. M., Hoda, M. N., Ishrat, T., Ahmad, A., Khan, M. B., Khuwaja, G.,
et al. (2010). Amelioration of 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine-
induced behavioural dysfunction and oxidative stress by Pycnogenol in mouse
model of Parkinson’s disease. Behav. Pharmacol. 21, 563–571. doi: 10.1097/FBP.
0b013e32833d4186

Khan, M. M., Kempuraj, D., Thangavel, R., and Zaheer, A. (2013). Protection
of MPTP-induced neuroinflammation and neurodegeneration by pycnogenol.
Neurochem. Int. 62, 379–388. doi: 10.1016/j.neuint.2013.01.029

Kim, B.-W., Koppula, S., Park, S.-Y., Kim, Y.-S., Park, P.-J., Lim, J. H., et al.
(2015). Attenuation of neuroinflammatory responses and behavioral deficits
by Ligusticum officinale (Makino) Kitag in stimulated microglia and MPTP-
induced mouse model of Parkinson’s disease. J. Ethnopharmacol. 164, 388–397.
doi: 10.1016/j.jep.2014.11.004

Kim, Y. S., and Joh, T. H. (2006). Microglia, major player in the brain inflammation:
their roles in the pathogenesis of Parkinson’s disease. Exp. Mol. Med. 38,
333–347. doi: 10.1038/emm.2006.40

Kirk, H., and Sawyer, R. (1998). Frait pearson chemical analysis of food. Longman
Sci. Techn. 8, 211–212.

Kostic, V., Donovan, D. M., and Yokoyama, R. (1996). Transgenic mice with
increased number of dopamine transporters (DAT) show greater sensitivity to
MPTP. Soc. Neurosci. Abstr. 22:722.

Kumar, A., Ahmad, I., Shukla, S., Singh, B. K., Patel, D. K., Pandey, H. P., et al.
(2010). Effect of zinc and PQ co-exposure on neurodegeneration: modulation
of oxidative stress and expression of metallothioneins, toxicant responsive and
transporter genes in rats. Free Radical. Res. 44, 950–965. doi: 10.3109/10715762.
2010.492832

Kurosaki, R., Muramatsu, Y., Watanabe, H., Michimata, M., Matsubara, M.,
Imai, Y., et al. (2003). Role of dopamine transporter against MPTP (1-methyl-
4-phenyl-1,2,3,6-tetrahydropyridine) neurotoxicity in mice. Metab. Brain Dis.
18, 139–146. doi: 10.1023/A:1023863003093

Lee, D. H., Kim, C. S., and Lee, Y. J. (2011). Astaxanthin protects against
MPTP/MPP+-induced mitochondrial dysfunction and ROS production in vivo
and in vitro. Food Chem. Toxicol. 49, 271–280. doi: 10.1016/j.fct.2010.10.029

Lee, M., McGeer, E. G., and McGeer, P. L. (2016). Quercetin, not caffeine, is a
major neuroprotective component in coffee. Neurobiol. Aging 46, 113–123.
doi: 10.1016/j.neurobiolaging.2016.06.015

Malagelada, C., Jin, Z. H., and Greene, L. A. (2008). RTP801 is induced
in Parkinson’s disease and mediates neuron death by inhibiting Akt
phosphorylation/activation. J. Neurosci. 28, 14363–14371. doi: 10.1523/
JNEUROSCI.3928-08.2008

Manna, S., Bhattacharyya, D., Mandal, T. K., and Dey, S. (2006). Neurophar-
macological effects of deltamethrin in rats. J. Vet. Sci. 7, 133–136. doi: 10.4142/
jvs.2006.7.2.133

Meredith, G. E., and Rademacher, D. J. (2011). MPTP mouse models of Parkinson’s
disease: an update. J. Parkinsons Dis. 1, 19–33.

Mohanasundari, M., Srinivasan, M. S., Sethupathy, S., and Sabesan, M. (2006).
Enhanced neuroprotective effect by combination of bromocriptine and
hypericum perforatum extract against MPTP-induced neurotoxicity in mice.
J. Neurol. Sci. 249, 140–144. doi: 10.1016/j.jns.2006.06.018

More, S. V., Kumar, H., Kim, I. S., Song, S. Y., and Choi, D.-K. (2013). Cellular and
molecular mediators of neuroinflammation in the pathogenesis of Parkinson’s
disease. Med. Inflamm. 2013:952375. doi: 10.1155/2013/952375

Moron, M. S., Depierre, J. W., and Mannervik, B. (1979). Levels of glutathione,
glutathione reductase and glutathione S-transferaseactivities inrat lungand
liver. Biochim.Biophys. Acta 582, 67–78. doi: 10.1016/0304-4165(79)90289-7

Mosley, R. L., Benner, E. J., Kadiu, I., Thomas, M., Boska, M. D., Hasan, K.,
et al. (2006). Neuroinflammation, oxidative stress and the pathogenesis of
Parkinson’s disease. Clin. Neurosci. Res. 6, 261–281. doi: 10.1016/j.cnr.2006.
09.006

Mu, X., He, G., Cheng, Y., Li, X., Xu, B., and Du, G. (2009). Baicalein
exerts neuroprotective effects in 6-hydroxydopamine-induced experimental
Parkinsonism in vivo and in vitro. Pharmacol. Biochem. Behav. 92, 642–648.
doi: 10.1016/j.pbb.2009.03.008

Nayak, V. S., Kumar, N., D’Souza, A. S., Nayak, S. S., Cheruku, S. P., and Pai,
K. S. R. (2017). The effects of Mucuna pruriens extract on histopathological and
biochemical features in the rat model of ischemia. Neuroreport 28, 1195–1201.
doi: 10.1097/WNR.0000000000000888

Ohkawa, H., Ohishi, N., and Yagi, K. (1979). Assay for lipid peroxides in animal
tissues by thiobarbituric acid reaction. Anal. Biochem. 95, 351–358. doi: 10.
1016/0003-2697(79)90738-3

Olson, K. E., and Gendelman, H. E. (2016). Immunomodulation as a
neuroprotective and therapeutic strategy for Parkinson’s disease. Curr. Opin.
Pharmacol. 26, 87–95. doi: 10.1016/j.coph.2015.10.006

Orike, N., Middleton, G., Borthwick, E., Buchman, V., Cowen, T., and Davies, A. M.
(2001). Role of PI 3-kinase, Akt and Bcl-2-related proteins in sustaining the
survival of neurotrophic factor-independent adult sympathetic neurons. J. Cell.
Biol. 154, 995–1005. doi: 10.1083/jcb.200101068

Ouchi, Y., Yagi, S., Yokokura, M., and Sakamoto, M. (2009). Neuroinflammation
in the living brain of Parkinson’s disease. Parkinsonism Relat. Disord. 15,
S200–S204. doi: 10.1016/S1353-8020(09)70814-4

Parkinson’s disease (2012). Could dietary flavonoids be protective against
Parkinson disease? Nat. Rev. Neurol. 8:298. doi: 10.1038/nrneurol.2012.88

Patil, R. R., Gholave, A. R., Jadhav, J. P., Yadav, S. R., and Bapat, V. A. (2015).
Mucuna sanjappae Aitawade et Yadav: a new species of Mucuna with promising
yield of anti-Parkinson’s drug L-DOPA. Genet. Resour. Crop Evol. 62, 155–162.
doi: 10.1007/s10722-014-0164-8

Pisa, M. (1998). Regional specialization of motor functions in the rat striatum:
implications for the treatment of Parkinsonism. Prog. Neuropsychopharmacol.
Biol. Psychiatry 12, 217–224.

Rai, S. N., Yadav, S. K., Singh, D., and Singh, S. P. (2016). Ursolic acid attenuates
oxidative stress in nigrostriatal tissue and improves neurobehavioral activity in
MPTP- induced Parkinsonian mouse model. J. Chem. Neuroanat. 71, 41–49.
doi: 10.1016/j.jchemneu.2015.12.002

Rathod, B. G., and Patel, N. M. (2014). Development of validated RP-HPLC
method for the estimation of L-Dopa from Mucuna pruriens, its extracts and
in Aphrodisiac formulation. Int. J. Pharma Sci. Res. 5, 508–513.

Ries, V., Cheng, H. C., Baohan, A., Kareva, T., Oo, T. F., Rzhetskaya, M., et al.
(2009). Regulation of the postnatal development of dopamine neurons of the
substantia nigra in vivo by Akt/protein kinase B. J. Neurochem. 110, 23–33.
doi: 10.1111/j.1471-4159.2009.06101.x

Rojas, P., Montes, S., Serrano-García, N., and Rojas-Castañeda, J. (2009). Effect of
EGb761 supplementation on the content of copper in mouse brain in an animal
model of Parkinson’s disease. Nutrition 25, 482–485. doi: 10.1016/j.nut.2008.
10.013

Sathiyanarayanan, L., and Arulmozhi, S. (2007). Mucuna pruriens Linn—a
comprehensive review. Pharmacogn. Rev. 1, 157–162.

Saxena, M., Saxena, J., and Pradhan, A. (2012). Flavonoids and phenolic acids
as antioxidants in plants and human health. Int. J. Pharm. Sci. Rev. Res. 16,
130–134.

Shen, H., Hu, X., Liu, C., Wang, S., Zhang, W., Gao, H., et al. (2010). Ethyl pyruvate
protects against hypoxic-ischemic brain injury via anti-cell death and anti-
inflammatory mechanisms. Neurobiol. Dis. 37, 711–722. doi: 10.1016/j.nbd.
2009.12.010

Siderowf, A., and Stern, M. (2003). Update on Parkinson disease. Ann. Intern. Med.
138, 651–658. doi: 10.7326/0003-4819-138-8-200304150-00013

Singleton, V. L., and Rossi, J. A. (1965). Colorimetry of total phenolics with
phosphomolybdic-phosphotungstic acid reagents. Am. J. Enol. Vitic. 16,
144–158.

Sun, B., Ricardo-da-Silva, J. M., and Spranger, I. (1998). Critical factors of vanillin
assay for catechins and proanthocyanidins. J. Agric. Food Chem. 46, 4267–4274.
doi: 10.1021/jf980366j

Tharakan, B., Dhanasekaran, M., Mize-Berge, J., and Manyam, B. V. (2007). Anti-
Parkinson botanical Mucuna pruriens prevents levodopa induced plasmid and
genomic DNA damage. Phytother. Res. 21, 1124–1126. doi: 10.1002/ptr.2219

Timmons, S., Coakley, M. F., Moloney, A. M., and O’ Neill, C. (2009). Akt signal
transduction dysfunction in Parkinson’s disease. Neurosci. Lett. 467, 30–35.
doi: 10.1016/j.neulet.2009.09.055

Tomita-Yokotani, K., Hashimoto, H., Fujii, Y., Nakamura, T., and Yamashita, M.
(2004). Distribution of L-DOPA in the root of velvet bean plant (Mucuna
pruriens L.) and gravity. Biol. Sci. Space 18, 165–166.

Tripathi, Y. B., and Updhyay, A. K. (2001). Antioxidant property of Mucuna
pruriens. Linn. Curr. Sci. 80, 1377–1378.

Uchegbu, R. I., Ahuchaogu, A. A., Mbadiugha, C. N., Amanze, K. O., Igara,
C. E., Iwu, I. C., et al. (2016). Antioxidant, anti-inflammatory and antibacterial

Frontiers in Aging Neuroscience | www.frontiersin.org 13 December 2017 | Volume 9 | Article 421



fnagi-09-00421 December 15, 2017 Time: 16:51 # 14

Rai et al. Mucuna pruriens Reduces PD Neuroinflammation

activities of the seeds of Mucuna pruriens (UTILIS). Am. Chem. Sci. J. 13, 1–8.
doi: 10.9734/ACSJ/2016/24043

Uhegbu, A. F. O., Elekwa, I., and Ukoha, C. (2005). Comparative efficacy of
crude aqueous extract of Mangifera indica, Carica papaya and sulfadoxine
pyrimethamine on the mice infested with malaria parasite in vivo. Global J. Pure
Appl. Sci. 11, 399–401.

Weng, Z., Zhang, B., Asadi, S., Sismanopoulos, N., Butcher, A., Fu, X., et al. (2012).
Quercetin is more effective than cromolyn in blocking human mast cell cytokine
release and inhibits contact dermatitis and photosensitivity in humans. PLOS
ONE 7:e33805. doi: 10.1371/journal.pone.0033805

Wu, D. C., Teismann, P., Tieu, K., Vila, M., Jackson-Lewis, V., Ischiropoulos, H.,
et al. (2003). NADPH oxidase mediates oxidative stress in the
1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine model of Parkinson’s disease.
Proc. Natl. Acad. Sci. U.S.A. 100, 6145–6150. doi: 10.1073/pnas.0937239100

Yadav, S. K., Prakash, J., Chouhan, S., and Singh, S. P. (2013). Mucuna pruriens
seed extract reduces oxidative stress in nigrostriatal tissue and improves
neurobehavioral activity in paraquat-induced Parkinsonian mouse model.
Neurochem. Int. 62, 1039–1047. doi: 10.1016/j.neuint.2013.03.015

Yadav, S. K., Prakash, J., Chouhan, S., Westfall, S., Verma, M., Singh, T. D.,
et al. (2014). Comparison of the neuroprotective potential of Mucuna pruriens
seed extract with estrogen in 1 methyl-4-phenyl-1,2,3,6-tetrahydropyridine
(MPTP)-induced PD mice model. Neurochem. Int. 65, 1–13. doi: 10.1016/j.
neuint.2013.12.001

Yadav, S. K., Rai, S. N., and Singh, S. P. (2016). Mucuna pruriens shows
neuroprotective effect by inhibiting apoptotic pathways of dopaminergic
neurons in the paraquat mouse model of parkinsonism. Eur. J. Pharmaceut.
Med. Res. 3, 441–451.

Yadav, S. K., Rai, S. N., and Singh, S. P. (2017). Mp reduces inducible nitric oxide
synthase expression in Parkinsonian mice model. J. Chem. Neuroanat. 80, 1–10.
doi: 10.1016/j.jchemneu.2016.11.009

Yokoyama, H., Kuroiwa, H., Yano, R., and Araki, T. (2008). Targeting reactive
oxygen species, reactive nitrogen species and inflammation in MPTP
neurotoxicity and Parkinson’s disease. Neurol. Sci. 29, 293–301. doi: 10.1007/
s10072-008-0986-2

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2017 Rai, Birla, Singh, Zahra, Patil, Jadhav, Gedda and Singh. This
is an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction in other forums
is permitted, provided the original author(s) or licensor are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Aging Neuroscience | www.frontiersin.org 14 December 2017 | Volume 9 | Article 421



Full Terms & Conditions of access and use can be found at
http://www.tandfonline.com/action/journalInformation?journalCode=whsm20

Journal of Herbs, Spices & Medicinal Plants

ISSN: 1049-6475 (Print) 1540-3580 (Online) Journal homepage: http://www.tandfonline.com/loi/whsm20

Total phenolic concentrations and antioxidant
activities in Drimia sp.

Bharati Rajput, Avinash Golave, Shrirang Yadav & Jyoti P. Jadhav

To cite this article: Bharati Rajput, Avinash Golave, Shrirang Yadav & Jyoti P. Jadhav (2018)
Total phenolic concentrations and antioxidant activities in Drimia sp., Journal of Herbs, Spices &
Medicinal Plants, 24:1, 28-36, DOI: 10.1080/10496475.2017.1360816

To link to this article:  https://doi.org/10.1080/10496475.2017.1360816

Published online: 12 Sep 2017.

Submit your article to this journal 

Article views: 145

View Crossmark data



Total phenolic concentrations and antioxidant activities in
Drimia sp.
Bharati Rajputa, Avinash Golaveb, Shrirang Yadavb, and Jyoti P. Jadhava

aDepartment of Biotechnology, Shivaji University, Kolhapur, Maharashtra, India; bDepartment of
Botany, Shivaji University, Kolhapur, India

ABSTRACT
Total phenolics, proanthocyanidins, antioxidant, and free radi-
cal-scavenging potential of Drimia sp. bulb extracts were esti-
mated. Seven species of Drimia from India viz., D.
coromandeliana, D. govindappae, D. indica (varieties Dip and
Trip), D. nagarjunae, D. polyantha, D. raogibikei, and D. razii
were studied. D. coromandeliana had the highest total pheno-
lics, antioxidant, and free radical-scavenging activities.
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Introduction

The genus Drimia (Asparagaceae) is composed of 99 species worldwide,
widely distributed around the equatorial regions including India (23). It is a
group of tunicated bulbous geophytes with a highly shortened stem along
with fleshy leaves, and leaf bases form an enlarged swollen underground
storage bulb. In India, it is locally called Jungli Piyaz or Bhuikanda or
Indian Squill. The European Squill (D. maritima) has been investigated for
the presence of bufadienolides (11), analgesic (25), anticancer (6), and
cardiovascular effects (9). The Indian Squill also exhibits similar properties
as that of D. maritima (syn. U. meritima). D. indica was antiulcerous,
antinematodal, antitumorous, anthelmintic, anti-arthritic, an antidote to
scorpion sting (21), expectorant, cardiac stimulant, asthma, rheumatism,
dropsy, male sterility, allergies, edema and gout (10) and antifungal
(5,20), while D. nagarjunae demonstrated in vitro anticancer potential (1).
D. indica demonstrated anti-inflammatory, antimicrobial, enzyme inhibi-
tion, anti-allergic, and antioxidant activities which can be attributed to the
antioxidant and radical-scavenging bioactivity (5, 10, 20, 21). The objective
of this investigation was to access and compare the antioxidant and free
radical-scavenging potential of bulb extracts of seven Drimia sp. by deter-
mining the total phenolics, proanthocyanidins, and estimating their DPPH
free radical-scavenging activity, superoxide anion radical-scavenging activity
(RSA), and ferrous ion chelating activity.
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Materials and methods

Chemicals and reagents

Ascorbic acid and 2,4,6-tripyridyl-s-triazine (TPTZ) were procured from
Himedia, Mumbai, India. 2,2-Diphenyl-1-picrylhydrazyl (DPPH), FeCl3,
Gallic acid, Folin–Ciocalteu reagent, Vanillin, Catechin, and all other chemi-
cals were of analytical grade and procured from Sigma-Aldrich (Mumbai,
India) and S.D. Fine Chemicals (Mumbai, India).

Plant material and extraction

Bulbs of each Drimia sp. were cleaned by washing with tap water followed by
sterile distilled water (SDW), chopped, dried in hot air oven at 40°C for 48 h,
and ground in an electric blender. For extraction, 5 g bulb powder was
suspended in 25 mL solvent mixture that comprised of hydrochloric acid
(HCl) (2.4% v/v) and methanol (60% v/v) at room temperature (RT) for two
and a half hours, centrifuged at 8000 rpm for 15 min to separate insoluble
biomass from the supernatant and stored in clean glass container until
further use. These extracts were concentrated under vacuum in rotary eva-
porator, weighed, and then used for the estimations of phenolics, antioxidant,
and free radical-scavenging potential.

Determination of phenolics content

The total phenolics in bulb extracts ofDrimia sp. under study were determined
by the Folin–Ciocalteu method (22). Briefly, an aliquot (200 µL of 2 mg mL–1)
of extract was mixed with 0.1 mL of Folin–Ciocalteu reagent that was diluted
10-fold with distilled water. The solution was allowed to stand at RT for 5 min
and then 0.3 mL of 20% aqueous sodium carbonate (w/v) was added. Reaction
was continued for 30 min at RT, and then absorbance was measured at 765 nm.
The phenolic content was determined by using the calibration curve (R2 =
0.997 and y = 0.028x + 0.025) prepared using a standard solutions of Gallic acid
in the concentration range 4–20 µg µL–1. The phenolic content was expressed
as Gallic acid equivalents (mg GAE) per gram of bulb powder.

Determination of proanthocyanidin content

Proanthocyanidin was determined as described (12). Briefly, 0.5 mL of
extract (2 mg Ml–1 of methanol) was added to 2.5 mL of vanillin in methanol
(4% w/v) and 2 mL of HCl. The reaction mixture was mixed thoroughly and
left at RT for 20–25 min, and then optical density was measured at 500 nm.
The estimated total proanthocyanidins content was expressed as mg of
catechin equivalent (mg CE g–1).
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DPPH free radical-scavenging assay

The DPPH free radical-scavenging capacity (RSC) was measured as described
(4) and modified (24). The stock reagent solution was prepared by dissolving
24 mg of DPPH in 100 mL methanol and stored at −20°C until further use.
The working solution was obtained by mixing 10 mL of stock solution with
45 mL methanol to obtain an absorbance value of 1.1 ± 0.02 at 517 nm. An
aliquot (100 µl) of extracts (2 mg mL–1 of methanol) of each sample was
reacted with DPPH solution in the final reaction volume of 3 mL. The
reaction mixture was shaken vigorously and allowed to stand in the dark at
RT. The decrease in absorbance of the solution was measured spectrophoto-
metrically at 517 nm against methanol. A control sample with no extract was
analyzed and the results expressed as percentage radical-scavenging capacity
(%RSC). The DPPH RSC was calculated as follows:

% RSC ¼ A control� A sampleð Þ
A control

� 100

where A control is the absorbance of the DPPH solution without extract, and
the A sample is the absorbance of the sample with DPPH solution.

Determination of superoxide anion radical-scavenging activity

The comparative estimations of superoxide anion scavenging activity in
Drimia sp. were done using a riboflavin–light NBT system (13). To the
mixture of 1 mL of 50 mM phosphate buffer (pH 7.6), 0.5 mL 50 μM
riboflavin, 0.3 mL of 20 mM PMS, and 0.1 mL of 0.5 mM NBT, 1 mL (2
mg Ml–1 methanol) of Drimia sp. bulbs extract was added, incubated for
25–30 min by illuminating with fluorescence lamp, and the absorbance
measured at 560 nm. The percent of scavenging activity was calculated as:

Scavenging activity ð%Þ ¼ ½A 560 of control� A560 of sample

=A560 of control� � 100:

Quercetin and BHA were used as standard reference.

FRAP (ferric reducing/antioxidant power) assay

Ability of the bulb extracts to reduce ferric ions was measured as described
(3). The antioxidant potentials of the extracts were estimated from their
ability to reduce TPRZ-Fe (III) complex to TPTZ-Fe (II). The FRAP assay
is generally employed to measure the antioxidant effect of any substance in
the reaction medium, as its reducing ability. The change in absorbance is
directly related to the combined or “total” reducing power of the electron-
donating antioxidants present in the reaction mixture. Briefly, the working

30 B. RAJPUT ET AL.



FRAP reagent was prepared by mixing 300 mM acetate buffer (pH 3.6), 10
mM (TPTZ) in 40 mM HCl, and 20 mM FeCl3.6H2O in 10:1:1 ratio prior
to use and heated to 37°C in a hot water bath for 10 min. An aliquot of 100
µL extracts (2 mg mL–1 of methanol) of each sample was allowed to react
with 2.0 mL of FRAP reagent. The final volume of the reaction mixture was
made up to 3 ml with distilled water. The reaction mixture was kept in
dark at RT for 30 min. The absorbance of the colored product (ferrous
tripyridyltriazine complex) was then recorded at 593 nm using UV–visible
spectrophotometer. The FRAP value was determined by using calibration
curve (R2 = 0.999 and y = 0.111x − 0.026) prepared using a standard
solution of ascorbic acid. FRAP value expressed as ascorbic acid equivalents
(mg AAE) per gram of the Drimia sp. bulb powder.

Ability of chelating ferrous ions

The Fe2+ chelating abilities of the bulb extracts were determined by ferrous
iron–ferrozine complex method (14). The bulb extracts at 2 mg mL–1 was
added to 50 μL of FeCl2 (2 mM), 200 μL of ferrozine (5 mM), mixed,
incubated for 15 min at 25 ± 2ºC, and the absorbance measured at 562
nm. The extracts’ abilities to chelate ferrous ion were calculated as follows:

Chelating ferrous ion ð%Þ ¼ ½ A562 of control� A 562 of sampleð
=A562 of control� � 100:

Statistical analysis

All analyses were done in five replicates and values reported as mean ± SD.
The correlation between the total phenolic contents and DPPH, FRAP,
superoxide anion radical scavenging, ferrous ion chelating activities in each
Drimia sp. was determined by using SPSS (IBM SPSS ver. 21).

Results

Total phenolics and proanthocyanidins

The phenolic contents ranged from 1.05 (D. indica, Dip) to 2.25 GAE g–1 (D.
coromandeliana) and proanthocyanidins contents ranged from 0.55 (D. nagar-
junae) to 2.14 mg CE g–1 (D. coromandeliana) (Table 1).D. coromandeliana had
the highest total phenolics (2.25 mg GAE g–1) and proanthocyanidins (2.14 mg
CE g–1); D. Indica had the lowest total phenolics (1.05 GAE g−1) and D.
nagarjunae had the lowest proanthocyanidins (0.55 mg CE g–1). D. indica
(Dip) and D. indica (Tri) did not differ in their total phenolics and proantho-
cyanidins contents.

JOURNAL OF HERBS, SPICES & MEDICINAL PLANTS 31



DPPH free radical-scavenging activity

The DPPH free RSA ranged from 32.53% (D. nagarjunae) to 41.20% (D.
coromandeliana) (Table 2). The extract of D. coromandeliana had the highest
of 41.20% RSA, whereas D. nagarjunae had the lowest (32.53 %) RSA. The %
RSA of the extracts of D. indica (Tri) was higher than D. indica (Dip).

Superoxide anion radical-scavenging activity and ferrous ion chelating

In the extracts of tested Drimia species, superoxide anion radical scaven-
ging activities activity ranged from 2.22% (D. govindappae) to 11.5% (D.
coromandeliana), whereas ferrous ion chelating activity ranged from
1.32% (D. raogibikei) to 8.44% (D. coromandeliana) (Table 2). As with
total phenolics, flavonoids and proanthocyanidins contents, the extracts
of D. coromandeliana had the highest of superoxide anion radical
scavenging and ferrous ion chelating activities indicating higher redu-
cing power. All the tested Drimia species had higher levels anion radical
scavenging activities than ferrous ion chelating activities.

Table 1. Location of Drimia sp. collection and phytochemical concentrations.

Drimia species Location of collection
Phenolics

mg GAE g–1
Proanthocyanidins

mg CE g–1

D. indica (Dip) Ambaghat 1.05 ± 0.12 0.67 ± 0.32
D. indica (Tri) Shirodakonkan 1.24 ± 0.21 0.87 ± 0.11
D. coromandeliana Appachiwadi, Kolhapur 2.25 ± 0.16 2.14 ± 0.95
D. razii Diveghat 1.30 ± 0.33 1.12 ± 0.65
D. polyantha Shivaji Univ. campus 1.13 ± 0.21 0.66 ± 0.12
D. govindappae Benglore 1.07 ± 0.11 0.84 ± 0.32
D. raogibikei Dhahiwadi 2.00 ± 0.23 0.68 ± 0.30
D. nagarjunae Chinnar wildlife sanctuary,

Idukki district
1.44 ± 0.14 0.55 ± 0.11

Data are mean ± S.D, n = 6.

Table 2. DPPH (2,2-diphenyl-1- picrylhydrazyl) radical scavenging capacity, superoxide-anion
radical scavenging, ferrous ion chelating activities and ferric reducing/antioxidant power
among the Drimia sp. investigated.

Drimia species

% DPPH
radical

Scavenging
capacity

% Superoxide-anion
radical scavenging

activity

%Ferrous
ion

chelating
activity

ferric reducing/antioxidant
power (FRAP) mg AAE g−1

D. indica (Dip) 37.59 ± 4.5 7.76 ± 2.3 6.43 ± 1.5 0.15 ± 0.5
D. indica (Tri) 38.39 ± 7.8 6.86 ± 2.1 6.11 ± 1.2 0.17 ± 0.8
D. coromandeliana 41.20 ± 10.2 11.54 ± 3.2 8.44 ± 2.2 0.26 ± 0.9
D. razii 34.61 ± 5.9 4.87 ± 1.21 6.33 ± 2.31 0.14 ± 0.4
D. polyantha 39.11 ± 7.4 2.34 ± 0.97 4.83 ± 0.78 0.16 ± 0.7
D. govindappae 36.46 ± 7.9 2.22 ± 0.76 4.3 ± 1.32 0.14 ± 0.7
D. raogibikei 38.95 ± 10.4 4.62 ± 1.2 1.32 ± 0.54 0.21 ± 0.9
D. nagarjunae 32.53 ± 8.6 3.24 ± 1.11 3.87 ± 1.65 0.14 ± 0.8

Data are mean ± S.D, n = 6.
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FRAP assay

The FRAP ranged between 0.14 and 0.26 mg AAE g−1 of dry powder
(Table 2). As with the phenolic contents and DPPH free RSA, FRAP was
the highest in D. coromandeliana with 0.26 mg AAE g–1 of bulb powder. D
indica (Tri) demonstrated higher FRAP value than D. indica (Dip).

Correlation between total phenolics content and bioactivity

The correlation coefficient (r) for total phenolics content and bioactivity
among the Drimia species ranged from 0.652 to 0.954 for DPPH RSA,
0.544–0.953 for FRAP, 0.517–0.914 for superoxide anion scavenging and
0.541–0.905 for ferrous ion chelating activity (Table 3).

Discussion

The metabolic reactions that are pivotal to day-to-day survival and main-
tenance of the living organisms also produce free radicals with high reactivity
as metabolic by-products. Oxidative stresses initiated by such free radicals
that seek stability through electron pairing with biological macromolecules
such as proteins, lipids, and DNA may lead to extensive damage to various
tissues and biomolecules resulting in the onset of degenerative diseases, and
extensive lysis. Synthetic drugs used to protect against such damage by free
radicals also show adverse side effects. The consumptions of antioxidants
from natural foods, supplements, and traditional medicines derived from
herbs, spices, and medicinal plants are an effective alternative solution to
this problem. There are many such natural antioxidants that have been
isolated from different plant materials (8, 16).

Phenolics and flavonoids possess anti-inflammatory, antimicrobial,
enzyme inhibition, anti-allergic, and antioxidant activities (18, 19). The

Table 3. Correlation coefficient (r) between bioactivities and total phenolic content (phenolics +
proanthocyanidins).

Drimia species

Bioactivities (r)

DPPH radical-
scavenging
activity (r) FRAP (r)

Superoxide anion-
Scavenging
activities (r)

Ability of chelating
ferrous ion (r)

D. indica (Dip) 0.891 0.833 0.752 0.711
D. indica (Tri) 0.855 0.953 0.841 0.811
D. coromandeliana 0.954 0.911 0.914 0.905
D. razii 0.711 0.651 0.655 0.596
D. polyantha 0.712 0.654 0.584 0.564
D. govindappae 0.652 0.544 0.571 0.587
D. raogibikei 0.687 0.691 0.683 0.541
D. nagarjunae 0.745 0.696 0.714 0.654
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antioxidant properties are attributed to the presence of hydroxyl group (–
OH) in their aromatic ring structure that mediates redox reaction, and is
capable of scavenging of free radicals (18). Phenolics content shows linear
correlation with the antioxidant activity (2). D. indica, and U. wightti have
been studied in this regard (7, 15, 17). In the present study, the assay for
estimation of flavonoids did not test positive, which could be due to either
the absence of flavonoids or very low concentrations that could not be
detected in the Drimia sp. The phenolics and proanthocyanidins were
detectable and showed variations in the bulbs extracts of tested Drimia
species. The synthesis and accumulation of phytochemicals depends on age,
developmental stages, environmental and geo-climatic factors of the specific
plant species. The variations in the contents of these phytochemicals in
Drimia sp. were due to the different locations they were collected from that
varied in their geo-climatic conditions. The variation of DPPH capacity was
higher than that of FRAP values with D. raogibikei and D. coromandeliana,
demonstrating higher DPPH and FRAP values than others. D. indica, D.
coromandeliana and D. raogibikei had higher superoxide anion RSA than
ferrous ion chelating activity, whereas the bulb extract of the other species
showed higher ferrous ion chelating activity than superoxide anion RSA
(Table 2).

Data also showed that total phenolic content and DPPH, FRAP, super-
oxide anion radical-scavenging, ferrous ion chelating activities were strongly
correlated in the extracts of D. coromandeliana and moderately correlated in
D. indica (Di and Tri), whereas the extracts of remaining species showed
either moderate or weak correlation.
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a b s t r a c t

Biological control of plant pathogens using chitinolytic microorganisms and their derived chitinase is
gaining much attention for its implementation in agriculture. In present study, based on hydrolysis zones
on chitin agar two distinct strains RST25 and SUK25 were isolated from the shellfish processing in-
dustrial soil. Under the submerged conditions these strains RST25 and SUK25 produced maximum
chitinase activities at 72 h (59.4 ± 1.1 Uml�1) and 96 h (51.7 ± 0.8 U ml�1), respectively. The free N-acetyl
D-glucosamine (GlcNAc) and protein content in the chitin hydrolysis medium was analogous with the
chitinase production. In addition, both chitinases demonstrated highest activities at pH 7.0, temperature
40 �C, and 1.0% (w/v) chitin substrate. The strain RST25 was found to be most potent chitinase producer
which was further identified as Bacillus pumilus RST25 based on 16S rRNA sequence analysis. In dual
culture technique, B. pumilus RST25 exhibited antagonism effect against plant pathogen Fusarium solani.
The in-vitro assay for antifungal potential of crude and partially purified chitinase from strain RST25
showed significant inhibition of Fusarium solani and Aspergillus niger. Furthermore, the strain RST25
chitinase suppressed the fungal infections when applied for seed dressing to Triticum astivum. Hence, our
results revealed the ability of B. pumilus RST25 and its produced chitinase as a possible biocontrol agent
against fungal phyto-pathogens.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

Chitin is the homo-polymer of b-1, 4-N-acetyl D-glucosamine
(GlcNAc) cross linked by several hydrogen bonding. It is the second
most abundant natural polymer after cellulose with annual pro-
duction about 1010e1011 tons year�1 (Yan and Fong, 2015). Marine
wastes are considered as the main source of chitin which needs to
be proficiently exploited to avoid its detrimental impacts on the
environment. Chitinases are responsible for hydrolysing the
glycosidic bonds of chitin into dimeric (chitobiose) and monomeric
(N-acetyl D-glucosamine, GlcNAc) compounds. The chitinases are
glycosyl hydrolases (EC 3.2.1.14) which are widely distributed
among all domains of life including bacteria, fungi, insects, plants

and animals (Hoster et al., 2005). Bacterial chitinases (ChiA) are
mostly assigned to the family 18 of the glycosyl hydrolases; these
enzymes anticipated the production of short oligosaccharide chains
and chitin derivatives which were ecologically pertinent as sub-
strate (Yan and Fong, 2015). A long term exposure of soil to the
chitin waste was the best source to locate and isolate the potential
chitinase producers. Previously, the most potent chitinase pro-
ducers were isolated from the diverse environments with domi-
nance of genera Aeromonas (Sashiwa et al., 2002; Jamialahmadi
et al., 2011; Halder et al., 2013), Bacillus (Wang et al., 2002;
Bhattacharya et al., 2016; Rishad et al., 2017), Oerskovia
(Waghmare and Ghosh, 2010), Streptomyces (Hoster et al., 2005;
Swiontek-Brzezinska et al., 2013; Karthik et al., 2015), Beauveria
(Suresh and Chandrasekharan, 1999), Penicillium (Patil et al., 2013),
and Trichoderma (Bruce et al., 1995; Nampoothiri et al., 2004).

Nevertheless, the classical approaches for waste biomass treat-
ment without utilization of by-products for value addition were
not economical. Thus, exploiting the by-products generated in
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degradation processes was crucial to make the procedure more
cost-effective. In existing agriculture practices fungal pathogens are
the serious threats to the commercial crops like potatoes, vines,
fruits, vegetables and cereals (Timmer et al., 2004). The chemical
fungicides were widely applied to control these phyto-pathogens.
However, the major concern about these phyto-pathogens is their
resistance against most of the synthetic chemicals which ultimately
required higher doses, or/and newer chemicals that are detrimental
to the living flora and fauna (Kashyap et al., 2015). Nevertheless, the
recent advances have made this possible to utilize the potential of
microbes and their functional biomolecules like chitinase as
defensive agents against chitin containing pathogens such as in-
sects, nematodes and fungi (Kriaa et al., 2015). Certainly, chitinase
has attained its prominence and acceptance in the industry as an
environmentally friendly alternative to the expensive chemicals
(Kriaa et al., 2015). The chitinase produced by Tricoderma was
applied against fungal pathogens like Aspergillus, Rhizopus, Mucor
(Nampoothiri et al., 2004); and Rhizoctonia, Aspergillus, Sclerotinia
(Dolatabad et al., 2017). Whereas, the chitinases from Bacillus
showed antifungal potential against Colletotrichum (Ashwini and
Srividya, 2014); Fusarium (Bhattacharya et al., 2016); and Asper-
gillus, Ceratorhiza, Fusarium (Rishad et al., 2017). Furthermore,
Penicillum (Patil et al., 2013) and Streptomyces (Karthik et al., 2015)
were also employed as antifungal agent against Aspergillus, Fusa-
rium, Colletotrichum, Penicillium, and Pythium. Besides the anti-
fungal potential against the agriculture plant pathogens, chitinase
were also employed for controlling the invasion of wood decaying
fungi responsible for damaging the quality of timber leading to
sever economical losses (Bruce et al., 1995; Lekounougou et al.,
2008). Although, chitinases having high potential in pest control
they were not extensively used in commercial production due to
lower yield, activity, and high production cost (Muffler et al., 2015).
Hence, there was need to search for better microbial sources of
chitinase having strong biocontrol properties against fungal
pathogens.

Therefore, the present investigation not only aimed to isolate,
identify, and optimize the chitinase production, but to explore its
biocontrol potential against fungal pathogens like Fusarium solani
and Aspergillus niger responsible for damaging the commercial
crops in tropical countries.

2. Materials and methods

2.1. Colloidal chitin preparation

Colloidal chitin was prepared according to the modified method
of Hsu and Lockwood (1975) using the chitin flakes (Himedia, Pvt.,
India). In brief, chitin flakes (50 g) were dissolved in 500 ml of
concentrated HCl. Chitin was precipitated as a colloidal suspension
by adding chilled distilled water (2 L) to the suspension. This sus-
pension was repeatedly washed until the pH of the solution be-
comes 3.0e3.5 and finally neutralized with 0.1 N NaOH. The solid
content was recovered by centrifugation at 8000 rpm, dried and
stored at �20 �C.

2.2. Screening and isolation of chitin hydrolysing microorganisms

Soil samples were collected from the chitin biomass storage site
at shell-fish processing industry located near Kolhapur, India. One
gram of soil was suspended in 100 ml of colloidal chitin media
(CCM) consisting (g L�1) KH2PO4-0.7; K2HPO4-0.3; NaCl-4.0;
MgSO4-0.5; FeSO4-0.001; ZnSO4-0.0001; MnSO4-0.0001; colloidal
chitin 10 and incubated at 37 �C, 120 rpm for 24 h (Kim et al., 2003).
Screening for chitinase producers was performed by spreading
10 ml of above suspension on chitin agar plates containing CCM

amended with 2.0% (w/v) agar as a solidifying agent. Two
morphological distinct colonies designated as RST25 and SUK25
were isolated based on chitin hydrolysis zone, and maintained on
CC M agar.

2.3. Chitinase production

Chitinase production was executed in the Erlenmeyer flask
containing 100 ml of CCM medium (pH 7.0) supplemented with
1.0% (w/v) colloidal chitin. These production medium were inocu-
lated individually with 0.5 ml of pre-cultured strains RST25 and
SUK25 with absorbance adjusted to 1.0 at 660 nm, and incubated at
37 �C on shaking incubator (140 rpm). Aliquots (5 ml) were pooled
out at different time interval to determine the chitinase activity,
soluble protein content, and free N-acetyl D-glucosamine (GlcNAc)
in the medium.

2.4. Determination of chitinase activity, free GlcNAc sugar and
soluble protein

The chitinase assay was demonstrated using colloidal chitin as a
substrate. In brief, the assay mixture contained 1 ml of colloidal
chitin (0.5%,w/v), 0.5 ml sodium phosphate buffer (25 mM, pH 7.0),
and 0.5 ml enzyme source and incubated at 40 �C for 1 h
(Waghmare and Ghosh, 2010). The free GlcNAc sugar released after
reactionwas quantified using di-nitro salicylic acid (DNSA) method
and b-1, 4-N-acetyl D-glucosamine as a standard (Miller, 1959). One
unit of enzyme activity was defined as the amount of enzyme
required to release 1 mmol of reducing sugar from colloidal chitin
per min under the standard assay conditions.

In addition, the free GlcNAc sugar released during chitin hy-
drolysis was investigated using the DNSA method (Miller, 1959).
Similarly, the soluble protein content in the production medium
was assessed at different time interval using bovine serum albumin
as a standard (Lowry et al., 1951).

2.5. Effect of pH and temperature on chitinase activity

The effect of pH and temperature on crude chitinase was
determined by varying one factor at a time and keeping the other
constant. The pH (2.0e8.5) was varied by using 25 mM sodium
phosphate and Tris-HCl buffers and holding the constant temper-
ature (37 �C). Likewise, the significance of temperature on chitinase
activity was inspected by incubating the enzyme at different tem-
peratures (10e60 �C) and keeping the pH 7.0.

2.6. Optimization of chitin substrate concentration

Optimization of substrate concentration for maximum chitinase
production was studied using different concentrations of colloidal
chitin (0.5e2.0%, w/v). The flasks containing different concentra-
tions of chitin substrate in CCMmedium (pH 7.0) were incubated at
40 �C under the shaking conditions (140 rpm). The chitinase ac-
tivity was assed at 72 h (RST25) and 96 h (SUK25) of incubation
based on the initial experimental data where the highest chitinase
production was achieved at 72 h and 96 h, respectively.

2.7. Identification of strain RST25 using 16S rRNA sequencing

Looking at the superiority of RST25 chitinase activity, further
studies were carried out using the same strain. The strain charac-
terization showed that RST25 was gram positive motile rods and
the colonies appeared to be unpigmented, opaque, and flat with
irregular shape. Genomic DNA of the strain RST25 was isolated
using the DNA isolation kit (Sigma-Aldrich,USA). The 16S rRNA
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gene was amplified using full length 27F and 1492R primers (Zhang
et al., 2016). Amplicons were sequenced at Shivaji University, Kol-
hapur, India using the ABI 2720 thermal cycler (Applied Biosystems,
USA). The resulting nucleotide sequence was deposited to the
Genebank. Evolutionary history was inferred using the Neighbor-
Joining method (Saitou and Nei, 1987). Optimal tree with the sum
of branch length ¼ 584.10752972 was shown. Tree was drawn to
scale, with branch lengths in the same units as those of the
evolutionary distances used to infer the phylogenetic tree. Evolu-
tionary distances were computed using the Maximum Composite
Likelihood method (Tamura et al., 2004), and were in the units of
the number of base substitutions per site. The analysis involved 21
nucleotide sequences. Codon positions included were
1stþ2ndþ3rdþ noncoding. All positions containing gaps and
missing data were eliminated. There were a total of 1395 positions
in the final dataset. Evolutionary analyses were conducted in
MEGA7 (Kumar et al., 2016).

2.8. Partial purification of chitinase from strain RST25

The crude chitinase produced by strain RST25 was separated at
72 h and centrifuged (10,000 rpm for 20 min) to obtain the cell-free
supernatant. This supernatant was further precipitated with
ammonium sulfate (0e80%) and allowed to stand overnight at 4 �C.
After centrifugation (12,000 rpm for 10 min) the resulting pellet
was collected and dissolved in sodium phosphate buffer (25 mM,
pH 7.0). After effective dialysis the enzyme was concentrated using
the cane sugar gradient, and the residual partially purified chitinase
was used for further antifungal studies.

2.9. Antagonistic effect of strain RST25 against Fusarium solani

The antagonistic effect of B. pumilus RST25 was demonstrated
against F. solani using dual culture plate assay (Bhattacharya et al.,
2016). Pure culture of F. solaniwas spot inoculated on two opposite
sides on potato dextrose agar (PDA) plate and incubated at 30 �C for
60 h. The strain RST25 was streaked as a single line between the
two fungal spots and incubated for next 60 h. Antagonism was
determined by observing the inhibition of F. solani mycelium
growth by strain RST25 and the zone of inhibition were noted.

2.10. Antifungal potential of chitinase

Antifungal activity of crude and partially purified chitinase
produced by strain RST25 was evaluated using in-vitro growth
repression assay (Berini et al., 2017). The assay was performed
using F. solani and A. niger as the test pathogens. A spore suspension
of these fungal strains was uniformly spread on the PDA and
incubated at 30 �C for 24 h to reduce the moisture in the plates.
Discs of 6 mm size were prepared using the Whatman filter paper
no. 1. For each treatment a stack of 10 discs was soaked with 0.1 ml
of a) cell free crude chitinase, b) partially purified chitinase, and c)
control (boiled enzyme) and placed on the plates pre inoculated
with fungal cultures. Results were noted as the mean values of
inhibitory zone.

2.11. Seed dressing with partially purified chitinase

In present study, Triticum astivum seed dressing was executed
using the partially purified chitinase from strain RST25. In brief, for
each treatment 10 seeds were washed with water and dried, fol-
lowed by treatment with 0.5 ml of partially purified chitinase for
6 h, whereas, the control seeds were treated only with distilled
water. In each plate 3 blotting papers were placed at the bottom on
which 10 seeds for each treatment were placed, and the plates were

kept exposed to the open environment. The moisture was retained
by adding 2 ml of distilled water regularly to the blotting papers.
After 6 days of incubation, seeds were visually observed for in-
fections and the seed germination percentage was calculated.

2.12. Statistical analysis

The data were analysed using one-way analysis of variance
(ANOVA) and t-test was performed to check the significant differ-
ences between the treatments using GraphPad prism 5 software.
The P value < 0.05 indicated that the readings were considered as
significant.

3. Results and discussion

3.1. Microbial chitinase production

Microorganisms utilize complex chitin molecule as the source of
carbon and energy by hydrolysing it into simple sugars bymeans of
glycosyl hydrolases known as chitinases. In present study, two
morphologically distinct strains RST25 and SUK25 were isolated
based on chitin hydrolysis zone with diameter 25 mm and 17 mm,
respectively. These strains when tested for chitinase production
under submerged condition showed increased in turbidity of CCM
medium after 24 h of microbial cultivation. Initially, strain RST25
showed chitinase activity after 24 h (8.2 ± 0.3 U ml�1) and reached
maximum at 72 h (59.4 ± 1.1 U ml�1); however, on prolong incu-
bation to 144 h the activity was significantly decline (6.5 ± 0.2 U
ml�1) (Table 1). Likewise, strain SUK25 exhibited similar chitinase
production patternwith utmost chitinase activity at 96 h (51.7 ± 0.8
U ml�1) of incubation (Table 1).

In current study, decrease in the chitinase production was
observed on prolong incubationswhichmight be due to insufficient
nutrients or production of toxic chemicals in the medium resulting
in inactivating the enzymes secretary machinery which was anal-
ogous with the studies of Lee and Kim (2016). Patil et al. (2013) has
reported Penicillum ochrochloron MTCC 517 showing highest chiti-
nase production at 96 h. Whereas, Nampoothiri et al. (2004)
mentioned 96 h as the optimum cultivation period for chitinase
production by Trichoderma harzianum TUBF 781. In addition,
Karthik et al. (2015) has also detected similar range of chitinase
activity (54.18 U ml�1) using Streptomyces sp. under similar con-
ditions. Nevertheless, in current study the isolated bacterium
RST25 provides utmost chitinase production at 72 h.

3.2. Free GlcNAc and soluble protein produced during chitin
hydrolysis

Chitinases are the ubiquitous chitin-fragmenting enzymes
responsible of hydrolysing the b-1,4-glycosidic bonds between the
N-acetyl D-glucosamine (GlcNAc) residues of chitin. Therefore, the
free GlcNAc released during chitin breakdown were evaluated at
different time interval to check the efficiency of the chitin hydro-
lysis system. The highest GlcNAc was released by the strain RST25
at 72 h (0.877 ± 0.007 mg ml�1) and strain SUK25 at 96 h
(0.519 ± 0.005 mg ml�1) of incubation which was in agreement
with the chitinase production (Table 1). Patil and Jadhav (2014) has
revealed similar GlcNAc releasing properties after hydrolysis of
chitin by Penicillium ochrochloron MTCC 517. Similarly, Aeromonas
hydrophila H-2330 and Aeromonas sp. PTCC 1691 were also re-
ported for GlcNAc releasing mechanism after enzymatic hydrolysis
of chitin (Sashiwa et al., 2002; Jamialahmadi et al., 2011).

Moreover, the soluble protein content in the chitin degradation
medium was assessed. In strain RST25, maximum protein concen-
tration was observed at 72 h (0.670 ± 0.010 mg ml�1), whereas, the
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strain SUK25 showed highest protein content at 96 h (0.481 ±
0.005 mg ml�1) which was analogous with the chitinase produc-
tion (Table 1). However, protein levels in both the strains were
significantly declined after a peak point (Table 1).

3.3. pH and temperature standardization

The effect of pH on crude chitinase activity was studied by
incubating enzymes at different pH (2.0e8.5). It was observed that
the chitinase produced by strains RST25 and SUK25 showed pH 7.0
as optimum. The maximum enzyme activities observed at this pH
were 60.2 ± 0.9 U ml�1 (RST25) and 52.3 ± 1.2 U ml�1 (SUK25),
correspondingly (Fig. 1a). Our findings were in agreement with the
chitinolytic microorganisms Streptomyces rimosus and Penicillum
ochrochloron MTCC 517 revealed pH 7.0 as the optimum pH
(Swiontek-Brzezinska et al., 2013; Patil et al., 2013). In addition,
Rishad et al. (2017) investigated the chitinase from the Bacillus
pumilus MCB-7 and stated that pH ranging 6.0e7.0 was most
effective for higher enzyme activities. Wang et al. (2002) has re-
ported two extracellular antifungal chitinases FI and FII from Ba-
cillus amyloliquefaciens V656 showed 7.0 and 6.0 as the optimum
pH for highest chitinase activities.

Temperature optimizationwas another crucial factor as it affects
the enzyme production by altering the rate of biochemical re-
actions within the microbial cell (Nascimento and Martins, 2004).
Therefore, the significance of temperature on chitinase activities
was studied by incubating the enzyme solution at different tem-
peratures (10e60 �C). The ideal temperature investigated for
maximum chitinase activities was 40 �C showing 62.7 ± 0.5 Uml�1

and 54.2 ± 0.3 U ml�1 of chitinases activities in strains RST25 and
SUK25 (Fig. 1b). These results indicated microorganism mesophilic
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Fig. 1. Influence of different physico-chemical parameters a) pH (2.0e8.5) and, b)
temperature (10e60 �C) on chitinase activities (U ml�1) produced by strains RST25 and
SUK25. Values were the mean of three experiments ± SEM.
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preference for the enzyme production. The present observations
were comparable with the chitinase produced by Bacillus amyloli-
quefaciens V656, Streptomyces rimosus, and Penicillum ochrochloron
MTCC 517 which demonstrated 40 �C as the optimum temperature
for maximum chitinase activities (Wang et al., 2002; Swiontek-
Brzezinska et al., 2013; Patil et al., 2013).

The mean values of chitinase activities at different pH and
temperature were significantly higher in strain RST25 (P < 0.0001,
P < 0.05) as compared to the strain SUK25 by one-way ANOVA and
t-test analysis.

3.4. Influence of substrate concentration on chitinase production

Chitinase are the inducible enzymes, thus the maximum chiti-
nase production could only be achieved when the production
medium contained optimum concentration of substrate. Hence,
different concentrations (0.5e2.0%, w/v) of the colloidal chitin were
tested to evaluate the optimum substrate concentration. The highest
chitinase productionwas achieved at 1.0% (w/v) chitin concentration
in both the strains RST25 (62.9 ± 1.4 U ml�1, 72 h) and SUK25
(54.6 ± 0.8 U ml�1, 96 h) (Fig. 2). However, the chitinase production
was significantly declined on increasing the concentration of chitin
from 1.0% to 2.0% (w/v). Suresh and Chandrasekharan (1999) has
stated that the perfect substrate concentration results in higher
conversion efficiencies and optimum substrate utilization. Previ-
ously, several authors have described the most effective concen-
tration of chitin for the highest chitinase production between 1.0
and 1.5% (w/v) (Felse and Panda, 2000).

3.5. Identification and phylogenetic analysis of strain RST25

The molecular identification of the strain RST25 was executed
using 16S rRNA gene sequence analysis. The resulting nucleotide
sequence (1402bp) was submitted to the GenBank under the
accession number KY863497. The homology assay results indicated
that strain RST25 was closely associated with the genus Bacillus,
thus it was entitled as Bacillus pumilus RST25. Phylogenetic position
of Bacillus pumilus RST25 and its allied bacteria was illustrated in
supplementary figure S1.

3.6. Antagonism effect of strain B. pumilus RST25 against F. solani

Fusarium is the soil borne fungal pathogen manifesting wilting,
rotting, stunting and chlorosis of leaves causing severe damage to
the commercial crops. However, chitin present within the fungal
cell wall could be good asset to control invasion of fungal pathogens

through antagonistic microbial chitinases. In present study, the
antagonistic activity of strain B. pumilus RST25 against F. solani was
studied by dual culture plate assay. A 20 ± 2 mm diameter inhibi-
tory zone was observed around the B. pumilus RST25 strain which
significantly blocked the mycelium growth in F. solani through
antagonism (Supplementary Fig. S2).

Previously, Bacillus species has been reported for the antago-
nism against wide range of soil borne plant fugal pathogens
including Rhizoctonia solani Kuhn, Sclerotium rolfsii Sacc., Pythium
sp., Fusarium sp., and Phytophthora capsici Leonian (Arias et al.,
1999; Collins et al., 2003). However, in present study B. pumilus
RST25 culture demonstrated mycelium inhibitory zone with higher
diameters as compared to the earlier reports. Hence, B. pumilus
RST25 would exploited as a biocontrol agent for protecting the
crops against fungal diseases and as an alternative to the detri-
mental and expensive chemical fungicides.

3.7. Antifungal potential of B. pumilus RST25 chitinase to control
F. solani and A. niger

F. solani is the facultative parasite that causes root rots, stem
cankers, and storage rots in variety of host plants which ultimately
reduces the quality and yield of the crops (Saremi et al., 2011).
Whereas, the A. niger was reported for causing decay of various
fruits, vegetables, nuts, beans, cereals, herbs, wood, and herbal
drugs (Palencia et al., 2010). In present study, a crude and partially
purified chitinase produced by strain RST25 was tested in-vitro for
their antifungal potential against F. solani and A. niger. Significant
inhibition of F. solani mycelium growth was detected in both crude
and partially purified chitinase with zone diameter 13 ± 1 mm and
18 ± 2 mm, correspondingly (Fig. 3a). Similarly, the growth of
A. niger was also suppressed with chitinase treatment revealed
inhibitory zone of 11 ± 2 mm (crude) and 21 ± 3 mm (partially
purified) diameter (Fig. 3b). Whereas, the control (boiled enzyme)
did not showed any growth inhibition in F. solani and A. niger. The
fungal growth inhibition zones in partially purified chitinase were
significantly higher (P < 0.0001, P < 0.05) as compared to the crude
chitinase and control by one-way ANOVA and t-test analysis.

The antifungal chitinase inhibits fungal cell-wall synthesis and
abnormal swellings of hyphae/spores followed by lysis of mycelia
(Halder et al., 2013; Patil et al., 2013; Ashwini and Srividya, 2014).
However, variations in the chitinase activity against different fungi
were due to the surface microstructure and proportion of chitin
present within the fungal cell wall (Yan et al., 2008). Recently, crude
and purified chitinase from B. pumilus MCB-7 were applied as
antifungal agent against Aspergillus flavus, Aspergillus niger, Asper-
gillus fumigates, Ceratorhiza hydrophila, and Fusarium oxysporum
(Rishad et al., 2017). Although, Halder et al. (2013) has demon-
strated that increase in the enzyme purification folds of Aeromonas
hydrophila SBK1 chitinase improves the antifungal potential.
However, in the present study partially purified chitinase from
B. pumilus RST25 revealed higher mycelium inhibition capabilities
as compared to the earlier reports on purified chitinase from
B. pumilus MCB-7 and A. hydrophila SBK1. Therefore, the partially
purified chitinase from strain RST25 would ultimately provide a
low cost biocontrol agent for controlling the phyto-pathogens of
common crop plants.

3.8. Chitinase for preventing fungal infection in seedlings

The seed dressing provides protection during the first stages of
germination and development of seedlings that were susceptible to
the invasive pathogens (Casta~neda et al., 2014). Therefore, in cur-
rent study Triticum aestivum seeds were coated with partially pu-
rified enzyme showed 100% germination rate with significant root

Fig. 2. Effect of colloidal chitin (0.5e2.0%) on chitinase production. All the values were
the mean of three experiments ± SEM.
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and shoot development (Fig. 4a). However, the untreated seeds
were relatively more prone to the infection and the manifestation
of infection was observed as fungal growth on the seedlings which
ultimately reduced the germination rate to 70% (Fig. 4b). Thus, the
initial seed treatment with partially purified chitinase could be
useful in reducing the amount of fungicides required tomanage the
disease at its active stage.

4. Conclusion

Chitin contaminated soil from Kolhapur, India harboured po-
tential strains capable of hydrolysing chitin through the production
of chitinase. The extracellular chitinase produced by Bacillus pum-
ilus RST25 was effective in fragmenting the chitin molecule into
free GlcNAc (Table 1). In addition, the B. pumilus RST25 have
antagonistic potential to develop a biocontrol agent against plant
pathogens like Fusarium solani (Fig. S2). Moreover, the in-vitro
bioassay supported the antifungal potential of crude and partially
purified chitinase of strain RST25 against F. solani and A. niger
(Fig. 3). Seed dressing with partially purified chitinase from strain
RST25 was effective in controlling the invasion of fungal pathogens
(Fig. 4). The promotion and utility of such microbes and their

biomolecules would be effective solutions to the problems associ-
ated with increasing pesticide resistance and thereby results in
increased crop yield. In this context, additional studies are neces-
sary to evaluate the Bacillus pumilus RST25 and its produced chi-
tinase under field conditions in order to check their interactions
with indigenous microbes and other abiotic environmental factors.
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ABSTRACT 

 

A systemic approach involving in-silico and in-vitro tests were used for the decolorization of five azo dyes, Reactive 

Yellow F3R, Joyfix Yellow 53R, Remazol Red RR, Drimaren Black CL-S and Disperse Red F3BS, using 

Aeromonas hydrophila SK16 and Lysinibacillus sphaericus SK13. Homology models for laccase and azoreductase 

enzymes from these two bacteria were generated using Accelrys Discovery Studio 3.5 and validated. Docking was 

performed with LeadIT software for binding energy calculation, and active site residues were identified. Reactive 

Yellow F3R showed highest binding energy with A. hydrophila, which emulated the decolorization percentage by 

ultraviolet–visible (UV–vis) spectroscopy. High-performance liquid chromatography (HPLC), Fourier transform 

infrared spectroscopy (FTIR) and gas chromatography–mass spectrometry (GCMS) supported biotransformation 

and biodegradation of Reactive Yellow F3R by A. hydrophila SK16, and a biodegradation pathway was proposed. 

HPLC analysis of treated sample illustrated peaks at retention time 1.481, 3.165, 3.374 and 3.945 min while the 

control dye showed peaks at 1.478 and 3.106 min. GCMS analysis showed that (2Z)-but-2-ene, 1,3,5-triazine, 

aniline and naphthalene were formed as end products. The in-silico outcome was in good agreement with 

experimental studies. Thus, it can be surmised that in-silico molecular modeling and docking studies can assist as a 

preliminary tool for screening of potential bacterial system to be employed in textile dye decolorization and 

degradation studies.  

 

Keywords: Bacteria, Biodegradation, Homology modelling, Molecular docking, Textile dyes  

 

 

 

Abbreviations: FTIR, Fourier transform infrared spectroscopy; GCMS, gas chromatography–mass spectrometry; 

HPLC, high-performance liquid chromatography; MSA, multiple sequence alignment; NCBI, National Centre for 

Biotechnology Information; PDB, Protein Data Bank; PDF, probability density function; RT, retention time; 

SAVES, structural analysis and verification server; UV–vis, ultraviolet–visible spectroscopy;  
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1. Introduction 

Textile industries release huge quantities of wastewater into rivers and lakes causing pollution at an alarming rate 

[1]. Worldwide 10 000 dyes and pigments with around 0.7 million tons of synthetic dyes are produced for industrial 

use annually [2]. Azo dyes constitute the largest and diverse group of textile dyes with recalcitrance, low 

biodegradability and persistence in environment [3]. These dyes containing azo bonds (R-N=N-R) are stable at 

different pH range, high temperature and light conditions [4]. Up to 50 % of the unreacted azo dyes from textile and 

dyeing industries are released into effluents and are difficult to remove by conventional wastewater treatment due to 

high water solubility [5]. The presence of even low concentrations of azo dyes in the effluent is detrimental to 

plants, humans and other living organisms [6]. Strict regulations are being imposed on these industries to treat the 

wastewater before their discharge. The development of new, cost-effective and environment friendly treatment for 

reducing and eliminating synthetic dyes is the need of the hour. Biological treatment of wastewater using microbes 

like bacteria, fungi, algae, yeast and mixed culture offers a promising, inexpensive and efficient way compared to 

physicochemical methods [7]. 

Various oxidoreductive enzymes like peroxidases, laccases, polyphenol oxidases and azoreductases have been 

explored for decolorization and degradation of azo dyes. Laccases (EC 1.10.3.2) belonging to blue multicopper 

oxidases family are involved in an oxidative role for bioremediation of polluted water and soil [8]. The azoreductase 

family consists of enzymes that catalyze an NAD(P)H-dependent reductive cleavage of the azo bond and help 

metabolize azo dyes by bacterial cells [9, 10]. 

Modern systems biology involves integrating homology modeling, molecular docking and protein--protein 

interaction studies to screen and elucidate structure and function of enzymes, mechanistic pathway of feasible drug 

targets, identify lead compounds as anti-infectious agents and structure-based inhibitor design [11]. Molecular 

docking assists in bioremediation strategies by forecasting various parameters like nature, interactions, theoretical 

mechanisms and toxicity of ligand and proteins for an efficient technology transfer to real-time setup [12]. It can be 

utilized in predicting and screening pollutants for their propensity of bioremediation by available enzymes [13]. The 

in-silico approach can predict chemical nature of contaminant, novel xenobiotics biodegradation pathways and 

microorganisms capable of biotransformation at cellular and environmental level [14]. A better remediation 

approach uniting theoretical in-silico techniques followed by experimental confirmation is suggested as a time and 

cost-effective method since a manifold increase in xenobiotics make it impractical to screen them all experimentally 

for bioremediation [15]. 

In the present study, bioremediation of five textile azo dyes, Reactive Yellow F3R, Remazol Red RR, Joyfix Yellow 

53R, Drimaren Black CL-S and Disperse Red F3BS, by laccase and azoreductase enzymes of Aeromonas 

hydrophila and Lysinibacillus sphaericus was attempted using bioinformatics approach. Homology modeling, 

binding site analysis and molecular docking studies were performed to identify the best organism--enzyme--dye 

combination. Comparative models for the enzymes were generated to understand structural and functional aspects of 

the interaction and validated using PROCHECK. The amino acids present in enzyme’s active site involved in 

binding with the dyes were identified, and the binding modes were evaluated through docking. The best organism-

dye group was selected for validation using ultraviolet-visible (UV-vis) spectroscopy, high performance liquid 
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chromatography (HPLC), Fourier transform infrared spectroscopy (FTIR) and gas chromatography-mass 

spectrometry (GCMS) analysis. It was confirmed that this combinatorial approach of using bioinformatics tools 

followed by wet lab analysis can be an effective way in preliminary screening of potential dye decolorizing bacterial 

systems which can be further employed in real-time treatment of textile industry wastewater.   

 

2. Materials and methods 

2.1 Dyes and chemicals 

Five azo dyes used in textile industries namely Reactive Yellow F3R, Joyfix Yellow 53R, Remazol Red RR, 

Drimaren Black CL-S and Disperse Red F3BS, were used in this study. Chemicals and reagents (analytical grade) 

were procured from Merck, India.  

 

2.2  Selection and maintenance of bacteria for textile dye decolorization 

Two cultures, A. hydrophila SK16 and L. sphaericus SK13 were chosen based on earlier studies [16]. The bacteria 

were maintained and cultured in nutrient broth at 37 °C, pH 7, and 120 rpm for 16 h for further decolorization 

studies [17].  

 

2.3  In-silico studies for textile dye biodegradation 

2.3.1 Softwares  

Accelrys Discovery Studio 3.5 was used for preparation of protein and ligand, and docking was done using software 

LeadIT Version 2.1.8 for binding energy calculation.  

 

2.3.2 Target sequence and potential template search 

Laccase and azoreductase are the two main bacterial proteins involved in azo dye degradation. The receptors of 

laccase and azoreductase in A. hydrophila and L. sphaericus sequence with protein id YP_858497.1, YP_858046.1, 

WP_012293692 and WP_012295821.1 were obtained from the National Centre for Biotechnology Information 

(NCBI) [18]. NCBI-BlastP (basic local alignment search tool) [19] was used to obtain homologous sequences as 

prospective templates. Atomic coordinate file of these templates was taken from Protein Data Bank (PDB) for 

homology modeling [20]. The alignment of sequence and refinement of errors was done using multiple sequence 

alignment (MSA) module. All water molecules were removed, and hydrogen atoms were added for target protein 

minimization in Accelrys Discovery Studio 3.5 [21].  

 

2.3.3 Homology Modeling 

The final model was built using target’s sequence alignment file as well as sequence of the template along with its 

atomic coordinate file. Energy minimization of the protein models was done using CHARMm force field of small 

molecule module in the automated homology modeling software Accelrys Discovery Studio 3.5 [21]. PROCHECK 

[22] was utilized at Structural Analysis and Verification Server (SAVES) to evaluate stereochemical features of the 

model. 
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2.3.4 Prediction of binding site 

The minimized protein was further taken for binding site detection, which was useful in active site identification. 

The binding site in the minimized protein was used to know the important residues in the target protein, which are 

responsible for ligand binding, present in the active site [23]. To determine the binding affinities between laccase 

and azoreductase of A. hydrophila and L. sphaericus sequence and the chosen dyes, the active sites were found using 

DoGSiteScorer [24] online tool. The active binding sites of the proteins laccase and azoreductase from the two 

species were also analyzed to locate the residues which are highly conserved.  

 

2.3.5 Ligand generation  

The 3D structure of the azo dye molecules Reactive Yellow F3R, Remazol Red RR, Joyfix Yellow 53R, Drimaren 

Black CL-S and Disperse Red F3BS was drawn using ACD-Chemsketch [25] and stored in SMILES string. Next, 

Online SMILES Translator and Structure File Generator [26] converted them into SDF file format. Now, CHARMm 

and molecular force field of Accelrys Discovery Studio 3.5 with a smart minimizer algorithm was used to minimize 

the ligands. Minimized ligand and protein were used for docking [27]. 

 

2.3.6 Molecular Docking 

The LeadIT suite with its FlexX approach was used to study all the possible modes of docking between ligands and 

protein target. In this approach base fragments are placed flexibly in the active site of protein using an incremental 

construction algorithm to sequentially add remaining ligand fragments. The generated complexes are ranked by an 

adapted Bӧhm’s empirical scoring function that calculates free binding energy (kJ/mol) of the protein--ligand 

complex and identifies the ligand with the best binding energy score (FlexX score) [28]. The active site of the target 

proteins was uploaded in BioSolveIT-FlexX interface [29]. During the preparation of the target, a sphere of 20Å 

radius was defined as the amino acids active site in FlexX. The developed SDF structures of five dyes were given as 

input and docked by FlexX with amino acids of the active site of laccase and azoreductase in A. hydrophila and L. 

sphaericus. The FlexX has parameters as follows: i) information about docking in general, ii) triangle matching for 

base placement, iii) full score contribution is scored with threshold of 0.30 and no score contribution with threshold 

of 0.70. iv) The chemical parameters of clash handling values of the protein-ligand clashes have maximum allowed 

overlap volume of 2.9 A03 along with intra-ligand clashes with clash factor of 0.6 and hydrogen is accounted in the 

internal clash tests, and v) default docking detail values of 200 for maximum number of solutions for each iteration 

as well as fragmentation [28]. The best pose was selected for further studies. The docking score, interactions, poses 

and binding affinities of the docked dye-target protein complex were studied.  

 

2.3.7 Identification of azo dye-receptor protein interactions 

The interactions between the dye and laccase and azoreductase proteins after docking were studied using the Pose 

view option in LeadIT [30].  
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2.4 Correlation of in-silico and in-vitro analysis 

The docking analysis of the five dyes, Reactive Yellow F3R, Remazol Red RR, Joyfix Yellow 53R, Drimaren Black 

CL-S and Disperse Red F3BS, with laccase and azoreductase of A. hydrophila and L. sphaericus was performed, 

and the highest docked dye--organism combination was used for further confirmation by experimental studies via 

UV–vis spectral analysis, FTIR, HPLC as well as GCMS to confirm biodegradation of the chosen dye to validate the 

dry lab outcome with wet lab studies.  

 

2.5 Investigation of biodecolorization and biodegradation  

Based on in-silico analysis, one dye, Reactive Yellow F3R, was selected for decolorization and biodegradation 

analysis using UV-vis spectroscopy, HPLC, FTIR and GCMS. UV–vis analyses (350–800 nm) of the control and 

the dyes biologically treated with A. hydrophila SK16 were performed to evaluate the extent of color removal 

(Schimadzu UV–vis 1800, Japan). Optimal physicochemical parameters were identified by subjecting the culture to 

different conditions of pH, temperature, sequential shaking (aerobic) and static (microaerophilic) condition in 

nutrient broth. Finally, decolorization was performed in triplicate with 5 % inoculum (optical density: 1.0) in 100 

mL nutrient broth, pH 8, 37 °C, 100 mg L−1 dye in a combined aerobic–microaerophilic process for 48 h (shaking at 

120 rpm for initial 24 h followed by static condition until 48 h) [16, 31]. As efficient dye decolorization may depend 

on higher biomass, shaking conditions were provided initially for faster and optimal growth of bacteria followed by 

static conditions for dye degradation. The culture was centrifuged at 10 000 rpm for 10 min (centrifuge 5804R, 

Eppendorf, Germany) and the supernatant was collected to detect decolorization at λmax and compared with dye and 

abiotic controls.  

For HPLC, FTIR and GCMS analyses, the decolorized culture was centrifuged, the supernatant extracted with ethyl 

acetate (equal volumes), dried over anhydrous Na2SO4, evaporated and suspended in methanol. For HPLC analysis, 

methanol was used as mobile phase with a flow rate 1.0 mL/min for 10 min at 470 nm (Shimadzu LC 40102010) 

with a C18 column (4.6 × 250 mm) and dual absorbance detector. Perkin Elmer (spectrum RX I) was used to identify 

functional groups by FTIR at scan speed of 16 and wave number between 400–4000 cm−1. For GCMS in Bruker’s 

45XGC-44 GC-Scion MS-40, 70 eV ionization voltage, helium carrier gas at 1 mL/min flow rate, programming 

mode with DB-WAX column (0.25--30 mm), 80°C initial oven temperature for 2 min increased linearly at 10--250 

°C held for 26 min run time were applied. Samples were mixed with pure potassium bromide (5:95) to identify dye 

degraded metabolites based on their mass spectra and NIST library.  

 

3 Results and Discussion 

3.1  Analysis of target sequences and identification of potential templates 

The target protein sequences of laccase and azoreductase in A. hydrophila and L. sphaericus were subjected to 

BLASTP analysis. 1RV9_A, 2Z98_A, 1T8H_A, 3W77_A with more than 40 % sequence identity were chosen as 

templates for the homology modeling. The detail about the dyes with their molecular class and structure is depicted 

in Table 1. 
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3.2  Homology modeling and Ramachandran plot analysis  

Homology modeling was carried out using Discovery Studio 3.5 (Accelrys, San Diego, CA, USA). The structure of 

the protein complex was prepared by superimposing the model onto the template structure. The homology-modeled 

structures and the distribution of amino acid residues in the Ramachandran plot with respect to their stereochemical 

parameters are shown in Fig. 1. Best models with the lowest value in probability density functions (PDF), total 

energy, PDF physical energy and discrete optimized protein energy (DOPE) score were selected. PROCHECK at the 

SAVES server was used to evaluate the quality of the homology model. The model of azoreductase and laccase from 

A. hydrophila and L. sphaericus with minimized energy was subjected to Ramachandran plot analysis with amino 

acids in the following regions: 90.6, 92.1, 89.0 and 88.8 % residues in most favorable, 7.0, 6.4, 9.9 and 10.3 % in 

additionally allowed, 1.8, 1.0, 1.1 and 0.9 % in generously allowed and lastly 0.6, 0.6, 0.5, 0.0 and 0.0 % in 

disallowed regions respectively. The values for templates were 92.3, 88.7, 93.9 and 90.6 % residues in most 

favorable region which are almost similar (Table 2). This ensures that the generated models were reliable and of 

good quality.  

 

3.3 Docking analysis 

Laccase and azoreductase of A. hydrophila and L. sphaericus were docked with Reactive Yellow F3R, Remazol Red 

RR, Joyfix Yellow 53R, Drimaren Black CL-S and Disperse Red F3BS via FlexX docking program while the dye-

receptor-protein interactions were examined by LeadIT. The binding mode, molecular interaction with active site 

residues and the binding energy scores were investigated in the docking studies. The docking interactions and the 

amino acids in the binding site of the proteins interacting with the dyes were noted. 

Reactive Yellow F3R, Remazol Red RR, Joyfix Yellow 53R, Drimaren Black CL-S and Disperse Red F3BS docked 

within the active site of azoreductase of A. hydrophila with FlexX scores (in kJ/mol) of --30.3488, --29.9829, --

17.8486, --19.6668 and --17.6679. Interactions are favored by electrostatic and hydrogen bonds between Asn12, 

Ala15, Ser15, Gln16, Arg17, Ser17, Thr18, Gln20, Met95, Tyr96, Asn97 and Ser139 residues of the enzyme and 

these dye molecules. The hydrophobic interactions are contributed by Leu11, Asn12, Ala15, Ser15, Ser16, Gln16, 

Arg17, Gln20, Pro94, Met95, Tyr96, Asn97, Leu98, Ser139, Arg140, Gly141, His144, Ile176, Met176 and Met187 

(Fig. 2, Table 3). Docking between these dyes with laccase of A. hydrophila yielded dock scores of --39.3988, --

27.2018, --14.7026, --22.7976 and --22.0052 kJ/mol. Electrostatic and hydrogen bonds by His38, His52, His70, 

Ala104, Asp105, Cys106, Arg127, Arg236, Hoh537, Hoh590 and the dyes and hydrophobic interaction by His38, 

Asn67, Gln68, His70, Met102, Thr103, Ala104, Asp105, Cys106, His123, Gly125, Trp126, Arg127, Phe161, 

Val163, Glu166, Val167, Ile168, Phe173, Tyr228, Arg236, Tyr239, Arg240 and Arg247 were observed (Fig. 3, 

Table 3).  

Azoreductase of L. sphaericus illustrated --30.9123, --23.4390, --14.2823, --22.3551, --21.2004 kJ/mol binding 

energies, electrostatic and hydrogen bonded interactions between Asn9, Arg11, Asp13, Ile15, Ser16, Leu92, Trp93, 

Ala118, Ala137, Gly139, Gly140, His178, Asn179 residues and non-bonded interactions between Asp13, Gly14, 

Ile15, Val52, Ile57, Pro91, Leu92, Trp93, Asn94, Asp113, Asn116, Arg117, Ala118, Phe122, Ala137, Arg138, 

Gly139, Gly140, Tyr142, Thr147, His178, Asn179, Asn180, Ala185 and the dyes (Fig. 4, Table 3). Lastly, laccase 
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of L. sphaericus showed dock scores of --36.5409, --21.7658, --15.4842, --18.4420, --18.0458 kJ/mol and 

electrostatic and hydrogen bonding interactions by Phe106, Ala108, Asp109, Cys110, Ala242, Arg244 and non-

bonded hydrophobic interactions by His32, Thr33, His65, Glu62, Met84, Phe106, Ala108, Cys110, Gly154, His155, 

Trp158, Leu164, Phe169, Tyr236, Arg237, Gln241, Arg244 with Reactive Yellow F3R, Remazol Red RR, Joyfix 

Yellow 53R, Drimaren Black CL-S and Disperse Red F3BS (Fig. 5, Table 3). Modeling and docking were used to 

find most probable DNA-binding sites and modes and sequence selectivity of C.I. Acid Red 73 [32]. 

 

3.4 Biodecolorization and biodegradation analysis 

UV-vis spectral analysis of Reactive Yellow F3R dye showed maximum absorbance at 450 nm. Absorbance was 

reduced in samples withdrawn after decolorization with 90.4 % decolorization by A. hydrophila SK 16 observed 

after 48 h. The FTIR spectrum of control Reactive Yellow F3R dye showed presence of various peaks representing 

N–H stretching of secondary amides at 3436 cm--1, N=N stretching of azo compounds at 1570 cm--1, C=N stretching 

of cyclic compounds at 1495 cm--1, C-O stretching of esters at 1193 cm--1, 1112 cm--1 for C-O stretching of 

secondary alcohol, S=O stretching of sulfoxides at 1043 cm--1 and C-Cl stretching of monochlorinated halogen 

compound at 673 cm--1. The FTIR spectrum of the products formed after decolorization showed peaks at 3240 cm--1 

corresponding to N–H stretching of secondary amides, N–H stretching of charged amines at 2416 cm--1, N=N 

stretching of azo compounds at 1585 cm--1, C-OH stretching of secondary alcohols at 1111 cm--1 and C-Cl stretching 

of monochlorinated halide at 619 cm--1 (Fig. 6). Differences in FTIR spectra of Reactive Yellow F3R and its 

products indicated the degradation of dye molecule into different metabolites by A. hydrophila SK 16. 

The HPLC profile of Reactive Yellow F3R control displayed a major peak at retention time (RT) 1.478 min and a 

minor peak at 3.106 min. Decolorized samples showed extra peaks at RT 1.481, 3.165, 3.374 and 3.945 min along 

with change in absorbance indicating the breaking of dye molecules (Fig. 7).  

The products obtained by degradation of Reactive Yellow F3R were analyzed by GCMS for tentative identification 

of the unknown metabolites, and a possible degradation pathway was proposed as shown in Fig. 8. The azo bond of 

parent dye was cleaved by the action of azoreductase to form two intermediates I and II. Further, the action of 

laccase on intermediate I lead to asymmetric cleavage forming intermediate III, IV and 2-chloro-1,3,5-triazine (MW 

115.52; m/z 115.0; RT 13.344 min) further giving rise to benzene (MW 78.11; m/z 78.1; RT 13.979 min) and (2Z)-

but-2-ene (MW 56.11; m/z 55.1; RT 13.979 min) from intermediate III, benzene-1,4-diamine (MW 108.14; m/z 

107.0; RT 12.014 min) and aniline (MW 93.13; m/z 91.1; RT 17.822 min) from intermediate IV and 1,3,5-triazine 

(MW 81.08; m/z 81.0; RT 13.758 min), respectively, as the products. Intermediate II was converted to naphthalen-1-

amine (MW 143.19; m/z 143.2; RT 14.820 min) giving naphthalene (MW 128.17; m/z 129.1; RT 20.676 min) as the 

final product (Table 4).    

Limited literature is available on sequential aerobic-microaerophilic treatment of azo dyes by single adaptable 

microorganisms. Shah et al. reported degradation of Remazole Brilliant Violet 5R by a bacterial consortium under 

microaerophilic conditions via microbial respiration mechanism linked to electron transport chain wherein 

azoreductase caused symmetric reduction of the azo bond of the dyes followed by desulfonation and deamination of 

the intermediates into non-harmful compounds by oxidative enzymes like lignin peroxidase and laccase until 
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complete remediation [33]. High decolorization of Golden Yellow HER by Bacillus laterosporus (85 %) as well as 

the consortium GG-BL (100 %) was observed in a combined aerobic (12 h) to microaerophilic (12 h) batch process 

by action of oxidoreductive enzymes [34]. A mixture of azo, triphenylmethane and azine dyes was decolorized by A. 

hydrophila under aerobic--microaerophilic conditions wherein aerobic (shaking) environment provided oxygen for 

efficient growth of bacterial biomass on dye containing media and azo dyes decolorized efficiently under 

microaerophilic (static) conditions [35]. As oxygen inhibits the azoreduction activity, oxygen depletion in 

microaerophilic cultures allows dissimilatory reduction of azo dyes by facultative anaerobic bacteria. In this study, 

A. hydrophila with its ability to survive in both aerobic and microaerophilic environments has been used as an 

efficient single microorganism for non-specific degradation of textile azo dyes by a microbial respiratory 

mechanism which may be linked to the electron transport chain for microbial growth [36]. A mechanistic pathway 

has been proposed for degradation of the chosen azo dye Reactive Yellow F3R by A. hydrophila SK 16. The 

reduction mechanism of the azo dyes maybe strain-specific with involvement of various enzymes and metabolic 

pathways for successful degradation. 

 

3.5 Assessment of relationship between in-silico and in vitro studies 

During in-silico analysis, it was observed that out of the five selected dyes, the docking score for Reactive Yellow 

F3R was the highest in both A. hydrophila and L. sphaericus and of these two, laccase of A. hydrophila showed 

maximum binding energy (Table 3). Subsequently through UV–vis analysis, maximum decolorization (90.4 %) was 

observed for Reactive Yellow F3R by A. hydrophila SK16 compared to the other dyes (unpublished observations). 

Thus, it was selected for further biodegradation analysis, which proved degradation of the dye into other 

metabolites. These results support that bioinformatics tools and analysis using docking can be used as an effective 

aid in lab-based studies for effective bioremediation and treatment of textile dyes and toxicity assessment at 

molecular level. In-silico data and wet lab-based crude laccase enzyme from Rigidoporus sp. were used for dye 

decolorization using wheat bran as solid support [37].   

 

4 Concluding remarks 

In the present study, the potential of bioinformatics tools and software was assessed for bioremediation of textile dye 

wastewater. In-silico analysis for understanding the interaction of laccase and azoreductase enzymes from A. 

hydrophila and L. sphaericus with Reactive Yellow F3R, Remazol Red RR, Joyfix Yellow 53R, Drimaren Black 

CL-S and Disperse Red F3BS was performed. The electrostatic interaction, hydrogen bonding and hydrophobic 

interactions favored the bond formation between the amino acid residues of the enzymes and dyes. The docking 

score mimicked the pattern of in-vitro decolorization percentage. Thus, it was ascertained that in-silico analysis of 

dye-enzyme interfaces may aid to probe the efficacy of enzymes for bacteria mediated decolorization curbing the 

need of expansive preliminary screening of microbial strains that may have selective applications. Based on this 

preliminary screening, Reactive Yellow F3R was selected for confirmation of biodegradation by HPLC, FTIR and 

GCMS along with a pathway proposed for biodegradation. To the best of our knowledge, this study in conjunction 

with a previous research supports the use of bioinformatics effectively by correlating the binding energy with wet-
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lab results, particularly for the first time for these five textile azo dyes. It can serve as an alternate strategy to the 

laborious primary screening steps for isolation and selection of potential textile dye degrading soil bacteria (adapted 

strains in textile effluent polluted soil) by making use of existing strains available in laboratories or bacterial 

repositories for the decolorization and biodegradation of textile azo dyes. Thus, the present study revealed that in-

silico studies can be done as a simulation for the in-vitro and in-vivo situations and is an attempt to give an option 

that allows the stakeholders to make a rational choice for bioremediation. Identification of critical active site 

residues for site directed mutagenesis experiments can be pursued in future to identify their function in the enzyme’s 

specificity and activity, eventually leading to better prototypes for degradation of the toxic dyes. 
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Fig. 1 Homology-modeled structure and Ramachandran plot of azoreductase and laccase of A. hydrophila (a) and 

(b) and L. sphaericus (c) and (d), respectively (Ribbon diagram showing the α-helices, β-strands and loops in pink, 

yellow and blue) 

Fig. 2 Docked complex and interactions of azoreductase of A. hydrophila with dyes 

Fig. 3 Docked complex and interactions of laccase of A. hydrophila with dyes 

Fig. 4 Docked complex and interactions of azoreductase of L. sphaericus with dyes 
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Fig. 5 Docked complex and interactions of laccase of L. sphaericus with dyes 

Fig. 6 FTIR spectra of (a) Reactive Yellow F3R (b) its degradation product 

Fig. 7 HPLC elution profile of (a) Reactive Yellow F3R (b) the metabolites formed during its degradation by A. 

hydrophila SK 16 

Fig. 8 Proposed pathway of biodegradation of Reactive Yellow F3R by A. hydrophila SK 16 
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Table 1 Details of azo dyes used in the study 

S. No. Dye Name Other details 
Molecular 

class 
Structure 

1 Reactive Yellow F3R  

CAS 93050-80-7 

93050-80-7.mol 

C.I. Reactive Yellow 145, 

Reactive Yellow 3RS  

C28H20ClN9Na4O16S5 

MW: 1026.25 g/mol 

Single azo  

2. Remazol Red RR  

CID_9570342.sdf 

C18H16N2O10S3 

MW: 516.52204 g/mol 

Single azo  

3. Joyfix Yellow 53R 

CAS 61951-43-7 

C.I. Basic Yellow 53, 

Sevron Yellow 8 GMF  

C23H25ClN2O 

MW: 380.91 g/mol 

Methine  

4. Drimaren Black CL-S  

CID_9570329.sdf 

CAS 12225-25-1/17095-

24-8 

C.I.20505 

C.I. Reactive Black 5, 

Remazol black B, 

Reactive Black KN-B, 

Cibacron Navy DP-B 

C26H21N5Na4O19S6  

MW: 991.82 g/mol 

Double azo  

5. Disperse Red F3BS 

CID_110090.sdf 

CAS 99031-78-6 

C.I. Disperse Red 343 

C20H22N6O2S 

MW: 410.49268 g/mol 

Single azo  
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Table 2 Stereochemical parameters of the models generated by homology modeling and its templates  

PROCHECK 

regions 

Percentage of amino acids plotted in the various regions of Ramachandran plot predicted through 

PROCHECK at SAVES server 

Aeromonas hydrophila Lysinibacillus sphaericus 

Azoreductase 

Model 
2Z98_A 

Laccase 

model 
1RV9_A 

Azoreductase 

model 
3W77_A 

Laccase 

model 
1T8H_A 

Most favored (%) 90.6 92.3 92.1 88.7 89.0 93.9 88.8 90.6 

Additionally 

Allowed (%) 
7.0 7.1 6.4 9.9 9.9 6.1 10.3 8.5 

Generously 

Allowed (%) 
1.8 0.6 1.0 0.5 1.1 0.0 0.9 0.4 

Disallowed (%) 0.6 0.0 0.5 1.0 0.0 0.0 0.0 0.4 

 

 

 

 

Table 3 Amino acid (aa) residues and docking scores (kJ/mol) for the binding of azoreductase and laccase of A. 

hydrophila and L. sphaericus with the dyes (* – bonded interactions; others – non-bonded interactions) 

Organism Aeromonas hydrophila Lysinibacillus sphaericus 

aa Residues 

 Dyes 
Azoreductase Laccase Azoreductase Laccase 

Reactive 

Yellow F3R  

Leu11, Asn12, 

Ala15, Ser16, 

Arg17, Gln20, 

Tyr96, Met176, 

Met187 

Asn12*, Ala15*, 

Arg17* 

His38, Asn67, 

Gln68, His70,  

Met102, Asp105, 

Cys106, Gly125, 

Trp126, Phe161, 

Tyr228 

His70*, Asp105* 

Asp13, Gly14, 

Leu92, Trp93, 

Asn94, Tyr142, 

His178, Asn179, 

Ala185 

Asp13*, Leu92*, 

Ala137*, His178* 

His32, His65, 

Met84, Phe106, 

Ala108, Cys110, 

Leu164, Phe169, 

Tyr236, Arg237, 

Arg244 

Phe106*, Ala108*, 

Cys110*, Arg244* 

Dock score --30.3488  --39.3988 --30.9123 --36.5409 

Remazol Red 

RR 

Asn12, Ala15, 

Ser16, Arg17, 

Gln20, Met176, 

Met187 

Asn12*, Ala15*,  

Arg17*, Thr18*,  

Gln20*, Tyr96* 

His70, Thr103, 

Ala104, Cys106,  

Trp126, Arg127,  

Tyr228, Arg236 

His38*, His70*, 

Ala104*, Asp105*, 

Cys106*, Arg127*,  

Ile15, Pro91, 

Trp93, Gly139,  

Gly140, Asn179, 

Asn180 

Asn9*, Arg11*, 

Ser16*, Trp93* 

His32, Thr33, 

His65, Phe106, 

Ala108, Cys110, 

Tyr236, Gln241, 

Arg244 

Ala108*, Asp109*, 

Cys110*, Ala242*, 
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Arg236* Arg244* 

Dock score --29.9829 --27.2018 --23.4390 --21.7658 

Joyfix Yellow 

53R 

Leu11, Ser15, 

Gln16, Pro94, 

Met95, Tyr96, 

Ser139, Gly141, 

Ile176 

Ser15*, Gln16*, 

Ser17* 

His52, Ile168, 

Phe173, Tyr239, 

Arg240, Arg247 

His52*, Hoh537*,  

Hoh590* 

Val52, Ile57, 

Asp113, Asn116, 

Arg117, Ala118, 

Phe122 

Ala118* 

Gly154, His155, 

Trp158 

Dock score --17.8486 --14.7026 --14.2823 --15.4842 

Drimaren 

Black CL-S 

Asn12*, Met95*, 

Asn97* 

Asn12, Ala15, 

Arg17, Met95, 

Tyr96, Asn97, 

Leu98, His144, 

Met176 

His38, Gln68, 

His70, Cys106,  

Trp126, Val163, 

Glu166, Val167, 

Tyr228 

His70*, Trp126* 

Ile15, Pro91, 

Leu92, Trp93, 

Ala137, Arg138, 

Gly139, Tyr142, 

Thr147, His178 

Gly139*, Gly140* 

His32, Thr33, 

His65, Glu62, 

Met84, Phe106, 

Ala108, Cys110, 

Tyr236, Arg244 

Arg244* 

Dock score --19.6668 --22.7976 --22.3551 --18.4420 

Disperse Red 

F3BS 

Asn12, Ala15, 

Arg17, Met95, 

Ser139, Arg140, 

Gly141, Met176 

Asn12*, Arg17*, 

Thr18*, Ser139* 

His38, Gln68, 

His70, Met102,  

Thr103, Ala104, 

Cys106, His123, 

Tyr228, Arg236 

His70*, Ala104*, 

Asp105*, Cys106* 

Arg236* 

Ile15, Trp93, 

His178, Asn179 

Arg11*, Ile15*, 

Ser16*, Trp93*, 

Asn179* 

His32, Thr33, 

His65, Ala108, 

Cys110, Tyr236, 

Arg244 

Ala242*, Arg244* 

Dock score --17.6679 --22.0052 --21.2004 --18.0458 
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Table 4 GC mass spectral data of metabolites formed after degradation of Reactive Yellow F3R by A. hydrophila SK16 

S. No. 
Molecular 

weight (MW) 
m/z 

Retention 

Time (min) 
Metabolite GCMS Peak 

1. 78.11 78.1 13.979 Benzene 

 

2. 56.11 55.1 13.979 (2Z)-But-2-ene 

3. 115.52 115.0 13.344 2-Chloro-1,3,5-triazine 

 

4. 81.08 81.0 13.758 1,3,5-Triazine 

 

5. 

 
108.14 107.0 12.014 Benzene-1,4-diamine 
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6. 93.13 91.1 17.822 Aniline 

 

7. 143.19 143.2 14.820 Naphthalen-1-amine 

 

8. 128.17 129.1 20.676 Naphthalene 
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Figure 3 
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Figure 7 
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Abstract In the present study, extracts of Garcinia
xanthochymus seeds were used to determine anti-diabetic, an-
ti-oxidant, and biochemical activities in alloxan-induced diabet-
ic mice. Of the petroleum ether (G. xanthochymus petroleum
ether extract (GXSPE)) and methanol (G. xanthochymusmeth-
anol extract (GXSME)) seed extracts, 100 and 200 mg/kg were
used and compared with normal, diabetic, and glibenclamide
groups for various activities. The parameters like blood glucose,
body weight, serum biochemicals, serum enzymes, and anti-
oxidative enzymes in different groups were monitored at regu-
lar intervals. The extracts produced a dose-dependent response
for blood glucose levels and associated serum biochemicals,
serum enzymes, and anti-oxidative enzymes compared to the
diabetic control groups. The high-pressure liquid chromatogra-
phy (HPLC) analysis revealed the presence of phenolic

compounds especially gallic acid, 4-hydroxybenzoic acid, and
tannic acid, which have an important role in anti-diabetic ac-
tion. Thus, this study points out the strong anti-diabetic, anti-
oxidant, and biochemical activity of G. xanthochymus seeds.
Hence, it can be used for the development of an effective herbal
pharmaceutical drug for curing diabetes.

Keywords Garcinia xanthochymus . Anti-diabetic . Lipid
profiles . Phenolic . Compounds . Anti-oxidative enzymes

Introduction

Diabetes mellitus (DM) is a metabolic disorder affecting the
health of global public in both developed and developing
countries. In the recent report by the International Diabetes
Federation (IDF), it is estimated that 415 million adults are
suffering from DM in 2015 and this number is expected to go
up to 642 million by 2040 (IDF 2015). This increase is ex-
pected to occur majorly in South East Asian countries espe-
cially India and China (78.3 million in 2015 to 140.2 million
in 2040). DM is characterized by altered levels of glucose and
lipid metabolism and modification of liver enzyme levels
causing hyperglycemia and hyperlipidemia (Taskinen 2002).
At present, various synthetic drugs have been used for the
treatment of DM. However, these have serious side effects
such as dropsy, drug resistance, and weight gain. In contrast
to this, various traditional medicines have shown potential
anti-diabetic effect with less tolerability and side effects.

Garcinia xanthochymus (family: Clusiaceae) is a fruit
yielding tropical tree native to South East Asia. It is an
underutilized tree and is commonly known as Mysore gam-
boge or yellow mangosteen. It is used in various traditional
medicines for bilious condition, diarrhea, and dysentery; as an
anthelmintic, a cardiotonic, and an alexipharmic; and as a
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tonic to improve appetite. Various phytochemical reports on
the plants have led to the isolation of xanthones (Zhong et al.
2008a, b; Chen et al. 2011), benzophenones (Baggett et al.
2005; Acuna et al. 2012), and flavonoids (Baslas & Kumar
1979) as major components, and numerous scientific studies
have indicated various pharmacological activities such as anti-
oxidant (Chen et al. 2011; Zhong et al. 2009; Acuna et al.
2012) and cytotoxic (Ji et al. 2012; Han et al. 2007;
Manosroi et al. 2006) and nerve growth factor-potentiating
activity (Chanmahasathein et al . 2003a, b), anti-
inflammatory activity (Pal et al. 2005; Ruma et al. 2013),
and anti-microbial activity (Sunkar & Nachiyar 2012)
amongst various others.

Many Garcinia species like Garcinia cambogia
(Hayamizu et al. 2003; Asghar et al. 2007; Wielinga
et al. 2005; Cheng et al. 2012), Garcinia indica (Sasaki
et al. 2007; Kirana & Srinivasan 2010; Yamaguchi et al.
2000), Garcinia mangosteen (Ryu et al. 2011; Nelli et al.
2013), and Garcinia kola (Adaramoye 2012) have been
reported to possess anti-diabetic and anti-oxidant proper-
ties. However, there are still no scientific reports on the
anti-diabetic potential of G. xanthochymus seed extracts.
Therefore, the present study was aimed at investigating
the in vivo anti-diabetic effects of petroleum ether and
methanol extracts of G. xanthochymus seeds on Swiss
albino mice.

Materials and methods

Experimental animals

A total of 35 Swiss albino mice (6–8 weeks old) of
either sex were maintained under standard laboratory
conditions in the animal house of the Department of
Zoology, Karnatak University, Dharwad, India, with
food and water ad libitum under constant photoperiod
(12 h). The experiments were approved by the ethical
committee of Karnatak University (no. 639/02/a/
CPCSEA), and all institutional and national guidelines
for care and use of laboratory animals were followed.

Plant materials, chemicals, and reagents

The seeds were collected from Siddapur, Karnataka, India. A
voucher specimen was deposited at the Herbarium of
Department of Studies in Botany, Karnatak University,
Dharwad (accession no. KU-BOT-GX-213). Alloxan
monohydrate was procured from Sigma-Aldrich (St. Louis,
MO). All the reagents were procured from HiMedia
Laboratories Pvt. Ltd. (Mumbai, India) unless otherwise
specified.

Preparation of plant extracts

The seeds were dried (moisture content ∼12.9%) and grinded
to powder using a mechanical blender. The powder (50 g) was
subjected to extraction by using a Soxhlet apparatus using
petroleum ether and later with methanol at 60 °C for 6 h.
The extracts obtainedwere subjected to evaporation to remove
any traces of solvent by using a rotary flash evaporator. The
dried extracts were labeled as G. xanthochymus petroleum
ether extract (GXSPE) andG. xanthochymusmethanol extract
(GXSME), respectively. The resultant GXSME (12.64%) was
lyophilized and stored at −20 °C, and GXSPE (44.0%) was
stored at room temperature until further use.

High-pressure liquid chromatography analysis

The reversed-phase high-pressure liquid chromatography
(HPLC) photo diode array (RP HPLC DAD) analysis was per-
formed on the Shimadzu chromatographic system (model no.
LC 20AD) consisting of a quaternary pump, a manual injector,
a degasser (DGU 20A5), and a dual λ UV absorbance diode
array detector SPD M20A. The built-in LC solution software
system was used for data processing. Chromatographic separa-
tion was achieved on a Waters Nova-Pak C18 column (4 μm,
4.6 × 250 mm) for phenolic compounds. Mobile phase
consisting of water/acetonitrile/glacial acetic acid (90:5:5) was
used for separation with an injection volume of 20 μL. The
flow rate was 0.9 mL/min with a run time of 60 min, and
detection was done at 280 nm. Standard phenolic compounds
were accurately weighed and dissolved in methanol to obtain a
stock solution (1 mg/mL). Then, the stock solutions were seri-
ally diluted using the same solvent to obtain working concen-
trations for plotting calibration curves. Different concentrations
of phenolics (1, 5, 10, 20, 40, and 100μg/mL)were used during
the study. All the solutions and analytes were stored in
microfuge tubes at 4 °C until further use.

Acute toxicity study

Acute oral toxicity of GXSPE and GXSMEwas performed on
Swiss albino mice according to the guidelines of OECD
(OECD iLibrary 2002). Four groups of five mice each were
used for the study (n = 5), and the mice were fasted overnight
prior to the experiment. GXSPE and GXSME were adminis-
tered orally at doses of 50, 100, 200, 500, 1000, and
2000 mg/kg body weight. Following the dose, all the groups
were carefully observed for the variations in weight, mortality,
and behavioral profiles.

Oral glucose tolerance test

Blood glucose level of mice kept under fasting (12 h) was
determined. The mice were orally administered with normal
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saline and 100 and 200 mg/kg of GXSPE and GXSME ex-
tracts dissolved in phosphate-buffered saline (PBS). Glucose
solution of 1 g/kg was administered to all the experimental
mice after the administration of the extract. Blood samples
were collected at 30, 60, 90, and 120 min post-glucose admin-
istration by the tail flick method to record the variation in
blood glucose levels.

Induction of diabetes in mice

Diabetes was induced in mice by a single intraperitoneal
injection (100 μL) of freshly prepared alloxan
monohydrate in saline (20 mM PBS) with a dose of
50 mg/kg BW. Diabetes was confirmed after induction
by measurement of tail vein blood glucose levels, and
mice with fasting blood glucose level >250 mg/dL on
the third day of alloxan administration were considered
diabetic and were used in the experiments.

Experimental protocol for anti-diabetic activity

The mice were randomly divided into seven groups each con-
taining five mice.

& Normal control (NC) group: NC received normal saline.
& Diabetes mellitus (DM) group: DM received normal

saline.
& Diabetes mellitus + glibenclamide (5 mg/kg BW) (DM +

Glib) group: Glibenclamide (5 mg/kg BW, per day) was
treated to diabetic mice orally during 14-day experimental
period.

& Diabetes mellitus + GXSPE (100 mg/kg BW) (DM +
GXSPE-100) group: GXSPE (100 mg/kg BW, per day)
extract was treated to diabetic mice orally during 14-day
experimental period.

& Diabetes mellitus + GXSPE (200 mg/kg BW) (DM +
GXSPE-200) group: GXSPE (200 mg/kg BW, per day)
extract was treated to diabetic mice orally during 14-day
experimental period.

& Diabetes mellitus + GXSME (100 mg/kg BW) (DM +
GXSME-100) group: GXSME (100 mg/kg BW, per day)
extract was treated to diabetic mice orally during 14-day
experimental period.

& Diabetes mellitus + GXSME (200 mg/kg BW) (DM +
GXSME-200) group: GXSME (200 mg/kg BW, per day)
extract was treated to diabetic mice orally during 14-day
experimental period.

Body weight and blood glucose levels

Total body weight of all experimental animals was ob-
served and recorded on 1st, 7th, and 14th days of the

treatments, and 12-h fasting blood glucose levels were
estimated using the Accu-Chek glucometer using the tail
flick method on the aforementioned days.

Tissue and serum preparation

The pancreas were carefully removed, weighed, and
rinsed with ice cold-saline to remove blood. The ho-
mogenates were prepared using the procedures described
by Kakkar et al. (1995). The blood was collected by
cardiac puncture using a syringe under mild anesthesia,
and serum was isolated by centrifugation at 3000 rpm
for 15 min to determine the biochemical parameters.

Serum lipid profiles

Serum lipid profiles [low-density lipoprotein (LDL),
high-density lipoprotein (HDL), very low-density lipo-
protein (VLDL), triglyceride (TG), total cholesterol
(TC)] were estimated by using the procedure as outlined
in commercial kits (ERBA Diagnostics Mannheim
GmbH, Mannheim, Germany).

Determination of liver function test

Liver biochemical markers like aspartate aminotransfer-
ase (AST), alanine aminotransferase (ALT), alkaline
phosphatase (ALP), creatinine (CRE), urea, uric acid,
total bilirubin (TB), direct bilirubin (DB), albumin
(ALB), and total proteins present in serum were
estimated.

Determination of oxidative parameters

The peroxidation level was estimated as thiobarbituric ac-
id reactive substances (TBARS) in pancreas (Uchiyama &
Mihara 1978). The anti-oxidant enzymes which reduce
glutathione (GSH) superoxide dismutase (SOD), and cat-
alase (CAT) in pancreas were estimated by using the
methods described by Moran et al. (1979), Kakkar et al.
(1995), and Sinha (1972), respectively.

Statistical analysis

Statistical analysis was performed using the SPSS software
package, version 18.0. The values expressed as mean ± SE
were analyzed using one-way ANOVAwith Tukey’s post hoc
test. p value <0.05 was considered as significant.
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Results

Acute toxicity test

The mice showed good tolerance to testing (100 and
200 mg/kg) doses of GXSPE and GXSME. Extract in doses
as high as 2000mg/kg was found to be non-lethal. The highest
dose of both the extracts did not show any signs of toxicity
and mortality even after 3 days of oral administration. Hence,
these extracts are safe for long-term administration in mice.

Oral glucose tolerance test

The oral glucose tolerance test (OGTT) data revealed that the
blood glucose in experimental mice significantly increased
after 30 min of glucose administration. However, the admin-
istration of GXSPE and GXSME showed significant
(p < 0.05) gradual decrease in glucose levels with increase
in time duration and as well as with the increase in concentra-
tion of extracts. Regardless of the concentration used, the
blood glucose levels were almost reduced to that before
fasting after 120 min of post-glucose administration (Fig. 1).

Effect of G. xanthochymus petroleum ether extract
and G. xanthochymus methanol extract on blood glucose
levels and body weight

Table 1 depicts the glucose levels in normal and diabetes mice.
The NC and DM groups did not show any significant differ-
ence on the 14th day in the glucose levels compared to those
on the 1st day. However, blood glucose levels significantly
(p < 0.05) decreased on administration of GXSPE and
GXSME in DM mice. Daily administration of 100 and

200 mg/kg of GXSPE and GXSME showed reduction of
blood glucose, which was related to dose and duration. DM
administered with glibenclamide showed 72.67% reduction in
blood glucose levels, which signified that our results have
positive response. Maximum reduction of blood glucose was
observed with 200 mg/kg of GXSPE (−52.94%) and GXSME
(−52.91%). Changes in initial and final body weights in con-
trol and experimental mice groups are depicted in Table 2.
Weight loss (−20%) was observed in DM till the end of the
experiments. However, mice administered with glibenclamide
(9%) and GXSPE and GXSME (5–6%) improved the body
weight as compared to the initial diabetic animals.

Effect of G. xanthochymus petroleum ether extract
and G. xanthochymus methanol extract on lipid profiles

In DM mice, the TG, TC, LDL, and VLDL levels were
significantly (p < 0.05) increased and HDL levels signif-
icantly (p < 0.05) decreased compared to NC mice. The
TG content doubled in the DM group (266.78 mg/dL)
compared to the NC group (123.52 mg/dL). GXSPE and
GXSME showed reduction in TC level, but this was more
prominent with GXSME having 200 mg/kg. In case of TC
content , i t was also doubled for the DM group
(321.08 mg/dL) compared to the NC group (163.44 mg/
dL). All the seed extracts showed reduction in TC levels;
however, significant reduction was noticed with GXSME
(Table 3). Similar trends were observed in case of LDL
and VLDL. The LDL and VLDL significantly (p < 0.05)
decreased compared to the DM group. In case of LDL,
significant decrease was observed with GXSME having
200 mg/kg. In case of VLDL, all the extracts were equally
effective. However, an opposite trend was observed in

Fig. 1 Oral glucose tolerance test
(OGTT). Effect of Garcinia
xanthochymous seed petroleum
ether (GXSPE) and methanol
(GXSME) extract feeding. In the
oral glucose tolerance test,
glucose levels were estimated
followed by an oral
administration of 1 g/kg D-(+)-
glucose at indicated time points.
Mean ± standard error (n = 5)
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case of HDL. HDL was dramatically decreased in the DM
(13.84 mg/dL) group compared to the NC (45.44 mg/dL)
group. This was significantly improved when the DM
mice was administered with GXSPE and GXSME in a
dose-dependent manner (Table 3).

Effect of G. xanthochymus petroleum ether extract
and G. xanthochymus methanol extract on biochemical
parameters

The effect of glibenclamide and GXSPE and GXSME
on various serum enzymatic (AST, ALT and ALP) and
biochemical parameters (urea, uric acid, CRE, TB, DB,
ALB, and protein) on experimental mice is depicted in
Table 4. The serum enzymatic and biochemical param-
eters increased significantly (p < 0.05) in the DM
group. However, administration of glibenclamide and
GXSPE and GXSME significantly (p < 0.05) decreased
the elevated levels considerably and brought it to
normalcy.

Effect of G. xanthochymus petroleum ether extract
and G. xanthochymus methanol extract on lipid
peroxidation and anti-oxidant defense systems

In the DM group, the level of serum malondialdehyde (MDA)
significantly (p < 0.05) increased compared to the NC group.
However, administration of glibenclamide and 100 and
200 mg/kg BW doses of GXSPE and GXSME resulted in
significant decrease in the serum MDA level, thereby signify-
ing lowering of the degree of lipid peroxidation (Table 5). The
percentage decreases in MDA contents were −68.2, 54.31,
59.75, 59.4, and 63.08%, respectively, for glibenclamide,
GXSPE-100, GXSPE-200, GXSME-100, and GXSME-200
compared to DM.

The anti-oxidant defense systems like SOD, GSH, and
CAT in pancreas were also measured in the present experi-
ments. The results revealed a threefold decrease in these pa-
rameters in the DM group compared to the NC group
(Table 5). The SOD level decreased to −65.21% in DM com-
pared to the NC group. However, administration of
glibenclamide and 200 mg/kg of GXSPE and GXSME

Table 1 Effect of Garcinia
xanthochymus seed extracts on
blood glucose level of
experimental groups

Groups Glucose level (mg/dL)

1st day 7th day 14th day

NC 85.40 ± 2.31 b 86.80 ± 2.88 c 88.00 ± 2.42 d

DM 388.00 ± 2.58 a 385.20 ± 3.81 a 375.80 ± 2.83 a

DM + Glib 377.00 ± 3.59 a 286.20 ± 1.65 b 103.00 ± 5.96 d (−72.67%)

DM + GXSPE-100 376.60 ± 8.70 a 279.00 ± 11.13 b 204.20 ± 1.96 b (−45.77%)

DM + GXSPE-200 374.42 ± 11.71 a 264.80 ± 11.93 b 176.20 ± 10.50 c (−52.94%)

DM + GXSME-100 368.60 ± 11.48 a 292.80 ± 5.08 b 192.20 ± 2.76 bc (−47.85%)

DM + GXSME-200 366.60 ± 11.49 a 260.80 ± 13.66 b 172.60 ± 6.74 c (−52.91%)

Statistical analysis was carried out using one-way ANOVAwith Tukey’s post hoc test. Values are expressed as
mean glucose level ± standard error with n = 5 for all groups. Values with different letters along either a row or a
column are significantly different (p < 0.05) from each other

Table 2 Effect of Garcinia
xanthochymus seed extracts on
body weight of experimental
groups

Groups Body weight (g)

1st day 7th day 14th day % Change in body weight

NC 34.72 ± 0.14 a 35.78 ± 0.14 a 37.34 ± 0.16 a 7.01

DM 32.22 ± 0.46 b 31.54 ± 0.20 d 26.40 ± 0.81 d −22.04
DM + Glib 32.76 ± 0.27 b 33.94 ± 0.14 bc 36.18 ± 0.23 ab 9.45

DM + GXSPE-100 33.36 ± 0.47 ab 34.10 ± 0.49 ab 35.28 ± 0.36 bc 5.44

DM + GXSPE-200 32.72 ± 0.49 b 33.40 ± 0.43 bc 34.86 ± 0.22 bc 5.96

DM + GXSME-100 31.54 ± 0.45 b 32.38 ± 0.50 cd 33.52 ± 0.53 c 5.9

DM + GXSME-200 32.84 ± 0.46 b 33.64 ± 0.47 bc 35.00 ± 0.38 bc 6.17

Statistical analysis was carried out using one-way ANOVAwith Tukey’s post hoc test. Values are expressed as
mean body weight ± standard error with n = 5 for all groups; the positive value indicates an increasing body
weight compared. Values with different letters along either a row or a column are significantly different (p < 0.05)
from each other
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accounted for 66.35, 58.15, and 62.41% increase in SOD ac-
tivity, respectively. Similar trends were observed in case of
CATwith a decrease of −66.51% in the DM group compared
to the NC group. This was attenuated by glibenclamide and
200 mg/kg of GXSPE and GXSME, which accounted for
65.84, 55.58, and 57.96% increase in CAT activities. Similar
observation was made for GSHwith a decrease of −65.82% in
the DM group compared to the NC group. Oral administration
of glibenclamide and 200 mg/kg of GXSPE and GXSME
accounted for 65.20, 54.93, and 59.19%, respectively.

High-pressure liquid chromatography analysis

HPLC profiles of secondary metabolites at 270 nm showed the
presence of phenolic acids in GXSME. Gallic acid (GA), 4-
hydroxybenzoic acid (4-HBA), and tannic acid (TA) were the

major phenolic acid identified. TAwas found to be in the highest
concentration (73.32 ± 1.39 mg/g dry weight (DW)) followed by
4-HBA (9.76 ± 1.45mg/gDW) andGA (7.33 ± 0.13mg/gDW).
The spectral patterns of identified compounds are given in Fig. 2.

Discussion

Garcinia species have been used for hundreds of years as
traditional medicines (Chinese, Indian, and Thai) for various
medicinal practices. Various Garcinia species like
G. cambogia (Hayamizu et al. 2003; Asghar et al. 2007;
Wielinga et al. 2005; Cheng et al. 2012), G. indica (Sasaki
et al. 2007; Kirana and Srinivasan 2010; Yamaguchi et al.
2000), G. mangosteen (Ryu et al. 2011; Nelli et al. 2013),
and G. kola (Adaramoye 2012) have shown to possess anti-

Table 3 Effect of Garcinia xanthochymus seed extracts on lipid profile levels of experimental groups

Groups Serum lipid profile (mg/dL)

TG TC LDL HDL VLDL

NC 123.52 ± 1.08 d 163.44 ± 2.99 d 107.04 ± 2.08 d 45.44 ± 1.27 a 25.98 ± 0.52 c

DM 266.78 ± 1.40 a 321.08 ± 1.90 a 248.18 ± 1.97 a 13.84 ± 0.75 d 51.86 ± 1.46 a

DM + Glib 129.34 ± 1.09 cd 168.86 ± 1.73 cd 110.92 ± 0.75 cd 44.68 ± 0.49 a 29.62 ± 0.71 bc

DM + GXSPE-100 159.42 ± 4.91 b 207.56 ± 7.22 b 138.12 ± 8.04 b 34.88 ± 0.40 c 33.32 ± 0.64 b

DM + GXSPE-200 149.26 ± 5.49 b 198.48 ± 10.45 bc 130.52 ± 4.81 bc 36.20 ± 0.38 bc 32.48 ± 0.67 b

DM + GXSME-100 148.62 ± 5.29 b 194.32 ± 8.69 bcd 131.20 ± 5.07 bc 36.86 ± 0.76 bc 32.30 ± 0.74 b

DM + GXSME-200 143.06 ± 6.44 bc 188.64 ± 9.80 bcd 123.00 ± 5.39 bcd 39.68 ± 1.04 b 31.00 ± 0.72 b

Statistical analysis was carried out using one-way ANOVAwith Tukey’s post hoc test. Values are expressed as mean ± standard error with n = 5 for all
groups. Values with different letters along either a row or column are significantly different (p < 0.05) from each other

Table 4 Effect of Garcinia xanthochymus seed extracts on liver and renal serum biomarkers in experimental groups

Parameter Groups

NC DM DM + Glib DM + GXSPE-
100

DM + GXSPE-
200

DM + GXSME-
100

DM + GXSME-
200

AST (U/L) 46.19 ± 2.51 d 320.00 ± 2.02 a 59.37 ± 2.31 d 111.00 ± 4.73 b 100.46 ± 4.82 bc 98.03 ± 5.78 bc 88.32 ± 4.93 c

ALT (U/L) 27.00 ± 2.03 e 260.12 ± 11.75 a 46.20 ± 2.38 de 97.76 ± 2.34 b 86.98 ± 4.26 bc 79.54 ± 4.19 bc 66.54 ± 3.6 cd

ALP (U/L) 56.52 ± 1.58 d 299.38 ± 0.74 a 61.66 ± 3.14 d 114.68 ± 4.94 b 104.14 ± 6.60 bc 98.30 ± 3.23 bc 88.04 ± 4.73 c

Urea (mg/dL) 14.42 ± 0.23 d 32.64 ± 0.28 a 15.46 ± 0.24 cd 18.14 ± 0.38 b 16.38 ± 0.61 bcd 17.52 ± 0.62 b 17.10 ± 0.54 bc

Uric acid
(mg/dL)

1.02 ± 0.04 d 3.40 ± 0.07 a 1.25 ± 0.07 d 2.45 ± 0.08 b 2.04 ± 0.07 c 2.62 ± 0.10 b 2.55 ± 0.09 b

Creatinine
(mg/dL)

0.72 ± 0.02 c 1.63 ± 0.05 a 0.81 ± 0.02 bc 1.00 ± 0.10 b 0.88 ± 0.03 bc 0.90 ± 0.04 bc 0.85 ± 0.02 bc

TB (mg dL) 0.34 ± 0.02 e 0.82 ± 0.02 a 0.56 ± 0.03 d 0.73 ± 0.01 b 0.70 ± 0.01 bc 0.68 ± 0.02 bc 0.63 ± 0.01 cd

DB (mg/dL) 0.29 ± 0.18 c 0.42 ± 0.02 a 0.18 ± 0.01 c 0.35 ± 0.02 ab 0.31 ± 0.00 b 0.33 ± 0.02 b 0.30 ± 0.00 b

Albumin (g/dL) 8.49 ± 0.12 a 1.51 ± 0.06 d 8.65 ± 0.27 a 6.16 ± 0.23 c 6.79 ± 0.13 bc 7.04 ± 0.10 b 8.05 ± 0.08 a

Protein (g/dL) 8.50 ± 0.29 a 3.88 ± 0.17 c 8.50 ± 0.34 a 7.36 ± 0.12 b 7.80 ± 0.17 ab 7.86 ± 0.17 ab 8.00 ± 0.31 ab

Statistical analysis was carried out using one-way ANOVAwith Tukey’s post hoc test. Values are expressed as mean ± standard error with n = 5 for all
groups. Values with different letters along either a row or a column are significantly different (p < 0.05) from each other
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diabetic and anti-oxidant properties. However, there are no
detailed scientific reports on the potential role of
G. xanthochymus seed extracts having anti-diabetic
properties.

In the present investigation, DMwas induced in mice using
alloxan to establish and assist hyperglycemia throughout the
experimental period. In alloxan-induced diabetic mice, the
action of reactive oxygen species and subsequent increase in
cytosolic calcium concentration caused rapid destruction of β
cells in the pancreas (Szkudelski 2001). However, the data
from the present experiments revealed that the oral adminis-
tration of G. xanthochymus seed extracts for 14 days reduced
the elevated blood glucose levels in alloxan-induced DM
groups. Daily oral administration of the GXSPE and
GXSME lowered the blood glucose levels in a dose-

dependent manner, where 200 mg/kg of the GXSPE
(−52.94%) and GXSME (−52.91%) exerted the maximum
blood glucose-lowering effects. The OGTT levels were also
normalized by GXSPE and GXSME to the baseline level
within 120 min as that of standard drug glibenclamide, sug-
gesting that the extracts improved the glucose homeostasis in
a similar fashion as that of standard anti-diabetic drugs. In our
study, weight loss was observed in the DM group; however,
this was reversed in the DM group treated with seed extracts.
This restorative effect may be due to the reversal of gluconeo-
genesis and glycogenesis.

Lipid profiles especially TC, TG, LDL, and VLDL levels
doubled in the DM group, and HDL levels were reduced to
one third compared to the NC group. Such altered levels are
indicators of atherosclerosis, coronary artery disease,

Table 5 Effect of Garcinia xanthochymus seed extracts on lipid peroxidation and anti-oxidant defense systems of experimental groups

Groups SOD (U/mg protein) CAT (μmol H2O2 consumption/min/mg protein) GSH (U/min/mg protein) MDA (nmol/mg protein)

NC 41.16 ± 0.98 a 48.76 ± 0.43 a 42.48 ± 0.53 a 1.94 ± 0.13 d

DM 14.32 ± 0.27 d 16.33 ± 0.28 e 14.52 ± 0.51 d 6.61 ± 0.17 a

DM + Glib 42.56 ± 0.47 a 47.80 ± 0.69 a 41.72 ± 0.85 a 2.10 ± 0.26 cd

DM + GXSPE-100 29.76 ± 1.03 c 30.34 ± 0.69 d 29.50 ± 1.55 c 3.02 ± 0.06 b

DM + GXSPE-200 34.22 ± 1.55 bc 36.76 ± 1.75 bc 32.22 ± 1.26 bc 2.66 ± 0.09 bc

DM + GXSME-100 31.70 ± 1.06 c 32.52 ± 1.52 cd 30.98 ± 1.12 bc 2.68 ± 0.11 bc

DM + GXSME-200 38.10 ± 1.61 ab 38.84 ± 1.68 b 35.58 ± 1.30 b 2.44 ± 0.13 bcd

Statistical analysis was carried out using one-way ANOVAwith Tukey’s post hoc test. Values are expressed as mean ± standard error with n = 5 for all
groups. Values with different letters along either a row or a column are significantly different (p < 0.05) from each other

Fig. 2 HPLC chromatogram a
standard and b Garcinia
xanthochymous seed methanol
(GXSME) extract. 1 tannic acid
(TA); 2 gallic acid (GA); 3 4-
hydroxybenzoic acid (4-HBA)
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progressive protienuria, and dyslipidemia (Ajiboye et al.
2010; Oloyede et al. 2014; Latha and Daisy 2011). Daily oral
administration of the GXSPE and GXSME to the DM mice
significantly improved the lipid profile towards normalcy.
GXSPE was more effective compared to GXSME in bringing
the HDL level to normalcy whereas the remaining lipid profile
parameters were found to be more significant when 200 mg/
kg of GXSME was administered. The anti-hyperlipidemic ef-
fect may be brought about by GXSPE and GXSME by de-
creasing the cholesterogenesis and fatty acid synthesis. The
reversal of lipid profile alteration by the seed extracts shows
the ability of the extract to regulate lipid metabolism and pre-
vent various diseases (McGillicuddy et al. 2011).

Cytotoxicity of xenobiotics can be checked by monitoring
the activities of serum enzymes like AST, ALT, and ALP.
Significant elevation of these enzymes in the DM group was
observed. Administration of GXSPE andGXSME significant-
ly (p < 0.05) reversed the serum enzyme levels and restored it
to normalcy. The reason behind the effect of GXSPE and
GXSME is not understood at present. However, these en-
zymes are usually considered as indicators of hepatic dysfunc-
tion and damage and increase of these enzymes in serum of
DM group may be due to the leakage of these enzymes in the
blood (Navarro et al. 1993) or cellular destruction occurring in
the liver (Hassoum & Stohs 1995). Similar reversal in lipid
profiles was observed in alloxan-induced DM mice adminis-
tered with Nerium oleander extracts (Dey et al. 2015).
Diabetic nephropathic symptom resulting from renal morbid-
ity and mortality causes kidney or renal failure or extracellular
dehydration. Urea and CRE levels significantly increased in
DM mice. The increased levels of urea and CRE could be a
result of an extensive muscle breakdown associated with ca-
tabolism of plasma proteins and liver (Jorda et al. 1982).
Treatment of DMmice with GXSPE and GXSME significant-
ly (p < 0.05) decreased the elevated levels of urea, uric acid,
and CRE. Total proteins consist of major components like
ALB and globulins, which are mainly synthesized in the liver
(Satyanarayana & Chakrapani 2006). Reduction of protein
and ALB in diabetic conditions may be due to proteinuria or
albuminuria, which are the symptoms of diabetic nephropathy
(Kaleem et al. 2008). Administration of GXSPE and GXSME
increased the level of total proteins and ALBs significantly
compared to the DM mice. Furthermore, the TB and DB
levels were also restored by these extracts.

Lipid peroxidation causes membrane damage, functional
loss, and modification of proteins and DNA bases (Niki
2009) and dysfunction of pancreas. It is usually indicated by
increased levels of MDA in pancreas. This increase in MDA
may be due to the decreased anti-oxidant defense systems,
which usually eliminate free radicals and ROS in cells.
Significant reversal inMDA and anti-oxidant defense systems
was observed in DM mice administered with GXSPE and
GXSME (Table 5). This reversal of increased MDA by

GXSPE and GXSME could be due to the free radical and
ROS scavenging activity and detoxification ability exhibited
by GXSPE and GXSME through enhanced GSH, SOD, and
CAT activities.

Plants have been an important source of various anti-oxi-
dants, which have a great potential to ameliorate DM, chronic
hyperglycemia, and oxidative stress in diabetic conditions
(Collier et al. 1990; Bajaj & Khan 2012). The anti-oxidant
potential of the plants is due to the presence of secondary
metabolites like phenolic compounds. The phenolic com-
pounds identified in the present study have been reported to
have serious implication on the anti-diabetic activity especial-
ly gallic acid and 4-HBA. Gallic acid significantly decreases
hyperglycemia (Ahad et al. 2015; Huang et al. 2016) and
reduces the serum CRE, urea, and proinflammatory cytoki-
nins (responsible for diabetic nephropathy) like interleukin-1
(IL-1β), IL-6, tumor necrosis factor alpha, renal pathology
and attenuated renal oxidative stress and the p38-MAPK-
mediated renal dysfunction in diabetic conditions (Ahad
et al. 2015). Gallic acid studies on diabetic-induced myocar-
dial dysfunction showed hypoglycemic effect in animal
models. The TC and TG levels were lowered in diabetic ani-
mals, and anti-oxidative protection was observed (Patel and
Goyal 2011). According to Peungyicha et al. (1998a, b) 4-
HBA produces a hypoglycemic effect by an increase in the
peripheral glucose consumption. TA has also been reported to
have glucose transport stimulatory and adipocyte
differentiation-inhibitory activities (Liu et al. 2005).

Conclusions

The present study revealed that seed petroleum ether extract
(GXSPE) and seed methanolic extract (GXSME) of
G. xanthochymus at all doses investigated possessed anti-
diabetic and anti-dyslipidemic activity. However, the metha-
nolic extracts were more effective in reducing the diabetes and
related biochemical parameters in mice. The oxidative stress
caused by the toxin alloxan in the liver and pancreas in dia-
betic mice was also attenuated by these extracts. This effect
may be assumed to be due to the synergistic effects of the
bioactive phenolic compounds present in the extracts.
Hence, these seed extracts can be used as a potential source
for the synthesis of herbal drugs for the treatment of diabetes.
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Abstract   25 

In the present study, sorption and detoxification of malachite green (MG) dye was executed 26 

using biochar resulting after pyrolysis of agro-industrial waste at 400, 600 and 800 oC. Maximum 27 

sorption of MG dye (3000 mg/L) was observed on the sugarcane bagasse biochar (SCB) prepared at 28 

800 oC. The interactive effects of different factors like dye concentration, time, pH and temperature 29 

on sorption of MG dye were investigated using response surface methodology (RSM). Optimum MG 30 

dye concentration, contact time, temperature and pH predicted through Box–Behnken based RSM 31 

model were 3000 mg/L MG dye, 51.89 min, 60 oC and 7.5, respectively. ANOVA analysis displayed 32 

the non-significant lack of fit value (0.4566), whereas, the predicted correlation coefficient values (R2 33 

0.8494) were reasonably in agreement with the adjusted value (R2 0.9363) demonstrating highly 34 

significant model for MG dye sorption. The applicability of this model was also checked through F– 35 

test (30.39) with lower probability (0.0001) value. Furthermore, the characterization of SCB was 36 

performed using fourier transform infra-red spectroscopy (FTIR), X-ray diffraction (XRD), scanning 37 

electron microscope (SEM), Brunauer-Emmett-Teller surfaces (BET), total organic carbon (TOC) 38 

and atomic absorption spectroscopy (AAS). Phyto-toxicity and cytogenotoxicity studies showed 39 

successful removal of MG dye using SCB. In addition, the batch sorption studies for reutilization of 40 

SCB revealed that the SCB was effective in removal of MG for five repeated cycles. This 41 

technology would be effective for treating the toxic textile effluent released from the textile 42 

industries. 43 

Keywords: Biochar, Malachite green, Phyto-toxicity, Response surface methodology, Sorption, 44 

Sugarcane bagasse 45 

 46 
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1. Introduction 47 

The globalrise in population has eventually increased the discharge of organic and inorganic 48 

pollutants through various industrial, residential, and agricultural activities that frequently 49 

contaminates the soil and water bodies. Textile dyes are one of the major organic pollutants released 50 

in the water bodies as an effluent from the textile industries (Rodrigues et al., 2009). These textile 51 

dyes are highly toxic, mutagenic, and carcinogenic even at very low concentrations (Ahmed et al., 52 

2015). Textile effluent directly affects the water bodies by changing the chemical oxygen demand 53 

(COD) and biological oxygen demand (BOD) (UNESCO/WHO/UNEP, 1996), which ultimately 54 

reduces light penetration capacity by increasing the turbidity. 55 

Malachite green (MG), is the water soluble cationic dye widely used in the textile industries 56 

for dyeing and in some aquaculture to control the protozoa and fungal contaminations due to its low 57 

production cost (Schnick, 1988; Moturi and Charya, 2009). Nevertheless, MG is highly toxic to the 58 

organisms which eventually reduces their growth, fertility rates, food intake and also retains 59 

carcinogenic properties (Culp et al., 1999). Therefore, the use of MG has been banned in USA and 60 

several other countries (Cha et al., 2001). Previously, several researchers have applied different dye 61 

decolourization methods like biodegradation, phytoremediation, adsorption, chemical precipitation, 62 

photolysis, electrochemical treatment, chemical oxidation and reduction (Sudhakar et al., 2001; 63 

Jadhav et al., 2010). However, these decolourization techniques have several drawbacks such as high 64 

cost, huge sludge generation, high dissolved O2 requirement and production of extremely toxic 65 

intermediates like leucomalachite (Bayramoglu et al., 2009). Currently, activated carbon has been a 66 

choice for sorption of toxic dyes, however, it has certain limitations for treating the effluent at 67 

commercial level due to the higher production cost. Therefore, the problem needs to be resolved by 68 

finding other low-cost sorbents (Nguyen et al., 2013).  69 
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Biochar (BC) is the carbon rich solid by-product resulting after the carbonization of biomass 70 

like wood, manure or leaves by heating to the temperatures between 300 oC to 1000 oC under the 71 

oxygen limiting conditions (Kwapinski et al., 2010; Lehmann and Joseph, 2009). BC is a cost 72 

effective carbonaceous sorbents with larger surface area and higher capacity to sorb organic and 73 

inorganic pollutants from the contaminated site (Beesley et al., 2011). The sorption capacity of BC 74 

was highly dependent on the type and chemical nature of biomass and pyrolysis conditions like time, 75 

temperature etc (Zhu et al., 2005). Different research groups have investigated biochar assisted 76 

elimination of environmental toxicants (Liu and Zhang, 2009; Sun et al., 2011; Lou et al., 2016). 77 

Removal of hazardous pollutants like fluorides, fluorinated herbicides, 2,4,6- TCP and  heavy metals 78 

like Cu, Zn, Pb, Al, Cd etc. was executed using the sludge and orange peel biochar (Oh et al., 2012), 79 

grass and wood biochar (Sun et al., 2011), sugarcane biochar (Mubarik et al., 2016), rice husk, dairy 80 

manure and corn straw biochar (Xu et al., 2013),  respectively.  81 

In the present investigation, screening of different biochar for sorption of toxic MG dye at 82 

higher concentration was executed. The sugarcane bagasse biochar (SCB) was further studied for 83 

different factors like concentration of dye, contact time, pH and temperature using response surface 84 

methodology (RSM) to predict the optimum and interactive response (Myers et al., 2009) between 85 

each variable in existence of another variable at a different experimental level. In addition, FTIR, 86 

XRD, SEM, BET, TOC and AAS characterization of SCB was performed. The phyto and 87 

cytogenotoxicity studies were also executed to evaluate the toxicity level of MG dye before and after 88 

sorption on SCB. This was the first report till date to demonstrate higher sorption of MG dye on 89 

SCB with significant reduction in its toxicity level. 90 

 91 

 92 
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2. Material and Methods 93 

2.1. Biomass and chemicals 94 

The sugarcane bagasse, cotton waste, groundnut shells, rice husk and paper waste biomass 95 

were collected from the local industries located near Kolhapur, India. MG dye was purchased from 96 

HiMedia laboratories Pvt. Ltd, India. Acetonitrile, glacial acetic acid and chloroform were obtained 97 

from SD fine chemicals Pvt. Ltd, India. Hydrochloric and sulphuric acids were acquired from 98 

Thermo-Fisher Scientific, India. Ethanol was procured from Hayman Ltd, United Kingdom. All the 99 

other fine chemicals used were of analytical grade and highest purity.  100 

2.2. Preparation and screening of different biochar for MG dye sorption 101 

The effect of biomass type and temperature for maximum sorption of MG dye on biochar 102 

were sudied. Biochar preparation was executed by pyrolysing the sugarcane bagasse, cotton waste, 103 

groundnut shells, rice husk and paper waste biomass at 400 oC, 600 oC and 800 oC for 60 min under 104 

oxygen limiting conditions using furnace flooded with N2 gas. The resulting biochar were named as 105 

sugarcane bagasse biochar (SCB), groundnut shells biochar (GSB), rice husk biochar (RHB), paper 106 

waste biochar (PWB) and cotton waste biochar (CWB). For the initial sorption screening, 10 ml (500 107 

mg/L) of MG dye was incubated (60 min) with the biochar (0.5 g) prepared at different pyrolysis 108 

temperatures. After incubation, the mixture was centrifuged at 10,000 rpm for 10 min and the optical 109 

density of the supernatant was measured at 614 nm using a UV–Vis spectrophotometer 110 

(Shimadzu1240, Japan). It was observed that MG dye was completely sorbed on the SCB prepared 111 

at 800 oC amongst the tested biochar. Therefore, all the further experiments were conducted using 112 

SCB prepared at 800 oC. 113 

 114 
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2.3. Box–Behnken design based RSM 115 

RSM have advantage of minimum experiments which reduces the process time and 116 

production cost (Annadurai et al., 2002). The design expert 10 Stat-Ease software (Minneapolis, 117 

USA) was used for exploring statistical applicability of the designed experiment. In the present 118 

study, Box–Behnken based RSM model was performed for the standardization of four different 119 

factors (pH, temperature, contact time, and dye concentration). Each factor consisted of three levels 120 

which were lower (-1), higher (+1) and central point (0) for the optimum sorption of MG dye. The 121 

performed experiment gave 29 experiments comprising 24 trials and 5 central points with three 122 

replicates to fit polynomial model by a response equation: 123 

                                                                            k                          k                           k-1         k 124 

Y= R0 + � RiX i + � RiiX i
2 + �   � RijX iX j + ɛ        (1) 125 

                                       i=1            i=1             i=1,j=2 i< j 126 

where X1, X2, X3, X4, Xk are independent variables, which affect response Y, and R0, Ri, Rii, 127 

Rij (i = 1−k, j = 1− k) are the known parameters, while ε was the random error.  128 

All the results were examined by ANOVA using design expert trial version 10 Stat-Ease 129 

software, Minneapolis, USA. 130 

2.4. Physical and chemical characterization  131 

The point of zero charge pH (pHpzc) of SCB (800 oC) was determined by using the method 132 

of Abia and Asuquo (2007). FTIR analysis was performed to characterize the functional group using 133 

Nicolet 6700 FTIR (Thermo-Scientific) in the scanning range 4000 to 500 cm-1 with a resolution of 8 134 

cm–1 and a mirror velocity of 0.48 cm s-1. Similarly, the XRD examination was conducted using X-135 

ray diffractometer (Bruker AXS Model: D2 phaser analytical instruments Pvt. Ltd., Germany). 136 
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Surface morphologies of biochar were determined using the SEM (JEOL-JSM-6360, Japan). 137 

Furthermore, BET surfaces were studied for surface area assessment (BET Single-Point). TOC was 138 

examined using Multi N/C 2100 Analytic Jena HT1300 (Germany). In addition, the metals were 139 

quantified using the AAS (Perkin–Elmer 8650, USA). The phosphorus content was assessed 140 

according to the method employed by Nahapetian and Bassiri (1976). 141 

2.5. Toxicology studies of MG dye 142 

2.5.1. Phyto-toxicity analysis 143 

Phyto-toxicity testing was performed using seed germination bioassays to provide significant 144 

information regarding the potential application of the system. The phyto-toxicity assay was based on 145 

U.S. EPA guidelines considering seed germination rate and plant growth with few modifications 146 

(U.S. EPA, 1989). Vigna Mungo seeds were exposed to the MG dye (3000 mg/L) before and after 147 

sorption on SCB. After 6 days of treatment, seed germination percentage (G) was calculated using 148 

the formula of Nagia and EL-Mohamedy (2007):  149 

%G = (Number of germinated seeds / Total number of seeds) × 100                           (2) 150 

2.5.2. Cytogenotoxicity test 151 

Allium cepa bulbs of even size and shapes were exposed directly to MG dye (3000 mg/L) and 152 

SCB treated solution of MG dye (3000 mg/L and 3500 mg/L). Whereas, the control bulbs were 153 

treated only with distilled water. All the sets were incubated at room temprature for 48 h, followed 154 

by washing the root tips and their cytogenotoxicity analysis (Jadhav et al., 2011). 155 

2.6. Reutilization of SCB biochar 156 

The reutilization efficiency of SCB for successive sorption of MG dye was investigated for 157 

five cycles. Briefly, in first sorption cycle, SCB (0.5 g) was treated with 10 mL of MG dye (3000 158 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

8 

 

mg/L), pH 7.5 and incubated at 60 oC for 51.89 min. After successful sorption of dye in the first 159 

cycle SCB was separated and washed with distilled water. After drying, different solvents like 160 

acetonitrile, chloroform, hydrochloric acid (0.1M), sulphuric acid (0.1M), glacial acetic acid (1M) 161 

and ethanol were used for desorption of MG dye from SCB. The effective MG dye desorption was 162 

achived by acetonitrile, so all the further desorption experiment were performed using the same 163 

solvent. The dye desorbed SCB was reutilized repetitively for next four cycles in MG sorption and 164 

desorption studies as above and sorption efficiency of SCB was recorded. 165 

2.7. Statistical analysis 166 

All the experimental analysis was carried out in triplicates and results were expressed as 167 

mean±SD value. The data was examined using one-way analysis of variance (ANOVA) followed by 168 

Dunnett multiple range test at P<0.05 to detect significant differences between the mean values of 169 

control and treated samples using Graph Pad Prism 5.  170 

3. Results and discussion 171 

3.1. Sorption studies of MG dye using different biochar 172 

The initial screening of SCB, GSB, RHB, PWB and CWB biochar prepared at 400 oC, 600 oC 173 

and 800 oC for maximum sorption of MG dye (500 mg/L) were shown in fig. 1. It was observed that, 174 

the biochar prepared at 800 oC demonstrated maximum sorption of MG dye (500 mg/L) in the 175 

following order: SCB (100%), GSB (97.84%), PWB (97.54%), RHB (96.12%) and CWB (95.01%). 176 

Whereas, the biochar prepared at 600 oC showed removal of MG dye: SCB (94.63%), GSB 177 

(93.14%), PWB (92.89%), RHB (89.23%) and CWB (84.22%). However, the biochar produced at 178 

400 oC were less effective in sorption of MG dye as follow: SCB (88.01%), GSB (85.86%), PWB 179 

(83.13%), RHB (77.02%) and CWB (75.05%), respectively.  180 
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Lyu et al. (2016) have reported that pyrolysis temperature greatly affects the surface area and 181 

pore volume of biochar which ultimately alters the sorption capacity. The overall observations of 182 

this experiment suggested that the pyrolysis conditions influenced the dye sorption capacity of the 183 

biochar. Similar results have been reported in case of biochar prepared from hornbeam sawdust 184 

biochar, rice straw biochar, and bamboo biochar (Ates and Un, 2013; Hameed and El-Khaiary, 2008; 185 

Yang et al., 2014). Hence, all the further experiments were conducted using the SCB biochar 186 

prepared at 800 oC showing maximum sorption of MG dye.  187 

3.2. Optimization of variable for MG dye sorption on SCB 188 

3.2.1. Sorption optimization using RSM  189 

 Box–Behnken design was used to optimize the significant variables. Table 1 represents the 190 

higher and lower levels of the factors, whereas, table 2 displayed design matrix and results of 29 191 

experiments analysed using the Box–Behnken design. Regression equation achieved after ANOVA 192 

gives the MG dye sorption capacity of SCB as a function of different variables, such as dye 193 

concentration, time, pH and temperature. All terms were included in the equation given below: 194 

      % Sorption = +23.87000 + 7.33917E-003 × X1 + 0.19450 × X2 + 12.11000 195 

     × X3 + 0.57883 × X4 + 1.50000E-005 × X1 × X2 - 1.31667E-004 196 

                            × X1 × X3 -1.00000E-005 × X1 × X4 – 2.77778E-003 × X2 197 

         × X4 - 1.10000E-003 × X1 × X4 – 0.025667 × X3 × X4 -1.35875E-006  198 

                 × X1
2 – 1.32778E-003 × X2

2 – 0.67667 × X3
2 -2.55000E-003 × X4

2       (3)                                                                               199 
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  ANOVA model was considered as a valuable test for evaluating statistical 200 

significance of the experimental model. As shown in table 3, the model was highly significant, 201 

which was elucidated through ANOVA regeneration model using Fisher’s F-test (30.39) with a 202 

very low probability value [(P model >F) = 0.0001]. There was 0.01% chance that a larger F-203 

value could occur due to noise. The p values <0.05 indicates model was significant, whereas, >0.1 204 

showed non-significant model (Korbahti and Tanyolac, 2008; Zarei et al., 2010). In the present 205 

study, X1, X2, X1
2, and X3

2 was considered as a significant model. The variants of data around the 206 

fit model were revealed through lack of fit values. Lack of fit value showed significant if model 207 

consisting data does not fit well (Myers et al., 2009). In present model, lack of fit value F-1.23 208 

indicated that it was non-significant relative to pure error when p value was 0.5568 >0.05. The 209 

non-significant lack of fit value showed good anticipation of this model.  Also, their coefficient of 210 

variation value (0.39) was low; indicating high accuracy and significant reliability of the 211 

experiment (Amini et al., 2008). Further, the model effectiveness was also tested through 212 

reasonable agreement of predicted (R2 0.8494) and adjusted (R2 0.9363) correlation coefficient 213 

values with response variables. Hence, it stated that this model was highly significant for the 214 

sorption of MG dye on SCB. Recently, Noordin et al. (2004) and Soltani et al. (2013) reported 215 

that adequate accuracy compares the range of anticipated values at design points to average 216 

prediction error. Adequate precision value greater than 4 was desirable. Whereas, in the present 217 

study, adequate precision value was 19.097 which suggested an adequate signal and model that 218 

can be used to navigate the design space. Therefore, ANOVA analysis specified that the model 219 

relevance for sorption of MG dye on SCB was within limit of experimental factors. 220 

3.2.2. Response surface plots 221 
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The influence of various factors on sorption of MG dye has been shown in the surface plot graphs 222 

(Fig. 2). The cumulative effect of MG dye concentration with time, pH and temperature on sorption 223 

of dye was studied (Fig. 2a, b, c).  224 

In the present study, it was observed that increase in the MG dye concentration, the time 225 

required for sorption was also increased which ultimately declined the sorption capacity. The 226 

concentration of cationic adsorbate in the solution, as well as slow pore diffusion of solute ions into 227 

bulk of adsorbent would be the reason for slow sorption (Santhi et al., 2010). Similarly, the rapid 228 

sorption of dye at initial contact time might be due to the presence of several active sites and 229 

functional groups available on the SCB, these results were comparable with the earlier reports of 230 

Saygil and Guzel (2015). The elliptical shape of graph indicated that both the factors (dye 231 

concentration and time) showed the significant interaction on sorption of MG dye (Fig. 2a).  232 

Similarly, the pH of the solution played important role in the dye sorption. At alkaline pH 233 

higher sorption of MG dye was observed, whereas, the acidic pH was less effective in sorption of 234 

MG dye. At acidic pH, H+ ions engulf the surface of biochar, thus the positively charged MG dye 235 

was unable to sorb at acidic pH. However, at  higher pH than the optimum, the sorption efficiency 236 

was also decreased due to OH– ions residing on the free sites of negatively charged adsorbent 237 

(Nekouei et al., 2017). Both the factors exhibit quadratic responses and 3-D plot showed the 238 

circular nature of graph indicating insignificant interaction on MG sorption (Fig. 2b). 239 

In addition, the interactive effect of temperature with MG dye concentration has shown in 240 

Fig. 2c. It was observed that as temperature increases, the sorption of MG dye also increases; 241 

however, beyond the optimum temperature no significant change in sorption of MG dye was 242 

observed which might be resulted due to the endothermic reaction. At higher temperature, the dye 243 

molecules have sufficient energy to interact with the surface of biochar. Moreover, rise in 244 
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temperature also decreases viscosity of the solution resulting in increased diffusion rate of dye 245 

molecules across the external surface and internal pores of material (Ahmad and Alrozi, 2011). 246 

Hence, the present graph showed elliptical shape with interactive significance for both the factors on 247 

sorption of MG dye (Fig. 2c).   248 

 The influence of time and pH on sorption of MG dye was also studied (Fig. 2d). It was 249 

demonstrated that as the incubation time increases the sorption of MG dye also enhanced. pH 250 

controls the surface charge on biochar; hence, at pH below isoelectric point, the charge on surface 251 

will be net positive. Whereas, at higher pH, the surface will have net negative charge (Mukherjee et 252 

al., 2011; Inyang and Dickenson, 2015). The ionic strength of the solution also played important role 253 

in adsorption of organic contaminant on biochar (Qiu et al., 2009; Xu et al., 2011). Hence, the effect 254 

of ionic strength on adsorption on biochar may be positive or negative depending on pH or the point 255 

of zero charge of biochar (Bolan et al., 1999). The circular shape graph was observed with negligible 256 

interactive significance between pH and time on sorption of MG dye (Fig 2d).  257 

Furthermore, the interactive effect of temperature with time and pH on sorption of MG dye 258 

was investigated (Fig. 2e, f). In fig. 2e, the combinatorial effect of time and temperature on sorption 259 

MG dye was observed. At lower temperature and incubation time, the sorption capability of MG dye 260 

was decreased which could be due to the higher viscosity of MG dye responsible for slow diffusion 261 

rate across the SCB. However, at higher temperature and incubation time, the sorption of MG dye 262 

was also increased due decrease in the viscosity of MG dye solution, similar results were reported by 263 

Ahmad and Alrozi (2011). Overall observations suggested that as the incubation time and 264 

temperature was increased the sorption of MG dye also increases.  265 

In addition, the cumulative impact of pH and temperature on sorption of MG dye was 266 

determined which showed the quadratic and linear graph respectively (Fig. 2f). It was observed that 267 
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the pH played more prompting effects on MG sorption as compared to the temperature. However, 268 

MG dye sorption capacity was declined at the acidic as well at alkaline condition due to the 269 

mechanism of protonation and deprotonation of adsorbent responsible for the sorption (Liu and 270 

Zhang, 2009). The elliptical graph was detected showing significant effect of pH and temperature on 271 

sorption of MG dye.  272 

3.2.3. Validation of the experimental model 273 

Validation was done using the model predicted conditions. The optimum predicted 274 

conditions through this model were 3000 mg/L dye, 51.89 min incubation time, 7.5 pH, and 60 oC 275 

temperature. The predicted sorption of MG dye through this model was 100.006%, which was in 276 

close correlation with the actual observed experimental MG dye sorption (99.99%). The present 277 

model was validated using close correlation between the experimental and predicted values 278 

indicating the efficiency of RSM over traditional optimization. 279 

3.3. Characterization of the sugarcane bagasse and SCB 280 

3.3.1. Point of zero charge (pHpzc) of SCB 281 

The pH point at which the adsorbent has zero charge (pHpzc) could be helpful for the 282 

efficient sorption of textile dye. As the adsorbent was kept in the aqueous solution having pH below 283 

the pHpzc it will be engulfed by the positively charged ions that eventually attract the negatively 284 

charged ions. Whereas, increase in pH above the pHpzc deprotonates the adsorbent consequently by 285 

increasing the negative charge on it. In the present study, initial pH gets dropped and then goes to 286 

maximum value at pH 12. The line crossed the X-axis at pH 5.3, representing the adsorbent has no 287 

charge. Therefore, it was determined that the pHpzc of SCB was 5.3 (Fig. S1; Supplementary data). 288 

Similar results were observed for Haloxylon recurvum plant stems by Hassan et al. (2017). 289 
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3.3.2. FTIR analysis 290 

FTIR was performed to identify different functional groups present on the biomass before 291 

and after pyrolysis. The surface functional groups on the biochar highly depend on the pyrolysis 292 

conditions under which it was prepared (Chun et al., 2004). As shown in supplementary fig. S2 a, the 293 

sugarcane bagasse showed peaks at 3333 cm-1 which signified the presence of phenolic and alcoholic 294 

(-OH) groups. Similarly, the peaks at 2852 cm-1 and 1733 cm-1 indicated the presence of saturated 295 

alkane (C-H) and stretching of aldehyde carbonyl groups (CO-H), respectively. In addition, the 296 

sugarcane bagasse FTIR peaks observed at 1695 cm-1 may attribute to amide (CO-N) carbonyl 297 

groups, while, the peaks at 1320 cm-1, 1508 cm-1, and 1540 cm-1 indicated the presence of nitro 298 

groups (NO2) and 1032 cm-1 would be a sulphoxide group (S=O). However, after pyrolysis of the 299 

sugarcane bagasse at 800 oC, most of the functional groups were eliminated from the resulting SCB 300 

biochar which might be due to the higher pyrolytic temperatures (Fig. S2 b; Supplementary data). 301 

Nevertheless, some new peaks were observed at 1019 cm-1 representing sulphoxide group (-S=O), 302 

and other peaks detected at 512 cm-1, 538 cm-1, 564 cm-1, 608 cm-1, and 647 cm-1 might be the 303 

halogen groups. The present results were in agreement with pine needles biochar having higher 304 

surface area and carbon content which showed pore filling mechanism for organic pollutant sorption 305 

(Chen et al., 2008). Similarly, Lou et al. (2016) reported that an increase in the pyrolysis temperature 306 

increases the biochar porosity which ultimately provides higher surface area for the better adsorption 307 

of the pollutants. 308 

3.3.3. XRD analysis 309 

XRD assessment was executed to detect the crystalline nature of SCB prepared at 800 oC 310 

before and after sorption of MG dye. The peaks observed in SCB (6.05A0) were slightly shifted after 311 
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sorption of the MG dye on SCB (5.77A0) as showed in supplementary data (Fig. S3 a, b). Zheng et 312 

al. (2013) have reported decrease in the XRD peak intensities in the biomass prepared at higher 313 

pyrolysis temperatures.  314 

3.3.4. SEM examination 315 

SEM was executed for studying the surface morphologies of SCB before and after sorption 316 

of MG dye (Fig. 3 a, b). SEM micrographs proved that the shape of native SCB was rough and 317 

cylindrical, while, the surfaces of SCB after sorption of MG dye were smooth due to the sorption of 318 

MG dye on SCB. Lehmann and Joseph (2009) reported that higher pyrolysis temperature produces a 319 

biochar with porous nature providing more surface area responsible for higher adsorption of 320 

pollutants. Mahmoud et al. (2012) described a honeycomb like porous network in the Hibiscus 321 

cannabinus fiber biochar when observed under SEM.  322 

3.3.5. BET surfaces analysis 323 

The BET surfaces are highly depended on parent biomass, heating rate and pyrolysis 324 

temperature. In current study, SCB prepared at 800 oC showed BET surface area 382.89 m2 g-1. Liu 325 

and Zhang (2009) reported that the higher BET surface areas were resulted due to the increase in the 326 

pyrolysis temperatures.  The BET surface area of waste bamboo scaffolding biochar (900 oC) and 327 

oak biochar (450 to 650 oC) were 327 m2 g−1 and 225 m2 g-1 respectively (Mui et al., 2010; 328 

Mukherjee et al., 2011). However, the animal waste biochar showed lower BET values than plant 329 

based biochar produced at similar conditions due to the higher inorganic and ash components (Sun et 330 

al., 2011). In current study, the sorption of MG dye was improved at higher pyrolysis temperature 331 

from 400 oC to 800 oC which could be due to increase in the BET surface.  332 

3.3.6. TOC determination 333 
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TOC content of sugarcane bagasse and SCB biochar before and after sorption of MG dye 334 

was studied. The TOC contents were as follow: sugarcane bagasse (290.3 g/Kg), SCB (605.9 g/Kg), 335 

and SCB after sorption of MG dye (659.1 g/Kg). Highest TOC was observed in SCB after sorption 336 

of MG dye which might be due to the MG dye containing carbon in its molecular structure. TOC 337 

content of different biochar ranges from 540 to 940 g/Kg which was highly dependent on the type of 338 

biomass and pyrolysis conditions (Rondon et al., 2007). Lee et al. (2013) have stated that the high 339 

TOC content of biochar was helpful in adsorption of organic pollutants from the soil at higher rate. 340 

3.3.7. Metal analysis 341 

The metal content of sugarcane bagasse and SCB were investigated (Table G1; 342 

Supplementary data). Potassium, magnesium, sulphur, zinc, ferrous, copper, manganese, 343 

molybdenum, and boron contents were higher in SCB as compared to the sugarcane bagasse. 344 

However, the calcium and sodium contents were decreased, whereas, other metal contents were 345 

increased in SCB. The content of metals in biochar was mainly depended on the source of biomass 346 

(Gu and Wong, 2004; Hanay et al., 2008). 347 

3.4. Toxicity examination 348 

3.4.1. Phyto-toxicity evaluation 349 

Chemical nature and concentration of the dye greatly influences their toxicity levels. The 350 

untreated effluent released from the textile industries contains several hazardous dyes, so that water 351 

cannot be used directly for the agriculture purposes. In present study, toxicity of MG dye and the 352 

residual dye after sorption on SCB was assessed using Vigna mungo seed germination tests. The 353 

germination rate of seeds exposed directly to the MG dye (3000 mg/L) was completely inhibited. 354 

However, the germination rate in seed exposed to the residual MG dye after sorption on SCB was 355 
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100%, which was similar to the distilled water treated seeds (100%). In addition, the plumule and 356 

radical length of the seedlings exposed to SCB treated residual MG dye were 10.8 ± 1.5 cm and 14 ± 357 

1.2 cm, respectively as compared to distilled water treatment, 11.1 ± 1.4 cm (radical) and 14.3 ± 0.9 358 

cm (plumule) (Table G2; Supplementary data). 359 

3.4.2. Cytogenotoxicity evaluation 360 

Shift in the mitotic index is considered as the indication for the presence of a toxic compound 361 

in the environment even at very low concentration; hence this parameter could be utilized in 362 

cytotoxic studies for environmental biomonitoring of the compounds (Phugare et al., 2011). 363 

Cytogenotoxicity assay in terms of chromosomal aberration and mitotic index were performed using 364 

the A. cepa. The root development was completely inhibited in the A. cepa bulbs exposed directly to 365 

the MG dye (3000 mg/L).  As shown in Table G3 (Supplementary data) the mitotic index of the 366 

roots exposed to the residual dye (8.4 ± 0.21%) was close to the distilled water treatment (8.6 ± 367 

0.31%), in both the treatment chromosomal aberrations were not observed. In addition, alterations in 368 

the chromosomes were not observed in the roots treated with residual dye after SCB treatment 369 

suggesting the complete sorption of MG dye (Fig. 4 A). However, at the higher MG dye 370 

concentration (3500 mg/L), the sorption capacity of SCB was significantly declined which 371 

ultimately resulted in increased residual dye toxicity (p<0.001) (Table G3; Supplementary data). 372 

The textile dyes are highly toxic to the A. cepa root cells when exposed directly. 373 

Nevertheless, the decolorizing agents successfully reduces the toxicity of the dye (Sudhakar et al., 374 

2001; Jadhav et al., 2010). Therefore, the chromosomal abbreviation in terms of disoriented 375 

metaphase, telophase bridge, metaphase sticking, lagging chromosome and abnormal vacuole were 376 

noticed (Fig. 4B).  377 
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3.5. Reutilization efficiency of SCB 378 

Reuse of adsorbents was essential to evaluate the reusability of adsorbent for the number of 379 

cycles for rigorous ecological and economical demand for sustainability (Sun et al. 2011). The batch 380 

studies were performed to demonstrate the efficiency of SCB to sorb MG dye for five repeated 381 

cycles using the sorption-desorption process after each cycle. In the first cycle, 99.99% sorption of 382 

MG dye was observed on the SCB, however, after the successive sorption and desorption in each 383 

cycle, the sorption capacity was declined to 68.57% in fifth cycle (Fig. S4; Supplementary data).  384 

For the sorption of dye compound on biochar, π - π interactions between dye molecules and 385 

carbon surfaces, along with electrostatic attraction/repulsion and intermolecular hydrogen bonding 386 

were proposed (Qiu et al., 2009; Inyang and Dickenson, 2015). Biochar surfaces are usually 387 

negatively charged, sorpion depends on amount of negative charge present on the biochars indicating 388 

the electrostatic attraction which played a major role in the char-based adsorption of dye. The MG 389 

dye is the cationic dye which might have been attracted by the negatively charged biochar surface. 390 

Similar results have been reported for cationic dyes like methylene blue (Inyang et al., 2014) and 391 

methyl violet (Xu et al., 2011) and rhodamine (Qiu et al., 2009). Overall observation showed that the 392 

SCB could be reutilized for consecutive sorption of dye on biochar which might be economical in 393 

treating the textile wastewater. 394 

4. Conclusion 395 

In the present study, different biochar like SCB, GSB, PWD, RHB, and CWB were prepared 396 

at 400 oC, 600 oC and 800 oC using low-cost agro-industrial waste. The SCB prepared at 800 oC was 397 

most effective in sorption of MG dye even at higher concentration (3000 mg/L). Box–Behnken 398 

based RSM model showed optimized process conditions including dye concentration, time, 399 
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temperature, and pH were 3000 mg/L, 51.89 min, 60 oC and 7.5, respectively. The results obtained 400 

from the RSM could help to run the experimental practices which reduces time and developmental 401 

cost. The present used model has showed good agreement of predicted value with experimental 402 

value indicating model was highly significant. Surface plot graph showed that pH and temperature 403 

played important role in MG dye sorption. Moreover, the plant based bioassay supported the 404 

successful sorption of MG dye on SCB. This technology of converting the waste biomass into 405 

biochar would be beneficial for the sorption of highly toxic textiles dyes to the greatest extent. 406 

Further studies would be extended to evaluate the efficiency of SCB for removal of textile effluent 407 

containing mixture of several toxic dyes. 408 
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Table 1: Experimental level of independent variables for MG dye sorption using Box–Behnken design 

Independent variables           Symbol                    Coded levels 

 
Dye concentration (mg/L) 
Time (min) 
pH 
Temperature 

 

X1 

X2 

X3 

X4 

-1              0          +1 
2000       3000      4000 
30                45          60 
6.0         7.5         9.0 
50           60         70 

      

Table 2: Variables with actual and predicted response (% dye sorption) performed using Box–Behnken design 

Note: (−1) low level, (+1) high level, (0) center point; X1 (dye), X2 (time), X3 (pH) and X4 (temperature). 

 

 

Run Factor 

X1 

Factor 

X2 

Factor 

X3 

Factor 

X4 

       Actual 

value (Y %) 

Predicted  

value (Y1 %) 

Externally 
Studentized 

residual 

1 -1 0 0 1 100.00 100.06 -0.234 

2 1 -1 0 0 95.89 95.73 0.612 

3 0 0 -1 1 98.87 98.61 1.067 

4 1 1 0 0 96.80 97.18 -1.607 

5 1 0 1 0 95.00 94.89 0.447 

6 1 0 -1 0 95.49 95.58 -0.352 

7 0 0 -1 -1 98.19 97.82 1.565 

8 0 0 1 1 97.14 97.54 -1.693 

9 0 1 0 1 100.00 99.63 1.576 

10 1 0 0 -1 96.80 96.59 0.826 

11 0 1 0 -1 99.99 99.94 0.192 

12 -1 0 0 -1 100.00 99.84 0.614 

13 0 0 0 0 100.00 99.84 0.451 

14 0 0 0 0 100.00 99.84 0.451 

15 0 0 0 0 100.00 99.84 0.451 

16 1 0 0 1 96.40 96.41 -0.034 

17 0 0 0 0 99.20 99.84 -2.060 

18 -1 1 0 0 100.00 100.18 -0.714 

19 0 -1 0 1 98.79 98.96 -0.678 

20 0 -1 1 0 97.74 97.43 1.256 

21 -1 -1 0 0 99.99 99.64 1.483 

 22 0 1 -1 0 98.57 98.73 -0.624 

23 -1 0 -1 0 98.40 98.64 -0.949 

24 0 0 1 -1 98.00 98.29 -1.178 

25 0 -1 -1 0 97.46 97.61 -0.583 

26 0 1 1 0 98.60 98.30 1.210 

27 0 0 0 0 100.00 99.84 0.451 

28 0 -1 0 -1 98.12 98.62 -2.265 

29 -1 0 1 0 98.70 98.73 -0.124 
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Table 3: Statistical analyses of Variance (ANOVA) for quadratic model of MG dye sorption 

 Source     Sum of square       df       Mean square        F-Value         p-value  

                                                                                                                 Prob>F 
               

Model            63.25                  14             4.52                   30.39           < 0.0001    Significant 

X1                  35.74                   1              35.74                 240.44         < 0.0001 

X2                  2.97                     1              2.97                   19.98              0.0005 

X3                  0.27                     1              0.27                   1.82                0.1992   

X4                  8.333E-004         1              8.333E-004       5.606E-003    0.9414  

X1X2              0.24                     1              0.24                   1.36                0.2626 

X1X3              0.16                     1              0.16                   1.05                0.3230 

X1X4              0.040                   1              0.040                 0.27                0.6121 

X2X3              0.016                   1              0.016                 0.11                0.7506 

X2X4              0.11                     1              0.11                   0.73                0.4065 

X3X4              0.59                     1              0.59                   3.99                0.0656 

X1
2                 11.98                   1              11.98                 80.56           < 0.0001 

X2
2                 0.58                     1              0.58                   3.89                0.0685 

X3
2                 15.04                   1              15.04                 101.15         < 0.0001 

X4
2                 0.42                     1              0.42                   2.84                0.1142 

Residual        2.08                     14            0.15 

Lack of Fit    1.57                     10            0.16                   1.23                0.4566    Not significant   

Pure Error     0.51                      4             0.13 

Cor Total       65.34                  28 

R
2

= 0.9681  R
2
adj. = 0.9363 R

2
pred. =  0.8494, Adequate precision = 19.097  (>4.0); df: Degrees of 

freedom; X1 (dye), X2 (time), X3 (pH) and X4 (temperature). 
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Fig.1. Screening of different biochar prepared using agro-industrial waste biomass like sugarcane 

bagasse, groundnut shell, rice husk, paper waste and cotton waste by pyrolysis at 400 oC, 600 oC 

and 800 oC temperature for sorption (%) of MG dye (500 mg/L). 
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Fig.2. 3-D surface plots: (a) X1 and X2 (b) X1 and X3 (c) X1 and X4 (d) X2 and X3 (e) X2 and X4     

      (f) X3 and X4, showed the effect of variables on MG dye sorption. 

       (Note: X1= dye, X2= time, X3= pH, and X4= temperature)        
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Fig.3. SEM examination of SCB: a) before sorption of MG dye, and b) after sorption of MG dye      

(3000mg/L).   
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Fig.4. Cytogenotoxicity studies of MG dye (3000 mg/L, and 3500 mg/L) on Allium cepa roots cells 

before and after the sorption on SCB. A) SCB treated MG dye (3000 mg/L): a) Normal prophase, 

b) Normal metaphase, c) Normal anaphase, and d) Normal telophase. Whereas, B) SCB treated 

MG dye (3500 mg/L): e) Disoriented Metaphase, f) Telophase bridge, g) Metaphase sticking, h) 

Lagging chromosome, and i) Abnormal vacuole. 
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Highlights  
 
� Sorption of malachite green (MG) was executed on sugarcane bagasse biochar (SCB). 

� SCB prepared at 800oC showed maximum sorption (99.99%) of MG dye (3000 

mg/L). 

� MG dye sorption was optimised using Response Surface Methodology (RSM). 

� FTIR, XRD, SEM, BET, TOC & AAS were used to characterize SCB & sugarcane 

bagasse. 

� This is first report on phyto & cytogenotoxicity analysis after MG sorption on SCB. 
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Abstract⎯The bacterial strain Pseudomonas sp. SSA has capacity to produce extracellular melanin that
sequesters heavy metals. The brown-black melanin pigment was observed in the culture liquid and mediated
synthesis of silver nanoparticles (AgNPs). The AgNPs were characterized using UV–visible, dynamic light
scattering, energy dispersive X-ray, Fourier transform infrared and surface plasmon resonance spectroscopy,
scanning electron and transmission electron microscopy and selected area electron diffraction analysis. The
synthesized nanoparticles were found to be spherical in shape with size in the range of 14–30 nm and showed
high antimicrobial activity against pathogenic bacteria and fungi. These nanoparticles revealed binding affin-
ity towards fungal and human tyrosinases with KD 4.601 × 10–10 and 2.816 × 10–5 M, respectively. In addition,
produced nanoparticles did not show any toxic effect towards HeLa cells up to 20 μg/mL. These nanoparticles
could find application in medicine and cosmetics due to their enzyme inhibition and antimicrobial activities.

Keywords: Pseudomonas sp. SSA, extracellular melanin, AgNPs, characterization, cytotoxicity, surface plas-
mon resonance
DOI: 10.1134/S0003683818020096

Nanoparticles exhibit completely new or improved
properties compared to larger biomolecular assemblies
and these novel properties are derived due to the varia-
tion in specific characteristics such as size, distribution
and morphology of the particles [1]. In the recent years,
nanoparticles are considered important in the field of
biology, medicine and electronics owing to their unique
particle size and shape dependent physical, chemical
and biological properties [2]. In the past few decades,
the significance of silver nanoparticles (AgNPs) as anti-
microbial agents has increased to a great extent [3].
Compared to metallic silver, AgNPs display higher sur-
face to volume ratio and exhibit enhanced antimicrobial
activity. AgNPs are extensively used in the field of med-
icine [4, 5]. Stability of AgNPs to environmental condi-
tions is very important aspect. Several reaction condi-
tions and use of toxic chemicals may not be suitable for
biochemical applications, so nanoparticles are being
synthesized with precise size and shape by coating with
different synthetic and natural biopolymers. The use of
biopolymers for the synthesis of nanoparticles is
important because of their potential applications in bio-
medical fields [6].

Melanins are negatively charged, hydrophobic mac-
romolecules of high molecular weight formed by the

oxidative polymerization of phenolic and/or indolic
compounds that display strong anti-oxidant properties
[7–10]. Different types of melanins have been described
in bacteria, plants, animals, and fungi: eumelanins,
pheomelanins, allomelanins and pyomelanins [11].
Melanins have great application potentials in the agri-
culture, cosmetics and pharmaceutical industries. Sev-
eral microbial sources including Bacillus thuringiensis
H-14, Klebsiella sp. GSK, Aeromonas media UTSA199,
Proteus mirabilis, Vibrio cholera, Marinomonas mediter-
ranea, Pseudomonas guinea and Brevundimonas sp. SGJ
were reported for the production of melanin [12–20].
Literature survey showed that extracellular melanin
almost has not been used for mediating the synthesis of
nanostructures. Only yeast including Yarrowia lipolytica
NCYC 789 and Y. lipolytica NCIM 3590 [21, 22] were
used for the synthesis of silver and gold nanoparticles via
cell-associated melanin.

In the present paper, the synthesis of silver
nanoparticles is demonstrated using extracellular mel-
anin produced by Pseudomonas sp. SSA. The biosyn-
thesis of AgNPs has been optimized and characterized
by UV-visible, dynamic light scattering, energy dis-
persive X-ray, Fourier transform infrared and surface
plasmon resonance spectroscopy, scanning electron
and transmission electron microscopy and selected
area electron diffraction analysis. The melanin-medi-1 The article is published in the original.
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ated AgNPs were tested for their affinity towards fun-
gal tyrosinase. This is the first report of melanin
nanoparticles binding to tyrosinases. This is novel
because of the functionality of the melanin mediated
nanoparticles. Their high affinity for tyrosinases is sig-
nificant and perhaps it can help them to penetrate the
skin cells, to inhibit tyrosinase activity and, in turn, to
prevent the enzymatic browning reaction.

MATERIALS AND METHODS
Chemicals. All the chemicals used were of analyti-

cal grade and the highest purity and purchased from
Sigma-Aldrich (USA) or Himedia laboratories
(India). All experiments were repeated in triplicates.

Microorganism and culture maintenance. The bac-
terial strain producing melanin was isolated from soil
samples collected from Shivaji University, Kolhapur
region (Maharashtra, India), using a serial dilution
technique. For isolation, growth medium composed
of (g/L): peptone—1.5, yeast extract—3.0, NaCl—5.0
supplemented with 0.1% L-Tyr. The bacterium was
identified as Pseudomonas sp. SSA (NCBI Genbank
accession no. GU339058 by 16S rRNA analysis [23].
The stock cultures were routinely maintained on tyro-
sine medium (g/L): L-Tyr -1.0, beef extract—0.5 and
tryptone—4.0 (pH 7.0).

Production of melanin. A single colony of Pseudo-
monas sp. SSA was inoculated in the above mentioned
tyrosine medium and incubated at 30°C in shaking
incubator (Remi, India) at 120 rpm. One milliliter of
cell suspension after 6 h of growth having absorbance
0.45 at 660 nm was inoculated in the same medium for
melanin production in 250 mL Erlenmeyer f lasks. The
flasks were kept in an incubator shaker under the same
conditions and the production of melanin was assayed
spectrophotometrically at 475 nm after 30 h using a
standard calibration curve for synthetic melanin
(Sigma- Aldrich, USA) [12].

Extraction and analysis of melanin. Melanin pro-
duced after 30 h of the bacterial growth was centri-
fuged at 7000 g for 20 min to remove cell mass. Then,
obtained brown-black colored cell-free supernatant
was passed through a 0.22 μM membrane filter
(Sigma-Aldrich, USA) to remove undigested debris and
quantified. Chemical characterization of melanin was
carried out by earlier described methods [20]. FT-IR
analysis was carried out using FT-IR spectrometer
(Bruker Tensor 37, Bruker, USA, with attenuated total
reflection and the electron spin resonance analysis) at
sophisticated analytical instrument facility in Indian
Institute of Technology, Bombay, India.

Synthesis AgNPs. AgNPs were synthesized by
incubating cell free supernatant contained melanin
with silver nitrate solutions. To check the effect of
melanin content on nanoparticle synthesis, varying
concentrations of the pigment (100, 300 and 500 μg)
were used with 1 mM of AgNO3. After incubation at

room temperature for 12 h, the visual changes and
UV–vis spectra were recorded to test the production
of nanoparticles. In addition, silver nitrate (0.5, 1 or
2 mM) was incubated with 10 μg/mL of melanin to
evaluate the effect of this compound on nanoparticle
synthesis. The effect of temperature on nanoparticle
synthesis was observed by incubating the reaction
mixture at 30, 40 and 50°C. The stability of AgNPs
over a period of time was also recorded.

Characterization of AgNPs. UV-Vis spectral analysis.
Synthesis of AgNPs in a melanin solution was moni-
tored by measuring the UV-Vis spectra of the reaction
mixture. UV-Visible spectroscopy measurements were
performed on a double beam spectrophotometer (Shi-
mazdu UV-1800, Japan). UV–Vis spectra were
recorded from 300 to 800 nm at a resolution of 1 nm.

Dynamic light scattering (DLS) measurements. DLS
measurements of melanin mediated AgNPs in colloi-
dal solution were performed using a NICOMP™ 380
ZLS particle size and zeta potential analyzer (Agilent
Technologies, USA) for the determination of the
hydrodynamic diameter (HDD) and particles size dis-
tributions in culture broth.

SEM-EDAX analysis. The AgNPs synthesized in
the presence of 500 μg melanin and 2 mM AgNO3
were characterized by scanning electron microscope
JEOL JSM-6360A (JEOL USA Inc., USA) equipped
with X-ray energy dispersive spectrometer (EDAX,
India).

FT-IR analysis. AgNPs were subjected to FT-IR
spectroscopy measurement. These measurements
were carried out on a Bruker Tensor 37 (Bruker, USA)
with ATR instrument in the diffuse reflectance mode
at a resolution of 4 cm–1 in KBr pellets. For compari-
son, a drop of melanin or melanin-associated silver
nanoparticles were mixed with KBr powder and pel-
letized after drying properly.

TEM analysis. Selected area electron diffraction
(SAED) images were performed on Philips CM 200
transmission electron microscope (TEM) (India)
operated at accelerating voltages of 20 and 200 kV with
resolution 2.4 Å.

Antimicrobial activity. The antimicrobial activity of
AgNPs was evaluated against Staphylococcus aureus,
Pseudomonas aeruginosa and Salmonella typhimurium
pathogenic bacteria by agar diffusion method [21]. In
addition, 3 different fungal strains (one unicellular
Candida albicans and two filamentous Aspergillus niger
and Penicillium chrysogenum) were used in this assay.
The test bacterial suspensions containing 7 × 105 cells/mL
and fungal spore suspension (107 spores/mL) were
spread on nutrient agar composed of (g/L): peptone—
1.5, yeast extract 3.0, NaCl—5.0, agar—15.0 and
potato dextrose agar composed of (g/L): potato
extract—4.0, dextrose—20.0 and agar—15.0. Then,
holes were punched in the medium using stainless
steel borers. The synthesized AgNPs (100 μL) were
added into the wells that were made in the seeded
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plates. The extracellular melanin (100 μL) used as a
negative control. The samples were initially incubated
for 15 min at 4°C (to allow diffusion) and incubated
for 24 h at 37°C and for 72 h at 30°C for bacteria and
fungi, respectively. Positive test results were scored
when a zone of inhibition was observed around the
well after the incubation period.

Surface plasmon resonance (SPR) studies. SPR inter-
action analysis was performed using a Biacore T200
optical biosensor (GE Healthcare Life Sciences, India).
SPR measurements were carried according to the
method described earlier [24]. For this study, one of the
flow cell was left untouched (no activation or deactiva-
tion performed or blank immobilized) for using as a ref-
erence. Nanoparticles at different concentrations were
screened against fungal and human tyrosinases; flow
rate was maintained constant throughout the kinetics
experiment (45 μL/min), contact time and dissociation
time was kept at 120 and 200s, respectively. Multi-cycle
kinetic mode was used at various concentrations of
AgNPs. Binding responses were represented as sensor-
grams measured in resonance units at a frequency of
10 Hz. Data analysis was done with Biacore T200 eval-
uation software ver 3.0.1. Differences between refractive
index (running buffer and sample solutions) were cor-
rected by subtracting the surface signal from the sensor-
grams. Scaling and fitting of y-axis to 2 states of binding

of enzyme/inhibitor to facilitate comparison were per-
formed.

Cytotoxicity analysis. The HeLa cell line was main-
tained in minimal essential medium (Sigma-Aldrich,
USA) supplemented with 10% fetal bovine serum. The
cells were plated at a density of 2 × 105 cells per well in
a 96-well plate, and cultured for 24 h at 37°C. The cells
were subsequently exposed to various concentrations
of AgNPs (20–125 μL/mL). After 24 h of incubation,
plate cell proliferation was measured by adding 10 μl of
thiazolyl blue tetrazolium bromide (5 mg/mL in
50 mM K-phosphate buffer, pH 7.4) per well. The
plates were incubated for 4 h at 37°C in a humidified
chamber containing 5% CO2. Formazan crystals
formed due to reduction of dye by viable cells in each
well were dissolved in 200 μL of acidic isopropanol
(4 mL isopropanol in 1 mL of 0.1 N HCl), and absor-
bance was read at 490 nm. The absorption values were
expressed as the cell proliferation rate (%), according
to the control group taken as 100%.

RESULTS
Melanin production and characterization. After 30 h

of incubation of Pseudomonas sp. SSA in growth
medium containing 0.1% L-Tyr, the significant pro-
duction of extracellular black brown pigment was
observed (Fig. 1a).

Fig. 1. Melanin produced by Pseudomonas sp. SSA. a—Effect of growth time on melanin production b—UV-Vis spectroscopic
analysis of melanin; c—SEM analysis of melanin.
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Characterization of melanin. The chemical charac-
terization results showed that the purified dark brown
powder was soluble in 1 M KOH and 1 M NaOH.
H2O2 decolorizes the pigment and after the addition of
KMnO4, the color of the pigment changed from brown
to green.

The UV absorption spectrum of the melanin pro-
duced in this study was analogous to synthetic melanin
(Fig. 1b), which was reported to be monotonic, broad
band and without distinct absorption peaks. A SEM
image of the Pseudomonas sp. SSA melanin is pre-
sented in (Fig. 1c) which resembles with standard mel-
anin. FT-IR analysis of standard melanin (Sigma-
Aldrich, USA) and bacterial melanin showed absorp-
tion maxima in the following range of wavelengths:
3550–3300 cm–1 caused by bonded N–H stretching;
1620–1590 cm–1 caused by CN starching oscillation;

1730–1710 cm–1 caused by oscillation of C=O of
amino acid hydrochlorides; 1398 cm–1 caused by
oscillation of O–H groups of alcohols (Fig. 2). The
electron spin resonance (ESR) spectra of standard
melanin and melanin produced by Pseudomonas sp.
SSA demonstrate the presence of a stable free-radical
population (Fig. 3).

Synthesis of AgNPs. Biogenic synthesis of AgNPs
was performed using 50 mL of cell free supernatant
(melanin) of Pseudomonas sp. SSA (10 µg/mL) treated
with 2 mM AgNO3. The reaction mixture was kept in
the dark room to avoid photolytic reaction. After incu-
bation, the slightly black colored reaction mixture
turned into dark red-brown color indicating the for-
mation of AgNPs (Fig. 4). Excitation of surface plas-
mon vibrations of silver nanoparticles was responsible
for the color formation [25]. Synthesized AgNPs was

Fig. 2. FT-IR spectra for standard melanin (a), melanin produced by Pseudomonas sp. SSA (b), AgNPs synthesized in the pres-
ence of melanin produced by Pseudomonas sp. SSA (c).
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Fig. 3. ESR spectra for standard melanin (a), melanin produced by Pseudomonas sp. SSA (b).
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characterized using UV–Vis absorption spectrum in
time scan mode from 200–600 nm. The solution
turned to a dark brown color and absorption spectra
showed typical absorption of AgNPs at 405 nm. Opti-
mization of conditions influencing melanin-mediated
synthesis of nanoparticles was studied. The reaction
mixtures were kept at different temperatures, and
nanoparticles synthesis was monitored. Incubation at
high temperatures enhanced the reaction but the best
results were obtained at room temperature (Fig. 4a).
Time curves for the formation of AgNPs at room tem-
perature are presented in Fig. 4b. In addition, the
intensity of the particle formation depended on con-
centration and reached saturation at 2 mM AgNO3.
Similar effect was revealed with other biological mate-

rial [26]. In case of pH stability, the melanin is highly
soluble under alkaline conditions providing the opti-
mum synthesis of nanostructures [27].

Characterization of AgNPs. The dynamic light
scattering (DLS) spectroscopy of this reaction mixture
showed that the HDD of AgNPs was ranging from 14–
30 nm (Fig. 5). Biological systems are known to medi-
ate the synthesis of a variety of crystalline silver nano-
structures [28]. Transmission electron microscopy
(TEM) and scanning electron microscopy (SEM) are
powerful methods to determine the morphology and
size of nanostructure. The synthesized particles were
spherical, and the size ranged from 14 to 30 nm
(Fig. 6a). The selected area energy diffraction (SAED)
patterns of AgNPs presented in Fig. 6b, clearly indi-

Fig. 4. Effect of temperature (a, 6 h of incubation) on synthesis of AgNPs in the presence of melanin produced by Pseudomonas sp.
SSA. In (a): 1—melanin, 2—AgNPs at 30°C, 3—AgNPs at 40°C, 4—AgNPs at 50°C. Effect of incubation time on synthesis of
AgNPs (b, room temperature, interval between curves from 2 to 24 h). The cell free supernatant treated with AgNPs synthesized after
24 h of incubation changed color from pale grey to dark brown (an arrow) and exhibited an absorption peak at 405 nm which was
characteristic peak of AgNPs. The color change was due to the excitation of specific surface Plasmon resonance (SPR) of AgNPs.
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cate their crystalline nature. The SEM of glutaralde-
hyde fixed melanin-mediated AgNPs appeared to be
larger in size when compared to TEM images (6c).
The EDAX analysis of air-dried melanin-associated
AgNPs demonstrates characteristic signal of crystal-
line AgNPs at 3 keV (Fig. 6d).

Antimicrobial activity. Interestingly, AgNPs exhib-
ited significant antibacterial activity against patho-
genic bacteria and fungi. The antibacterial activity
expressed in terms of zone of inhibition was quite visi-
ble on NA plates (Fig. 7). Generally, the antibacterial

activity of AgNPs increased considerably with corre-
sponding increase in concentrations per well. A maxi-
mum zone of inhibition was recorded for S. typh-
imurium, P. aeruginosa and S. aureus. Earlier studies
have shown the bactericidal activities of AgNPs due to
their easy deffusibility through the medium environ-
ment which creates undesirable environment for cell
growth. The bactericidal property of the melanin-
mediated silver nanoparticles was revealed in similar
studies [29–31]. In addition, strong inhibition zone
caused by AgNPs synthesized in the presence of mel-
anin produced by Pseudomonas sp. SSA was shown for
A. niger, P. chrysogenium and C. albicans.

Biacore (SPR) studies. SPR studies allowed calcu-
lating binding affinity of the synthesized silver nanopar-
ticles to fungal and human tyrosinases (Figs. 8 and 9).
Table represents the respective KD values for fungal and
human tyrosinases. Fungal tyrosinase shows binding
affinity of 46 nM derived from SPR kinetics (KD) com-
pared to human tyrosinase with a KD of 28 µM. Mela-
nin nanoparticles demonstrate comparatively slow rate
of association or they bind to the target slowly and also
dissociate very fast from the target or enzyme. Thus, the
nanoparticles bind to fungal tyrosinases with the higher
affinity compared to human tyrosinases.

Cytotoxicity assay. The in vitro cytotoxicity effects
of AgNPs were screened against cancer cell lines and
viability of tumor cells was confirmed using Formazan
assay. The synthesized nanoparticles were able to
reduce viability of the HeLa cells in a dose-dependent

Fig. 5. DLS analysis of melanin-associated AgNPs.
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manner as shown in Fig. 10. AgNPs at concentration of
60 µg/mL decreased the viability of HeLa cells to 50%
of the initial level, and this was chosen as the IC50. Lon-
ger exposures resulted in additional toxicity to the cells.

DISCUSSION
Melanins have great application potentials in the

agriculture, cosmetics, and pharmaceutical industries
[13]. The quinone residues of melanin are associated

Fig. 7. Photographic images of zones of inhibition caused by AgNPs synthesized in the presence of melanin produced by Pseudomo-
nas sp. SSA (right) and melanin (left) for (a) P. aeruginosa, (b) S. aureus, (c) S. typhimurium, (d) C. albicans, (e) P. chrysogenumand
(f) A. niger.
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Fig. 8. SPR sensorgrams showing interaction of AgNPs synthesized in the presence of melanin produced by Pseudomonas sp. SSA
with immobilized fungal tyrosinase. 1—12.5, 2—25, 3—50 and 4—100 µM.
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with the five-member ring structure that can alternate
between the phenol and quinone form via a semi-qui-
none state [32]. Phenolics are largely involved in the
oxidation-reduction reactions which are known to
mediate nanoparticles synthesis in some biological
systems [33].

Earlier report described Pseudomonas sp. mediat-
ing the synthesis of melanin from vegetable waste [19].
In other studies, L-DOPA-mediated induction of
eumelanin in yeast sp. like Y. lipolytica strain CBS 6124
and Y. lipolytica NCIM 3590 was investigated [22, 34].
Thus, precursors such as L-Tyr or L-DOPA seem to be
inducing a strain-specific response with respect to
melanin synthesis [22]. In our study, we revealed that
Pseudomonas sp. SSA produced the highest amount of
melanin (1.03 g/L) after short incubation time of 30 h
(Fig. 1a).

The FT-IR spectrum of standard melanin (Fig. 2a)
when compared with bacterial melanin (Fig. 2b)
showed high degree of resemblance in main absorp-
tion peaks which confirmed that produced pigment is
melanin. FT-IR absorption spectra of the bacterial
melanin and reduced silver ions as shown in (Fig. 2c)
proved the chemical transformation of the functional
groups involved in the reduction of silver ions. The
characteristic stretching vibrations of carboxylate

anions in curve c near around 1526 and 1336 cm−1 in
AgNPs are mainly responsible for the reduction of sil-
ver ions. In addition, the ESR spectrum was almost
identical to standard synthetic melanin, which con-
firmed that the purified pigment was melanin (Fig. 3).

Literature survey revealed that there are only few
reports available for the synthesis of silver nanoparti-
cles in presence of melanin [21, 22]. In addition, the
synthesized nanoparticles are either from chemical
mediated reactions or cell associated melanin was
reported. The advantage of this study is that the signif-
icant production of AgNPs was performed with extra-
cellular bacterial melanin at room temperature.

Melanin acts as an electron exchanger, either oxi-
dizing or reducing metals. The conversion of the
hydroxyl groups to the quinone groups were responsi-
ble for generation of reducing equivalents which medi-
ates the transformation of metal ions into elemental
nanostructures and during this transition, silver ions
were reduced to AgNPs [22]. To the best of our knowl-
edge, the significance of cell free culture supplied with
L-Tyr as precursor of melanin for AgNPs synthesis
using silver nitrate as substrate has not been reported
earlier. The melanin-mediated silver nanoparticles
displayed antibacterial as well as antifungal activities
and could be useful in food and cosmetic industries. In

Fig. 9. SPR sensorgrams showing interaction of AgNPs synthesized in the presence of melanin produced by Pseudomonas sp. SSA
with immobilized human tyrosinase. 1—12.5; 2—25.32, 3—50.75 and 4—100 µM.
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Table 1. Interaction kinetics of tyrosinases with AgNPs synthesized in the presence of melanin produced by Pseudomonas sp.
SSA fit to single state model using Biacore evaluation software

Tyrosinase ka, 1/Ms, rate of association Kd, 1/s rate of dissociation
KD, M

kinetic dissociation constant
or binding affinity

Fungi 558.9 ± 6.1 2.572 ± 4.8 × 10–7 4.601 × 10–10

Human 52.82 ± 2.1 0.001488 ± 7.2 × 10–5 2.816 × 10–5
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addition, SPR Biacore-based affinity calculated for
the silver nanoparticles showed very high dissociation
constant for the fungal tyrosinase compared to human
enzyme. This showed that the functional nanoparti-
cles have enzyme-inhibiting potential and can be used
to inhibit tyrosinase present in food and cosmetics
when suitable delivery methods can be designed.

UV-absorbing ability of melanin helps to protect
the organisms from UV-induced DNA damages and
environmental stress. Ability to protect from UV radi-
ations and free radicals makes the melanin as an
important ingredient of cosmetics. Similarly, Ag-
based compounds progressively aggregate and precip-
itate in emulsions. This phenomenon markedly hin-
ders the use of Ag as a cosmetic stabilizer; also it loses
its antimicrobial activities due to physical separation
from cosmetic components. These problems can be
conquering by the use of Ag nanoparticles. AgNPs
prepared in the earlier studies by Johzen Co. Ltd.
(Kyoto, Japan) are very effective at low concentra-
tions, do not readily penetrate the skin barrier, hence
didn’t showed any detrimental effects on keratinocytes
[35]. Formazan assay was confirmed that melanin-
derived AgNPs were found to be non-toxic towards
HeLa cells up to concentration 20 µg/mL and hence
might be useful in the cosmetics as melanin exhibit the
UV resistant property. Thus, potential use of melanin-
derived AgNPs plays dual role and safety use in many
cosmetic preparations.

AgNPs were successfully synthesized in the pres-
ence of melanin produced by Pseudomonas sp. SSA.
The nanoparticles were further characterized by UV-
Vis spectroscopy, DLS, FT-IR, SEM-EDAX, TEM
and SAED. The formed AgNPs were crystalline in
nature and spherical in shape having size less than
30 nm. The antimicrobial and antifungal activities of
formed nanoparticles are their additional advantage.
In addition, strong affinities to fungal and human
tyrosinases confirm the possibility to use these AgNPs
in cosmetics. Also melanin-coated nanoparticles pro-
vide a novel approach for protection against radiation,

and this approach may find uses in new drug delivery
routes for food, cosmetic and or cancer therapy.
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A B S T R A C T

Tithonia rotundifolia is an easily available and abundant inulin rich weed reported to be competitive and alle-
lopathic. This weed inulin is hydrolyzed by inulinase into fructose. Response surface methodology was employed
to optimize culture conditions for the inulinase production from Arthrobacter mysorens strain no.1 isolated from
rhizospheric area of Tithonia weed. Initially, Plackett- Burman design was used for screening 11 nutritional
parameters for inulinase production including inulin containing weeds as cost effective substrate. The experi-
ment shows that amongst the 11 parameters studied, K2HPO4, Inulin, Agave sisalana extract and Tithonia ro-
tundifolia were the most significant variables for inulinase production. Quantitative effects of these 4 factors
were further investigated using Box Behnken design. The medium having 0.27% K2HPO4, 2.54% Inulin, 6.57%
Agave sisalana extract and 7.27% Tithonia rotundifolia extract were found to be optimum for maximum inulinase
production. The optimization strategies used showed 2.12 fold increase in inulinase yield (1669.45 EU/ml)
compared to non-optimized medium (787 EU/ml). Fructose produced by the action of inulinase was further
confirmed by spectrophotometer, osazone, HPTLC and FTIR methods. Thus Tithonia rotundifolia can be used as
an eco-friendly, economically feasible and promising alternative substrate for commercial inulinase production
yielding fructose from Arthrobacter mysorens strain no.1.

1. Introduction

Tithonia rotundifolia (Mill.) S.F·Blake, a member of Asteraceae fa-
mily, inulin rich, seasonal Category 1 weed (Pacific and Environment,
1982) is abundantly present in Kolhapur area, Maharashtra. As this
weed is threatening natural diversity and has acquired resistance to
most of the chemical and mechanical control methods, it is essential to
find out alternative eco-friendly method for its management. The most
cost effective remedy is to use microbial inulinases where we can use
this inulin rich weed as substrate and convert it into fructose. The
produced fructose can be used in preparation of high fructose syrup
which are beneficial for diabetic patients, stimulates calcium absorp-
tion in postmenopausal women, stimulates growth of Bifidobacter in
intestine, prevents colon cancer etc. (Kaur and Gupta, 2002). Food,
drink and neutraceutical industries are also increasing their demand for
high fructose syrup due to its less cariogenic and great natural sweet-
ener property. As chemical production of fructose is costly (Dilipkumar
et al., 2013,b) microbial processes can be exploited for this purpose.

Microbial inulinases hydrolyses inulin into fructose by either exo-in-
ulinase (E.C. 3.2.1.26 β-D- fructofuransidase) or endo-inulinase
(E.C.3.2.1.7 β- fructan- frutohydrolase) (Skowronek and Fiedurek,
2004). In past studies it was reported that bacteria, yeast, actinomy-
cetes, fungi are capable of producing inulinase (Neagu et al., 2011) by
using chicory, onion, Agave sisalana (Lopez et al., 2003) garlic, fenu-
greek, Dahlia (Xiong et al., 2007), Jerusaleum (Gao et al., 2007),
Dandelion etc. as substrate. Up till now no one has reported the use of
Tithonia as an alternative inulin source for inulinase production. So in
present study we have selected Tithonia as alternative substrate.

‘One variable-at-a time’ is the general practice of screening media
components to improve performance and yield of the process with less
expense on its production (Ávila-Fernández et al., 2011). This classical
method, to determine the optimal operating conditions includes change
in single independent variable while fixing others at particular level
(Singh et al., 2007). The major limitation of this one dimensional ap-
proach is that it is time consuming, laborious and does not include
interactive effect among the variable parameters (Abdel-Fattah et al.,
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2005), (Elibol, 2004). This drawback is overcome by carrying out sta-
tistical factorial design called Response surface methodology [RSM] for
parameter optimization. In RSM, statistical and mathematical techni-
ques are merged for the improvement, development and evaluation of
several factors affecting the process and their relative significance (Box
and Behnken, 1960), (Tanyildizi et al., 2005).

The present research work was conducted to optimize the growth
conditions using Response Surface Methodology for maximum inulinase
production by Arthrobacter mysorens strain no.1 to utilize noxious and
problematic weeds as substrate to form fructose. Thus weed manage-
ment through bioremediation is achieved by exploiting this potent
isolate.

2. Materials and methods

2.1. Chemicals

Inulin, fructose and other chemicals were obtained from Himedia
(India). All chemicals used were of highest purity and of analytical
grade.

2.2. Pre-treatment of substrate

The substrates were prepared from cost effective inulin-rich weeds.
Mature stems of Tithonia rotundifolia (Mill.) S.F·Blake (16°40′55.7″N
74°15′07.4″E) and Cosmos bipinnatus Cav (16°40′43.6″N 74°15′05.9″E)
were harvested from Shivaji University campus, Kolhapur, Maharashtra
and that of Agave sisalana Perrine sisal hemp (16°28′32.8″N
74°10′31.0″E) was obtained from arid areas of Walava, Radhanagari,
Maharashtra. The weeds were identified, authenticated and deposited

at Herbarium, Botany Department, Shivaji University, Kolhapur. All the
weed samples were separately cleaned, washed with distilled water,
sliced and grinded to a fine paste with a food processor. It was then
clarified by centrifugation (5000 rpm) and pre-treated at 70 °C in
shaking water-bath for 10–15min (Lingyun et al., 2007). The resultant
extracts were used directly as crude inulin rich substrates and stored at
−20 °C till use.

2.3. Isolation of inulinase producing bacteria

Soil samples from rhizospheric area of inulin rich weeds were
streaked under aseptic conditions on Inulin agar containing inulin as
the sole carbon source in media (in g/L: KH2PO4— 2.5; MgSO4.7H2O —
1.0; NaNO3— 20.0; Inulin —20.0; agar — 20.0; pH — 7.0). The plates
were incubated overnight at 30 °C for the appearance of inulinolytic
bacterial colonies which was confirmed by exposing the plates with
Iodine crystals for 5–10min (Li et al., 2011). Morphologically distinct
bacterial colonies were selected on the basis of their extracellular in-
ulinase production ability. The selected culture were purified and
maintained as glycerol stock at -20 °C. Out of the 20 bacterial isolates
screened, the most efficient showing maximum inulinase activity was
explored further.

2.4. Identification and phylogenetic analysis of the microorganism

Selected isolate was identified by studying its morphological, cul-
tural and biochemical characteristics and was found to be Arthrobacter
species. It was confirmed by 16S rRNA sequencing and identified and
named as Arthrobacter mysorens strain no.1. Initially a partial nucleotide
sequence was obtained. The nucleotide sequence was submitted to
NCBI. It was aligned and analysed by using BLAST program. (http://
www.ncbi.nlm.nih.gov/BLAST) (Madden, 2013). 20 sequences were
retrieved with over 98% similarity from NCBI for comparison with
currently available sequences and multiple alignments were performed.
Phylogenetic analysis was conducted using the resultant homologous
sequences of species. MEGA4 software (AZ, USA) was used to construct
the phylogenetic tree (Tamura et al., 2007).

2.5. Preparation of inoculum

The inoculum media consist of inulin 20 g/l, NaNO3 20 g/l, K2HPO4

1 g/l, MgSO4 0.1 g/l and Yeast extract 5 g/l with pH 7. A single well-
isolated colony from 48 h grown culture plate of Arthrobacter mysorens
strain no.1 was inoculated in the media as starter culture and incubated
at 30 °C in orbital shaker incubator (Remi, India) at 120 rpm. Two
successive transfers of this active culture were given in 150ml and

Table 1
Nutrient screening using Placket-Burman design.

Variables Levels

Factor codes Factor Coded low Coded actual Coded high

A Inulin −1↔ 1.00 0↔ 2.00 +1↔ 3.00
B Na2HPO4 −1↔ 0.25 0↔ 0.625 +1↔ 1.00
C Agave extract −1↔ 4.00 0↔ 6.00 +1↔ 8.00
D Tithonia extract −1↔ 4.00 0↔ 6.00 +1↔ 8.00
E Cosmos extract −1↔ 4.00 0↔ 6.00 +1↔ 8.00
F NaNO3 −1↔ 1.00 0↔ 2.00 +1↔ 3.00
G Yeast extract −1↔ 0.50 0↔ 1.00 +1↔ 1.50
H K2HPO4 −1↔ 0.25 0↔ 0.625 +1↔ 1.00
J MgSO4 −1↔ 0.05 0↔ 0.10 +1↔ 0.15
K Temperature −1↔ 30.00 0↔ 40.00 +1↔ 50.0
L pH −1↔ 6.00 0↔ 7.00 +1↔ 8.00

Table 2
Placket- Burman experimental design matrix for screening significant variables for inulinase production.

Run A B C D E F G H J K L Actual value Predicted value

% % % % % % % % % oC unit EU/ml EU/ml

1 1 −1 −1 −1 1 −1 1 1 −1 1 1 587 565
2 −1 1 −1 1 1 −1 1 1 1 −1 −1 825 826
3 −1 1 1 1 −1 −1 −1 1 −1 1 1 1322 1321
4 1 1 −1 −1 −1 1 −1 1 1 −1 1 350 372
5 −1 1 1 −1 1 1 1 −1 −1 −1 1 514 515
6 1 −1 1 1 1 −1 −1 −1 1 −1 1 518 519
7 −1 −1 −1 1 −1 1 1 −1 1 1 1 294 293
8 −1 −1 1 −1 1 1 −1 1 1 1 −1 727 705
9 1 −1 1 1 −1 1 1 1 −1 −1 −1 744 766
10 −1 −1 −1 −1 −1 −1 −1 −1 −1 −1 −1 350 372
11 1 1 1 −1 −1 −1 1 −1 1 1 −1 247 246
12 1 1 −1 1 1 1 −1 −1 −1 1 -1 262 240

(−1) low level, (+1) high level, A (Inulin), B (Na2HPO4), C (Agave extract), D (Tithonia extract), E (Cosmos extract), F (NaNO3), G (Yeast extract), H (K2HPO4), J
(MgSO4), K (Temperature), L (pH), EU/ml (Inulinase activity).
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250ml fresh media and incubated under same conditions. Inoculum
thus prepared with a viable cell count of 3×108 cell/ml, was used for
submerged state fermentation.

2.6. Submerged state fermentation

Inulinase production was studied in flasks containing 6–8% weed
extracts as a substrate. The basal medium used for inulinase production
was the same as described for isolation of bacterial strain. 2% (v/v)
inoculum was inoculated in 250ml Erlenmeyer flask containing 100ml

above media. The flask was further incubated at 300C in the rotary
shaker at 120 rpm and inulinase activity was assayed after 48 h.

2.7. Design of experiments and statistical analysis

2.7.1. Plackett- Burman experimental design for screening media
components

Plackett- Burman design was used to screen the media components
significantly influencing inulinase production by Arthrobacter mysorens
strain no.1. The experimental design indicates 3 levels, high (+), actual
(0) and low (−) of each independent variable under investigation
(Table 1). A total of 11 variables were screened in 12 experimental runs
as per the software derived design matrix (Table 2). Each row in the
matrix represents an experiment and each column represents an in-
dependent variable (Anderson and Whitcomb, 2007).Various inulin
rich plant extracts, nitrogen source and mineral salts were selected as
nutrient variables for this experiment. Therefore the equation that ex-
plains a first order multiple regression model is

= + = …Y β å β x (i 1, , k)0 i i (1)

where, xi= nutrient variables. β0= intercept, βi = linear coefficient
and Y=predicated response.

2.7.2. Box- Behnken design for optimizing media nutrients
After identifying the critical nutrient factors by Plackett- Burman

experiment, the media nutrient optimization was confirmed using Box-
Behnken design. Four important independent nutrient variables se-
lected were K2HPO4 (×1), Agave extract (×2), inulin (×3) and Tithonia
extract (×4). Inulinase activity (Y) was the expressed dependent vari-
able response. Each of these independent variables was studied at three
different levels (Table 4). The response surface model equation gener-
ated for this four-factor system was as follows.

Fig. 1. Screening of potent inulolytic microorganisms on inulin agar plates
when stained with Lugo's iodine solution.

Fig. 2. Phylogenetic tree of the Arthrobacter mysorens strain no.1 and related organisms that were aligned based on 16S rRNA sequence. Scale bar- number of
nucleotide changes per sequence position.

P.P. Kamble et al. Journal of Microbiological Methods 149 (2018) 55–66

57



∑ ∑ ∑ ∑= + + + +
= = = < = =

y βo βixi βiixi βijxixj e
i 1

k

i 1

k
2

i 1i ji j

k‐1

i 2

k

(2)

where y is the predicted response variable; e is the error of model; β0 is
the offset term; βi, βii and βij are linear, quadratic and interaction

coefficients respectively; xi and xj are the input variables that influence
the response variable “y”. Thus, the inulinase activity values were fitted
by the second order polynomial equation. Table 5 shows the experi-
mental design used for the study.

2.7.3. Statistical analysis of the data
The significant variables and their corresponding coefficients were

identified by the statistically planned experimentation so that the levels
of variables can be managed to obtain a desired output. The experi-
mental plan, the analysis and the results were obtained using Design
Expert Version 10.0.0 (Stat-Ease Inc., Minneapolis, Minnesota, USA)
statistical software. ANOVA was used to validate statistical parameters.

2.8. Extracellular inulinase assay

The inulinase activity was determined as per Gill et al. (Gill et al.,

Table 3
Analysis of variance (ANOVA) calculated from inulinase yield obtained in the screening experiment.

Source Sum of squares df Mean square F-value p-value

Model 1.060E+06 9 1.178E+05 80.95 0.0123 Significant
A-Inulin 1.461E+05 1 1.461E+05 100.4 0.0098
B-Na2HPO4 7500 1 7500 5.15 0.1512
C-Agave extract 1.643E+05 1 1.643E+05 112.9 0.0087
D-tithonia extract 1.180E+05 1 1.180E+05 81.11 0.0121
F-NaNO3 76,480.33 1 76,480.33 52.56 0.0185
G-yeast extract 8427 1 8427 5.79 0.1378
H-K2HPO4 4.681E+05 1 4.681E+05 321.7 0.0031
J-MgSO4 55,760.33 1 55,760.33 38.32 0.0251
L-pH 15,408.33 1 15,408.33 10.59 0.0829
Residual 2910 2 1455
Cor total 1.063E+06 11

Table 4
Levels of independent variables for Box- Behnken design experiment.

Factor Name Units Levels Coded centre point Coded high

Coded low

A K2HPO4 % −1↔ 0.25 0↔ 0.625 +1↔ 1.00
B Agave Extract % −1↔ 4.00 0↔ 6.00 +1↔ 8.00
C Inulin % −1↔ 1.00 0↔ 2.00 +1↔ 3.00
D Tithonia extract % −1↔ 4.00 0↔ 6.00 +1↔ 8.00

Table 5
The Box- Behnken design matrix for coded variables along with actual and predicted responses for inulinase production.

Std Run Factors Inulinase activity value Internally Externally

A B C D Actual Predicted Studentized Studentized

% % % % EU/ml EU/ml Residual Residual

3 1 −1.000 1 0 0 1400 1495.32 −1.281 −1.314
7 2 0 0 −1.000 1 866.67 791.62 1.009 1.01
11 3 −1.000 0 0 1 1522.22 1613.38 −1.225 −1.250
22 4 0 1 0 −1.000 705.56 662.41 0.58 0.566
28 5 0 0 0 0 377.78 406.67 −0.280 −0.271
1 6 −1.000 −1.000 0 0 750 710.32 0.533 0.519
9 7 −1.000 0 0 −1.000 455.56 428.38 0.365 0.354
24 8 0 1 0 1 1238.89 1220.19 0.251 0.243
14 9 0 1 −1.000 0 1394.44 1362.45 0.43 0.417
19 10 −1.000 0 1 0 1533.33 1474.44 0.792 0.78
29 11 0 0 0 0 461.11 406.67 0.528 0.514
18 12 1 0 −1.000 0 638.89 589.26 0.667 0.653
26 13 0 0 0 0 583.33 406.67 1.714 1.858
25 14 0 0 0 0 322.22 406.67 −0.819 −0.809
27 15 0 0 0 0 288.89 406.67 −1.143 −1.156
4 16 1 1 0 0 522.22 606.43 −1.132 −1.145
6 17 0 0 1 −1.000 266.67 386.25 −1.608 −1.715
15 18 0 −1.000 1 0 777.78 873.75 −1.290 −1.324
16 19 0 1 1 0 1255.56 1169.86 1.152 1.167
20 20 1 0 1 0 672.22 624.45 0.642 0.628
23 21 0 −1.000 0 1 644.44 579.07 0.879 0.871
8 22 0 0 1 1 1516.67 1493.47 0.312 0.302
17 23 −1.000 0 −1.000 0 1277.78 1217.04 0.817 0.806
13 24 0 −1.000 −1.000 0 238.89 388.57 −2.012 −2.300
12 25 1 0 0 1 150 241.16 −1.225 −1.250
5 26 0 0 −1.000 −1.000 727.78 795.51 −0.911 −0.905
2 27 1 −1.000 0 0 172.22 121.43 0.683 0.669
10 28 1 0 0 −1.000 350 322.82 0.365 0.354
21 29 0 −1.000 0 −1.000 123.33 33.52 1.207 1.229

A: (K2HPO4), B: (Agave extract), C: (Inulin), D: (Tithonia extract) and EU/ml (Inulinase activity).
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2003). For assay 0.1ml of inulin (2%) was mixed with 0.2mM phos-
phate buffer (pH 6.8) and 0.1 ml of crude enzyme was added in the
reaction tube. The reaction mixture was assayed after 20min incuba-
tion at 30 °C and the inulinase activity was estimated by DNSA method
(Miller, 1959). The calibration curve was prepared with fructose solu-
tion of known concentrations and blanks were run simultaneously with
enzyme and substrate solutions. One unit of inulinase activity was de-
fined as the amount of enzyme which produced 1 μmole of fructose per
minute under the assay conditions. The protein content of fermented
broth was estimated by Lowry's method (Randall and Lewis, 1951).

2.9. Fructose analysis after fermentation of statistically optimized media

The hydrolysis of inulin was carried out with crude inulinase from
Arthrobacter mysorens strain no.1 and the fructose formed after fer-
mentation in RSM optimized media was qualitatively confirmed by
Osazone test (Hassid and Mccready, 1942) and quantitatively estimated
spectrophotometrically by Resorcinol method (Solution, 1986). Further
evaluation of formed fructose was done as follows.

2.9.1. HPTLC
Chromatographic analysis of formed product after inulin biode-

gradation was performed on silica gel 60 F254 high-performance thin-
layer chromatography (HPTLC) plates (Merck, Germany). Aliquot [2uL]
of standard glucose, sucrose, fructose, inulin and fermented broth ob-
tained using non optimized media and that obtained using statistically
optimized media were loaded on the plate by spray-on technique (ni-
trogen as spray gas) using the TLC applicator (CAMAG LINOMAT
5).The irrigating solvent used to develop the samples were chloroform:
acetic acid: water (30:35:5 v/v/v/). The plate was heated at 120 °C for
30min after spraying with detection solution containing 0.1 g α-

naphthol and 10% phosphoric acid in ethanol to visualize the hydro-
lysed product. TLC scanner was used to carry out scanning after de-
velopment. The result analysis was done using HPTLC WinCATS
1.44.6337 software.

2.9.2. FTIR
The presence of fructose in fermented broth was analysed by Fourier

transform infrared using Shimadzu 8400S spectrophotometer at 4 cm−1

resolutions between 500 and 4000 cm−1 absorption mode. This is non-
destructive method and does not generate waste during test (Kelly and
Downey, 2005).

3. Results and discussion

3.1. Bacterial strain identification and phylogenetic position

High yielding inulinase producing bacterial species (Fig. 1) was
isolated and confirmed as Arthrobacter mysorens strain no.1 (NCBI
GeneBank accession no. JX184904.1). Fig. 2 illustrates the phyloge-
netic position of Arthrobacter mysorens strain no.1 in relation to other
species of the genus. The digits adjacent to nodes are in the statistical
frequency of indicated species.

3.2. Screening of critical components using Plackett- Burman design

The variation in inulinase activity after performing Plackett-
Burman experiment reflects the significance of optimization to achieve
high productivity. The standard analysis of variance (ANOVA) was
calculated from experimental runs (Table 3). The analysis indicates A-
Inulin, C-Agave Extract, D-Tithonia Extract, F-NaNO3, H-K2HPO4 and J-
MgSO4 had significant influence on inulinase activity. Rest of the

Table 6
Analysis of variance for the experimental results of the Box- Behnken design.

Source Sum of squares df Mean square F-value p-value

Model 5.785E+06 14 4.132E+05 31.12 < 0.0001 Significant
A-K2HPO4 1.638E+06 1 1.638E+06 123.33 < 0.0001
B-Agave extract 1.210E+06 1 1.210E+06 91.08 < 0.0001
C-Inulin 64,208.58 1 64,208.58 4.83 0.0452
D-Tithonia 9.130E+05 1 9.130E+05 68.75 < 0.0001
AB 22,500.00 1 22,500.00 1.69 0.2141
AC 12,345.32 1 12,345.32 0.9296 0.3513
AD 4.011E+05 1 4.011E+05 30.2 < 0.0001
BC 1.148E+05 1 1.148E+05 8.65 0.0107
BD 37.33 1 37.33 0.0028 0.9585
CD 3.086E+05 1 3.086E+05 23.24 0.0003
A2 2.036E+05 1 2.036E+05 15.33 0.0016
B2 1.450E+05 1 1.450E+05 10.92 0.0052
C2 9.991E+05 1 9.991E+05 75.23 < 0.0001
D2 29,636.39 1 29,636.39 2.23 0.1574
Residual 1.859E+05 14 13,280.83
Lack of fit 1.299E+05 10 12,992.06 0.9278 0.5825 Not significant
Pure error 56,011.03 4 14,002.76
Cor total 5.971E+06 28

Table 7
Comparison of inulinase production using various substrates.

Substrate Micro-organisms Inulinase activity Reference

Wheat bran Staphylococcus sp. 107.64 U/gds Selvakumar and Pandey, 1999
Chicory Xanthomonas sp. 20 U/ml Park and Yun, 2001
Garlic Streptomyces sp. 524 IU/l Sharma et al., 2006
Asparagus racemosus Kluyveromyces marxianus YS-1 47.3 IU/ml Singh et al., 2006
Onion and garlic Xanthomonas campestris pv phaseoli 17.42 IU/ml Ayyachamy et al. 2007
Dandelion Aspergillus niger NK-126 52.3 IU/ml Kango, 2008
Jerusalem artichoke Geotrichum candidum 45.62 U/ml Erdal et al., 2011
Copra waste and soyabean cakes Streptomyces sp. 131 U/gds Dilipkumar et al., 2013, 2013
Tithonia rotundifolia extract Arthrobacter mysorens strain no.1 1669 EU/ml Present study
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insignificant variables were neglected in order to obtain a smaller set of
factors. F-value of the model is 80.95 which imply the model is sig-
nificant. There is only 1.23% chance that an F-value this large could
occur due to noise. Values of “Prob > F”<0.0500 indicate model
terms are significant. Values> 0.1000 indicate the model terms are not
significant. The coefficient of determination (R2) for inulinase activity
was calculated as 0.9973, which is close to 1. Thus up to 99% varia-
bility of the response can be explained. The “Predicted R-Square” of
0.9014 was in reasonable agreement with the “Adjusted R-Square” of
0.9849 as the difference is< 0.2. “Adeq Precision” measures the signal
to noise ratio. A ratio> 4 is desirable. Here, ratio of 31.045 indicates
an adequate signal and suggests that this model can be used to navigate
the design space. The final equation in terms of actual factors can be
used to make predictions about the response for given levels of each
factor.

= ∗ + ∗ + ∗

+ ∗ − ∗

∗ + ∗ ∗

+ ∗

Inulinase activity –138.83333–110.33333 Inulin 66.66667 Na HPO 58.50000
Agave Extract 49.58333 Tithonia Extract 79.83333 NaNO –
53.00000 Yeast Extract 526.66667 K HPO –1363.33333
MgSO 35.83333 pH

2 4

3

2 4

4

(3)

3.3. Optimization of media using RSM

The screened significant variables from Plackett – Burman design
were further analysed by Box – Behnken design. The precision and re-
liability of the model is indicated by the value of coefficient of variance
[CV%=15.74]. Regression equation obtained after ANOVA provided
the level of inulinase production as a function of different variables.
Following equation includes all the terms.

=+ + + + − −

− − + + + +

+ +

Inulinase activity 406.67–369.45A 317.50B 73.15C 275.83D 75.00AB 55.550 AC
316.67AD 169.44BC 3.06BD 277.78CD 177.18A 149.54B
392.46C 67.59D

2 2

2 2

(4)

ANOVA of the quadratic regression model for the inulinase yield
suggests that the model was highly significant (Table 6). The Model F-
value of 31.12 implies the model is significant. There is only a 0.01%
chance that an F-value this large could occur due to noise. Values of
“Prob > F”<0.0500 indicate model terms are significant. In this case
A, B, C, D, AD, BC, CD, A2, B2, C2 are significant model terms. Va-
lues> 0.1000 indicate the model terms are not significant. The “Lack of
Fit F-value” of 0.93 implies the Lack of Fit is not significant relative to
the pure error. There is a 58.25% chance that a “Lack of Fit F-value”
this large could occur due to noise. Non-significant lack of fit is good
and indicates that the model equation was sufficient to predict inulinase
production under any combination of the variable values. Here the
Predicted R2 of 0.8600 is in reasonable agreement with the Adjusted
R2 of 0.9377, as the difference is< 0.2. “Adeq Precision” measures the
signal to noise ratio. A ratio> 4 is desirable. In this work the ratio of
19.06 indicates an adequate signal. This model can be used to navigate
the design space.

3.4. Interaction of variables

The mutual interactions among two variables are significant or not

have been well explained on the basis of contour plots. An elliptical
contour plot indicates that interactions between corresponding vari-
ables were significant, whereas non-significant interactions between
the corresponding variables were represented by a circular nature of the
contour plot (Muralidhar et al., 2001). Three- dimensional graphs were
generated for the pair-wise combination of the 4 factors while keeping
other variables at its central level to study the interactive effect on
inulinase production. Inulin is the best substrate for inulinase enzyme.
Replacement of synthetic inulin can be done by the extracts of Chicory,
dahlia, Jerusalem artichoke, etc. In present study, Inulin was extracted
from the stem of Cosmos, Tithonia and Agave weeds which act as an
inexpensive and abundant substrate. Various inulin concentrations
were evaluated in which maximum inulinase activity was detected in
medium supplemented with 8% Tithonia extract, 6% Agave extract and
2% synthetic inulin. The interaction between Agave extract and K2HPO4

is represented by the response surface curve and contour plot shown in
Fig. 3a and b. The elliptical nature of the contour plot explained the
interaction among them is significant but not dependant. Enzyme ac-
tivity remained constant even at wide range of K2HPO4%, while in-
creasing concentration of Agave extract gradually enhances the in-
ulinase activity. The mutual effect of Inulin and K2HPO4 is represented
in Fig. 3c and d. Moderate interaction between inulin and K2HPO4 is
observed due to circular nature of the contour plot, which indicated
good inulinase yield at optimum concentration. Fig. 3e and f showed
that with increase in Tithonia extract concentration up to 8% the in-
ulinase activity also shifted up but there was no considerable effect of
changing K2HPO4%.

We have also emphasized on the interactions among the two sub-
strates i.e. synthetic inulin and extracted inulin from weeds. Among
them, Fig. 3g and h revealed the positive interaction of pure inulin and
Agave extract is significant because of elliptical nature of contour plot.
This indicates that both the variables are independent. Inulinase yield is
enhanced at higher Agave extract concentration as compared to that of
pure inulin concentration. Similar interactive effects were observed
when Tithonia extract and pure inulin were considered. The 3D re-
sponse surface plot and 2D contour plot represented in Fig. 3i and j
shows elliptical shaped contour indicating the significant interaction
between Tithonia extract and pure inulin. The interaction between two
crude natural inulin sources i.e. Tithonia and Agave extract as shown in
Fig. 3k and l significantly influence inulinase production. Increased
Tithonia extract concentration up to 8% showed tremendous increased
enzyme activity whereas the activity remained unchanged even at
various concentrations of Agave extract. Thus the isolate prefers to
utilize Tithonia extract as a substrate more than any other sources and
produces highest inulinase (reported till date) yielding maximum
fructose after fermentation. Many plant substrates containing inulin
that were previously used in culture medium for the fermentation
process are listed in Table 7 (Cho and Yun, 2002; Selvakumar and
Pandey, 1999; Park and Yun, 2001; Sharma et al., 2006; Singh et al.,
2006; Dinarvand et al., 2017; Kango, 2008; Erdal et al., 2011). Xan-
thomonas sp. showed inulinase activity of 15 IU/ml when chicory
powder was used as a substrate. Jerusalem artichoke tubercles extract,
was also utilized as substrate and the enzymatic activity reported was
14.6 U/ml for Candida kefyr, 18.7 U/ml for C. pseudotropicalis, 18.4 U/
ml for Kluyveromyces marxianus var. bulgaricus (Cazetta et al., 2005) and

Fig. 3. (a) Contour plot of interactions of variables (b) Three- dimensional response surface plot of K2HPO4 and Agave extract on inulinase production. (c)Contour
plot (d) 3D plot showing the effect of K2HPO4 and inulin on inulinase production. (e) Contour plot of interactions of variables (f) Three- dimensional response surface
plot of K2HPO4 and Tithonia extract on inulinase production. (g) Contour plot (h) 3D response surface plot of inulin and Agave extract on inulinase production. (i)
Contour plot (j) 3D response surface plot of inulin and Tithonia extract on inulinase production. (k) Contour plot of interactions of variables (l) Three- dimensional
response surface plot of Agave extract and Tithonia extract on inulinase production.
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14.3 U/ml for K. fragilis (Dilipkumar et al., 2013, 2013). This is the first
report on inulinase production from Tithonia rotundifolia extracts by
Arthrobacter mysorens strain no.1 using RSM.

3.5. Validation of the experimental model

From present study it is revealed that optimum concentration of
0.27% K2HPO4, 6.57% Agave sisalana extract, 2.54% Inulin and 7.27%

Tithonia rotundifolia extract were the statistically processed parameters,
set to achieve a maximum inulinase production up to 1669.45 EU/ml.

3.6. Inulinase activity

Inulinase produced before and after optimization is illustrated in
Fig. 4a. Maximum inulinase activity was observed up to 48 h of in-
cubation beyond that, the activity decreased with increasing the

Fig. 4. a Comparative account of inulinase activity of Arthrobacter mysorens strain no.1 in fermented broth before and after media optimization. b Comparison of
products formed by Arthrobacter mysorens strain no.1 in fermented broth before and after media optimization at 48 h of incubation.

Fig. 5. Microscopic observation of Osazone crystals (a) standard Fructose (b) RSM optimized fermented broth containing fructose as major product.
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fermentation time. The possible reason for decline inulinase activity
after 48 h could be a change in pH from neutral to alkaline, which could
have hindered the physiological activities. Early reports showed con-
sistent increase in inulinase activity by Xanthomonas oryzae No.5 up to
72 h which declined afterwards (Wang and Lu, 2005). Fig. 4b revels
that fermented broth after media optimization shows elevated synthesis
of fructose and protein than that of non-optimized broth. But this ele-
vated fructose up to 48 h drastically decreased at 72 h. The readily
available energy source in the form of fructose might have been utilized
by the microbes for their metabolic activities.

3.7. Fructose analysis

The product in fermented broth was qualitatively detected by osa-
zone test and the osazone crystals formed from the fermented broth
resembles with that of standard fructose as shown in Fig. 5. Quantita-
tive determination of formed fructose in fermented broth before and
after media optimization is shown in Fig. 4b. Fructose produced was
then confirmed by HPTLC analysis. The Rf values for the standards for
glucose, sucrose, fructose and inulin were 0.81, 0.66, 0.89 and 0.71
respectively. The Rf values for the fermented broth after optimization
was 0.87. It showed peak resembling with that of standard fructose as
shown in Fig. 6. Few additional peaks other than fructose were also
observed in the fermented broth. These additional intermediates
formed along with fructose were the result of endoinulinase activity as
explained in previous report (Kamble et al., 2017). To further evaluate
the purity of fructose formed in the fermented broth, FT-IR spectra
Fig. 7 were obtained and compared with that of standard fructose. The
geometry of many OeH groups and configuration of the CeO, CeC, and

CeH bonds in the skeletal base configuration determines the specificity
of carbohydrates (Grube et al., 2002). The signals observed at 1641 and
1658 cm− 1 in the standard fructose was the result of C]O stretching
mode; characteristic of ketose saturated aliphatics and α, β- un-
saturated ketose functional group. The appearance of vibrations at
1635 cm− 1 in the sample confirms the purity of fructose in the fer-
mented broth.

4. Conclusion

The present investigation highlights the enhanced inulinase pro-
duction by newly isolated bacteria named Arthrobacter mysorens strain
no.1 using Tithonia rotundifolia extract as natural inulin rich weed and
alternative substrate. Noticeable improvement (2.12 fold) in inulinase
production (1669.45EU/ml) was observed after media optimization
using statistical approach which is the highest yield reported so far.
Final product (fructose) yield obtained after Tithonia weed hydrolysis
was 33.79 ± 0.9mg/ml. This optimized media ultimately increases the
possibility for scaling up the inulinase production by Arthrobacter my-
sorens strain no.1 at pilot and industrial-scale for diverse applications as
well as can be used as an effective agent for bioremediation of Tithonia
rotundifolia weed.
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Abstract 

 The present study aimed to determine the sorption behaviour of crystal violet (CV) 

dye on mango leaves biochar (MLBC) prepared at 400 oC, 600 oC and 800 oC. Response 

surface methodology (RSM) was executed to evaluate the interactive effect of four process 

variables on the sorption of CV dye using Box-Behnken design. The quadratic model showed 

significance of model for the responses which were validated by analysis of variance 

(ANOVA). Maximum sorption (99.85%) of CV dye (2500 mg/L) was demonstrated on 

MLBC (800 oC) within 48 min of incubation at pH 8 and 47 oC temperature. The point of 

zero charge (pHpzc) and Brunauer-Emmett-Teller surfaces (BET) of MLBC were 7.7 and 

168.23 m2 g-1, respectively. In addition, fourier transform infrared spectroscopy (FTIR), 

scanning electron microscopy (SEM), X-ray diffraction (XRD), total organic carbon (TOC) 

and atomic absorption spectroscopy (AAS) techniques were employed to characterize the 

biomass and MLBC. Toxicological studies of residual CV dye were executed using seed 

germination and tilapia fish model.  Histological assessment of the gills showed no alterations 

in the gills architecture of fishes exposed to MLBC treated residual CV dye solution. 

Therefore, the present experimental results strongly revealed the strategies for utilizing low-

cost biomass to treat waste water containing hazardous textile dyes. 

Keywords: Biochar, Crystal violet, Mango leaves, RSM, Sorption, Toxicity 
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1. Introduction 

Synthetic dyes are being widely used in several industries like textile, cosmetics, 

paper, printing, pharma, and petrochemicals. Some of these dyes are recalcitrant and their 

persistence in the environment is detrimental to the living flora and fauna. Textile industry 

discharges the effluent consisting several synthetic dyes as the major pollutants. During 

dyeing processing, 10-20% of residual dyes are directly released into water bodies in the 

form of effluent (Zollinger, 1991). Hence, treating the effluent containing toxic residual dyes 

was crucial to reduce the risk of contaminants to ecosystem.  

Crystal violet (CV) also known as methyl violet, gentian violet is a water-soluble dye 

belonging to the family of cationic dye triphenylmethane. Despite its extensive use in textile 

industries, it is also widely used as pH indicator, microbiology stain, and additives in 

medicine (Rushing and Bowman, 1980). However, inhalation of CV dye exerts a 

carcinogenic effect, pain, ongestion, irritation to the respiratory and gastrointestinal track (Li 

et al., 2010). According to Bhasikuttan et al. (2002), toxicity of CV dye was due to the 

oxidative stress generated by reactive oxygen species.  Different strategies were employed for 

the removal of textile dyes by several authors. Nevertheless, adsorption was one of the 

relatively cost-effective method adopted for treating the textile effluents. Numerous 

adsorbents including natural clay minerals (Guiza et al., 2004), fly ash  (Mall et al., 2006), 

plant biomass (Cengiz and Cavas, 2010), activated carbon (Faria et al., 2004), 3D graphene 

nanocomposite (Nasiri and Arsalani, 2018), acetosolv treated black acacia bark (da Silva et 

al., 2018) has been reported for the removal of CV dye. Activated carbon was the dominant 

adsorbent widely used in adsorption process (Faria et al., 2004). However, higher cost, 

regeneration, and disposal problem has restricted its effective use in textile dye sorption 

(Dutta et al., 2011). In contrast, a massive amount of waste biomass generated in agriculture 

and forest is being exploited for the wastewater treatments containing noxious contaminants. 
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Biochar is a carbon-rich material resulting after pyrolysis of any biological material in 

a zero or low oxygen environment (Barber et al., 2018). Every biomass has specific chemical 

groups in its structure indicating their desired properties. Therefore, the sorption capacity of 

biochar highly depends on the pyrolysis conditions like time, temperature and chemical 

composition of the biomass (Zhu et al., 2005). Due to the dissociation of oxygen-containing 

functional groups, biochar commonly occupies a net negative charge on its surfaces (Yuan et 

al., 2011), therefore attracts the positively charged pollutants (Cao et al., 2009). Biochar 

could be reutilised for the sorption of dyes for repetitive cycles after desorption of dye from 

the biochar using different solvents (Vyavahare et al., 2018). 

Therefore, in present study sorption of CV dye at higher concentration using novel 

biochar derived from mango leaves pyrolysed at different temperatures was demonstrated. 

Different factors including dye concentration, incubation time, pH and temperature were 

optimized for effective sorption of the dye through response surface methodology (RSM). 

Furthermore, characterization of MLBC was executed using analytical techniques like FTIR, 

SEM, XRD, BET, TOC and AAS. Toxicity of the residual CV dye was investigated using 

Vigna Mungo seeds and Nile Tilapia fishes (Oreochromis niloticus). 

2. Materials and methods 

2.1. Biomass and chemicals 

 Senescence leaves of mango (Mangifera indica L.) were collected from Shivaji 

University, Kolhapur, India. Crystal violet dye and sodium hydroxide were purchased from 

HiMedia, India. Whereas, hydrochloric acid and sulphuric acid were procured from Thermo-

Fisher Scientific, India. All other fine chemicals used were of analytical grade and higher 

purity. 
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2.2. Pyrolysis of biomass 

 Dry mango leaves were grinded in an electric grinder and the resulting powder was 

pyrolysed at 400 oC, 600 oC and 800 oC for 60 min in muffle furnace connected with N2 gas 

to create oxygen limiting environment in furnace. The produced mango leaves biochar was 

amorphous in nature. 

2.3. Screening of MLBC for sorption of crystal violet dye 

 The initial screening of CV dye (500 mg/L) sorption on MLBC prepared at different 

temperatures (400 oC, 600 oC and 800 oC) was studied. A solution consisting 10 ml CV dye 

and 0.5 g of MLBC was incubated for 60 min at room temperature. After centrifugation, 

optical density of the supernatant was measured at 584 nm using UV-Vis spectrophotometer 

(Shimadzu1240, Japan). Among the tested MLBC, biochar prepared at 800 oC demonstrated 

100% sorption of CV dye. Therefore, all the further optimization experiments were executed 

using MLBC prepared at 800 oC. 

2.4. Optimization of parameters 

 CV dye sorption studies were performed using 0.5 g of MLBC and 10 ml CV dye 

(500 mg/L, 1000 mg/L, 1500 mg/L, 2000 mg/L 2500 mg/L and 3000 mg/L).  Experiments 

were conducted at pH 1-10 under static and shaking (120 rpm) conditions, temperature 15 oC, 

30 oC, 45 oC , 60 oC, and contact time 15, 30, 45, 60 min. The maximum CV dye removal 

was observed under shaking condition (120 rpm), hence all the further experiments were 

performed under shaking. 

2.5. Response surface experimental design 

 RSM is a reliable statistical tool usually used for studying the concurrent interactive 

effect of different process variables on output responses which helps to reduce the cost, and 
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time required for experiments. Box-Behnken design based RSM was applied for optimising 

four independent variables (dye concentration, incubation time, pH, and temperature) derived 

from experimental data for efficient sorption of CV dye. Each independent variable has 

lower, upper and central levels which were coded as -1, +1 and 0, respectively. Equation 

regarding the value of variables fit in the polynomial model was expressed in Equation 1.  

                                    k                       k                       k-1         k 

Y= R0 + � RiX i + � RiiXi
2 + �   � RijX iXj + ɛ                             (1) 

                i=1            i=1               i=1, j=2 i< j 

 Where; X1, X2, X3, X4, Xk were independent process variables, Y is response to 

variables, and R0, Ri, Rii, Rij (i = 1−k, j = 1− k) were the known parameters, Xi and Xj coded 

level value of variables, while ε was the random error.  

The experimental data generated were analysed using ANOVA analysis design expert11 

Stat-Ease software, Minneapolis, USA. 

2.6. Physicochemical characterization   

The yield (%) of MLBC pyrolysed at 400, 600 and 800 oC was calculated as diffrence 

between the weight of biomass before and after pyrolysis. Assesment of ash content and pH 

of MLBC was demonstrated according to the method described by Chaukura et al. (2017). 

Whereas, the point of zero charge (pHpzc) of MLBC (800 oC) was determined as per the 

method of Abia and Asuquo, (2007). The functional groups were examined using FTIR 

(Nicolet 6700, Thermo Scientific) in scanning range 4000 to 500 cm-1 with a resolution 8 cm–

1, and mirror velocity 0.48 cm s-1. Surface morphology and crystallinity of MLBC was 

studied using SEM (JEOL-JSM-6360, Japan) and XRD (Bruker AXS Model: D2 phaser, 

Germany), respectively. TOC and BET surface was determined using TOC instrument (Multi 

N/C 2100 Analytic Jena HT1300, Germany) and BET analyzer (Microtrac BET Single-
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Point). The elemental composition was quantified by AAS (Perkin–Elmer 8650, USA) and 

phosphorus content using method of Nahapetian and Bassiri, 1976. 

2.7. Toxicological studies  

2.7.1. Phytotoxicity analysis 

Phytotoxicity testing was performed using Vigna Mungo seeds to provide substantial 

evidence about the ecological risk assessment of process. This assay was based on U.S. EPA 

guidelines considering seed germination rate and plant growth with few modifications (U.S. 

EPA, 1989). V. Mungo seeds were exposed directly to CV dye (50 mg/L, 2500 mg/L) and 

residual CV dye (2500 mg/L) resulting after sorption on MLBC. The control seeds were 

maintained in distilled water. After 6 days of treatment, germination rate (%), root, shoot 

length was measured and germination rate was calculated using formula described by Nagia 

and EL-Mohamedy (2007). 

% G = (Number of seeds germinated / Total number of seeds) × 100                     (2) 

2.7.2. Toxicity analysis dye on Nile Tilapia fish  

Nile Tilapia fishes (Oreochromis niloticus) were collected from the Kalmba Lake, 

Kolhapur, India. Initially, fishes were acclimatized in a glass aquarium containing 

dechlorinated water (26±2 oC) for 6 days. Fishes having 10-15 cm body length and 50-65 g 

weight were sorted. The toxicity assessment was conducted in glass tanks containing 40 L of 

water. Each tank consisted of 10 fishes which were treated with a) control (only water), b) 50 

ppm CV dye solution, and c) residual CV dye (2500 mg/L) after treatment with MLBC. 

Every 12 h, each set was amended with fresh solution of cv dye, and residual cv dye in the 

same treatment tank for 4 days. Finally, fishes were sacrificed and histological studies were 

performed. Gills of fishes were dissected, and tissue was fixed using a fixative solution for 12 
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h. Further, gills were dehydrated using ethanol gradients and finally embedded in paraffin 

wax. Sections (5 microns) were taken by means of microtome and stained with eosin–

haematoxylin and changes in the gills were recorded using a camera-assisted light 

microscope. 

2.8. Statistical analysis 

All the experimental data studied in triplicates and values were represented as 

mean±SD. The results were inspected through one-way analysis of variance (ANOVA) 

followed by Dunnett multiple range test using Graph Pad Prism 5.  

3. Results and discussion 

3.1. Evaluating MLBC for sorption of CV dye 

 Mango leaves biomass pyrolysis was executed at 400, 600, and 800 oC. The resulting 

MLBC was tested for CV dye sorption (500 mg/L) showed 100% removal of CV dye using 

MLBC prepared at 800 oC. However, lower pyrolysis temperatures were less effective for CV 

dye sorption demonstrating 88.89% (400 oC) and 96.58% (600 oC) (Figure S1; 

Supplementary data). Therefore, all the further optimization studies were performed using 

MLBC prepared at 800 oC.     

Pyrolysis temperatures prominently influences the factors like ash content, surface 

area, and pH of the biochar which plays important role in sorption (Lyu et al., 2016).  The 

higher pyrolysis temperatures eliminate the volatile compounds from the biomass and results 

into a porous material with a higher surface area for sorption of organic contaminants from 

the environmental sites (Ahmad et al., 2012; Yang et al., 2015).  The present MLBC results 

were in agreement with soybean biochar, peanut shell biochar (700 oC) and sugarcane 
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bagasse biochar (800 oC) used for the sorption of trichloroethylene and malachite green, 

respectively (Ahmad et al., 2012; Vyavahare et al.,  2018). 

3.2. RSM optimization 

3.2.1. Factors affecting CV dye sorption 

Different experimental parameters like dye concentration, incubation time, pH, and 

temperature greatly affect the sorption process. Therefore, these experimental variables were 

optimized using RSM for the effective removal of CV dye. 

3.2.2. Response regression model  

 For CV dye sorption, four process variables (dye concentration, incubation time, pH 

and temperature) were optimized through RSM implemented Box-Behnken design. The 

variable coded levels were shown in table 1. Whereas, the design matrix gave 29 runs 

comprising 24 trials and 5 central points as shown in table 2. The regression model obtained 

from ANOVA intended for optimum sorption of CV dye (%) was written as coded level in 

the following equation 3.       

% Sorption = -25.30667 + 0.008483 × X1 + 0.210844 × X2 + 28.17600 × X3 + 0.079567 × X4 + 

0.000017 × X1 × X2 + 0.000100 × X1 × X3 + 0.000069 × X1 × X4 – 0.002333 × X2 × 

X3 + 0.000522 × X2 × X4 – 3.29733E-06 × X1
2 – 0.002653 × X2

2 – 1.78433× X3
2 – 

0.002264 × X4
2                                                                                          (3)                         

ANOVA was performed for justifying adequacy of the developed model. Table 3 

demonstrated greater F (29.01) and less P (<0.05) value indicated that the model was highly 

significant. The P value <0.05 proposed the model was statistically significant (Kim et al., 

2003). In the present study, X1, X2, X3, X4, X1X4, X1
2, X2

2, X3
2 and X4

2 were found to be the 

significant models for sorption of CV dye. Thus, the predicted (0.8226) and adjusted (0.9334) 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

10 

 

correlation coefficient R2 values were reasonably in agreement with each other for removal of 

CV dye signifying the implication of the model. According to Myers et al. (2009), lack of fit 

was significant if data does not fit well. However, in present study, lack of fit was non-

significant and has F-value 3.45 suggesting good anticipation of this model.  Moreover, 

accuracy and significant reliability of the experiment was checked through coefficient 

variation value which was very low (0.4037). Amini et al. (2008) have stated that low 

coefficient of variation value indicates high accuracy and significant reliability of the 

experiment.  

3.2.3. Surface plots 

 For a better understanding of results, the 3-D surface plots were highly recommended 

for graphical interpretation of the relationship between process variables generated through 

RSM (Asadollahzadeh et al., 2014).  

Figure 1a represents the effect of dye concentration and contact time on dye sorption 

capacity. It was observed that, on increasing the dye concentration above optimum level the 

sorption capacity was decreased which could be attributed due to the saturation of active sites 

on biochar. At initial stage, rapid sorption of CV dye on MLBC was achieved due to the 

higher number of active binding sites available on the surface of biochar. Further increase in 

the incubation time slowly enhanced the sorption capacity until it reached the equilibrium. 

The optimum sorption of CV dye was highlighted in red color (Figure 1a). The 3-D graph 

generated showed an elliptical shape indicating a significant interaction between both the 

factors. These results were in accordance with earlier reports of Rahimi et al. (2015), and 

Chaukura et al. (2017).  

 Figure 1b showed that shift in pH from acidic (pH 2) to alkaline (pH 8) increases the 

dye sorption capacity with maximum CV dye sorption at pH 8. This could be achieved due to 

the alkaline pH (8) greater than pHpzc providing a negative charge on the surface of MLBC 
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which was favourable for electrostatic attraction of cationic CV dye. Xu et al. (2011), 

reported sorption of CV dye on biochar derived from the crop residue was increased from pH 

7.7 to 8.7. Present results agreed with earlier reports of Xu et al. (2011) and Aysan et al. 

(2016). The quadratic responses were generated and 3-D plot indicating negligible interactive 

effect between these two factors for CV dye removal. 

 Figure 1c represents effect of CV dye concentration and temperature on sorption rate. 

The CV dye sorption equilibrium increases with increasing temperature up to the certain level 

suggesting an endothermic reaction. This could be due to increasing in diffusion rate of 

adsorbate across the internal pores and external surface of adsorbent and decreasing the 

viscosity of the aqueous solution at a higher temperature (Ahmad and Alrozi, 2011). The 3-D 

plot revealed, both factors actively interact with each other and exhibited the elliptical shape 

graph. 

 Interactive effect of time and pH on biosorption of CV dye was shown in figure 1d. 

The data represented an increase in the incubation time and pH showed higher sorption till it 

reached the optimum level. The rapid sorption of dye at initial contact time indicated the 

shorter equilibrium time for sorption due to utilization of porosity and pore volume of the 

adsorbent, succeeding in external adsorption (Rahimi et al., 2015). The initial contact time 

required for dye removal was very short showing its significant intendment for the 

wastewater treatment. However, the pH of the solution greatly affects the sorption efficacy by 

changing the electrostatic charge of ionised dye molecules (Etim et al., 2016). In the present 

studies, maximum CV dye sorption was observed at alkaline pH as shown in figure 1d. 

Bharathi and Ramesh, (2013), reported that the cationic dye sorption was decreased at acidic 

pH, while increases at alkaline pH which will be contradictory for the anionic dye molecules. 

Both the factors gave a quadratic response and insignificant interaction effect on each other. 
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 Moreover, the combined effect of time and temperature on CV dye sorption was also 

investigated (Figure 1e). As per earlier reports, temperature affects the adsorption properties 

through exothermic and endothermic reactions (Schimmel et al., 2010). Usually, in the gas 

phase, the sorption proficiency decreases with increasing temperature indicating the 

exothermic reaction. However, in liquid phase, the sorption capacity increases at a higher 

temperature which specifies the endothermic reaction. In current study, CV dye sorption 

increases with increasing the incubation time and temperature to the certain level as stated in 

figure 1e. The 3-D surface plot showed circular nature of graph indicating a non-significant 

interaction among these two factors.   

 The interactive effect of pH and temperature on sorption rate of CV dye was executed 

through 3-D surface plot (Figure 1f). It was observed that, CV dye sorption increases at the 

alkaline pH while declined at acidic pH. The decrease in CV dye sorption at acidic pH might 

be due to the higher protonation of surface functional groups on adsorbent resulting in a 

repulsion of cationic CV dye molecules. According to Aysan et al. (2016), pH drastically 

affects surface functional groups of adsorbents, leading to change in the adsorption 

equilibrium properties, reaction kinetics and sorption efficiency. However, the significant 

interaction mechanism between cationic dye molecules and functional groups on adsorbents 

might enhanced at higher tempratures (Ozdemir et al., 2006). Thus, both the factors 

insignificantly interacted with each other which were confirmed by circular nature of the 3-D 

plot. 

3.2.4. Model fitting 

 This model aimed to reveal optimum process variables in consideration of efficiency 

and feasibility for maximum removal of CV dye. The optimum condition for CV dye removal 

predicted through this model was 2500 mg/L CV dye, 48 min time, pH 8 and 47oC 
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temperature. However, the model validation was confirmed by predicted CV dye removal 

value (100.06%) which agreed with experimental value (99.85%). Thus, the model was 

assistive for predicting response along with optimum process variables value. 

3.3. Physicochemical characterization of mango leaves biomass and MLBC 

3.3.1. Biochar yield 

 During carbonization, weight loss depends on the source of biomass (Yoshida et al., 

1999). In present study, mango leaves biomass pyrolysed at 400 oC showed higher biochar 

yield which was further decreased on increasing the temperature (800 oC) (Table T1; 

Supplementary data). At higher pyrolysis temperature most of the cellulose, hemicellulose 

and lignin gets decomposed resulting in lower yield.  

3.3.2. Ash content and pH values of MLBC 

Ash is a non-carbon material that affects the sorption capacity of the adsorbent.  The 

ash content of MLBC pyrolysed at 400, 600 and 800 oC was 14.7 %, 15.6%, and 15.2 %, 

respectively (Table T1; Supplementary data). On increasing the pyrolysis temperature (400–

600 oC) the ash content was increased, nonetheless it was decline at 800 oC. According to Tag 

et al. (2016), at higher pyrolysis temperature the fixed C and ash content increases, however, 

decreases the volatile contents. Therefore, the lower ash content eventually improves the 

sorption capacity.  

In addition, pH of the adsorbent greatly affects the surface chemistry of adsorbate and 

eventually interferes with their sorption mechanism. Most of the biochar were alkaline in 

nature, an increase in the pH was observed on increasing the pyrolysis temperature 

(Keiluweit et al., 2010, Yuan et al., 2011; Zhao et al., 2018). The current study showed pH 

values 7.3, 8.9 and 10.1 of the MLBC pyrolysed at 400, 600 and 800 oC, correspondingly 

(Table T1; Supplementary data). At 250–300 oC temperature, cellulose and hemicellulose 
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gets destructed with production of acidic and phenolic compounds responsible for lowering 

the pH of adsorbent. Whereas, at higher temperature, pH increases due to separation of alkali 

salts from the matrix of adsorbent. These results were in agreement with the reports of Abe et 

al. (1998).  

3.3.3. Point of zero charge (pHpzc) 

pH of solution greatly affects the adsorbent properties through the protonation and 

deprotonation of surface hydroxyl groups. According to Han et al. (2006), the adsorbent 

surfaces are negatively charged when the pH is greater than pHpzc. In contrast, if the pH is 

lower than the pHpzc, surfaces will be positively charged. Therefore, the values of pHpzc 

illustrate its electrokinetic behaviour, which mainly depends on the type of raw biomass, 

thermal treatment conditions (Mondal et al., 2016). Our experimental results showed pHpzc 

7.7 for MLBC indicating negative surface charge on MLBC. Therefore, the efficient sorption 

of CV dye on the MLBC was achieved at pH 8 which was higher than the pHpzc (Figure S2; 

Supplementary data).  

3.3.4. FTIR analysis  

 FTIR was used to detect the functional groups present on the surface of mango leaves 

biomass and MLBC. As shown in figure 2a, the native mango leaves biomass showed peak at 

2965 cm-1 related to the aliphatic chain stretching. The other peaks observed in biomass at 

2919 cm-1 and 1732 cm-1 were recognised as a saturated alkane and stretching of aldehyde 

carbonyl group, respectively. Whereas, peaks observed at 1540 cm-1 and 1032 cm-1 indicated 

the nitro and sulphoxide group correspondingly. Peaks at 718 cm-1, 633 cm-1, 598 cm-1, 562 

cm-1, 536 cm-1, 521 cm-1 and 507 cm-1 which may be attributed to the halogen groups present 

on the biomass. The figure 2b demonstrates FTIR pattern of MLCB prepared at 800 oC. 

MLBC also showed a peak at 2965 cm-1 corresponding to the aliphatic chain stretching group. 
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Similarly, some new peaks were also observed at 1409 cm-1 and 872 cm-1, relevant to the 

symmetric stretching vibration of carboxylate and ring deformation vibrations, respectively. 

The peaks observed at 2884 cm-1 and 1054 cm-1 recognised as saturated alkane and 

sulphoxide groups, respectively. Likewise, some other peaks appeared at 709 cm-1, 634 cm-1, 

563 cm-1, 549 cm-1 and 538 cm-1 could be related to the halogen group. Therefore, from the 

present results, it was observed that the surface functional groups existing on biochar highly 

depends on the pyrolysing conditions which was in agreement with Cibati et al. (2017). 

3.3.5. SEM evaluation 

 The surface morphology of MLBC before and after sorption of CV dye (2500 mg/L) 

was investigated using the SEM (Figure 3). The surface morphology of native MLBC was 

cylindrical with porous nature and a rough surface (Figure 3x). On the other hand, the MLBC 

surfaces after CV dye sorption became smooth showing morphological changes in the MLBC 

after sorption of dye (Figure 3y). According to Lehmann and Joseph (2009), biochar prepared 

at higher pyrolysing temperature ultimately provides rough surface and higher pour filling 

nature along with large surface area helpful for the greater adsorption of pollutants. 

3.3.6. XRD analysis  

Figure 4 showed the X-ray diffraction pattern of mango leaves, and MLBC before and 

after sorption of the CV dye. The mango leaves biomass diffractogram pattern was slightly 

different from the MLBC (Figure 4 a, b). However, the diffractogram pattern observed in 

MLBC before and after sorption of CV dye was observed with different peak intensities 

(Figure 4 b, c). In the present diffractogram patterns, we found some peaks were lost at 16o 

(2ϴ) demonstrating the decomposition of cellulose. These results also resemble to the FTIR 

spectra. As per the earlier reports, different feedstock such as peanut straw, wood/grass, and 
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pecan nutshells have diverse crystal components (Keiluweit et al., 2010; Yuan et al., 2011; 

Zazycki et al., 2018).  

3.3.7. BET analysis  

 Source of biomass and pyrolysis conditions greatly affects the surface area of adsorbent 

which was the key factor for effective sorption of pollutants (Yao et al., 2011). The BET surface 

area of MLBC prepared at 800 oC was 168.23 m2 g-1. As the pyrolytic temperature and time 

increase, the surface area and pore volume of the adsorbent also increases due to evaporation of 

volatile compounds and forming the micropores (Hasan Khan Tushar et al., 2012). Different 

biochar  prepared using corn straw, pitch pine,  pig manure, sewage sludge, pine sawdust,cotton 

seed hull, and weeds at different temperature (350-800 oC) showed diverse surface area <2 to 

>300 m2 g−1 (Silber et al., 2010; Kim et al., 2011; Troy et al., 2013; Mendez et al., 2012; Laghari 

et al., 2016; Uchimiya et al., 2012; Güzel et al., 2017). In this study, MLBC prepared at 800 oC 

showed higher CV dye sorption compared to those prepared at a lower temperature (400, and 

600 oC) which indicated the availability of higher surface area. 

3.3.8. Total organic carbon analysis 

The higher TOC content in biochar was helpful for the effective sorption of organic 

contaminants from the polluted ecosystem (Lee et al., 2013). The TOC content of mango 

leaves biomass was 449.8 g/kg. Whereas, the TOC content of MLBC prepared at 800 oC was 

459.1 g/kg which was further increase to 469.2 g/kg on sorption of the CV dye suggesting 

sorption of CV dye.   

3.3.9. Elemental assessment 

 The elemental composition of mango leaves biomass and MLBC prepared at 800 oC 

was studied (Table T2; Supplementary data). Increase in the content of some major elements 
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like N, K, Ca, Mg, S, Fe and Mn were observed after pyrolysis of the biomass. At higher 

pyrolysis temperature, the N content was increased which might be due to recalcitrant N in 

heterocyclic compounds (Kazi et al., 2010). But pyrolysis of biomass decreased the P and Na 

content of biochar. However, no significant changes in the composition of Zn and Cu were 

observed in biomass and MLBC. Increase in the elemental composition could be also due to 

the decrease in the weight of biomass on the pyrolysing process. Hanay et al. (2008) has 

reported that source of biomass played a key role on their element composition.  

3.4. Toxicity evaluation of residual CV dye 

 Different industrial wastewater can be characterized as a heterogeneous mixture of 

organic and inorganic compounds (Nielsen and Rank, 2004). Direct release of this effluent 

into the waterbodies will adversely affect the ecosystem. Therefore, toxicity assessment of 

the residual CV dye was carried out using V. mungo seeds and tilapia fish model following 

the U.S. EPA, (1989) guidelines.   

3.4.1. Phytotoxicity   

 Seed germination study was the quick and easy method for the environmental toxicity 

assessment of industrial pollutants (Wang, 1985). In present work, the toxicity of CV dye and 

residual dye after sorption on MLBC was assessed using V. mungo seeds (Table T3; 

Supplementary data). The seed germination was completely inhibited in CV dye (2500 mg/L) 

indicating a higher level of CV dye toxicity to the V. mungo seeds. Though, the seeds 

germination in CV dye (50 mg/L) was 60%. However, the residual CV dye solution after 

MLBC treatment showed 100% seed germination rate corresponding to the distilled water 

control. The shoot and root length of seedling on 6th days was calculated as shown in table T3 

(Supplementary data).  
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3.4.2. Fish toxicity analysis 

 The untreated effluent released directly in the water bodies develops a lethal toxicity 

to the aquatic biota including fish. Fish gills are very sensitive organs playing a vital role in 

water filtration, osmoregulation, acid-base balance, and respiration for its survival. Therefore, 

in present study, gills were the primary target to study the effect of CV dye. The fishes 

exposed directly to CV dye (50 ppm) showed noticeable behavioural defects like rapid 

movements, restlessness, loss of balance and erratic swimming at upper half part of the tank. 

However, the fishes when exposed to MLBC treated CV dye (2500 mg/L) residues 

demonstrated normal behaviour which was closely comparable with the fishes maintained in 

only water. 

The histological survey of gills was executed to examine level of toxicity of CV dye 

and MLBC treated CV dye as compared to control (only water). In control fishes showed 

normal gill architecture with typical histological markers like a cartilaginous supporting rod 

(CAR), blood vessels (BV) and rounded primary lamella (PL) at the apices (Figure 5 A). In 

contrast, fishes exposed direcly  to CV dye (50 ppm) showed the lethal effect on gills in terms 

of secondary lamellae fusion (SLF), epithelial lifting (EL) and curling of secondary lamellae 

(CSL) (Figure 5 B, C). In addition, shrinking of the cartilaginous supporting rod (SCSR) was 

observed causing decrease in the gill size. Similarly, changes in the gill filaments were also 

observed due to severe degeneration (DEG) and necrosis ultimately leading to disruption of 

the epithelium (Figure 5 B).  

Likewise, increase in intracellular vacuolation was observed in CV dye treated fishes 

(Figure 5 C). However, the fishes exposed to MLBC treated CV dye (2500 mg/L) residues 

revealed normal gill architecture as observed in control fishes showing normal gill 

architecture (Figure 5 D). The present results were in accordance with the earlier studies on 

fish gill histology after exposure to different toxicants (Triebskorn et al. 2008). These results 
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revealed the importance of MLBC derived from agriculture waste biomass to treat the 

CV dye having a toxic effect on the growth, development and natural progress like 

fish reproduction. 

4. Conclusion 

 Biochar assisted removal of dyes is one of the affordable and effective way for 

treatment of textile effluents. However, cheaper and commonly available feedstock material 

was the essential factor to treat a huge amount of generated textile effluent. In the present 

research attempt, biochar derived from agricultural waste biomass of mango leaves 

demonstrated complete removal of CV dye at a higher concentration from the aqueous 

solution. Response surface methodology optimization of different parameters including dye 

concentration, time, pH, and temperature showed significance of the model. Furthermore, 

phyto and fish toxicity studies confirmed the removal of CV dye from aqueous solution using 

MLBC. Findings of this research would provide a simple and cost-effective technique for 

removal of toxic cationic textile dyes.  Further investigations should be undertaken to develop 

the strategies to explore mango leaves biochar to treat several other toxic dyes and textile 

effluents. 
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Figure captions 

Figure 1. 3-D surface plots of process variables for sorption of CV dye: a) Dye concentration 

and time; b) Dye concentration and pH; c) Dye concentration and temperature; d) Time and 

pH; e) Time and temperature; f) pH and temperature 

Figure 2. FTIR spectra: a) mango leaves biomass, b) MLBC prepared at 800 
o
C 

Figure 3. SEM images of MLBC: x) Native MLBC; y) MLBC after CV dye (2500 mg/L) 

sorption 

Figure 4. XRD pattern: a) mango leaves biomass, b) Native MLBC, c) MLBC after sorption of 

CV dye (2500 mg/L) 

Figure 5. Histological investigation of Nile tilapia gills stained with haematoxylin and eosin: 

Figure A revealed gills of healthy control fish showing the normal architecture of PL, BV, CA. 

Whereas, figure B and C shows the histological changes in gills of fishes exposed to 50 ppm 

CV dye demonstrates epithelial lifting (EL), necrosis (NEC), curling of primary lamellae (CU) 

and disrupted gill epithelium owing to sever degeneration (DEG) and shrinking of the 

cartilaginous supporting rod (SCSR). Figure D displays normal gill architecture of PL, BV, CA 

in the fishes exposed to residual CV dye solution resulting after treatment with MLBC.  

NOTE:  PL (primary lamella), BV (blood vessel), CA (cartilage). 
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                     Table 1: Coded independent variables for CV dye sorption (%). 

Independent variables Symbol Coded levels 

 
Dye concentration (mg/L) 
Time (min) 
pH 
Temperature (oC) 

 

          X1 

X2 

X3 

X4 

       -1              0          +1 
2000       2500      3000 
30                45          60 
7.0         8.0         9.0 
30           45         60 

                            Note: (−1) low level, (+1) high level, (0) center point. 
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                          Table 2: Box–Behnken predicted variable responses for efficient CV dye sorption (%) 

Run Factor 1 

X1 

Factor 2 

X2 

Factor 3 

X3 

Factor 4 

X4 

Actual Value Predicted Value 

1 -1 -1 0 0 99.60 99.95 

2 0 -1 0 +1 98.97 98.89 

3 +1 0 +1 0 94.98 95.19 

4 0 0 0 0 100.00 99.85 

5 0 0 0 0 99.45 99.85 

6 0 0 0 0 100.00 99.85 

7 0 -1 0 -1 97.93 98.05 

8 -1 +1 0 0 100.00 100.26 

9 +1 0 -1 0 95.42 95.95 

10 +1 -1 0 0 96.42 96.35 

11 -1 0 +1 0 99.17 98.44 

12 0 0 +1 +1 97.30 97.60 

13 -1 0 -1 0 99.81 99.40 

14 +1 0 0 -1 95.99 95.79 

15 0 +1 0 +1 100.00 99.68 

16 0 -1 -1 0 97.86 97.59 

17 0 0 -1 -1 97.49 97.38 

18 -1 0 0 -1 99.85 100.17 

19 0 +1 +1 0 97.00 97.28 

20 0 0 0 0 100.00 99.85 

21 0 0 +1 -1 96.67 96.66 

22 0 -1 +1 0 96.84 96.80 

23 0 +1 0 -1 98.49 98.37 

24 -1 0 0 +1 100.00 100.21 

25 0 +1 -1 0 98.16 98.22 

26 0 0 0 0 99.81 99.85 

27 0 0 -1 +1 98.39 98.59 

28 +1 0 0 +1 98.21 97.90 

29 +1 +1 0 0 97.32 97.16 

                     Note: (−1) low level, (+1) high level, (0) center point; X1 (dye), X2 (time), X3 (pH) and X4 (temperature) 
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                     Table 3: Analysis of variance (ANOVA) for sorption of crystal violet dye (%). 

Source Sum of Squares df Mean Square F-value p-value  

Model 63.99 14 4.57 29.01 < 0.0001 significant 

X1 33.63 1 33.63 213.47 < 0.0001 
 

X2 0.9352 1 0.9352 5.94 0.0288 
 

X3 2.23 1 2.23 14.14 0.0021 
 

X4 3.47 1 3.47 22.00 0.0003 
 

X1X2 0.0625 1 0.0625 0.3967 0.5390 
 

X1X3 0.0100 1 0.0100 0.0635 0.8048 
 

X1X4 1.07 1 1.07 6.80 0.0207 
 

X2X3 0.0049 1 0.0049 0.0311 0.8625 
 

X2X4 0.0552 1 0.0552 0.3505 0.5633  

X3X4 0.0182 1 0.0182 0.1157 0.7388  

X1
2 4.41 1 4.41 27.97 0.0001  

X2
2 2.31 1 2.31 14.66 0.0018  

X3
2 20.65 1 20.65 131.07 < 0.0001  

X4
2 1.68 1 1.68 10.68 0.0056  

Residual 2.21 14 0.1576    

Lack of Fit 1.98 10 0.1977 3.45 0.1219 not significant 

Pure Error 0.2291 4 0.0573    

Cor Total 66.20 28     

  R
2

= 0.9667  R
2
adj. = 0.9334 R

2
pred. =  0.8226, Adequate precision = 17.763  (>4.0); df: Degrees of freedom;  

X1 (dye), X2 (time), X3 (pH) and X4 (temperature) 
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Highlights 

 

• Removal of crystal violet dye using biochar derived from mango leaves was reported 

• Biochar showed 99.85% sorption of CV dye at concentration 2500 mg/L within 48 min 

• FTIR, XRD, BET, TOC, AAS & SEM was done to characterize leaves biomass & biochar  

• Response surface methodology was executed to optimize the CV dye sorption process 

• Toxicity assessment of CV and residual CV dye on Tilapia fishes was performed 
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Abstract 

 Tyrosinase is a ubiquitous enzyme in nature. It catalyzes the reaction in melanin 

formation. In this investigation, tyrosinase from a Yam tuber (Amorphophallus paeoniifolius) 

was extracted and purified by ultra-centrifugal filtration followed by ion exchange 

chromatography. The purified enzyme was obtained with purification fold of 12.65and specific 

activity of 60.25 U/mg. The molecular weight of purified enzyme was confirmed to be 45kDa by 

SDS-PAGE. The enzyme activity was optimal at pH 6 and 30ºC with Km 10mM. Further the 

kinetic study of purified yam tyrosinase was carried out using Surface Plasmon Resonance 

method. In brief, enzyme was immobilized on chip surface by amine coupling method and 

different small molecules were analyzed for their binding affinities at different concentrations 

(mM). The affinity of each compound for yam tyrosinase was different with KD values as tannic 

acid (5.13×10-5), gallic acid (2.05×10-8), ascorbic acid (0.004544), caffeic acid (3.09×10-9), 

pyrogallol (2.13×10-4) and catechol (1.09×10-4). The kinetics data results were confirmed by 

inhibition assays and IC50 values were calculated. This data will help to study the role of 

tyrosinase in hyperpigmentation which will create an avenue for tyrosinase inhibitors. Tyrosinase 

inhibitors have wide range of applications in cosmetics, medical and food industries. 

Keywords: tyrosinase; Amorphophallus paeoniifolius; surface plasmon resonance. 
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1. Introduction 

Tyrosinases (E.C.1.14.18.1) are copper containing enzymes found in all the life forms. 

The copper present in this enzyme is of type 3 copper proteins, which is a common characteristic 

of tyrosinases, catecholoxidases and haemocyanins [1,2]. The copper pair present at active site of 

enzyme participates in two different reactions: (1) the ortho-hydroxylation of tyrosine (cresolase 

activity) and (2) the oxidation of L-DOPA (catecholase activity).In plants, sponges and many 

invertebrates, tyrosinase contributes in wound healing and primary immune response. In 

arthropods, tyrosinase is involved in sclerotization of cuticle after molting or injury [3]. In 

mammals, tyrosinase is involved in melanogenesis which leads to formation and accumulation of 

melanin which protects the skin from UV induced injuries. Abnormal production of melanin 

leads to the skin problems like freckles, spots and melasma. Tyrosinase is also responsible for 

the production of neuro-melanins but excessive productions of dopaquinone by oxidation of 

dopamine results in neuronal damage related to Parkinson’s disease [4, 5].  Synthesis and 

bioconversion of o-diphenol drugs like L-DOPA is one of the major applications of this enzyme. 

In fruits and vegetables, tyrosinase also causes undesirable browning which leads to poor 

aesthetic nature and lowers the market value. Hence, there is need of development and screening 

of tyrosinase inhibitors and thus there is an increasing demand of tyrosinase in medical, 

cosmetic, agriculture and food industry [6]. A large number of tyrosinase inhibitors including 

flavanoids, kojic acid, annisaldehyde, cinnamaldehyde, arbutin and hydroquinones have been 

reported till date [7, 8]. 

Surface plasmon resonance (SPR) technique is an optical method for measuring the 

refractive index of very thin layer of material immobilized on a metal gold surface. It is the 

powerful and versatile spectroscopic method for determining the biomolecular interactions 
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including ligand-receptor coupling, antibody-antigen coupling, protein-DNA interactions [9, 10]. 

A SPR-based instrument allows the analysis of biomolecular interaction in real time with no 

labeling requirements and can measure mass changes down to 10 pg/mm2. Applications shown 

include kinetic measurements (ka, kd), binding site analysis and concentration determination, 

screening of drug molecules, specificity analysis [11, 12]. 

In present study, Yam (Amorphophallus paeoniifolius) tyrosinase was purified and 

characterized. The purified enzyme was then subjected to SPR studies. The SPR technique was 

employed to determine the affinity of various small molecules inhibitors using surface 

immobilized yam tyrosinase (Amorphophallus paeoniifolius). Changes in refractive index 

indicate binding of the inhibitors at different concentrations were monitored by SPR. The sensor 

detected these inhibitor molecules and their corresponding binding affinity constants were 

generated after the analysis. These results were also confirmed by spectroscopic inhibition assay. 

This data will help to studythe other proteins which undergo conformational changes on binding 

of inhibitor molecules. 

2. Materials and methods 

2.1. Chemicals and reagents 

Sensor Chip Series S CM5, N-ethyl-N’-(dimethyl aminopropyl)-carbodiimide (EDC),N-

hydroxysuccinimide (NHS), ethanolamine HCl, HBS buffer, as well as sampling vials, were 

obtained from GE Healthcare Life Sciences , Uppsala, Sweden. The compounds like tannic acid, 

gallic acid, ascorbic acid, caffeic acid, catechol and pyrogallol as well as L-3 

dihydroxyphenylalanine (L-DOPA), L-tyrosine, potassium phosphate monobasic and dibasic 
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were obtained from Himedia, Mumbai, India. All other chemicals were of highest purity and 

analytical grade. Milli Q (Milipore) water was used for preparing buffers and reagents. 

2.2. Source of enzyme 

Fresh yam tubers (Amorphophallus paeoniifolius) were collected from local market, Kolhapur, 

Maharashtra, India and used as enzyme source. 

2.3. Purification of enzyme 

2.3.1. Extraction of enzyme 

Extraction of tyrosinase was carried into potassium phosphate buffer [50mM, pH-6.0] 

with few modifications in Balkrishnan’s method of enzyme extraction. In detail, the tubers were 

washed with distilled water thoroughly and skin was peeled off. The tubers were sliced into 

small pieces and then homogenized into the buffer by blender at 4°C followed by centrifugation 

[13]. The supernatant was then collected and further passed through the Amicon ultra-centrifugal 

filter unitsfor partial purification followed by ion exchange chromatography, electro-elution and 

so forth has been employed in a series to obtain the enzyme in its purest form [14]. 

The partially purified enzyme obtained from ultracentrifugal filtration was subjected to 

DEAE-cellulose column and the bound proteins were eluted using linear gradient of 0-300mM 

NaCl at a flow rate of 1ml/min. The fractions (5ml each) were collected and checked for 

tyrosinase activity. The fractions showing high tyrosinase activity were pooled and further used 

for SDS-PAGE and activity staining. The SDS-PAGEwas performed using 10% separating and 

4% stacking gels and electrophorised at 100V. The gel was stained with commassie brilliant blue 

staining solution. Along with the sample, a standard protein markerwas electrophorised to 
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determine the molecular weight of the sample. After the electrophoresis, the gel was used for the 

activity staining by placing gel into potassium phosphate buffer (50mM, pH-6.0) containing 

2mM L-DOPA at 40°C till the dark brown colour appears. By comparing with zymogram, the 

corresponding band for tyrosinase was identified. 

2.3.2. Characterization of enzyme 

2.3.2.1. Effect of pH and temperature 

The enzyme activity was determined in phosphate buffer with different pH values from 4 to 9at 

25°C with optimum concentration of substrate at 2mM.The tyrosinase activity was also 

measured by varying temperature values from 10 to 80°C using phosphate buffer and same 

substrate concentration. 

2.3.2.2 Enzyme kinetics 

The rate of reaction of tyrosinase was determined for series of concentrations of substrate. The 

apparent value of Km of purified tyrosinase was calculated from Lineweaver-burk plot. 

2.3.3. Enzyme activity assay 

2.3.3.1. Diphenolase activity assay 

Diphenolase activity of yam tyrosinase was performed by using L-DOPA as a substrate by 

measuring the dopachrome accumulation at 475nm (Ɛdopachrome=3400 M-1cm-1) with little 

modifications to [15]. The reaction mixture (3ml) contained 2mM of L-DOPA in 50mM 

potassium phosphate buffer (pH=6.0); a portion of 100 µl of enzyme was used for the activity 

assay. The reaction was carried out at constant temperature of 30°C using Shimadzu UV visible 

spectrophotometer. 
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2.3.3.2. Inhibition of tyrosinase activity 

The inhibitory activity assay was performed with some modifications of [16]. The compounds 

like tannic acid, gallic acid, ascorbic acid, caffeic acid, catechol and pyrogallolwere dissolved in 

50mm potassium phosphate buffer (pH=6.0) and 100 µl of yam tyrosinase (0.2mg/ml) was 

incubated for 10 min along with the same buffer. Then 0.5ml of 2mM L-DOPA in 50mM 

phosphate buffer was added and the reaction was carried out at 30°C temperature. The amount of 

dopachrome in the reaction mixture was determined by optical density at 475nm using Shimadzu 

UV visible spectrophotometer. Kojic acid was used as positive control.The inhibitory percentage 

of tyrosinase was calculated as follows: 

 

100 [A-B] – [C-D] 

% inhibition = 

[A-B] 

 

A is the OD at 475 nm without test substance; B is the OD at 475 nm without test substance and 

tyrosinase; C is the OD at 475 nm with test substance; D is OD at 475 nm with test substance 

without tyrosinase. 

The extent of inhibition by the addition of sample was expressed as percentage necessary for 

50% inhibition (IC50). 

 

2.4. Surface plasmon resonance (SPR) studies 

Biocore X100 optical biosensor (GE Healthcare Life Sciences, Bangalore, India) was used for 

the analyses of SPR interactions. All the SPR measurements were performed in phosphate buffer 
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saline (PBS). Before passing through sensor surface, the working dilutions were made in PBS 

from analyte stock solutions. Biocore control software was used for the data collection. The 

system moniters refractive index changes as a function of time under constant flow condition and 

accordingly experiments were performed. The net increase in refractive index over time 

compared to that of buffer alone gives the relative amount of inhibitor bound to the tyrosinase. 

There is an in line subtraction of reference surface during the run. This change is usually 

reported in terms of response units (RU). The surface is washed with PBS (running buffer) 

between each concentration. 

2.4.1 Immobilization scounting 

 In order to determine suitable coupling conditions without completely modifying the 

sensor chip surface, pH scounting method was employed to know the suitable pH for 

immobilization.The enzyme solutions were prepared in different range of acetate buffer with pH 

varied from 4 to 5.5 and injected over the chip surfacewithout activation of EDC and NHS.PBS 

buffer was used as running buffer. 

2.4.2. Enzyme immobilization 

The method of amine coupling was reported earlier for immobilization of mushroom tyrosinase 

[17]. The same method with some modifications was employed for the immobilization of yam 

tyrosinase. In brief, yam tyrosinasewas dissolved (50g/ml) in 0.1M sodium acetate buffer 

havingpH 4.5 (as per pH scounting study). Using a flow cell was activated for 7 min using a 1:1 

mixture of 100 mM N-ethyl-N-9dimethyl amino propyl)-carbodiimide (EDC) and 100mM N-

hydroxysuccinimide (NHS) (both dissolved in water), and subsequently tyrosinase was injected 

for 7 min, and injection of 1M ethanolamine, pH 8.5. A total of 1300 (RU) of tyrosinase were 
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immobilized. For this study, flow cell 1 was blank immobilized (without protein) for using as 

reference.  

2.4.3. Screening of different compounds using SPR 

To analyze interactions of different  small molecules (with various concentrations) likeL-DOPA, 

tannic acid, gallic acid, ascorbic acid, caffeic acid, catechol and pyrogallolwere dissolved in 

10mM PBS containing 0.005% P20 and were injected on sensor chip. The same PBS buffer was 

used as the running buffer. Flow rate was maintained constant throughout the kinetics 

experiment (45 µl/min),contact time and dissociation time was kept at 120 s. Regeneration was 

carried out with 10 mM glycine pH 2.5 for 30 s. Experiments were performed with various 

concentrations of L-DOPA and inhibitors from 0.0975 mM to 100mM respectively. The data 

analysis was done with X100 evaluation software ver 2.0 and data was fit to two state binding. 

3. Results and discussion 

Tyrosinase has a critical role in both commercial as well as domestic processing, 

handling and storage of food [18, 19]. Hence, tyrosinase has become the attractive target in 

therapeutics for prevention and treatment of hyper-pigmentation and various skin pigmentation 

problems [20]. Therefore, tyrosinase inhibitors have gained a lot of focus in current research and 

encouraged researchers to find new tyrosinase inhibitors to prevent or treat hyperpigmentation 

disorders and food browning [21,22]. In current work, a different aspect was employed to study 

binding kinetics of small molecules with yam tyrosinase using Surface Plasmon resonance 

(SPR). SPR has several intrinsic features that allow for label-free, real-time monitoring of 

interactions [23]. The sensitivity of SPR detector depends on the refractive index of the analyte, 

which for protein is generally proportional to molecular mass [24]. As it is a label free technique 

it completely eliminates the factors like hazardous fluorescent or radio labeling which are very 
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time consuming and laborious work that leads to change in the specificity of the labeled 

biomolecules [25]. 

Various natural and synthetic tyrosinase inhibitors are used as anti-browning agents. The 

plant extracts of Scutellaria species, stem bark powder of Hesperethusa crenulata syn. Naringi 

crenulata and Limonia acidissima are used in skin whitening treatment. The synthetic tyrosinase 

inhibitors studied till date is cinnamic acid, ascorbic acid, kojic acid,etc.The effects of quercitin 

on mushroom tyrosinase were studied [6, 26]. Flavanoids like quercetin, morin and kaempferol 

are showing anti-tyrosinase activity whereas catechin, rhamnetin suppress tyrosinase activity by 

being cofactor or acting as free radical scavenger. Hydroquinones are widely used in 

hyperpigmentation treatment[27]. 

Mushroom tyrosinase is a very well-studied enzyme and hence various inhibitors have 

been investigated to inhibit mushroom tyrosinase [4, 6, 19, 20, 28,29]. Yam (Amorphophallus 

paeoniifolius) is one of the richest sources of tyrosinase and is used in many ayurvedic 

preparations. Yam tubers are grown as vegetable in various parts of India. Iniatially, the 

extraction and characterization studies of Amorphophallus paeoniifolius has been reported by 

Balkrishnan et al in 2015. The present study comprises of purification and characterization of 

tyrosinase from Amorphophallus paeoniifolius along with SPR studies. The extracted tyrosinase 

from tubers was passed through Amicon ultra-centrifugal filter units, at this step the enzyme was 

partially purified with enzyme activity 39.13U and purification fold 2.2. This partially purified 

enzyme was then applied to DEAE-cellulose column and eluted stepwise by increasing the NaCl 

gradient. Haghbeen et al obtained the enzyme from Agaricus bisporus at 150mM NaCl [30] 

whereas Zaidi et al collected the active fractions of enzyme from button mushroom at 0-100mM 

NaCl [14]. In present study tyrosinase was eluted in the fraction number 14 and 15 between 
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100mM-200mM NaCl gradient (fig.no.1) with enzyme activity341.66U and purification 

fold12.65(table no 1). 

SDS-PAGE of yam tyrosinase at varioussteps of purification from crude extract to pure 

active elution of DEAE-cellulose column showed progressively resolving band.It showed the 

single distinctive protein band for purified enzyme with molecular weight 45 kDa and confirmed 

by activity staining with L-DOPA as substrate (fig.2) .The molecular weights of tyrosinase from 

other tubers were 38 kDa in potato [31] and 65.7 kDa in sweet potato [32] were reported. 

The optimal activity of tyrosinase from various sources is always neutral or near to 

neutral. The characterization studies revealed that the optimum pH for tyrosinase from 

Amophophallus paeoniifolius was 6(fig.3). In Amophophallus campanullatus, the pH optimum of 

6 was reported [33] and Dioscore aalata showed pH optima of 6.7 [34]. 

The effect of temperature on enzyme activity of tyrosinase showed that the enzyme 

exhibits its maximum activity at 30°C (fig.4). In previous studies by Balkrishnan et al, the 

optimum temperature values for Amophophallus paeoniifolius and Dioscoreaalata was 25°C for 

both the tubers. Tyrosinase from Amophophallus campanullatus has maximum activity at 40°C 

[33]. The Km value for yam tyrosinase was found to be 10mM which indicated the higher 

affinity of tyrosinase towards its substrate (Fig.5). Tyrosinase from Amorphophallu 

spaeoniifolius (Dennst.) Nicolson, (Araceae) and Dioscore aalata shows the Km of 3.6mM and 

7.14mM respectively [13, 34]. 

Surface plasmon resonance (SPR)-based optical biosensors are now being used 

extensively to define the kinetics of wide variety of bio-molecular interactions [23]. The 

experimental design data analysis methods are evolving along with widespread applications in 

ligand fishing [35], microbiology [36], virology [37], plant virus detection [38] epitope 
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mapping[39, 40], and carbohydrate–protein interactions [41]. SPR study was employed to 

analyze molecular interactions of TIMP-3 and heparin/GAGs[42]. Recently interactions of small 

molecules and human tyrosinase using SPR was reported [17]. 

In present study, purified tyrosinase from Amophophallus paeoniifolius was subjected to 

SPR studies. The compounds like tannic acid, gallic acid, ascorbic acid, caffeic acid, catechol 

and pyrogallol were screened using SPR to study their interactions with yam (Amophophallus 

paeoniifolius) tyrosinase and their IC50 values were calculated by performing inhibition assay 

for each compound. 

The role of tannic acid from galls of Rhusjavanica leaves was supposed to inhibit 

oxidation of L-DOPA catalyzed by tyrosinase with IC50 of 22µM [43]. In present study, tannic 

acid proved to be potent inhibitor with IC50 of 3mM.Gallic acid itself gets oxidized as a substrate 

by the enzyme. This oxidation rate gets increased significantly as soon as the catalytic amounts 

of L-DOPA become available as a cofactor with IC50 of 4.5mM [43].  The effect of gallic acid on 

mushroom tyrosinase in B16 melanoma cells showed tyrosinase inhibition with IC50 of 3.59×10-

6M [7]. In this study, the interaction of gallic acid with yam tyrosinase showed inhibition with 

IC50 of 2mM. Ascorbic acid is one of the potent inhibitors of tyrosinase. The ellagic acid- rich 

pomegranate extract showed anti-tyrosinase activity and compared with ascorbic acid as a 

standard inhibitor with IC50 of 18.4µg/ml [44]. The inhibition of yam tyrosinase by ascorbic acid 

showed the IC50 of 8mM. Caffeic acid is well known inhibitor of tyrosinase. The amide obtained 

by coupling tyramic, caffeic acid and its derivatives showed significant tyrosinase inhibition with 

10±1% inhibition at 100µM [45]. Caffeic acid inhibited yam tyrosinase with IC50 of 25mM. 

Polyphenol oxidasesfrom artichoke showed activity towards pyrogallol, catechol and L-DOPA 
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as substrates [46]. The very low concentration of catechol can inhibit tyrosinase with IC50 value 

of 1.1µM [47]. 

Even in this study, yam tyrosinase exhibits activity for pyrogallol, catechol and L-DOPA. 

The very low concentrations of catechol inhibited yam tyrosinase with IC50 value of 0.1mM. The 

low IC50 values of all the compounds show that these compounds are more potent than kojic acid 

with IC50 of 59.72mM. Gallic acid (2mM) is more potent inhibitor of yam tyrosinase followed by 

tannic acid (3mM), ascorbic acid (8mM) and caffeic acid (25mM)(Fig.6). 

In previous report, the interaction of different compounds like crocin, curcumin, tannic 

acid, pyrogallol, hydroquinone with mushroom and human tyrosinases were studied using SPR 

[48, 17]. Scounting results showed suitable pH 4.5 for the immobilization of yam tyrosinase on 

chip surface. (fig.7). Further interaction studies include, first screening of different small 

molecules for affinity towards yam tyrosinase followed by kinetic studies. This study revealed 

that affinity of each compound towards yam tyrosinase is different with KD values for tannic 

acid (5.13×10-5), gallic acid (2.05×10-8), ascorbic acid (0.004544), caffeic acid (3.09×10-9), 

pyrogallol (2.13×10-4), catechol (1.09×10-4) and L-DOPA (1.35×10-6) respectively. Among 

these, caffeic acid showed higher affinity for yam tyrosinase followed by gallic acid, tannic 

acid, catechol, pyrogallol and ascorbic acid (Table no.2) The binding kinetics of tannic acid 

(Fig.8) with two-state fit clearly shows the conformational change as evident from the data of 

kinetics as shown in Table no.2. A slower binding phase represented by Ka1 and Kd1 and rapid 

phase represented by Ka2 and Kd2 were observed. Gallic acid and caffeic acid showed higher 

affinities towards yam tyrosinase (Fig9 and10). Ascorbic acid showed low affinity for yam 

tyrosinase than others (Fig11). Pyrogallol and catechol as being substrates of tyrosinase exhibits 
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more binding affinities compared to others (Fig.12 and 13). L-DOPA was used as control 

(Fig.14). 

Taking together,if compared with the mushroom and human tyrosinase KD values were 

differs for the kinetic and affinity studies. This will help to compare the tyrosinase from other 

sources. In addition, tyrosinase from plant source-tubers called as yam (Amophophallus 

paeoniifolius) was purified and characterized for the first time. As yam tyrosinase is obtained 

from plant source and will be useful in future industrial applications.  

4. Conclusion 

In conclusion, yam tyrosinase was purified and subjected to SPR studies .This kinetics 

data enables to determine the binding affinities of these compounds towards yam tyrosinase with 

anti tyrosinase activity. The data revealed the inhibition potential in the order caffeic acid>gallic 

acid> tannic acid >ascorbic acid. Catechol and pyrogallol showed higher binding affinities 

towards yam tyrosinase. The significance of SPR is continuous monitoring of label free 

biomolecular interactions which has great scope in drug discovery. The sensors can be used for 

detection of small molecules in food and pharmaceutical industries. 
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Figure legends 

Fig. 1.Elution profile on DEAE-cellulose column chromatography with linear gradient of 0-

300mM. 

Fig.2. SDS-PAGE of tyrosinase from Amophophalluspaeoniifolius, lane 1: crude; lane 2: 

partially purified; lane 3: purified fraction (enzyme subunits-22, 26); lane 4: marker 

Fig.3.  Effect of pH on tyrosinase activity from Yam Amophophalluspaeoniifolius.Assays were 

done at 35°C and the activity of the sample was incubated in 50mM acetate buffer at 4.0-

5.5 pH, 50mM phosphate buffer at 6.0–8.0 pH, and 50mM Tris-HCl buffer at 8.5, 9 pH. 

The activity was calculated considering total reaction volume (3ml). 

Fig.4. Effect of temperature on tyrosinase activity from Yam Amophophalluspaeoniifolius.Data 

were obtained as mean value of optical density. Assays were done in potassium phosphate 

buffer (50mM, pH = 6.0). The activity was calculated considering total reaction volume 

(3ml). 

Fig.5. Determination of Km of tyrosinase from Amophophalluspaeoniifolius. 

Fig.6. Effect of compounds- tannic acid, gallic acid, ascorbic acid, caffeic acid concentrations on 

the diphinolase activity of yam tyrosinase using L-DOPA as substrate. 

Fig.7. Pre-concentration scounting results. Binding increases as pH reduces from 5.5 to 4.5. The 

best immobilization pH for yam tyrosinase is 4.5. 

Fig.8. Binding sensogram for tannic acid interaction with immobilized Yam 

(Amophophalluspaeoniifolius) tyrosinase. Increasing concentrations of tannic acid from 

0.195mM to 3.12 mM were injected over enzyme surface. Flow rate is maintained at 45µl/min. 
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Contact time and dissociation time was kept at 120s and 200s. Regeneration was carried out 

using 10mM glycine HCl with pH 2.5 for 30s and at 30 µl/min. The data analysis was done using 

BiacoreX 100 evaluation software ver 2.0.1 and data was fit to two state. The resulting 

equilibrium dissociation constants are given in Table 2 

Fig.9.Binding sensogram for gallic acid interaction with immobilized Yam 

(Amophophalluspaeoniifolius) tyrosinase. Increasing concentrations of tannic acid from 

0.195mM to 3.12 mM were injected over enzyme surface. Flow rate is maintained at 45µl/min. 

Contact time and dissociation time was kept at 120s and 200s. Regeneration was carried out 

using 10mM glycine HCl with pH 2.5 for 30s and at 30 µl/min. The data analysis was done using 

BiacoreX 100 evaluation software ver 2.0.1 and data was fit to two state. The resulting 

equilibrium dissociation constants are given in Table 2. 

Fig.10.Binding sensogram for caffeic acid interaction with immobilized Yam 

(Amophophalluspaeoniifolius) tyrosinase. Increasing concentrations of tannic acid from 1mM to 

16mM were injected over enzyme surface. Flow rate is maintained at 45µl/min. Contact time and 

dissociation time was kept at 120s and 200s. Regeneration was carried out using 10mM glycine 

HCl with pH 2.5 for 30s and at 30 µl/min. The data analysis was done using BiacoreX 100 

evaluation software ver 2.0.1 and data was fit to two state. The resulting equilibrium dissociation 

constants are given in Table 2. 

Fig.11.Binding sensogram for ascorbic acid interaction with immobilized Yam 

(Amophophalluspaeoniifolius) tyrosinase. Increasing concentrations of tannic acid from 12.5mM 

to 200mM were injected over enzyme surface. Flow rate is maintained at 45µl/min. Contact time 

and dissociation time was kept at 120s and 200s. Regeneration was carried out using 10mM 
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glycine HCl with pH 2.5 for 30s and at 30 µl/min. The data analysis was done using BiacoreX 

100 evaluation software ver 2.0.1 and data was fit to two state. The resulting equilibrium 

dissociation constants are given in Table 2. 

Fig.12.Binding sensogram for pyragallol interaction with immobilized Yam 

(Amophophalluspaeoniifolius) tyrosinase. Increasing concentrations of tannic acid from 50 to 

800mM were injected over enzyme surface. Flow rate is maintained at 45µl/min. Contact time 

and dissociation time was kept at 120s and 200s. Regeneration was carried out using 10mM 

glycine HCl with pH 2.5 for 30s and at 30 µl/min. The data analysis was done using BiacoreX 

100 evaluation software ver 2.0.1 and data was fit to two state. The resulting equilibrium 

dissociation constants are given in Table 2. 

Fig.13.Binding sensogram for catechol interaction with immobilized Yam 

(Amophophalluspaeoniifolius) tyrosinase. Increasing concentrations of tannic acid from 50mM 

to 800mM were injected over enzyme surface. Flow rate is maintained at 45µl/min. Contact time 

and dissociation time was kept at 120s and 200s. Regeneration was carried out using 10mM 

glycine HCl with pH 2.5 for 30s and at 30 µl/min. The data analysis was done using BiacoreX 

100 evaluation software ver 2.0.1 and data was fit to two state. The resulting equilibrium 

dissociation constants are given in Table 2. 

Fig.14.Binding sensogram for L-DOPA interaction with immobilized Yam 

(Amophophalluspaeoniifolius) tyrosinase. Increasing concentrations of tannic acid from 5mM to 

80mM were injected over enzyme surface. Flow rate is maintained at 45µl/min. Contact time and 

dissociation time was kept at 120s and 200s. Regeneration was carried out using 10mM glycine 

HCl with pH 2.5 for 30s and at 30 µl/min. The data analysis was done using BiacoreX 100 
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evaluation software ver 2.0.1 and data was fit to two state. The resulting equilibrium dissociation 

constants are given in Table 2. 
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Fig.5. 
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Fig.9. 

 

Fig.10. 

 

-200

-100

0

100

200

300

400

500

600

700

-100 0 100 200 300 400 500 600 700 800

Tim e s

RU
R

e
s

p
o

n
s

e
Blank Subtracted Sensorgrams

-100

0

100

200

300

400

500

600

700

800

-100 0 100 200 300 400 500 600 700 800

Tim e s

RU

R
e

s
p

o
n

s
e

Blank Subtracted Sensorgrams

-2000

-1000

0

1000

2000

3000

-100 0 100 200 300 400 500 600 700 800

Tim e s

RU

R
e

s
p

o
n

s
e

Blank Subtracted Sensorgrams

ACCEPTED M
ANUSCRIP

T



27 
 

 

Fig.11. 
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Fig.14. 

 

Table: 

Table1: Purification of tyrosinase from Yam Amophophallus paeoniifolius 

Fractions Volume 
(ml) 

Total 
protein(mg) 

Activity 
(units) 

Specific 
activity(U/mg) 

Fold 
purification 

Crude 
extract 

250 647.5 
 

3083.33 
 

4.761 
 

1 

Amicon 
ultra-
centrifugal 
filtration 

100 124.3 
 

1936.66 
 

15.580 
 

3.27 

DEAE-
cellulose 
column 

10 5.67 341.66 
 

60.258 
 

12.65 

 

 

 

 

 

 

 

 

 

-800

-600

-400

-200

0

200

400

600

800

-100 0 100 200 300 400 500 600 700 800

Tim e s

RU
R

es
po

ns
e

Blank Subtracted Sensorgrams

ACCEPTED M
ANUSCRIP

T



29 
 

Table 2. Interaction Kinetics of Mushroom Tyrosinase with Different Inhibitors Fit to a Two-State Model 

Using Biacore Evaluation Software 

 
Compounds ka1(1/ms) kd1(1/s) ka2(1/s) kd2(1/s) KD (M) 

Tannic acid 199.4±6.4 0.03404±0.001 0.002143±4.9×10-5 9.21×10-4±4.30×10-5 5.13×10-5 

Gallic acid 1.88×106±3.20×106 0.08079±0.016 2.72×10-3±2.5×10-4 0.002484±1.70×10-4 2.05×10-8 

Ascorbic 
acid 95.97±5.4 0.5603±0.016 5.06×10-4±1.90×10-5 0.001778±9.60×10-5 0.004544 

Caffeic acid 7.04×106±1.50×106 0.1732±0.036 0.002132±1.10×10-4 3.06×10-4±6.80×10-5 3.09×10-9 

Pyragallol 249.5±9 0.2221±0.0037 2.18×10-4±2.90×10-5 6.87×10-5±2.90×10-4 2.13×10-4 

Catechol 1832±2.0×106 0.4948±0.083 0.001057±1.10×10-4 7.18×10-4±1.40×10-4 1.09×10-4 

L-DOPA 9.54×104 0.5089±0.085 0.001544±1.50×104 5.23×10-4±8.40×10-5 1.35×10-6 
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ABSTRACT
Amorphophallus paeoniifolius (Dennst.) Nicolson (elephant foot
yam) is a well-known vegetable tuber plant that belongs to
medicinally important family Araceae. The present study
reports on establishment of somatic embryogenesis using
shoot apices as explants and assessment of genetic fidelity of
regenerated plants using random amplified polymorphic DNA
(RAPD) markers. Highest somatic embryo formation (100%)
was obtained on Murashige and Skoog (MS) medium supple-
mented with 6-benzylaminopurine (BAP) (13.31 µM) and 3%
sucrose, whereas lowest percentage of somatic embryos was
recorded on medium supplemented with different concentra-
tions of indole-3-acetic acid and 2,4-dichlorophenoxyacetic
acid (2,4-D). Mature somatic embryos germinated readily on
MS basal medium supplemented with coconut water (15%)
and BAP (4.43 µM) and developed into normal plantlets after
4 weeks under dark conditions. Well-rooted plants were suc-
cessfully acclimatized on half-strength MS medium; survival
rate was 85%. The assessment of genetic fidelity and stability
of regenerated plantlets from somatic embryos using RAPD
markers resulted in monomorphic banding pattern that con-
firmed the genetic homogeneity of the regenerated plantlets.
The protocol for somatic embryogenesis and regeneration of
plantlets with low risk of genetic instability of A. paeoniifolius
reported here is highly reproducible. This represents the first
report on in vitro regeneration and RAPD assessment in A.
paeoniifolius.
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Introduction

Amorphophallus paeoniifolius (Dennst.) Nicolson, also known as elephant
foot yam, is one of the important vegetable tuber crops of the family Araceae.
It is a herbaceous, perennial crop that is cultivated in open fields or as an
intercrop in coconut gardens. It is an economically and medicinally impor-
tant plant of tropical and subtropical regions, cultivated as a food crop

CONTACT Jyoti P. Jadhav biotechjpj@gmail.com Department of Biotechnology, Shivaji University,
Kolhapur, India

Supplementary data for this article can be accessed here.

JOURNAL OF CROP IMPROVEMENT
https://doi.org/10.1080/15427528.2018.1528193

© 2018 Informa UK Limited, trading as Taylor & Francis Group



because of its considerable protein and starch content. All parts of elephant
foot yam are used for medicinal purposes. For example, the flowers are used
for ornamental purposes and roots are used to treat ophthalmia and boils
(Kapoor 2005). The leaves and tubers are used as a vegetable that provides
carbohydrates, thiamine, riboflavin, and sitosterol (Rastogi and Mehrotra
1995). Angayarkanni et al. (2007) reported that tuberous roots of A. paeo-
niifolius can be used for the treatment of piles, abdominal pain, tumors,
enlarged spleen, asthma, inflammation of the lungs, vomiting, and acute
rheumatism. Because of its versatility, it has great export potential; it is
commercially cultivated in India, Philippines, Malaysia, Indonesia, Sri
Lanka, China, and Thailand (Misra and Shivlingaswamy 1999; Misra,
Shivlingaswamy, and Maheshwari 2001).

Traditionally,A. paeoniifolius is propagated through cut tuber pieces as planting
material; sprouts developwithin 3–4weeks after planting. However, success rate of
propagation with this traditional method is low, which hampers its large-scale
commercial cultivation. In the light of the medicinal importance and high export
potential of A. paeoniifolius, it is important to conserve this plant using rapid
propagation methods. Somatic embryogenesis is one of the powerful techniques
for the vegetative propagation as well as for genetic improvement of this plant
(Kshirsagar et al. 2015). Researchers have achieved success in regenerating
Amorphophallus rivieri Durieu (Hu, Liu, and Yan 2005), Amorphophallus kojac
(Lingling et al. 2012),Amorphophallus companulatus var. hortensisBacker (Irawati
and Nyman 1986), and Amorphophallus paeoniifolius (Dennst.) Nicolson (Anil,
Siril, and Beevy 2012; Nyman et al. 1987) using somatic embryogenesis and
organogenesis. However, somatic embryogenesis in certain tuber crop species
still remains a challenge.

Somaclonal variation has been reported in in vitro regenerated plants (Chavan,
Gaikwad, and Yadav 2013; Kshirsagar et al. 2015), which limits the usability of
plant tissue culture techniques for large-scale multiplication. However, in recent
years, molecular marker-based techniques have become available for studying
genetic similarity or dissimilarity of in vitro propagated plants. A number of
polymerase chain reaction (PCR)-based techniques, such as random amplified
polymorphic DNA (RAPD), inter simple sequence repeat, amplified fragment
length polymorphism, etc., have been used for the detection of genetic variation
in regenerants (Sebastiani and Ficcadenti 2016). Among molecular markers,
RAPDs are widely used to analyze genetic fidelity of in vitro regenerated plants
(Jayanthi and Manal 2001; Kshirsagar et al. 2015; Sebastiani and Ficcadenti 2016).

The in vitro propagation studies with A. paeoniifolius (Dinsent) Nicolson are
quite limited. A tissue culture protocol for multiplication, germplasm conserva-
tion, and secondary metabolite production needs to be established in A. paeo-
niifolius. Thus, the aim of the present study was to establish an efficient plant
propagation protocol for in vitro culture of A. paeoniifolius. In addition, genetic
fidelity of in vitro raised clones will be assessed via RAPD markers.
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Materials and methods

Plant materials and explant preparation

Mature seeds of A. paeoniifolius were collected from Vaibhavvadi locality,
Sindhudurg, India. Seeds were separated from flesh of the berries, washed,
and dried for 3 days in shade. Seeds were surface sterilized with 70% ethanol
(v/v) for 1 min, followed by treatment with 0.1% HgCl2 (w/v) for 5 min
under aseptic conditions. The traces of HgCl2 were removed by repeated (2–
3) washings with sterile distilled water. The seeds were placed on half-
strength MS medium containing 3% sucrose (semi-solid) to germinate.
Apical stems from 15-day-old seedlings were excised aseptically and used
as explants for direct somatic embryogenesis.

Culture media and culture conditions

All the cultures were routinely maintained on MS medium containing vita-
mins, growth regulators, and sucrose and solidified with 0.2% clarigel
(Himedia, India). Before autoclaving the medium at 121°C for 15 min, its
pH was adjusted to 5.8 using NaOH or HCl. All the cultures were maintained
in a growth chamber at 25 ± 2°C in 16-h light and 8-h dark photoperiod
under 2500 lx light intensity provided by cool-white fluorescent tubes
(Philips, India).

Induction of somatic embryogenesis

Somatic embryogenesis induction was optimized by inoculating apical stem
as an explant on MS medium supplemented with different plant growth
regulators (PGRs). To accomplish this, MS medium with 30 g L−1 sucrose
was supplemented with indole-3-acetic acid (IAA) in the range of 2.85–
11.41 µM, 2,4-D in the range of 2.26–9.04 µM, and 6-benzylaminopurine
(BAP) in the range of 4.43–17.75 µM. The effect of these PGRs on somatic
embryogenesis from apical shoot was assessed by measuring the frequency
(%) of embryogenic callus induction.

Organogenesis and acclimatization

Multiple shoot induction from the embryogenic calli was tried on MS
medium supplemented with 30 g L−1 sucrose and PGRs, such as IAA in
the range of 2.85–11.41 µM and BAP in the range of 2.21–8.87 µM (Table 2).
In addition, effectiveness of organic supplements, such as coconut water
(15%), glutamine (1.36 and 3.42 µM), and casein hydrolysate (0.05%), was
evaluated for multiple shoot induction. All the cultures were incubated at
25 ± 2°C for 4–6 weeks under 24-h dark conditions.
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Regenerated shoots from optimum-regeneration medium were transferred to
half-strength MS medium containing 2% sucrose without supplementation
with PGRs for in vitro rooting. After 4 weeks in the rooting medium, regener-
ated plants with well-developed roots were removed from culture tubes, washed
to remove solidifying agent, and transferred to plastic pots containing sterile
soil and sand (1:1). Plants were then acclimatized for 2 weeks and watered
initially with half-strength MS liquid medium without sucrose (relative humid-
ity = 70–90%). Survival rate (%) was recorded 60 days after transfer to the field.

DNA isolation

Total genomic DNA of 10 randomly selected plantlets regenerated from
somatic embryos and one mother plant was isolated from approximately
0.5 g of leaf material via the cetyltrimethylammonium bromide method
(Doyle and Doyle 1998). The integrity of DNA was checked on agarose gel
(1%) first and then quantified spectrophotometrically. Working stocks of
genomic DNA (20 ng/µL) were prepared for each sample and used for
PCR amplification of RAPD markers.

RAPD analysis

Initially, 10 different RAPD primers (RPI 01–10) from Bangalore Genei Kit
(Merck Bioscience Pvt. Ltd., Bangalore, India) were screened. The PCR
amplification of RAPD markers was performed in C1000 Touch Thermal
Cycler (BioRad, India). The 25 µL reaction mixture contained 40 ng of DNA,
1X PCR buffer A (10 mM Tris pH 9.0, 50 mM KCl, 1.5 mM MgCl2), 100 µM
of each of the four dNTPs, 0.4 µM of RAPD primer, and 1 U of Taq DNA
polymerase (Bangalore Genei, India). The thermal cycling conditions were as
follows: an initial denaturation at 94°C for 5 min, followed by 40 cycles at 94°
C for 1 min, 36°C for 1 min, and 72°C for 2 min, with a final extension at 72°
C for 10 min. All PCR amplifications included a negative control (no DNA)
to avoid erroneous interpretations. The amplified RAPD products were
separated on 1.8% agarose gel via electrophoresis at 100 V for 3 h. The gel
was stained with ethidium bromide and documented on G: Box gel imaging
system (Syngene Bioimaging Pvt. Ltd., India).

Experimental design and statistical analysis

Experiments were set up in a completely randomized block design and each
experiment was repeated thrice with 20 tubes per treatment. Comparison
between the mean values of treatments was made using Dunnett multiple
comparison test at 0.05 and 0.01 level of significance.
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Results and discussion

Seed germination and induction of somatic embryogenesis

In vitro seed germination was successfully achieved on MS medium devoid of
PGRs. The effectiveness of cytokinins and auxins was tested for embryogen-
esis from apical shoot explants of in vitro germinated seedlings. Various
morphogenic responses were obtained with different concentrations of
PGRs (Table1). A significant difference in embryogenic calli induction was
observed in tested concentrations of cytokinins and auxins (Table 1). The MS
medium lacking PGRs failed to induce somatic embryogenesis. Among the
tested concentrations of PGRs, BAP was best suited for induction of embryo-
genic calli after 35–40 days of culturing (Figure 1(a)). The response relative
to embryogenesis on the MS medium supplemented with BAP in the range of
4.43–17.75 µM varied from 30% to 100% (Table 1). After 60 days of incuba-
tion, most efficient (100 ± 1.7% response) callus induction was obtained on
MS medium containing 13.31 µM BAP. Similarly, 30 ± 1.7% of callus
induction was observed with the medium containing 4.43 µM of BAP. The
resulting embryogenic calli were white-pink, friable in nature (Figure 1(b)),
whereas the remaining concentrations of BAP (8.87 and 17.75 µM) produced
only brown, spongy, and non-friable masses of non-embryogenic calli.

The experiment involving MS medium containing varying concentrations
of IAA and 2,4-D with 3% sucrose resulted in non-embryogenic calli after
6 weeks. The lowest concentration of IAA (2.85 µM) and 2,4-D

Table 1. Effect of different hormones on embryogenic callus induction.
Hormones (µM)

Basal media IAA§ 2,4-D¶ BAP# Embryogenic callus induction frequency (%)
†PGR free 00 00 00 NI
‡MS 2.85 – – NI

5.70 – – 10 ± 0.5NS

8.56 – – 15 ± 0.5*
11.41 – – 15 ± 1.5*

MS – 2.26 – NI
– 4.52 – NI
– 6.78 – 5 ± 0.5NS

– 9.04 – 10 ± 0.5*
MS – – 4.43 30 ± 1.7*

– – 8.87 45 ± 1.7**
– – 13.31 100 ± 1.7**
– – 17.75 65 ± 0.5**

Mean ± SE of 20 replicates per treatment; experiments were repeated thrice.
*,**Significant at 0.05 and 0.01 probability level, respectively.
NS: not significant.
†Plant growth regulators.
‡Murashige and Skoog.
§IAA: Indole-3-acetic acid (µM).
¶2,4-D: 2,4-Dichlorophenoxyacetic acid (µM).
#BAP: 6-Benzylaminopurine (µM).
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concentrations of 2.26 and 4.52 µM did not induce embryogenic calli,
whereas rest of the concentrations of IAA and 2,4-D resulted in a few
embryogenic calli (Table 1). Previously, high frequency of embryogenic callus
induction in the presence of both cytokinins and auxin has been reported in
Amorphophallus (Hu et al. 2008; Hu, Liu, and Yan 2005; Hu, Qiong, and Jing
2011; Lingling et al. 2012). However, in the case of Bituminaia bituminosa
(Pazos-Navarro et al. 2014) and Sapindus mukorossi Gaertn (Singh, Rai, and
Kumari 2015), induction, development, and maturation of embryogenic calli
were observed in the presence of BAP. All of the calli treated with BAP
produced somatic embryos, whereas IAA and 2,4-D treatments resulted in
poor or no callus induction, indicating that optimization of media for
embryogenic callus induction plays a vital role in A. paeoniifolius.

Shoot induction from mature embryos

In the present study, pro-embryos or embryogenic calli were observed to mature
from globular to heart shape (Figure 2(a)) and further into mature cotyledonary
stages of embryogenesis (Figure 2(b)), which finally resulted in shoot initiation. For
in vitro shoot induction, somatic embryos were placed on MS medium supple-
mented with different concentrations of auxins, cytokinins, and organic supple-
ments, viz., IAA, BAP, glutamine, casein hydrolysate, and coconut water (Table 2).
The shooting percentage and number of plants produced were recorded after
4 weeks of culture. Best shooting frequency (90 ± 1.7%) andmaximum number of
plants (18) were achieved on MS medium supplemented with 4.43 µM BAP in
combination with 15% coconut water. The embryos showed emergence of multi-
ple shoots within 15 days of culturing on the above-noted media (Figure 2(c) and
(d)), whereas development of a complete plantlet was observed within 25–30 days
of culturing (Figure 2(e)). A combination of BAP and glutamine also produced a

Figure 1. Initiation of embryogenic callus – (a) early embryogenic calli; (b) fully grown white-
pink calli.
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significant number of shoots; however, they were fewer as compared with all the
four concentrations of BAP and coconut water. Increased concentrations
(>6.65 µM) of BAP in combination with glutamine showed a decreased number
of plants and % shooting (Table 2). A combination of IAA with all the three
organic supplements resulted in only root formation (Table 2). In contrast, Anil,
Siril, and Beevy (2012) reported that a combination of α-naphthalene-acetic acid
(2.5 µM) andBAP (5.0 µM) resulted in in vitropropagation and callus formation in
elephant foot yam. Thewell-rooted plantlets fromoptimal shootingmedia resulted
in 85% survival after acclimatization (Figure 2(f)) and exhibited all the parental
characters without any phenotypic variation. Likewise, 50% of survival rate in in
vitro regenerated A. paeoniifolius was reported by Anil, Siril, and Beevy (2012).

Assessment of genetic fidelity using RAPD markers

The main purpose of in vitro regeneration was to produce true-to-type plants;
therefore, it was necessary to confirm the genetic fidelity of in vitro-raised clones
using DNA-based marker techniques. At first, a total of 10 RAPD primers (RPi 01

Table 2. Effect of different medium combinations on multiple shoot formation from embryo-
genic callus.
IAA†

(µM)
BAP‡

(µM)
Coconut
water (%)

Glutamine
(µM)

Casein
hydrolysate (%)

%
shooting

No. of plants
produced Observations

2.85 – 15 – – Nil Nil Roots only
5.70 – 15 – –
8.56 – 15 – –
11.41 – 15 – –
2.85 – – 1.36 – Nil Nil Roots only
5.70 – – 1.36 –
8.56 – – 1.36 –
11.41 – – 1.36 –
2.85 – – – 0.05 Nil Nil Roots only
5.70 – – – 0.05
8.56 – – – 0.05
11.41 – – – 0.05

2.21 – – 0.05 Nil Nil Roots
4.43 – – 0.05
6.65 – – 0.05
8.87 – – 0.05
2.21 – 3.42 – 25 ± 0.5** 5 Shoots and

roots4.43 – 3.42 – 35 ± 1.1** 7
6.65 – 3.42 – 20 ± 0.5* 4
8.87 – 3.42 – 20 ± 1.1* 4
2.21 15 – – 60 ± 2.8** 12 Shoots and

roots4.43 15 – – 90 ± 1.7** 18
6.65 15 – – 80 ± 0.5** 16
8.87 15 – – 60 ± 1.1** 12

Mean ± SE of 20 replicates per treatment; experiments were repeated thrice.
*,**Significant at 0.05 and 0.01 probability level, respectively.
†IAA: Indole-3-acetic acid (µM).
‡BAP: 6-Benzylaminopurine (µM).

JOURNAL OF CROP IMPROVEMENT 7



to 10) were used for initial screening with the mother and 10 randomly selected
regenerated plants through somatic embryogenesis. Of these 10 RAPD primers,
only 6 gave clear and reproducible bands (Figure 3, S1), which were used for
further analysis. The number of scorable bands for each RAPDprimer varied from
1 (RPI 3) to 6 (RPI 9) (Figure 3, S1). The 6RAPDprimers produced 23 distinct and
scorable bands, with an average of 3.83 bands per primer (Table 3). Each primer
generated a unique set of amplification products ranging in size from 200 to
1000 bp. A total of 292 bands were generated with 6 RAPD primers in a mother
plant and 10 micropropagated plants, without any polymorphic band. We
observed high levels of uniformity among parental and embryo-derived plantlets,
which implied genetic fidelity wasmaintained. Similarly, RAPDmarkers helped in
evaluating clonal fidelity in mainly micropropagated plants, such as Swertia lawii
Burkill (Kshirsagar et al. 2015), Tylophora indica (Burm. F. Merrill) (Jayanthi and
Mandal 2001), and soapnut tree (Singh et al. 2016). These findings support the fact
that a shoot apex or meristem-based regeneration system was much more stable
genetically than those in which regeneration occurs via the callus phase.

Conclusion

We have established a simple, highly efficient, reproducible protocol for
somatic embryogenesis of A. paeoniifolius (Dennst.) Nicolson using shoot
tip explants. To our knowledge, this is the first report on in vitro regenera-
tion and RAPD assessment in A. paeoniifolius (Dennst.) Nicolson. We found

Figure 2. In vitro regeneration of A. paeoniifolius via somatic embryogenesis (a) globular somatic
embryos (indicated by black arrow); (b) auxiliary cotyledon structure (indicated by white arrow);
(c and d) development of shoot buds from apex of somatic embryos; (e) development of in vitro
regenerated plantlets; (f) well-rooted acclimatized plants.

8 S. T. GURME ET AL.



85% of the in vitro regenerated plantlets to be successfully hardened, and they
were phenotypically identical to parental plants. Genetic fidelity of the
hardened plants was confirmed using RAPD molecular markers. The present
protocol of somatic embryogenesis and regeneration of plantlets can be
utilized for the commercial propagation and ex situ conservation of A.
paeoniifolius on a large scale.

Table 3. List of random amplified polymorphic DNA (RAPD) primers, their sequences, number of
amplified and scorable bands, and their size used for RAPD analysis.

Primer
code

Primer sequence
(5′–3′)

Range of
amplification (bp)

No. of bands
amplified

No. of scorable
bands

No. of
polymorphic

bands

RPI 3 AGTCAGCCAC 500–700 28 1 0
RPI 5 AATCGGGCTG 300–1000 55 5 0
RPI 6 ACACACGCTG 200–600 32 3 0
RPI 7 ACATCGCCCA 300–800 37 3 0
RPI 8 ACCACCCACC 300–1000 75 5 0
RPI 9 ACCGCCTATG 200–1000 65 6 0
Total 292 23 0

Figure 3. Random amplified polymorphic DNA (RAPD) profile (a) profile generated using primer
5 and (b) profile generated using primer 9. Lane L represents 100-bp ladder, lane 1–10 represent
in vitro raised clones of A. paeoniifolius, and lane M represents the mother plant.

JOURNAL OF CROP IMPROVEMENT 9



Acknowledgments

Prof. Jyoti P. Jadhav sincerely thanks Department of Biotechnology, Government of India, for
Interdisciplinary Program of Life Sciences for the Advanced Research and Education (IPLS
Reference No: BT/PR4572/INF/22/147/2012). Prof. V. A. Bapat thanks Indian National
Science Academy, New Delhi, for senior scientist fellowship. Miss Swati T. Gurme thanks
University Grants Commission, New Delhi, India, for providing her with a Senior Research
Fellowship under the UGC BSR-SAP scheme.

Conflict of interest

The authors declare that they have no conflict of interest.

Disclosure statement

No potential conflict of interest was reported by the authors.

References

Angayarkanni, J., K. M. Ramkumar, T. Poornima, and U. Priyadarshini. 2007. “Cytotoxic
Activity of Amorphophallus Paeoniifolius Tuber Extracts in Vitro.” American- Europian
Journal Agri & Environment Sciences 2: 395–98.

Anil, S. R., E. A. Siril, and S. S. Beevy. 2012. “In Vitro Propagation Strategies for Elephant Foot
Yam Amorphophallus Paeoniifolius (Dennst.) Nicolson.” Journal of Root Crops 38: 97–108.

Chavan, J. J., N. B. Gaikwad, and S. R. Yadav. 2013. “High Multiplication Frequency and
Genetic Stability Analysis of Ceropegia Panchganiensis, a Threatened Ornamental Plant of
Western Ghats: Conservation Implications.” Scientia horticulturae 161: 134–42.
doi:10.1016/j.scienta.2013.06.042.

Doyle, J. J., and J. L. Doyle. 1998. “Isolation of Plant DNA from Fresh Tissue.” Focus 12: 13–15.
Hu, J. B., X. Gao, L. Jun, C. Xie, and L. I. Jianw. 2008. “Plant Regeneration from Petiole Callus

of Amorphophallus Albus and Analysis of Somaclonal Variation of Regenerated Plants by
RAPD and ISSR Markers.” Botanical Studies 49: 189–97.

Hu, J. B., H. B. Liu, and C. Yan. 2005. “Histological Observations of Morphogenesis in Petiole
Derived Callus of Amorphophallus Rivieri Durieu in Vitro.” Plant Cell Reports 24: 642–48.
doi:10.1007/s00299-005-0002-8.

Hu, J. B., L. Qiong, and L. Jing. 2011. “ISSR Analysis of Somaclonal Variation in Callus-
Derived Plants of Amorphophallus Rivieri Durieu.” Acta Biologica Cracoviensia Series
Botanica 53: 120–24.

Irawati, A. J., and L. P. Nyman. 1986. “In Vitro Propagation of the Elephant Yam
Amorphophallus Campanulatus Var. Hortensis Backer (Araceae).” Annals Botanic 57: 11–17.

Jayanthi, M., and P. K. Mandal. 2001. “Plant Regeneration through Somatic
Embryogenesis and RAPD Analysis of Regenerated Plants in Tylophora Indica (Burm.
F. Merrill.).” In Vitro Cellular Developments Biological-Plant 37: 576–80. doi:10.1007/
s11627-001-0101-3.

Kapoor, L. D. 2005. Handbook of Ayurvedic medicine plants. CRC Press, Herbal Reference
Library. 36.

Kshirsagar, P. R., J. J. Chavan, S. D. Umdale, M. S. Nimbalkar, G. B. Dixit, and N. B.
Gaikwad. 2015. “Highly Efficient in Vitro Regeneration, Establishment of Callus and Cell

10 S. T. GURME ET AL.



Suspension Cultures and RAPD Analysis of Regenerants of Swertia Lawii Burkill.”
Biotechnology Reports 6: 79–84. doi:10.1016/j.btre.2015.03.003.

Lingling, Z., W. Jinping, D. Ying, and H. Zhongli. 2012. “Embryogenesis and Plant
Regeneration from Unpollinated Ovaries of Amorphophallus Konjac.” African Journal of
Biotechnology 11: 13472–76.

Misra, R. S., and T. M. Shivlingaswamy 1999. Elephant Foot Yam: A Tropical Tuber Crop
with High Yield Potential. 4th Agricultural Science Congress, Jaipur 21-24.

Misra, R. S., T. M. Shivlingaswamy, and S. K. Maheshwari. 2001. “Improved Production
Technology for Commercial and Seed Crops of Elephant Foot Yam.” Journal Root Crops
27: 197–201.

Nyman, L. P., and A. J. Irawati. 1987. “Tissue Culture and Micropropagation of
Amorphophallus Paeoniifolius (Dennst.) Nicolson.” Aroideana 10: 26–28.

Pazos-Navarro, M., J. S. Croser, M. Castello, P. Ramankutty, K. Heel, D. Real, D. J. Walker, E.
Correal, and M. Dabauza. 2014. “Embryogenesis and Plant Regeneration of the Perennial
Pasture and Medicinal Legume Bituminaria Bituminosa (L.) C.H. Stirton.” Crop & Pasture
Science 65: 934–43. doi:10.1071/CP14083.

Rastogi, R. P., and B. N. Mehrotra. 1995. Compandium of Indian Medicinal Plants, 40–41.
Lucknow: Central Drug Research Institute.

Sebastiani, M. S., and N. Ficcadenti. 2016. “In Vitro Plant Regeneration from Cotyledonary
Explants of Cucumismelo L. Var. Cantalupensis and Genetic Stability Evaluation Using
RAPD Analysis.” Plant Cell Tiss Organ Cult 124: 69–79. doi:10.1007/s11240-015-0875-3.

Singh, R., S. P. Kashyap, N. Kumari, and M. Singh. 2016. “Regeneration of Soapnut Tree
through Somatic Embryogenesis and Assessment of Genetic Fidelity through ISSR and
RAPD Markers.” Physiology and Molecular Biology Plants 22: 381–89.

Singh, R., M. K. Rai, and N. Kumari. 2015. “Somatic Embryogenesis and Plant Regeneration
in Sapindus Mukorossi Gaertn. From Leaf-Derived Callus Induced with 6-
Benzylaminopurine.” ApplBiochemBiotechnol 177: 498–510.

JOURNAL OF CROP IMPROVEMENT 11





















Photo enhanced detoxification of chromium (VI) by formic acid using
3D palladium nanocatalyst

Uddhav S. Markada,b, Ajit M. Kalekara, Devidas B. Naikb, Kiran Kumar K. Sharmac,
Krushna J. Kshirasagara, Geeta K. Sharmaa,*
aNational Centre for Free Radical Research, Department of Chemistry, Savitribai Phule Pune University, Pune, 411007, Maharashtra, India
bRadiation & Photochemistry Division, Bhabha Atomic Research Centre, Trombay, Mumbai, 400085, Maharashtra, India
c School of Nanoscience and Technology, Shivaji University, Kolhapur, 416004, Maharashtra, India

A R T I C L E I N F O

Article history:
Received 19 November 2016
Received in revised form 2 January 2017
Accepted 31 January 2017
Available online 7 February 2017

Keywords:
Chromium detoxification
Palladium nanostructures
g-Radiolysis
Photo enhanced reaction

A B S T R A C T

The detoxification of Cr(VI) to Cr(III) at room temperature by formic acid is investigated in the presence of
3D urchin shaped monometallic palladium (Pdurc) nanocatalyst. The rate of detoxification reaction is
found to enhance with the intensity of light. Kinetic analysis reveals that the detoxification of Cr(VI) in
presence of Pdurc nanocatalyst is most efficient in sunlight with a pseudo-first-order rate constant of
0.274 � 0.067 min�1 as compared to commercially available Pd/C nanoparticles and radiolytically
synthesized spherical Pd nanoparticles. The synergistic effect of high surface area of porous Pdurc
nanocatalyst and higher rate of photodecomposition of formic acid in presence of Pdurc is proposed for
the photo enhanced catalytic conversion of Cr(VI) to Cr(III). The reaction mechanism is confirmed by
increase in the evolution of carbon dioxide (CO2) in the presence of light, monitored using gas
chromatography. The sunlight enhanced conversion of Cr(VI) to Cr(III) in aqueous media, under ambient
reaction condition, room temperature, low catalyst loading and recyclability of the Pdurc nanocatalyst will
be helpful in developing new strategies for the detoxification of waste water.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Chromium (Cr) is reported to be a major inorganic contaminant
after lead [1] and common pollutant among the hazardous waste.
Chromium is mainly discharged from industrial activities viz.
textile dyeing, leather tanning, electroplating and steel industry
[2,3]. Chromium in its trivalent state Cr(III) is non-carcinogenic and
is an essential trace nutrient for human beings [4], while its
hexavalent state Cr(VI) is a well-documented carcinogen [5] and is
also a strong oxidant. High solubility of Cr(VI) in aqueous medium
facilitates percolation into the ground water through waste
discharge. The toxicity associated with Cr(VI) necessitates its
removal from the waste water before discharging into the
environment.

The use of thiol-sulfonic acid bifunctionalized mesoporous
silica [6], and ferrous sulphate in combination with sodium
dithionite [7] is well documented in the literature for reduction of
Cr(VI) to Cr(III). However, the reducing agents in these methods

involves other metal ions which functions as homogenous catalyst
for the reduction of Cr(VI) to Cr(III) [8,9]. These metal ion catalyst
are not recoverable and further add up to environmental problems
[3]. It has also been reported that microorganisms can be employed
for the anaerobic bio-removal of Cr(VI) [10], but has limitations to
laboratory level. Therefore, use of organic nontoxic reducing agents
such as oxalic acid and formic acid are currently in focus for the
reduction of Cr(VI) to Cr(III). Formic acid is advantageous as it
completely degrades to CO2 and H2 in the presence of a metallic
heterogeneous catalyst, which can be recycled.

Applied nanoscience has evolved as a field with immense
potential for a sustainable and quality environment through
pollution reduction and remediation. Metallic nanostructures
provide immense scope in the field of heterogeneous catalysis
[11], and are widely used as nanocatalyst with or without support.
Recent reports show application of metallic nanocomposite such
as, CdS–graphene [12], two-dimensional MoS2 nanosheet-coated
Bi2S3 [13], TiO2 based nanocomposites [14–16], photocatalyst as
greener alternative for the reduction of Cr(VI) by formic acid using
UV and visible light. However, the several steps involved during the
synthesis of such nanocomposites remains a hurdle in reproduc-
ibility. Graphene oxide supported nickel nanoparticles [17],
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palladium (Pd) nanoparticles supported on amine-functionalized
SiO2 [18], TiO2 nanotube supported Pd nanoparticles [19], Pd
nanoparticles supported on mesoporous g-Al2O3 [20] and polyvi-
nyl pyrrolidone stabilized Pd colloidal nanoparticles [21] are
reported to catalyze the reduction of Cr(VI) to Cr(III) by molecular
hydrogen gas and formic acid. Similarly, few reports on the use of
mono metallic colloidal Pd nanostructures viz. Pd nanoworms [22]
and spherical Pd nanoparticles [23] as heterogeneous nanocatalyst
in the reduction of Cr(VI) to Cr(III) by formic acid at elevated
temperature are available in the literature. The later study
demonstrates the size and morphology effect of Pd nanostructure
in the reduction of Cr(VI) to Cr(III) by formic acid. For an effective
monometallic heterogeneous nanocatalyst, low loading and
ambient reaction temperature are preferable. Our group has
earlier demonstrated the robust reproducibility of radiolysis
technique to obtain monometallic 3D Pd nanostructures with
well-defined microscopic orientation which shows efficient
heterogenous catalytic activity [24] at ambient temperature and
good hydrogen storage property [25] owing to their porosity and
high surface area. In this study, we investigate the use of
unsupported/bare Pdurc nanostructures as nanocatalyst for room
temperature reduction of Cr(VI) by formic acid. Further, the role of
light which has not been reported so far for the monometallic Pd
nanocatalysed detoxification of Chromium (VI) by formic acid
using Pdurc is investigated.

2. Experimental

2.1. Materials

Tetraamminepalladium (II) chloride monohydrate (Pd
(NH3)4Cl2�H2O) (98%), and commercial catalyst Pd/C (10%Pd)
was purchased from Sigma Aldrich and used as received. Formic
acid (98%), Potassium dichromate (K2Cr2O7, 99.5%) was obtained
from SRL Pvt. Ltd., Cetylpyridiniumchloride monohydrate (CPCl,
99%) was purchased from SD-Fine Chemicals, and Propan-2-ol
(99.7%) was obtained from Spectrochem, Nitrogen gas with purity
99.995% was purchased from Inox air products. All the materials
were used as received. Deionized water from Milli-Q system with
resistance 18.2 MV M�1 cm�1 was used for preparation of all the
solutions. A 60Co gamma source with a dose rate 60 Gy min�1

(evaluated by Fricke dosimetry) available at the Department of
Chemistry, Savitribai Phule Pune University was used for the
synthesis of Pdurc. The gamma irradiation facility is a commercial
contained facility supplied by Department of Atomic Energy, India
and is regulated by Atomic Energy Regulatory Board, India.

2.2. Synthesis of palladium nanostructures

Palladium nanostructure is synthesized as reported by us
earlier [24,25]. Briefly, it is prepared by dissolving 0.1 M Pd
(NH3)4Cl2 in 1.03 g CPCl completely. To this micellar solution,
0.015 mL propan-2-ol (final concentration in solution 0.1 M) is
added to scavenge the �OH radicals [25]. The oxygen interference is
removed by purging with nitrogen gas for 15 min before
irradiation. The micellar solution containing the Pd salt is
irradiated in the same glass tubes sealed with silicon septum.
The stable, perfectly transparent micellar solution is exposed to g
radiation from 60Co g source facility. After 80 kGy of absorbed dose,
the Pd nanostructures formed were harvested using propan-2-ol.
The suspended Pd nanostructures are centrifuged and the
supernatant was removed by decantation. The residues were
washed several times with propan-2-ol and water to remove any
CPCl traces. Spherical Pd nanoparticles for comparative study are
synthesized by irradiating the micellar solution of 0.1 M Pd
(NH3)4Cl2 in 1.03 g CPCl to a dose of 28 kGy. The isolated Pd

nanostructure is then dried in the oven at 60� C for 12 h prior to
characterization and determination of catalytic activity.

2.3. Characterization

The UV–vis absorption spectra of Pd precursor and Pdurc were
recorded using a Shimadzu- UV1800. Field emission gun-scanning
electron microscope (FEG-SEM) imaging of the synthesized Pdurc
were carried out using FEI model NOVANANOSEM 450. The
samples for SEM analysis were prepared by depositing a
suspension of Pdurc in isopropyl alcohol (IPA) on silicon wafers
and drying it at room temperature. Transmission electron
microscopy (TEM) analysis was performed using TECNAI-G2 20
ULTRA-TWIN FEI with an accelerating voltage up to 200 kV. A FEI
TECNAI 3010 transmission electron microscope operating at
300 kV (resolution 1.7 Å) was used for high resolution transmission
electron microscopy (HR-TEM) measurements. The Pd nano-
structures were sonicated using Oscar ultrasonicator prior to
deposition on a carbon coated copper grid having 200 mesh size. X-
Ray diffraction (XRD) of the dried Pd nanostructures were recorded
using PANalytical X’pert Pro diffractometer with a CuKa (1.5418 Å)
line. The voltage and current applied to X-ray anode was 45 kV and
40 mA respectively. The nitrogen adsorption isotherms at 77 K
were measured on a Quantachrome Autosorb iQ gas analyzer. The
BET surface area was calculated using [0.1–0.30] relative pressure
range, the correlation coefficient being 0.999. X-ray photoelectron
spectroscopic (XPS) analysis was carried out using a FEI Inc model
PHI 5000 Versa Prob II. Light intensity was measured on digital
light meter ‘LX-101A’. The estimation of CO2 was done on
Shimadzu TCD-2014 GC analyser with Porapak-Q (1 m � 6 mm)
stainless steel column with N2 as the carrier gas.

2.4. Detoxification of Cr(VI)

The synthesized Pdurc nanostructures are used as catalyst in the
reduction of Cr(VI) to Cr(III) by formic acid. In a typical experiment,
0.1 M K2Cr2O7 and 50 mg/L Pdurc dispersion were prepared as stock.
K2Cr2O7 and formic acid were taken to make a final concentration
of dichromate as 0.4 mM and 0.2 M formic acid in a 25 ml beaker.
Appropriate Pdurc were then added to this solution to maintain a
catalyst concentration of 5 mg/L. The spectral evolution with time
is followed using a UV–vis spectrophotometer. The reaction was
carried out at room temperature in dark, sunlight and fluorescent
light and monitored with time at 350 nm corresponding to Cr(VI)
absorption peak. The dark reaction condition was maintained by
wrapping the beaker with aluminium foil in a dark room. In order
to understand the influence of light, similar experiments were
performed using a 100 W tungsten lamp. The light intensity were
varied from 1600 to 9800 lx which was measured using a digital
light meter.

The recycling study of Pdurc nanocatalyst is carried out by
mixing 0.012 mL K2Cr2O7 (0.1 M) and 2.665 mL Milli-Q water
followed by the addition of 0.054 mL formic acid (22.4 M). The
mixture was stirred for 1 min. To this mixture, 0.3 mL Pdurc (50 mg/
L) was added and the reaction was monitored by observing the
change in the absorbance of K2Cr2O7 at 350 nm as a function of
time. After the completion of the first cycle of reduction,
dichromate and formic acid was replenished in the reaction cell
and monitored upto six successive cycles.

2.5. Kinetic analysis

The kinetics of the catalytic reduction of Cr(VI) by formic acid in
the presence of Pdurc nanocatalyst is analysed using Langmuir-
Hinshelwood mechanism assuming that both the reactants adsorb
on the surface of Pdurc nanostructures. The reaction steps involved
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in the interaction of Pdurc and formate ions which finally leads to
the liberation of hydrogen [26] and subsequent reduction of Cr(VI)
to Cr(III) on the surface of catalyst are shown in Scheme 1.

The reaction for the detoxification of Cr(VI) to Cr(III) by formic
acid in the presence of Pdurc is treated as pseudo first-order kinetics
since the concentration of formic acid is maintained 1000 folds
higher than that of Cr(VI) concentration in all the experiments. The
desorption of Cr(III) from the surface of the Pdurc nanocatalyst is
the rate determining step in the reaction proposed for the catalytic
mechanism. The rate law for the Cr(VI) reduction by formic acid is
represented by Eq. (6)

�d Cr VIð Þ½ �
dt

¼ k½Cr VIð Þ� HCOO�½ � ð6Þ

Since, [HCOO�] >> [Cr(VI)], k � [HCOO�] = kapp, known as appar-
ent pseudo first-order rate constant and were determined using a
classical Langmuir-Hinshelwood equation which is deduced as

reported earlier for platinum and palladium nanostructures
[24,27], and expressed by Eq. (7).

lnC0

C
¼ kappt ¼ kSt ð7Þ

where C0 and C are the initial and final concentrations having
equivalents in terms of absorbance (A0 and At respectively)
monitored at a fixed wavelength (l) at time t. kapp is the apparent
pseudo first- order rate constant assumed to be proportional to the
accessible surface area (S) for the Pdurc. Therefore, for constant
catalyst concentration and uniform accessible surface area of Pdurc

nanostructures, a plot of ln (A0/At) with respect to time gives a
straight line whose slope is the kapp.

3. Result and discussion

3.1. Characterization of Pd nanostructure

The FEG-SEM and TEM images of the synthesized Pd
nanostructure in micellar CPCl are depicted in Fig. 1, panel a
and b respectively. The TEM image shows arms made up of 3–4 nm
Pd nanoparticles, growing away 3-dimensionaly from the center
resembling an urchin like structure. The diameter of these Pd
nanostructures ranges from 35 to 50 nm. However, the individual
nanowires have diameter of about 3 nm representing the coaxial
formation of small pores. The reduction of the palladium salt is also
determined by UV–vis absorption spectra shown in Supporting
information (SI-Fig. S1) which shows reduction of the Pd salt after
80 kGy irradiation. The observed morphology and the UV–vis
absorption spectra are consistent with that reported by us [24,25],
showing the robust reproducibility of the synthesis method. The
HR-TEM image, Fig. 1, panel c and d shows lattice fringes of
0.236 nm spacing corresponding to fcc palladium. The TEM images
of the sample irradiated at lower dose (28 kGy) shows spherical Pd
nanoparticles of an average size of 3 nm (SI-Fig. S2).

The synthesized nanomaterial is subjected to XRD analysis to
investigate the crystalline nature of Pdurc nanostructures. The XRD

Scheme 1. Reduction of Cr (VI) at the surface of Pdurc. The asterisk (*) indicates the
active site of Pdurc.

Fig. 1. FEG-SEM and TEM images of Pd nanostructure obtained after radiolysis of N2 saturated solution containing CPCl, 0.1 M palladium salt (panel a and b); HR-TEM image
showing continuous lattice and (c); enlarged lattice fringes with d spacing of 0.236 nm (d). (Dose 80 kGy).
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pattern of the prepared nanostructures shows peaks at 2u values
39.93�, 46.81�, 68.01� and 81.19� (Fig. 2) which could be indexed to
the characteristic peaks (111), (200), (220) and (311) planes of

crystalline palladium respectively (JCPDS No. 05-0681) [28],
suggesting the crystallinity of synthesized Pdurc nanostructure.

The synthesized Pd nanostructures were also analysed by XPS.
Fig. 3a shows the full scan spectrum of Pdurc nanostructures which
confirms the presence of C, Cl, O and Pd in the sample. The
deconvoluted Pd 3d core level spectrum shows the characteristic
peaks at binding energy of 334.74 and 339.9 eV, which can be
assigned to Pd0 3d5/2 and Pd0 3d3/2 respectively for metallic
palladium [29].

BET measurements at 77 K were performed to estimate the total
surface area of the synthesized Pdurc. As mentioned in the
Experimental Section, the nanostructures were washed several
times with propan-2-ol and water before analysis to ensure
complete removal of surfactant. The adsorption isotherms of Pdurc
at 77 K is depicted in SI-Fig. S3. The total surface area was
calculated to be 37.9 m2/g which is little higher than the values
reported by us [24]

3.2. Detoxification of Cr(VI) by formic acid using Pdurc catalyst

The evolution of UV–vis spectra with time for the reduction of
Cr(VI) to Cr(III) by formic acid using Pdurc nanocatalyst in sunlight
is depicted in Fig. 4a, which shows the 350 nm peak reduced to
residual absorption within 25 min. Fig. 4b represents the reaction
of Cr(VI) with formic acid without Pdurc nanocatalyst in sunlight.
As shown in Fig. 4b inset, no appreciable change in the absorbance

Fig. 2. XRD pattern of the synthesized Pdurc nanostructures with JCPDS data (red
bar) for Pd metal (JCPDS No. 05-0681). (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)

Fig. 3. X-ray photoelectron spectra (XPS) of Pdurc nanostructure obtained after radiolysis containing CPCl, 0.1 M palladium salt (a) High resolution XPS spectra of Pd 3d (b).

Fig. 4. UV–visible spectral evolution with time during the reduction of 0.4 mM potassium dichromate by 0.2 M formic acid at room temperature, when exposed to sunlight
(86 � 103 lx) with (a) 5 ppm Pdurc (b) No Pdurc.
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is observed even up to 39 min. These results suggest that the
reduction of Cr(VI) to Cr(III) by formic acid occurs only in the
presence of Pdurc nanocatalyst. The formation of Cr(III) is
confirmed by addition of an excess amount of sodium hydroxide
which leads to a green solution of hexahydroxochromate (III) ions
[30]. Similar reactions were carried out with different light source
under the same reaction conditions as used for sunlight. The
decrease in the absorbance at 350 nm with time in sunlight,
fluorescent light and in dark is shown in Fig. 5a. It is apparent from
the figure that the catalytic degradation of Cr(VI) to Cr(III) by
formic acid with Pdurc nanocatalyst is most efficient in sunlight
(86 � 103 lx) completing within 15 min while the reaction under
fluorescent light (82 lx) requires around 55 min. In the absence of
any source of light (0 lx), the reaction remains incomplete even
upto 90 min.

Systematic experiments were carried out to investigate the
effect of light intensity and role of light source in the catalytic
degradation of Cr(VI) to Cr(III). 100 W tungsten lamp is used as a
fixed source of light. The light intensity is varied by adjusting the
distance between source of light and surface of reaction mixture,
keeping the source constant. Experiments were carried out with
light intensity varying from 1600 to 9800 lx. The time dependent
absorbance at 350 nm is shown in Fig. 5b. As can be seen from the
figure, the conversion of Cr(VI) to Cr(III) by formic acid in the
presence of Pdurc nanocatalyst is dependent on light intensity.

Fastest conversion is achieved at 9800 lx within 30 min and the
reaction time increases to 55 min with decreasing light intensity.

It is evident from Fig. 5a and b, that the decrease in the
absorbance of Cr(VI) is not instantaneous indicating that the
catalytic reduction reaction is not immediate, but it starts after a
time lapse which is generally termed as ‘induction time’, as
observed in nanocatalytic reactions reported by us [24,27], and
other groups [31,32]. We have reported earlier that t0 is dependent
on the sequence of addition of substrate and the catalyst in the
reaction [27].

The effect of the sequence of addition of the substrates on the
catalytic reaction was tested under two conditions, i) Pdurc was
initially added to formic acid and finally Cr(VI) was added to this
mixture and ii) Cr(VI) was first mixed with formic acid and finally
Pdurc catalyst was added. In both the cases reaction was exposed to
fluorescent light. The time dependent absorbance monitored at
350 nm under these two conditions are shown in Fig. 6 which
shows that the t0 is absent in the former condition indicating that
binding constant of Cr (KCr(VI)) on the Pdurc surface, as shown in
reaction (1), Scheme 1 is an important factor.

3.3. Kinetics of removal of Cr(VI) by formic acid using Pdurc
nanocatalyst

The spectral data obtained are analyzed kinetically to gain
insight into the reduction of Cr(VI) by formic acid in the presence of
Pdurc nanocatalyst using Eq. (7). The pseudo first-order apparent
rate constant kapp (min�1) are obtained from the slope of the linear
regression of ln (A0/A) against reaction time (Fig. 7a) for sunlight,
fluorescent light and dark and are tabulated in Table 1. As evident
from the table, the highest kapp is observed for the reaction carried
out in sunlight (0.274 � 0.067 min�1) followed by reactions in
fluorescent light (0.107 � 0.013 min�1) and the lowest in dark
(0.067 � 0.006 min�1).

Similarly the plot of ln (A0/A) against reaction time at different
intensities of 100 W tungsten lamp is shown in Fig. 7b and the
respective kapp values are tabulated in Table 1. The pseudofirst-
order rate constant increases from 0.079 � 0.006 min�1 to
0.184 � 0.02 min�1 as the intensity of light increases from
1600 lx to 9800 lx suggesting that the detoxification of Cr(VI) by
formic acid in the presence of Pdurc nanocatalyst is dependent on
light intensity. This enhancement is proposed to be due to the
photo-assisted cleavage of formic acid over the surface of the
catalyst (reaction (3), Scheme 1) and desorption of Cr(III) adsorbed
on the Pdurc surface. This is further supported by monitoring the
amount of CO2 released during the oxidation of formic acid over

Fig. 5. Time dependent decrease in the absorbance of aqueous solution containing 0.2 M formic acid and 0.4 mM potassium dichromate in the presence of 5 ppm Pdurc
nanocatalyst exposed to (a) (i) sunlight, 86 � 103 lx ( ), (ii) fluorescent light, 82 lx ( ) and (iii) In dark, 0 lx ( ) monitored at 350 nm. (b) 100 W tungsten lamp
-&- (1600 lx), -*- (2600 lx), -~- (4600 lx) and -!- (9800 lx) monitored at 350 nm.

Fig. 6. Time dependent decrease in the absorbance following sequential addition of
(-&-) aqueous solution of 5 ppm Pdurc nanocatalyst, 0.2 M formic acid and 0.4 mM
potassium dichromate and ( ) aqueous solution of 0.2 M formic acid and 0.4 mM
potassium dichromate and 5 ppm Pdurc nanocatalyst, exposed to a florescent lamp.
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the Pdurc nanocatalyst using gas chromatography (GC) technique.
The chromatogram for the oxidation under dark, fluorescent and
100 W tungsten lamp irradiated conditions are depicted in the SI-
Fig. S4. The chromatograms showed a marked enhancement in CO2

released when formic acid is irradiated using a 100 W tungsten
lamp which is in agreement with our results.

For comparing the efficiency and investigate the role of
nanocatalyst morphology, catalytic reduction were also studied
using commercially available Pd/C catalyst and Pd nanoparticle
synthesized by radiolytic reduction. For Pd/C and spherical Pd
nanoparticles the kapp values calculated are 0.0019 min�1 and
0.0025 min�1 respectively (SI-Figs. S5 and S6). These results
suggest that the porous nature Pdurc nanostructure leads to higher
catalytic activity.

3.4. Recyclability of Pdurc nanocatalyst in the detoxification of Cr(VI)

Recyclability and conversion of the substrate are important
parameters for the industrial application of the developed
nanocatalyst. Recyclability of the Pdurc nanocatalyst for detoxifi-
cation of Cr(VI) by formic acid is investigated by following the %
conversion of Cr(VI). Since the concentration of Pdurc nanocatalyst
used in the reaction is very small, the reaction cycles are performed
by adding the substrate consecutively in the reaction mixture after
the completion of one cycle. The conversion of Cr(VI) is tested for 6
reaction cycles and the % conversion is almost 90–97% as shown in
Fig. 8 which shows that the Pdurc nanocatalyst maintains its
integrity upto six reaction cycles.

4. Discussion

The identical morphology of the synthesized Pdurc nano-
structures characterized using TEM, HR-TEM, and XRD to those
reported earlier by our group [24,25], shows the robust reproduc-
ibility for the production of tuneable metal nanostructures by
radiolysis. The XPS analysis of the nanostructures confirms the
presence of metallic palladium. The kinetic analysis of the
conversion of Cr(VI) to Cr(III) by formic acid in the presence of
the synthesized Pdurc nanocatalyst shows the highest catalytic
activity when exposed to sunlight with a pseudo first-order rate
constant of 0.274 � 0.067 min�1. It is also worth mentioning that
the rate constant is higher than the values reported for the
conversion of Cr(VI) by formic acid by Dandapat et al.
(0.085 min�1) at 50 �C [20] using Pd nanoparticles supported on
mesoporous g-Al2O3 and recently by Yang et al. (0.1515 min�1)
[33], using viral-templated palladium nanocatalyst. Fu et al. have
studied the catalytic reduction of Cr(VI) using PVP stabilised Pd
nano-tetrapods and reported a higher kapp value of 0.571 min�1.
These studies however are limited to higher temperature of 50 �C
[34] and do not take into consideration, the role of light in the
catalytic reduction. Further, the enhancement in the rate constant
when exposed to different source of light and intensity reveals that

Fig. 7. Plot of ln(A0/A) against time for aqueous solution containing 0.2 M formic acid and 0.4 mM potassium dichromate in the presence of 5 ppm Pdurc nanocatalyst exposed
to (a) (-&-) sunlight; 86 � 103 lx, ( ) fluorescent light; 82 lx and ( ) dark; 0 lx monitored at 350 nm. (b) Exposed to 100 W tungsten lamp -&- (1600 lx), -*- (2600 lx)
and -~- (4600 lx) and -!- (9800 lx) monitored at 350 nm.

Table 1
Pseudo-first order rate constants (kapp) for the Pdurc catalysed reduction of Cr(VI) to
Cr(III) by formic acid using various light source and by varying the light intensity.

Light source and intensity (Lux) kapp (min�1)

Sun Light (86,000) 0.274 � 0.067
Fluorescent light (82) 0.107 � 0.013
Dark (0) 0.067 � 0.006

Tungsten lamp 100 W
1600 0.079 � 0.006
2600 0.106 � 0.008
4600 0.141 � 0.018
9800 0.184 � 0.02

Fig. 8. The % conversion versus number of cycles indicating the stability of the
nanocatalyst. Reaction conditions: 0.012 mL K2Cr2O7 (0.4 mM) + 2.665 mL water +
0.025 mL F.A (0.2 M) + 0.3 mL Pdurc (5 mg/L).
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the catalytic activity of Pdurc nanostructure for the detoxification of
Cr(VI) is dependent on both source of light and the intensity.

From these results, a synergistic effect of the porous nature of
the synthesized Pdurc nanostructures facilitating the diffusion of
the reactants on to the surface of nanocatalyst leading to an
establishment of fast equilibrium between the reactants (reactions
(1) and (2), Scheme 1) in addition to photo assisted cleavage of the
formic acid (reaction (3), Scheme 1) and desorption of Cr(III)
(reaction (5), Scheme 1) on/from the Pdurc surface is responsible for
the enhanced catalytic activity of the synthesized Pdurc nano-
structure. The retention of % conversion ranging from 90 to 97%
upto 6 reaction cycles is due to the retention of porosity and fast
desorption of the products Cr(III) and CO2 from the nanocatalyst
surface preventing the poisoning of the catalytic surface.

5. Conclusion

The catalytic activity of monometallic Pdurc nanocatalyst
synthesized by the radiation chemical route is investigated for
the detoxification of Cr(VI) by formic acid at room temperature
rather than the generally known detoxification at high tempera-
ture. The catalytic reaction is found to be dependent on the source
of light and their intensity. It is observed that the detoxification
reaction, is very efficient in sunlight with the pseudo first-order
rate constant of 0.274 � 0.067 min�1. The enhanced catalytic
activity, with a low catalyst loading (5 ppm), of Pdurc is due to the
porous nature of Pdurc which provides more surface area for the
adsorption of the substrates. It is proposed that the synergistic
effect of the surface area and photo-assisted decomposition of
formic acid leads to the highest catalytic activity of Pdurc in the
detoxification of Cr(VI). Further, Pdurc exhibited robust recycling
stability as % conversion of Cr(VI) is retained even after 6 cycles of
reaction. These results will help towards understanding of
the effect of light on nanocatalyzed reactions which will facilitate
the designing of viable, cost effective pathways for water
remediation.

Acknowledgements

U.S.M. acknowledges BARC-Pune University Collaborative Ph.D.
program for the financial support. K.J.K thanks UGC-DAE-CSR—
Kolkata for financial assistance. The authors acknowledge the
support received through the UGC-UPE II program in the thrust
area of novel material.

Appendix A. Supplementary data

Supplementary data associated with this article can be
found, in the online version, at http://dx.doi.org/10.1016/j.
jphotochem.2017.01.034.

References

[1] M. Yadav, Q. Xu, Catalytic chromium reduction using formic acid and metal
nanoparticles immobilized in a metal–organic framework, Chem. Commun. 49
(2013) 3327, doi:http://dx.doi.org/10.1039/c3cc00293d.

[2] S.P. Tawde, S.A. Bhalerao, Biosorption of chromium (VI) from an aqueous
solution using Azadirachta indica. A. Juss. (Neem) and activated charcoal: a
comparative study, Biol. Forum Int. J. 2 (2010) 4–10.

[3] F. Djouider, Radiolytic formation of non-toxic Cr(III) from toxic Cr(VI) in
formate containing aqueous solutions: a system for water treatment, J. Hazard.
Mater. 223–224 (2012) 104–109, doi:http://dx.doi.org/10.1016/j.
jhazmat.2012.04.059.

[4] W. Maret, The metals in the biological periodic system of the elements:
concepts and conjectures, Int. J. Mol. Sci. 17 (2016) 66, doi:http://dx.doi.org/
10.3390/ijms17010066.

[5] L.-L. Wei, R. Gu, J.-M. Lee, Highly efficient reduction of hexavalent chromium
on amino-functionalized palladium nanowires, Appl. Catal. B Environ.176–177
(2015) 325–330, doi:http://dx.doi.org/10.1016/j.apcatb.2015.03.056.

[6] N. Shevchenko, V. Zaitsev, A. Walcarius, Bifunctionalized mesoporous silicas
for Cr(VI) reduction and concomitant Cr(III) immobilization, Environ. Sci.
Technol. 42 (2008) 6922–6928, doi:http://dx.doi.org/10.1021/es800677b.

[7] R.D. Ludwig, C. Su, T.R. Lee, R.T. Wilkin, S.D. Acree, R.R. Ross, A. Keeley, In situ
chemical reduction of Cr(VI) in groundwater using a combination of ferrous
sulfate and sodium dithionite: a field investigation, Environ. Sci. Technol. 41
(2007) 5299–5305.

[8] J.R. Kiser, B.A. Manning, Reduction and immobilization of chromium(VI) by
iron(II)-treated faujasite, J. Hazard. Mater. 174 (2010) 167–174, doi:http://dx.
doi.org/10.1016/j.jhazmat.2009.09.032.

[9] A. Fiúza, A. Silva, G. Carvalho, A.V. de la Fuente, C. Delerue-Matos,
Heterogeneous kinetics of the reduction of chromium (VI) by elemental
iron, J. Hazard. Mater. 175 (2010) 1042–1047, doi:http://dx.doi.org/10.1016/j.
jhazmat.2009.10.116.

[10] M. Martins, M.L. Faleiro, S. Chaves, R. Tenreiro, E. Santos, M.C. Costa, Anaerobic
bio-removal of uranium (VI) and chromium (VI): comparison of microbial
community structure, J. Hazard. Mater. 176 (2010) 1065–1072, doi:http://dx.
doi.org/10.1016/j.jhazmat.2009.11.149.

[11] Didier Astruc, Nanoparticles and Catalysis, Wiley-VCH Verlag GmbH & Co.
KGaA, Weinheim, Germany, 2007, doi:http://dx.doi.org/10.1002/
9783527621323.

[12] N. Zhang, M.-Q. Yang, Z.-R. Tang, Y.-J. Xu, CdS–graphene nanocomposites as
visible light photocatalyst for redox reactions in water: a green route for
selective transformation and environmental remediation, J. Catal. 303 (2013)
60–69, doi:http://dx.doi.org/10.1016/j.jcat.2013.02.026.

[13] B. Weng, X. Zhang, N. Zhang, Z.-R. Tang, Y.-J. Xu, Two-dimensional MoS2
nanosheet-coated Bi2S3 discoids: synthesis, formation mechanism, and
photocatalytic application, Langmuir 31 (2015) 4314–4322, doi:http://dx.doi.
org/10.1021/la504549y.

[14] X. Pan, Y.-J. Xu, Defect-mediated growth of noble-metal (Ag, Pt, and Pd)
Nanoparticles on TiO2 with oxygen vacancies for photocatalytic redox
reactions under visible light, J. Phys. Chem. C 117 (2013) 17996–18005, doi:
http://dx.doi.org/10.1021/jp4064802.

[15] S. Rengaraj, S. Venkataraj, J.-W. Yeon, Y. Kim, X.Z. Li, G.K.H. Pang, Preparation,
characterization and application of Nd-TiO2 photocatalyst for the reduction of
Cr(VI) under UV light illumination, Appl. Catal. B Environ. 77 (2007) 157–165,
doi:http://dx.doi.org/10.1016/j.apcatb.2007.07.016.

[16] S.C. Xu, S.S. Pan, Y. Xu, Y.Y. Luo, Y.X. Zhang, G.H. Li, Efficient removal of Cr(VI)
from wastewater under sunlight by Fe(II)-doped TiO2 spherical shell, J. Hazard.
Mater. 283 (2015) 7–13, doi:http://dx.doi.org/10.1016/j.jhazmat.2014.08.071.

[17] K. Bhowmik, A. Mukherjee, M.K. Mishra, G. De, Stable Ni nanoparticle-reduced
graphene oxide composites for the reduction of highly toxic aqueous Cr(VI) at
room temperature, Langmuir 30 (2014) 3209–3216, doi:http://dx.doi.org/
10.1021/la500156e.

[18] M. Celebi, M. Yurderi, A. Bulut, M. Kaya, M. Zahmakiran, Palladium
nanoparticles supported on amine-functionalized SiO2 for the catalytic
hexavalent chromium reduction, Appl. Catal. B Environ. 180 (2016) 53–64, doi:
http://dx.doi.org/10.1016/j.apcatb.2015.06.020.

[19] H. Chen, Y. Shao, Z. Xu, H. Wan, Y. Wan, S. Zheng, D. Zhu, Effective catalytic
reduction of Cr(VI) over TiO2 nanotube supported Pd catalysts, Appl. Catal. B
Environ. 105 (2011) 255–262, doi:http://dx.doi.org/10.1016/j.
apcatb.2011.04.004.

[20] A. Dandapat, D. Jana, G. De, Pd nanoparticles supported mesoporous g-Al2O3
film as a reusable catalyst for reduction of toxic CrVI to CrIII in aqueous
solution, Appl. Catal. A Gen. 396 (2011) 34–39, doi:http://dx.doi.org/10.1016/j.
apcata.2011.01.032.

[21] W. Tu, K. Li, X. Shu, W.W. Yu, Reduction of hexavalent chromium with colloidal
and supported palladium nanocatalysts, J. Nanopart. Res. 15 (1593) (2013), doi:
http://dx.doi.org/10.1007/s11051-013-1593-6.

[22] O.A. Sadik, N.M. Noah, V.A. Okello, Z. Sun, Catalytic reduction of hexavalent
chromium using palladium nanoparticles: an undergraduate nanotechnology
laboratory, J. Chem. Educ. 91 (2014) 269–273, doi:http://dx.doi.org/10.1021/
ed300229r.

[23] M.A. Omole, I.O. K’Owino, O.A. Sadik, I.O. K’Owino, O.A. Sadik, Palladium
nanoparticles for catalytic reduction of Cr(VI) using formic acid, Appl. Catal. B
Environ. 76 (2007) 158–167, doi:http://dx.doi.org/10.1016/j.
apcatb.2007.05.018.

[24] A.M. Kalekar, K.K.K. Sharma, M.N. Luwang, G.K. Sharma, Catalytic activity of
bare and porous palladium nanostructures in the reduction of 4-nitrophenol,
RSC Adv. 6 (2016) 11911–11920, doi:http://dx.doi.org/10.1039/C5RA23138H.

[25] F. Sar, G.K. Sharma, F. Audonnet, P. Beaunier, H. Remita, Palladium urchin-like
nanostructures and their H2 sorption properties, Nanotechnology 22 (2011)
305609, doi:http://dx.doi.org/10.1088/0957-4484/22/30/305609.

[26] Q. Lv, L. Feng, C. Hu, C. Liu, W. Xing, H. Wang, Y. Liu, M. Li, H. Huang, H.M. Xu, R.J.
Hong, H. Shen, High-quality hydrogen generated from formic acid triggered by
in situ prepared Pd/C catalyst for fuel cells, Catal. Sci. Technol. 5 (2015) 2581–
2584, doi:http://dx.doi.org/10.1039/C5CY00245A.

[27] A.M. Kalekar, K.K.K. Sharma, A. Lehoux, F. Audonnet, H. Remita, A. Saha, G.K.
Sharma, Investigation into the catalytic activity of porous platinum
nanostructures, Langmuir 29 (2013) 11431–11439, doi:http://dx.doi.org/
10.1021/la401302p.

[28] M.-L. Chen, C.-Y. Park, J.-G. Choi, W.-C. Oh, Synthesis and characterization of
metal (Pt, Pd and Fe)-graphene composites, J. Korean Ceram. Soc. 48 (2011)
147–151, doi:http://dx.doi.org/10.4191/KCERS.2011.48.2.147.

[29] K.H. Leong, H.Y. Chu, S. Ibrahim, P. Saravanan, Palladium nanoparticles
anchored to anatase TiO2 for enhanced surface plasmon resonance-

U.S. Markad et al. / Journal of Photochemistry and Photobiology A: Chemistry 338 (2017) 115–122 121

http://dx.doi.org/10.1016/j.jphotochem.2017.01.034
http://dx.doi.org/10.1016/j.jphotochem.2017.01.034
http://refhub.elsevier.com/S1010-6030(16)31092-9/sbref0005
http://refhub.elsevier.com/S1010-6030(16)31092-9/sbref0005
http://refhub.elsevier.com/S1010-6030(16)31092-9/sbref0005
http://refhub.elsevier.com/S1010-6030(16)31092-9/sbref0010
http://refhub.elsevier.com/S1010-6030(16)31092-9/sbref0010
http://refhub.elsevier.com/S1010-6030(16)31092-9/sbref0010
http://refhub.elsevier.com/S1010-6030(16)31092-9/sbref0015
http://refhub.elsevier.com/S1010-6030(16)31092-9/sbref0015
http://refhub.elsevier.com/S1010-6030(16)31092-9/sbref0015
http://dx.doi.org/10.1016/j.jhazmat.2012.04.059
http://refhub.elsevier.com/S1010-6030(16)31092-9/sbref0020
http://refhub.elsevier.com/S1010-6030(16)31092-9/sbref0020
http://dx.doi.org/10.3390/ijms17010066
http://refhub.elsevier.com/S1010-6030(16)31092-9/sbref0025
http://refhub.elsevier.com/S1010-6030(16)31092-9/sbref0025
http://refhub.elsevier.com/S1010-6030(16)31092-9/sbref0025
http://refhub.elsevier.com/S1010-6030(16)31092-9/sbref0030
http://refhub.elsevier.com/S1010-6030(16)31092-9/sbref0030
http://refhub.elsevier.com/S1010-6030(16)31092-9/sbref0030
http://refhub.elsevier.com/S1010-6030(16)31092-9/sbref0035
http://refhub.elsevier.com/S1010-6030(16)31092-9/sbref0035
http://refhub.elsevier.com/S1010-6030(16)31092-9/sbref0035
http://refhub.elsevier.com/S1010-6030(16)31092-9/sbref0035
http://refhub.elsevier.com/S1010-6030(16)31092-9/sbref0040
http://refhub.elsevier.com/S1010-6030(16)31092-9/sbref0040
http://dx.doi.org/10.1016/j.jhazmat.2009.09.032
http://refhub.elsevier.com/S1010-6030(16)31092-9/sbref0045
http://refhub.elsevier.com/S1010-6030(16)31092-9/sbref0045
http://refhub.elsevier.com/S1010-6030(16)31092-9/sbref0045
http://dx.doi.org/10.1016/j.jhazmat.2009.10.116
http://refhub.elsevier.com/S1010-6030(16)31092-9/sbref0050
http://refhub.elsevier.com/S1010-6030(16)31092-9/sbref0050
http://refhub.elsevier.com/S1010-6030(16)31092-9/sbref0050
http://dx.doi.org/10.1016/j.jhazmat.2009.11.149
http://refhub.elsevier.com/S1010-6030(16)31092-9/sbref0055
http://refhub.elsevier.com/S1010-6030(16)31092-9/sbref0055
http://dx.doi.org/10.1002/9783527621323
http://refhub.elsevier.com/S1010-6030(16)31092-9/sbref0060
http://refhub.elsevier.com/S1010-6030(16)31092-9/sbref0060
http://refhub.elsevier.com/S1010-6030(16)31092-9/sbref0060
http://refhub.elsevier.com/S1010-6030(16)31092-9/sbref0060
http://refhub.elsevier.com/S1010-6030(16)31092-9/sbref0065
http://refhub.elsevier.com/S1010-6030(16)31092-9/sbref0065
http://refhub.elsevier.com/S1010-6030(16)31092-9/sbref0065
http://dx.doi.org/10.1021/la504549y
http://refhub.elsevier.com/S1010-6030(16)31092-9/sbref0070
http://refhub.elsevier.com/S1010-6030(16)31092-9/sbref0070
http://refhub.elsevier.com/S1010-6030(16)31092-9/sbref0070
http://dx.doi.org/10.1021/jp4064802
http://refhub.elsevier.com/S1010-6030(16)31092-9/sbref0075
http://refhub.elsevier.com/S1010-6030(16)31092-9/sbref0075
http://refhub.elsevier.com/S1010-6030(16)31092-9/sbref0075
http://refhub.elsevier.com/S1010-6030(16)31092-9/sbref0075
http://refhub.elsevier.com/S1010-6030(16)31092-9/sbref0080
http://refhub.elsevier.com/S1010-6030(16)31092-9/sbref0080
http://refhub.elsevier.com/S1010-6030(16)31092-9/sbref0080
http://refhub.elsevier.com/S1010-6030(16)31092-9/sbref0085
http://refhub.elsevier.com/S1010-6030(16)31092-9/sbref0085
http://refhub.elsevier.com/S1010-6030(16)31092-9/sbref0085
http://dx.doi.org/10.1021/la500156e
http://refhub.elsevier.com/S1010-6030(16)31092-9/sbref0090
http://refhub.elsevier.com/S1010-6030(16)31092-9/sbref0090
http://refhub.elsevier.com/S1010-6030(16)31092-9/sbref0090
http://dx.doi.org/10.1016/j.apcatb.2015.06.020
http://refhub.elsevier.com/S1010-6030(16)31092-9/sbref0095
http://refhub.elsevier.com/S1010-6030(16)31092-9/sbref0095
http://refhub.elsevier.com/S1010-6030(16)31092-9/sbref0095
http://dx.doi.org/10.1016/j.apcatb.2011.04.004
http://refhub.elsevier.com/S1010-6030(16)31092-9/sbref0100
http://refhub.elsevier.com/S1010-6030(16)31092-9/sbref0100
http://refhub.elsevier.com/S1010-6030(16)31092-9/sbref0100
http://dx.doi.org/10.1016/j.apcata.2011.01.032
http://refhub.elsevier.com/S1010-6030(16)31092-9/sbref0105
http://refhub.elsevier.com/S1010-6030(16)31092-9/sbref0105
http://dx.doi.org/10.1007/s11051-013-1593-6
http://refhub.elsevier.com/S1010-6030(16)31092-9/sbref0110
http://refhub.elsevier.com/S1010-6030(16)31092-9/sbref0110
http://refhub.elsevier.com/S1010-6030(16)31092-9/sbref0110
http://dx.doi.org/10.1021/ed300229r
http://refhub.elsevier.com/S1010-6030(16)31092-9/sbref0115
http://refhub.elsevier.com/S1010-6030(16)31092-9/sbref0115
http://refhub.elsevier.com/S1010-6030(16)31092-9/sbref0115
http://dx.doi.org/10.1016/j.apcatb.2007.05.018
http://refhub.elsevier.com/S1010-6030(16)31092-9/sbref0120
http://refhub.elsevier.com/S1010-6030(16)31092-9/sbref0120
http://refhub.elsevier.com/S1010-6030(16)31092-9/sbref0120
http://refhub.elsevier.com/S1010-6030(16)31092-9/sbref0125
http://refhub.elsevier.com/S1010-6030(16)31092-9/sbref0125
http://refhub.elsevier.com/S1010-6030(16)31092-9/sbref0125
http://refhub.elsevier.com/S1010-6030(16)31092-9/sbref0130
http://refhub.elsevier.com/S1010-6030(16)31092-9/sbref0130
http://refhub.elsevier.com/S1010-6030(16)31092-9/sbref0130
http://refhub.elsevier.com/S1010-6030(16)31092-9/sbref0130
http://refhub.elsevier.com/S1010-6030(16)31092-9/sbref0135
http://refhub.elsevier.com/S1010-6030(16)31092-9/sbref0135
http://refhub.elsevier.com/S1010-6030(16)31092-9/sbref0135
http://dx.doi.org/10.1021/la401302p
http://refhub.elsevier.com/S1010-6030(16)31092-9/sbref0140
http://refhub.elsevier.com/S1010-6030(16)31092-9/sbref0140
http://refhub.elsevier.com/S1010-6030(16)31092-9/sbref0140
http://refhub.elsevier.com/S1010-6030(16)31092-9/sbref0145
http://refhub.elsevier.com/S1010-6030(16)31092-9/sbref0145


stimulated, visible-light-driven photocatalytic activity, Beilstein J.
Nanotechnol. 6 (2015) 428–437, doi:http://dx.doi.org/10.3762/bjnano.6.43.

[30] A. Esmaeili, A. Mesdaghi, R. Vazirinejad, Chromium (III) Removal and Recovery
from Tannery Wastewater by Precipitation Process, 2, Department of
Environmental Health Engineering, Tehran University of Medical Sciences,
Tehran, Iran, 2005, pp. 1471–1473.

[31] P. Herves, M. Perez-Lorenzo, L.M. Liz-Marzan, J. Dzubiella, Y. Lu, M. Ballauff,
Catalysis by metallic nanoparticles in aqueous solution: model reactions,
Chem. Soc. Rev. 4117 (2012) 306–312, doi:http://dx.doi.org/10.1039/
c2cs35029g.

[32] S. Sarkar, A.K. Sinha, M. Pradhan, M. Basu, Y. Negishi, T. Pal, Redox
transmetalation of prickly nickel nanowires for morphology controlled

hierarchical synthesis of nickel/gold nanostructures for enhanced catalytic
activity and SERS responsive functional material, J. Phys. Chem. C 115 (2011)
1659–1673, doi:http://dx.doi.org/10.1021/jp109572c.

[33] C. Yang, J.H. Meldon, B. Lee, H. Yi, Investigation on the catalytic reduction
kinetics of hexavalent chromium by viral-templated palladium nanocatalysts,
Catal. Today 233 (2014) 108–116, doi:http://dx.doi.org/10.1016/j.
cattod.2014.02.043.

[34] G.-T. Fu, X. Jiang, R. Wu, S.-H. Wei, D.-M. Sun, Y.-W. Tang, T.-H. Lu, Y. Chen,
Arginine-assisted synthesis and catalytic properties of single-crystalline
palladium tetrapods, ACS Appl. Mater. Interfaces 6 (2014) 22790–22795, doi:
http://dx.doi.org/10.1021/am506965f.

122 U.S. Markad et al. / Journal of Photochemistry and Photobiology A: Chemistry 338 (2017) 115–122

http://refhub.elsevier.com/S1010-6030(16)31092-9/sbref0145
http://refhub.elsevier.com/S1010-6030(16)31092-9/sbref0145
http://refhub.elsevier.com/S1010-6030(16)31092-9/sbref0150
http://refhub.elsevier.com/S1010-6030(16)31092-9/sbref0150
http://refhub.elsevier.com/S1010-6030(16)31092-9/sbref0150
http://refhub.elsevier.com/S1010-6030(16)31092-9/sbref0150
http://refhub.elsevier.com/S1010-6030(16)31092-9/sbref0155
http://refhub.elsevier.com/S1010-6030(16)31092-9/sbref0155
http://refhub.elsevier.com/S1010-6030(16)31092-9/sbref0155
http://dx.doi.org/10.1039/c2cs35029g
http://refhub.elsevier.com/S1010-6030(16)31092-9/sbref0160
http://refhub.elsevier.com/S1010-6030(16)31092-9/sbref0160
http://refhub.elsevier.com/S1010-6030(16)31092-9/sbref0160
http://refhub.elsevier.com/S1010-6030(16)31092-9/sbref0160
http://refhub.elsevier.com/S1010-6030(16)31092-9/sbref0160
http://refhub.elsevier.com/S1010-6030(16)31092-9/sbref0165
http://refhub.elsevier.com/S1010-6030(16)31092-9/sbref0165
http://refhub.elsevier.com/S1010-6030(16)31092-9/sbref0165
http://dx.doi.org/10.1016/j.cattod.2014.02.043
http://refhub.elsevier.com/S1010-6030(16)31092-9/sbref0170
http://refhub.elsevier.com/S1010-6030(16)31092-9/sbref0170
http://refhub.elsevier.com/S1010-6030(16)31092-9/sbref0170
http://dx.doi.org/10.1021/am506965f


This content has been downloaded from IOPscience. Please scroll down to see the full text.

Download details:

This content was downloaded by: gpe1

IP Address: 89.202.245.164

This content was downloaded on 31/03/2017 at 08:48

Please note that terms and conditions apply.

Facile synthesis of palladium nanoparticle doped polyaniline nanowires in soft templates for

catalytic applications

View the table of contents for this issue, or go to the journal homepage for more

2017 Mater. Res. Express 4 025015

(http://iopscience.iop.org/2053-1591/4/2/025015)

Home Search Collections Journals About Contact us My IOPscience

You may also be interested in:

Green synthesis of Au-rGO nanocomposite and its catalytic activity in nitro-reduction and

degradation of dyes

Indranirekha Saikia, Moushumi Hazarika and Chandan Tamuly

Synthesis of TiO2-loaded Co0.85Se thin films with heterostructure and their enhanced catalytic

activity for p-nitrophenol reduction and hydrazine hydrate decomposition

Yong Zuo, Ji-Ming Song, He-Lin Niu et al.

Heterogeneous silver–polyaniline nanocomposites with tunable morphology and controllable catalytic

properties

Conghui Yuan, Yiting Xu, Lina Zhong et al.

Graphene oxide reduced and modified by environmentally friendly glycylglycine and its excellent

catalytic performance

Congcong Zhang, Mingxi Chen, Xiaoyang Xu et al.

Gold and graphific carbon nitride hybrid plasmonic nanocomposites for photocatalytic reduction of

4-nitrophenol and 4-nitrobenzenethiol

Jiao Yan, Yuli Xiao, Xiu Liang et al.

Two-step synthesis of Ag@GQD hybrid with enhanced photothermal effect and catalytic performance

Cong Wu, Yali Yuan, Qian He et al.

http://iopscience.iop.org/page/terms
http://iopscience.iop.org/2053-1591/4/2
http://iopscience.iop.org/2053-1591
http://iopscience.iop.org/
http://iopscience.iop.org/search
http://iopscience.iop.org/collections
http://iopscience.iop.org/journals
http://iopscience.iop.org/page/aboutioppublishing
http://iopscience.iop.org/contact
http://iopscience.iop.org/myiopscience
http://iopscience.iop.org/article/10.1088/2053-1591/3/10/105007
http://iopscience.iop.org/article/10.1088/2053-1591/3/10/105007
http://iopscience.iop.org/article/10.1088/0957-4484/27/14/145701
http://iopscience.iop.org/article/10.1088/0957-4484/27/14/145701
http://iopscience.iop.org/article/10.1088/0957-4484/24/18/185602
http://iopscience.iop.org/article/10.1088/0957-4484/24/18/185602
http://iopscience.iop.org/article/10.1088/0957-4484/25/13/135707
http://iopscience.iop.org/article/10.1088/0957-4484/25/13/135707
http://iopscience.iop.org/article/10.7567/JJAP.55.095001
http://iopscience.iop.org/article/10.7567/JJAP.55.095001
http://iopscience.iop.org/article/10.1088/0957-4484/27/48/48LT02
http://oas.iop.org/5c/iopscience.iop.org/993695893/Middle/IOPP/IOPs-Mid-MREX-pdf/IOPs-Mid-MREX-pdf.jpg/1?


© 2017 IOP Publishing Ltd

1. Introduction

With growing research in the field of nanoscience and nanotechnology, material scientists are emphasizing on 
combining the unique properties of conducting polymers (CP) and inorganic or organic nanomaterials in the 
quest for stable nanocomposites with enhanced properties for real time applications. In last two decades, research 
on the synthesis of CP based composite materials is growing, resulting in the development of a wide variety of new 
materials with tailored properties. Metal-based CP nanocomposites are explored for their potential in a variety of 
applications, including electrocatalysis [1], catalysis [2], sensors [3] and corrosion protection [4]. Among the CPs, 
polyaniline (PANI) has been focus of material scientist because of environmental stability [5], tunable electrical 
conductivity [6], and redox properties associated with the nitrogen chain [7]. Numerous methods and different 
approach are available in the literature for the synthesis of metal-polymer nanocomposites [8]. Broadly, metal 
nanoparticle-conducting nanocomposites can be obtained by either an extrinsic/ex situ approach where the metal 
nanoparticles are synthesized by chemical route and introduced into the polymer in solution/powder [9] or an 
intrinsic/in situ approach, where the metal nanoparticles are grown within the polymer by chemical reduction of 
the metallic precursor that has been already dissolved in the polymer [10]. However the former requires synthesis of 
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Abstract
Palladium nanoparticles doped polyaniline (Pd-PANI) nanocomposite (NCs) is synthesized in 
surfactant based liquid crystalline mesophase by chemical oxidation followed by radiolysis. The 
confinement of the liquid crystalline mesophase facilitates polymerization of aniline monomers 
and their 1D growth into polyaniline (PANI) nanowires by using ammonium persulfate. The PANI 
nanowires have an average diameter of 30–40 nm. The in situ radiolytic reduction of palladium ions 
ensures uniform size distribution of the palladium (Pd) nanoparticles on the surface of the PANI 
nanowires. The synthesized Pd-PANI nanocomposites show wire like structures of PANI (diameter 
~30–40 nm) on which Pd nanoparticles of the size 10 nm are decorated. The identical average 
diameter of the PANI nanowires before and post gamma irradiation suggest high stability of the 
PANI nanowires in liquid crystalline mesophase. Surface characterization of the NCs were carried 
out using BET and XPS. The catalytic activity of Pd-PANI NCs are investigated in the reduction of 
methylene blue (MB) and 4-nitro phenol (4-NP) by sodium borohydride (NaBH4). The kinetics 
of the Pd-PANI NCs catalysed reactions are analysed using the Langmuir–Hinshelwood model. 
The apparent rate constant (kapp) for the MB and 4-NP reduction reactions is 29  ×  10−3 s−1 and 
20  ×  10−3 s−1 respectively with an actual Pd catalyst loading of 2.665  ×  10−4 ppm. Further, the 
recyclability of the Pd-PANI NCs catalyst in both the reduction reactions shows the stability of 
the catalyst up to four reaction cycles tested in this investigation and the multifunctional nature 
of the catalyst. The study provides a new approach for the directional synthesis of conducting 
polymer-metal nanocomposites and their possible application as a nanocatalyst in environmental 
remediation.
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nanoparticles in advance and a uniform deposition of nanoparticles on the surface of polymer is seldom achieved. 
But the latter approach is widely used because the in situ reduction of the metal precursor can be achieved by various 
route such as thermolytic decomposition [11], photolytic decomposition [12], photochemical preparation [13], 
incorporation during polymer electro synthesis [14], nanoparticle formation during polymerization [15] or by in 
situ polymerization and composite formation’ (IPCF) in a single step [16, 17]. The in situ approach provides a higher 
degree of synthetic control over both the size of the nanoparticles and the morphology of the polymer. Both these 
parameters form an integral part of the designing of novel nanocomposite material since the catalytic efficiency 
depends strongly upon size [18] and morphology [19] of the metal nanoparticles and the support material [20–22].

The use of surfactants as directing agents for the self-assembly of nanoparticles into well-defined shape with 
control over their size has been used for the synthesis of various 1, 2 and 3D metal nanostructures [23–25]. Our 
group has reported the use of surfactant based lyotropic liquid crystalline mesophases as ‘nanoreactors’ for the 
synthesis of nanostructures of varying morphology e.g. nanofibers [26], nanoballs [27] and urchin shaped [28] 
nanostructures. These direct lyotropic hexagonal mesophases consist of infinite oil cylinders coated by a mono-
layer of surfactant and co-surfactant, arranged in triangular array in aqueous medium. The advantage of these 
‘soft templated’ methodology over the conventional hard templates lies in the ease with which these templates 
can be removed to retrieve the nanomaterials post synthesis and the subtle control over the morphology of the 
nanostructures that can be achieved by altering the oil to water ratio of the mesophase.

Metal nanoparticles of different size and shape can be combined with polyaniline to form hybrid materials. 
They represent a new class of materials that may combine desirable physical properties characteristic of both their 
organic and metallic component within a single composite. In this report we present a facile one pot synthesis of 
PANI nanowires and palladium doped PANI nanocomposites (Pd-PANI NCs) using swollen hexagonal liquid 
crystalline mesophase (SLC) as templates. The oil rich region of the mesophase facilitates controlled in situ polym-
erization of aniline whereas the metal ions dispersed in the confinement of the aqueous region of the mesophase 
are further reduced by radiolysis. Siril et al [2] have reported the synthesis of gold doped PANI nanostructures 
in these SLC, where the reduction of the Au3+ ions are effected via a diffusion controlled process. The advantage 
of radiation induced reduction of Pd2+ ions in our studies is the homogeneity in size distribution and a uniform 
deposition of palladium nanoparticles on the surface of PANI. To our knowledge, it is for the first time that this 
methodology has been used for synthesis of Pd-PANI nanocomposites. Immobilization of Pd nanoparticles on 
the surface of PANI is expected to facilitate the recovery and recycling of the catalyst and also provide selectivity 
and low catalyst loading combining the properties of both homogeneous and heterogeneous catalyst. The kin etics, 
stability and the efficiency of the synthesised nanocatalyst is investigated in treatment of known organic water 
pollutants viz methylene blue (MB) and 4-Nitro-phenol (4-NP) reduction by sodium borohydride.

2. Experimental section

2.1. Materials
Tetraammine palladium (II) chloride monohydrate [Pd (NH3)4Cl2•H2O] (99% purity) was purchased from Sigma 
Aldrich, aniline (99.5% purity), methylene blue (MB) and hydrochloric acid (35.4%) were purchased from SD fine 
chemicals, ammonium persulfate (APS) (99% purity) was purchased from Fischer Scientific. Cetylpyridinium 
chloride (CPCL) (99% purity), cyclohexane (99% purity), 1-pentanol (99% purity), 4-nitrophenol (99% Purity), 
sodium borohydride and isopropyl alcohol (IPA) (99% purity) were all purchased from Sisco Research Laboratory 
(SRL). Nitrogen gas (99.995% purity) was purchased from INOX air products. Deionized water from Milli-Q 
system with resistivity 18.2 MΩ cm was used for preparation of all the solutions

2.2. Instrumentation
UV–Visible absorption spectra of PANI and Pd-PANI NCs dispersed in water were recorded using Shimadzu 
spectrophotometer UV-1800. FTIR-ATR spectra of PANI and Pd-PANI NCs were recorded on Bruker instrument 
model Tensor 37 in the range of 500–4000 cm−1. XRD patterns of PANI and Pd-PANI NC samples were recorded 
using Rigaku ultima IV diffractometer in the 2θ range 10–80° (CuKα; λ  =  0.1542 nm). The voltage and current 
applied to x-ray anode was 1.6 kV and 40 mA. FESEM imaging of PANI and Pd-PANI NCs were carried out using 
FEI model NOVANANOSEM 450. Energy dispersive x-ray (EDX) spectra were recorded using Bruker model 
X-Flash 6I30. The samples for SEM analysis were prepared by depositing a suspension of PANI and Pd-PANI 
NCs in isopropyl alcohol (IPA) on silicon wafers and drying it at room temperature. TEM imaging of PANI and 
Pd-PANI NCs was done using FEI TECNAI G2 20 ULTRA-TWIN FEI with an accelerating voltage 200 kV. The 
samples for TEM analysis were prepared by depositing a suspension of PANI and Pd-PANI NCs in IPA on carbon 
coated copper grids. ICP-AES analysis of Pd-PANI NCs was done using ARCOS simultaneous ICP spectrometer 
at sophisticated analytical instrumentation facility (SAIF), Indian Institute of Technology, Bombay (IITB). Surface 
area analysis was done using Quantachrome Autosorb iQ gas analyser. XPS analysis was done using VG Scientific 
ESCA-3000 spectrometer using a non-monochromatized Mg Kα radiation (1253.6 eV).
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2.3. Synthesis of PANI nanowires and Pd-PANI nanocomposites (NCs)
Synthesis of PANI and Pd-PANI NC in swollen liquid crystalline hexagonal mesophases (SLC) are carried out by 
modifying our reported protocol for the synthesis of palladium and platinum nanostructures in SLC [24]. In a typical 
synthesis, the surfactant, 1 g. cetylpyridinium chloride is first dissolved in 2 ml Milli-Q water, forming a transparent 
and viscous micellar solution. In order to lower the pH of solution, 50 µl concentrated HCl (11.6 M) was added. 
Addition of the mixture of 5 µl aniline monomer (0.010 95 mol dm−3) and 2.99 ml oil (cyclohexane) into micellar 
solution leads to white unstable emulsion. 250 µl of co-surfactant (1-pentanol) is then added to mixture, which is 
then vortexed for a few minutes, and a perfectly transparent gel is obtained. Polymerization of aniline monomer 
(0.010 95 mol dm−3) was achieved by slow diffusion of 0.0124 g (0.010 95 mol dm−3) ammonium persulfate (APS) 
through SLC. The complete polymerization of the sample was confirmed by change in the colour of SLC from 
colourless to green. Deposition of metal nanoparticles on PANI was achieved by addition of aqueous solution of metal 
salt, tetraammine palladium chloride monohydrate (Pd(NH3)4)Cl2.H2O (1  ×  10−2 mol dm−3) in the mesophase 
containing PANI. The sample then purged with nitrogen gas for 15–20 min and subjected to high energy gamma 
irradiation for a dose of 173 kGy using the 60Co-γ-source at the Department of Chemistry, Savitribai Phule Pune 
University. Dose rate of the 60Co-γ-source was calculated by Fricke dosimeter and was found to be 60 Gy min−1.

Radiation chemical route is an efficient technique for reduction of metal ions to metal nanoparticles through 
homogenous nucleation. Irradiation of water with high energy ionizing radiation (gamma rays from 60Co source) 
produces reducing eaq

− , and oxidizing •OH as a major species (reaction 1).

→  + + + + +− +H O ·OH H· e H H O H O2 aq 2 2 2 3 (1)

•OH formed during radiolysis of water is quenched by 1-pentanol added during mesophase formation. eaq
−  is strong 

reducing agent and causes reduction of Pd2+ ions to Pd0, which self-assemble on the surface of the polymer. PANI 
nanowires and Pd-PANI NCs were extracted by destabilizing the SLC using IPA. The extracted nanostructures 
were washed several times with IPA before characterization to assure a complete removal of the surfactant from 
the surface of the nanostructures.

2.4. Catalytic activity measurements
The chemical reduction of MB and 4-NP using NaBH4 as a reducing agent was tested in the presence of the Pd-
PANI nanocomposites. In a typical procedure for studying the catalytic reduction of MB, in a 3 ml quartz cuvette, 
2.93 ml water, 20 µl (7.5 mol dm−3) ice cold NaBH4 and 20 µl (1.4  ×  10−2 mol dm−3) of MB was taken. To this, 30 
µl of the catalyst suspension in water (1 mg/10 ml) was added and progress of the reaction was studied by recording 
the UV–Vis absorption spectra at different time interval. The kinetic evaluation of the reaction was carried out at 
664 nm. Alternatively for 4-NP reduction reaction, in a 3 ml quartz cuvette 2.93 ml water, 20 µl (7.5 mol dm−3) ice 
cold NaBH4 and 20 µl (0.015 mol dm−3) of 4-NP was taken and 30 µl catalyst suspension in water (1 mg/10 ml) was 
added. The reaction was monitored at different time intervals by recording the spectra in the range of 200–600 nm. 
The kinetics of the reaction was studied at the λmax of para nitrophenolate anion (400 nm).

The kinetics of the catalytic reduction of MB and 4-NP by NaBH4 in the presence of Pd-PANI nanocatalyst 
were analysed using Langmuir–Hinshelwood mechanism assuming that both the reactants adsorbed on the sur-
face of the nanocomposite.

In general, the rate law for the reduction of reactant, R (R  =  MB or 4-NP) by NaBH4 can be represented by 
equation (2),

R

t
k R

d

d
BHa

4
b[ ] [ ] [ ]−

= − (2)

The apparent pseudo first-order rate constants (kapp) were determined using a classical Langmuir–Hinshel-
wood equation which is deduced as reported earlier for platinum and palladium nanostructures [20, 21] and 
expressed by equation (3)

C

C
k t k S tln 0

app 
           = = (3)

where C0 and C are the initial and final concentrations having equivalents in terms of absorbance (A0 and A 
respectively) monitored at a fixed wavelength (λ) at time t. kapp is the apparent pseudo first order rate constant 
assumed to be proportional to the accessible surface area (S) for the nanocomposite. Therefore, for constant 
catalyst concentration and uniform accessible surface area of Pd-PANI NCs, a plot of ln (A0/A) with respect to 
time gives a straight line whose slope is kapp.

2.5. Recyclability of Pd-PANI NCs catalyst in the reduction reactions
The recycling study of Pd-PANI NCs in the reduction reactions of MB and 4-NP were carried out by mixing 
0.014 mol dm−3 MB (20 µl) and 0.015 mol dm−3 of 4-NP (20 µl) and 2.93 ml milli Q water, followed by the addition 
of 7.5 mol dm−3 NaBH4 (20 µl) in separate cuvettes. In both reduction reactions, 30 µl Pd-PANI NCs (1 mg/10 ml) 
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was added. The reactions were monitored at 664 nm for MB and 400 nm for 4-NP as a function of time. After 
the completion of the first cycle of the reaction, the reaction mixture were recharged with 20 µl 0.014 mol dm−3 
MB and 20 µl of 7.5 mol dm−3 NaBH4 and 20 µl of 0.0105 mol dm−3 of 4-NP and 20 µl of 7.5 mol dm−3 NaBH4 
respectively. Similar procedure was followed for the remaining cycles.

3. Results and discussion

3.1. UV–Visible spectroscopy of PANI nanowires and Pd-PANI NCs
The UV–Visible absorption spectrum of PANI nanowires and Pd-PANI nanocomposite dispersed in water are 
shown in figure 1. The spectra of the NC exhibit typical characteristics of emeraldine salt state of PANI [29]. 
Figure 1(a) shows the spectrum of pure PANI, exhibiting an absorption band centered at 350 nm which is 
attributed to a π–π* transition in benzenoid unit of the PANI chains. The absorption band at 400–450 nm is 
related to π* polaron transition of the PANI while the band appearing at wavelength higher than 700 nm, with a 
long tail, is assigned to the π polaron transition [30]. In the case of Pd-PANI NCs (figure 1(b)), it is observed that 
this band appear at lower wavelength (~600nm). These spectral changes in the Pd-PANI NCs can be attributed 
to the coordination of the palladium particles with the nitrogen atoms allowing the palladium nanoparticles to 
interact with each other through the π-conjugate chain. Such a blue shift of the band at ~600 nm indicates the 
formation of a complex between the polyaniline and the palladium nanoparticles [31].

3.2. FE-SEM analysis of PANI nanowires and Pd-PANI nanocomposites
The morphology of the synthesized PANI and Pd-PANI NCs are analysed by FE-SEM (figure 2). Figure 2 panels 
(a) and (b) shows wire like structures of PANI suggesting the polymerisation of the aniline monomer in the SLC to 
be 1D. The γ-irradiated mesophase containing 1 D PANI nanowires with palladium salt is shown in figure 2 panels 
(c) and (d). It can be seen from figure 2(d) that Pd nanoparticles are deposited on the surface of PANI nanowires 
resulting in the formation of Pd-PANI NCs. The presence of Pd in the Pd-PANI NCs is confirmed by EDX analysis. 
The EDX spectrum shown in ESI figure S1 (stacks.iop.org/MRX/4/025015/mmedia) confirms the presence of 
carbon, nitrogen, and palladium (Pd) elements.

3.3. TEM analysis of PANI nanowires and Pd-PANI NCs
The TEM images of the PANI and Pd-PANI NCs are shown in figures 3(a)–(d). The TEM images of synthesised PANI 
figures 3(a) and (b) complements the FE-SEM image of the PANI nanowires with an average diameter of 30–40 nm. 
Similarly the TEM images for the Pd-PANI NCs are shown in figures 3(c) and (d) which shows Pd nanoparticle 
decorated PANI nanowires. As can be seen from figure 3(d), the deposited Pd nanoparticles are spherical in shape 
with an average size of 10 nm without significant change in the average diameter of the PANI nanowires.

The observed diameter of the PANI nanowire is consistent with the polymerization of aniline monomer by APS 
in the oil rich region within the hexagonal mesophase and PANI grows within the confinement of the cylindrical 
region leading to the limitation in the diameter of the PANI nanowires. On addition of the Pd2+ ions (aqueous 

Figure 1. UV–Vis spectra of (a) PANI nanowires synthesized in SLC by chemical oxidation (b) Pd-PANI NCs synthesized in SLC by 
chemical oxidation followed by radiolytic reduction (dose  =  173 kGy).
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solution of tetraammine palladium chloride monohydrate) to the mesophase containing PANI nanowires, the 
Pd2+ ions diffuse into the aqueous phase of the mesophase. This upon radiolysis by high energy γ-radiation, results 
in the reduction of Pd2+ ions to Pd0 and the palladium nanoparticles are deposited on the surface of PANI nanow-
ires (figure 3(d)). Since the Pd-PANI NCs are harvested after washing several times with IPA and water (~3l), the 
observed Pd0 nanoparticles (figures 3(c) and (d)) suggest strong binding to the surface of PANI nanowires.

3.4. XPS analysis of PANI nanowires and Pd-PANI nanocomposites
X-ray photoelectron spectroscopy was used to determine the oxidation state of the Pd nanoparticles in the Pd-
PANI nanocomposite. Figure 4(a) shows full scan XPS spectra of Pd-PANI nanocomposites which clearly shows 
the presence of palladium (Pd 3d), nitrogen (N 1s), carbon (C 1s), oxygen (O 1s) and chlorine (Cl 2p). The Pd 
3d peaks could be deconvoluted into two components, with energy maxima at 335.9 eV (Pd 3d5/2) and 340.7 eV 
(Pd 3d3/2) respectively (figure 4(b)). These values are in good agreement with that reported for Pd0 oxidation 
state of palladium [32]. The absence of peak at 337.0 eV confirmed that there are no unreduced Pd2+ ions present 
in the synthesized Pd-PANI nanocomposites [33]. The peaks at 285.4 and 401.2 eV are attributed to carbon and 
nitrogen moieties in PANI respectively [34]. The N 1s core level XPS spectrum (ESI figure S2(a)) shows three 
peaks with binding energy of 399.5, 400.4 and 401.7 eV corresponding to Benzenoid amines (–NH–), radical 
cation (–NH•+) and imine cation (=NH+–) functionalities respectively [35]. The high resolution XPS spectra 
of carbon (C 1s) shows (ESI figure S2(b)) binding energy of carbon is shifted to a higher value (285.2 eV) with 
respect to the standard value of 284.6 eV which is due to the charge transfer from the PANI moiety to the chlorine 
and palladium [36]. The core level XPS spectrum for the O 1s region shows maxima at 533.0 eV (ESI figure S2(c)) 
which can be attributed to oxygen incorporated in PANI during oxidative polymerization of aniline by APS.

3.5. XRD analysis of PANI nanowires and Pd-PANI nanocomposites
The XRD patterns of the synthesised PANI nanowires and Pd-PANI NCs are depicted in figures 5(a) and (b). The 
PANI nanowires exhibited a broad peak with very low intensity at 2θ value of 24.9° in figure 5(a) is consistent with 
the reported diffraction pattern of PANI nanostructures [37]. The diffraction pattern for the synthesised Pd-
PANI NCs, figure 5(b) shows peaks at 2θ  =  40.18°, 46.32°, 67.84°, corresponding to the (1 1 1), (2 0 0), and (2 2 0), 
crystalline planes of Pd deposited on the surface of PANI. The 2θ values are in good agreement with literature 
values for crystalline planes of palladium. (JCPDS File Number-05-0681)

3.6. FT-IR-ATR analysis of PANI nanowires and Pd-PANI nanocomposites
FTIR-ATR analyses were carried out to confirm the functional groups present in the PANI nanowires and Pd-PANI 
NCs and are shown in ESI figures S3(a) and (b) respectively. The most significant peaks of PANI fall in the range of 

Figure 2. FE-SEM images of (a) and (b) PANI nanowires synthesized in SLC by chemical oxidation. (c) and (d) Pd- PANI NCs 
synthesized in SLC by chemical oxidation followed by radiolytic reduction (dose  =  173 kGy).
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600–2500 cm−1 and are depicted in ESI figure S3(a) showing intense bands at 1470 and 1553 cm−1, corresponding to 
the benzenoid ring stretching and quinoid stretching of PANI [38]. The relative intensity ratio of these two absorption 
bands is indicative of the extent of oxidation state of PANI. The values calculated for the PANI (a) Pd-PANI NCs (b) 
are 0.828, and 1.0933 respectively. The value less than 1 in the case of PANI is suggesting the dominance of benzene 
units within polymer while ratio greater than 1 for Pd-PANI NCs suggest an emeraldine type structure of PANI 
and comparatively higher conductivity than undoped PANI [39]. The presence of band around 750–800 cm−1 is 
attributed to the 1, 4 disubstituted benzene rings (C–H in plane and C–H out of plane bending vibrational modes of 
aromatic ring) in polymer [40]. The C–N stretching bands which are characteristic of aromatic amine are observed 
at 1230–1320 cm−1 [41]. The band at 1286 cm−1 due to stretching of the C–N band of secondary aromatic amine in 
PANI is observed slightly shifted to higher wavenumber 1315 and 1324 cm−1 in palladium doped PANI NCs.

Figure 4. (a) XPS spectra of (a) Pd-PANI NCs synthesized in SLC by chemical oxidation followed by radiolytic reduction 
(Dose  =  173 kGy). (b) High resolution XPS spectra of Pd 3d.

Figure 3. TEM images of (a) and (b) PANI nanowires synthesized in SLC by chemical oxidation (c) and (d) Pd-PANI NCs 
synthesized in SLC by chemical oxidation followed by radiolytic reduction (dose  =  173 kGy).

Mater. Res. Express 4 (2017) 025015
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3.7. Nitrogen adsorption isotherm for surface area analysis
In order to determine the total surface area of the PANI nanowires and palladium doped PANI nanowires, 
nitrogen adsorption isotherms at 77 K were performed. The nitrogen adsorption isotherm for PANI nanowires 
and palladium doped PANI nanowires are shown in ESI figures S4(a) and (b) respectively. The PANI nanowires 
and palladium doped PANI nanowires present a type II isotherm, which is characteristic of macroporous or non-
porous material. The calculated total surface area is larger for palladium doped PANI nanowires (84.46 m2 g−1) 
than that calculated for the PANI nanowires (29.93 m2 g−1).

3.8. Inductively coupled plasma-atomic emission spectroscopy (ICP-AES) analysis of Pd-PANI 
nanocomposites
In order to determine the concentration of Pd present in the Pd-PANI NCs, ICP-AES analysis is carried out by drying 
the synthesized Pd-PANI NCS at 50° C for 3 hours. An accurately weighed (1 mg) of Pd-PANI NCs was digested in glass 
beaker by heating in 10 ml of aqua regia for 45 minutes followed by evaporation to almost near dryness. The residue was 
diluted to 25 ml using deionised water. The ICP-AES analysis result show that 1 mg of Pd-PANI NCs corresponds to 
10.66 ppm Pd. This value is used to determine the actual Pd concentration present in the Pd-PANI NCs used as catalyst 
in this study and the Pd catalyst loading in all the reactions in this investigation is calculated to be 2.665  ×  10−4 ppm.

4. Catalytic activity of PANI nanowires and Pd-PANI NCs in the reduction of methylene 
blue (MB) and 4-nitrophenol (4-NP)

The catalytic activity of the synthesized PANI nanowires and Pd-PANI NCs are investigated using two reduction 
reaction models: (i) the reduction of MB dye and (ii) the reduction of 4-NP to 4-aminophenol using NaBH4. These 

Figure 5. XRD pattern of (a) PANI nanowires synthesized in SLC by chemical oxidation (b) Pd-PANI NCs synthesized in SLC by 
chemical oxidation followed by radiolytic reduction (Dose  =  173 kGy).
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Scheme 1. Schematic representation of the reduction reaction of methylene blue (MB).
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reactions are generally used to evaluate the catalytic properties of nanomaterials due to ease in monitoring the 
progress of the reaction. Besides, both these reactions do not proceed without catalyst.

4.1. Catalytic reduction of MB using PANI nanowires and Pd-PANI NCs
Methylene blue is a cationic dye used widely in many industries such as textile, paper, pharmaceutical, and food 
industries [42, 43]. The excessive use of organic dyes creates persistent environmental issue. Owing to their high 
visibility and recalcitrance towards conventional decomposition method, development of an efficient degradation 
route has therefore gained interest in recent years.

The catalytic activity of the Pd-PANI NCs was evaluated in the reduction of MB by using NaBH4 as reducing 
agent. MB shows an absorption maximum at 664 nm corresponding to its oxidized form which upon reduction 
by NaBH4 results in colourless leucomethylene blue form (scheme 1). The decrease in the absorbance at 664 nm 
after every 30 s is recorded. Figure 6(a) depicts the spectrum of MB after the addition of NaBH4 in absence of cata-
lyst. The absorbance at 664 nm corresponding to oxidized form of MB remains unchanged up to 15 min. Control 
experiments were carried out using PANI nanowires as catalyst for the reduction of MB using NaBH4 and no sig-
nificant changes is observed as compared to reduction without catalyst (figure 6(b)). In presence of Pd-PANI NC 
this characteristic absorption for MB decays almost completely after 2.5 min indicating the completion of NaBH4 
induced reduction reaction (figure 6(c)). This suggests that Pd doped on the surface of PANI nanowires act as reac-
tive sites for the reduction of MB. The concentration of MB (9.33  ×  10−5 mol dm−3) was maintained more than 
100 times lower than the concentration of NaBH4 (5  ×  10−2 mol dm−3) and therefore the data obtained for the 
reduction reaction is fitted to the expression for pseudo-first order kinetics. The plot of ln (A0/A) versus reaction 
time is depicted in figure 6(d). The rate constant (kapp) obtained from linear region of plot is found to be 29  ×  10−3 
s−1. As is apparent from the figure 6(d), an induction time (t0) is observed for the Pd-PANI NCs catalysed reduction 
reaction which may be attributed to higher binding constants of the MB on the Pd nanoparticle surface.

For a comparative purpose, the kapp values reported using supported Pd nanocomposites used as catalyst for 
the reduction of MB and 4-NP are summarized in table 1. As evident from the table 1, there are not many reports 
on the use of Pd-nanocomposites for the reduction of MB. Reports on the use of Au-PANI [2] and Au_DENs [44] 
nanocomposites as catalyst for the reduction MB is available, but the catalyst loading is much higher (40 ppm 
for Au-PANI nanocomposite) in the study and kinetic details are lacking [2, 45, 46]. The highest reported rate 

Figure 6. Time dependent UV–Vis spectra at different reaction time for the reduction of MB by NaBH4 (a) in absence of the 
catalyst (b) in presence of the PANI nanowires (c) in presence of the Pd-PANI NCs (d) linear plot of ln (A0/A) versus time. Reaction 
conditions (MB)  =  9.33  ×  10−5 mol dm−3; (NaBH4)  =  5  ×  10−2 mol dm−3; (Pd-PANI NCs)  =  2.665  ×  10−4 ppm.
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constant for the reduction of MB is catalysed by Pd_DENS and Au_DENs composites [44], however, the catalyst 
loading concentration could not be calculated for comparison. The same has been calculated from the exper-
imental details of the reports which are in either weight of the nanocomposite(s) or molar concentrations of the 
Pd in the composite. It is worth mentioning that the Pd concentration in this investigation is directly determined 
by ICP-AES which is the actual concentration of Pd present in the Pd-PANI NCs. From table 1, it can be seen that 
the synthesized Pd doped PANI nanowires composite exhibits excellent catalytic activity with lowest catalyst 
loading.

4.2. Catalytic reduction of 4-nitrophenol (4-NP) using PANI nanowires and Pd decorated PANI 
nanocomposites.
The catalytic activity of PANI nanowires and Pd-PANI NCs were studied in the reduction of 4-NP to 
4-Aminophenol (4-AP) in presence of NaBH4 as reducing agent (scheme 2). The reaction was monitored by 
recording the UV–Visible spectra for Pd-PANI NCs catalysed reaction between 4-NP and NaBH4 at an interval 
of 30 s in the range of 200–600 nm. The reduction reaction was monitored in absence of the catalyst with the 
solution containing only 4-NP (1  ×  10−4 mol dm−3) and NaBH4 (5  ×  10−2 mol dm−3) and it was observed that 
the reaction does not proceed even up to 15 min (figure 7(a)). However, in the presence of Pd-PANI NCs catalyst, 
it shows decrease in the absorbance at 400 nm corresponding to the disappearance of para nitrophenolate anion 
due to reduction of 4-NP to 4-AP (figure 7(c)). It can be seen from figure 7(c) that the absorbance decreases to a 
residual value within 4 min. Control experiments were carried out with undoped PANI nanowires as catalyst and 
it was noted that PANI nanowires did not catalyse this reaction and the absorbance at 400 nm did not show any 
appreciable change up to 15 min (figure 7(b)). These observations confirm that doping of PANI with palladium 
nanoparticles is crucial for the catalytic activity of Pd-PANI NCs. Similar to the study of catalytic degradation of 
methylene blue, the kinetic data obtained in the Pd-PANI NCs catalysed reduction reaction of 4-NP was analysed 
using the Langmuir–Hinshelwood model. As can be seen from figure 7(d), the plot of ln (A0/A) versus t is a straight 

Table 1. Comparison of Pd nanoparticle with different stabilizing agents/support, size, catalyst concentration, kapp, in reduction of MB 
and 4-NP by NaBH4.

Stabilizer/supporta

Size 

(nm)

Reduction of MB Reduction of 4-NP

Ref.d
Catalyst Conc.  

(ppm)b kapp (s−1)c

Catalyst Conc. 

(ppm)b kapp (s−1)c

Natrolite zeolite/Pd 12.5 20 nd 140 67.0  ×  10−3 [45]

Pd/AC 4.0–7.0 2.38 nd 2.38 5.3  ×  10−3 [46]

Pd13DENs 1.3 nd 54  ×  10−3 nd nd [44]

Pd55DENs 2.2 nd 389.7  ×  10−3 nd nd

Pd-PANI 8–10 2.7  ×  10−4e 29  ×  10−3 2.7  ×  10−4e 20  ×  10−3 Present work

Pd-SPB 2.4 nd nd 0.24 4.41  ×  10−3 [22]

Microgel-Pd 3.8 nd nd 0.228 1.5  ×  10−3

Pd-PAMAM 1.9–2.0 nd nd 1064 3.59  ×  10−3 [48]

Pd-PPI 2–3 nd nd 213 407  ×  10−3

Au-Pd/GO aerogel 3.7 nd nd 1364 27.1  ×  10−3 [49]

Pdnano-PEDOT-PSS 1.0- 9.0 nd nd 26.8$ 65.8  ×  10−3 [50]

Pd /Fe3O4@SiO2@KCC-1 4.0 nd nd 0.75$ 19.6  ×  10−3 [51]

Pd/Ppy/TiO2 2.0 nd nd 14.32 12.2  ×  10−3 [52]

Pd-polypyrrole 2–4 nd nd 6 8.87  ×  10−3 [53]

a Stabilizing agent/support used in the study.
b Concentration of catalyst used in ppm for the reduction.
c Apparent rate constant in s−1 for the reduction reactions.
d References.
e Concentration of actual Pd determined by ICP-AES, nd—not determined.

4- Nitrophenol

N
O

O
OH

NaBH4

Pd-PANI NCs
H2N OH

4- Aminophenol

Scheme 2. Schematic representation of the reduction reaction of 4-NP.
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line with no induction time (t0). The induction time (t0) is very common for the Pd based nanocatalyst reported 
so far [47] mainly due to the competitive binding of substrates on the surface of the catalyst. In this Pd-PANI NCs 
catalysed reduction of 4-NP the lack of t0 (induction time) indicates a fast equilibrium of adsorption-desorption 
of the 4-NP and the products 4-AP from the surface of Pd-PANI NCs catalyst. From the slope of the linear fit of 
figure 7(d), the pseudo first order rate constant (kapp) for the catalytic reduction is found to be, kapp  =  20  ×  10−3 
s−1. As compiled in table 1, the observed pseudo-first order rate constant for the reduction of 4-NP reported in 
this study is the highest considering the lowest catalyst loading. Catalyst loading plays significant role as rate of 
the reaction is directly proportional to the active surface area of the catalyst as expressed in equation (3) and for 
an economical use of catalyst.

Figure 8. The observed kapp (min−1) for the different cycles of catalytic reduction of (a) 2.93 ml of H2O  +20 µl of 7.5 mol dm−3 
NaBH4  +20 µl of 0.014 mol dm−3 MB  +  30 µl of 100 ppm Pd-PANI NCs (b) 2.93 ml of H2O  +20 µl of 7.5 mol dm−3 NaBH4  +20 µl 
of 0.015 mol dm−3 4-NP  +  30 µl of 100 ppm Pd-PANI NCs.

Figure 7. Time dependent UV–Vis spectra at different reaction time for the reduction of 4-NP by NaBH4 (a) in absence of the 
catalyst (b) in presence of the PANI nanowires (c) in presence of the Pd-PANI NCs (d) linear plot of ln (A0/A) versus time. Reaction 
conditions (4-NP)  =  1  ×  10−4 mol dm−3; (NaBH4)  =  5  ×  10−2 mol dm−3; (Pd-PANI NCs)  =  2.665  ×  10−4 ppm.
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5. Recycling of Pd-PANI catalyst

Recyclability is an important parameter in nanocatalysis for real time practical application. In this study the 
recyclability of Pd-PANI NCs as catalyst is investigated for reduction of MB and 4-NP by NaBH4. Figures 8(a) and 
(b) shows the plot of kapp against the number of cycles for MB and 4-NP reduction by NaBH4 in the presence of 
Pd-PANI NCs catalyst. As can be seen from the figure 8(a), the kapp for the catalytic reduction of MB is unaltered 
up to four cycles. Similarly, for the catalytic reduction of 4-NP the kapp values did not change significantly upto four 
reaction cycles. A consistent pseudo-first order rate constant in both the catalytic reduction with the consecutive 
reaction cycles suggest the robust stability of the Pd-PANI NCs nanocatalyst.

6. Conclusion

In conclusion, we have successfully synthesized well defined 1D PANI nanowires doped with Pd to obtain Pd-PANI 
nanocomposites in the confinement of swollen liquid crystalline mesophases through the combination of chemical 
oxidation and radiolysis. The radiolytic reduction facilitates homogeneous size distribution and deposition of Pd 
nanoparticles on the surface of PANI nanowires. The robustness of the synthetic methodology using SLC is evident 
from the stability, reproducibility and uniformity in the morphology of PANI nanowires synthesized within the 
oil rich region of these mesophases. The catalytic activity of the Pd decorated PANI nanowires enhanced many 
folds in comparison to the undoped PANI nanowires. Two model reactions, reduction of MB and 4-NP were 
investigated to evaluate the catalytic efficiency of the synthesized Pd-PANI NCs and exhibits enhanced activity 
and stability towards these reactions with a minimum actual Pd loading of 2.665  ×  10−4 ppm reported for the 
first time. The efficiency of Pd-PANI NCs as catalyst is not restricted to only organic pollutants and can also be 
extended to persistent inorganic contaminants in water.
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Abstract In the present study, extracts of Garcinia
xanthochymus seeds were used to determine anti-diabetic, an-
ti-oxidant, and biochemical activities in alloxan-induced diabet-
ic mice. Of the petroleum ether (G. xanthochymus petroleum
ether extract (GXSPE)) and methanol (G. xanthochymusmeth-
anol extract (GXSME)) seed extracts, 100 and 200 mg/kg were
used and compared with normal, diabetic, and glibenclamide
groups for various activities. The parameters like blood glucose,
body weight, serum biochemicals, serum enzymes, and anti-
oxidative enzymes in different groups were monitored at regu-
lar intervals. The extracts produced a dose-dependent response
for blood glucose levels and associated serum biochemicals,
serum enzymes, and anti-oxidative enzymes compared to the
diabetic control groups. The high-pressure liquid chromatogra-
phy (HPLC) analysis revealed the presence of phenolic

compounds especially gallic acid, 4-hydroxybenzoic acid, and
tannic acid, which have an important role in anti-diabetic ac-
tion. Thus, this study points out the strong anti-diabetic, anti-
oxidant, and biochemical activity of G. xanthochymus seeds.
Hence, it can be used for the development of an effective herbal
pharmaceutical drug for curing diabetes.

Keywords Garcinia xanthochymus . Anti-diabetic . Lipid
profiles . Phenolic . Compounds . Anti-oxidative enzymes

Introduction

Diabetes mellitus (DM) is a metabolic disorder affecting the
health of global public in both developed and developing
countries. In the recent report by the International Diabetes
Federation (IDF), it is estimated that 415 million adults are
suffering from DM in 2015 and this number is expected to go
up to 642 million by 2040 (IDF 2015). This increase is ex-
pected to occur majorly in South East Asian countries espe-
cially India and China (78.3 million in 2015 to 140.2 million
in 2040). DM is characterized by altered levels of glucose and
lipid metabolism and modification of liver enzyme levels
causing hyperglycemia and hyperlipidemia (Taskinen 2002).
At present, various synthetic drugs have been used for the
treatment of DM. However, these have serious side effects
such as dropsy, drug resistance, and weight gain. In contrast
to this, various traditional medicines have shown potential
anti-diabetic effect with less tolerability and side effects.

Garcinia xanthochymus (family: Clusiaceae) is a fruit
yielding tropical tree native to South East Asia. It is an
underutilized tree and is commonly known as Mysore gam-
boge or yellow mangosteen. It is used in various traditional
medicines for bilious condition, diarrhea, and dysentery; as an
anthelmintic, a cardiotonic, and an alexipharmic; and as a
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tonic to improve appetite. Various phytochemical reports on
the plants have led to the isolation of xanthones (Zhong et al.
2008a, b; Chen et al. 2011), benzophenones (Baggett et al.
2005; Acuna et al. 2012), and flavonoids (Baslas & Kumar
1979) as major components, and numerous scientific studies
have indicated various pharmacological activities such as anti-
oxidant (Chen et al. 2011; Zhong et al. 2009; Acuna et al.
2012) and cytotoxic (Ji et al. 2012; Han et al. 2007;
Manosroi et al. 2006) and nerve growth factor-potentiating
activity (Chanmahasathein et al . 2003a, b), anti-
inflammatory activity (Pal et al. 2005; Ruma et al. 2013),
and anti-microbial activity (Sunkar & Nachiyar 2012)
amongst various others.

Many Garcinia species like Garcinia cambogia
(Hayamizu et al. 2003; Asghar et al. 2007; Wielinga
et al. 2005; Cheng et al. 2012), Garcinia indica (Sasaki
et al. 2007; Kirana & Srinivasan 2010; Yamaguchi et al.
2000), Garcinia mangosteen (Ryu et al. 2011; Nelli et al.
2013), and Garcinia kola (Adaramoye 2012) have been
reported to possess anti-diabetic and anti-oxidant proper-
ties. However, there are still no scientific reports on the
anti-diabetic potential of G. xanthochymus seed extracts.
Therefore, the present study was aimed at investigating
the in vivo anti-diabetic effects of petroleum ether and
methanol extracts of G. xanthochymus seeds on Swiss
albino mice.

Materials and methods

Experimental animals

A total of 35 Swiss albino mice (6–8 weeks old) of
either sex were maintained under standard laboratory
conditions in the animal house of the Department of
Zoology, Karnatak University, Dharwad, India, with
food and water ad libitum under constant photoperiod
(12 h). The experiments were approved by the ethical
committee of Karnatak University (no. 639/02/a/
CPCSEA), and all institutional and national guidelines
for care and use of laboratory animals were followed.

Plant materials, chemicals, and reagents

The seeds were collected from Siddapur, Karnataka, India. A
voucher specimen was deposited at the Herbarium of
Department of Studies in Botany, Karnatak University,
Dharwad (accession no. KU-BOT-GX-213). Alloxan
monohydrate was procured from Sigma-Aldrich (St. Louis,
MO). All the reagents were procured from HiMedia
Laboratories Pvt. Ltd. (Mumbai, India) unless otherwise
specified.

Preparation of plant extracts

The seeds were dried (moisture content ∼12.9%) and grinded
to powder using a mechanical blender. The powder (50 g) was
subjected to extraction by using a Soxhlet apparatus using
petroleum ether and later with methanol at 60 °C for 6 h.
The extracts obtainedwere subjected to evaporation to remove
any traces of solvent by using a rotary flash evaporator. The
dried extracts were labeled as G. xanthochymus petroleum
ether extract (GXSPE) andG. xanthochymusmethanol extract
(GXSME), respectively. The resultant GXSME (12.64%) was
lyophilized and stored at −20 °C, and GXSPE (44.0%) was
stored at room temperature until further use.

High-pressure liquid chromatography analysis

The reversed-phase high-pressure liquid chromatography
(HPLC) photo diode array (RP HPLC DAD) analysis was per-
formed on the Shimadzu chromatographic system (model no.
LC 20AD) consisting of a quaternary pump, a manual injector,
a degasser (DGU 20A5), and a dual λ UV absorbance diode
array detector SPD M20A. The built-in LC solution software
system was used for data processing. Chromatographic separa-
tion was achieved on a Waters Nova-Pak C18 column (4 μm,
4.6 × 250 mm) for phenolic compounds. Mobile phase
consisting of water/acetonitrile/glacial acetic acid (90:5:5) was
used for separation with an injection volume of 20 μL. The
flow rate was 0.9 mL/min with a run time of 60 min, and
detection was done at 280 nm. Standard phenolic compounds
were accurately weighed and dissolved in methanol to obtain a
stock solution (1 mg/mL). Then, the stock solutions were seri-
ally diluted using the same solvent to obtain working concen-
trations for plotting calibration curves. Different concentrations
of phenolics (1, 5, 10, 20, 40, and 100μg/mL)were used during
the study. All the solutions and analytes were stored in
microfuge tubes at 4 °C until further use.

Acute toxicity study

Acute oral toxicity of GXSPE and GXSMEwas performed on
Swiss albino mice according to the guidelines of OECD
(OECD iLibrary 2002). Four groups of five mice each were
used for the study (n = 5), and the mice were fasted overnight
prior to the experiment. GXSPE and GXSME were adminis-
tered orally at doses of 50, 100, 200, 500, 1000, and
2000 mg/kg body weight. Following the dose, all the groups
were carefully observed for the variations in weight, mortality,
and behavioral profiles.

Oral glucose tolerance test

Blood glucose level of mice kept under fasting (12 h) was
determined. The mice were orally administered with normal
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saline and 100 and 200 mg/kg of GXSPE and GXSME ex-
tracts dissolved in phosphate-buffered saline (PBS). Glucose
solution of 1 g/kg was administered to all the experimental
mice after the administration of the extract. Blood samples
were collected at 30, 60, 90, and 120 min post-glucose admin-
istration by the tail flick method to record the variation in
blood glucose levels.

Induction of diabetes in mice

Diabetes was induced in mice by a single intraperitoneal
injection (100 μL) of freshly prepared alloxan
monohydrate in saline (20 mM PBS) with a dose of
50 mg/kg BW. Diabetes was confirmed after induction
by measurement of tail vein blood glucose levels, and
mice with fasting blood glucose level >250 mg/dL on
the third day of alloxan administration were considered
diabetic and were used in the experiments.

Experimental protocol for anti-diabetic activity

The mice were randomly divided into seven groups each con-
taining five mice.

& Normal control (NC) group: NC received normal saline.
& Diabetes mellitus (DM) group: DM received normal

saline.
& Diabetes mellitus + glibenclamide (5 mg/kg BW) (DM +

Glib) group: Glibenclamide (5 mg/kg BW, per day) was
treated to diabetic mice orally during 14-day experimental
period.

& Diabetes mellitus + GXSPE (100 mg/kg BW) (DM +
GXSPE-100) group: GXSPE (100 mg/kg BW, per day)
extract was treated to diabetic mice orally during 14-day
experimental period.

& Diabetes mellitus + GXSPE (200 mg/kg BW) (DM +
GXSPE-200) group: GXSPE (200 mg/kg BW, per day)
extract was treated to diabetic mice orally during 14-day
experimental period.

& Diabetes mellitus + GXSME (100 mg/kg BW) (DM +
GXSME-100) group: GXSME (100 mg/kg BW, per day)
extract was treated to diabetic mice orally during 14-day
experimental period.

& Diabetes mellitus + GXSME (200 mg/kg BW) (DM +
GXSME-200) group: GXSME (200 mg/kg BW, per day)
extract was treated to diabetic mice orally during 14-day
experimental period.

Body weight and blood glucose levels

Total body weight of all experimental animals was ob-
served and recorded on 1st, 7th, and 14th days of the

treatments, and 12-h fasting blood glucose levels were
estimated using the Accu-Chek glucometer using the tail
flick method on the aforementioned days.

Tissue and serum preparation

The pancreas were carefully removed, weighed, and
rinsed with ice cold-saline to remove blood. The ho-
mogenates were prepared using the procedures described
by Kakkar et al. (1995). The blood was collected by
cardiac puncture using a syringe under mild anesthesia,
and serum was isolated by centrifugation at 3000 rpm
for 15 min to determine the biochemical parameters.

Serum lipid profiles

Serum lipid profiles [low-density lipoprotein (LDL),
high-density lipoprotein (HDL), very low-density lipo-
protein (VLDL), triglyceride (TG), total cholesterol
(TC)] were estimated by using the procedure as outlined
in commercial kits (ERBA Diagnostics Mannheim
GmbH, Mannheim, Germany).

Determination of liver function test

Liver biochemical markers like aspartate aminotransfer-
ase (AST), alanine aminotransferase (ALT), alkaline
phosphatase (ALP), creatinine (CRE), urea, uric acid,
total bilirubin (TB), direct bilirubin (DB), albumin
(ALB), and total proteins present in serum were
estimated.

Determination of oxidative parameters

The peroxidation level was estimated as thiobarbituric ac-
id reactive substances (TBARS) in pancreas (Uchiyama &
Mihara 1978). The anti-oxidant enzymes which reduce
glutathione (GSH) superoxide dismutase (SOD), and cat-
alase (CAT) in pancreas were estimated by using the
methods described by Moran et al. (1979), Kakkar et al.
(1995), and Sinha (1972), respectively.

Statistical analysis

Statistical analysis was performed using the SPSS software
package, version 18.0. The values expressed as mean ± SE
were analyzed using one-way ANOVAwith Tukey’s post hoc
test. p value <0.05 was considered as significant.
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Results

Acute toxicity test

The mice showed good tolerance to testing (100 and
200 mg/kg) doses of GXSPE and GXSME. Extract in doses
as high as 2000mg/kg was found to be non-lethal. The highest
dose of both the extracts did not show any signs of toxicity
and mortality even after 3 days of oral administration. Hence,
these extracts are safe for long-term administration in mice.

Oral glucose tolerance test

The oral glucose tolerance test (OGTT) data revealed that the
blood glucose in experimental mice significantly increased
after 30 min of glucose administration. However, the admin-
istration of GXSPE and GXSME showed significant
(p < 0.05) gradual decrease in glucose levels with increase
in time duration and as well as with the increase in concentra-
tion of extracts. Regardless of the concentration used, the
blood glucose levels were almost reduced to that before
fasting after 120 min of post-glucose administration (Fig. 1).

Effect of G. xanthochymus petroleum ether extract
and G. xanthochymus methanol extract on blood glucose
levels and body weight

Table 1 depicts the glucose levels in normal and diabetes mice.
The NC and DM groups did not show any significant differ-
ence on the 14th day in the glucose levels compared to those
on the 1st day. However, blood glucose levels significantly
(p < 0.05) decreased on administration of GXSPE and
GXSME in DM mice. Daily administration of 100 and

200 mg/kg of GXSPE and GXSME showed reduction of
blood glucose, which was related to dose and duration. DM
administered with glibenclamide showed 72.67% reduction in
blood glucose levels, which signified that our results have
positive response. Maximum reduction of blood glucose was
observed with 200 mg/kg of GXSPE (−52.94%) and GXSME
(−52.91%). Changes in initial and final body weights in con-
trol and experimental mice groups are depicted in Table 2.
Weight loss (−20%) was observed in DM till the end of the
experiments. However, mice administered with glibenclamide
(9%) and GXSPE and GXSME (5–6%) improved the body
weight as compared to the initial diabetic animals.

Effect of G. xanthochymus petroleum ether extract
and G. xanthochymus methanol extract on lipid profiles

In DM mice, the TG, TC, LDL, and VLDL levels were
significantly (p < 0.05) increased and HDL levels signif-
icantly (p < 0.05) decreased compared to NC mice. The
TG content doubled in the DM group (266.78 mg/dL)
compared to the NC group (123.52 mg/dL). GXSPE and
GXSME showed reduction in TC level, but this was more
prominent with GXSME having 200 mg/kg. In case of TC
content , i t was also doubled for the DM group
(321.08 mg/dL) compared to the NC group (163.44 mg/
dL). All the seed extracts showed reduction in TC levels;
however, significant reduction was noticed with GXSME
(Table 3). Similar trends were observed in case of LDL
and VLDL. The LDL and VLDL significantly (p < 0.05)
decreased compared to the DM group. In case of LDL,
significant decrease was observed with GXSME having
200 mg/kg. In case of VLDL, all the extracts were equally
effective. However, an opposite trend was observed in

Fig. 1 Oral glucose tolerance test
(OGTT). Effect of Garcinia
xanthochymous seed petroleum
ether (GXSPE) and methanol
(GXSME) extract feeding. In the
oral glucose tolerance test,
glucose levels were estimated
followed by an oral
administration of 1 g/kg D-(+)-
glucose at indicated time points.
Mean ± standard error (n = 5)
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case of HDL. HDL was dramatically decreased in the DM
(13.84 mg/dL) group compared to the NC (45.44 mg/dL)
group. This was significantly improved when the DM
mice was administered with GXSPE and GXSME in a
dose-dependent manner (Table 3).

Effect of G. xanthochymus petroleum ether extract
and G. xanthochymus methanol extract on biochemical
parameters

The effect of glibenclamide and GXSPE and GXSME
on various serum enzymatic (AST, ALT and ALP) and
biochemical parameters (urea, uric acid, CRE, TB, DB,
ALB, and protein) on experimental mice is depicted in
Table 4. The serum enzymatic and biochemical param-
eters increased significantly (p < 0.05) in the DM
group. However, administration of glibenclamide and
GXSPE and GXSME significantly (p < 0.05) decreased
the elevated levels considerably and brought it to
normalcy.

Effect of G. xanthochymus petroleum ether extract
and G. xanthochymus methanol extract on lipid
peroxidation and anti-oxidant defense systems

In the DM group, the level of serum malondialdehyde (MDA)
significantly (p < 0.05) increased compared to the NC group.
However, administration of glibenclamide and 100 and
200 mg/kg BW doses of GXSPE and GXSME resulted in
significant decrease in the serum MDA level, thereby signify-
ing lowering of the degree of lipid peroxidation (Table 5). The
percentage decreases in MDA contents were −68.2, 54.31,
59.75, 59.4, and 63.08%, respectively, for glibenclamide,
GXSPE-100, GXSPE-200, GXSME-100, and GXSME-200
compared to DM.

The anti-oxidant defense systems like SOD, GSH, and
CAT in pancreas were also measured in the present experi-
ments. The results revealed a threefold decrease in these pa-
rameters in the DM group compared to the NC group
(Table 5). The SOD level decreased to −65.21% in DM com-
pared to the NC group. However, administration of
glibenclamide and 200 mg/kg of GXSPE and GXSME

Table 1 Effect of Garcinia
xanthochymus seed extracts on
blood glucose level of
experimental groups

Groups Glucose level (mg/dL)

1st day 7th day 14th day

NC 85.40 ± 2.31 b 86.80 ± 2.88 c 88.00 ± 2.42 d

DM 388.00 ± 2.58 a 385.20 ± 3.81 a 375.80 ± 2.83 a

DM + Glib 377.00 ± 3.59 a 286.20 ± 1.65 b 103.00 ± 5.96 d (−72.67%)

DM + GXSPE-100 376.60 ± 8.70 a 279.00 ± 11.13 b 204.20 ± 1.96 b (−45.77%)

DM + GXSPE-200 374.42 ± 11.71 a 264.80 ± 11.93 b 176.20 ± 10.50 c (−52.94%)

DM + GXSME-100 368.60 ± 11.48 a 292.80 ± 5.08 b 192.20 ± 2.76 bc (−47.85%)

DM + GXSME-200 366.60 ± 11.49 a 260.80 ± 13.66 b 172.60 ± 6.74 c (−52.91%)

Statistical analysis was carried out using one-way ANOVAwith Tukey’s post hoc test. Values are expressed as
mean glucose level ± standard error with n = 5 for all groups. Values with different letters along either a row or a
column are significantly different (p < 0.05) from each other

Table 2 Effect of Garcinia
xanthochymus seed extracts on
body weight of experimental
groups

Groups Body weight (g)

1st day 7th day 14th day % Change in body weight

NC 34.72 ± 0.14 a 35.78 ± 0.14 a 37.34 ± 0.16 a 7.01

DM 32.22 ± 0.46 b 31.54 ± 0.20 d 26.40 ± 0.81 d −22.04
DM + Glib 32.76 ± 0.27 b 33.94 ± 0.14 bc 36.18 ± 0.23 ab 9.45

DM + GXSPE-100 33.36 ± 0.47 ab 34.10 ± 0.49 ab 35.28 ± 0.36 bc 5.44

DM + GXSPE-200 32.72 ± 0.49 b 33.40 ± 0.43 bc 34.86 ± 0.22 bc 5.96

DM + GXSME-100 31.54 ± 0.45 b 32.38 ± 0.50 cd 33.52 ± 0.53 c 5.9

DM + GXSME-200 32.84 ± 0.46 b 33.64 ± 0.47 bc 35.00 ± 0.38 bc 6.17

Statistical analysis was carried out using one-way ANOVAwith Tukey’s post hoc test. Values are expressed as
mean body weight ± standard error with n = 5 for all groups; the positive value indicates an increasing body
weight compared. Values with different letters along either a row or a column are significantly different (p < 0.05)
from each other
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accounted for 66.35, 58.15, and 62.41% increase in SOD ac-
tivity, respectively. Similar trends were observed in case of
CATwith a decrease of −66.51% in the DM group compared
to the NC group. This was attenuated by glibenclamide and
200 mg/kg of GXSPE and GXSME, which accounted for
65.84, 55.58, and 57.96% increase in CAT activities. Similar
observation was made for GSHwith a decrease of −65.82% in
the DM group compared to the NC group. Oral administration
of glibenclamide and 200 mg/kg of GXSPE and GXSME
accounted for 65.20, 54.93, and 59.19%, respectively.

High-pressure liquid chromatography analysis

HPLC profiles of secondary metabolites at 270 nm showed the
presence of phenolic acids in GXSME. Gallic acid (GA), 4-
hydroxybenzoic acid (4-HBA), and tannic acid (TA) were the

major phenolic acid identified. TAwas found to be in the highest
concentration (73.32 ± 1.39 mg/g dry weight (DW)) followed by
4-HBA (9.76 ± 1.45mg/gDW) andGA (7.33 ± 0.13mg/gDW).
The spectral patterns of identified compounds are given in Fig. 2.

Discussion

Garcinia species have been used for hundreds of years as
traditional medicines (Chinese, Indian, and Thai) for various
medicinal practices. Various Garcinia species like
G. cambogia (Hayamizu et al. 2003; Asghar et al. 2007;
Wielinga et al. 2005; Cheng et al. 2012), G. indica (Sasaki
et al. 2007; Kirana and Srinivasan 2010; Yamaguchi et al.
2000), G. mangosteen (Ryu et al. 2011; Nelli et al. 2013),
and G. kola (Adaramoye 2012) have shown to possess anti-

Table 3 Effect of Garcinia xanthochymus seed extracts on lipid profile levels of experimental groups

Groups Serum lipid profile (mg/dL)

TG TC LDL HDL VLDL

NC 123.52 ± 1.08 d 163.44 ± 2.99 d 107.04 ± 2.08 d 45.44 ± 1.27 a 25.98 ± 0.52 c

DM 266.78 ± 1.40 a 321.08 ± 1.90 a 248.18 ± 1.97 a 13.84 ± 0.75 d 51.86 ± 1.46 a

DM + Glib 129.34 ± 1.09 cd 168.86 ± 1.73 cd 110.92 ± 0.75 cd 44.68 ± 0.49 a 29.62 ± 0.71 bc

DM + GXSPE-100 159.42 ± 4.91 b 207.56 ± 7.22 b 138.12 ± 8.04 b 34.88 ± 0.40 c 33.32 ± 0.64 b

DM + GXSPE-200 149.26 ± 5.49 b 198.48 ± 10.45 bc 130.52 ± 4.81 bc 36.20 ± 0.38 bc 32.48 ± 0.67 b

DM + GXSME-100 148.62 ± 5.29 b 194.32 ± 8.69 bcd 131.20 ± 5.07 bc 36.86 ± 0.76 bc 32.30 ± 0.74 b

DM + GXSME-200 143.06 ± 6.44 bc 188.64 ± 9.80 bcd 123.00 ± 5.39 bcd 39.68 ± 1.04 b 31.00 ± 0.72 b

Statistical analysis was carried out using one-way ANOVAwith Tukey’s post hoc test. Values are expressed as mean ± standard error with n = 5 for all
groups. Values with different letters along either a row or column are significantly different (p < 0.05) from each other

Table 4 Effect of Garcinia xanthochymus seed extracts on liver and renal serum biomarkers in experimental groups

Parameter Groups

NC DM DM + Glib DM + GXSPE-
100

DM + GXSPE-
200

DM + GXSME-
100

DM + GXSME-
200

AST (U/L) 46.19 ± 2.51 d 320.00 ± 2.02 a 59.37 ± 2.31 d 111.00 ± 4.73 b 100.46 ± 4.82 bc 98.03 ± 5.78 bc 88.32 ± 4.93 c

ALT (U/L) 27.00 ± 2.03 e 260.12 ± 11.75 a 46.20 ± 2.38 de 97.76 ± 2.34 b 86.98 ± 4.26 bc 79.54 ± 4.19 bc 66.54 ± 3.6 cd

ALP (U/L) 56.52 ± 1.58 d 299.38 ± 0.74 a 61.66 ± 3.14 d 114.68 ± 4.94 b 104.14 ± 6.60 bc 98.30 ± 3.23 bc 88.04 ± 4.73 c

Urea (mg/dL) 14.42 ± 0.23 d 32.64 ± 0.28 a 15.46 ± 0.24 cd 18.14 ± 0.38 b 16.38 ± 0.61 bcd 17.52 ± 0.62 b 17.10 ± 0.54 bc

Uric acid
(mg/dL)

1.02 ± 0.04 d 3.40 ± 0.07 a 1.25 ± 0.07 d 2.45 ± 0.08 b 2.04 ± 0.07 c 2.62 ± 0.10 b 2.55 ± 0.09 b

Creatinine
(mg/dL)

0.72 ± 0.02 c 1.63 ± 0.05 a 0.81 ± 0.02 bc 1.00 ± 0.10 b 0.88 ± 0.03 bc 0.90 ± 0.04 bc 0.85 ± 0.02 bc

TB (mg dL) 0.34 ± 0.02 e 0.82 ± 0.02 a 0.56 ± 0.03 d 0.73 ± 0.01 b 0.70 ± 0.01 bc 0.68 ± 0.02 bc 0.63 ± 0.01 cd

DB (mg/dL) 0.29 ± 0.18 c 0.42 ± 0.02 a 0.18 ± 0.01 c 0.35 ± 0.02 ab 0.31 ± 0.00 b 0.33 ± 0.02 b 0.30 ± 0.00 b

Albumin (g/dL) 8.49 ± 0.12 a 1.51 ± 0.06 d 8.65 ± 0.27 a 6.16 ± 0.23 c 6.79 ± 0.13 bc 7.04 ± 0.10 b 8.05 ± 0.08 a

Protein (g/dL) 8.50 ± 0.29 a 3.88 ± 0.17 c 8.50 ± 0.34 a 7.36 ± 0.12 b 7.80 ± 0.17 ab 7.86 ± 0.17 ab 8.00 ± 0.31 ab

Statistical analysis was carried out using one-way ANOVAwith Tukey’s post hoc test. Values are expressed as mean ± standard error with n = 5 for all
groups. Values with different letters along either a row or a column are significantly different (p < 0.05) from each other
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diabetic and anti-oxidant properties. However, there are no
detailed scientific reports on the potential role of
G. xanthochymus seed extracts having anti-diabetic
properties.

In the present investigation, DMwas induced in mice using
alloxan to establish and assist hyperglycemia throughout the
experimental period. In alloxan-induced diabetic mice, the
action of reactive oxygen species and subsequent increase in
cytosolic calcium concentration caused rapid destruction of β
cells in the pancreas (Szkudelski 2001). However, the data
from the present experiments revealed that the oral adminis-
tration of G. xanthochymus seed extracts for 14 days reduced
the elevated blood glucose levels in alloxan-induced DM
groups. Daily oral administration of the GXSPE and
GXSME lowered the blood glucose levels in a dose-

dependent manner, where 200 mg/kg of the GXSPE
(−52.94%) and GXSME (−52.91%) exerted the maximum
blood glucose-lowering effects. The OGTT levels were also
normalized by GXSPE and GXSME to the baseline level
within 120 min as that of standard drug glibenclamide, sug-
gesting that the extracts improved the glucose homeostasis in
a similar fashion as that of standard anti-diabetic drugs. In our
study, weight loss was observed in the DM group; however,
this was reversed in the DM group treated with seed extracts.
This restorative effect may be due to the reversal of gluconeo-
genesis and glycogenesis.

Lipid profiles especially TC, TG, LDL, and VLDL levels
doubled in the DM group, and HDL levels were reduced to
one third compared to the NC group. Such altered levels are
indicators of atherosclerosis, coronary artery disease,

Table 5 Effect of Garcinia xanthochymus seed extracts on lipid peroxidation and anti-oxidant defense systems of experimental groups

Groups SOD (U/mg protein) CAT (μmol H2O2 consumption/min/mg protein) GSH (U/min/mg protein) MDA (nmol/mg protein)

NC 41.16 ± 0.98 a 48.76 ± 0.43 a 42.48 ± 0.53 a 1.94 ± 0.13 d

DM 14.32 ± 0.27 d 16.33 ± 0.28 e 14.52 ± 0.51 d 6.61 ± 0.17 a

DM + Glib 42.56 ± 0.47 a 47.80 ± 0.69 a 41.72 ± 0.85 a 2.10 ± 0.26 cd

DM + GXSPE-100 29.76 ± 1.03 c 30.34 ± 0.69 d 29.50 ± 1.55 c 3.02 ± 0.06 b

DM + GXSPE-200 34.22 ± 1.55 bc 36.76 ± 1.75 bc 32.22 ± 1.26 bc 2.66 ± 0.09 bc

DM + GXSME-100 31.70 ± 1.06 c 32.52 ± 1.52 cd 30.98 ± 1.12 bc 2.68 ± 0.11 bc

DM + GXSME-200 38.10 ± 1.61 ab 38.84 ± 1.68 b 35.58 ± 1.30 b 2.44 ± 0.13 bcd

Statistical analysis was carried out using one-way ANOVAwith Tukey’s post hoc test. Values are expressed as mean ± standard error with n = 5 for all
groups. Values with different letters along either a row or a column are significantly different (p < 0.05) from each other

Fig. 2 HPLC chromatogram a
standard and b Garcinia
xanthochymous seed methanol
(GXSME) extract. 1 tannic acid
(TA); 2 gallic acid (GA); 3 4-
hydroxybenzoic acid (4-HBA)
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progressive protienuria, and dyslipidemia (Ajiboye et al.
2010; Oloyede et al. 2014; Latha and Daisy 2011). Daily oral
administration of the GXSPE and GXSME to the DM mice
significantly improved the lipid profile towards normalcy.
GXSPE was more effective compared to GXSME in bringing
the HDL level to normalcy whereas the remaining lipid profile
parameters were found to be more significant when 200 mg/
kg of GXSME was administered. The anti-hyperlipidemic ef-
fect may be brought about by GXSPE and GXSME by de-
creasing the cholesterogenesis and fatty acid synthesis. The
reversal of lipid profile alteration by the seed extracts shows
the ability of the extract to regulate lipid metabolism and pre-
vent various diseases (McGillicuddy et al. 2011).

Cytotoxicity of xenobiotics can be checked by monitoring
the activities of serum enzymes like AST, ALT, and ALP.
Significant elevation of these enzymes in the DM group was
observed. Administration of GXSPE andGXSME significant-
ly (p < 0.05) reversed the serum enzyme levels and restored it
to normalcy. The reason behind the effect of GXSPE and
GXSME is not understood at present. However, these en-
zymes are usually considered as indicators of hepatic dysfunc-
tion and damage and increase of these enzymes in serum of
DM group may be due to the leakage of these enzymes in the
blood (Navarro et al. 1993) or cellular destruction occurring in
the liver (Hassoum & Stohs 1995). Similar reversal in lipid
profiles was observed in alloxan-induced DM mice adminis-
tered with Nerium oleander extracts (Dey et al. 2015).
Diabetic nephropathic symptom resulting from renal morbid-
ity and mortality causes kidney or renal failure or extracellular
dehydration. Urea and CRE levels significantly increased in
DM mice. The increased levels of urea and CRE could be a
result of an extensive muscle breakdown associated with ca-
tabolism of plasma proteins and liver (Jorda et al. 1982).
Treatment of DMmice with GXSPE and GXSME significant-
ly (p < 0.05) decreased the elevated levels of urea, uric acid,
and CRE. Total proteins consist of major components like
ALB and globulins, which are mainly synthesized in the liver
(Satyanarayana & Chakrapani 2006). Reduction of protein
and ALB in diabetic conditions may be due to proteinuria or
albuminuria, which are the symptoms of diabetic nephropathy
(Kaleem et al. 2008). Administration of GXSPE and GXSME
increased the level of total proteins and ALBs significantly
compared to the DM mice. Furthermore, the TB and DB
levels were also restored by these extracts.

Lipid peroxidation causes membrane damage, functional
loss, and modification of proteins and DNA bases (Niki
2009) and dysfunction of pancreas. It is usually indicated by
increased levels of MDA in pancreas. This increase in MDA
may be due to the decreased anti-oxidant defense systems,
which usually eliminate free radicals and ROS in cells.
Significant reversal inMDA and anti-oxidant defense systems
was observed in DM mice administered with GXSPE and
GXSME (Table 5). This reversal of increased MDA by

GXSPE and GXSME could be due to the free radical and
ROS scavenging activity and detoxification ability exhibited
by GXSPE and GXSME through enhanced GSH, SOD, and
CAT activities.

Plants have been an important source of various anti-oxi-
dants, which have a great potential to ameliorate DM, chronic
hyperglycemia, and oxidative stress in diabetic conditions
(Collier et al. 1990; Bajaj & Khan 2012). The anti-oxidant
potential of the plants is due to the presence of secondary
metabolites like phenolic compounds. The phenolic com-
pounds identified in the present study have been reported to
have serious implication on the anti-diabetic activity especial-
ly gallic acid and 4-HBA. Gallic acid significantly decreases
hyperglycemia (Ahad et al. 2015; Huang et al. 2016) and
reduces the serum CRE, urea, and proinflammatory cytoki-
nins (responsible for diabetic nephropathy) like interleukin-1
(IL-1β), IL-6, tumor necrosis factor alpha, renal pathology
and attenuated renal oxidative stress and the p38-MAPK-
mediated renal dysfunction in diabetic conditions (Ahad
et al. 2015). Gallic acid studies on diabetic-induced myocar-
dial dysfunction showed hypoglycemic effect in animal
models. The TC and TG levels were lowered in diabetic ani-
mals, and anti-oxidative protection was observed (Patel and
Goyal 2011). According to Peungyicha et al. (1998a, b) 4-
HBA produces a hypoglycemic effect by an increase in the
peripheral glucose consumption. TA has also been reported to
have glucose transport stimulatory and adipocyte
differentiation-inhibitory activities (Liu et al. 2005).

Conclusions

The present study revealed that seed petroleum ether extract
(GXSPE) and seed methanolic extract (GXSME) of
G. xanthochymus at all doses investigated possessed anti-
diabetic and anti-dyslipidemic activity. However, the metha-
nolic extracts were more effective in reducing the diabetes and
related biochemical parameters in mice. The oxidative stress
caused by the toxin alloxan in the liver and pancreas in dia-
betic mice was also attenuated by these extracts. This effect
may be assumed to be due to the synergistic effects of the
bioactive phenolic compounds present in the extracts.
Hence, these seed extracts can be used as a potential source
for the synthesis of herbal drugs for the treatment of diabetes.
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Namrata Jadhav <namrataj919@gmail.com>

Re: ICSCCB Registration for Workshop on Human/Cancer Cell Culture
Techniques & MTT Assay Pune, India
1 message

Dr. Sheo Mohan Singh <icsccb2012@gmail.com> Sun, Dec 22, 2019 at 6:38 PM
To: Namrata Jadhav <namrataj919@gmail.com>

Dear Namrata,

We have received your application and fees for 1-Week Hands-on Workshop on Human/Cancer Cell Culture
Techniques and MTT Assay, 13-19 January 2020, at ICSSCB, Pune, India.

Your registration is confirmed for the above workshop date.

With best wishes,

Sheo
 
Dr. Sheo Mohan Singh
Director,
ICSCCB, Pune, India

On Fri, Dec 20, 2019 at 3:33 PM Namrata Jadhav <namrataj919@gmail.com> wrote:
Respected sir,
                    My name is Miss. Namrata Ajit Jadhav, Department of Zoology, Shivaji University, Kolhapur. I am
herewith sending registration documents for the workshop to be held on 13-19 Jan 2020.
                   Please find the attachment below. Thanking you.

Yours faithfully,
Miss. Namrata Ajit Jadhav
Research Scholar,
Dept. of Zoology,
Shivaji University, Kolhapur
Mob. No. 7387866089

mailto:namrataj919@gmail.com
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Manne Venkata Santha Kumar <mvdrsanthakumar@gmail.com>

Identification report
3 messages

Sunil Joshi <sunjoshi.pdbc@gmail.com> Wed, Jan 22, 2020 at 11:06 AM
To: Manne Venkata Santha Kumar <mvdrsanthakumar@gmail.com>

Dear Dr Santha Kumar,

The insect specimens sent by you for identification have been identified and identification report of the same is as
follows.

AB/1/2020: Myzus persicae ssp. nicotianae
AB/2/2020:  Myzus persicae ssp. nicotianae 
AB/3/2020: Myzus persicae
AB/4/2020: Myzus persicae
AB/5/2020: Aphis gossypii
AB/6/2020: Aphis gossypii

Kindly acknowledge receipt of this mail.

Regards,

Sunil

Dr Sunil Joshi
Principal Scientist, Head of Division (In Charge)
Division of Germplasm Collection and Characterization
ICAR-National Bureau of Agricultural Insect Resources 
Post Bag No. 2491, H.A. Farm Post
Bellary Road, Bengaluru 560 024
Karnataka, India

Please take a look at the following website:
http://www.nbair.res.in/Aphids/index.php
http://www.nbair.res.in/Coccidae/index.html

Manne Venkata Santha Kumar <mvdrsanthakumar@gmail.com> Thu, Jan 23, 2020 at 6:49 PM
To: Vinu K <vinu7244@gmail.com>

---------- Forwarded message ---------
From: Sunil Joshi <sunjoshi.pdbc@gmail.com>
Date: Wed, 22 Jan 2020, 11:14 am
Subject: Identification report
To: Manne Venkata Santha Kumar <mvdrsanthakumar@gmail.com>

Dear Dr Santha Kumar,

The insect specimens sent by you for identification have been identified and identification report of the same is as
follows.

AB/1/2020: Myzus persicae ssp. nicotianae
AB/2/2020:  Myzus persicae ssp. nicotianae 
AB/3/2020: Myzus persicae
AB/4/2020: Myzus persicae
AB/5/2020: Aphis gossypii
AB/6/2020: Aphis gossypii

Kindly acknowledge receipt of this mail.

https://www.google.com/maps/search/H.A.+Farm+Post+Bellary+Road,+Bengaluru+560+024+Karnataka,+India?entry=gmail&source=g
https://www.google.com/maps/search/H.A.+Farm+Post+Bellary+Road,+Bengaluru+560+024+Karnataka,+India?entry=gmail&source=g
https://www.google.com/maps/search/H.A.+Farm+Post+Bellary+Road,+Bengaluru+560+024+Karnataka,+India?entry=gmail&source=g
http://www.nbair.res.in/Aphids/index.php
http://www.nbair.res.in/Coccidae/index.html
mailto:sunjoshi.pdbc@gmail.com
mailto:mvdrsanthakumar@gmail.com
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Regards,

Sunil

Dr Sunil Joshi
Principal Scientist, Head of Division (In Charge)
Division of Germplasm Collection and Characterization
ICAR-National Bureau of Agricultural Insect Resources 
Post Bag No. 2491, H.A. Farm Post
Bellary Road, Bengaluru 560 024
Karnataka, India

Please take a look at the following website:
http://www.nbair.res.in/Aphids/index.php
http://www.nbair.res.in/Coccidae/index.html

Manne Venkata Santha Kumar <mvdrsanthakumar@gmail.com> Fri, Jan 24, 2020 at 7:22 AM
To: amrutabhandare175@gmail.com

---------- Forwarded message ---------
From: Manne Venkata Santha Kumar <mvdrsanthakumar@gmail.com>
Date: Thu, 23 Jan 2020, 6:49 pm
Subject: Fwd: Identification report
To: Vinu K <vinu7244@gmail.com>

---------- Forwarded message ---------
From: Sunil Joshi <sunjoshi.pdbc@gmail.com>
Date: Wed, 22 Jan 2020, 11:14 am
Subject: Identification report
To: Manne Venkata Santha Kumar <mvdrsanthakumar@gmail.com>

Dear Dr Santha Kumar,

The insect specimens sent by you for identification have been identified and identification report of the same is as
follows.

AB/1/2020: Myzus persicae ssp. nicotianae
AB/2/2020:  Myzus persicae ssp. nicotianae 
AB/3/2020: Myzus persicae
AB/4/2020: Myzus persicae
AB/5/2020: Aphis gossypii
AB/6/2020: Aphis gossypii

Kindly acknowledge receipt of this mail.

Regards,

Sunil

Dr Sunil Joshi
Principal Scientist, Head of Division (In Charge)
Division of Germplasm Collection and Characterization
ICAR-National Bureau of Agricultural Insect Resources 
Post Bag No. 2491, H.A. Farm Post
Bellary Road, Bengaluru 560 024
Karnataka, India

Please take a look at the following website:
http://www.nbair.res.in/Aphids/index.php
http://www.nbair.res.in/Coccidae/index.html

http://www.nbair.res.in/Aphids/index.php
http://www.nbair.res.in/Coccidae/index.html
mailto:mvdrsanthakumar@gmail.com
mailto:vinu7244@gmail.com
mailto:sunjoshi.pdbc@gmail.com
mailto:mvdrsanthakumar@gmail.com
http://www.nbair.res.in/Aphids/index.php
http://www.nbair.res.in/Coccidae/index.html


Fw: Report of zeta potential and particle size
3 messages

Nitin Potphode <potphoden@yahoo.com> Thu, Nov 30, 2017 at 20:07
Reply-to: Nitin Potphode <potphoden@yahoo.com>
To: jitesh daunde <jitesh.daunde@gmail.com>

On Thursday, November 30, 2017 1:33 PM, amol tagalpallewar <tirupati21@rediffmail.com> wrote:

Dear sir,
The test solution is dispersed in water. The instrument analyses the sample concentration and
provides 
information of intensity. The intensity of laser is checked and the sample is analyzed by using
Delsa 
Nano C. The zeta potential of given sample was found to be ............

Note: Forwarded message attached

-- Original Message --

From: "amol tagalpallewar"tirupati21@rediffmail.com
To: potphoden@yahoo.com
Subject: Report of zeta potential and particle size

Dr. Amol Tagalpallewar 
Associate Professor(Pharmaceutics)
Singhad Technical Education Society's 
Sinhgad Institute of Pharmacy
Mumbai Pune bypass, off. Smt. Kashibai Navale Hospital, Narhe Road, Narhe (Ambegaon), Pune-
411 041.Maharashtra,India.
Cell:7768994663,8888654232,
Phone:020-66831802/66831806 
Fax: 020-24699051 
Website: www.sinhgad.edu

mailto:tirupati21@rediffmail.com
mailto:tirupati21@rediffmail.com
mailto:potphoden@yahoo.com
http://www.sinhgad.edu/


Dr. Amol Tagalpallewar 
Associate Professor(Pharmaceutics)
Singhad Technical Education Society's 
Sinhgad Institute of Pharmacy
Mumbai Pune bypass, off. Smt. Kashibai Navale Hospital, Narhe Road, Narhe (Ambegaon), Pune-
411 041.Maharashtra,India.
Cell:7768994663,8888654232,
Phone:020-66831802/66831806 
Fax: 020-24699051 
Website: www.sinhgad.edu

jitesh daunde <jitesh.daunde@gmail.com> Tue, Dec 19, 2017 at 17:37
To: Nitin Potphode <potphoden@yahoo.com>

Thanking You
Jitesh A. Daunde
Department of Zoology,
Shivaji University, Kolhapur
Contact- 08484086984
  
[Quoted text hidden]

Nitin Potphode <potphoden@yahoo.com> Sun, Dec 24, 2017 at 22:40
Reply-to: Nitin Potphode <potphoden@yahoo.com>
To: jitesh daunde <jitesh.daunde@gmail.com>

Thank u
[Quoted text hidden]

http://www.sinhgad.edu/
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Manne Venkata Santha Kumar <mvdrsanthakumar@gmail.com>

Expert for evaluation of projects-reg
2 messages

Director CSR&TI_Ber <csrtiber@gmail.com> Thu, Jan 16, 2020 at 3:27 PM
To: Dr M Venkata Santhakumar <mvdrsanthakumar@gmail.com>

Sir/Madam
Dr. M.V Santha Kumar
      It’s immense pleasure to inform that your kindself has been designated
as Expert for evaluating the research project proposals and project concluded
reports in Mulberry Sericulture by Central Silk Board.

      In this context, CSRTI-Berhampore heartily welcomes you and hope that the
scientists of this premier Institute shall be privileged and benefited from your vast &
versatile experience for improving sericulture in Eastern & North-Eastern India. 

      Further, it is to inform that a nominal honorarium of Rs. 1500/- would be paid
for evaluation of the project proposal/report.   
With Kind Regards,
--------------------------
Dr. V. SIVAPRASAD
DIRECTOR
Central Sericultural Research & Training Institute,
An ISO 9001:2015 certified Institute
Central Silk Board, Govt. of India.
Berhampore - 742 101, Murshidabad, West Bengal, India.

P Please do not print this email unless it is absolutely necessary. 
Digital India – Go Green – Save Paper

Manne Venkata Santha Kumar <mvdrsanthakumar@gmail.com> Thu, Jan 16, 2020 at 7:59 PM
To: "Director, CSR&TI, Berhampore" <csrtiber@gmail.com>

Respected Sir,
 Thank You very much for the honour given to me. I feel myself fortunate. I gladly accept my inclusion in Panel of
experts for evaluating Research Project proposals and concluded Research Projects.  I will do my best.
Thanking You.
Yours faithfully,
Dr.M.V.Santha Kumar (9130023099 / 8788063988).

[Quoted text hidden]
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Mucuna pruriens Protects against
MPTP Intoxicated
Neuroinflammation in Parkinson’s
Disease through NF-κB/pAKT
Signaling Pathways
Sachchida N. Rai1, Hareram Birla1, Saumitra S. Singh1, Walia Zahra1,
Ravishankar R. Patil2, Jyoti P. Jadhav2, Mallikarjuna R. Gedda1 and Surya P. Singh1*

1 Department of Biochemistry, Institute of Science, Banaras Hindu University, Varanasi, India, 2 Department of Biotechnology,
Shivaji University, Kolhapur, India

Till date, drugs that have been used to manage Parkinson’s disease (PD) have only
shown symptomatic relief with several adverse effects besides their inability to prevent
neurodegeneration. Neuroinflammation plays an important role in the advancement of
PD and can be targeted for its effective treatment. Researchers have suggested that
herbal plants exhibiting the anti-inflammatory and anti-oxidant properties are therefore
beneficial to human health. Conventionally, Mucuna pruriens (Mp) seeds are used
for maintaining male virility in India. Reportedly, Mp is used as a rejuvenator drug
having neuroprotective property. Our study aimed to investigate effects of aqueous
extract of Mp (100 mg/kgbwt) on neuroinflammation, orally administered to mice
intoxicated with 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) as well as the
molecular mechanism involved in the progression of PD. In this study, we have
observed significant behavioral abnormalities beside decreased antioxidant defense in
MPTP intoxicated mice. We have also observed significant increase in inflammatory
parameters like Glial Fibrillary Acidic Protein, Inducible Nitric Oxide Synthase, Intercellular
Cell Adhesion Molecule, and Tumor Necrosis Factor alpha in substantia nigra pars
compacta (SNpc) of parkinsonian mice, while Mp treatment has notably reduced these
inflammatory parameters. Mp also inhibited the MPTP induced activation of NF-κB and
promoted pAkt1 activity which further prevented the apoptosis of the dopaminergic
neurons. Moreover, Mp exhibited significant antioxidant defense by inhibiting the
lipid peroxidation and nitrite level, and by improving catalase activity and enhancing
GSH level in nigrostriatal region of mouse brain. Mp also recovered the behavioral
abnormalities in MPTP treated mice. Additionally, Mp treatment considerably increased
the immunoreactivity of Tyrosine Hydroxylase and Dopamine Transporter in SNpc of
parkinsonian mice. Our high performance liquid chromatography analysis of the Mp
seed extract have shown L-DOPA, gallic acid, phytic acid, quercetin, and catechin
equivalents as the major components which might cause neuroprotection in PD mice.
Our result suggested that Mp extract treatment containing L-DOPA and a mixture of
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rich novel phytochemicals significantly alleviates the MPTP induced neurotoxicity by
NF-κB and pAkt pathway. The findings observed thereby indicate that Mp extract have
suggestively ameliorated MPTP induced neuroinflammation, restored the biochemical
and behavioral abnormalities in PD mouse and thus provided a scientific basis for its
traditional claim.

Keywords: Parkinson’s disease, neuroinflammation, Mucuna pruriens, tyrosine hydroxylase, MPTP (1-methyl-4-
phenyl-1,2,3,6-tetrahydropyridine), substantia nigra

INTRODUCTION

After Alzheimer’s disease (AD), Parkinson’s disease
(PD) is considered to be the most common progressive
neurodegenerative disease. PD is basically characterized by the
loss of dopaminergic neurons in substantia nigra pars compacta
(SNpc) and reduced level of dopamine (DA) within the striatum
(ST) (Siderowf and Stern, 2003; Yadav et al., 2013, 2014; Rai
et al., 2016). Among non-motor symptoms, cognitive decline
appears the major one in the case of PD (Aarsland et al., 2017).
Dopaminergic neuronal degradation, formation of inclusions
called Lewy bodies and activation of glial cells are the hallmark
of PD pathogenesis in brain. While the etiopathogenesis of PD
still not fully known, it is identified to go worse on exposure
to environmental neurotoxins such as MPTP, Paraquat (PQ),
and several others (Bové et al., 2005; Khan et al., 2013; Yadav
et al., 2013). In humans and primates, MPTP which is a potent
inhibitor of mitochondrial complex-1 of electron transport chain
creates parkinsonian characteristic, and in mice, it recapitulates
dopaminergic degenerations via nigrostriatal pathway. For
that reason, in animal models of PD, MPTP is extensively
used to study and explore the molecular events responsible for
dopaminergic neuronal degeneration and to check the efficacy
of several neuroprotective agents (Jackson-Lewis et al., 2012).
Biomolecules such as lipids, proteins, and DNA are damaged
by reactive oxygen species (ROS) and reactive nitrogen species
(RNS), by-products of which were observed in the SN and
striatum of human PD post-mortem brains (Dexter et al., 1994;
Khan et al., 2013). The oxidation of lipid and proteins can thus
lead to loss of membrane integrity, enzyme inactivation leading
to cell death in neurodegenerative disorders (Hald and Lotharius,
2005).

Previous literature suggests that in PD, prolonged
neuroinflammation plays an important role during degeneration
of neurons (Hirsch and Hunot, 2009; Joglar et al., 2009; Khan
et al., 2013). Inflammatory response during neurodegeneration
has not yet been thoroughly investigated. Proinflammatory
mediators such as cytokines/chemokines, enzymes like
cyclooxygenase-2 (COX-2) and inducible nitric oxide synthase
(iNOS) are produced by glial (astroglial and microglial)
cells in response to extracellular insult to dopaminergic
neurons (Khan et al., 2013). In addition, nuclear transcription
factor-κB (NF-κB) plays a central role in the PD pathogenesis
by inducing the expression of tumor necrosis factor-alpha
(TNF-α) and interleukin-1 beta (IL-1β) via oxidative stress
mediated neurodegeneration (Hald and Lotharius, 2005).
These cytokines and enzymes could cause neuronal death

by the cytotoxic mechanism. Previous literature has also
suggested that anti-inflammatory drugs significantly inhibit
the neuroinflammatory processes and ultimately protect
dopaminergic neuronal loss in different parkinsonian models
(Choi et al., 2005; Jin et al., 2005).

In spite of important evidences in learning the pathobiology
of neurodegeneration, various efforts to expand and advance
successful treatment strategies are being done (Brotchie and
Jenner, 2011) with minimal translational results. With this
background, there has been a lot of focus on the herbal
mediated neuroprotection of PD with special emphasis on the
anti-oxidative and anti-inflammatory activities of these herbal
plants and their derivatives. Recently, Kim et al. (2015) suggested
that Ligusticum officinale exhibits potent anti-inflammatory
activity via NF-κB/IκB-α and MAPK pathway. Pycnogenol,
extracted from Pinus maritima bark also protects dopaminergic
neuron in MPTP induced neuroinflammation (Khan et al., 2013).

In Indian system of medicine, Mucuna pruriens (Mp)
is the most accepted drug. A number of reports have
recommended that it exhibits various pharmacological properties
like analgesic, anti-inflammatory, anti-neoplastic, anti-epileptic,
and anti-microbial activities (Sathiyanarayanan and Arulmozhi,
2007; Adepoju and Odubena, 2009; Yadav et al., 2013). Mp
has been found to be rich in bioactive compounds such as
tannins, alkaloids, phenolics compounds, and flavonoids (Duke,
1995). Diabetes, atherosclerosis, rheumatoid arthritis, nervous
disorders, and Parkinsonism are certain diseases that have
been found to be effectively managed by free-radical mediated
disease management property of Mp seeds (Bhaskar et al., 2011).
Moreover, our high performance liquid chromatography (HPLC)
data has shown the presence of different phytochemicals such as
proanthocyanidin, tannin, gallic acid, quercetin, and phytic acid
in the aqueous seed extract of Mp. The anti-neuroinflammatory
activity of Mp might be due to the presence of these active
constituents. Also, other phytochemicals can act in combination
for exploring its synergistic effect. Recently, Uchegbu et al.
(2016), have suggested the anti-inflammatory activity of Mp by
administering the doses of 10 and 50 mg/kgbwt in carrageenan
and formalin induced acute and chronic paw edema respectively.
They compared the anti-inflammatory activity of Mp with
diclofenac potassium as a standard anti-inflammatory drug. At
the doses of 10 and 50 mg/kg, Mp showed an inhibition % of 9.8
and 47.8 and 6.6 and 38.8 respectively against their corresponding
carrageenan and formalin induced acute paw edema (Uchegbu
et al., 2016). Additionally, Yadav et al. (2017) showed that Mp
seed extract (100 mg/kg bwt) has improved the neurobehavioral
activity by reducing the oxidative stress in nigrostriatal tissue

Frontiers in Aging Neuroscience | www.frontiersin.org 2 December 2017 | Volume 9 | Article 421

https://www.frontiersin.org/journals/aging-neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/aging-neuroscience#articles


fnagi-09-00421 December 15, 2017 Time: 16:51 # 3

Rai et al. Mucuna pruriens Reduces PD Neuroinflammation

effectively by mitigating the iNOS expression levels in Paraquat
(PQ) induced parkinsonian mouse model. Mp contains L-DOPA
and ursolic acid which has potent anti-parkinsonian property
(Rai et al., 2016; Yadav et al., 2016). There is very little literature
which shows the anti-inflammatory activity of Mp in PD. With all
the background information, in the present study, we have chosen
Mp seed extract in MPTP induced Parkinsonian mouse model to
explore its potent anti-neuroinflammatory activity.

MATERIALS AND METHODS

Reagents and Antibodies
Acetic acid, disodium hydrogen phosphate, reduced glutathione
(GSH), reduced nicotinamide adenine dinucleotide phosphate
(NADPH), Potassium chloride, Ammonum chloride, Sodium
dihydrogen phosphate, and Bovine Serum Albumin (BSA) were
procured from Sisco Research Laboratories (SRL; Mumbai,
India). 1-Methyl-4-phenyl-1,2,3,6-tetra hydropyridine (MPTP),
Normal Goat Serum (NGS) from Sigma–Aldrich (St. Louis, MO,
United States). Protein estimation kit by Bradford GeNeiTM,
hydrogen peroxide (H2O2), and potassium dichromate were
purchased from Merck (Darmstadt, Germany), Sodim dodecyl
sulfate (SDS), Thiobarbituric acid (TBA), Griess reagent and
DABCO were procured from HiMedia (Mumbai, India).
Sodium nitrite and Paraformaldehyde were purchased from
Lobachemie, India. Primary antibodies for TH (SC-25269), iNOS
(SC-651), Glial Fibrillary Acidic Protein (GFAP) (SC-33673) and
Intercellular Cell Adhesion Molecule (ICAM) (SC-8439) were
procured from Santa Cruz, Biotechnology (Santa Cruz, CA,
United States) and the primary antibodies for TNF-α (ab1793),
NF-κB (ab16502), DAT (ab111468), and pAkt1 (ab81283) were
purchased from Abcam Life Science, Biogenuix Medsystems, Pvt.
Ltd. (New Delhi, India), secondary fluorescent tagged antibodies
for IHCCy2-conjugated and cy3-conjugated were procured from
Merck Millipore and Chemicon respectively.

Experimental Animals
Eight to ten weeks old male mice (Swiss Albino mice, 25–30 g)
were purchased from animal research facility of Banaras Hindu
University, Varanasi, India. Before starting the experiment,
animals were made to adapt the laboratory conditions for about a
week under standard laboratory conditions by keeping light and
dark cycles of 12 h. Mice were fed with standard rodent food
purchased from market and water ad libitum. Experiments were
done in between 12:00 noon to 03:00 pm. The investigational
protocol for animals on which the test was carried out, was
approved by the Animal Ethics Committee of Banaras Hindu
University, Varanasi, India.

Plant Extracts Preparation
Mp seed powder was purchased from the Ayurveda Pharmacy,
Institute of Medical Sciences, Banaras Hindu University,
Varanasi, India. Mp seed extract was prepared by the method
of Uhegbu et al. (2005) in which distilled water was used as the
solvent. 20 g of Mp seed powder was taken and soaked in 200 ml
of autoclaved distilled water. The solution was stirred for about

6 min and left overnight for proper mixing. Next day, the solution
was filtered by using filter paper (Whatman No. A-1) and the
extract were allowed to dry in rotary vacuum evaporator under
reduced pressure and temperature (below 40◦C).

RP-HPLC Quantitative Analysis of
L-DOPA and Phytochemicals
L-DOPA was quantified in Mp seeds using reverse phase high
performance liquid chromatography (RP-HPLC) involved with
diode array detection. Samples were prepared as described
by Rathod and Patel (2014) with minor modifications. One
gram powder of Mp seed was extracted using autoclaved
doubled distilled water: 0.1 M HCl (70:30) for 30 min on
rotary shaker (120 rpm) and sonicated for 5 min. Then
sample was evaporated, dissolved in distilled water and
filtered through 0.45 µm nylon filter (Axiva filters). RP-HPLC
analysis was performed by Shimadzu prominence equipped
with degasser DGU-20A 5R, photo diode array detector
SPD- M20 A and low pressure quaternary pump LC 20 AD.
Chromatographic separation was achieved using a Waters,
Nova-Pak C18 column (4 µm, 4.6 mm × 250 mm). The
commercially available synthetic L-DOPA (Himedia) was taken
as a standard.

Total phenolics content of Mp seeds has been determined
spectrophotometrically (Singleton and Rossi, 1965). The sample
was mixed with 1.8 ml of Folin–Ciocalteu reagent and incubated
for 5 min at 25◦C with 1.2 ml of 15% sodium carbonate solution
for neutralization of reaction and further kept for 90 min at room
temperature. The absorbance was taken at 765 nm. Result was
noted in terms of mg of gallic acid equivalent per gram (mg GAE
g−1) of dry mass.

Total flavonoids were quantified according to the method by
Chang et al. (2002). In brief, 1 ml aqueous extract of Mp seed
was added to 1.5 ml distilled water, 0.1 ml of aluminum chloride
(10%) and 0.1 ml of potassium acetate (1 M). The total volume
was made up to 4.5 ml by adding distilled water. Incubation was
carried out for 30 min at room temperature and absorbance was
recorded at 415 nm. Expression of flavonoids level was done as
milligram of quercetin equivalents per gram (mg QUE g−1) of
dry weight.

Evaluation of proanthocyanidin was done as described by
Sun et al. (1998). The 0.5 ml sample was mixed with 3 ml
of 4% vanillin and 1.5 ml of concentration HCl. Reaction
mixture was incubated for 15 min and absorbance was taken at
490 nm. Content of Proanthocyanidin was expressed as catechin
equivalents per gram (mg CAE g-1) of dry weight.

As described by Kirk and Sawyer (1998), Tannin level was
measured with the help of Folin–Denis colorimetric method. 5 ml
Mp seed extract was mixed with 1 ml Folin–Ciocalteu reagent
and 2.5 ml saturated sodium carbonate. The solution was further
incubated for 90 min at 28◦C after the final volume was made up
to 50 ml. The color intensity was measured at 760 nm.

The content of phytic acid was estimated according to the
method of Gao et al. (2007). In short, 1 ml of Mp seed extract was
added with 1 ml volume of Wade reagent (0.03% FeCl3.6 H2O
and 0.3% sulfosalicylic acid in D/W). Vortexing of the solution
was done for 5 s and then it was put to centrifugation for about
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10 min. Absorbance of supernatant was taken at 500 nm using
UV-spectrophotometer.

Experimental Design
The first group, i.e., control (n = 6) was treated with normal saline
(i.p.). MPTP (30 mg/kg body weight) was prepared by dissolving
it in 0.9% saline. The mice were injected (i.p.) twice with MPTP
(30 mg/kg body weight) within 16 h of interval to induce PD to
the second group (n = 6) (Yadav et al., 2014). The third group
(n = 6) was first given two injections (i.p.) of MPTP (30 mg/kg
body weight) within 16 h of interval and then daily orally treated
with Mp seed aqueous extract (100 mg/kg body weight) from next
day till 21 days after second MPTP injection.

Group I: Mice (n = 6) were given intraperitoneal (i.p.)
injections of saline (0.9%), this served as control.

Group II: Mice (n = 6) were administered i.p. injections of
MPTP (30 mg/kg body wt.), twice within 16 h interval.

Group III: Mice (n = 6) were first intoxicated (i.p.) with MPTP
(30 mg/kg body wt.), twice within 16 h interval and from the
next day they were orally treated with aqueous seed extract of Mp
(100 mg/kg body wt.) daily for 21 days.

Neurobehavioral Studies
Rotarod Test
In Rotarod test, prior to experiment, group animals were trained
for 3 successive days at a fixed speed (5 rpm) and the time
was noted after the mice fall up to a maximum of 5 min. The
experiment was repeated four times for each animal; finally
average time was calculated as described previously (Manna et al.,
2006). The same procedure was repeated once the treatment was
completed and the time taken by the mice to fall was noted down.

Hanging Test
In this test, mice were placed on a horizontal grid and allowed
to have grip on it. This grid was then made upside down so
that mouse hangs downward, gripping on it, until they lose their
control and fall down. The experiment was repeated three times,
and the hanging time was noted for each group (Mohanasundari
et al., 2006).

Narrow Beam Walking Test
Motor coordination in mice was assessed using this test. Animals
from each group were trained to move on stationary wooden
narrow flat beam (1 cm) which was positioned at a height of
100 cm above the floor (L 100 cm×W 1 cm). Then according to
Pisa, time spent in walking from one end of the beam to another
was noted and the procedure was repeated thrice for each group’s
animals (Pisa, 1998).

Sample Preparation for Biochemical
Studies
After completion of experiment, the animals were sacrificed by
cervical decapitation from each groups (n = 3), the collection of
nigrostriatal tissue was done individually and they were further
homogenized in KCl buffer (Tris-HCl 10 mM, NaCl 140 mM, KCl
300 mM, ethylenediaminetetraacetic acid 1 mM, Triton-X 100
0.5%) at pH 8.0 complemented with phosphatase and protease

inhibitor. Centrifugation of the tissue homogenates was done
at 12,000 g at a temperature of 4◦C for about 20 min for the
estimation of antioxidant enzymes and different biochemical
parameters.

Biochemical Test
Catalase and Nitrite Test
In accordance with the decomposition of hydrogen peroxide,
the Catalase activity was estimated (Kumar et al., 2010). Briefly
10% w/v tissue homogenate was added in phosphate buffer
pH-7, distilled water, hydrogen peroxide (0.02 M) and incubated
at room temperature for 1 min then potassium dichromate and
acetic acid (1:3) solution was added and solution was allowed to
boil for 15 min in boiling water bath and absorbance was taken at
570 nm. The activity of enzyme was measured in nmoles/min/mg
protein.

By using standard procedure, Nitrite level was estimated in the
supernatant (Granger et al., 1996). Supernatant of 10% w/v tissue
homogenate was taken and ammonum chloride (0.7 mM) mixed
with Griess reagent (0.1% N-naphthyl ethylenediamine and 1%
sulfanilamide in 2.5% phosphoric acid) was added. The solution
was allowed to stand at 37◦C for 30 min, and the supernatant was
then taken out to record the absorbance at 540 nm. By using the
standard curve for sodium nitrite (10–100 µM), the total content
of nitrite was calculated in terms of µmoles/mL.

Lipid Peroxidation and GSH Test
Estimation of Lipid peroxidation was done in the same way
as described previously (Ohkawa et al., 1979) with fewer
modifications in the nigrostriatal tissue of the mouse brain.
Briefly, for measuring the concentration of malondialdehyde
(MDA), a reaction mixture containing 10% tissue homogenate
(0.1 mL) was added in 10% SDS solution (0.1 mL) and was
kept at room temperature for 5 min. After that, 20% acetic acid
(0.6 mL) was added and the solution was incubated 2–5 min.
At last 0.8% Thio-barbituric acid TBA (0.6 mL) was added and
the solution was kept in a boiling water bath for 1 h. The
reaction mixture was then allowed to cool, centrifugation was
done and absorbance of the supernatant was taken at 532 nm
against control. Expression of LPO levels was done as nano moles
MDA/mg protein. Glutathione reductase (GSH) level in the brain
homogenate was measured by the method described previously
(Moron et al., 1979) and reported as µM GSH/mg tissue.

Immunofluorescence Staining of TH,
NF-κB, TNF-α, DAT, iNOS, GFAP, ICAM,
and pAkt1 in SNpc
In the SNpc of brain, Immunofluorescence staining of TH,
NF-κB, TNF-α, DAT, iNOS, GFAP, ICAM, and pAkt1 in SNpc
was performed (Gorbatyuk et al., 2008). Mice were anesthetized
with pentobarbital and the perfusion was done with 4%
paraformaldehyde and the brains were post-fixed and collected.
Using a cryomicrotome, the brain was cut in 25 µ thick coronal
sections at the SN level (Leica, Wetzlar, Germany). Washing of
the sections were done twice with 0.01 M PBS at pH 7.4 and then
they were allowed to incubate with blocking reagent (10% normal
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FIGURE 1 | High performance liquid chromatography (HPLC) analysis of M. pruriens seeds for L-DOPA. HPLC profile of standard L-DOPA (A). HPLC profile of
M. pruriens seed extract (B).

goat serum in PBS, 0.3% Triton-X 100) for 1 h. Incubation of
the sections with primary antibodies at 1:1000 dilutions was
done with the polyclonal anti-mouse against TH, polyclonal
anti-rabbit against NF-κB p65, monoclonal anti-mouse against
TNF-α, polyclonal anti-rabbit against DAT, polyclonal anti-rabbit
against iNOS, monoclonal anti-mouse against GFAP, monoclonal
anti-mouse against ICAM, and monoclonal anti-rabbit against
pAkt1 for 16 h at 4◦C. The washing of the sections was again
done five times in PBST and they were further incubated
with Cy2-conjugated (Ex max 492 nm and Em max 510 nm)
donkey anti-mouse and cy3-conjugated secondary antibodies
(Ex max 550 nm and Em max 570 nm) donkey anti-rabbit
in 1% BSA blocking solution for 1 h at Room Temperature.
Washing of the sections was again done for three times and
then mounted using mounting media, fluoro shield (Sigma–
Aldrich). The images of the sections were taken with the help
of fluorescent microscope Nikon (Thermo Fisher Scientific).
Immunofluorescence was analyzed by Image J software (NIH,
United States) and reported in mean integrated fluorescent value
(IFV).

Statistical Analysis
Statistical analysis of differences between means of groups was
determined by one way ANOVA followed by Student-Newman–
Keuls post hoc test using GraphPad Prism 7.0 software. A p< 0.05
was considered statistically significant.

RESULTS

L-DOPA and Phytochemicals Content
Reverse phase high performance liquid chromatography analysis
showed as compared to standard L-DOPA (Figure 1A),
65 mg g−1 of L-DOPA present in the aqueous extract of Mp seed
(Figure 1B). Mp showed 38.9 ± 1.6 mg per gram of gallic acid
equivalent (mg GAE g−1) of phenolics and 54.14 ± 3.05 mg per
gm of quercetin equivalent (mg QAE g−1). The Mp seed showed
25.71 ± 4.13 mg per gram of catechin equivalents (mg CAE
g−1) proanthocyanidin level. Mp also showed 8.2± 0.15 mg g−1

of tannin level. Mp seed contain 6.72 ± 0.11 mg g−1 phytic
acid.

Behavioral Studies
Effect of Mp on Behavioral Recovery
The result shows that the time taken by the MPTP treated
mice for which it remained on the rotarod was significantly
reduced (p < 0.001) compared to control. Whereas, when
MPTP treated mice were treated with Mp, mice stayed on
the rotarod significantly longer than MPTP mice (p < 0.05)
(Figure 2A).

Our findings suggested that, in MPTP-treated mice, the
time of gripping and hanging was significantly poorer
(p < 0.001) as compared to control mice. When MPTP
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FIGURE 2 | Effect of Mp extract on behavioral parameters. (A) MPTP PD mice showed significantly reduced time of walking and staying on rotarod as compared to
CONT group, which has been significantly improved on Mp supplementation to PD mice in comparison with untreated PD mice. (B) Hanging test showed significant
improvement in Mp treated group compared to MPTP treated group. MPTP group mice fall early as compared to CONT group. (C) Narrow beam walking time was
significantly increased in the MPTP treated mice in comparison with control group while Mp treatment declines the narrow beam walking time as compared to MPTP
induced PD mouse (∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001, n = 6). ns, non-significant.

mice were treated with Mp, the hanging time was increased
(p < 0.001) when compared with MPTP treated mice
(Figure 2B).

Result shows that in MPTP treated mice narrow beam walking
time was increased (p < 0.001) as compared to CONT mice.
When MPTP mice were treated with Mp the narrow beam walk
time was decreased (p < 0.001) as compared to MPTP mice
(Figure 2C).

Biochemical Studies
Effect of Mp on Catalase and Nitrite
We observed that MPTP injection significantly decrease the
activity of CAT (p < 0.001) and increase the nitrite (p < 0.001)
content in MPTP-injected mice when compared to CONT
group. However, Mp treatment (MPTP+Mp) increased the
activity of catalase (p < 0.01) (Figure 3A) and decreased nitrite
level (p < 0.01) (Figure 3B) as compared to MPTP-treated
group.

Effect of Mp on MDA and GSH Content
When compared to CONT group, the mice intoxicated
with MPTP showed a significant increment (p < 0.001) in
lipid peroxidation product, known as MDA. Conversely,
MPTP administration caused a significant decline in GSH
(p < 0.001) levels when compared with CONT group. Mp
treatment (MPTP+Mp) significantly attenuated (p < 0.001) the
rise in MDA level (Figure 3C) and improved (p < 0.05)
the GSH levels (Figure 3D) compared to the MPTP
group.

Effect of Mp on the Expression of TH,
NF-κB, TNF-α, DAT, iNOS, GFAP, ICAM,
and pAkt1 in SNpc
We have observed an increased in NF-κB (p < 0.05), TNF-α
(p < 0.01), iNOS (p < 0.01), ICAM (p < 0.01), and GFAP
(p < 0.01) positive cells expression in the MPTP treated
mice as compared to CONT group. After Mp treatment
(MPTP+Mp), a decrease in NF-κB (p < 0.05) (Figure 4A),
TNF-α (p < 0.01) (Figure 4B), iNOS (p < 0.01) (Figure 4C),
ICAM (p < 0.01) (Figure 4D), and GFAP (p < 0.05)
(Figure 5A) expression was observed as compared to MPTP-
treated mice. We also found decreased expression of pAkt1
positive cells (p < 0.01, Supplementary Figure S1) and DAT
positive dopaminergic neurons (p < 0.05) as compared to
control while Mp treatment (MPTP+Mp) significantly increased
the expression of pAkt1 (p < 0.05) (Figure 5B) and DAT
(p < 0.05) (Figure 5C) as compared to MPTP treated groups.
A reduced (p < 0.05) level of TH positive dopaminergic neurons
was seen in response to MPTP injection while comparing to
the CONT group. However, following treatment with Mp in
MPTP-administered mice, an increase in TH level (p < 0.05)
(Figure 5D) was observed when compared to MPTP-treated
mice.

Effect of Mp on the Nuclear
Translocation of NF-κB in SNpc
We have observed that in MPTP injected mice, the nuclear
translocation of NF-κB has occurred (Figure 6B) when compared
with the control group (Figure 6A). Whereas, Mp treatment
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(Figure 6C) has significantly inhibited this nuclear translocation
of NF-κB as compared to MPTP treated mice.

DISCUSSION

In this study we demonstrate that Mp, an aqueous extract
containing L-DOPA and a mixture of rich novel phytochemicals
protect nigrostriatal degeneration of dopaminergic neurons
by alleviating oxidative stress and neuroinflammation in PD
mouse model. Dopaminergic neurons can be protected by
neuroinflammation linked inhibition of iNOS, GFAP, ICAM
as well as NF-κB activation and its responsive genes TNF-α.
Protective effect of Mp on dopaminergic neurons suggest that
it is an efficient herbal agent in PD research, corroborating
previous studies (Yadav et al., 2013, 2014, 2017; Olson and
Gendelman, 2016). From several decades there is a lot of
focus on Mp’s anti-parkinsonian activity specifically related to
its anti-oxidative and metal chelating activity (Tharakan et al.,
2007; Dhanasekaran et al., 2008; Yadav et al., 2013). Other
than showing the anti-parkinsonian activity, Mp extract has
also shown therapeutic potential in protecting against stroke
and ischemia (Nayak et al., 2017). Mp extracts thus due to
the presence of dopamine and 5-HT (5-hydroxytryptamine) has
the potential to be an anti-cataleptic and antiepileptic drug
(Champatisingh et al., 2011). Ginkgo Biloba extract 761 (EGb
761) is a well-defined mixture containing flavonoids (24%)
and terpenoids (6%) and is patented (Rojas et al., 2009). This
extract having the antioxidant and anti-apoptotic properties
has the potential to show neuroprotection as it can help in
the regulation of MAO. Phytomix-40 (PM-40) is a certified
parapharmaceutical comprises extract from 40 plants including
ginseng, eleutherococcus, Rhodiola rosea etc., which helps in
improving hormonal, antioxidant and immune system of body.
Administration of PM-40 along with standard anti- Parkinson’s
drugs improves Parkinson’s symptoms and helps in decreasing
negative activation of immune system which occurs during
standard anti-Parkinson’s therapy alone (Bocharov et al., 2010).
Anti-Parkinson’s activities of flavonoids have been also reported
on 6-OHDA-induced experimental Parkinsonism in vivo and
in vitro (Mu et al., 2009). Phenolics and flavonoids are important
class of natural antioxidant substances having potential of
scavenging free radicals, ultimately reducing the risk of oxidative
stress related disorders including cancer and PD (Saxena et al.,
2012; Patil et al., 2015). Recently, Cilia et al. (2017) have reported
that 12.5–17.5 mg/kg Mp seed powder shows neuroprotective
activity in PD patient with a more favorable tolerability profile.

The neuroprotective role of Mp in other neurodegenerative
diseases such as AD and Multiple Sclerosis has not yet been
investigated.

In this paper, we have reported the potential anti-
neuroinflammatory activity of Mp in MPTP induced
parkinsonian mouse model via NF-κB and Akt pathway.

Natural compounds containing flavonoids, phytochemicals
having antioxidative and anti-inflammatory activities are
neuroprotective in neurodegenerative diseases (Parkinson’s
disease, 2012). Past studies potentially exhibiting that orally

FIGURE 3 | Estimation of CAT, Nitrite, MDA, and GSH in nigrostriatal region of
mice. MPTP injected mice showed significant decrease in CAT activity and
GSH level and increase in Nitrite and MDA level as compared to control
(CONT) group. While Mp treatment in MPTP group significantly increase the
level of CAT (A), decrease in the level of nitrite (B) and MDA (C), increase in
the level of GSH (D). Values are expressed as mean ± SEM (∗p < 0.05,
∗∗p < 0.01, ∗∗∗p < 0.001, n = 3). ns, non-significant; MDA, malondialdehyde;
GSH, glutathione; CAT, catalase; SEM, standard error of mean.

administered Mp reaches to the brain in adequate quantity
to protect the dopaminergic neurons in PD (Katzenschlager
et al., 2004; Yadav et al., 2013, 2014, 2017). To investigate the
supplementary outcome of the drugs, oral route has been utilized
as an efficient way of administration as it is the feasible and
efficient way for drug delivery.

This study has demonstrated that in mice, MPTP intoxication
creates behavioral impairment which is tested by rotarod, grip
strength, and narrow beam walking test. Mp was found to
significantly improve the motor deficits in parkinsonian mice.
Our behavioral findings are in agreement with the earlier reports
(Yadav et al., 2013, 2014).

Researchers have suggested that MPTP intoxication
generates ROS and RNS which induces oxidative stress and
neuroinflammation associated nigrostriatal degeneration of
dopaminergic neurons (Yokoyama et al., 2008; Chung et al.,
2011; More et al., 2013). Despite of the fact that, PQ poorly
crosses the BBB, the patients died of PQ intoxication has been
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FIGURE 4 | Immunofluorescence expression of NF-κB, TNF-α, iNOS, and ICAM in SNpc. of CONT, MPTP, and MPTP+Mp mice by using Image J Software at 20x
magnification. The MPTP intoxicated PD mice showed significantly enhanced expression level of NF-κB (A), TNF-α (B), iNOS (C), and ICAM (D) positive cells as
compared to control. On Mp supplementation in PD mice showed significantly alleviated expression level of NF-κB, TNF-α, iNOS, and ICAM positive cells as
compared to MPTP mice. Values are expressed as mean ± SEM of integrated fluorescent value (IFV) (∗p < 0.05, ∗∗p < 0.01, n = 3). ns, non-significant; TNF-α,
tumor necrosis factor alpha; iNOS, inducible nitric oxide synthase; ICAM, intercellular adhesion molecule 1; SNpc, substantia nigra pars compacta.

detected with significant damage to the brain (Bové et al.,
2005). MPTP intoxication has helped in mimicking most of the
parkinsonian symptoms which can help us in understanding PD
(Meredith and Rademacher, 2011). MPTP induced Parkinsonian
Mouse models have been most widely used. MPTP, being
lipophilic in nature crosses the BBB easily and binds mainly in
astrocyte lysosomes, where it is converted to its toxic metabolite,
the 1-methyl-4-phenylpyridinium (MPP+) ion (Meredith and
Rademacher, 2011). However, central dopaminergic neurons
were not damaged upon systemic administration of MPP+ as it
is unable to cross the BBB due to its charge. But, much of the
DAergic nigrostriatal pathway was destroyed by direct infusion
into the brain. MPP+ is selectively taken by the dopaminergic
neurons because it is an excellent substrate for the dopamine
transporter (DAT) (Meredith and Rademacher, 2011). So we
have used MPTP induced mouse model instead of PQ.

Similarly, this study clearly shows that MPTP intoxication
produces neuroinflammation induced ROS and RNS
overproduction, whereas Mp reduces this ROS and RNS

accumulation and downstream proceedings of this cascade. It
is well-established that inflammation is the downstream event
of oxidative stress. This might be suggested that Mp uses its
antioxidative and anti-inflammatory activities to inhibit these
oxidative and inflammatory loads. In PD, dopaminergic neurons
possess reduced antioxidant ability which makes dopaminergic
neurons more susceptible to oxidative stress, as exhibited by the
low level of intracellular reduced glutathione. Reduced GSH is
one of the main factors responsible for the antioxidant defense,
which scavenges free radicals generated in brain tissue (Dringen,
2000). In this study, MPTP injection produces free radicals
which creates oxidative damage and is eventually responsible for
reduced GSH level along with decreased activity of antioxidant
enzyme catalase, while it has also increased the level of lipid
peroxidation. This finding in MPTP treated mice is consistent
with earlier reports (Cheng et al., 2008; Khan et al., 2010; Lee
et al., 2011; Yadav et al., 2013, 2014). Following MPTP injections,
treatment with Mp reduced the oxidative injury by decreasing
the MDA level along with restoration of GSH level and catalase
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FIGURE 5 | Immunofluorescence expression of GFAP, pAkt1, DAT, and TH in SNpc. of CONT, MPTP, and MPTP+Mp mice by using Image J Software at 20x
magnification. The MPTP intoxicated PD mice showed significantly enhanced expression level of GFAP positive cells (A) as compared to control, while on Mp
supplementation in PD mice showed significantly alleviated expression level of GFAP positive cells as compared to MPTP mice. On the contrary immunofluorescence
staining of pAkt1 positive cells were reduced in MPTP treated mice (B) while Mp treatment substantially enhanced the expression of pAkt1. Similarly, DAT (C) and TH
(D) positive dopaminergic neurons expression were reduced in MPTP treated mice while Mp treatment in MPTP treated mice significantly enhanced the expression
of DAT and TH. Values are expressed as mean ± SEM of IFV (∗p < 0.05, ∗∗p < 0.01, n = 3). ns, non-significant; GFAP, glial fibrillary acidic protein; DAT, dopamine
transporter; TH, tyrosine hydroxylase.

activity in the nigrostriatum. Recent findings have suggested that
oxygen free radical and nitric oxide (NO) play a major role in
stress mediated neurodegeneration. In addition, peroxynitrite
is formed when NO react with superoxide, which then induces
nitration of tyrosine to produce hydroxyl radicals. Therefore,
NO along with peroxynitrite may adversely affect neuronal cell
death in SN (Yokoyama et al., 2008). Our result exhibits that
nitrite level was significantly reduced after Mp treatment which
further protected the dopaminergic neurons from NO mediated
neurodegeneration, corroborating previous studies (Yokoyama
et al., 2008; Yadav et al., 2014).

During the pathogenesis of PD, activation of the glial
cells is considered to be a rapid cellular response leading
to neuroinflammation (Ghosh et al., 2007; Gordon et al.,
2012; Hirsch et al., 2012). Upregulation in the expression
of iNOS, ICAM GFAP, TNF-α, and NF-κB after MPTP
administration signifies the process of glial activation. Different
studies have suggested the presence of activated glial cells
in SN and striatum of PD brains (Hirsch et al., 2003;

Ouchi et al., 2009). Activation of Glial cells results in NF-κB
activation which further triggers the upregulation and release of
proinflammatory enzymes iNOS, and proinflammatory cytokine
TNF-α in PD (Kim and Joh, 2006; Mosley et al., 2006).
Studies done previously suggested that inhibition of glial
activation by using some inhibitors prevents MPTP-induced
neurotoxicity (Wu et al., 2003; Chung et al., 2011). In our
study, inflammatory response due to glial cell activation and
dopaminergic neuronal loss is suppressed on treatment with Mp.
During neuroinflammation, redox sensitive transcription factor,
e.g., NF-κB can be initiated by nitric oxide, ROS and RNS.
NF-κB shows activity during neurodegeneration by regulating
the expression of different proinflammatory mediators. NF-κB
is kept in inhibited form, bounded to inhibitory protein IκB, in
the cytoplasm to prevent its nuclear translocation necessary for
transcriptional activity. NF-κB regulated transcription of certain
proinflammatory genes such as TNF-α, IL-1β, COX-2, enzyme
like iNOS, and adhesion molecules (ICAM) occurs only when IκB
undergoes phosphorylation and proteolytic degradation resulting
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FIGURE 6 | Effect of Mp on the nuclear translocation of NF-κB in SNpc with 40x magnifications after staining. In substantia nigra (SN) as compared to control group
(A), nuclear translocation of NF-κB positive cells were increased in MPTP treated group (B) while Mp treatment inhibits this nuclear translocation of NF-κB (C).

in translocation of free NF-κB to the nucleus, where it binds to
target DNA elements (gene promoters containing κB binding
sites) (Shen et al., 2010). Also, MPTP leads to impairment of
the mitochondrial function in PD (Acuna-Castroviejo et al.,
2011). As the activity of mitochondrial enzyme complex get
inhibited, generation of superoxide anions occurs, which further
helps in the process of neuroinflammation by up-regulating
NF-κB activation. Thus, it can be suggested that drugs, which
can be used in inhibiting the generation of ROS, can be used
as neuroprotective agents to protect from the neurotoxin such
as MPTP. In this study, Mp has significantly inhibited the
production of ROS as well as the activation and translocation
of NF-κB. Aqueous extract of Mp treatment improved the
normal expression levels of iNOS and GFAP in MPTP treated
animals (Yadav et al., 2014). Our aqueous extract of Mp also
shows the similar activity as it improved the normal expression
levels of iNOS, GFAP, ICAM, and TNF-α in SNpc of MPTP
treated animals. Thus, antioxidative and anti-inflammatory drugs
can be used effectively as therapeutic agents in the case of
neurodegenerative diseases (Jin et al., 2005).

Akt activation helps in the survival of different types of
cells including various neuronal types, as reported through
various in vitro studies. Furthermore, Akt promotes the survival
of different neurons by mediating the functions of different
neurotrophic factors (Dudek et al., 1997; Crowder and Freeman,
1998; Brunet et al., 2001; Orike et al., 2001; Downward,
2004; Duronio, 2008). Death of cultured neurons occurs when
interference with activation of Akt occurs, while, transfection

with a constitutively active form of the kinase promotes the
survival of neurons in the absence of any other support.
Although studies about the Akt signaling is less in the case
of survival of non-stressed neurons in vivo, it has been more
studied in post-natal substantia nigra (SN), the brain area
of high relevance in the case of PD (Ries et al., 2009).
Dopaminergic neurons numbers get reduced in SN and incidence
of apoptotic neurons was doubled due to a dominant negative
form of Akt delivered by adeno-associated virus. On the other
hand, developmental neuron death in the SN was reduced
by transduction of a constitutively active form of Akt. The
maintenance of the survival of dopaminergic neurons in SN
under basal conditions has been highlighted by these significant
findings. Phosphorylation of Akt at Ser473 (Malagelada et al.,
2008; Timmons et al., 2009) and Thr308 (Malagelada et al., 2008)
is considerably decreased in dopaminergic SN neurons of PD
patients when compared with non-PD patients as indicated by
the Immunostaining of post-mortem brains. A drop in total
Akt staining in such neurons from PD patients was also seen
(Timmons et al., 2009). Significantly, in the Ries et al. (2009)
study cited above, reduction in number of individual TH+ fibers
correlated with decreased density of TH+ fiber staining in the
striatum was seen in the dominant-negative Akt mice model.
Our result shows that MPTP inhibits the activation of pAkt1
in the SNpc while Mp treatment overcomes this inhibition,
in accordance with the above citation. So, Mp treatment
also suggests a possible neuroprotective pathway mediated by
pAkt1.

Frontiers in Aging Neuroscience | www.frontiersin.org 10 December 2017 | Volume 9 | Article 421

https://www.frontiersin.org/journals/aging-neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/aging-neuroscience#articles


fnagi-09-00421 December 15, 2017 Time: 16:51 # 11

Rai et al. Mucuna pruriens Reduces PD Neuroinflammation

Thus anti-inflammatory pathway especially NF-κB and Akt
pathway plays a major role in PD treatment. As MPTP is
converted to its active form MPP+ inside the astroglial cells,
then it is taken by dopaminergic neuron through transporter
of dopamine, i.e., DAT (Kostic et al., 1996). These transporters
get damaged during MPP+ uptake process as number of DAT
get reduced in the SN, after MPTP administration (Jakowec
et al., 2004). Accordingly, our data also shows that DAT
immunoreactivity was reduced in MPTP group while it is
considerably improved in Mp treated group. The rate-limiting
enzyme in the production of DA, i.e., TH is the marker for
the dopaminergic neuron survival. Previous studies explore that
TH immunoreactivity was decreased gradually in SN of mice
after MPTP treatment. Their findings give important evidence
about MPTP-induced neurodegeneration (Kurosaki et al., 2003;
Ghosh et al., 2007). The immunohistochemical expression of TH
in SNpc region indicates the protective action of Mp in MPTP
injected parkinsonian mice, seen in the previous studies too
(Kurosaki et al., 2003; Yadav et al., 2014).

The pathophysiology of different diseases such as gout,
muscular pain, cancer, arthritis, and other vascular diseases have
been seen to be associated with inflammation. Inflammatory
symptoms are being treated by using different drugs and natural
products (Ahmad et al., 2005). It has been discussed earlier
too, that Mp is rich in different constituents such as saponins,
tannins, alkaloids, flavonoids in addition to L-DOPA and has
been used in the treatment of diseases like fever, muscular pains,
spasms and dysmenorrhea in past (Javed et al., 2010) and is thus
being tested for its anti-inflammatory activity and the reason
behind its traditional use for pain and fever. The results of our
present investigation indicates that seed powder of Mp possess
significant anti-inflammatory activity by inhibiting the NF-κB
and Akt dependent pathways as highlighted by the results of our
study.

It is well-established that Mp contain L-DOPA as the primary
component (Tripathi and Updhyay, 2001; Tomita-Yokotani
et al., 2004; Kasture et al., 2009). The seed of Mp also contains
Serotonin and its precursor 5-Hydroxytryptophan (5-HTP),
N,N-dimethyltryptamine and 5-MeO-dimethyltryptamine
(bufotenin) (Ghosal et al., 1971). Different saponins,
anthraquinones, flavonoids, terpenoids, cardiac glycosides, and
tannins are present in Mp (Agbafor and Nwachukwu, 2011).
Data from RP-HPLC analysis of aqueous extract of Mp used in
this study revealed a significant peak of L-DOPA correspond to
standard L-DOPA peak, Mp also contain various phytochemicals
like gallic acid, proanthocyanidin, tannin, quercetin, and phytic
acid. Quercetin being one of the major component in our RP-
HPLC result, might be showing anti-inflammatory activity.
Querctin has shown both antioxidant and antiinflammatory
activity as reported earlier by several studies (Haleagrahara et al.,

2011; Weng et al., 2012; Costa et al., 2016; Lee et al., 2016).
Moreover, other phytochemicals present in Mp might also act
in combination to explore its synergistic effect.

CONCLUSION

Our study suggests that Mp extract appreciably ameliorate
the neuroinflammatory processes and also restore biochemical
and behavioral parameters along with TH and DAT
immunoreactivity. NF-κB and Akt pathway might be responsible
for the underlying mechanism of Mp. The anti-inflammatory
activity along with potent anti-oxidant properties shown by Mp
extract can be used in treating inflammatory condition in the case
of PD.
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Till date, drugs that have been used to manage Parkinson’s disease (PD) have only
shown symptomatic relief with several adverse effects besides their inability to prevent
neurodegeneration. Neuroinflammation plays an important role in the advancement of
PD and can be targeted for its effective treatment. Researchers have suggested that
herbal plants exhibiting the anti-inflammatory and anti-oxidant properties are therefore
beneficial to human health. Conventionally, Mucuna pruriens (Mp) seeds are used
for maintaining male virility in India. Reportedly, Mp is used as a rejuvenator drug
having neuroprotective property. Our study aimed to investigate effects of aqueous
extract of Mp (100 mg/kgbwt) on neuroinflammation, orally administered to mice
intoxicated with 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) as well as the
molecular mechanism involved in the progression of PD. In this study, we have
observed significant behavioral abnormalities beside decreased antioxidant defense in
MPTP intoxicated mice. We have also observed significant increase in inflammatory
parameters like Glial Fibrillary Acidic Protein, Inducible Nitric Oxide Synthase, Intercellular
Cell Adhesion Molecule, and Tumor Necrosis Factor alpha in substantia nigra pars
compacta (SNpc) of parkinsonian mice, while Mp treatment has notably reduced these
inflammatory parameters. Mp also inhibited the MPTP induced activation of NF-κB and
promoted pAkt1 activity which further prevented the apoptosis of the dopaminergic
neurons. Moreover, Mp exhibited significant antioxidant defense by inhibiting the
lipid peroxidation and nitrite level, and by improving catalase activity and enhancing
GSH level in nigrostriatal region of mouse brain. Mp also recovered the behavioral
abnormalities in MPTP treated mice. Additionally, Mp treatment considerably increased
the immunoreactivity of Tyrosine Hydroxylase and Dopamine Transporter in SNpc of
parkinsonian mice. Our high performance liquid chromatography analysis of the Mp
seed extract have shown L-DOPA, gallic acid, phytic acid, quercetin, and catechin
equivalents as the major components which might cause neuroprotection in PD mice.
Our result suggested that Mp extract treatment containing L-DOPA and a mixture of
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rich novel phytochemicals significantly alleviates the MPTP induced neurotoxicity by
NF-κB and pAkt pathway. The findings observed thereby indicate that Mp extract have
suggestively ameliorated MPTP induced neuroinflammation, restored the biochemical
and behavioral abnormalities in PD mouse and thus provided a scientific basis for its
traditional claim.

Keywords: Parkinson’s disease, neuroinflammation, Mucuna pruriens, tyrosine hydroxylase, MPTP (1-methyl-4-
phenyl-1,2,3,6-tetrahydropyridine), substantia nigra

INTRODUCTION

After Alzheimer’s disease (AD), Parkinson’s disease
(PD) is considered to be the most common progressive
neurodegenerative disease. PD is basically characterized by the
loss of dopaminergic neurons in substantia nigra pars compacta
(SNpc) and reduced level of dopamine (DA) within the striatum
(ST) (Siderowf and Stern, 2003; Yadav et al., 2013, 2014; Rai
et al., 2016). Among non-motor symptoms, cognitive decline
appears the major one in the case of PD (Aarsland et al., 2017).
Dopaminergic neuronal degradation, formation of inclusions
called Lewy bodies and activation of glial cells are the hallmark
of PD pathogenesis in brain. While the etiopathogenesis of PD
still not fully known, it is identified to go worse on exposure
to environmental neurotoxins such as MPTP, Paraquat (PQ),
and several others (Bové et al., 2005; Khan et al., 2013; Yadav
et al., 2013). In humans and primates, MPTP which is a potent
inhibitor of mitochondrial complex-1 of electron transport chain
creates parkinsonian characteristic, and in mice, it recapitulates
dopaminergic degenerations via nigrostriatal pathway. For
that reason, in animal models of PD, MPTP is extensively
used to study and explore the molecular events responsible for
dopaminergic neuronal degeneration and to check the efficacy
of several neuroprotective agents (Jackson-Lewis et al., 2012).
Biomolecules such as lipids, proteins, and DNA are damaged
by reactive oxygen species (ROS) and reactive nitrogen species
(RNS), by-products of which were observed in the SN and
striatum of human PD post-mortem brains (Dexter et al., 1994;
Khan et al., 2013). The oxidation of lipid and proteins can thus
lead to loss of membrane integrity, enzyme inactivation leading
to cell death in neurodegenerative disorders (Hald and Lotharius,
2005).

Previous literature suggests that in PD, prolonged
neuroinflammation plays an important role during degeneration
of neurons (Hirsch and Hunot, 2009; Joglar et al., 2009; Khan
et al., 2013). Inflammatory response during neurodegeneration
has not yet been thoroughly investigated. Proinflammatory
mediators such as cytokines/chemokines, enzymes like
cyclooxygenase-2 (COX-2) and inducible nitric oxide synthase
(iNOS) are produced by glial (astroglial and microglial)
cells in response to extracellular insult to dopaminergic
neurons (Khan et al., 2013). In addition, nuclear transcription
factor-κB (NF-κB) plays a central role in the PD pathogenesis
by inducing the expression of tumor necrosis factor-alpha
(TNF-α) and interleukin-1 beta (IL-1β) via oxidative stress
mediated neurodegeneration (Hald and Lotharius, 2005).
These cytokines and enzymes could cause neuronal death

by the cytotoxic mechanism. Previous literature has also
suggested that anti-inflammatory drugs significantly inhibit
the neuroinflammatory processes and ultimately protect
dopaminergic neuronal loss in different parkinsonian models
(Choi et al., 2005; Jin et al., 2005).

In spite of important evidences in learning the pathobiology
of neurodegeneration, various efforts to expand and advance
successful treatment strategies are being done (Brotchie and
Jenner, 2011) with minimal translational results. With this
background, there has been a lot of focus on the herbal
mediated neuroprotection of PD with special emphasis on the
anti-oxidative and anti-inflammatory activities of these herbal
plants and their derivatives. Recently, Kim et al. (2015) suggested
that Ligusticum officinale exhibits potent anti-inflammatory
activity via NF-κB/IκB-α and MAPK pathway. Pycnogenol,
extracted from Pinus maritima bark also protects dopaminergic
neuron in MPTP induced neuroinflammation (Khan et al., 2013).

In Indian system of medicine, Mucuna pruriens (Mp)
is the most accepted drug. A number of reports have
recommended that it exhibits various pharmacological properties
like analgesic, anti-inflammatory, anti-neoplastic, anti-epileptic,
and anti-microbial activities (Sathiyanarayanan and Arulmozhi,
2007; Adepoju and Odubena, 2009; Yadav et al., 2013). Mp
has been found to be rich in bioactive compounds such as
tannins, alkaloids, phenolics compounds, and flavonoids (Duke,
1995). Diabetes, atherosclerosis, rheumatoid arthritis, nervous
disorders, and Parkinsonism are certain diseases that have
been found to be effectively managed by free-radical mediated
disease management property of Mp seeds (Bhaskar et al., 2011).
Moreover, our high performance liquid chromatography (HPLC)
data has shown the presence of different phytochemicals such as
proanthocyanidin, tannin, gallic acid, quercetin, and phytic acid
in the aqueous seed extract of Mp. The anti-neuroinflammatory
activity of Mp might be due to the presence of these active
constituents. Also, other phytochemicals can act in combination
for exploring its synergistic effect. Recently, Uchegbu et al.
(2016), have suggested the anti-inflammatory activity of Mp by
administering the doses of 10 and 50 mg/kgbwt in carrageenan
and formalin induced acute and chronic paw edema respectively.
They compared the anti-inflammatory activity of Mp with
diclofenac potassium as a standard anti-inflammatory drug. At
the doses of 10 and 50 mg/kg, Mp showed an inhibition % of 9.8
and 47.8 and 6.6 and 38.8 respectively against their corresponding
carrageenan and formalin induced acute paw edema (Uchegbu
et al., 2016). Additionally, Yadav et al. (2017) showed that Mp
seed extract (100 mg/kg bwt) has improved the neurobehavioral
activity by reducing the oxidative stress in nigrostriatal tissue

Frontiers in Aging Neuroscience | www.frontiersin.org 2 December 2017 | Volume 9 | Article 421

https://www.frontiersin.org/journals/aging-neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/aging-neuroscience#articles


fnagi-09-00421 December 15, 2017 Time: 16:51 # 3

Rai et al. Mucuna pruriens Reduces PD Neuroinflammation

effectively by mitigating the iNOS expression levels in Paraquat
(PQ) induced parkinsonian mouse model. Mp contains L-DOPA
and ursolic acid which has potent anti-parkinsonian property
(Rai et al., 2016; Yadav et al., 2016). There is very little literature
which shows the anti-inflammatory activity of Mp in PD. With all
the background information, in the present study, we have chosen
Mp seed extract in MPTP induced Parkinsonian mouse model to
explore its potent anti-neuroinflammatory activity.

MATERIALS AND METHODS

Reagents and Antibodies
Acetic acid, disodium hydrogen phosphate, reduced glutathione
(GSH), reduced nicotinamide adenine dinucleotide phosphate
(NADPH), Potassium chloride, Ammonum chloride, Sodium
dihydrogen phosphate, and Bovine Serum Albumin (BSA) were
procured from Sisco Research Laboratories (SRL; Mumbai,
India). 1-Methyl-4-phenyl-1,2,3,6-tetra hydropyridine (MPTP),
Normal Goat Serum (NGS) from Sigma–Aldrich (St. Louis, MO,
United States). Protein estimation kit by Bradford GeNeiTM,
hydrogen peroxide (H2O2), and potassium dichromate were
purchased from Merck (Darmstadt, Germany), Sodim dodecyl
sulfate (SDS), Thiobarbituric acid (TBA), Griess reagent and
DABCO were procured from HiMedia (Mumbai, India).
Sodium nitrite and Paraformaldehyde were purchased from
Lobachemie, India. Primary antibodies for TH (SC-25269), iNOS
(SC-651), Glial Fibrillary Acidic Protein (GFAP) (SC-33673) and
Intercellular Cell Adhesion Molecule (ICAM) (SC-8439) were
procured from Santa Cruz, Biotechnology (Santa Cruz, CA,
United States) and the primary antibodies for TNF-α (ab1793),
NF-κB (ab16502), DAT (ab111468), and pAkt1 (ab81283) were
purchased from Abcam Life Science, Biogenuix Medsystems, Pvt.
Ltd. (New Delhi, India), secondary fluorescent tagged antibodies
for IHCCy2-conjugated and cy3-conjugated were procured from
Merck Millipore and Chemicon respectively.

Experimental Animals
Eight to ten weeks old male mice (Swiss Albino mice, 25–30 g)
were purchased from animal research facility of Banaras Hindu
University, Varanasi, India. Before starting the experiment,
animals were made to adapt the laboratory conditions for about a
week under standard laboratory conditions by keeping light and
dark cycles of 12 h. Mice were fed with standard rodent food
purchased from market and water ad libitum. Experiments were
done in between 12:00 noon to 03:00 pm. The investigational
protocol for animals on which the test was carried out, was
approved by the Animal Ethics Committee of Banaras Hindu
University, Varanasi, India.

Plant Extracts Preparation
Mp seed powder was purchased from the Ayurveda Pharmacy,
Institute of Medical Sciences, Banaras Hindu University,
Varanasi, India. Mp seed extract was prepared by the method
of Uhegbu et al. (2005) in which distilled water was used as the
solvent. 20 g of Mp seed powder was taken and soaked in 200 ml
of autoclaved distilled water. The solution was stirred for about

6 min and left overnight for proper mixing. Next day, the solution
was filtered by using filter paper (Whatman No. A-1) and the
extract were allowed to dry in rotary vacuum evaporator under
reduced pressure and temperature (below 40◦C).

RP-HPLC Quantitative Analysis of
L-DOPA and Phytochemicals
L-DOPA was quantified in Mp seeds using reverse phase high
performance liquid chromatography (RP-HPLC) involved with
diode array detection. Samples were prepared as described
by Rathod and Patel (2014) with minor modifications. One
gram powder of Mp seed was extracted using autoclaved
doubled distilled water: 0.1 M HCl (70:30) for 30 min on
rotary shaker (120 rpm) and sonicated for 5 min. Then
sample was evaporated, dissolved in distilled water and
filtered through 0.45 µm nylon filter (Axiva filters). RP-HPLC
analysis was performed by Shimadzu prominence equipped
with degasser DGU-20A 5R, photo diode array detector
SPD- M20 A and low pressure quaternary pump LC 20 AD.
Chromatographic separation was achieved using a Waters,
Nova-Pak C18 column (4 µm, 4.6 mm × 250 mm). The
commercially available synthetic L-DOPA (Himedia) was taken
as a standard.

Total phenolics content of Mp seeds has been determined
spectrophotometrically (Singleton and Rossi, 1965). The sample
was mixed with 1.8 ml of Folin–Ciocalteu reagent and incubated
for 5 min at 25◦C with 1.2 ml of 15% sodium carbonate solution
for neutralization of reaction and further kept for 90 min at room
temperature. The absorbance was taken at 765 nm. Result was
noted in terms of mg of gallic acid equivalent per gram (mg GAE
g−1) of dry mass.

Total flavonoids were quantified according to the method by
Chang et al. (2002). In brief, 1 ml aqueous extract of Mp seed
was added to 1.5 ml distilled water, 0.1 ml of aluminum chloride
(10%) and 0.1 ml of potassium acetate (1 M). The total volume
was made up to 4.5 ml by adding distilled water. Incubation was
carried out for 30 min at room temperature and absorbance was
recorded at 415 nm. Expression of flavonoids level was done as
milligram of quercetin equivalents per gram (mg QUE g−1) of
dry weight.

Evaluation of proanthocyanidin was done as described by
Sun et al. (1998). The 0.5 ml sample was mixed with 3 ml
of 4% vanillin and 1.5 ml of concentration HCl. Reaction
mixture was incubated for 15 min and absorbance was taken at
490 nm. Content of Proanthocyanidin was expressed as catechin
equivalents per gram (mg CAE g-1) of dry weight.

As described by Kirk and Sawyer (1998), Tannin level was
measured with the help of Folin–Denis colorimetric method. 5 ml
Mp seed extract was mixed with 1 ml Folin–Ciocalteu reagent
and 2.5 ml saturated sodium carbonate. The solution was further
incubated for 90 min at 28◦C after the final volume was made up
to 50 ml. The color intensity was measured at 760 nm.

The content of phytic acid was estimated according to the
method of Gao et al. (2007). In short, 1 ml of Mp seed extract was
added with 1 ml volume of Wade reagent (0.03% FeCl3.6 H2O
and 0.3% sulfosalicylic acid in D/W). Vortexing of the solution
was done for 5 s and then it was put to centrifugation for about
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10 min. Absorbance of supernatant was taken at 500 nm using
UV-spectrophotometer.

Experimental Design
The first group, i.e., control (n = 6) was treated with normal saline
(i.p.). MPTP (30 mg/kg body weight) was prepared by dissolving
it in 0.9% saline. The mice were injected (i.p.) twice with MPTP
(30 mg/kg body weight) within 16 h of interval to induce PD to
the second group (n = 6) (Yadav et al., 2014). The third group
(n = 6) was first given two injections (i.p.) of MPTP (30 mg/kg
body weight) within 16 h of interval and then daily orally treated
with Mp seed aqueous extract (100 mg/kg body weight) from next
day till 21 days after second MPTP injection.

Group I: Mice (n = 6) were given intraperitoneal (i.p.)
injections of saline (0.9%), this served as control.

Group II: Mice (n = 6) were administered i.p. injections of
MPTP (30 mg/kg body wt.), twice within 16 h interval.

Group III: Mice (n = 6) were first intoxicated (i.p.) with MPTP
(30 mg/kg body wt.), twice within 16 h interval and from the
next day they were orally treated with aqueous seed extract of Mp
(100 mg/kg body wt.) daily for 21 days.

Neurobehavioral Studies
Rotarod Test
In Rotarod test, prior to experiment, group animals were trained
for 3 successive days at a fixed speed (5 rpm) and the time
was noted after the mice fall up to a maximum of 5 min. The
experiment was repeated four times for each animal; finally
average time was calculated as described previously (Manna et al.,
2006). The same procedure was repeated once the treatment was
completed and the time taken by the mice to fall was noted down.

Hanging Test
In this test, mice were placed on a horizontal grid and allowed
to have grip on it. This grid was then made upside down so
that mouse hangs downward, gripping on it, until they lose their
control and fall down. The experiment was repeated three times,
and the hanging time was noted for each group (Mohanasundari
et al., 2006).

Narrow Beam Walking Test
Motor coordination in mice was assessed using this test. Animals
from each group were trained to move on stationary wooden
narrow flat beam (1 cm) which was positioned at a height of
100 cm above the floor (L 100 cm×W 1 cm). Then according to
Pisa, time spent in walking from one end of the beam to another
was noted and the procedure was repeated thrice for each group’s
animals (Pisa, 1998).

Sample Preparation for Biochemical
Studies
After completion of experiment, the animals were sacrificed by
cervical decapitation from each groups (n = 3), the collection of
nigrostriatal tissue was done individually and they were further
homogenized in KCl buffer (Tris-HCl 10 mM, NaCl 140 mM, KCl
300 mM, ethylenediaminetetraacetic acid 1 mM, Triton-X 100
0.5%) at pH 8.0 complemented with phosphatase and protease

inhibitor. Centrifugation of the tissue homogenates was done
at 12,000 g at a temperature of 4◦C for about 20 min for the
estimation of antioxidant enzymes and different biochemical
parameters.

Biochemical Test
Catalase and Nitrite Test
In accordance with the decomposition of hydrogen peroxide,
the Catalase activity was estimated (Kumar et al., 2010). Briefly
10% w/v tissue homogenate was added in phosphate buffer
pH-7, distilled water, hydrogen peroxide (0.02 M) and incubated
at room temperature for 1 min then potassium dichromate and
acetic acid (1:3) solution was added and solution was allowed to
boil for 15 min in boiling water bath and absorbance was taken at
570 nm. The activity of enzyme was measured in nmoles/min/mg
protein.

By using standard procedure, Nitrite level was estimated in the
supernatant (Granger et al., 1996). Supernatant of 10% w/v tissue
homogenate was taken and ammonum chloride (0.7 mM) mixed
with Griess reagent (0.1% N-naphthyl ethylenediamine and 1%
sulfanilamide in 2.5% phosphoric acid) was added. The solution
was allowed to stand at 37◦C for 30 min, and the supernatant was
then taken out to record the absorbance at 540 nm. By using the
standard curve for sodium nitrite (10–100 µM), the total content
of nitrite was calculated in terms of µmoles/mL.

Lipid Peroxidation and GSH Test
Estimation of Lipid peroxidation was done in the same way
as described previously (Ohkawa et al., 1979) with fewer
modifications in the nigrostriatal tissue of the mouse brain.
Briefly, for measuring the concentration of malondialdehyde
(MDA), a reaction mixture containing 10% tissue homogenate
(0.1 mL) was added in 10% SDS solution (0.1 mL) and was
kept at room temperature for 5 min. After that, 20% acetic acid
(0.6 mL) was added and the solution was incubated 2–5 min.
At last 0.8% Thio-barbituric acid TBA (0.6 mL) was added and
the solution was kept in a boiling water bath for 1 h. The
reaction mixture was then allowed to cool, centrifugation was
done and absorbance of the supernatant was taken at 532 nm
against control. Expression of LPO levels was done as nano moles
MDA/mg protein. Glutathione reductase (GSH) level in the brain
homogenate was measured by the method described previously
(Moron et al., 1979) and reported as µM GSH/mg tissue.

Immunofluorescence Staining of TH,
NF-κB, TNF-α, DAT, iNOS, GFAP, ICAM,
and pAkt1 in SNpc
In the SNpc of brain, Immunofluorescence staining of TH,
NF-κB, TNF-α, DAT, iNOS, GFAP, ICAM, and pAkt1 in SNpc
was performed (Gorbatyuk et al., 2008). Mice were anesthetized
with pentobarbital and the perfusion was done with 4%
paraformaldehyde and the brains were post-fixed and collected.
Using a cryomicrotome, the brain was cut in 25 µ thick coronal
sections at the SN level (Leica, Wetzlar, Germany). Washing of
the sections were done twice with 0.01 M PBS at pH 7.4 and then
they were allowed to incubate with blocking reagent (10% normal
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FIGURE 1 | High performance liquid chromatography (HPLC) analysis of M. pruriens seeds for L-DOPA. HPLC profile of standard L-DOPA (A). HPLC profile of
M. pruriens seed extract (B).

goat serum in PBS, 0.3% Triton-X 100) for 1 h. Incubation of
the sections with primary antibodies at 1:1000 dilutions was
done with the polyclonal anti-mouse against TH, polyclonal
anti-rabbit against NF-κB p65, monoclonal anti-mouse against
TNF-α, polyclonal anti-rabbit against DAT, polyclonal anti-rabbit
against iNOS, monoclonal anti-mouse against GFAP, monoclonal
anti-mouse against ICAM, and monoclonal anti-rabbit against
pAkt1 for 16 h at 4◦C. The washing of the sections was again
done five times in PBST and they were further incubated
with Cy2-conjugated (Ex max 492 nm and Em max 510 nm)
donkey anti-mouse and cy3-conjugated secondary antibodies
(Ex max 550 nm and Em max 570 nm) donkey anti-rabbit
in 1% BSA blocking solution for 1 h at Room Temperature.
Washing of the sections was again done for three times and
then mounted using mounting media, fluoro shield (Sigma–
Aldrich). The images of the sections were taken with the help
of fluorescent microscope Nikon (Thermo Fisher Scientific).
Immunofluorescence was analyzed by Image J software (NIH,
United States) and reported in mean integrated fluorescent value
(IFV).

Statistical Analysis
Statistical analysis of differences between means of groups was
determined by one way ANOVA followed by Student-Newman–
Keuls post hoc test using GraphPad Prism 7.0 software. A p< 0.05
was considered statistically significant.

RESULTS

L-DOPA and Phytochemicals Content
Reverse phase high performance liquid chromatography analysis
showed as compared to standard L-DOPA (Figure 1A),
65 mg g−1 of L-DOPA present in the aqueous extract of Mp seed
(Figure 1B). Mp showed 38.9 ± 1.6 mg per gram of gallic acid
equivalent (mg GAE g−1) of phenolics and 54.14 ± 3.05 mg per
gm of quercetin equivalent (mg QAE g−1). The Mp seed showed
25.71 ± 4.13 mg per gram of catechin equivalents (mg CAE
g−1) proanthocyanidin level. Mp also showed 8.2± 0.15 mg g−1

of tannin level. Mp seed contain 6.72 ± 0.11 mg g−1 phytic
acid.

Behavioral Studies
Effect of Mp on Behavioral Recovery
The result shows that the time taken by the MPTP treated
mice for which it remained on the rotarod was significantly
reduced (p < 0.001) compared to control. Whereas, when
MPTP treated mice were treated with Mp, mice stayed on
the rotarod significantly longer than MPTP mice (p < 0.05)
(Figure 2A).

Our findings suggested that, in MPTP-treated mice, the
time of gripping and hanging was significantly poorer
(p < 0.001) as compared to control mice. When MPTP
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FIGURE 2 | Effect of Mp extract on behavioral parameters. (A) MPTP PD mice showed significantly reduced time of walking and staying on rotarod as compared to
CONT group, which has been significantly improved on Mp supplementation to PD mice in comparison with untreated PD mice. (B) Hanging test showed significant
improvement in Mp treated group compared to MPTP treated group. MPTP group mice fall early as compared to CONT group. (C) Narrow beam walking time was
significantly increased in the MPTP treated mice in comparison with control group while Mp treatment declines the narrow beam walking time as compared to MPTP
induced PD mouse (∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001, n = 6). ns, non-significant.

mice were treated with Mp, the hanging time was increased
(p < 0.001) when compared with MPTP treated mice
(Figure 2B).

Result shows that in MPTP treated mice narrow beam walking
time was increased (p < 0.001) as compared to CONT mice.
When MPTP mice were treated with Mp the narrow beam walk
time was decreased (p < 0.001) as compared to MPTP mice
(Figure 2C).

Biochemical Studies
Effect of Mp on Catalase and Nitrite
We observed that MPTP injection significantly decrease the
activity of CAT (p < 0.001) and increase the nitrite (p < 0.001)
content in MPTP-injected mice when compared to CONT
group. However, Mp treatment (MPTP+Mp) increased the
activity of catalase (p < 0.01) (Figure 3A) and decreased nitrite
level (p < 0.01) (Figure 3B) as compared to MPTP-treated
group.

Effect of Mp on MDA and GSH Content
When compared to CONT group, the mice intoxicated
with MPTP showed a significant increment (p < 0.001) in
lipid peroxidation product, known as MDA. Conversely,
MPTP administration caused a significant decline in GSH
(p < 0.001) levels when compared with CONT group. Mp
treatment (MPTP+Mp) significantly attenuated (p < 0.001) the
rise in MDA level (Figure 3C) and improved (p < 0.05)
the GSH levels (Figure 3D) compared to the MPTP
group.

Effect of Mp on the Expression of TH,
NF-κB, TNF-α, DAT, iNOS, GFAP, ICAM,
and pAkt1 in SNpc
We have observed an increased in NF-κB (p < 0.05), TNF-α
(p < 0.01), iNOS (p < 0.01), ICAM (p < 0.01), and GFAP
(p < 0.01) positive cells expression in the MPTP treated
mice as compared to CONT group. After Mp treatment
(MPTP+Mp), a decrease in NF-κB (p < 0.05) (Figure 4A),
TNF-α (p < 0.01) (Figure 4B), iNOS (p < 0.01) (Figure 4C),
ICAM (p < 0.01) (Figure 4D), and GFAP (p < 0.05)
(Figure 5A) expression was observed as compared to MPTP-
treated mice. We also found decreased expression of pAkt1
positive cells (p < 0.01, Supplementary Figure S1) and DAT
positive dopaminergic neurons (p < 0.05) as compared to
control while Mp treatment (MPTP+Mp) significantly increased
the expression of pAkt1 (p < 0.05) (Figure 5B) and DAT
(p < 0.05) (Figure 5C) as compared to MPTP treated groups.
A reduced (p < 0.05) level of TH positive dopaminergic neurons
was seen in response to MPTP injection while comparing to
the CONT group. However, following treatment with Mp in
MPTP-administered mice, an increase in TH level (p < 0.05)
(Figure 5D) was observed when compared to MPTP-treated
mice.

Effect of Mp on the Nuclear
Translocation of NF-κB in SNpc
We have observed that in MPTP injected mice, the nuclear
translocation of NF-κB has occurred (Figure 6B) when compared
with the control group (Figure 6A). Whereas, Mp treatment
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(Figure 6C) has significantly inhibited this nuclear translocation
of NF-κB as compared to MPTP treated mice.

DISCUSSION

In this study we demonstrate that Mp, an aqueous extract
containing L-DOPA and a mixture of rich novel phytochemicals
protect nigrostriatal degeneration of dopaminergic neurons
by alleviating oxidative stress and neuroinflammation in PD
mouse model. Dopaminergic neurons can be protected by
neuroinflammation linked inhibition of iNOS, GFAP, ICAM
as well as NF-κB activation and its responsive genes TNF-α.
Protective effect of Mp on dopaminergic neurons suggest that
it is an efficient herbal agent in PD research, corroborating
previous studies (Yadav et al., 2013, 2014, 2017; Olson and
Gendelman, 2016). From several decades there is a lot of
focus on Mp’s anti-parkinsonian activity specifically related to
its anti-oxidative and metal chelating activity (Tharakan et al.,
2007; Dhanasekaran et al., 2008; Yadav et al., 2013). Other
than showing the anti-parkinsonian activity, Mp extract has
also shown therapeutic potential in protecting against stroke
and ischemia (Nayak et al., 2017). Mp extracts thus due to
the presence of dopamine and 5-HT (5-hydroxytryptamine) has
the potential to be an anti-cataleptic and antiepileptic drug
(Champatisingh et al., 2011). Ginkgo Biloba extract 761 (EGb
761) is a well-defined mixture containing flavonoids (24%)
and terpenoids (6%) and is patented (Rojas et al., 2009). This
extract having the antioxidant and anti-apoptotic properties
has the potential to show neuroprotection as it can help in
the regulation of MAO. Phytomix-40 (PM-40) is a certified
parapharmaceutical comprises extract from 40 plants including
ginseng, eleutherococcus, Rhodiola rosea etc., which helps in
improving hormonal, antioxidant and immune system of body.
Administration of PM-40 along with standard anti- Parkinson’s
drugs improves Parkinson’s symptoms and helps in decreasing
negative activation of immune system which occurs during
standard anti-Parkinson’s therapy alone (Bocharov et al., 2010).
Anti-Parkinson’s activities of flavonoids have been also reported
on 6-OHDA-induced experimental Parkinsonism in vivo and
in vitro (Mu et al., 2009). Phenolics and flavonoids are important
class of natural antioxidant substances having potential of
scavenging free radicals, ultimately reducing the risk of oxidative
stress related disorders including cancer and PD (Saxena et al.,
2012; Patil et al., 2015). Recently, Cilia et al. (2017) have reported
that 12.5–17.5 mg/kg Mp seed powder shows neuroprotective
activity in PD patient with a more favorable tolerability profile.

The neuroprotective role of Mp in other neurodegenerative
diseases such as AD and Multiple Sclerosis has not yet been
investigated.

In this paper, we have reported the potential anti-
neuroinflammatory activity of Mp in MPTP induced
parkinsonian mouse model via NF-κB and Akt pathway.

Natural compounds containing flavonoids, phytochemicals
having antioxidative and anti-inflammatory activities are
neuroprotective in neurodegenerative diseases (Parkinson’s
disease, 2012). Past studies potentially exhibiting that orally

FIGURE 3 | Estimation of CAT, Nitrite, MDA, and GSH in nigrostriatal region of
mice. MPTP injected mice showed significant decrease in CAT activity and
GSH level and increase in Nitrite and MDA level as compared to control
(CONT) group. While Mp treatment in MPTP group significantly increase the
level of CAT (A), decrease in the level of nitrite (B) and MDA (C), increase in
the level of GSH (D). Values are expressed as mean ± SEM (∗p < 0.05,
∗∗p < 0.01, ∗∗∗p < 0.001, n = 3). ns, non-significant; MDA, malondialdehyde;
GSH, glutathione; CAT, catalase; SEM, standard error of mean.

administered Mp reaches to the brain in adequate quantity
to protect the dopaminergic neurons in PD (Katzenschlager
et al., 2004; Yadav et al., 2013, 2014, 2017). To investigate the
supplementary outcome of the drugs, oral route has been utilized
as an efficient way of administration as it is the feasible and
efficient way for drug delivery.

This study has demonstrated that in mice, MPTP intoxication
creates behavioral impairment which is tested by rotarod, grip
strength, and narrow beam walking test. Mp was found to
significantly improve the motor deficits in parkinsonian mice.
Our behavioral findings are in agreement with the earlier reports
(Yadav et al., 2013, 2014).

Researchers have suggested that MPTP intoxication
generates ROS and RNS which induces oxidative stress and
neuroinflammation associated nigrostriatal degeneration of
dopaminergic neurons (Yokoyama et al., 2008; Chung et al.,
2011; More et al., 2013). Despite of the fact that, PQ poorly
crosses the BBB, the patients died of PQ intoxication has been
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FIGURE 4 | Immunofluorescence expression of NF-κB, TNF-α, iNOS, and ICAM in SNpc. of CONT, MPTP, and MPTP+Mp mice by using Image J Software at 20x
magnification. The MPTP intoxicated PD mice showed significantly enhanced expression level of NF-κB (A), TNF-α (B), iNOS (C), and ICAM (D) positive cells as
compared to control. On Mp supplementation in PD mice showed significantly alleviated expression level of NF-κB, TNF-α, iNOS, and ICAM positive cells as
compared to MPTP mice. Values are expressed as mean ± SEM of integrated fluorescent value (IFV) (∗p < 0.05, ∗∗p < 0.01, n = 3). ns, non-significant; TNF-α,
tumor necrosis factor alpha; iNOS, inducible nitric oxide synthase; ICAM, intercellular adhesion molecule 1; SNpc, substantia nigra pars compacta.

detected with significant damage to the brain (Bové et al.,
2005). MPTP intoxication has helped in mimicking most of the
parkinsonian symptoms which can help us in understanding PD
(Meredith and Rademacher, 2011). MPTP induced Parkinsonian
Mouse models have been most widely used. MPTP, being
lipophilic in nature crosses the BBB easily and binds mainly in
astrocyte lysosomes, where it is converted to its toxic metabolite,
the 1-methyl-4-phenylpyridinium (MPP+) ion (Meredith and
Rademacher, 2011). However, central dopaminergic neurons
were not damaged upon systemic administration of MPP+ as it
is unable to cross the BBB due to its charge. But, much of the
DAergic nigrostriatal pathway was destroyed by direct infusion
into the brain. MPP+ is selectively taken by the dopaminergic
neurons because it is an excellent substrate for the dopamine
transporter (DAT) (Meredith and Rademacher, 2011). So we
have used MPTP induced mouse model instead of PQ.

Similarly, this study clearly shows that MPTP intoxication
produces neuroinflammation induced ROS and RNS
overproduction, whereas Mp reduces this ROS and RNS

accumulation and downstream proceedings of this cascade. It
is well-established that inflammation is the downstream event
of oxidative stress. This might be suggested that Mp uses its
antioxidative and anti-inflammatory activities to inhibit these
oxidative and inflammatory loads. In PD, dopaminergic neurons
possess reduced antioxidant ability which makes dopaminergic
neurons more susceptible to oxidative stress, as exhibited by the
low level of intracellular reduced glutathione. Reduced GSH is
one of the main factors responsible for the antioxidant defense,
which scavenges free radicals generated in brain tissue (Dringen,
2000). In this study, MPTP injection produces free radicals
which creates oxidative damage and is eventually responsible for
reduced GSH level along with decreased activity of antioxidant
enzyme catalase, while it has also increased the level of lipid
peroxidation. This finding in MPTP treated mice is consistent
with earlier reports (Cheng et al., 2008; Khan et al., 2010; Lee
et al., 2011; Yadav et al., 2013, 2014). Following MPTP injections,
treatment with Mp reduced the oxidative injury by decreasing
the MDA level along with restoration of GSH level and catalase
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FIGURE 5 | Immunofluorescence expression of GFAP, pAkt1, DAT, and TH in SNpc. of CONT, MPTP, and MPTP+Mp mice by using Image J Software at 20x
magnification. The MPTP intoxicated PD mice showed significantly enhanced expression level of GFAP positive cells (A) as compared to control, while on Mp
supplementation in PD mice showed significantly alleviated expression level of GFAP positive cells as compared to MPTP mice. On the contrary immunofluorescence
staining of pAkt1 positive cells were reduced in MPTP treated mice (B) while Mp treatment substantially enhanced the expression of pAkt1. Similarly, DAT (C) and TH
(D) positive dopaminergic neurons expression were reduced in MPTP treated mice while Mp treatment in MPTP treated mice significantly enhanced the expression
of DAT and TH. Values are expressed as mean ± SEM of IFV (∗p < 0.05, ∗∗p < 0.01, n = 3). ns, non-significant; GFAP, glial fibrillary acidic protein; DAT, dopamine
transporter; TH, tyrosine hydroxylase.

activity in the nigrostriatum. Recent findings have suggested that
oxygen free radical and nitric oxide (NO) play a major role in
stress mediated neurodegeneration. In addition, peroxynitrite
is formed when NO react with superoxide, which then induces
nitration of tyrosine to produce hydroxyl radicals. Therefore,
NO along with peroxynitrite may adversely affect neuronal cell
death in SN (Yokoyama et al., 2008). Our result exhibits that
nitrite level was significantly reduced after Mp treatment which
further protected the dopaminergic neurons from NO mediated
neurodegeneration, corroborating previous studies (Yokoyama
et al., 2008; Yadav et al., 2014).

During the pathogenesis of PD, activation of the glial
cells is considered to be a rapid cellular response leading
to neuroinflammation (Ghosh et al., 2007; Gordon et al.,
2012; Hirsch et al., 2012). Upregulation in the expression
of iNOS, ICAM GFAP, TNF-α, and NF-κB after MPTP
administration signifies the process of glial activation. Different
studies have suggested the presence of activated glial cells
in SN and striatum of PD brains (Hirsch et al., 2003;

Ouchi et al., 2009). Activation of Glial cells results in NF-κB
activation which further triggers the upregulation and release of
proinflammatory enzymes iNOS, and proinflammatory cytokine
TNF-α in PD (Kim and Joh, 2006; Mosley et al., 2006).
Studies done previously suggested that inhibition of glial
activation by using some inhibitors prevents MPTP-induced
neurotoxicity (Wu et al., 2003; Chung et al., 2011). In our
study, inflammatory response due to glial cell activation and
dopaminergic neuronal loss is suppressed on treatment with Mp.
During neuroinflammation, redox sensitive transcription factor,
e.g., NF-κB can be initiated by nitric oxide, ROS and RNS.
NF-κB shows activity during neurodegeneration by regulating
the expression of different proinflammatory mediators. NF-κB
is kept in inhibited form, bounded to inhibitory protein IκB, in
the cytoplasm to prevent its nuclear translocation necessary for
transcriptional activity. NF-κB regulated transcription of certain
proinflammatory genes such as TNF-α, IL-1β, COX-2, enzyme
like iNOS, and adhesion molecules (ICAM) occurs only when IκB
undergoes phosphorylation and proteolytic degradation resulting

Frontiers in Aging Neuroscience | www.frontiersin.org 9 December 2017 | Volume 9 | Article 421

https://www.frontiersin.org/journals/aging-neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/aging-neuroscience#articles


fnagi-09-00421 December 15, 2017 Time: 16:51 # 10

Rai et al. Mucuna pruriens Reduces PD Neuroinflammation

FIGURE 6 | Effect of Mp on the nuclear translocation of NF-κB in SNpc with 40x magnifications after staining. In substantia nigra (SN) as compared to control group
(A), nuclear translocation of NF-κB positive cells were increased in MPTP treated group (B) while Mp treatment inhibits this nuclear translocation of NF-κB (C).

in translocation of free NF-κB to the nucleus, where it binds to
target DNA elements (gene promoters containing κB binding
sites) (Shen et al., 2010). Also, MPTP leads to impairment of
the mitochondrial function in PD (Acuna-Castroviejo et al.,
2011). As the activity of mitochondrial enzyme complex get
inhibited, generation of superoxide anions occurs, which further
helps in the process of neuroinflammation by up-regulating
NF-κB activation. Thus, it can be suggested that drugs, which
can be used in inhibiting the generation of ROS, can be used
as neuroprotective agents to protect from the neurotoxin such
as MPTP. In this study, Mp has significantly inhibited the
production of ROS as well as the activation and translocation
of NF-κB. Aqueous extract of Mp treatment improved the
normal expression levels of iNOS and GFAP in MPTP treated
animals (Yadav et al., 2014). Our aqueous extract of Mp also
shows the similar activity as it improved the normal expression
levels of iNOS, GFAP, ICAM, and TNF-α in SNpc of MPTP
treated animals. Thus, antioxidative and anti-inflammatory drugs
can be used effectively as therapeutic agents in the case of
neurodegenerative diseases (Jin et al., 2005).

Akt activation helps in the survival of different types of
cells including various neuronal types, as reported through
various in vitro studies. Furthermore, Akt promotes the survival
of different neurons by mediating the functions of different
neurotrophic factors (Dudek et al., 1997; Crowder and Freeman,
1998; Brunet et al., 2001; Orike et al., 2001; Downward,
2004; Duronio, 2008). Death of cultured neurons occurs when
interference with activation of Akt occurs, while, transfection

with a constitutively active form of the kinase promotes the
survival of neurons in the absence of any other support.
Although studies about the Akt signaling is less in the case
of survival of non-stressed neurons in vivo, it has been more
studied in post-natal substantia nigra (SN), the brain area
of high relevance in the case of PD (Ries et al., 2009).
Dopaminergic neurons numbers get reduced in SN and incidence
of apoptotic neurons was doubled due to a dominant negative
form of Akt delivered by adeno-associated virus. On the other
hand, developmental neuron death in the SN was reduced
by transduction of a constitutively active form of Akt. The
maintenance of the survival of dopaminergic neurons in SN
under basal conditions has been highlighted by these significant
findings. Phosphorylation of Akt at Ser473 (Malagelada et al.,
2008; Timmons et al., 2009) and Thr308 (Malagelada et al., 2008)
is considerably decreased in dopaminergic SN neurons of PD
patients when compared with non-PD patients as indicated by
the Immunostaining of post-mortem brains. A drop in total
Akt staining in such neurons from PD patients was also seen
(Timmons et al., 2009). Significantly, in the Ries et al. (2009)
study cited above, reduction in number of individual TH+ fibers
correlated with decreased density of TH+ fiber staining in the
striatum was seen in the dominant-negative Akt mice model.
Our result shows that MPTP inhibits the activation of pAkt1
in the SNpc while Mp treatment overcomes this inhibition,
in accordance with the above citation. So, Mp treatment
also suggests a possible neuroprotective pathway mediated by
pAkt1.
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Thus anti-inflammatory pathway especially NF-κB and Akt
pathway plays a major role in PD treatment. As MPTP is
converted to its active form MPP+ inside the astroglial cells,
then it is taken by dopaminergic neuron through transporter
of dopamine, i.e., DAT (Kostic et al., 1996). These transporters
get damaged during MPP+ uptake process as number of DAT
get reduced in the SN, after MPTP administration (Jakowec
et al., 2004). Accordingly, our data also shows that DAT
immunoreactivity was reduced in MPTP group while it is
considerably improved in Mp treated group. The rate-limiting
enzyme in the production of DA, i.e., TH is the marker for
the dopaminergic neuron survival. Previous studies explore that
TH immunoreactivity was decreased gradually in SN of mice
after MPTP treatment. Their findings give important evidence
about MPTP-induced neurodegeneration (Kurosaki et al., 2003;
Ghosh et al., 2007). The immunohistochemical expression of TH
in SNpc region indicates the protective action of Mp in MPTP
injected parkinsonian mice, seen in the previous studies too
(Kurosaki et al., 2003; Yadav et al., 2014).

The pathophysiology of different diseases such as gout,
muscular pain, cancer, arthritis, and other vascular diseases have
been seen to be associated with inflammation. Inflammatory
symptoms are being treated by using different drugs and natural
products (Ahmad et al., 2005). It has been discussed earlier
too, that Mp is rich in different constituents such as saponins,
tannins, alkaloids, flavonoids in addition to L-DOPA and has
been used in the treatment of diseases like fever, muscular pains,
spasms and dysmenorrhea in past (Javed et al., 2010) and is thus
being tested for its anti-inflammatory activity and the reason
behind its traditional use for pain and fever. The results of our
present investigation indicates that seed powder of Mp possess
significant anti-inflammatory activity by inhibiting the NF-κB
and Akt dependent pathways as highlighted by the results of our
study.

It is well-established that Mp contain L-DOPA as the primary
component (Tripathi and Updhyay, 2001; Tomita-Yokotani
et al., 2004; Kasture et al., 2009). The seed of Mp also contains
Serotonin and its precursor 5-Hydroxytryptophan (5-HTP),
N,N-dimethyltryptamine and 5-MeO-dimethyltryptamine
(bufotenin) (Ghosal et al., 1971). Different saponins,
anthraquinones, flavonoids, terpenoids, cardiac glycosides, and
tannins are present in Mp (Agbafor and Nwachukwu, 2011).
Data from RP-HPLC analysis of aqueous extract of Mp used in
this study revealed a significant peak of L-DOPA correspond to
standard L-DOPA peak, Mp also contain various phytochemicals
like gallic acid, proanthocyanidin, tannin, quercetin, and phytic
acid. Quercetin being one of the major component in our RP-
HPLC result, might be showing anti-inflammatory activity.
Querctin has shown both antioxidant and antiinflammatory
activity as reported earlier by several studies (Haleagrahara et al.,

2011; Weng et al., 2012; Costa et al., 2016; Lee et al., 2016).
Moreover, other phytochemicals present in Mp might also act
in combination to explore its synergistic effect.

CONCLUSION

Our study suggests that Mp extract appreciably ameliorate
the neuroinflammatory processes and also restore biochemical
and behavioral parameters along with TH and DAT
immunoreactivity. NF-κB and Akt pathway might be responsible
for the underlying mechanism of Mp. The anti-inflammatory
activity along with potent anti-oxidant properties shown by Mp
extract can be used in treating inflammatory condition in the case
of PD.
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Abstract In the present study, extracts of Garcinia
xanthochymus seeds were used to determine anti-diabetic, an-
ti-oxidant, and biochemical activities in alloxan-induced diabet-
ic mice. Of the petroleum ether (G. xanthochymus petroleum
ether extract (GXSPE)) and methanol (G. xanthochymusmeth-
anol extract (GXSME)) seed extracts, 100 and 200 mg/kg were
used and compared with normal, diabetic, and glibenclamide
groups for various activities. The parameters like blood glucose,
body weight, serum biochemicals, serum enzymes, and anti-
oxidative enzymes in different groups were monitored at regu-
lar intervals. The extracts produced a dose-dependent response
for blood glucose levels and associated serum biochemicals,
serum enzymes, and anti-oxidative enzymes compared to the
diabetic control groups. The high-pressure liquid chromatogra-
phy (HPLC) analysis revealed the presence of phenolic

compounds especially gallic acid, 4-hydroxybenzoic acid, and
tannic acid, which have an important role in anti-diabetic ac-
tion. Thus, this study points out the strong anti-diabetic, anti-
oxidant, and biochemical activity of G. xanthochymus seeds.
Hence, it can be used for the development of an effective herbal
pharmaceutical drug for curing diabetes.

Keywords Garcinia xanthochymus . Anti-diabetic . Lipid
profiles . Phenolic . Compounds . Anti-oxidative enzymes

Introduction

Diabetes mellitus (DM) is a metabolic disorder affecting the
health of global public in both developed and developing
countries. In the recent report by the International Diabetes
Federation (IDF), it is estimated that 415 million adults are
suffering from DM in 2015 and this number is expected to go
up to 642 million by 2040 (IDF 2015). This increase is ex-
pected to occur majorly in South East Asian countries espe-
cially India and China (78.3 million in 2015 to 140.2 million
in 2040). DM is characterized by altered levels of glucose and
lipid metabolism and modification of liver enzyme levels
causing hyperglycemia and hyperlipidemia (Taskinen 2002).
At present, various synthetic drugs have been used for the
treatment of DM. However, these have serious side effects
such as dropsy, drug resistance, and weight gain. In contrast
to this, various traditional medicines have shown potential
anti-diabetic effect with less tolerability and side effects.

Garcinia xanthochymus (family: Clusiaceae) is a fruit
yielding tropical tree native to South East Asia. It is an
underutilized tree and is commonly known as Mysore gam-
boge or yellow mangosteen. It is used in various traditional
medicines for bilious condition, diarrhea, and dysentery; as an
anthelmintic, a cardiotonic, and an alexipharmic; and as a
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tonic to improve appetite. Various phytochemical reports on
the plants have led to the isolation of xanthones (Zhong et al.
2008a, b; Chen et al. 2011), benzophenones (Baggett et al.
2005; Acuna et al. 2012), and flavonoids (Baslas & Kumar
1979) as major components, and numerous scientific studies
have indicated various pharmacological activities such as anti-
oxidant (Chen et al. 2011; Zhong et al. 2009; Acuna et al.
2012) and cytotoxic (Ji et al. 2012; Han et al. 2007;
Manosroi et al. 2006) and nerve growth factor-potentiating
activity (Chanmahasathein et al . 2003a, b), anti-
inflammatory activity (Pal et al. 2005; Ruma et al. 2013),
and anti-microbial activity (Sunkar & Nachiyar 2012)
amongst various others.

Many Garcinia species like Garcinia cambogia
(Hayamizu et al. 2003; Asghar et al. 2007; Wielinga
et al. 2005; Cheng et al. 2012), Garcinia indica (Sasaki
et al. 2007; Kirana & Srinivasan 2010; Yamaguchi et al.
2000), Garcinia mangosteen (Ryu et al. 2011; Nelli et al.
2013), and Garcinia kola (Adaramoye 2012) have been
reported to possess anti-diabetic and anti-oxidant proper-
ties. However, there are still no scientific reports on the
anti-diabetic potential of G. xanthochymus seed extracts.
Therefore, the present study was aimed at investigating
the in vivo anti-diabetic effects of petroleum ether and
methanol extracts of G. xanthochymus seeds on Swiss
albino mice.

Materials and methods

Experimental animals

A total of 35 Swiss albino mice (6–8 weeks old) of
either sex were maintained under standard laboratory
conditions in the animal house of the Department of
Zoology, Karnatak University, Dharwad, India, with
food and water ad libitum under constant photoperiod
(12 h). The experiments were approved by the ethical
committee of Karnatak University (no. 639/02/a/
CPCSEA), and all institutional and national guidelines
for care and use of laboratory animals were followed.

Plant materials, chemicals, and reagents

The seeds were collected from Siddapur, Karnataka, India. A
voucher specimen was deposited at the Herbarium of
Department of Studies in Botany, Karnatak University,
Dharwad (accession no. KU-BOT-GX-213). Alloxan
monohydrate was procured from Sigma-Aldrich (St. Louis,
MO). All the reagents were procured from HiMedia
Laboratories Pvt. Ltd. (Mumbai, India) unless otherwise
specified.

Preparation of plant extracts

The seeds were dried (moisture content ∼12.9%) and grinded
to powder using a mechanical blender. The powder (50 g) was
subjected to extraction by using a Soxhlet apparatus using
petroleum ether and later with methanol at 60 °C for 6 h.
The extracts obtainedwere subjected to evaporation to remove
any traces of solvent by using a rotary flash evaporator. The
dried extracts were labeled as G. xanthochymus petroleum
ether extract (GXSPE) andG. xanthochymusmethanol extract
(GXSME), respectively. The resultant GXSME (12.64%) was
lyophilized and stored at −20 °C, and GXSPE (44.0%) was
stored at room temperature until further use.

High-pressure liquid chromatography analysis

The reversed-phase high-pressure liquid chromatography
(HPLC) photo diode array (RP HPLC DAD) analysis was per-
formed on the Shimadzu chromatographic system (model no.
LC 20AD) consisting of a quaternary pump, a manual injector,
a degasser (DGU 20A5), and a dual λ UV absorbance diode
array detector SPD M20A. The built-in LC solution software
system was used for data processing. Chromatographic separa-
tion was achieved on a Waters Nova-Pak C18 column (4 μm,
4.6 × 250 mm) for phenolic compounds. Mobile phase
consisting of water/acetonitrile/glacial acetic acid (90:5:5) was
used for separation with an injection volume of 20 μL. The
flow rate was 0.9 mL/min with a run time of 60 min, and
detection was done at 280 nm. Standard phenolic compounds
were accurately weighed and dissolved in methanol to obtain a
stock solution (1 mg/mL). Then, the stock solutions were seri-
ally diluted using the same solvent to obtain working concen-
trations for plotting calibration curves. Different concentrations
of phenolics (1, 5, 10, 20, 40, and 100μg/mL)were used during
the study. All the solutions and analytes were stored in
microfuge tubes at 4 °C until further use.

Acute toxicity study

Acute oral toxicity of GXSPE and GXSMEwas performed on
Swiss albino mice according to the guidelines of OECD
(OECD iLibrary 2002). Four groups of five mice each were
used for the study (n = 5), and the mice were fasted overnight
prior to the experiment. GXSPE and GXSME were adminis-
tered orally at doses of 50, 100, 200, 500, 1000, and
2000 mg/kg body weight. Following the dose, all the groups
were carefully observed for the variations in weight, mortality,
and behavioral profiles.

Oral glucose tolerance test

Blood glucose level of mice kept under fasting (12 h) was
determined. The mice were orally administered with normal
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saline and 100 and 200 mg/kg of GXSPE and GXSME ex-
tracts dissolved in phosphate-buffered saline (PBS). Glucose
solution of 1 g/kg was administered to all the experimental
mice after the administration of the extract. Blood samples
were collected at 30, 60, 90, and 120 min post-glucose admin-
istration by the tail flick method to record the variation in
blood glucose levels.

Induction of diabetes in mice

Diabetes was induced in mice by a single intraperitoneal
injection (100 μL) of freshly prepared alloxan
monohydrate in saline (20 mM PBS) with a dose of
50 mg/kg BW. Diabetes was confirmed after induction
by measurement of tail vein blood glucose levels, and
mice with fasting blood glucose level >250 mg/dL on
the third day of alloxan administration were considered
diabetic and were used in the experiments.

Experimental protocol for anti-diabetic activity

The mice were randomly divided into seven groups each con-
taining five mice.

& Normal control (NC) group: NC received normal saline.
& Diabetes mellitus (DM) group: DM received normal

saline.
& Diabetes mellitus + glibenclamide (5 mg/kg BW) (DM +

Glib) group: Glibenclamide (5 mg/kg BW, per day) was
treated to diabetic mice orally during 14-day experimental
period.

& Diabetes mellitus + GXSPE (100 mg/kg BW) (DM +
GXSPE-100) group: GXSPE (100 mg/kg BW, per day)
extract was treated to diabetic mice orally during 14-day
experimental period.

& Diabetes mellitus + GXSPE (200 mg/kg BW) (DM +
GXSPE-200) group: GXSPE (200 mg/kg BW, per day)
extract was treated to diabetic mice orally during 14-day
experimental period.

& Diabetes mellitus + GXSME (100 mg/kg BW) (DM +
GXSME-100) group: GXSME (100 mg/kg BW, per day)
extract was treated to diabetic mice orally during 14-day
experimental period.

& Diabetes mellitus + GXSME (200 mg/kg BW) (DM +
GXSME-200) group: GXSME (200 mg/kg BW, per day)
extract was treated to diabetic mice orally during 14-day
experimental period.

Body weight and blood glucose levels

Total body weight of all experimental animals was ob-
served and recorded on 1st, 7th, and 14th days of the

treatments, and 12-h fasting blood glucose levels were
estimated using the Accu-Chek glucometer using the tail
flick method on the aforementioned days.

Tissue and serum preparation

The pancreas were carefully removed, weighed, and
rinsed with ice cold-saline to remove blood. The ho-
mogenates were prepared using the procedures described
by Kakkar et al. (1995). The blood was collected by
cardiac puncture using a syringe under mild anesthesia,
and serum was isolated by centrifugation at 3000 rpm
for 15 min to determine the biochemical parameters.

Serum lipid profiles

Serum lipid profiles [low-density lipoprotein (LDL),
high-density lipoprotein (HDL), very low-density lipo-
protein (VLDL), triglyceride (TG), total cholesterol
(TC)] were estimated by using the procedure as outlined
in commercial kits (ERBA Diagnostics Mannheim
GmbH, Mannheim, Germany).

Determination of liver function test

Liver biochemical markers like aspartate aminotransfer-
ase (AST), alanine aminotransferase (ALT), alkaline
phosphatase (ALP), creatinine (CRE), urea, uric acid,
total bilirubin (TB), direct bilirubin (DB), albumin
(ALB), and total proteins present in serum were
estimated.

Determination of oxidative parameters

The peroxidation level was estimated as thiobarbituric ac-
id reactive substances (TBARS) in pancreas (Uchiyama &
Mihara 1978). The anti-oxidant enzymes which reduce
glutathione (GSH) superoxide dismutase (SOD), and cat-
alase (CAT) in pancreas were estimated by using the
methods described by Moran et al. (1979), Kakkar et al.
(1995), and Sinha (1972), respectively.

Statistical analysis

Statistical analysis was performed using the SPSS software
package, version 18.0. The values expressed as mean ± SE
were analyzed using one-way ANOVAwith Tukey’s post hoc
test. p value <0.05 was considered as significant.
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Results

Acute toxicity test

The mice showed good tolerance to testing (100 and
200 mg/kg) doses of GXSPE and GXSME. Extract in doses
as high as 2000mg/kg was found to be non-lethal. The highest
dose of both the extracts did not show any signs of toxicity
and mortality even after 3 days of oral administration. Hence,
these extracts are safe for long-term administration in mice.

Oral glucose tolerance test

The oral glucose tolerance test (OGTT) data revealed that the
blood glucose in experimental mice significantly increased
after 30 min of glucose administration. However, the admin-
istration of GXSPE and GXSME showed significant
(p < 0.05) gradual decrease in glucose levels with increase
in time duration and as well as with the increase in concentra-
tion of extracts. Regardless of the concentration used, the
blood glucose levels were almost reduced to that before
fasting after 120 min of post-glucose administration (Fig. 1).

Effect of G. xanthochymus petroleum ether extract
and G. xanthochymus methanol extract on blood glucose
levels and body weight

Table 1 depicts the glucose levels in normal and diabetes mice.
The NC and DM groups did not show any significant differ-
ence on the 14th day in the glucose levels compared to those
on the 1st day. However, blood glucose levels significantly
(p < 0.05) decreased on administration of GXSPE and
GXSME in DM mice. Daily administration of 100 and

200 mg/kg of GXSPE and GXSME showed reduction of
blood glucose, which was related to dose and duration. DM
administered with glibenclamide showed 72.67% reduction in
blood glucose levels, which signified that our results have
positive response. Maximum reduction of blood glucose was
observed with 200 mg/kg of GXSPE (−52.94%) and GXSME
(−52.91%). Changes in initial and final body weights in con-
trol and experimental mice groups are depicted in Table 2.
Weight loss (−20%) was observed in DM till the end of the
experiments. However, mice administered with glibenclamide
(9%) and GXSPE and GXSME (5–6%) improved the body
weight as compared to the initial diabetic animals.

Effect of G. xanthochymus petroleum ether extract
and G. xanthochymus methanol extract on lipid profiles

In DM mice, the TG, TC, LDL, and VLDL levels were
significantly (p < 0.05) increased and HDL levels signif-
icantly (p < 0.05) decreased compared to NC mice. The
TG content doubled in the DM group (266.78 mg/dL)
compared to the NC group (123.52 mg/dL). GXSPE and
GXSME showed reduction in TC level, but this was more
prominent with GXSME having 200 mg/kg. In case of TC
content , i t was also doubled for the DM group
(321.08 mg/dL) compared to the NC group (163.44 mg/
dL). All the seed extracts showed reduction in TC levels;
however, significant reduction was noticed with GXSME
(Table 3). Similar trends were observed in case of LDL
and VLDL. The LDL and VLDL significantly (p < 0.05)
decreased compared to the DM group. In case of LDL,
significant decrease was observed with GXSME having
200 mg/kg. In case of VLDL, all the extracts were equally
effective. However, an opposite trend was observed in

Fig. 1 Oral glucose tolerance test
(OGTT). Effect of Garcinia
xanthochymous seed petroleum
ether (GXSPE) and methanol
(GXSME) extract feeding. In the
oral glucose tolerance test,
glucose levels were estimated
followed by an oral
administration of 1 g/kg D-(+)-
glucose at indicated time points.
Mean ± standard error (n = 5)
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case of HDL. HDL was dramatically decreased in the DM
(13.84 mg/dL) group compared to the NC (45.44 mg/dL)
group. This was significantly improved when the DM
mice was administered with GXSPE and GXSME in a
dose-dependent manner (Table 3).

Effect of G. xanthochymus petroleum ether extract
and G. xanthochymus methanol extract on biochemical
parameters

The effect of glibenclamide and GXSPE and GXSME
on various serum enzymatic (AST, ALT and ALP) and
biochemical parameters (urea, uric acid, CRE, TB, DB,
ALB, and protein) on experimental mice is depicted in
Table 4. The serum enzymatic and biochemical param-
eters increased significantly (p < 0.05) in the DM
group. However, administration of glibenclamide and
GXSPE and GXSME significantly (p < 0.05) decreased
the elevated levels considerably and brought it to
normalcy.

Effect of G. xanthochymus petroleum ether extract
and G. xanthochymus methanol extract on lipid
peroxidation and anti-oxidant defense systems

In the DM group, the level of serum malondialdehyde (MDA)
significantly (p < 0.05) increased compared to the NC group.
However, administration of glibenclamide and 100 and
200 mg/kg BW doses of GXSPE and GXSME resulted in
significant decrease in the serum MDA level, thereby signify-
ing lowering of the degree of lipid peroxidation (Table 5). The
percentage decreases in MDA contents were −68.2, 54.31,
59.75, 59.4, and 63.08%, respectively, for glibenclamide,
GXSPE-100, GXSPE-200, GXSME-100, and GXSME-200
compared to DM.

The anti-oxidant defense systems like SOD, GSH, and
CAT in pancreas were also measured in the present experi-
ments. The results revealed a threefold decrease in these pa-
rameters in the DM group compared to the NC group
(Table 5). The SOD level decreased to −65.21% in DM com-
pared to the NC group. However, administration of
glibenclamide and 200 mg/kg of GXSPE and GXSME

Table 1 Effect of Garcinia
xanthochymus seed extracts on
blood glucose level of
experimental groups

Groups Glucose level (mg/dL)

1st day 7th day 14th day

NC 85.40 ± 2.31 b 86.80 ± 2.88 c 88.00 ± 2.42 d

DM 388.00 ± 2.58 a 385.20 ± 3.81 a 375.80 ± 2.83 a

DM + Glib 377.00 ± 3.59 a 286.20 ± 1.65 b 103.00 ± 5.96 d (−72.67%)

DM + GXSPE-100 376.60 ± 8.70 a 279.00 ± 11.13 b 204.20 ± 1.96 b (−45.77%)

DM + GXSPE-200 374.42 ± 11.71 a 264.80 ± 11.93 b 176.20 ± 10.50 c (−52.94%)

DM + GXSME-100 368.60 ± 11.48 a 292.80 ± 5.08 b 192.20 ± 2.76 bc (−47.85%)

DM + GXSME-200 366.60 ± 11.49 a 260.80 ± 13.66 b 172.60 ± 6.74 c (−52.91%)

Statistical analysis was carried out using one-way ANOVAwith Tukey’s post hoc test. Values are expressed as
mean glucose level ± standard error with n = 5 for all groups. Values with different letters along either a row or a
column are significantly different (p < 0.05) from each other

Table 2 Effect of Garcinia
xanthochymus seed extracts on
body weight of experimental
groups

Groups Body weight (g)

1st day 7th day 14th day % Change in body weight

NC 34.72 ± 0.14 a 35.78 ± 0.14 a 37.34 ± 0.16 a 7.01

DM 32.22 ± 0.46 b 31.54 ± 0.20 d 26.40 ± 0.81 d −22.04
DM + Glib 32.76 ± 0.27 b 33.94 ± 0.14 bc 36.18 ± 0.23 ab 9.45

DM + GXSPE-100 33.36 ± 0.47 ab 34.10 ± 0.49 ab 35.28 ± 0.36 bc 5.44

DM + GXSPE-200 32.72 ± 0.49 b 33.40 ± 0.43 bc 34.86 ± 0.22 bc 5.96

DM + GXSME-100 31.54 ± 0.45 b 32.38 ± 0.50 cd 33.52 ± 0.53 c 5.9

DM + GXSME-200 32.84 ± 0.46 b 33.64 ± 0.47 bc 35.00 ± 0.38 bc 6.17

Statistical analysis was carried out using one-way ANOVAwith Tukey’s post hoc test. Values are expressed as
mean body weight ± standard error with n = 5 for all groups; the positive value indicates an increasing body
weight compared. Values with different letters along either a row or a column are significantly different (p < 0.05)
from each other
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accounted for 66.35, 58.15, and 62.41% increase in SOD ac-
tivity, respectively. Similar trends were observed in case of
CATwith a decrease of −66.51% in the DM group compared
to the NC group. This was attenuated by glibenclamide and
200 mg/kg of GXSPE and GXSME, which accounted for
65.84, 55.58, and 57.96% increase in CAT activities. Similar
observation was made for GSHwith a decrease of −65.82% in
the DM group compared to the NC group. Oral administration
of glibenclamide and 200 mg/kg of GXSPE and GXSME
accounted for 65.20, 54.93, and 59.19%, respectively.

High-pressure liquid chromatography analysis

HPLC profiles of secondary metabolites at 270 nm showed the
presence of phenolic acids in GXSME. Gallic acid (GA), 4-
hydroxybenzoic acid (4-HBA), and tannic acid (TA) were the

major phenolic acid identified. TAwas found to be in the highest
concentration (73.32 ± 1.39 mg/g dry weight (DW)) followed by
4-HBA (9.76 ± 1.45mg/gDW) andGA (7.33 ± 0.13mg/gDW).
The spectral patterns of identified compounds are given in Fig. 2.

Discussion

Garcinia species have been used for hundreds of years as
traditional medicines (Chinese, Indian, and Thai) for various
medicinal practices. Various Garcinia species like
G. cambogia (Hayamizu et al. 2003; Asghar et al. 2007;
Wielinga et al. 2005; Cheng et al. 2012), G. indica (Sasaki
et al. 2007; Kirana and Srinivasan 2010; Yamaguchi et al.
2000), G. mangosteen (Ryu et al. 2011; Nelli et al. 2013),
and G. kola (Adaramoye 2012) have shown to possess anti-

Table 3 Effect of Garcinia xanthochymus seed extracts on lipid profile levels of experimental groups

Groups Serum lipid profile (mg/dL)

TG TC LDL HDL VLDL

NC 123.52 ± 1.08 d 163.44 ± 2.99 d 107.04 ± 2.08 d 45.44 ± 1.27 a 25.98 ± 0.52 c

DM 266.78 ± 1.40 a 321.08 ± 1.90 a 248.18 ± 1.97 a 13.84 ± 0.75 d 51.86 ± 1.46 a

DM + Glib 129.34 ± 1.09 cd 168.86 ± 1.73 cd 110.92 ± 0.75 cd 44.68 ± 0.49 a 29.62 ± 0.71 bc

DM + GXSPE-100 159.42 ± 4.91 b 207.56 ± 7.22 b 138.12 ± 8.04 b 34.88 ± 0.40 c 33.32 ± 0.64 b

DM + GXSPE-200 149.26 ± 5.49 b 198.48 ± 10.45 bc 130.52 ± 4.81 bc 36.20 ± 0.38 bc 32.48 ± 0.67 b

DM + GXSME-100 148.62 ± 5.29 b 194.32 ± 8.69 bcd 131.20 ± 5.07 bc 36.86 ± 0.76 bc 32.30 ± 0.74 b

DM + GXSME-200 143.06 ± 6.44 bc 188.64 ± 9.80 bcd 123.00 ± 5.39 bcd 39.68 ± 1.04 b 31.00 ± 0.72 b

Statistical analysis was carried out using one-way ANOVAwith Tukey’s post hoc test. Values are expressed as mean ± standard error with n = 5 for all
groups. Values with different letters along either a row or column are significantly different (p < 0.05) from each other

Table 4 Effect of Garcinia xanthochymus seed extracts on liver and renal serum biomarkers in experimental groups

Parameter Groups

NC DM DM + Glib DM + GXSPE-
100

DM + GXSPE-
200

DM + GXSME-
100

DM + GXSME-
200

AST (U/L) 46.19 ± 2.51 d 320.00 ± 2.02 a 59.37 ± 2.31 d 111.00 ± 4.73 b 100.46 ± 4.82 bc 98.03 ± 5.78 bc 88.32 ± 4.93 c

ALT (U/L) 27.00 ± 2.03 e 260.12 ± 11.75 a 46.20 ± 2.38 de 97.76 ± 2.34 b 86.98 ± 4.26 bc 79.54 ± 4.19 bc 66.54 ± 3.6 cd

ALP (U/L) 56.52 ± 1.58 d 299.38 ± 0.74 a 61.66 ± 3.14 d 114.68 ± 4.94 b 104.14 ± 6.60 bc 98.30 ± 3.23 bc 88.04 ± 4.73 c

Urea (mg/dL) 14.42 ± 0.23 d 32.64 ± 0.28 a 15.46 ± 0.24 cd 18.14 ± 0.38 b 16.38 ± 0.61 bcd 17.52 ± 0.62 b 17.10 ± 0.54 bc

Uric acid
(mg/dL)

1.02 ± 0.04 d 3.40 ± 0.07 a 1.25 ± 0.07 d 2.45 ± 0.08 b 2.04 ± 0.07 c 2.62 ± 0.10 b 2.55 ± 0.09 b

Creatinine
(mg/dL)

0.72 ± 0.02 c 1.63 ± 0.05 a 0.81 ± 0.02 bc 1.00 ± 0.10 b 0.88 ± 0.03 bc 0.90 ± 0.04 bc 0.85 ± 0.02 bc

TB (mg dL) 0.34 ± 0.02 e 0.82 ± 0.02 a 0.56 ± 0.03 d 0.73 ± 0.01 b 0.70 ± 0.01 bc 0.68 ± 0.02 bc 0.63 ± 0.01 cd

DB (mg/dL) 0.29 ± 0.18 c 0.42 ± 0.02 a 0.18 ± 0.01 c 0.35 ± 0.02 ab 0.31 ± 0.00 b 0.33 ± 0.02 b 0.30 ± 0.00 b

Albumin (g/dL) 8.49 ± 0.12 a 1.51 ± 0.06 d 8.65 ± 0.27 a 6.16 ± 0.23 c 6.79 ± 0.13 bc 7.04 ± 0.10 b 8.05 ± 0.08 a

Protein (g/dL) 8.50 ± 0.29 a 3.88 ± 0.17 c 8.50 ± 0.34 a 7.36 ± 0.12 b 7.80 ± 0.17 ab 7.86 ± 0.17 ab 8.00 ± 0.31 ab

Statistical analysis was carried out using one-way ANOVAwith Tukey’s post hoc test. Values are expressed as mean ± standard error with n = 5 for all
groups. Values with different letters along either a row or a column are significantly different (p < 0.05) from each other
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diabetic and anti-oxidant properties. However, there are no
detailed scientific reports on the potential role of
G. xanthochymus seed extracts having anti-diabetic
properties.

In the present investigation, DMwas induced in mice using
alloxan to establish and assist hyperglycemia throughout the
experimental period. In alloxan-induced diabetic mice, the
action of reactive oxygen species and subsequent increase in
cytosolic calcium concentration caused rapid destruction of β
cells in the pancreas (Szkudelski 2001). However, the data
from the present experiments revealed that the oral adminis-
tration of G. xanthochymus seed extracts for 14 days reduced
the elevated blood glucose levels in alloxan-induced DM
groups. Daily oral administration of the GXSPE and
GXSME lowered the blood glucose levels in a dose-

dependent manner, where 200 mg/kg of the GXSPE
(−52.94%) and GXSME (−52.91%) exerted the maximum
blood glucose-lowering effects. The OGTT levels were also
normalized by GXSPE and GXSME to the baseline level
within 120 min as that of standard drug glibenclamide, sug-
gesting that the extracts improved the glucose homeostasis in
a similar fashion as that of standard anti-diabetic drugs. In our
study, weight loss was observed in the DM group; however,
this was reversed in the DM group treated with seed extracts.
This restorative effect may be due to the reversal of gluconeo-
genesis and glycogenesis.

Lipid profiles especially TC, TG, LDL, and VLDL levels
doubled in the DM group, and HDL levels were reduced to
one third compared to the NC group. Such altered levels are
indicators of atherosclerosis, coronary artery disease,

Table 5 Effect of Garcinia xanthochymus seed extracts on lipid peroxidation and anti-oxidant defense systems of experimental groups

Groups SOD (U/mg protein) CAT (μmol H2O2 consumption/min/mg protein) GSH (U/min/mg protein) MDA (nmol/mg protein)

NC 41.16 ± 0.98 a 48.76 ± 0.43 a 42.48 ± 0.53 a 1.94 ± 0.13 d

DM 14.32 ± 0.27 d 16.33 ± 0.28 e 14.52 ± 0.51 d 6.61 ± 0.17 a

DM + Glib 42.56 ± 0.47 a 47.80 ± 0.69 a 41.72 ± 0.85 a 2.10 ± 0.26 cd

DM + GXSPE-100 29.76 ± 1.03 c 30.34 ± 0.69 d 29.50 ± 1.55 c 3.02 ± 0.06 b

DM + GXSPE-200 34.22 ± 1.55 bc 36.76 ± 1.75 bc 32.22 ± 1.26 bc 2.66 ± 0.09 bc

DM + GXSME-100 31.70 ± 1.06 c 32.52 ± 1.52 cd 30.98 ± 1.12 bc 2.68 ± 0.11 bc

DM + GXSME-200 38.10 ± 1.61 ab 38.84 ± 1.68 b 35.58 ± 1.30 b 2.44 ± 0.13 bcd

Statistical analysis was carried out using one-way ANOVAwith Tukey’s post hoc test. Values are expressed as mean ± standard error with n = 5 for all
groups. Values with different letters along either a row or a column are significantly different (p < 0.05) from each other

Fig. 2 HPLC chromatogram a
standard and b Garcinia
xanthochymous seed methanol
(GXSME) extract. 1 tannic acid
(TA); 2 gallic acid (GA); 3 4-
hydroxybenzoic acid (4-HBA)
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progressive protienuria, and dyslipidemia (Ajiboye et al.
2010; Oloyede et al. 2014; Latha and Daisy 2011). Daily oral
administration of the GXSPE and GXSME to the DM mice
significantly improved the lipid profile towards normalcy.
GXSPE was more effective compared to GXSME in bringing
the HDL level to normalcy whereas the remaining lipid profile
parameters were found to be more significant when 200 mg/
kg of GXSME was administered. The anti-hyperlipidemic ef-
fect may be brought about by GXSPE and GXSME by de-
creasing the cholesterogenesis and fatty acid synthesis. The
reversal of lipid profile alteration by the seed extracts shows
the ability of the extract to regulate lipid metabolism and pre-
vent various diseases (McGillicuddy et al. 2011).

Cytotoxicity of xenobiotics can be checked by monitoring
the activities of serum enzymes like AST, ALT, and ALP.
Significant elevation of these enzymes in the DM group was
observed. Administration of GXSPE andGXSME significant-
ly (p < 0.05) reversed the serum enzyme levels and restored it
to normalcy. The reason behind the effect of GXSPE and
GXSME is not understood at present. However, these en-
zymes are usually considered as indicators of hepatic dysfunc-
tion and damage and increase of these enzymes in serum of
DM group may be due to the leakage of these enzymes in the
blood (Navarro et al. 1993) or cellular destruction occurring in
the liver (Hassoum & Stohs 1995). Similar reversal in lipid
profiles was observed in alloxan-induced DM mice adminis-
tered with Nerium oleander extracts (Dey et al. 2015).
Diabetic nephropathic symptom resulting from renal morbid-
ity and mortality causes kidney or renal failure or extracellular
dehydration. Urea and CRE levels significantly increased in
DM mice. The increased levels of urea and CRE could be a
result of an extensive muscle breakdown associated with ca-
tabolism of plasma proteins and liver (Jorda et al. 1982).
Treatment of DMmice with GXSPE and GXSME significant-
ly (p < 0.05) decreased the elevated levels of urea, uric acid,
and CRE. Total proteins consist of major components like
ALB and globulins, which are mainly synthesized in the liver
(Satyanarayana & Chakrapani 2006). Reduction of protein
and ALB in diabetic conditions may be due to proteinuria or
albuminuria, which are the symptoms of diabetic nephropathy
(Kaleem et al. 2008). Administration of GXSPE and GXSME
increased the level of total proteins and ALBs significantly
compared to the DM mice. Furthermore, the TB and DB
levels were also restored by these extracts.

Lipid peroxidation causes membrane damage, functional
loss, and modification of proteins and DNA bases (Niki
2009) and dysfunction of pancreas. It is usually indicated by
increased levels of MDA in pancreas. This increase in MDA
may be due to the decreased anti-oxidant defense systems,
which usually eliminate free radicals and ROS in cells.
Significant reversal inMDA and anti-oxidant defense systems
was observed in DM mice administered with GXSPE and
GXSME (Table 5). This reversal of increased MDA by

GXSPE and GXSME could be due to the free radical and
ROS scavenging activity and detoxification ability exhibited
by GXSPE and GXSME through enhanced GSH, SOD, and
CAT activities.

Plants have been an important source of various anti-oxi-
dants, which have a great potential to ameliorate DM, chronic
hyperglycemia, and oxidative stress in diabetic conditions
(Collier et al. 1990; Bajaj & Khan 2012). The anti-oxidant
potential of the plants is due to the presence of secondary
metabolites like phenolic compounds. The phenolic com-
pounds identified in the present study have been reported to
have serious implication on the anti-diabetic activity especial-
ly gallic acid and 4-HBA. Gallic acid significantly decreases
hyperglycemia (Ahad et al. 2015; Huang et al. 2016) and
reduces the serum CRE, urea, and proinflammatory cytoki-
nins (responsible for diabetic nephropathy) like interleukin-1
(IL-1β), IL-6, tumor necrosis factor alpha, renal pathology
and attenuated renal oxidative stress and the p38-MAPK-
mediated renal dysfunction in diabetic conditions (Ahad
et al. 2015). Gallic acid studies on diabetic-induced myocar-
dial dysfunction showed hypoglycemic effect in animal
models. The TC and TG levels were lowered in diabetic ani-
mals, and anti-oxidative protection was observed (Patel and
Goyal 2011). According to Peungyicha et al. (1998a, b) 4-
HBA produces a hypoglycemic effect by an increase in the
peripheral glucose consumption. TA has also been reported to
have glucose transport stimulatory and adipocyte
differentiation-inhibitory activities (Liu et al. 2005).

Conclusions

The present study revealed that seed petroleum ether extract
(GXSPE) and seed methanolic extract (GXSME) of
G. xanthochymus at all doses investigated possessed anti-
diabetic and anti-dyslipidemic activity. However, the metha-
nolic extracts were more effective in reducing the diabetes and
related biochemical parameters in mice. The oxidative stress
caused by the toxin alloxan in the liver and pancreas in dia-
betic mice was also attenuated by these extracts. This effect
may be assumed to be due to the synergistic effects of the
bioactive phenolic compounds present in the extracts.
Hence, these seed extracts can be used as a potential source
for the synthesis of herbal drugs for the treatment of diabetes.
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sHMJr UNTVERSTW, VIDYANAGAR, KOLHAPUR 416 OO4

AND

B'v' PATEL PERD CENTRE/ B' v. Patel Pharmaceutical Education and ResearchDevelopment (PERD) centre sarkhej - Gandhinaga|. Hisil;t; Thattej, Ahmedabad-380 054,Gujarat,India' (Hereinafter called "PERD" whici expression shall wherever the context so crarms include itssuccessors and permitted assignees) represented by Director, Dr. MANISH NIVSARKAR,

sHrvAJr UNrvERsrry VTDYANAGAR, KoLHAPU& 416 004 and B.V. nATEL pERD Centre,Ahmedabad recognize the benefits to their respective Universities/ Institutes/ Research centres fromthe establishment of collaborations and proceed to have a memorandum of understanding (MoU). Boththe independent institutions are committed to mutual uno .orron goars of generating new knowredgetowards improvement of science to betterment of the society *u i".u.
PREAMBLE:

shivaji Universify, Kolhapur (sUK) is committed to meet the Educational, sociai, culturar & Economicneeds of the region and the nation to create a .1ust and Humane Society. shivaji University is dedicatecio promote and foster..a cullure of high quality teaching rno r.*ning and to serv. ioliutur needs byencouraging' lenerating and promotion excellence in research and extension activities.Uncompromising adherence to values and implementation of high quality educational programmes andhealthy practices with a view to creating and developing a tar{e and rich pool of selhess young men
ii9.ffi";ff3i:'" of ensuing for them'selves a oecent]iverino"oi uno meeting rhe growins needs of a

WHEREAS 'PERD" is India's first multidisciplinary, postgraduate research institute, dedicated to thepursuit of excellence in the pharmaceutical sciences and ha, developed, over the years, expertise,facilities and capabilities in the field of phaimaceutical technology and has facilities for carryrng out R &D studies in the area^of Novel Drug belivery Systems. pERD"rs also engaged into consurtation andProfessional services, Process ano pr:ooua Development, r&icitv strdies including acute and sub acuteand abnormal roxicity Studies, analyLical method Development'unc v-tioutio4"for Chemical, Biologicaland Herbal drugs (formulation development, efficacy un,iiur"ty *itn stanoardization).

The respective UniversitieYli."l*,,": jointly recognize this MoU to mutuaily cooperate in the areas ofPharmary Education, Research anO Oevetopment.

1. PURPOSE / OBJECTIVE

The primary purpose of 
, 
this MoU is to build academic research capacrfy and to promote mutualunderstanding between the Universities/Research estabrishments. The MoU shali formaily set out theterms of co-operative relationship between the parties, establish lheir respective roles, and facilitate thelrlli:l of each party in relation to .of f.Oorutive research.Both universities/institutes agree to oevelop coilaborative act,vities in academic areas or mutual
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d. Conducting colloquiums
e' Exchange of academic/research information and related materials to facilitate joint publications

by collaborating faculty members
f. Promoting any related academic activities based on mutual agreemenr

2. TERMSOFAGREEMENT

Both universities/institutes agree to carry out the above mentioned activities in accordance with laws
and regulations of respective university/institution after full consultation and approvals.

The term of this agreement shall be valid for a period of 24 months commencing from the date ofsignature hereof' This agreement can be extended for further terms on mutual agreement.

3. CONFIDENTIALIW

Each parly shall undertake to observe the secrery of confidential information received from or suppliedto the other party during the research activities conducted within the period of implementation of thisMoU or agreements made pursuant to this MoU.
For the purpose of this MoU, "confidential information" means any information whether plor to orhereinafter disclosed by a party (the disclosing party ) to the other party (the receiving party) of thisMoU involving technical, business, marketing, policy, know-how, planning project management andother information, data and/or solutions in any form.
Any information known or received by a parfy to the other party to this MoU will be kept as confidentialand will not be disclosed to any third person.

4, NON CONTRACTUAL NATURE OF RELATIONSHIP

The parties agree that this Mou represents the mutual understanding of the parties and is not intendednor shall be deemed to be a contract and shall not give rise to any rights and liabilities under acontract' Nothing contained herein shall be constructed so as to constitute a ;oint venture partnership
or formal business organization of any kind between the parties oi so to constitute either party as theagent of the other.
The parties acknowledge that this MoU does not in any way give rise to any right or permission to useor to be associated with each party,s intellectual property.
Under collaborative research any patentable 

ryleaich conducted by faculty or student aided by shivajiUniversity in coordination with part No.1, the Shivaji Universityr shalf ,eserve its rioht.
*:5. SETTLEMENTOF DISPUTES

Any.difference or dispute oetween the parties concerning the interpretation and/or implementationand/or application of any of the provisions of this MoU snlil first be setfled amicably througn mutuaiconsultation and/or negotiations between the Parties. Those which cannot be fully and satisfactorilyresolved or settled by the parties then, same shall be referred to Hon' Vice Chancellor of the Universityand the Higher Authorities of the first party,

6. REVISION/ VARTATION AND AMENDMENT

Either Part'y may request in writing a revision, variation or amendment of this MoU. Any such revision,variation of amendment agreed to, by Parties shall be in writing and shall form part oiini, MoU. such
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variation of amendment shall come into force on ,rih cute as may be determined by the

7. SUPERVENING EVENTS

Each party reserves the right for reason of national security, national interests, public order or publichealth to suspend temporarily, either in whole or in part, the implementation of this MoU whichsuspension shall take effect immediately after notification has been given to the other party.
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a b s t r a c t

Exotic hierarchical rutile TiO2 nanostructures are synthesized by surfactant free single step hydrothermal
route. The effect of reaction temperature, ranging from 140 �C to 200 �C on the properties of the synthe-
sized rutile-TiO2 is investigated. The synthesized rutile-TiO2 nanostructures are characterized using X-ray
diffraction, X-ray photoelectron spectroscopy, Raman spectroscopy, UV–vis spectroscopy and scanning
electron microscopy techniques. The deposited TiO2 samples are found to be photoelectrochemically
active and the best photoelectrochemical performance (0.95 ± 0.05%) is obtained for the sample depos-
ited at 180 �C. A possible temperature dependent growth mechanism resulting in photochemically active
TiO2 nanostructure thin films is proposed.

� 2016 Elsevier Inc. All rights reserved.

1. Introduction

Titanium dioxide (TiO2) is one of the best semiconductor with
wide band gap which has been comprehensively investigated in

the last decade for various applications such as photocatalysis
[1], water splitting [2], photoelectrochemical cells [3–8], elec-
trochromic devices [9] and gas sensors [10]. The wide applications
of TiO2 is because of its unique photocatalytic activity [11,12], pho-
tovoltaic effect, dielectric constant (�85), high chemical stability
and low toxicity [13,14]. Different TiO2 hierarchical nanostructures
like nanorods [15] nanowires, nanoparticles [16,17] and nanotubes
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[18,19] are extensively used in solar cells due to their improved
properties. Recently, researchers have successfully demonstrated
that polycrystalline TiO2 which consists of surface trap sites and
grain boundaries can trap electrons, which reduces the net electron
transport [5,20–22]. In addition, a random orientation of TiO2

nanoparticles leads to scattering of electrons thereby enhancing
the recombination of electrons and holes at the interfaces
[23,24]. Therefore, for increasing the net electron transport, TiO2

structures based on well aligned nanostructures such as nanorods
or nanotubes is an essential parameter. A variety of synthesis
methods have been used over a period of time by various research
groups. These includes, metalorganic chemical vapor deposition
(MOCVD), oblique-angle electron beam deposition, glancing angle
deposition (GLAD) for obtaining aligned TiO2 nanorods and TiO2

nanorod based different hierarchical nanostructures [25–28].
However, hydrothermal method has proved to be the best method
for the synthesis of different inorganic nanomaterials, since it
enables us to produce desired materials in simple way under envi-
ronmentally benign conditions. The method also allows one to
easily alter the properties of materials such as crystallite size and
morphology at nanoscale level by simply changing the parameters
such as reaction temperature, precursor concentration, and pH.
Thin film deposition by hydrothermal method involves the crystal
growth of inorganic materials in the subcritical state of water. In
this state, the physical and chemical properties of water like dielec-
tric constant and viscosity changes substantially as compared to
the normal water under ambient conditions. Therefore, a change
in temperature of hydrothermal method will alter the rate of pre-
cipitation of the metal ions indirectly affecting the growth rate of
material under consideration [29]. This change in the growth rate
causes substantial variation in the morphology and properties of
the synthesized material. Subcritical state of water is achieved by
heating water under pressure. Thus the reaction temperature will
play important role in the crystal growth and literatures dealing
with the effect of reaction temperature on TiO2 synthesis by
hydrothermal method are available [30–33].

In the present investigation, we have deposited nanorod based
3D-hierarchical nanostructure thin films of TiO2 by surfactant free,
simple, single step hydrothermal method. The effect of reaction
temperature on the growth of the TiO2 nanostructures and subse-
quent tuning of TiO2 morphology is discussed systematically. The
effect of temperature on the growth mechanism of 3-D hierarchical
nanostructures is also illustrated with the help of schematic dia-
gram for further development and engineering of 3-D TiO2 hierar-
chical nanostructures.

2. Experimental

2.1. Preparation of TiO2 electrodes

The TiO2 was synthesized by doing some modifications in the
method previously reported by us [34]. In this synthesis, 0.5 ml
of Titanium (IV) isopropoxide (C12H28O4Ti) (99.98%, Alfa Aesar)
was mixed with 10 ml of concentrated HCl (35.46%, Thomas Baker)
and 10 ml of double distilled water (DDW) resulting into
hydrothermal solution. The hydrothermal solution is transferred
to a Teflon lined stainless steel autoclave containing F:SnO2(FTO)
coated glass plates (�12 O/cm, 1 cm � 3.5 cm) inclined on the wall
of the Teflon liner to exposed the conducting side up. The autoclave
was then maintained at different temperatures, i.e. 140 �C, 160 �C,
180 �C, 200 �C for 3 h respectively. The corresponding samples are
designated as T140, T160, T180 and T200 respectively. The concen-
tration of Ti precursor and reaction time are kept constant for all
the synthesis. The deposited TiO2 samples are finally annealed at
450 �C for 1 h for further characterization and fabrication of pho-
toanode devices.

2.2. Characterization of TiO2 thin films

The X-ray Diffraction spectra (XRD) of the synthesized samples
are recorded using X-ray diffractometer (Bruker AXS Analytical
Instruments Pvt. Ltd., Germany, Model: D2 phaser). The elemental
information of the optimized TiO2 sample is obtained using X-ray
photoelectron spectrometer (XPS, VG Multilab 2000-
ThermoScientific Inc. UK) with a microfocus monochromated Al
Ka X-ray working with high photonic energies from 0.1 to 3 keV.
The Raman spectra of the TiO2 samples are recorded in the spectral
range of 35–4000 cm�1 using Raman spectrometer (Bruker Multi
RAM, Germany Make) Nd:YAG laser source with excitation wave-
length of 1064 nm and resolution of 4 cm�1. The optical absorption
measurements are performed at room temperature in the wave-
length range from 190 to 1100 nm with a UV–Vis spectrophotome-
ter (UV1800, Shimadzu, Japan). Surface morphologies of the
synthesized TiO2 thin films are characterized using SEM (JEOL
JSM-6360). The J–V curves are recorded on the Keithley 4200-scs
semiconductor characterization system with a UV source power
of 5 mW/cm2. For photoelectrochemical study, the TiO2 thin films
(average area 1 cm2) and FTO coated with drop casted platinum
layer are used as the working and counter electrodes respectively.
A constant distance (�1 mm) is maintained between the photo-
electrode and counter electrode throughout the experiment in an
aqueous solution of 0.1 M NaOH as the redox electrolyte. J–V mea-
surements of all the samples are optimized at fixed interval of time
to allow the system to attain equilibrium state. Electrochemical
impedance study is carried out with electrochemical workstation
(AUT85804) using the frequency range of 1,00,000–0.1 Hz in AC
mode (100 mV). The same devices assembled for checking photo-
electrochemical cell (PEC) performance were used for electrochem-
ical impedance study.

3. Results and discussion

3.1. X-ray diffraction study

Fig. 1 depicts the XRD patterns of the synthesized TiO2 samples
deposited at reaction temperatures 140 �C, 160 �C, 180 �C and

Fig. 1. X-ray diffraction patterns of samples T140, T160, T180 and T200
respectively.
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200 �C respectively. The obtained XRD patterns are compared with
the standard JCPDS Card No. 01-076-0318 for tetragonal rutile TiO2

polymorphs. The comparative XRD pattern confirms the rutile TiO2

phase of the synthesized TiO2 thin films with tetragonal crystal
structure space group: P42/mnm (136). All the TiO2 samples are
polycrystalline in nature with most intense peak corresponding
to (110) plane. Along with this peak, ten other peaks correspond-
ing to planes of (101), (111), (210), (211), (220), (002), (310),
(301), (112) and (202) are also observed. As seen from the
(Fig. 1), it is observed that the intensity of (110) plane increases
from sample T140 to T200. The lattice parameters ‘a’ and ‘c’ for
these TiO2 thin films are determined for tetragonal structure [35]
using Eq. (1).

dhkl ¼ affiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
h2 þ k2 þ l2 a2

c2

� �q ð1Þ

The calculated values of the lattice parameters corresponding to
T180 sample are found to be a = 4.626 Å and c = 2.970 Å.These val-
ues are in close agreement with the standard lattice parameter val-
ues (a = 4.508 Å and c = 3.027 Å) suggesting a tetragonal crystal
packing of the TiO2 thin-films. The crystallite size is also deter-
mined for all the samples by applying Scherrer’s formula on the
diffraction peak corresponding to (110) plane. The obtained aver-
age crystallite size for the samples T140, T160, T180 and T200 are
19, 24, 29 and 40 nm respectively (as shown in Table 1), which evi-
dently shows the effect of temperature on the crystallite size of the
TiO2 and follows an increasing trend with increasing reaction
temperature.

3.2. X-ray photoelectron spectroscopy

For the quantitative analysis on the electronic structure and
chemical properties of the deposited rutile TiO2 thin films, X-ray
photoelectron spectroscopy analysis is carried out on the T180
sample. The survey scan spectrum of the TiO2 sample is shown
in Fig. 2a while the high resolution narrow scan spectra for Ti
(2p) and O(s) region are displayed in Fig. 2b-A and -B, respectively.
The survey spectrum reveals the presence of elemental Ti, O and a
trace amount of carbon in the TiO2 sample. The trace carbon peak
observed in the survey spectrum may be attributed to adventitious
carbon or starting material used in the Ti precursor synthesis pro-
cess. The high resolution spectrum of Ti(2p) shows two peak struc-
tures which suggest the presence of elemental Ti in the deposited
TiO2 sample. The features of the double peaks of Ti (2p3/2) and Ti
(2p1/2), is determined by deconvolution of the Ti (2p) XPS spectrum
employing the Voigt curve fitting function inside the Shirley back-
ground. The two peaks are obtained from the decomposition of the
Ti(2p) spectrum. These two deconvoluted peaks corresponds to the
binding energy of 459.33 eV, 464.84 eV, which are characteristic to
the core levels Ti (2p3/2) and Ti (2p1/2) of Ti4+ cations respectively in
the TiO2 sample. The observed peaks in this study are similar to the
reported by Pawar et al. [36] for TiO2 thin films. The energy sepa-
ration among these two peaks is 5.51 eV, which is comparable to

that observed in TiO2 nanomaterials reported by Thind et al. [37].
The XPS spectrum of T180 sample (Fig. 2b-B) shows a compound
double peak structure in the O (1s) spectrum, which signifies the
occurrence of elemental ‘O’ in TiO2 rutile nanorods. A prominent
O1s peak coupled with a tiny shoulder is also observed. The
decomposition of the O (1s) spectrum showed a strong peak cen-
tered at 530.54 eV accompanied by a smaller peak centered at
532.11 eV. The strong peak observed in the spectra is assigned to
O2� anions which is characteristic of the Ti oxide. The modest peak
observed at the neighborhood of intense oxygen [O(1s)] peak could
be because of surface contamination [38–40] or occurrence of O
containing species, like hydroxyl groups or water molecules
adsorbed on the surface of the sample [41].

3.3. Raman spectroscopy

Raman spectra recorded for all the synthesized samples are
shown in Fig. 3. In general, the first-order Raman spectra of rutile
TiO2 polymorph exhibits four Fourier Transform (FT) Raman-
active fundamental modes corresponding to B1g (143 cm�1),
Eg (447 cm�1), A1g (612 cm�1) and B2g (826 cm�1) also denoted as
A1g + B1g + B2g + Eg. The two predominant peaks observed at
445 cm�1 and 609 cm�1 are characteristics of rutile TiO2 single
crystals [42]. The additional peak at �237 cm�1 (Eg) is attributed
to the multiple-phonon scattering of the second-order type [43].
The peak at �237 cm�1 (Eg) is also a characteristics peak of rutile
phase TiO2. In the present investigation, the B1g and B2g modes
are weak or absent.

3.4. Optical study

The band gap energy (Eg) of all the synthesized samples are
determined by using UV–vis absorption spectra and Tauc plots
are generated from the same. From the absorption spectra as
shown in Fig. 4, it is observed that absorption of the samples is
at the UV region confirming the wide band gap of the synthesized
TiO2, which is known to be 3.03 eV for the bulk rutile TiO2 deter-

Table 1
Detailed XRD parameters i.e. standard and calculated d values, standard and calculated values of lattice parameters a, c and corresponding crystallite sizes of all TiO2 samples are
summarized in table.

Sample (hkl) Plane Standard d (Å) Calculated d (Å) Standard Calculated Crystallite size (nm)

a (Å) c (Å) a (Å) c (Å)

T140 110 3.188 3.245 4.508 3.027 4.590 2.942 19
T160 3.247 4.592 2.949 24
T180 3.272 4.626 2.970 29
T200 3.247 4.592 2.957 40

Fig. 2a. The XPS survey spectrum of T180 sample.
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mined indirectly. The relationship between the absorption coeffi-
cient and the band gap energy is given by Eq. (2).

ahc ¼ a0 hc� Eg
� �n ð2Þ

where a is the absorption coefficient, hc is photon energy, Eg is band
gap energy and a0 is constant. The exponent ‘n’ depends on the nat-
ure of transition during the absorption process. For indirect allowed
transition n = 2 and for direct allowed transition n = 1/2. The indi-
rect band gap energy of the TiO2 samples is estimated by extrapo-

lating the straight portion of ahcð Þ1=2 shown in Fig. S2 (supporting
information).

The band gap energy calculated for the synthesized TiO2 sam-
ples are found to be in the range of 2.40–2.70 eV. It is also observed
that increasing in the reaction temperature decreases the band gap
energy of the samples. This finding may be attributed to the better
crystallinity of the TiO2 samples at higher temperature [44].

3.5. Morphological study

3.5.1. Scanning Electron Microscopy (SEM)
Fig. 5 shows SEM images of all the TiO2 samples at different

magnification. At a particular temperature and pressure, the mole-
cules on the FTO acts as the nucleation center for the growth of a
well aligned TiO2 nanorods. FTO substrate contains tetragonal
rutile structure and the mismatch between the tetragonal FTO
(a = b = 0.4738 nm) and rutile TiO2 (a = b = 0.4508 nm) is 2%. This
small mismatch may promote the initial epitaxial nucleation and
growth of rutile TiO2 nanorods on the FTO as observed in the cross
section images (Fig. S3) of all samples. However, confirmation can
only be made after a cautious study of the FTO-nanorod interface
using transmission electron microscopy. The formation of distinc-
tive Arabian jasmine flower like microstructures is observed in
the SEM images of T140 sample. Each flower consists of homocen-
trically grown bundles of TiO2 nanorods. The average length of TiO2

rods is about 1.5 lm. However, the average diameter of flowers
observed for T160, T180 and T200 sample is 4 lm and the struc-
ture becomes more open as the reaction temperature increases.
As can be seen from the SEM images, at 140 �C the TiO2 flowers
are bulky with short petals. But for every 20 �C increase in the reac-
tion temperature, there is an increment in the petal length of the
TiO2 flowers resulting in randomly oriented bundles of TiO2 nanor-
ods. The average thickness of the T140 and T160 sample is esti-
mated to be 8 lm. On further increasing the reaction
temperature, it leads to a systematic arrangement of radially ori-
ented TiO2 nanorods resulting into symmetrically arranged com-
pact microflowers. The average thickness of T180 sample is
10 lm. Beyond 180 �C, the growth rate increases forming several
layers of TiO2 flowers which are deposited to a compact base layer

Fig. 2b. (A) High resolution XPS spectrum of T180 sample in Ti 2p region. (B) High resolution XPS spectrum of T180 sample in O 2s region.

Fig. 3. Raman spectra of samples T140, T160, T180 and T200 respectively.

Fig. 4. Room temperature UV–visible absorption spectra of the samples T140, T160,
T180 and T200 respectively.
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of vertically aligned TiO2 nanorods. This symmetric arrangement
continues up to a temperature of 200 �C. However, it is observed
that the compactness is compromised at higher reaction tempera-
ture greater than 180 �C. These observations may be attributed to
the changes in the nucleation and growth of the TiO2 nanorods
due to higher molecular mobility as applicable in high temperature
hydrothermal reactions. The average thickness of the T200 sample
is found to be 30 lm.

3.5.2. Growth mechanism
Solvent properties like dielectric constant and solubility,

changes dramatically under supercritical condition. The thermody-
namics and transport properties of supercritical water are different
at ambient condition. At supercritical condition, the solubility of
nonpolar species increases, while it is decreases for the ionic and
polar species [45]. As a result of the drop in the polarity of water,
the viscosity (g) decreases which lead to increase in molecular
mobility. The dielectric constant of water (�78) at room tempera-
ture reduces with increasing temperature and pressure. Thus,
supercritical water provides a suitable reaction condition for parti-
cle formation and improvement in the reaction rate ultimately
leading to supersaturation due to lowering of the solubility [46].
In the present investigation the temperature of the system is varied
from 140 �C to 200 �C which is in subcritical condition and the

dielectric constant of water could be between 50–35 [47]. Thus,
this variation in dielectric constant with temperature will influ-
ence the reaction rate. The variation in the reaction rate leads to
the formation of different morphologies. Theoretical calculation
proved that for rutile lattice, the surface energy should be in the
order E(110) < E(100) < E(101) < E(001) [48]. In crystal growth,
a fast growing plane tends to disappear leaving behind the slower
growing planes having lower surface energy. Therefore, crystal
growth along the [001] direction (i.e. c-axis) is predicted to have
the fastest growth rate compared to remaining directions. From
the observed morphology of the TiO2 nanorods and XRD results
with dominant (110) plane (Figs. 5 and 1), it is expected that the
TiO2 nanorods preferentially exposes the {110} side facets and
the {101} top facets and grows along the [001] direction. The
growth rate in the [001] direction is much faster than that of the
½�1 1 0� direction, resulting to lengthening in the [001] direction.
A lateral growth of the nanorod (increasing diameter) occurs with
the generation of a fresh ½�1 1 0 surface. It has been established pre-
viously that Cl� plays an important role in the growth of TiO2

grains into nanorods. This is because the {110} planes of rutile
TiO2 have a positive polar face and the Cl� preferentially adsorbs
on the surface of the {110} planes. This condition leads to blocking
the contact of TiO2 grains on the {110} surfaces which conse-
quently accelerates the crystal growth along the (001) plane

Fig. 5. Scanning electron microscope images of TiO2 samples at different magnifications.
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[49,50]. Therefore, the TiO2 grain growth is observed to be con-
cealed in the h110i directions, while it is accelerated in the
[001] direction forming rod-like structures. The schematics of

growth mechanism are shown in Fig. 6(a and b) for ease in visual-
izing the mechanism described. The formation of the 3D
microflowers like structure may be justified by considering the ini-

Fig. 6. (a–c) Growth mechanism schematics.
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tial growth of TiO2 nanorods which is highly influenced by the
available nucleation sites of the FTO molecules. This nucleation
sites gives rise to compact base layers of TiO2 nanorods, any further
growth of TiO2 crystal will occur on the exposed sites of deposited
compact layer. This is in consistent with the observed SEM images
which exhibits that the formed TiO2 nanorods posses’ pyramidal
shape like tip and the exposed area of compact layer is nothing
but the exposed pyramidal shape like tips of all vertically aligned
TiO2 nanorods. So faces of pyramidal shape like tips are served as
nucleation sites for further growth of TiO2 crystal which finally
gives rise to symmetrically aligned flower like structure. The
growth mechanism of microflowers is systematically illustrated
in the schematic shown in Fig. 6(c). As it is observed that the rod
length of T140 sample is around 1.5 lm which is less than that
of T200 sample (3.5 lm). This variation in the rod length and
change in morphology of the TiO2 nanorods can be explained on
the basis of change in reaction rate or increased supersaturation.
Due to increased supersaturation large number of ions are avail-
able for nucleation and which may cause the increment in the
extent of crystal growth along [001] direction. The extent of super-
saturation is also increase with elevation in reaction temperature.
Hence the rod length is also increased from lower to higher reac-
tion temperature [32]. The increased molecular mobility at higher
temperature may also contribute positively to the crystal growth
along [001] direction.

3.6. J–V measurement

The J–V characteristics of the TiO2 samples were recorded using
the Keithley 4200-scs semiconductor characterization system
under UV illumination of 5 mW/cm2. The following cell configura-
tion is used for recording the J–V plots of the TiO2 samples: glass/
FTO/TiO2/NaOH/Pt-FTO/glass. The J–V characteristics of samples
T140, T160, T180 and T200 are shown in Fig. 7. The Jsc magnitudes
of these TiO2 samples are found to be 0.127, 0.167, 0.246 and
0.181 mA/cm2 respectively. The corresponding Voc are 540, 450,
565 and 615 mV. The Jsc of the TiO2 samples varies with reaction

temperature and sample corresponding to T180 shows maximum
photocurrent of 246 lA/cm2, with Voc of 615 mV. Thus a highest
photoconversion efficiency of 0.95 ± 0.05% is obtained for the
T180 sample. The solar cell parameters that are obtained from
the power output are listed in Table 2. There are two important
factors which determine the photoconversion efficiency of the
solar cell; (1) the first one effective light absorption and (2) the
effective charge transport by the material. For thin film solar cell,
the effective light absorption depends on the thickness of the
material deposited and the effective charge transport depends on
the homogeneity of the pathway (non homogeneity leads to
defects, grain boundaries and interfaces) provided by material to
the charge carriers i.e. electrons and holes. Therefore, TiO2 thin
films of higher thickness will absorb more light and generate more
electron hole pairs under UV light illumination. The transport of
these electron and holes will be favored if the TiO2 are well aligned
forming a compact structures for a better charge transport as com-
pared to loosely bound structures. Therefore, the highest photocur-
rent efficiency obtained for T180 sample in this investigation is
possibly due to the compactly arranged TiO2 structure as compared
to other samples. From the morphology, it can be further observed
that the T180 sample have symmetrically developed and compact
microflowers like structure. A comparison of T140 and T180 sam-
ple structures and their photoelectrochemical cell (PEC) perfor-
mance, it may be concluded that the T180 sample will be more
efficient as the thickness is higher and the structures are compactly
arranged which is in agreement with the observed values of
0.95 ± 0.05% efficiency corresponding to photocurrent 246 lA/cm2.

3.7. EIS study

Charge transport dynamics of the prepared photoelectrochemi-
cal solar cells is investigated by using Electrochemical Impedance
Spectroscopy. The effect of reaction temperature on the photocon-
version efficiency of the synthesized rutile TiO2, EIS measurement
of the samples are conducted in dark by applying a voltage of
10 mV in 0.1 M NaOH electrolyte. The AC frequency range is set
at 100,000–0.1 Hz. The Nyquist plots of samples T140, T160,
T180 and T200 are shown in Fig. 8. The obtained spectra are fitted
with an equivalent circuit and are represented as insets of Fig. 8.
Nova 10.1 software is used to fit the plots to semicircle which is
represented in terms of an appropriate equivalent circuit made of
a constant phase elements (Q) and resistors (R). The smaller semi-
circle at high frequency region of the Nyquist plot can be attributed
to electron transport at the interface of the electrolyte and Pt-FTO
counter electrode. While the straight line at lower frequency
region is related to the combination of electron transport in the
TiO2 electrode and electron back reaction at the interface of the
TiO2 photoanode and the electrolyte [51–53]. The electrochemical
parameters derived from the fitting of the Nyquist plot are tabu-
lated in Table 3 in terms of charge transfer resistances (R1) at the
Pt-FTO counter/electrolyte interface and charge transfer resis-
tances (R2) related to FTO/TiO2 interfacial resistance for electron
transfer from the TiO2 conduction band. Rs is the series resistance,
or a sum of solution resistance and contact resistance. The sample
corresponding to T180 shows R1 = 1970 O/cm2 and R2 = 270 O/cm2

which is lower than the remaining TiO2 samples. The lower value

Fig. 7. Current density–voltage characteristics of TiO2 samples deposited with
varying reaction temperature (T140 to T200 samples) on F:SnO2 with TiO2/0.1 M
NaOH/CE cell structure under dark and UV (5 mW/cm2).

Table 2
Various solar cell parameters obtained for the glass/FTO/TiO2/NaOH/Pt-FTO/glass system are summarized in table.

Sample Thickness (lm) Jsc (mA/cm2) Voc (mV) Jmax (mA/cm2) Vmax (mV) Pmax (mW/cm2) FF PCE (%)

T140 8 ± 0.5 0.127 540 0.075 250 18.75 0.38 0.38 ± 0.05
T160 8 ± 0.5 0.167 450 0.091 235 21.39 0.29 0.44 ± 0.05
T180 10 ± 0.5 0.246 565 0.155 310 48.05 0.34 0.95 ± 0.05
T200 30 ± 0.5 0.181 615 0.098 265 25.97 0.23 0.23 ± 0.05
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of R1 and R2 is indicative of better charge transport in the cell,
resulting from the lower value of R2 which is essentially attributed
to the low electron recombination present in the conduction band
of the TiO2 with the oxidized species in the electrolyte or valence
band of TiO2. These results compliment the J–V characteristics
which showed an increased Jsc for T180 sample. Therefore, the
TiO2 thin film corresponding to T180 will generate higher pho-
tocurrent upon light illumination resulting in increased photocon-
version efficiency.

3.8. Conclusions

In summary, we have successfully prepared the TiO2 photoan-
ode using hierarchical rutile TiO2 nanostructures synthesized by
a surfactant free single step hydrothermal route. The role of reac-
tion temperature on the synthesized rutile TiO2 is investigated.
The strong correlation between the surface morphology and the
temperature is reported with the possible growth mechanism of
the TiO2 thin films. Among the samples, T180 sample exhibited
the highest photoelectrochemical cell performance with photocon-
version efficiency of 0.95% under 5 mW/cm2 UV illuminations. The
observed enhancement is attributed to the optimum surface area
and compactness of the sample.
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Catalytic activity of bare and porous palladium
nanostructures in the reduction of 4-nitrophenol†

Ajit M. Kalekar,a Kiran Kumar K. Sharma,b Meitram N. Luwangc and Geeta K. Sharma*a

The catalytic activity of bare and porous palladium nanostructures viz. palladium nanoballs (PdNBs) and

palladium urchins (Pdurc) synthesized in surfactant based liquid crystalline mesophase have been

investigated in the reduction of 4-nitrophenol. The loading of PdNBs and Pdurc nanocatalyst in the

reaction are optimized to 1.57 � 10�4 mol% and 1.57 � 10�3 mol% respectively. The surface area

normalized rate constant obtained at 303 K for PdNBs (0.74 � 0.03) s�1 m�2 L and Pdurc (0.41 � 0.05)

s�1 m�2 L is the highest, considering the low palladium loading used in the reaction. The specific surface

area determined for the PdNBs and Pdurc are 153 m2 g�1 and 27 m2 g�1 respectively. The high surface

area of PdNBs nanostructure is consistent with the highest catalytic activity. The palladium nanostructure

catalyzed reaction lacks induction time (t0), indicating the influence of porosity in the Langmuir–

Hinshelwood mechanism. Besides, PdNBs and Pdurc exhibited thermal stability and structural integrity

with good conversion of the substrate (>97%) even up to five consecutive reactions. The mechanistic

insight of the bare and porous palladium nanostructures presented in this study is significant for the

development of stable and efficient palladium metal based nanocatalyst.

1. Introduction

Studies on metal nanostructures and their composites in the
eld of catalysis are focused on developing a durable and
efficient heterogeneous catalyst.1 Research on morphology
controlled supported metal nanostructures are gaining
momentum in catalysis science owing to their morphological
dependent properties.2,3 In most of the cases, nanocatalyst or
their composites contain noble metals such as platinum and
palladium which are efficient but expensive. Amongst these
noble metals, palladium (Pd) and its composites is one of the
widely investigated nanomaterials for catalytic applications.4–11

These literatures mainly concerns with the use of supported Pd
nanocatalyst, which are easier to separate from reaction mixture.
However, there is an inherent disadvantage of low efficiency, low
selectivity and less reproducibility due to variation in the support
used during the synthesis and stabilization materials used as
well. Further, the support may also inuence the catalytic reac-
tion by altering the homogeneity and diffusibility of the
substrates on the surface of the nanocatalyst.12 Thus, research in

nanocatalysis is focused to address and overcome these disad-
vantages by developing different route to synthesize metal
nanostructures for better efficiency, selectivity, reproducibility
and in addition rigidity.13 Most of the supported Pd nano-
structured catalyst contains a Pd loading of >5 mol% in the
catalytic activitymeasurement which is quite high as the catalytic
activity is proportional to the catalyst concentration.14,15 But for
a cost effective and practical approach, higher catalytic activity
with low catalyst loading is desirable for noble metal catalyst.
The literatures available so far have focused on reducing the cost
of the catalyst by lowering the Pd contents or replacement of the
Pd metal itself.16,17 Alternatively, these objectives can also be
achieved by designing and synthesis of bare and porous Pd
nanostructures with larger surface area which will lower the
catalyst loading without compromising with the catalytic activity.

It is well documented that, supported Pd nanostructures
with different morphologies can be used effectively in the
catalytic reduction and electro catalytic applications.15,18–21 The
synthesis of porous nanostructures with signicantly high
surface area possesses a major challenge due to the stability
issues. The stability of porous nanostructures is dependent on
its surface energy which is inversely proportional to the size of
the nanostructures leading to aggregation.22 The aggregation of
the nanostructures signicantly reduces the surface area
resulting in lowering number of active sites and hence decrease
in the catalytic activity of the nanostructures. Therefore, for
genuine technological applications, the insertion and removal
of templates (hard/so) for stability of Pd nanostructures draws
wide attention to the material chemists.15,18–22
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Of these, the so templates offer a better alternative to its
counterpart (hard templates) which is difficult to remove from
the surface of the nanostructures. The surfactant based swollen
liquid crystalline mesophases (SLCs) are powerful supramolec-
ular self assemblies that provides so template nanoreactors for
synthesizing porous nanostructures into a specic phase having
a well-dened microscopic orientation.23–26 The metal doped
SLCs have demonstrated to be a feasible nanoreactor for
morphology controlled synthesis of nanostructures by radiol-
ysis with robust reproducibility.27 The bare and porous Pd
nanostructures synthesized in SLCs have shown good electro-
catalytic efficiency in ethanol electro-oxidation24 and hydrogen
storage property.28 However, a systematic study of these bare
and porous Pd nanostructures with respect to the catalysis,
kinetics, thermal stability and structural rigidity as a catalyst is
lacking.

4-Nitrophenol (4-NP) is highly toxic, non-biodegradable
compound present in the industrial effluent that can be con-
verted to 4-aminophenol (4-AP) by sodium borohydride (NaBH4)
in the presence of catalyst.29 The mild reaction conditions and
ease in monitoring the reaction by UV-Vis spectrophotometer in
aqueous medium favors the 4-NP reduction reaction as a model
reaction for the evaluation of the catalytic activity of nano-
structures.30–32 The kinetics of Pd nanoparticles supported in
polymeric materials, spherical polyelectrolyte brushes and
thermo sensitive microgels shows a consistent induction time
(t0) owing to the presence of dissolved oxygen in the system.30

The mechanism and the possibility of mass transfer for these
solid Pd nanostructures have been recently reported experi-
mentally33 and theoretically.34 Similar mechanism has been also
deduced for solid colloidal silver nanoparticles.35 However, to
the best knowledge of the authors, no literature report is
available on the mechanistic details of bare and porous Pd
nanostructures which is free of any stabilizers, as catalyst in the
reduction of 4-NP by NaBH4. The catalytic activity of bare and
porous platinum nanostructures as catalyst has been reported
by our group.27

We report here the catalytic activity of bare and porous
PdNBs and Pdurc using the model reaction of 4-NP reduction by
sodium borohydride. The mechanism is signicant as it
provides information on the role of porosity in eliminating the
induction time, enhanced catalytic activity and stability of the
synthesized PdNBs and Pdurc nanostructures.

2. Experimental section
2.1 Chemicals

Tetraamminepalladium(II) chloride (98%) was purchased from
Sigma Aldrich. Cetyltrimethylammonium bromide (CTAB) 99%,
cetylpyridiniumchloride monohydrate (CPCl) 99% from SD-
Fine Chemicals, 4-NP (99% purity) cyclohexane (99%) from
SRL, 1-pentanol (99%) from Spectrochem, propan-2-ol (99.7%),
NaBH4 (97%) from Fisher scientic were purchased. Nitrogen
gas with purity 99.995% was purchased from Inox air products.
All the materials were used as received. Deionized water from
Milli-Q system with resistance 18.2 MU M�1 cm�1 was used for
preparation of all the solutions.

2.2 Synthesis of palladium nanostructures

The Pd doped SLCs were synthesized by modifying the
method reported earlier using CTAB and Pd (NH3)4Cl2 metal
precursor.24 Briey, 1.03 g of CTAB was dissolved in 2 mL
Milli Q water along with 0.1 M Pd precursor. Further 2.98 mL
of cyclohexane was added to obtain a white microemulsion
which was then vortex by adding 1-pentanol drop wise from
the side of the glass tube. Finally, stable and perfectly
transparent Pd doped SLCs were formed. To eliminate any
dissolved oxygen present in the system, the prepared SLCs
were kept under nitrogen bubbling for 30 minutes prior to
irradiation. Similarly another nanostructures were synthesize
by dissolving 0.1 M Pd(NH3)4Cl2 in 1.03 g CPCl completely. In
this micellar solution, 0.015 mL propan-2-ol (nal concen-
tration of solution 0.1 M) was added to scavenge the cOH
radicals.28 The oxygen interference was removed by bubbling
nitrogen gas for 30 minutes before irradiation. The SLCs and
micellar solution of Pd was irradiated in the same glass tubes
sealed with silicon septum. The stable, perfectly transparent
SLCs and micellar solution were exposed to g radiation using
a 60Co g source facility at Department of Chemistry, Savitribai
Phule Pune University, Pune. The dose rate determined using
Fricke dosimetry was found to be 3.6 kGy h�1. Aer 80 kGy of
absorbed dose, the Pd nanostructures formed were destabi-
lized by propan-2-ol. The suspended Pd nanostructures were
centrifuged and the supernatant was removed by decanta-
tion. The residues were washed several times with propan-2-
ol and water to remove any CTAB or CPCl traces (nearly
2 liters of propan-2-ol taking small quantity at a time). The
isolated Pd nanostructures were dried in oven at 60 �C for 12
hours prior to characterization and determination of the
catalytic activity.

2.3 Characterization

The UV-Vis absorption spectra of Pd precursor, PdNBs, Pdurc
were recorded using a Shimadzu UV1800 in quartz cuvettes.
Transmission electron microscopy (TEM) analysis was per-
formed using TECNAI-G2 20 ULTRA-TWIN FEI with an accel-
erating voltage up to 200 kV. A FEI TECNAI 3010 transmission
electron microscope operating at 300 kV (resolution 1.7 Å) was
used for high resolution-transmission electron microscopy
(HR-TEM) measurements. The Pd nanostructures were soni-
cated using Oscar ultrasonicator prior to deposition on
a carbon coated copper grid having 200 mesh size. X-ray
diffraction (XRD) of the dried Pd nanostructures were recor-
ded using PANalytical X'pert Pro diffractometer with a CuKa
(1.5418 Å) line. The voltage and current applied to X-ray anode
was 45 kV and 40 mA respectively. The nitrogen adsorption
isotherms at 77 K were measured on a Quantachrome Autosorb
iQ gas analyzer. The samples were rinsed with diethyl ether,
heated in an oven at 358 K in order to remove the excess of
diethyl ether and were then dried at 323 K under vacuum for
5 hours for the BET measurements. The BET surface area was
calculated using the [0.05–0.30] relative pressure range, the
correlation coefficient being 0.999 or better.
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2.4 Catalytic reduction of 4-nitrophenol (4-NP)

The catalytic reduction of 4-NP by NaBH4 in presence of PdNBs/
Pdurc was performed as follows: 1 � 10�4 M of 4-NP (1.5 mL)
and 5� 10�2 M NaBH4 (1.0 mL, ice cold) were mixed and stirred
for 1min in a quartz cuvette. To this mixture, 1 mg L�1 of PdNBs
or 10 mg L�1 of Pdurc (0.5 mL) were added and the reaction was
monitored by observing the change in absorbance of 4-nitro
phenolate anion absorbing at 400 nm. The Pd nanostructure
concentration in the reaction mixture was calculated to be 0.166
mg L�1 (1.57 � 10�4 mol%) and 1.66 mg L�1 (1.57 � 10�3

mol%) respectively. The absorption spectra were recorded
within the wavelength range of 200–600 nm. For uncatalyzed
reaction, instead of PdNBs/Pdurc 0.5 mL of Milli Q water was
added and spectra were recorded at the same wavelength.

2.5 Kinetic analysis

The kinetic analysis was performed using Langmuir–Hinshel-
wood mechanism assuming both the reactants adsorbed on the
surface of PdNBs and Pdurc. Interaction of borohydride ions at
these nanostructure surface is quite critical and involves
multiple steps which ultimately leads to the liberation of
hydrogen.33 The steps involved during the reduction of 4-NP by
NaBH4 in the presence of Pd catalyst is represented in ESI
Scheme S1.† Reactions 1 and 2 of Scheme S1† denote the
adsorption of 4-NP and BH4

� on the surface of the nanocatalyst.
A pseudorst-order condition with respect to BH4

� is main-
tained throughout the experiment. The adsorbed BH4

� then
reacts with water on the surface of catalyst producing hydrogen
as a reducing source (step 3). In step 4, subsequent addition of
4-NP*

ad and H*
ad takes place, forming 4-AP at the surface of the

Pd nanocatalyst. Desorption of 4-AP (step 5) from the surface of
the Pd nanocatalyst is the rate determining step in the reaction
proposed for the catalytic mechanism of Pd nanocatalyst.

The general rate law for the 4-NP reduction by NaBH4 is given
by the eqn (1),

� d½4NP�
dt

¼ k½4NP�a �BH4
��b (1)

The apparent pseudorst-order rate constants (kapp) were
determined using a classical Langmuir–Hinshelwood equation
which is deduced as reported earlier for platinum nano-
structures27 expressed by eqn (2).

ln
C0

C
¼ kappt ¼ kSt (2)

where C0 and C are the initial and nal concentrations having
equivalent in terms of absorbance (A0 and At respectively) was
monitored at a xed wavelength (l) at time t. kapp is the apparent
pseudorst-order rate constant assumed to be proportional to
the accessible surface area (S) for the PdNBs and Pdurc. The
surface area normalized rate constant k, is calculated by using k
¼ kapp/S. Therefore, for constant catalyst concentration and
uniform accessible surface area of Pd nanostructures, a plot of
ln(A0/At) with respect to time gives a straight line whose slope is
kapp. The kinetic analysis was performed by varying one of the

reactant concentration while keeping other reactant constant to
check any deviation in the reaction mechanism. The kapp were
also determined at temperature ranging from 293–333 K and
activation energy (Ea) of the catalytic reduction by these Pd
nanostructures was calculated employing eqn (3).

kapp ¼ Ae�
Ea

RT (3)

where, kapp is the apparent pseudorst-order rate constant at
temperature T, A is the frequency factor, Ea is the activation
energy and R is the universal gas constant (8.314 J K�1 mol�1).

The mol% of both Pd nanocatalyst was calculated based on
the actual concentration of catalyst used in the reaction using
eqn (4).

% mol ¼ C

M
� 100 (4)

where, C is concentration of Pd nanocatalyst; M is molecular
weight of Pd metal.

2.6 Recycling studies

The recycling study of Pd nanostructures were carried out by
mixing 3 � 10�3 M of 4-NP (0.1 mL) and 2.5 mL milli Q water,
followed by the addition of ice cold 1 � 10�1 M NaBH4 (0.1 mL).
The mixture was stirred for 1 minute in a quartz cuvette. To this
mixture, 1 mg L�1 of PdNBs or 10 mg L�1 of Pdurc (0.3 mL)
equivalent to 0.1 mg L�1 (9.4� 10�5 mol%) and 1 mg L�1 (9.4�
10�4 mol%) were added and the reaction was monitored by
observing the change in the absorbance of 4-nitro phenolate
anion at 400 nm as a function of time. Aer the completion of
the rst cycle of the reaction, 0.1 mL each of 3 � 10�3 M of 4-NP
and 1 � 10�1 M ice cold solution of NaBH4 was added to the
reaction mixture in a sequential manner as in the rst cycle
without adding Pd nanostructures and monitored till the
second reaction cycle completes. Similar procedure was fol-
lowed for the remaining cycles.

3. Results and discussion
3.1 Morphology of palladium nanostructures

TEM images of the synthesized Pd nanostructures in SLCs are
depicted in Fig. 1, panel (a and b). The images show a three-
dimensionally (3D) interconnected Pd nanowires forming
hexagonal shaped cells of 13–15 nm diameter which are inter-
linked into ball shaped nanostructures (PdNBs) of size ranging
from 50–90 nm.

These 3D nanowires have average diameter of about 3–4 nm,
consistent with the water channel thickness between the two
cyclohexane cylinders of hexagonal SLCs.24 The HR-TEM image
of PdNBs before the catalytic reaction (Fig. 1c) shows contin-
uous lattice fringes with 0.238 nm which represents the
d spacing. This d spacing of the crystalline domain corresponds
to the d(111) plane of fcc Pd.

Similarly, the TEM images of Pd nanostructure synthesized
in CPCl reveals urchin shaped nanostructure with arms growing
away 3-dimensionally from the center (Fig. 2a and b). The
diameter of these Pdurc ranges from 40–80 nm while the

This journal is © The Royal Society of Chemistry 2016 RSC Adv., 2016, 6, 11911–11920 | 11913

Paper RSC Advances



individual nanowires has diameter of about 3 nm. The HR-TEM
image showing d spacing 0.238 nm corresponds to (111) plane
of crystalline Pd.

The UV-Vis absorption spectra for the Pd salts before irra-
diation, PdNBs and Pdurc aer 80 kGy of g irradiation are
shown in Fig. 1S.† The spectral features suggest the reduction of
the metal precursor upon radiolysis. The crystalline nature of
PdNBs and Pdurc were further conrmed by the XRD analysis
which complements the ridges observed in the HR-TEM images.

The XRD pattern of the prepared PdNBs show 2q peaks at
40.13�, 46.96� and 68.13� while for Pdurc show 2q peaks at
39.93�, 46.81� and 68.01� respectively. These diffraction
patterns were correlated to the diffractions from (111), (200) and
(220) planes of crystalline Pd (Fig. 2S,† le panel) suggesting the
crystallinity of PdNBs and Pdurc respectively.

In order to estimate the total surface area of the Pd nano-
structures, BET measurements by nitrogen adsorption
isotherms at 77 K were performed on the PdNBs (black color)
and Pdurc (lime color). The adsorption isotherms at 77 K for
PdNBs and Pdurc; before and aer 4-NP reduction reaction are
depicted in Fig. 3. Both, PdNBs and Pdurc represent type II
isotherms, characteristic of macroporous (or non-porous)
materials. The total surface area for PdNBs was calculated to
be 86 m2 g�1 while that for the Pdurc was 15 m2 g�1. Comparing
these Pd nanostructures with silica on a molar ratio basis (SiO2,
mol. wt ¼ 60 g, and Pd, mol. wt ¼ 106.42 g), the value would
corresponds to specic surface area of 153 m2 g�1 and 27 m2

g�1, respectively. The surface area obtained for the PdNBs
nanostructures are the highest of any bare Pd nanomaterials so
far reported in the literature. It is worth to note that these
nanostructures were washed several times with propan-2-ol and
water before characterization.

3.2 Kinetics of catalytic reduction 4-nitrophenol (4-NP)

The general model reaction of 4-NP to 4-AP reduction by NaBH4

is used for testing the catalytic activity of PdNBs and Pdurc in
aqueous medium. The high concentration of NaBH4 used in
this reaction maintains a pseudorst-order condition with
respect to 4-nitrophenolate anion absorbing at 400 nm. The
decrease in the absorbance of 4-nitrophenolate anion is fol-
lowed by monitoring the absorbance at 400 nm. The change in
absorbance with time aer the addition of 0.5 mL of 0.166
mg L�1 PdNBs and/or 1.66 mg L�1 Pdurc is shown in Fig. 4a and
b respectively. However, in the absence of PdNBs and/or Pdurc
almost negligible change is observed at 400 nm (Fig. 4c)

Fig. 1 TEM image of PdNBs synthesized in SLCs after 80 kGy of g
irradiation (panel (a and b)); panel (a), inset is the selected area electron
diffraction (SAED) pattern. (c) HR-TEM image of PdNBs showing
a continuous lattice fringes with d spacing 0.238 nm. Dose rate ¼
3.6 kGy h�1.

Fig. 2 TEM images of Pdurc after 80 kGy of g irradiation synthesized in
CPCl (panel (a and b)); panel (a), inset is the selected area electron
diffraction (SAED) pattern. (c) HR-TEM image showing continuous
lattice fringes with d spacing of 0.238 nm. Dose rate ¼ 3.6 kGy h�1.

Fig. 3 Nitrogen adsorption isotherms at 77 K for PdNBs before
reaction (black line), PdNBs after 4-NP reduction reaction (red line),
Pdurc (lime line), Pdurc after 4-NP reduction reaction (pink line).
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suggesting that reaction takes place only in presence of PdNBs
and/or Pdurc nanostructures.

As shown in Fig. 4 (panel (a and b)), the absorbance at 400
nm was found to be negligible within 15 minutes for both the
Pd nanostructure catalyzed reaction. The apparent pseudorst-
order rate constants (kapp) were determined by plotting ln(A0/At)
as a function of time (Fig. 4, insets (a and b)). From the surface
area of the Pd nanostructures, the obtained kapp values are
normalized by eqn (2) and the surface area normalized rate
constants (k) values are found to be (0.74 � 0.03) s�1 m�2 L for
PdNBs and (0.41 � 0.05) s�1 m�2 L for the Pdurc at 303 K. It has
to be taken into account that the concentration of Pdurc was 10
times higher than that of PdNBs resulting in the higher k values
for Pdurc. Numerous reports available in the literature for the
reduction 4-NP using metal nanostructures consistently shows
t0, which is explained by the oxygen adsorption on the surface
of the catalyst and a dynamic substrate induced restructuring
process of the catalyst surface slowing down the equilibrium
between the reactants on the surface of the catalyst.4,30,36

Interestingly, we have observed that t0 is absent even if the
reaction is carried out in air. The absence of t0 is possibly due to

the porosity of metal nanostructures which establishes fast
equilibrium between the reactant leading to enhanced catalytic
activity of PdNBs and Pdurc. Further, the interconnected 3D
network of nanowires creates ball shaped morphology where
both the reactants can easily diffuse on the surface of nano-
structures thereby reducing the chance of mass transfer
process. Mei et al. found the surface restructuring in thermo-
sensitive microgel-Pd composites at higher temperature which
subsequently leads to the decrease in the catalytic activity.30 In
order to investigate such morphological changes at high
temperature, 4-NP reduction reaction was carried out at 60 �C
by maintaining other reaction parameters constant. Aer
completion of the reaction, the centrifuged PdNBs was
analyzed by TEM and HR-TEM techniques. The images ob-
tained for the PdNBs aer the reaction are shown in Fig. 5.
From the TEM images of PdNBs (Fig. 5, panels (a and b)), it can
be noted that the morphological integrity of the PdNBs is
retained even at 60 �C. This is further conrmed by the HR-
TEM analysis depicted in Fig. 5c, which shows identical
d spacing of 0.238 nm corresponding to the (111) plane of the
crystalline fcc Pd.

Fig. 4 The plots of absorbance as a function of wavelength at 303 K at regular time intervals indicates the disappearance of the peak of 4-
nitrophenolate anion at 400 nm due to reduction of 4-NP to 4-AP by NaBH4 (a) in presence of PdNBs; inset– linear plots of ln(A0/At) versus time;
(b) in presence of Pdurc; inset – linear plots of ln(A0/At) versus time; (c) in absence of PdNBs/Pdurc; inset – left panel: zoomed around 400 nm,
inset – right panel: linear plots of ln(A0/At) versus time. Reaction conditions: [4-NP]¼ 1� 10�4 M, [NaBH4]¼ 5� 10�2 M, [PdNBs]¼ 0.166mg L�1,
[Pdurc] ¼ 1.660 mg L�1.
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Similarly, experiments at 60 �C were also performed using
Pdurc as catalyst to conrm the structural rigidity and the
crystallinity of Pdurc. The TEM and HR-TEM images of the
Pdurc aer the reaction are depicted in Fig. 6 (panel (a–c))
which showed marginal change in size aer the reaction (Fig. 6,
panel (a and b)), but no change in the shape was observed. The
crystallinity of Pdurc aer the reaction is conrmed by HR-TEM
(Fig. 6, panel (c)) with 0.238 nm d spacing corresponding to
(111) plane of crystalline fcc Pd.

The crystalline nature of the Pd nanostructures were also
conrmed by the XRD analysis aer the 4-NP reduction reaction
(Fig. 2S,† right panel). The XRD aer the 4-NP reduction reac-
tion show 2q peaks at 40.15�, 46.90� and 68.09� while Pdurc
show 2q peaks at 39.96�, 46.72� and 68.06� respectively. These
patterns correspond to the diffractions from (111), (200) and
(220) planes of crystalline Pd. In order to study the structural
rigidity, we performed the nitrogen adsorption isotherm anal-
ysis at 77 K for PdNBs and Pdurc aer the 4-NP reduction
reaction (Fig. 3). The accessible surface area for PdNBs aer 4-
NP reduction is 75 m2 g�1 while for Pdurc is 16 m2 g�1 as
calculated from BET isotherm.

The dependence of kapp with concentration of 4-NP and
NaBH4 is studied (Fig. 7a and b). As shown in Fig. 7a, decreasing
trend is observed and it can be attributed to the higher adsorp-
tion constant of 4-NP and the limited hydrogen produced by the
NaBH4 on the surface of PdNBs which is in agreement with the
literature reported.37 The higher affinity and increasing concen-
tration of 4-NP favors their adsorption on the surface of PdNBs as
compared to NaBH4, decreasing the occupancy sites of NaBH4

which limits the liberation of hydrogen at the surface of PdNBs as
depicted in reaction 3 of ESI Scheme S1.† Therefore, at higher 4-
NP concentration, a decreasing trend in kapp is observed.

On the other hand, while keeping 4-NP concentration xed
and by varying the NaBH4 concentration, the kapp increases
linearly with increasing concentration of NaBH4 (Fig. 7b). It is
for the rst time that such linear behavior of kapp with NaBH4

concentration is reported. The literatures available on metallic
nanocatalyst reports a Langmuir isotherm type behavior where
kapp is linear at lower NaBH4 concentration but plateau out at
higher concentration of NaBH4 due to monolayer formation of
the adsorbed molecules on the surface of the catalyst.37,38

Therefore, surface area of the nanocatalyst as shown in ESI
Scheme S1,† reaction 3 will be a limiting factor at higher NaBH4

concentration. In the current study, owing to the bare and
porous nature of the Pd nanostructures with highest surface
area, we propose that even at high NaBH4 concentration, the Pd
nanostructure capacity of hydrogen adsorption increases
avoiding monolayer formation on the surface of the Pd nano-
catalyst. Such conditions favor the efficiency of reactions 3 and
4, shown in ESI Scheme S1.†

To rule out a diffusion controlled reaction, the bimolecular
rate constant (kbm) frommass transport process is calculated by
plotting the kapp versus PdNBs concentration (Fig. 8). The
bimolecular rate constant is calculated to be 6.78 � 102 M�1

s�1. Since, the diffusion controlled mass transport process limit
proposed by Smoluchowski is of the order of 106 M�1 s�1 as
reported by Bingwa et al.,35 the mass transport limitation
possibility can be ruled out as the experimental value is of the
order of 102 M�1 s�1.

In order to determine the activation energy, the reaction was
carried out at different temperatures in presence of PdNBs and
Pdurc. The plots of ln(A0/At) against time at temperature range
from 293–313 K for the PdNBs catalyzed reaction are shown in
Fig. 3S,† panel (a). The corresponding Arrhenius plot of ln(kapp)
versus 1000/T for the evaluation of the activation energy
is depicted in Fig. 3S,† panel (b). Similarly, the temperature

Fig. 5 TEM images of (panel (a and b)) PdNBs after 4-NP reduction
reaction, panel (c) the corresponding HR-TEM image showing
continuous lattice fringes with d spacing of 0.238 nm.

Fig. 6 TEM images of (panel (a and b)) Pdurc after 4-NP reduction
reaction, panel (c) corresponding HR-TEM image showing continuous
lattice fringes with d spacing of 0.238 nm.
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dependent linear plot and the corresponding Arrhenius plot for
the Pdurc are depicted in Fig. 4S† panel (a and b). The kapp and
Ea are calculated using eqn (2) and (3) and the values are
depicted in Table 1.

From the kinetic studies of the porous Pd nanostructures,
the catalytic activity of PdNBs is found to be higher than that of
Pdurc with minimum loading of catalyst. This observation is in
agreement with the larger accessible surface area of PdNBs than
Pdurc. Further, the absence of t0 in this investigation is also in
agreement with our previous studies on porous PtNBs.27

The possibility of competitive equilibration of the reactants
in this study is ruled out by performing experiments with PdNBs
in two different reaction conditions, (1) addition of PdNBs
(0.166 mg L�1) to NaBH4 (1� 10�1 M) solution followed by 4-NP
(3 � 10�3 M) solution and (2) addition of PdNBs (0.166 mg L�1)

to 4-NP (3 � 10�3 M) solution followed by NaBH4 (1 � 10�1 M)
solution. The kapp is found to be identical (0.17 min�1), ruling
out the possibility of a competing equilibrium of 4-NP and
NaBH4. Interestingly t0 is absent in both the reaction conditions
(Fig. 9). These result further rule out any competitive binding of
the reactants on the surface of the PdNBs indicating the
accessibility of the active sites of the PdNBs to the reactants by
diffusing through the 3D porous morphology. For the porous Pd
nanostructures, the diffusion of the reactants on the surface is
independent of the reaction condition and impurities on the
surface of the nanostructure.

For the real time use of nanocatalyst in industries, recy-
clability and conversion of the substrate are important
parameters for application of the nanocatalyst. Therefore, the
recyclability and % conversion of substrate was investigated
for the PdNBs and Pdurc. To avoid leaching of the nano-
catalyst, the reactions were carried out by adding the
substrates consecutively in the reaction mixture aer the
completion of rst cycle, for the next cycle. The recycling of the
PdNBs was carried out for 5 cycles while 3 cycles was

Fig. 7 Dependence of kapp as a function of concentration of (a) variation of [4-NP] at constant [NaBH4] of (5 � 10�2 M) and (b) variation of
[NaBH4] at constant [4-NP] of 1 � 10�4 M; in the presence of 0.166 mg L�1 PdNBs.

Fig. 8 Plot of apparent pseudo-first order rate constants (kapp) as
a function of concentration of PdNBs. Reaction condition: [4-NP] ¼ 1
� 10�4 M and [NaBH4] ¼ 5 � 10�2 M.

Table 1 The surface area normalized rate constants (k), at different
temperature, the activation energy (Ea) for the Pd nanostructure
catalyzed reduction of 4-NP to 4-AP by NaBH4

Temperature
T/(K)

Normalized rate
constant k/s�1 m�2 L

Activation energy
(Ea)/kJ mol�1

PdNBs 293 0.32 � 0.01 45.81
303 0.74 � 0.03
313 1.06 � 0.04

Pdurc 293 0.32 � 0.05 7.75
303 0.41 � 0.05
313 0.44 � 0.07
323 0.46 � 0.08
333 0.48 � 0.08
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performed on the same Pdurc. The kapp determined from these
recycling reactions are shown in Fig. 10 panel (a and b)
respectively. The kapp values for PdNBs marginally changes
while for Pdurc it was found to be almost identical for all the
cycles. These results indicate that PdNBs and Pdurc have good
stability against catalytic poisoning.

Further, the stability of the catalyst have been also studied
for the PdNBs which remains stable even aer 5 reaction cycles
by comparing the % of conversion of 4-NP for each reaction
cycle. As shown in Fig. 11, almost 97% conversion of the reac-
tant is observed within 34 minutes at room temperature for
every cycle.

Another important constraint for a good catalyst concerns
the loading of the catalyst which is directly proportional to the
rate constant. The comparison of catalytic activities in terms of
the surface area normalized rate constants k, size of nano-
structure, turn over frequency (TOF), activation energy,
loading in mol% for the Pd nanocatalyst with different stabi-
lizing agents/supports are depicted in Table 2. The turn over
frequency of the catalytic reaction is calculated based on
consumption of 4-nitrophenolate anion per unit time (hours)
with respect to moles of PdNBs or Pdurc used.

As, it can be noted from Table 2, the lowest catalyst loading
of Pd is found for that of PdNBs (1.57� 10�4 mol%) with higher
k and TOF values. These ndings are very signicant as it

Fig. 9 Linear plot of ln(A0/At) as a function of time. Reaction condi-
tions: (black line) 2.5 mL water + 0.3 mL PdNBs (1 mg L�1) + 0.1 mL
NaBH4 (1� 10�1 M) + 0.1 mL 4-NP (3� 10�3 M); (red line) 2.5 mL water
+ 0.3mL PdNBs (1 mg L�1) + 0.1 mL 4-NP (3� 10�3 M) + 0.1 mL NaBH4

(1 � 10�1 M).

Fig. 10 The observed kapp (min�1) for the different cycles of catalytic reduction of 4-NP in the presence of NaBH4 (a) with PdNBs (b) with
Pdurc as catalysts. Reaction condition: 0.1 mL 4-NP (3 � 10�3 M) + 2.5 mL water + 0.1 mL NaBH4 (1 � 10�1 M) + 0.3 mL PdNBs (1 mg L�1)/Pdurc
(10 mg L�1).

Fig. 11 The % conversion with respect to reaction time (min) for
different reaction cycles in the catalytic reduction of 4-NP with NaBH4

in the presence of PdNBs as catalysts. Inset: conversion% versus
number of cycles indicating the selectivity of the reaction. Reaction
condition: 0.1 mL 4-NP (3� 10�3 M) + 2.5 mL water + 0.1 mL NaBH4 (1
� 10�1 M) + 0.3 mL PdNBs (1 mg L�1).
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suggests that, bare, porous and rigid Pd nanostructures can be
used as efficient nanocatalyst.

4. Conclusion

In conclusion, we have systematically investigated the catalytic
performance, thermal stability, structural integrity, catalyst
loading, recyclability of bare and porous Pd nanostructures
(PdNBs and Pdurc) in the catalytic reduction of 4-NP by NaBH4.
The TEM, HR-TEM and BET analysis showed structural rigidity
of these nanostructures and similar accessible surface area
before and aer 4-NP reduction at higher temperature. The
porosity with higher surface area favors adsorption of the
hydrogen produced in the reaction without forming a mono-
layer which plays an important role in eliminating the induc-
tion time (t0), generally reported in the case of supported Pd
nanocatalyzed reactions and many other metal/supported
metal nanocatalysts. The PdNBs are found to have signi-
cantly higher catalytic activity with lowest Pd loading in mol%.
The activation energy is found to be lower in case of Pdurc. The
Pd nanostructures have good recyclability, retaining high
apparent pseudo-rst order rate constant. The results could be
useful to material scientist for designing an effective, efficient,
porous, and thermodynamically stable noble metal based
nanocatalyst.
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H. Remita, J. Phys. Chem. C, 2008, 112, 10740.

25 P. F. Siril, L. Ramos, P. Beaunier, P. Archirel, A. Etcheberry
and H. Remita, Chem. Mater., 2009, 21, 5170.

26 F. Ksar, G. Surendran, L. Ramos, B. Keita, L. Nadjo,
E. Prouzet, P. Beaunier, A. Hagège, F. Audonnet and
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Ultrasensitive, highly specific, colorimetric
recognition of sulfide ions [S2�] in aqueous media:
applications to environmental analysis

Uttam R. Kondekar,a Laxman S. Walekar,a Anil H. Gore,a Prashant V. Anbhule,a

Sung H. Han,b Shivajirao R. Patila and Govind B. Kolekar*a

Herein, we have demonstrated a simple, ultrasensitive and highly specific colorimetric assay for the

detection of sulfide ions (S2�) based on the aggregation of nanoparticles via electrostatic interaction of a

surface capped gold nanoparticles with S2� in aqueous media. Cetylpyridinium bromide capped gold

nanoparticles (CPB-AuNPs) were synthesized by a borohydride chemical reduction method and further

characterized using UV-visible and fluorescence spectroscopy, transmission electron microscopy (TEM),

dynamic light scattering (DLS) and zeta potential measurements. The change in color from red to purple

immediately after the addition of S2� in the solution of CPB-AuNPs was first monitored by the naked eye

and then by UV-vis spectroscopy to construct calibration plot for practical applications. Under the

optimized circumstances, a plot of [(A0 � A)/A] versus the concentrations of S2� was linear over the

range of 0.01–1.0 mg mL�1 with a correlation coefficient of 0.9952. The developed method also shows

excellent selectivity towards S2� by a factor of 20-fold or more relative to sixteen interfering ions that

were tested. The probe offers a low limit of detection (LOD) up to 0.0013 mg mL�1 (40.6 nM), which is

much lower (about 400-fold) than the maximum level (0.5 mg mL�1 or 15 625 nM) of S2� in drinking

water permitted by the World Health Organization (WHO). Moreover, our results demonstrate the

practical applicability of the probe for S2� sensing in environmental water samples without pretreatment

or use of a masking agent. Therefore, the proposed scheme could be a good alternative means for

onsite and real time screening of S2�.

Introduction

Sulde ions (S2�) are widely distributed in natural and waste
water system. Mostly, they exist in industrial locations such
as tanneries, food processing plants, petroleum reneries,
and paper and pulp manufacturing plants where they are
either used as a reactant or produced as a by-product of
manufacturing or industrial processes.1–3 Microbial reduction
of sulfate by anaerobic bacteria and sulfur-containing amino
acids in meat proteins are also responsible for S2� formation.4

The existence of S2� causes harmful effects on aquatic ecosys-
tems and human health.5 Sulde is an endogenous critical
mediator in living systems, and its presence in mammalian
tissue is related to diseases, such as Alzheimer's disease,6

Down's syndrome7 and hyperglycemia.8 Various physiological
and biochemical problems are caused by continuous exposure
to S2� at a high concentration, and S2� can also irritate the

mucous membranes, cause unconsciousness and respiratory
paralysis.9–11 The toxic nature and capacity of S2� to remove
dissolved oxygen has prompted most countries to place limits
on the total level of S2� permitted in waste discharge.12,13 Sulde
ions show a highly reactive nature and act as an versatile
intermediate for other sulfur based species detection.14–17 In
practice, many chemo sensors for cations have been developed
as compared to anions because of poor knowledge of the
interaction between compounds and anions.11 Thus, it is
necessary to develop a rapid, highly specic and ultrasensitive
probe for S2� detection.

So far various methods like volumetry, gravimetry, electro-
chemistry, chromatography and making use of analyte-metal
interactions that produce changes in signal have been used for
the detection of sulde ions.18,19 Although these methods are
selective and error proof, they require sophisticated instru-
mentation, sample pretreatment and well skilled analysts and
are time consuming and laborious.20 Hence, to overcome these
difficulties, we developed a AuNP-based simple naked eye
colorimetric probe for S2� detection.

Gold and silver nanoparticles (NPs), nanodots (NDs), nano-
rods (NRs) and nanoclusters (NCs) have enormous importance
in sensing hazardous anions, cations and drugs due to their
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a b s t r a c t

The structures of the Naþ, Kþ, Rbþ, and Csþ forms of PST-3 and PST-4, two synthetic aluminosilicate
natrolite zeolites with almost completely disordered and ordered distributions of framework Si and Al
atoms, respectively, in both hydrated and dehydrated states have been determined using synchrotron
powder X-ray diffraction and Rietveld analyses. It was found that the trivalent tetrahedral atom (T-atom)
content, as well as the type of extraframework alkali metal cations and the hydration state, is a more
important factor governing the framework flexibility of this family of small-pore zeolites than the T-atom
distribution.

© 2015 Elsevier Inc. All rights reserved.

1. Introduction

Natrolite (framework type NAT) is a small-pore, low-silica
zeolite with a two-dimensional pore system consisting of inter-
secting 8-ring (2.6 � 3.9 Å) and 9-ring (2.5 � 4.1 Å) channels [1]
that is relatively frequently found in nature. This zeolite is
known to have a well-ordered distribution of framework Si and Al
atoms and of extraframework Naþ cations and water molecules
with an ideal composition Na16Al16Si24O80$16H2O [2,3]. There are
also several naturally occurring NAT-type zeolites: mesolite
[Na5.3Ca5.3Al16Si24O80$21.3H2O], scolecite [Ca8Al16Si24O80$24H2O],
gonnardite [(Na,Ca)16(Al,Si)40O80$16e25.2H2O], and tetranatrolite
[Na16Al16Si24O80$16H2O] [4e8]. While all of them are characterized
by Si/Al ratios close to 1.5, their extraframework compositions,
crystal symmetries, and/or framework tetrahedral atom (T-atom)
distributions are rather different from one another. Although
natrolite was first reported in the literature by the early 1800s and
its crystal structure was built by Pauling and Taylor in the 1930s
[2,9], the unique chemical and structural characteristics of the NAT
family of zeolites have thus far continued to be discovered.

Natrolite shows only limited cation exchange properties
because Naþ cations and water molecules are tightly held within its

narrow pores. According to the work by Dyer and Faghihian [10],
this zeolite gives very limited access (<5%) to the divalent or
transition metal cations, e.g., Ca2þ, Sr2þ, Ba2þ, Ni2þ, etc. Only high-
temperature melt and aqueous exchanges have long been consid-
ered to produce the Liþ, Kþ, and NHþ

4 forms of natrolite [11e13].
However, Lee and co-workers have recently demonstrated that
natrolite is no longer a non-exchangeable zeolite, because its alkali,
alkaline earth, and some heavy metal cation forms can be prepared
by the consecutive ion exchange using a fully Kþ-exchanged
natrolite [14e16]. Moreover, Hill et al. were able to directly ex-
change small Naþ in natrolite for larger Csþ cations by the simul-
taneous application of high pressure and high temperature [17].
While all these studies include the use of the mineral natrolite with
fully ordered Si and Al atoms in the framework, on the other hand,
the cation exchange properties of NAT-type zeolites with disor-
dered distributions of Si and Al in their framework have not been
investigated yet. The reason lying behind this might be that such
zeolites, including gonnardite and tetranatrolite, are very rarely
found in nature, but no attempts to directly synthesize them have
been successful until a very recent date.

In our preliminary communication [18], we have reported a
highly reproducible recipe to synthesize a series of pure alumino-
silicate natrolite zeolites with different degrees of SieAl ordering
over the available T-sites. We have also shown that the initially
crystallized phase with an almost completely disordered distribu-
tion of Si and Al, denoted PST-3 (POSTECH no. 3), transforms in situ
into the almost completely ordered version, PST-4, with increasing
crystallization time or temperature, which proceeds by the intra-
framework migration of T-atoms without diffusion along the pores
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[19]. The framework flexibility of zeolites is one of the physical
properties inherent to their framework topology, which can exert
an influence on the cation exchange properties of this important
class of microporous solids, as well as on the catalytic and
adsorption ones, and is generally considered as built from quite stiff
tetrahedra joined through rather floppy O linkages [20]. Alumino-
silicate natrolite minerals have long been recognized to possess a
high degree of topological flexibility [9,21e24]. Here we compare a
total of 14 crystal structures of the hydrated and dehydrated forms
of various alkali cation-exchanged PST-3 and PST-4 zeolites solved
using synchrotron powder X-ray diffraction and Rietveld analyses
in order to better understand the effects of T-atom ordering and
extraframework composition on the framework flexibility of the
NAT family of zeolites.

2. Experimental section

PST-3 and PST-4 were synthesized by heating an alumino-
silicate synthesis mixture with the oxide composition
8.0Na2O$1.0Al2O3$10.0SiO2$150H2O, to which a small amount
(2 wt% of the silica in the synthesis mixture) of scolecite
(Poona, India, from OBG International) with an ideal compo-
sition Ca4Al8Si12O40$12.0H2O as seed crystals was added, at
100 �C for 1 day and at 200 �C for 14 days, respectively. Further
details on their synthesis can be found in our recent papers [18,19].
The Kþ form of PST-3 and PST-4 was obtained by exchanging four
times the as-made Naþ form of each zeolite with 1.0 M aqueous
KNO3 solutions (0.02 g mL�1) at 80 �C for 6 h. The Rbþ and Csþ

forms of PST-3 and PST-4 were prepared by exchanging their Kþ

formwith 0.1 M solutions of the corresponding cation nitrates in a
manner similar to that used in the K-PST-3 or K-PST-4 preparation.
All zeolite samples prepared were dried overnight at room tem-
perature. If required, theywere calcinedunderflowing air at 550 �C
for 8 h.

Powder X-ray diffraction (XRD) patterns were recorded on a
PANalytical X'Pert diffractometer (Cu Ka radiation) with an
X'Celerator detector. In situ variable-temperature XRD experiments
were performed in Bragg-Brentano geometry using the same
diffractometer equipped with an Edmund Bühler HDK 1.4 high-
temperature attachment. The extraframework alkali metal con-
tents were determined by a Thermo Elemental ICAP 6500 ICP-AES
spectrometer. Thermogravimetric and differential thermal analyses
(TGA/DTA) were performed on an SII EXSTAR 6000 thermal
analyzer at a heating rate of 10 �C min�1.

To determine the crystal structures of various alkali cation-
exchanged PST-3 samples before and after dehydration at 200 �C
for 1 h, synchrotron powder XRD data were collected on the 9B
beamline equipped with a ceramic furnace at Pohang Acceleration
Laboratory (PAL; Pohang, Korea) using monochromated X-rays
(l ¼ 1.4647 or 1.5475 Å). The detector arm of the vertical scan
diffractometer consists of seven sets of Soller slits, flat Ge(111)
crystal analyzers, anti-scatter baffles, and scintillation detectors,
with each set separated by 20�. Data were obtained on the sample
at room temperature in flat platemode, with a step size of 0.01� and
overlaps of 1� to the next detector bank over the 2q range 10e131�.
The synchrotron powder XRD data for alkali cation-exchanged
PST-4 samples before and after dehydration at 200 �C were
collected in capillary mode on the RIKEN materials science BL44B2
beamline at SPring-8 (Harima, Japan) using a monochromated
X-ray (l¼ 0.5000 Å). A large Debye-Scherrer camerawith a camera
length of 286.48 mmwas used with an imaging plate as a detector,
and all diffraction patterns were obtained with a step size of 0.01�.
The capillaries were rotated during the measurements (20 min of
irradiation).

The framework structure and the position of extraframework
cations were determined by direct methods using the program
EXPO2009 [25]. While the X-ray reflections due to the scolecite
added as seed crystals during the synthesis of PST-3 and PST-4, as
well as to a small amount of analcime (ANA) impurity, were
excluded from the Rietveld refinements [26], the structure obtained
in this way was refined using the GSAS suite of programs [27] and
EXPGUI graphical interface [28]. The background was refined using
the Chebyschev polynomial function, and the pseudo-Voigt profile
function was used to fit the observed peaks [29]. The positional
parameters of framework Si or Al and O atoms were refined by
applying soft geometrical restraints (TeO/OeO¼ 1.65/2.65 Å for all
T-sites in PST-3 and 1.62/2.65 Å for T1 and T2 sites and 1.75/2.86 Å
for T3 site in PST-4). The additional extraframework cations and
water molecules were located along the elliptical channels from
Fourier difference maps. Difference Fourier peaks located at
reasonable distances from the framework atoms were investigated
as possible sites by refinement of occupancy and position. The total
extraframework cation concentration was constrained to its
chemically determined value. At the final stage of the refinements,
the weight of the soft-restraints was reduced. The isotropic
displacement factors were refined by grouping the framework T-
atoms, framework O atoms, extraframework cations, and water O
atoms, respectively. The convergence was achieved by refining
simultaneously profile parameters, scale factor, lattice constants, 2q
zero, atomic positional, thermal displacement parameters, and oc-
cupancy factors for the extraframework cations and water O atoms.

3. Results and discussion

Wehave recently reported that the cation exchange properties of
the as-made Naþ form of aluminosilicate natrolite zeolites depend
strongly on the degree of T-atom ordering [18], like those of their
gallosilicate analogs [30]: the Naþ ions in almost completely disor-
dered PST-3 are fully exchangedwithKþ andRbþ ions, but are hardly
exchangedwithCsþ. However, the almost completelyorderedphase
PST-4 shows a high but incomplete level of Kþ exchange. Moreover,
it gives a negligible degree of Rbþor Csþ exchange. Consequently,we
were not able to prepare Cs-PST-3 and Rb-PST-4 or Cs-PST-4 from
as-made Na-PST-3 and Na-PST-4, respectively.

Lee et al. were the first to use the Kþ-exchanged form of the
mineral natrolite (Si/Al ¼ 1.5) with complete SieAl ordering as a
starting material in the preparation of its fully Rbþ- and Csþ-
exchanged form [14]. This approach was successful because the
former natrolite possesses a less ‘tightly-held’ coordination envi-
ronment for extraframework cations and water molecules than its
parent Naþ form. Therefore, we used K-PST-3 and K-PST-4 in the
preparation of their larger alkali cation-exchanged forms. The de-
grees of ion exchange in various alkali metal cation forms of PST-3
and PST-4 used for the structural characterization in this work
were found tobe alwayshigher than98% (Table 1). As shown in Fig.1,
in fact, cation exchange gave rise to notable changes in the relative
intensity and position of X-ray reflections, depending on the type of
extraframework alkali cations employed. We also tried to prepare
the Liþ form of PST-3 and PST-4 using their Kþ form under the
identical conditions described above. However, the degree of Liþ

exchangewasonly36%and47% inK-PST-3 andK-PST-4, respectively,
which led us to exclude the Liþ-exchanged samples from our study.

The TGA/DTA curves of the Naþ, Kþ, Rbþ, and Csþ forms of PST-3
and PST-4 reveal that all of them are characterized by one sharp
endothermic peak (Supplementary Fig. S1) due to the desorption of
occluded water. However, the temperature (Tmax) of the endo-
thermic peak maximum determined by DTA decreases with
increasing the size of exchanged cations. This can be rationalized by
considering that the interactions of water molecules with
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extraframework cations become smaller as the cation size is larger.
On the other hand, Tmax is generally lower for the various alkaline
metal cation forms of PST-3 than for the corresponding cation
forms of PST-4, which can be attributed to the difference in the
framework flexibility of these two NAT-type zeolites.

The in situ variable-temperature XRD patterns of the Kþ, Rbþ,
and Csþ forms of PST-3 and PST-4 recorded under vacuum at a
residual pressure of 5 � 10�3 Torr can be found in Supplementary
Fig. S2. We have recently shown that disordered Na-PST-3 begins
to lose its crystallinity at temperatures �300 �C, and completely
loses its crystallinity when exposed to ambient air after heating at
800 �C [18]. However, ordered Na-PST-4 withstands thermal
treatments up to at least 800 �C and restores the original hydrated
form upon exposure to ambient air, indicating its higher thermal
stability. We also found that Na-PST-3 and Na-PST-4 give two and
three different anhydrous phases during heat treatment from room
temperature to 800 �C, respectively, which is considerably different
from the behavior of their natural counterparts tetranatrolite and
natrolite [21,31e33]. Further work is in progress in order to un-
derstand the physicochemical properties of dehydrated Na-PST-3
and Na-PST-4 phases. On the other hand, the hydrated Kþ, Rbþ,
and Csþ forms of PST-3 and PST-4 were found not only to be easily
dehydrated at quite low temperatures (�100 �C in vacuum), but
also to be thermally stable up to 800 �C, which allowed us to
determine the crystal structures of their dehydrated form. It is
interesting to note here that when exposed to ambient air after in

situ powder XRD experiments up to 800 �C, only the dehydrated Kþ

form of PST-3 and PST-4 restores the original hydrated states within
1 day. The Rbþ and Csþ forms of PST-3 and PST-4 do not turn back to
the original states (Supplementary Fig. S2) even after 60 days.
Further discussion on this issue will be given below.

Table 1 lists the crystallographic data for various alkali cation-
exchanged PST-3 and PST-4 zeolites in both hydrated and dehy-
drated states prepared here. The powder XRD patterns of all these
materials have been successfully indexed as orthorhombic space
group Fdd2, like those of various alkali cation forms of the natural
mineral natrolite [14,34]. The crystallographic data in Table 1 reveal
that changes in the unit cell volume of PST-3 and PST-4 differ
notably according not only to the type of extraframework cations
but also to the hydration state (Fig. 2a). Compared to hydrated Na-
PST-3, 10.1, 14.5, and 16.7% unit cell volume expansions were
observed for hydrated K-PST-3, Rb-PST-3, and Cs-PST-3, respec-
tively. In the case of Na-PST-4, however, the extent of unit cell
volume expansion caused by Kþ, Rbþ, and Csþ exchanges was
determined to be 10.7, 15.9, and 18.8%, respectively, in good
agreement with the values reported for the corresponding cation
forms of the natural mineral natrolite [14]. Thus, changes in the unit
cell volume expansion of ordered PST-4 by ion exchange were
found to be slightly larger than those of disordered PST-3, despite
the larger water content of each cation form of latter zeolite. This
implies that the exchange with a larger cation can be done more
easily in PST-3 with a relatively small expansion of unit cell volume
than in PST-4.

It is also remarkable that an increase in unit cell volume by ion
exchange for Na-PST-3 and Na-PST-4 is mainly caused by that in
parameters a and b rather than in parameter c, indicating a greater
flexibility of the a- and b-axes than of the c-axis in their framework.
As seen in Fig. 2b, in fact, no significant changes in the degree of
orthorhombic distortion (do), which has been previously used as a
quantitative parameter for describing the framework T-atom
ordering of the NAT family of zeolites [35], were observed for both
PST-3 and PST-4 after exchange by various alkali metal cations.

On the other hand, dehydration at 200 �C gave a notable
contraction in unit cell volume by 19.0, 18.4, and 14.0% for K-PST-3,
Rb-PST-3, and Cs-PST-3, and by 18.8,17.8, and 14.4% for K-PST-4, Rb-
PST-4, and Cs-PST-4, respectively. Unlike the case of volume
expansion by ion exchange, however, an anisotropic contraction of
parameters a and b was found after dehydration of alkali cation-
exchanged PST-4 samples (Table 1). Compared to their hydrated
form, parameter a of K-PST-4, Rb-PST-4, and Cs-PST-4 contracted by
ca. 11.8, 11.6, and 8.9%, and parameter b by ca. 8.0, 7.0, and 6.5%,
respectively, leading to a sudden increase of orthorhombic distor-
tion (Fig. 2b). A similar trend can also be observed for various alkali
cation-exchanged PST-3 materials. But there is a slightly larger

Table 1
Physical and crystallographic data for as-made Naþ- and Kþ-, Rbþ-, and Csþ-exchanged PST-3 and PST-4 zeolites.

Material Degree of exchangea (%) Unit cell parameters and volumeb H2O/ucd Tmax,e �C

a, Å b, Å c, Å V, Å3 do � 102c

Na-PST-3 e 18.449 18.469 6.613 2253.0 0.108 18.8 290
K-PST-3 100 19.502 (17.510) 19.516 (17.644) 6.516 (6.501) 2479.9 (2008.2) 0.072 (0.762) 21.5 165
Rb-PST-3 99 19.823 (17.893) 19.826 (18.006) 6.564 (6.533) 2579.8 (2104.8) 0.015 (0.630) 20.2 125
Cs-PST-3 99 19.971 (18.479) 19.982 (18.570) 6.588 (6.589) 2628.8 (2260.9) 0.055 (0.491) 17.0 65
Na-PST-4 e 18.301 18.630 6.587 2245.9 1.782 16.2 325
K-PST-4 100 19.348 (17.073) 19.780 (18.192) 6.489 (6.502) 2485.9 (2019.5) 2.208 (6.349) 19.2 160
Rb-PST-4 98 19.851 (17.542) 20.046 (18.639) 6.540 (6.543) 2602.6 (2139.4) 0.978 (6.067) 17.6 125
Cs-PST-4 99 20.012 (18.236) 20.310 (18.980) 6.565 (6.597) 2668.3 (2283.3) 1.478 (3.999) 15.9 90

a Calculated from the difference between the molar content of exchanged ion and that of remaining Naþ or Kþ ion in each zeolite.
b The values in parentheses are the unit cell parameters, volume, and degree of orthorhombic distortion of dehydrated materials.
c Degree of orthorhombic distortion defined as (b � a)/(b � a)0.5, where b and a are the unit cell parameters obtained from the orthorhombic indexing.
d Determined from thermal analyses based on an orthorhombic unit cell with 40 T-atoms.
e Temperature of the endothermic peak maximum in the DTA.

Fig. 1. Powder XRD patterns of the (from bottom to top) as-made Naþ, Kþ, Rbþ, and
Csþ forms of (a) PST-3 and (b) PST-4.
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contraction in parameter a than in parameter b of K-PST-3 (10.2 and
9.6%, respectively), Rb-PST-3 (9.7 and 9.2% respectively), and Cs-
PST-3 (7.5 and 7.1% respectively) after dehydration, giving a
slightly larger increase in do (Fig. 2b). Therefore, it is clear that do is
affected by the hydration state, as well as by the T-atom ordering,
but is rather independent of the type of alkali cations exchanged.

Fig. 3 shows the finally refined structures of various alkali cation
forms of PST-3 and PST-4 in hydrated state. Their detailed structural
data, including those of as-made Na-PST-3 and Na-PST-4, are given
in Supplementary Tables S1eS8 and Figs. S3 and S4. We have
redetermined the structures of hydrated Na-PST-3 and Na-PST-4,
because we noticed that the occupancies of their extraframework
cations and water molecules reported in our recent work [18] were
over-refined. Interestingly, despite notable differences in the T-
atom ordering of these two NAT-type zeolites, no significant
changes in the distributions of cations and water molecules were
found. It thus appears that the effects of natrolite channel geometry
and the type of extraframework cations on the positions of cations
and water molecules are more important than those of the T-atom
ordering. Fig. 3 also shows that the introduction of larger alkali
cations into both zeolites is accompanied by the progressive
opening of the elliptical natrolite channel to more circular one. This
can be quantitatively described using the chain rotation angle, j,
defined as the relative orientation of the quadrilateral edges around
T5O10 chain projected onto the ab plane to the a and b unit cell
edges [11], and T-O2-T angle, q, which provides the soft hinge for
the rotation of fibrous natrolite chains, postulated by Pauling [9]. As
seen in Fig. 4, there is a notable decrease in j, as well as an increase
in q, as the extraframework cation varies from Naþ to Kþ, Rbþ, and
Csþ, respectively, revealing a progressive opening of the elliptical
natrolite channel into the more circular one.

However, there are no noticeable differences in the j and q
angles between PST-3 and PST-4 containing the same type of
extraframework cations. This strongly suggests that both j and q
are almost independent of the T-atom ordering, but is highly
dependent on the type of extraframework cations, which is
consistent with the trend found in the Naþ form of natural alumi-
nosilicate and synthetic gallosilicate natrolites [23,30]. Fig. 4 also
shows that the natrolite channel in the Naþ, Kþ, and Rbþ forms of
PST-3 is more circular than that in the corresponding cation forms

Fig. 2. Changes in the (a) unit cell volume and (b) orthorhombic distortion (do) of the
Naþ, Kþ, Rbþ, and Csþ forms of PST-3 (squares) and PST-4 (circles) in hydrated (closed)
and dehydrated (open) states. do is defined as (b � a)/(b � a)0.5, where b and a are the
unit cell parameters obtained from the orthorhombic indexing (see Table 1).

Fig. 3. Polyhedral representations for the hydrated (a) Naþ, (b) Kþ, (c) Rbþ, and (d) Csþ forms of PST-3 (top) and PST-4 (bottom) viewed along the c-axis. Filled spheres and open
circles represent non-framework cations and water O atoms, respectively. Pink tetrahedra illustrate a disordered distribution of Si or Al atoms in the framework, while green and
blue ones represent an ordered distribution of Si and Al atoms, respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article.)
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of PST-4, whereas the opposite holds for their Csþ form. Consid-
ering that the unit cell volumes of various alkali cation forms except
Naþ form are slightly larger for PST-4 than for PST-3 (Fig. 2a), it does
not appear that an increase in their unit cell volume is always
accompanied by a progressive channel opening.

Fig. 5 shows the structures of the dehydrated Kþ, Rbþ, and Csþ

forms of PST-3 and PST-4. Regardless of their type, all cations are
highly ordered and located close to the 8-ring sites near the
elliptical channel walls of each cation form of these two natrolite
zeolites with different degrees of T-atom ordering. Dehydration
also gave a drastic decrease in unit cell volume, the degree of
which becomes smaller for the larger cation form, together with an
increase in j and a decrease in q. However, no changes in the j and
q angles caused by differences in the T-atom ordering are
observable (Fig. 4). Like the case of their hydrated one, in addition,
the channel opening of the dehydrated form was found to become
more circular as the extraframework cation size increases. As a
result, the pores of K-PST-3 and K-PST-4 become extremely elon-
gated after dehydration: the access to them is effectively blocked
to any molecule, although the pore blockage by charge balancing
cations is not considered. The free diameter (the OeO window
distance) along the short axis of 9-ring pores is 1.70, 1.86, and
2.32 Å for dehydrated K-PST-3, Rb-PST-3, and Cs-PST-3, respec-
tively. A similar trend of increasing the 9-ring pore diameter can
also be found in dehydrated K-PST-4 (1.52 Å), Rb-PST-4 (1.83 Å),
and Cs-PST-4 (2.37 Å).

As described above, however, dehydrated K-PST-3 and K-PST-4
are almost fully rehydrated upon exposure to ambient air for 1 day
or shorter, unlike the case of their Rbþ and Csþ forms, although
their pores are most severely elongated and thus make it almost
impossible for any molecules to access the 9-ring pores. This in-
dicates that K-PST-3 and K-PST-4 have higher degrees of framework
flexibility than their Rbþ and Csþ forms. A similar result has also
been observed for the dehydrated Kþ form of the natural mineral
natrolite, whereas a much longer time (7 days) was necessary to
achieve rehydrationwhen exposed to ambient conditions [34]. This
behavior is substantially different from their gallosilicate analogs
(i.e., K-TNU-3 and K-TNU-4), which show irreversible hydration
after calcination [30].

Fig. 4. Changes in the (a) average chain rotation angle, j and (b) T-O2-T bond angle, q
on which the rotation of chains hinges of various alkali cation-exchanged forms of PST-
3 (squares) and PST-4 (circles) in hydrated (closed) and dehydrated (open) states.

Fig. 5. Polyhedral representations for the dehydrated (a) Kþ, (b) Rbþ, and (c) Csþ forms of PST-3 (top) and PST-4 (bottom) viewed along the c-axis. Filled spheres represent non-
framework cations. Pink tetrahedra illustrate a disordered distribution of Si or Al atoms in the framework, and green and blue ones represent an ordered distribution of Si and Al
atoms, respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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When the Naþ back-exchange is performed on calcined K-PST-3
and K-PST-4, both materials attained almost complete Naþ back-
exchange, unlike the case of calcined K-TNU-3 and K-TNU-4 that
show a strong dependency on T-atom ordering [30]. This result is
unexpected because the introduction of larger and more electro-
positive Ga than Al into the zeolite framework can increase the
ionicity of the TO4 tetrahedra and hence the framework flexibility
[36]. One plausible explanation is that the trivalent T-atom (i.e., Al
or Ga) content (Si/Al ~ 1.5) of aluminosilicate natrolite zeolites is
slightly larger than that (Si/Ga ~ 1.6) of their gallosilicate analogs,
thus increasing the framework flexibility of the former materials.
This can be further supported by the fact that completely dehy-
drated K-PST-1, a synthetic potassium gallosilicate natrolite with a
high Ga content (Si/Ga ¼ 1.3) restores its original state upon
exposure to ambient air within 0.5 h [37].

Although exposed to ambient air for onemonth or longer, on the
other hand, the dehydrated Rbþ and Csþ forms of PST-3 and PST-4
remain almost dehydrated. This can be rationalized by suggesting
that the interaction of water molecules with the larger Rbþ or Csþ

cations is much weaker than that with the relatively smaller Kþ

ions. Furthermore, the natrolite channel windows would be more
effectively blocked by the larger Rbþ or Csþ ion, which makes it
more difficult for water molecules to penetrate inside channel
again. Given their quite flexible structural properties, finally, it
appears that the synthetic aluminosilicate natrolites PST-3 and PST-
4 could be potentially useful for the selective adsorption of heavy
metal cations such as Pb2þ and Cd2þ.

4. Conclusions

The crystal structures of the Naþ, Kþ, Rbþ, and Csþ forms of PST-
3 and PST-4 in hydrated and dehydrated states are presented. A
progressive widening of elliptical 8-ring channels into more cir-
cular ones with increasing the size of extraframework cations,
which can be clearly indicated by the unit cell volume expansion
and the successive decrease in chain rotation angle, j, was found,
regardless of notable differences in their T-atom ordering.
Compared to their hydrated structures, however, the analogous
channels in dehydrated structures become more elliptical along
with the unit cell volume contraction. The overall results of this
study reveal that the framework flexibility of the natrolite family of
zeolites is highly dependent on the type of the extraframework
alkali cations, hydration state, and trivalent T-atom content (i.e., Al
or Ga), but is rather independent of the degree of T-atom ordering.
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Nickel-titanium oxide as a novel anode material for
rechargeable sodium-ion batteries†

Ramchandra S. Kalubarme,*ab Akbar I. Inamdar,c D. S. Bhange,d Hyunsik Im,c

Suresh W. Gosavib and Chan-Jin Park*a

Nickel-titanium oxide (NiTiO3; NTO) of an ilmenite structure that comprises a layered transition-metal

octahedral structure, wherein the zigzag open tunnels are possible routes for Na intercalation, can be

a potential anode material for sodium (Na) ion batteries (SIBs). In this study, nanocrystalline NTO particles

that are of sizes 3 to 5 nm were prepared using a simple hydrothermal process followed by annealing,

and the particles were then tested for SIB applications. The pure-NTO electrode that comprises

a hexagonal crystal structure and mesoporous morphology demonstrated a reversible capacity of

approximately 521 mA h g�1 that corresponds to a coulombic efficiency of 67% in the first cycle, which

further improved to �98% in the following cycles, at an applied specific current of 50 mA g�1, and stable

cycling performance for 200 cycles. Further, due to the synergetic effect of the porous network

structure and high surface area, the NTO electrode exhibited an exceptional rate capability, delivering

a capacity of 192 mA h g�1 at a high specific current of 4000 mA g�1. The excellent cyclability and rate

capability of the NTO electrode are attributed to the improved electronic conductivity and highly porous

microstructure of the NTO material, whereby fast charge transfer and facile diffusion of the Na-ions to

the active sites are enabled.

1 Introduction

Due to their high energy density, with excellent cycling stability
and environmental friendliness, rechargeable lithium (Li)-ion
batteries (LIBs) have received a great deal of attention as a major
energy-storage medium for portable electronic devices,
stationary large-scale energy storage systems (ESSs), and electric
vehicles (EVs).1,2 The low abundance and uneven distribution of
Li resources, however, can lead to availability and cost diffi-
culties in the long-term and with respect to the large-scale
applications of Li-ion batteries.3

Since sodium (Na) is the sixth most abundant element and
exhibits a similar chemistry to lithium, sodium (Na)-ion
batteries (SIBs) represent a successful LIB substitute, espe-
cially in applications such as smart grids and large-scale

energy storage where affordability and cost-effectiveness are
the most important factors. The working principle of SIBs is
quite similar to that of LIBs due to the analogous mechanism
for Na-ion storage to that for Li ions in the compositional
materials. Accordingly, a variety of electrode materials
including transition-metal oxides, which were previously
developed for Li-ion batteries due to their high theoretical
specic capacity, wide availability, and low cost, have been
tested for SIB applications;4–6 however, the electrodes that have
been developed for SIBs have hardly demonstrated compa-
rable electrochemical performances with respect to the elec-
trodes for LIBs. Continuous intensive efforts, especially those
regarding the exploration of new anode materials for Na-ion
storage, have resulted in the discovery of tin (Sn) and antimony
(Sb)-based materials that show acceptable Na-storage capac-
ities;4,7–12 however, the extremely large volume expansion of Sn
and Sb-based materials during the Na-alloying reaction results
in the pulverization of the active materials and a rapid elec-
trode-capacity fading.8

Recently, researchers have been interested in titanium (Ti)-
based anode materials such as TiO2 and Na2Ti3O7 because they
exhibit safety and a low electrode potential for sodiation/des-
odiation reactions. The electrochemical performance of pristine
TiO2, however, is relatively poor due to its poor electrical
conductivity (�10�12 S cm�1) and a low ionic diffusivity (�10�20

cm2 s�1), which are not suitable for high-power-battery appli-
cations. To improve both the ionic and electronic conductivities
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of TiO2, a number of efforts for the development of TiO2

nanostructures and dopants for TiO2 have been made.13–16

Previous studies by Usui et al.17 proposed the improvement of
the Na-ion-storage performance through an enhanced conduc-
tivity and the broadened ionic channels that are the results of
the doping of Nb into rutile TiO2. In addition, transition-metal
titanates with large capacities for which the intercalation
mechanism is used can be considered as a potential anode for
SIBs. Recently, a transition-metal titanate with the NaxNix/
2Ti1�x/2O2 composition was studied as a bi-functional electrode
for SIBs, as it reversibly intercalates sodium into a bulk material
at an average potential of �0.7 V with a low hysteresis.18,19

Another potential transition-metal titanate is ilmenite
NiTiO3 (NTO), which can be easily prepared through solid-state
syntheses or with the use of chemical methods.20–28 NTO
consists of layered transition-metal octahedra, wherein the
oxygen atoms reside at the vertices and zigzag open tunnels
enable the Na intercalation. Two vacancies exist for each
formula unit, and these can accommodate two Na ions; more-
over, the conversion reaction of NTO can increase the specic
capacity of the material. Besides, these materials do not need
large amounts of carbon black or conductive coatings, which
are typically required for the cyclic charging and discharging of
the anode materials that are derived from white insulating
titanates.29 The use of a smaller amount of conductive additive
in nickel titanate for its application as an electrode for battery
applications was validated in the authors' recent report.30 In this
recent study, free-standing amorphous NTO electrodes without
employing conductive carbon were demonstrated as an anode
for LIBs. However, to the best of the authors' knowledge, the
use of NTO as an anode material for SIBs has not yet been
attempted.

In this study, a simple and efficient method for the
production of nanostructured NTOmaterials that are applied as
an anode material in SIBs is reported. The effects of the struc-
tural NTO polymorph on the electrochemical performance of an
NTO-based electrode were investigated; furthermore, the
mechanism for the storage of Na in the NTO structure was
elucidated. The ultrane NTO nanoparticles that were prepared
by a hydrothermal process exhibited a high reversible capacity
of 521 mA h g�1 at a current density of 50 mA g�1 and an
excellent cycling performance over 200 cycles.

2 Experimental
2.1 Particle synthesis

NiTiO3 nanoparticles were synthesized through a simple and
cost-effective hydrothermal process. All of the chemicals
including nickel nitrate (Sigma Aldrich, 97%) and titanium
butoxide (Sigma Aldrich, 97%) were of analytical grade, and
were used as-received without further purication. The Ni and
Ti precursors, with a molar ratio of 1 : 1, were dissolved in
ethanediol with stirring for 2 h to form a clear solution;
subsequently, the resultant blend was transferred to an 80 ml
stainless-steel autoclave with Teon lining where it was reacted
at 180 �C for 24 h. The obtained precipitate was washed
repeatedly with ethanol and dried overnight in a vacuum oven

at 90 �C. Finally, to obtain the crystalline NTO, the light-green-
colored precipitate was calcined at 600 �C for 2 h in a box
furnace.

2.2 Thin lm preparation

The NTO thin lm was deposited directly on exible copper (Cu)
foil using the radio-frequency (RF)-magnetron sputtering
method that is reported elsewhere.30 An NTO target with a purity
of 99.99% was used for the sputtering. In brief, the NTO lms
were grown at room temperature under an Ar ow of 30 sccm
and an applied power of 90 W for a time duration of 30 min.

2.3 Structural characterization

An X-ray diffractometer (XRD; D/MAX Ultima III, Rigaku, Japan)
with Cu Ka radiation was used to analyze the crystal structure of
the synthesized materials. A thermo-gravimetric analysis (TGA;
TGA-50 Shimadzu) of the materials was carried out from room
temperature to 950 �C with a ramp of 10 �C min�1. To estimate
the specic area of the materials, nitrogen-adsorption and
nitrogen-desorption isotherms (ASPA 2020, Micromeritics) were
measured at �196 �C. The specic-surface area of the samples
was calculated using the Brunauer–Emmett–Teller (BET)
method. The microstructure and composition of the samples
were observed using eld emission scanning electron micros-
copy (FE-SEM; S-4700/EX-200, Hitachi) and combined
transmission electron microscopy/energy dispersive X-ray
spectroscopy (TEM-EDS; Tecnai G2, Philips). The chemical-
binding states of the grown NTO lms were investigated via
X-ray photoelectron spectroscopy (XPS; MultiLab 2000, VG). The
data were collected using an Al-Ka X-ray source with an incident
energy of 1400 eV, and the binding-energy scale was calibrated
using carbon (285.4 eV). The accuracy of the measurements for
the photoelectron-binding energies is 0.125 eV.

2.4 Electrochemical characterization

To investigate the electrochemical characteristics of nano-
crystalline NTO, NTO-based electrodes were fabricated using
a slurry-casting process. For the casting, the slurry was prepared
by mixing NTO, carbon black, and polyacrylic acid (PAA) binder
with a weight ratio of 8 : 1 : 1, followed by coating of the slurry
on the Cu foil and drying at 90 �C for 6 h. The 2032-type coin
cells, which are composed of the NTO working electrode
(diameter 1.5 cm) that was punched from the sputtered and cast
electrodes, a Na metal-counter/reference electrode, and an
electrolyte of 1 M NaPF6 dissolved in ethylene carbonate and
dimethyl carbonate (EC : DMC ¼ 1 : 1 in vol%) with the addi-
tion of 5% of uoroethylene carbonate (FEC) were used and
assembling was then conducted in an Ar-lled glovebox. The
NTO based electrode with an average mass-loading of 1.2–1.4
mg cm�2 was used for testing. The electrochemical properties of
the prepared electrodes were investigated with a Potentiostat
(Gamry-PC750), whereby cyclic voltammetry (CV) was used in
the potential range of 0.0 to 2.5 V vs. Na/Na+ at a scan rate of 0.1
mV s�1. In addition, the cells were galvanostatically charged
and discharged using an automatic battery cycler (Won-A-Tech-

17420 | J. Mater. Chem. A, 2016, 4, 17419–17430 This journal is © The Royal Society of Chemistry 2016
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WBCS 3000) within the potential range between 0.01 and 2.5 V
vs. Na/Na+. All of the tests were conducted at 25 �C.

3 Results and discussion

Powder X-ray diffraction (XRD) is the most popular tool for the
phase identication of powder-type solid-state materials. The
powders that were obtained through the hydrothermal reaction
showed typical broad-characteristic peaks instead of a well-
dened XRD pattern, thereby indicating the nano-sized and
amorphous structure of the material, as shown in Fig. S1a.† To
validate the NTO formation as the major phase of the sample in
the present study, the NTO sample was annealed at 600 �C for 2
h, leading to the improvement of the crystallinity of the as-
prepared sample. The theoretical XRD pattern of the NTO that
was simulated from the previously reported structural data31

was then compared with the XRD pattern that was obtained
from the sample (Fig. 1a).

The XRD pattern of the annealed sample is compatible with
the simulated XRD pattern of the rhombohedral-NTO structure
with the R�3 space group (148), and the description of the
structure can be based on either H- or R-centered symmetry
settings. The reections of the observed XRD pattern were
successfully indexed according to the rhombohedral symmetry,
and this le only one unindexed reection that is centered at 2q
¼ �27.5� and could be attributed to the incomplete annealing
of the sample. In the powder-XRD pattern, the position and the
intensity of the reection are generally determined by the unit-
cell size and the distribution of the atoms in the unit cell,
respectively; therefore, every individual compound has its own
XRD-pattern “ngerprint”. The presence of all of the reection
peaks that correspond to the NTO in the annealed sample
conrms that the obtained sample is composed of pure NTO.

Further, the powder-XRD pattern of the annealed sample was
analyzed using Rietveld renement for which the GSAS program
and the EXPGUI graphical interface were employed.32–34 The
starting-structure models were derived from the previous
studies on the structure of the crystal that were completed by
Liferovich et al.31 In the initial renements, the overall scale
factor, cell parameters, background, zero-angle shi, and the
peak shape with the pseudo-Voigt-prole function were rened
simultaneously; furthermore, the atomic coordinates and the
isotropic-displacement parameter were rened in the nal
renement stage. The weighted-prole R-factor (Rwp) value of
14.9% for the nal Rietveld-renement cycle conrmed the
reasonability of the structural model that was employed. The
Rietveld plot that is shown in Fig. 1b indicates a sound agree-
ment between the observed and the simulated powder-XRD
patterns. In addition, the lattice parameters that were estimated
from the XRD pattern, as shown in Table 1, coincide well with
the literature.35

Fig. 1c shows the polyhedral representation of the nal
rened structure of the synthesized NTO. The structure is
composed of the layered transition-metal octahedra (NiO6 and
TiO6), wherein the oxygen atoms are on the vertices of the
polyhedrons, and this rhombohedral structure exhibits four-
membered zigzag open channels that can intercalate Na. In

Fig. 1 (a) Simulated and observed XRD patterns for hydrothermally
prepared NiTiO3 (NTO) after heat treatment at 600 �C for 2 h. (b)
Rietveld plot of the NTO (R�3): observed (crosses), calculated (solid
line), and difference (lower trace) synchrotron diffraction patterns (c2

¼ 1.01, Rwp ¼ 14.9%). The tick marks represent the positions of the
allowed reflections. (c) Schematic illustration of the NTO-crystal
structure.
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contrast, the XRD pattern of the NTO thin lm that was coated
on a Cu sheet by sputtering (Fig. S2a†) indicates the amorphous
nature of the lms.

The microstructure of the hydrothermally fabricated NTO
was analyzed using eld emission scanning electron micros-
copy (FE-SEM) and transmission electron microscopy (TEM).
Fig. 2a shows a typical FE-SEM image of the annealed NTO
sample. The sample consists of uniform spherical particles with
an average diameter of less than 50 nm. In addition, a porous
structure that was naturally formed by the arrangement of the
spherical particles was observed. A similar microstructure was
also conrmed for the as-prepared NTO powder, as shown in
Fig. S1b.† Nevertheless, the particle size of the as-prepared NTO
slightly increased aer the annealing due to a partial agglom-
eration of the particles. The detailed morphological features of
the NTO powders were observed using TEM and HR-TEM, as
shown in Fig. 2b–d. The aggregated quasi-spherical ne parti-
cles were found in the TEM micrograph (Fig. 2b). Further
inspection of the magnied TEM image revealed that the
particles are composed of the ultrane NTO particles with

diameters from 3–5 nm (Fig. 2c). In the HR-TEM image that is
shown in Fig. 2d, each of the ultra-ne particles exhibits inter-
planar spacings of 0.35, 0.27, and 0.25 nm that correspond to
the (012), (104), and (110) planes of the NTO-crystal lattice; here,
the polycrystalline nature of the NTO particles that were
prepared by the hydrothermal process was also conrmed.
Fig. 2e–h show the STEM image and the corresponding TEM-
EDS elemental mapping for the NTO powders, wherein it is
clearly demonstrated that the elements Ni, Ti, and O are
uniformly distributed throughout the entire sample.

Further, a SEM image of the sputtered-deposited NTO lm is
shown in Fig. S2b.† A compact, pore-free morphology, which is
composed of agglomerated particles that are of sizes from 0.3 to
0.5 mm and is separated by boundaries, was observed for the
sputter-deposited NTO thin lm. The SEM-EDS elemental
mapping of the thin lm that is shown in Fig. S3† reveals the
uniform distribution of Ni, Ti, and O on the entire surface.

The NTO formation is further supported by Raman-spec-
troscopy data, as it is difficult to prove the formation of the
pure-NTO phase at temperatures up to 700 �C due to the
structural order–disorder degree of the main phase.28,36–39

Fig. 3a shows the Raman spectra that were obtained in the
range of 100–950 cm�1 for the NTO powders annealed at 600 �C
for 2 h in an air atmosphere; in total, 10 Raman peaks or modes
were observed in the spectra. The Raman-active modes that
were measured at peak positions of 191, 229, 244, 292, 347, 389,
465, 611, 708, and 768 cm�1 are the characteristics of a highly
crystalline NTO solid, which further conrms the rhombohe-
dral structure of the formed powder samples.40,41 The Raman
peaks also shied to a higher wavenumber, and when
compared to the previous data, this change of the Raman
position is attributed to the differences of the crystal size and
the degree of the structural order of the crystal. The Raman
result is in good agreement with the XRD result, thereby
authenticating the formation of the rhombohedral NTO. The
obtained Raman results reveal an advantage of the hydro-
thermal process over the polymeric-precursor method for the
synthesis of the highly (long-range) ordered NTO structure
(Raman active). According to the previous report by Lopes
et al.,27 the NTO powders need to be sintered above 800 �C to
clearly observe all of the 10 Raman modes, which indicates the
long-range ordered structure; in contrast, sintering at 600 �C is
sufficient in the present work to form the highly ordered
rhombohedral structure. In addition, the Raman modes of
a very low intensity regarding the sputter-deposited NTO
revealed that the NTO phase in the thin lm is short-range-
ordered rather than long-range-ordered, as shown in Fig. S4;†
this result coincides with the XRD result (Fig. S2b†) that indi-
cates the amorphous nature of the sputter-deposited NTO thin
lm. The obtained result substantiates that the NTO powders
that were made through the hydrothermal process exhibit
a long-range structural ordering, whereas the sputter-deposited
NTO thin lm exhibits a disordered structure. This difference of
the structural orderings may inuence the Na-storage charac-
teristics of these two materials.

Fig. 3b shows the nitrogen adsorption–desorption isotherm
for the hydrothermally synthesized NTO powders which was

Table 1 Lattice parameters for NiTiO3 (NTO) powder according to
XRD-data estimation

a (Å) b (Å) c (Å) a (�) b (�) g (�) V (Å3)

5.0256 5.0256 13.807 90.00 90.00 120.00 301.99

Fig. 2 (a) FE-SEM; (b and c) TEM; (d) HR-TEM; and (e) STEM images of
the NTO that was prepared by the hydrothermal process. TEM-EDS
elemental-mapping images of: (f) Ni, (g) Ti, and (h) O that correspond
to the STEM image.
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measured at �196 �C. The isotherm for the NTO powders is
close to that for type III with a H3 hysteresis loop, according to
the standard classied by the International Union of Pure and
Applied Chemistry (IUPAC), which is indicative of a porous
structure.42 Specically, the hysteresis that was observed in the
higher pressure range is indicative of the silt-like pores that are
typically formed by the aggregation of plate-like particles. The
specic surface areas of the sample were analyzed from the N2

adsorption–desorption curve using the Brunauer–Emmett–
Teller (BET) method. The specic surface area and the total pore
volume of the NTO powders are 39 m2 g�1 and 0.37 cm3 g�1,
respectively. The higher surface area of the NTO powders is
attributed to the formation of a porous structure that was
formed by small connected particles during the hydrothermal
process; furthermore, the size distribution as a function of the
pore diameter for the NTO powders was enumerated from the
desorption curve using the Barrett–Joyner–Halenda (BJH)
method, as shown in Fig. 3c. The pore size distribution curve for
the NTO powders conrmed the presence of a wide range of
pores by exhibiting a broad peak at a glance. The characteristic
peaks that were observed at 25, 52, and 89 nm suggest the meso-
and macro-porosity of the material. Considering their specic-
surface area, total pore volume, and average pore size, the NTO
powders are expected to exhibit an excellent Na-storage capa-
bility. It is also well known that active materials with large
surface areas can offer extra sites and channels for the fast
intercalation/deintercalation of Na ions into the active material;
moreover, the current porous conguration can not only help
the diffusion of the Na ions, but it can also accommodate the
volume change that occurs during the discharge process for the
preservation of the structural integrity.

The chemical states of the elements that are present in the
NTO powders and thin lm were analyzed using XPS. Fig. 4 and
S5† show the obtained (open circles) and the tted (solid lines)
core-level XPS spectra of the Ni 2p, Ti 2p, and O 1s in the NTO
powders and thin lm. The spectral features were tted using
a nonlinear least-squares tting procedure, for which the
Gaussian–Lorentz distribution function was used aer the
Shirley-integrated background subtraction, to determine the
peak positions and the areas under the curves. In both samples,
the presence of the Ni2+, Ti4+, and O2� binding states was evi-
denced by the Ni 2p, Ti 2p, and O 1s spectra. Regarding the Ti 2p
spectra, the two observable peaks for the NTO powders at 458.4
and 463.9 eV (Fig. 4b) and the observable peaks for the NTO thin
lm at 458.6 and 464.3 eV (Fig. S5b†) in the Ti 2p spectra are
attributed to the presence of the Ti4+.

The average bonding strengths between the Ti and O ions for
the NTO powders and thin lm were determined as approxi-
mately 71.8 and 71.5 eV, respectively, which are close to the
enthalpy of the formation of NTO.30 The presence of the Ni2+

binding states was evidenced by the Ni 2p3/2 and Ni 2p1/2
spectra, as shown in Fig. 4a and S5a.† The peak that appeared at
855.8 eV was assigned to the NTO, and it appears that all of the
other shoulder peaks are associated with the presence of the
oxidized-Ni remnants. The sputter-deposited NTO mainly
consists of TiO2, in addition to some oxidized-Ni species,
because the electronegativity of Ti is much higher than that
of Ni.

The Na-storage capacities of the NTO powders and thin lm
were estimated from the electrochemical tests that were per-
formed at room temperature, as shown in Fig. 5 and S6.† The
sodiation/desodiation behavior in the NTO-powder and NTO-
thin-lm-based electrodes was investigated in an electrolyte of 1
M NaPF6 in EC/DMC (1 : 1 by vol%) using cyclic voltammetry
(CV) and galvanostatic discharge–charge cycling tests. Fig. 5a

Fig. 3 (a) Depolarized Raman spectra, (b) N2 adsorption–desorption,
and (c) associated BJH pore-size distribution curves of hydrothermally
prepared NTO powders, heat-treated at 600 �C in an air atmosphere.
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shows the cyclic voltammograms of the NTO-powder-based
electrode which were recorded at a scan rate of 0.1 mV s�1

within the potential range of 0–2.5 V vs. Na/Na+. In the rst
cathodic scan, the cathodic-current rise from 1.5 V vs. Na/Na+ is
attributed to the insertion of the Na-ions into the NTO-tunnel

structure; additionally, the cathodic peak at 0.7 V vs. Na/Na+ is
ascribed to the reversible sodiation of the electrode. Further
increase of the current density below 0.5 V vs. Na/Na+ could be
the result of the formation of the solid electrolyte interphase
(SEI) layer and the trapping of the Na-ions in the defect sites of
the material. In the anodic scan, the Na-ion extraction by means
of the respective oxide formation was evidenced by the anodic
peak at 0.8 V vs. Na/Na+. From the second cycle, a pair of broad
redox peaks that are positioned at approximately 0.65 V
(cathodic) and 0.8 V (anodic) became prominent, and they
remained the same in the current density without any decay
during the subsequent cycling.

In addition, the sputter-deposited NTO electrode exhibited
a different CV shape (Fig. S6a†) that is due to the less-irrevers-
ible trapping of the Na-ions in the SEI layer that formed on the
compact NTO lm with a smaller specic-surface area. In the
rst cathodic scan, the broad cathodic peak in the wide
potential range of 0.2–1.0 V vs. Na/Na+ can be attributed to the
decomposition of the NTO and the formation of the SEI layer on

Fig. 5 (a) Cyclic voltammograms recorded at 0.1 mV s�1 and (b)
charge–discharge-potential profiles measured in the electrolyte of 1 M
NaPF6 in EC/EMC at the specific current of 50mA g�1 for the electrode
that is mainly composed of hydrothermally synthesized NTO powders.

Fig. 4 Core-level XPS spectra of: (a) Ni 2p, (b) Ti 2p, and (c) O 1s in
NTO powders that were prepared by the hydrothermal process.
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the thin-lm electrode. The reversible peaks at 0.8 V (cathodic)
and 1.7 V (anodic) were observed with the cycle number, and
this suggests that the insertion and extraction of the Na-ions
through the thin lm are efficient.

Galvanostatic discharge–charge tests were conducted on the
NTO electrodes at the applied specic current of 50 mA g�1 and
within the potential range of 0.01–2.5 V Na/Na+, and the results
are shown in Fig. 5b and S6b.† In the rst discharge curve, two
distinct regions, indicated as I and II in the plots, were clearly
observed for both the NTO-powder and thin-lm electrodes.
Region I, from the open circuit potential (OCP) to 0.4 V vs. Na/
Na+, exhibits a well-dened slope, followed by region II at 0.4–
0.01 V vs. Na/Na+ that shows a potential plateau at 0.35 V vs. Na/
Na+. Region I, which is in the discharge curve, corresponds to
the intercalation of the Na-ions into the zigzag channels that are
available in the NTO-crystal structure, as depicted in Fig. 1c;
moreover, the plateau that was observed at a lower potential can
be associated with the reduction of the NTO (NiTiO3) to Ni and
Ti and the formation of Na2O, as given in reaction (1). The
plateau can be attributed to the consumption of the Na-ions for
the formation of the SEI layer that is due to the decomposition
of the electrolytes and the other organic materials, and the
irreversible insertion of the Na-ions at the sites in the crystal-
lattice defects of the NTO.43,44

NiTiO3 + 6Na+ + 6e� / Ni + Ti + 3Na2O (1)

The discharge mechanism in the NTO electrode can be
illustrated by an observation of the surface morphology of the
electrode aer the Na insertion. To investigate the morphology
of the electrode, the NTO electrodes were collected aer the
dissembling of the tested cells in the Ar-lled glovebox, followed
by rinsing with a solvent to remove the salts on the surface and
the overnight vacuum-drying in an oven. The morphological
changes of the NTO-powder and thin-lm electrodes, aer the
charge and discharge, respectively, are shown in Fig. S7.† The
post-test TEM images of the NTO powders are also presented
with further details in Fig. 6. The SEM (Fig. S7b†) and TEM

(Fig. 6a) images that were recorded for the sodiated electrodes
aer the discharge clearly showed the formation of cubic/oval
Na2O particles that are the result of the reduction process that is
given by reaction (1). Further, the selected area electron
diffraction (SAED) pattern, as shown in Fig. 6a, conrmed that
the cubic/oval-shaped particles in the vicinity of the aggregated
nanoparticles are those of sodium oxide (Na2O). A closer
inspection of the discharged electrode for which TEM and HR-
TEM were used (Fig. 6b and c) revealed the formation of the SEI
layer on the electrode surface and the presence of metallic Ti
and Ni, as shown in the SAED pattern in the inset of Fig. 6b, and
this corroborated the NTO-conversion mechanism of the
discharge process. Moreover, the removal of the cubic Na2O on
the surface aer the recharge (Fig. 6d and S7c†) supported the
reversibility of the Na-extraction process. The SAED pattern
(inset of Fig. 6e) and the HR-TEM image of the charged (des-
odiated) NTO-powder electrode indicate the reversible conver-
sion of the Ni and Ti into NTO.

To further validate the mechanism that is involved in the
sodiation/desodiation processes for the NTO-powder-based
electrode, a Raman analysis was performed for the NTO elec-
trodes in the pristine, sodiated, and desodiated states. The
Raman spectrum of the pristine NTO-powder-based electrode,
as shown in Fig. 7, substantiates the presence of highly crys-
talline NTO, exhibiting the peaks corresponding to the nine
active modes. The two additional peaks at 1352 and 1588 cm�1

Fig. 6 TEM and HR-TEM images of: (a–c) sodiated (after the 1st

discharge) electrode and (d–f) desodiated (after the 1st charge) elec-
trode of hydrothermally synthesized NTO powders. The insets in (a),
(b), and (e) are the SAED patterns of the corresponding area.

Fig. 7 Raman spectra of the NTO-powder-based electrodes in the
states of pristine, sodiated (after the 1st discharge), and desodiated
(after the 1st charge), respectively.
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correspond to the D and G bands of carbon. Aer the discharge,
the peaks, except for those related to carbon, vanished, thereby
indicating the complete conversion of the NTO from its reaction
with the Na-ions. Unfortunately, the peaks that correspond to
the Raman active modes of the Na2O were not detected in the
Raman spectra for the discharged (sodiated) electrode. It is
anticipated that the peaks of the Raman active mode for the Na
oxide are buried under the broad carbon background of the D
and G bands.45 Moreover, aer the charging, the peaks that are
related to the Raman active mode of the NTO reappeared,
thereby demonstrating the reversal of the discharge process for
a return to the initial form of the material. This result supports
the nding of the TEM analysis (Fig. 6) regarding the NTO-
powder-based electrode. In addition, the Raman peak at 1073
cm�1 is attributed to the NiO, which further signies the
incomplete electrochemical oxidation to form NTO during the
charging process.46

Alternatively, for the sputter-deposited NTO-thin-lm elec-
trode, it was found that the small spherical particles addition-
ally formed on the electrode surface and the size of the original
active material increased as a result of the Na-ion insertion into
the lattice, as shown in Fig. S7e;† this might indicate that only
the insertion reaction and a small part of the NTO reduction
form the Ni, Ti, and Na2O during the discharge. Further, the
coverage of the entire electrode or particles by the SEI layer was
evidenced aer the discharge process. During the charging, the
Na ions were extracted, resulting in the smooth surface of the
electrode that is covered with the SEI layer (Fig. S7f†). The
difference between the reaction mechanisms during the
sodiation and desodiation of the NTO-powder and thin-lm
electrodes is responsible for the subsequent Na-ion storage
capacity of the material.

From the discharge–charge-potential proles of the NTO-
powder and thin-lm electrodes that are presented in Fig. 5b
and S6b,† the discharge capacities of the NTO-powder and thin-
lm electrodes are 783 and 499 mA h g�1, respectively. The
higher discharge capacity of the NTO-powder-based electrode is
attributed to the utilisation of the entire material and the
complete conversion of the NTO into the desired product
(conrmed by the TEM and Raman analyses) during the
discharge reaction. In addition, since the surface area of the
NTO-powder electrode is higher than that of the NTO thin-lm
electrode, the amount of Na-ions that were consumed for the
formation of the SEI layer on the surface of the NTO-powder
electrode during the discharge is apparently higher; this is one
of the reasons why the NTO-powder electrode exhibited
a discharge capacity that is higher than that of the NTO-thin-
lm electrode. Further, the charge capacities that were
measured for the NTO-powder and thin-lm electrodes are 521
and 307 mA h g�1, respectively, and they correspond to
coulombic efficiencies of 67 and 61%, respectively. The
substantially lower coulombic efficiencies of both of the elec-
trodes in the rst cycle appear to be associated with the SEI
formation and some of the irreversible trappings of the Na-ions
in the NTO lattice. In addition, weak physical bonding between
the active material and polymer binder may cause a reaction
between the binder and Na-ion which results in low initial

coulombic efficiency.47 This initial coulombic efficiency may be
improved by fabricating a chemically bonded NTO powder
carbonous composite and using a suitable polymer binder with
a cross-linker as suggested by Wang et al.47,48

Further, the rate capability of the NTO electrodes was
investigated through the following variations of the applied
specic current: 50, 100, 250, 500, 1000, 2000, and 4000 mA g�1.
To avoid the effect of the activation of the materials on the rate
capability, the half-cells that are composed of the NTO working
electrode and the Na metal-counter/reference electrode were
activated at a current density of 25 mA g�1 for 10 cycles, fol-
lowed by the cycling of the half-cells at each of a variety of
current densities for ve cycles each. Overall, the discharge–
charge capacities of both of the electrodes decreased reasonably
with the increase of the applied specic current, as shown in
Fig. 8a and S8a.† At the low specic current of 50 mA g�1, the
specic capacity of the NTO-thin-lm electrode was measured
as approximately 294 mA h g�1, which is much lower than that
(496 mA h g�1) of the NTO-powder electrode. This might be
attributed to the comparatively larger surface area and porous
structure of the NTO powders, whereby more reaction sites are
supplied for the storage of Na. Through its provision of a short

Fig. 8 (a) Rate capability and (b) cyclability of the NTO-powder-based
electrode, measured at various specific currents.
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diffusion path for the Na ions, the porous nanostructure of the
NTO powder also allows for an outstanding accessibility for the
electrolyte into the electrode surface. Furthermore, Na-ion
storage by means of an insertion into the zigzag-tunnel struc-
ture and the NTO-conversion reaction can also contribute to
such a high specic capacity. Even at a higher specic current of
4000 mA g�1, the NTO-powder electrode delivered the specic
capacity of 192 mA h g�1, which is still higher than the practical
capacity of the highly stable anode material that is currently
used in SIBs.49 Subsequently, the applied specic current was
returned to the initial specic current of 50 mA g�1, at which
point the specic capacity (491 mA h g�1) was returned to the
initial capacity that was obtained during the rst ve cycles; this
result conrms the excellent rate capability of the NTO-powder-
based electrode. The high-rate sodiation/desodiation in the
NTO-powder electrode is attributable to its unique structure.
The specic surface area of the NTO powders is comparatively
large (39 m2 g�1), leading to an increase in the solid/electrolyte
interface and an enhancement of the charge-transfer reactions.
Furthermore, through the addition of Ni to the TiO2 structure,
the electrical conductivity of the NTO was improved and the
ohmic resistance was reduced.50 Owing to benets such as a ne
particle size, large surface area, and the addition of Ni, the NTO-
powder-based electrode exhibited an outstanding rate capa-
bility. In contrast, the NTO-thin-lm-based electrode delivered
the relatively smaller specic capacity of 128 mA h g�1, which is
lower than that (192 mA h g�1) of the NTO-powder electrode at
the same specic current of 4000 mA g�1.

Fig. 8b and S8b† show the reversible specic capacities of the
NTO-powder and thin-lm electrodes, the calculations of which
are based on only the total weight of the electrode material,
while the measurements were taken at the specic current of 50
mA h g�1. In the rst cycle, the specic capacity of the NTO-
powder electrode reached 521 mA h g�1, which is much higher
than that (307 mA h g�1) of the NTO-thin-lm electrode. This
result can be ascribed to the structure of the NTO-powder
electrode that is more porous than the compact morphology of
the NTO-thin-lm electrode. The specic capacity of the NTO-
powder electrode increased at the specic current of 50 mA h
g�1 during the rst cycle due to the activation of the materials,
and it then remained stable. Furthermore, the NTO-powder
electrode delivered specic capacities of 491 and 467 mA h g�1

in the 100th and 200th cycles, respectively. The total decrease of
the capacity by 10% for the NTO-powder electrode over 200
discharge–charge cycles demonstrated the excellent cyclability
of the electrode. Moreover, when the applied specic current
increased to 500 mA g�1, the NTO-powder electrode delivered
high specic capacities of 362 and 320 mA h g�1 in the 1st and
200th cycles, respectively, and 88% of the initial maximum
capacity was retained even aer 200 cycles. In contrast, the
capacity of the NTO-thin-lm electrode declined rapidly over
the rst few cycles and remained stable up to the 30th cycle. The
capacity of the NTO-thin-lm electrode then decreased again
and reached 156 mA h g�1 capacity aer 200 cycles, and this
corresponds to a capacity retention of 51%. These results
indicate that the cyclability of the NTO-thin-lm electrode is
poorer than that of the NTO-powder electrode.

Fig. 8b and S8b† also show the coulombic efficiencies of
the NTO-powder and thin-lm electrodes up to 200 cycles. In
the rst cycle, the coulombic efficiencies of the NTO-powder
and thin-lm electrodes are only 67 and 61%, respectively,
due to the irreversible trapping of the Na-ions and the
formation of the SEI layer during the rst cycle. The
coulombic efficiencies that were obtained for the NTO elec-
trodes are comparatively higher than those for the alloying-
type electrodes, which were previously reported as SIB
anodes.8,51,52 Moreover, the coulombic efficiency of the rst
cycle can further be enhanced by the addition of extra sacri-
cial sodium to the anode. The coulombic efficiency of the
NTO-powder electrode reached 98% during the rst few cycles
and remained above 98%, which is close to the coulombic
efficiency of the current commercial anodes.53,54 Similarly, the
coulombic efficiency of the NTO-thin-lm electrode increased
from 61% in the rst cycle to 97% and it remained around
97% up to 200 cycles.

The electrochemical-impedance spectra of the NTO elec-
trode were measured to understand the electrochemical
behavior of the NTO electrodes during the discharge–charge
cycling. Fig. 9a, b and S9a, b† show the Nyquist-impedance
spectra that were measured before, aer, and during the
middle of the discharge–charge tests. In the inset of Fig. 9a, an
enlarged view is displayed to address the evidence of a semi-
circle in the Nyquist plot of electrodes before and aer the test.
With the exception of the pristine state, the Nyquist plots are
similar in nature, and they are composed of two semicircles,
whereby one is at high frequencies and the other is at inter-
mediate frequencies, and these are followed by a linear
response at low frequencies. The equivalent circuit that was
used for the tting of the experimental data is presented in
Fig. 9c, and the parameters that were obtained from the
impedance spectra are shown in Tables 2 and S1;† here, Re

indicates the electrolyte ohmic resistance, Rf and Q1 indicate
the surface-lm resistance and the relevant capacitance,
respectively, Rct and Q2 indicate the charge-transfer resistance
and the double-layer capacitance, respectively, and Zw indi-
cates the Warburg impedance that is related to the diffusion.50

As shown in Table 2, variations of the values of Rf and Rct were
observed for the NTO-powder electrode, and the signicant
changes that were realized for the Rf and Rct values appear to
specify the structural and chemical modications that
occurred in the NTO-powder electrode throughout the
discharge–charge test. Similarly, this trend was also observed
for the NTO-thin-lm electrode, as shown in Table S1.† The
high pre-test Rct values of the NTO-powder (34.1 kU) and thin-
lm (165.7 kU) electrodes are attributed to the lack of surface
activation. In addition, the higher Rct of the thin-lm electrode
appears to be associated with its more-compact structure,
whereby a poorer catalytic activity and a more-difficult acces-
sibility to the electrode surface regarding the Na-ions and the
electrolyte are due to a smaller specic-surface area.

The surface-lm resistance (Rf) and the charge-transfer
resistance (Rct) during the rst cycling were decreased by the
effect of the surface activation and the sodiation-based
conductivity improvement. In particular, a slight change of the

This journal is © The Royal Society of Chemistry 2016 J. Mater. Chem. A, 2016, 4, 17419–17430 | 17427
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Rf of the NTO-powder electrode indicates the formation of
a stable SEI layer on the electrode surface during the cycling
test, and this phenomenon appears to be responsible for the
highly efficient sodiation/desodiation reactions and the
capacity retention of 88% that was recorded aer 200 cycles for
the NTO-powder electrode. In contrast, the degradation of the
specic capacity of the NTO-thin-lm electrode can be ascribed
to the increase in Re and Rf, which is responsible for impeding

the diffusion of Na-ions. Further, as shown in Fig. 9b, the sharp
decrease of the Rct aer the rst discharge reaction signies the
formation of metallic Ni and Ti, whereas the restoration of the
Rct aer the charge reaction indicates the formation of a resis-
tive metallic oxide, as was discussed earlier.

4 Conclusions

A noble anode material, NiTiO3 (NTO), was successfully
prepared in a nanoparticle form through the use of a simple
and economical hydrothermal process, and it was then
employed in a sodium (Na)-ion battery (SIB). The corre-
sponding electrode, which is composed of hydrothermally
synthesized pure-NTO powders of a hexagonal-crystal struc-
ture and a mesoporous morphology, demonstrated a high
reversible capacity of 521 mA h g�1 that corresponds to
a coulombic efficiency of 67% in the rst discharge–charge
cycle; the coulombic efficiency was further improved to �98%
aer the subsequent cycles. In addition, at a high specic
current of 500 mA g�1, the electrode maintained a specic
capacity that is higher than 88% of the maximum capacity for
200 cycles, and even at a current of 4000 mA g�1, the electrode
still exhibited the excellent capacity of 192 mA h g�1. The
exceptional rate capability of the NTO-powder-based electrode
is attributed to the synergetic effect of the improved conduc-
tivity, a porous network structure, and a high surface area that
facilitates fast sodiation/desodiation reactions and an easy
diffusion of the Na-ions and electrolyte to the active sites. In
addition, the Na-ion storage capacity, rate performance, and
cyclability of an NTO thin lm that was prepared through
a sputtering process are poorer due to the compact micro-
structure and disordered structure of the thin lm. The
present work demonstrates the importance of metal titanates,
especially NTO, in terms of their applicability as an anode
material for SIBs. Furthermore, the electrochemical perfor-
mance of NTO can be enhanced through engineering of the
microstructure and the employment of new electrolytes and
additives, and these can also deliver effective sodiation/des-
odiation processes.
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a b s t r a c t

Herein, we synthesized an S, N, and Gd tri-element doped magnetofluorescent carbon quantum dots
(GdNS@CQDs) within 10 min by using a one-pot microwave method. Our results showed that these mag-
netofluorescent GdNS@CQDs have excellent fluorescent and magnetic properties. Moreover, GdNS@CQDs
exhibited high stability at physiological conditions and ionic strength. These magnetofluorescent
GdNS@CQDs were conjugated with a folic acid, denoted as FA-GdNS@CQDs, for targeting dual modal
fluorescence/magnetic resonance (MR) imaging. The in vitro and in vivo studies confirmed the high
biocompatibility and low toxicity of FA-GdNS@CQDs. FA-GdNS@CQDs enhanced the MR response as com-
pared to that for commercial Gd-DTPA. The targeting capabilities of FA-GdNS@CQDs were confirmed in
HeLa and HepG2 cells using in vitro fluorescence and MR dual modality imaging. Additionally, an anti-
cancer drug, doxorubicin, was incorporated into the FA-GdNS@CQDs forming FA-GdNS@CQDs-DOX,
which enables targeted drug delivery. Importantly, the prepared FA-GdNS@CQDs-DOX showed a high
quantity of doxorubicin loading capacity (about 80%) and pH-sensitive drug release. The uptake into can-
cer cells and the intracellular location of the FA-GdNS@CQDs were observed by confocal laser scanning
microscopy. We also successfully demonstrated in vivo fluorescence bio imaging of the FA-
GdNS@CQDs, using zebrafish as an animal model.

Statement of Significance

In this manuscript, we reported a facial, rapid, and environmental friendly method to fabricate hetero
atoms including gadolinium, nitrogen, and sulfur doped multi-functional magnetofluorescent carbon
quantum dots (GdNS@CQDs) nanocomposite. These multifunctional GdNS@CQDs were conjugated with
a folic acid for targeting dual modal fluorescence/magnetic resonance imaging. Additionally, an anti-
cancer drug, doxorubicin, was incorporated into the nanocomposite forming FA-GdNS@CQDs-DOX,
which enables targeted drug delivery. We have developed GdNS@CQDs with integrated functions for
simultaneous in vitro cell imaging, targeting, and pH-sensitive controlled drug release in HeLa cells.
Furthermore, we successfully demonstrated the use of this material for in vivo fluorescence imaging,
using zebrafish as an animal model.

� 2016 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction

Multifunctional nano-theranostics materials that can combine
therapeutic and diagnostic functions into a single hybrid nano-
material have attracted substantial attention [1–3]. Hybrid
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nanomaterials, integrated with both magnetic and fluorescent
property components, have emerged as a potential platform for
therapeutic payloads [4,5]. They could carry multiple diagnostics
and target deliveries into a specific area of complex biological sys-
tems. If therapeutic and imaging agents are incorporated into one
compartment, then drugs and their accumulation at the target sites
can be monitored noninvasively by bio-imaging tools under in vitro
and in vivo conditions [4,6,7]. Present imaging modalities,
including fluorescence, magnetic resonance (MR), photoacoustic,
positron emission tomography, and ultrasound images, have
significant benefits and limitations [8]. For instance, MR imaging
provides deep tissue penetration and 3-dimensional human body
imaging with excellent spatial resolution, but it suffers from low
sensitivity. In contrast, the fluorescence imaging technique pro-
vides the highest sensitivity, even for a single cell, but is limited
by the poor tissue penetration capability of light; therefore, it is
only suitable for small animal imaging. Thus, a combination of
MR and fluorescence imaging techniques could provide more
reliable and accurate information for diagnosis. Based on the accu-
rate and detailed imaging data supplied by dual modal imaging,
the drug delivery processes may be monitored non-invasively.

Many quantum dot (QD) based nano-theranostic platforms
were developed for the purpose of imaging and guiding cancer
therapy [6,7,9]. Among them paramagnetic ions, such as gadolin-
ium or manganese, incorporated into semiconductor QDs have
gained more attention [10–13]. Many of their intrinsic features
make them attractive, including strong fluorescence brightness,
broad absorption and narrow emission spectra, size-dependent
emission, and excellent photostability. However, these nanomate-
rials have certain disadvantages in biological and medical applica-
tions; their heavy metal composition (CdSe, CdS and CdTe) leads to
inherent toxicity. Several in vitro and in vivo studies indicate that
these QDs are intrinsically cytotoxic because they release free
radicals of heavy metals from the QD core into the blood stream
[14–16]. The surface oxidation of QDs via different biochemical
pathways causes the release of heavy metal free radicals from
the QD surface [17,18]. Consequently, sub-cellular aggregation of
heavy metals leads to cell death. Additionally, QD synthesis has
limitations related to the requirement of expensive and toxic
chemicals and the multistep, time-consuming, and complicated
procedure. Moreover, the QDs significantly quench their lumines-
cence by incorporating a magnetic element [13]. Thus, it is a
challenge to develop an economical, simple, biocompatible, and
facile method to synthesize nano-theranostics materials with high
magnetic and fluorescent property.

The present trend in the development of nano-theranostics
platforms for simultaneous imaging and therapy suggests a need
for improved nanomaterials. The ideal nanomaterial should have
higher relaxivity, good fluorescence and targeted drug delivery,
high stability, low toxicity, and excellent compatibility in a biolog-
ical system [8,19,20]. Many research groups have recently devoted
their work to the development of heavy metal-free nano-
theranostics material. For example, fluorescent carbon quantum
dots (CQDs) are considered to be advantageous over heavy metal
QDs with respect to biocompatibility, low toxicity, and lesser costs
[21–24]. They are considered to be a rising star carbon material for
biomedical applications. They have robust chemical inertness, sim-
ple tunable emission, excitation-dependent emission properties,
high photostability, non-blinking luminescence emission, excellent
solubility, low cost production, and easy functionalization. Exhaus-
tive research has been devoted to the production and construction
of CQD-based multifunctional nanosystems for fluorescence
imaging and drug delivery [25–28]. A few groups have developed
magnetofluorescent CQDs by doping or conjugating a paramag-
netic gadolinium ion for fluorescence and magnetic resonance
imaging in vitro and in vivo [29–35]. However, some of this

magnetofluorescent CQDs have limited practical applications,
because of low quantum yield and multiple time consuming
synthesis steps (Table. 1). There has been a no report of mag-
netofluorescent CQDs as a nano-theranostic for MR/fluorescence
and chemotherapy. It has been shown that doping of hetero ele-
ments (including N and S) during synthesis would significantly
improve the fluorescence properties of CQD [36]. Thus, the purpose
of this work is to develop a simple one-pot method to fabricate a
magnetofluorescent GdNS@CQD, with excellent magnetic and fluo-
rescence properties, for MR and fluorescence dual-modal imaging
and chemotherapy.

This study demonstrates a rapid, efficient, and facial one pot
synthesis of magnetofluorescent GdNS@CQDs via a microwave
assisted method for targeting, dual imaging, and drug delivery.
Our strategy involves the one-pot microwave assisted fabrication
of magnetofluorescent GdNS@CQDs. This step is followed by
functionalizing the GdNS@CQDs with a targeting ligand (folic acid,
FA) and conjugation of an anticancer drug (doxorubicin, DOX). The
microwave assisted method for fabrication of magnetofluorescent
GdNS@CQDs is efficient, simple, and faster than previously
reported hydrothermal methods (Table 1). We produced
GdNS@CQDs with excellent water dispersibility, high stability (in
phosphate-buffered saline (PBS) buffer and NaCl solutions), high
quantum yields (QYs), and excellent magnetic properties; these
properties are promising for fluorescence/MR imaging and drug
delivery. Additionally, the fabricated GdNS@CQD has drug loading
capacity and pH-dependent drug release properties. We have
developed GdNS@CQDs with integrated functions for simultaneous
in vitro cell imaging, targeting, and pH-sensitive controlled drug
release in HeLa cells. Furthermore, we successfully demonstrated
the use of this material for in vivo fluorescence imaging, using zeb-
rafish as an animal model.

2. Material and methods

2.1. Materials

Except specified, all chemicals were brought from Sigma-
Aldrich (Milwaukee, WI, USA). Doxorubicin (>99%) was obtained
from Fusol material (Taiwan). Hydroxy-2,5-dioxopyrrolidine-3-sul
fonicacid sodium salt (Sulfo-NHS, 97%) and 1-Ethyl-3-(3-
dimethylaminopropyl) carbodiimide (EDC, 99%) were acquired
from Alfa-Aesar (Ward Hill, USA). Gadolinium (III) chloride (GdCl3,
99.9%) and sodium sulfide nonahydrate (Na2S, 98 + %) were pro-
cured from Across Organics (New Jersey, USA). NucView Green
Dead nucleic acid stain was purchased from Gene Copoeia, Inc.
(U.S.A). FA (>98%) was obtained from T.C.I. Chemical Co. (TCI,
Japan).

2.2. Instrumentation

Transmission electron microscopy (TEM) images and energy-
dispersive X-ray spectrometer (EDS) elemental composition were
obtained with a FEI Tecnai G2 F20 microscope (Philips, Holland)
operated at an accelerating voltage of 200 kV. The ultraviolet–vis-
ible (UV–vis) absorption spectra were acquired by using a JASCO
V-630 spectrometer. The fluorescence spectra were recorded with
a JASCO FP-6500 spectrofluorometer (150 W xenon lamp). Photo-
stability was measured by using a Fluorolog-3 spectrofluorometer
(HORIBA JobinYvon, Japan). The zeta potential was recorded by
Zeta Potential Analyzer (Brookhaven 90Plus). Fourier transform
infrared (FTIR) spectra were obtained with a Bio-Rad FTS-3500
spectrometer. Electron paramagnetic resonance (EPR) data was
obtained with an E-580 (Germany). The concentration of Gd3+

was quantified by using an inductively coupled plasma atomic
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emission spectrometer (ICP-AES, JY 2000-2, Jobin Yvon Horiba). MR
images were acquired by a 7 T BioSpec 70/30 experimental scanner
(70/30 Bruker BioSpin; Ettlingen, Germany). In vitro bright field
and fluorescence images were collected with a confocal laser scan-
ning microscope (CLSM, Leica TCS SP2). In vivo bright field and flu-
orescence images were recorded with a microscope with DP73
digital camera (SZX10, Olympus, Japan).

2.3. Synthesis of GdNS@CQDs

GdNS@CQDs were synthesized by the microwave pyrolysis pro-
cess. A typical synthesis required dissolving of 0.16 mmol of
sodium citrate, 0.24 mmol of N-acetyl-L-cysteine, 0.16 mmol of
Na2S, and 0.03 mmol of GdCl3 in 15 mL of distilled water. The mix-
ture was sonicated for 1 min to obtain a well-mixed solution and
then it was heated in a microwave oven at 220 �C for 10 min. After
reaction, the mixture was then cooled to room temperature and fil-
tered through a Millipore syringe filters with the pore size of
0.22 lm. Subsequently, a 15 mL the resultant solution was cen-
trifuged to remove the remaining by-products via a centrifugal
device (1 K MWCO, Macrosep� Advance Centrifugal Device). After
centrifuging (2000 rpm, 60 min), the supernatants containing
GdNS@CQDs were collected and then dried through freeze-drying
overnight. It was dissolved in water for characterization and fur-
ther applications. NS@CQDs were synthesized by a method similar
to the preparation of GdNS@CQDs, but without GdCl3.

2.4. Conjugation of FA to GdNS@CQDs

The NH2 groups of FA were conjugated to the COOH groups on
the surface of GdNS@CQD using carbodiimide crosslinker chem-
istry. Typically, 2.26 � 10�3 mmol of FA was dissolved in 4 mL of
2-(N-morpholino)ethanesulfonic acid (MES) buffer solution.
Sulfo-NHS (6.9 � 10�2 mmol) and EDC (7.8 � 10�2 mmol) were
then added to the FA solution. The mixture was kept at room tem-
perature for 1 h in the dark for the activation of FA via EDC/Sulfo-
NHS chemistry. Next, 1 mL of EDC/Sulfo-NHS activated FA was
added dropwise into 4 mL of the GdNS@CQD solution. The mixture
was stirred in a dark condition for 20 h at room temperature. The
obtained GdNS@CQD conjugated with FA on is referred to as FA-
GdNS@CQD. Further purification of the FA-GdNS@CQD was con-
ducted to remove unbound FA and unreacted chemicals through
FLOAT-A-LYZER G2 dialysis tubing (MWCO 500–1000 Da) for one
day in the dark. Distilled water (500 mL) was changed at least
two times with 3 h intervals.

2.5. Drug loading into FA-GdNS@CQD

The anticancer drug was loaded into FA-GdNS@CQD, termed
FA-GdNS@CQD-DOX, by mixing 1.72 � 10�4 mmol of DOX with
5 mL of a PBS solution (pH 7.4) containing 5 mL FA-GdNS@CQD
(1 mg/mL). The mixture was magnetically stirred in the dark at
25 �C for 24 h. Unloaded DOX was removed from the mixture by
centrifugal ultrafiltration (3000 rpm, 15 min), using Vivaspin
Turbo 15 with a 3 K Da molecular weight cutoff. The amount of
unloaded DOX was quantified by measuring the absorbance of
the removed solution at 490 nm. The DOX loading efficiency was
calculated using the following equation:

Loading Efficiency ð%Þ ¼ weight of DOX in FA-GdNS@CQD
weight of DOX in feed

� 100% ð1Þ

2.6. In vitro drug release from FA-GdNS@CQD-DOX

FA-GdNS@CQD-DOX was dispersed in PBS at a pH of 5.0, 6.0,
and 7.4, while stirring continuously at 37 �C. A 0.4 mL aliquot
was collected from each sample solution at various time points.
A 3000 Da molecular weight cutoff Vivaspin Turbo 15 ultra-
centrifugal filter was used to collect the released DOX. The released
amount was estimated by using UV–vis spectroscopy. The release
efficiency was calculated using following equation:

Release Efficiency ð%Þ

¼ weight of DOX released from FA-GdNS@CQD-DOX
weight of DOX in FA-GdNS@CQD-DOX

� 100%

ð2Þ

2.7. Cell culture

Normal L929 mouse fibroblast cells and human cervical (HeLa)
and human liver (HepG2) carcinoma cell lines were grown in MEM
supplemented with 1% L-glutamine, 1% sodium pyruvate, 1% non-
essential amino acids, 1% antibiotic–antimycotic, and 10% fetal
bovine serum. Cells were maintained in a humidified environment
at 37� C in a 5% CO2 atmosphere.

2.8. In vitro cytotoxicity

The viability of HeLa and HepG2 cells was estimated using MTT
assays. Cells were cultured in 24-well plates at a concentration of
5 � 104 cells per well for 24 h. The cultured cells werewashed twice
in PBS followed by the addition of 250 lL of fresh medium contain-

Table 1
Comparison of different CQD-based fluorescence/MR dual-modality bio imaging agents.

Precursors Methods Reaction
condition

Gd resource Quantum
yield (%)

r1
(mM�1s�1)

r2
(mM�1s�1)

r2/r1 Refs

Tris(hydroxymethyl)aminomethane and
betaine hydrochloride

One step
pyrolysis

250 �C, 2 h Gadopentetic acid – – – – [28]

Citrate acid, ethane, and diamine One step
hydrothermal

200 �C, 4 h GdCl3 21 7.36 8.10 1.10 [29]

Gadopentetic acid One step
calcination

300 �C, 2 h Gadopentetic acid 19.7 5.88 – – [30]

Gadopentetate monomeglumine One step
pyrolysis

250–350 �C,
2 h

Gadopentetate
monomeglumine

2.6–8.9 5.5–6.4 – – [31]

Sucrose and diethylene glycol One step
microwave

–, 50 s GdCl3 5.4 11.356 14.026 1.235 [32]

Citrate acid and PEI One step
pyrolysis

180 �C, 10
times

GdCl3 (post-
modification)

5.2 56.72 – – [33]

Citric acid One step
hydrothermal

200 �C, 8 h GdCl3 4.06 14.08 15.85 1.13 [7]

Sodium Citrate acid, N-acetyl-L-cysteine,
and Na2S

One step
microwave

220 �C,
10 min

GdCl3 12.8 9.02 11.82 1.31 Here
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ing various concentrations of FA-GdNS@CQD and
FA-GdNS@CQD/DOX. The cells were incubated in a humidified envi-
ronment at 37 �C in a 5% CO2 atmosphere for 24 h. Next, cells were
washed with PBS buffer before adding 1 mL of MTT stock solution
(500 mg/mL). The cells were incubated for another 3 h under the
same conditions. Next, the medium was removed, and cells were
dispersed into 1 mL of dimethyl sulfoxide per well and incubated
for 15 min. Finally, the optical density (OD) of the cell suspension
wasmeasured at 570 nmusing a Biotek Powerwave XS plate reader.
The cell viability was estimated with the following equation:

Cell viability ð%Þ ¼ OD values of the cells cultured with nanoparticles
OD values of the control cell

� 100%

ð3Þ

The control refers to the cells cultured in the absence of CQD.
Data are presented as the mean ± standard deviation (SD, n = 3).

2.9. In vitro fluorescence imaging

HeLa and HepG2 cells were seeded into a 6-well culture plate at
a density of 5 � 104 cells per well and incubated for 24 h. Cells
were treated with 500 lg/mL of FA-GdNS@CQD, GdNS@CQD, or
FA-GdNS@CQD-DOX. The cells were washed three times with PBS
after 24 h of treatment to remove unbound CQDs and unreacted
chemicals. The cells were fixed with 75% ethanol at room temper-
ature for 15 min and then washed with PBS. Finally, NucView
Green (10 nM) was added to the cell cultures for 20 min at room
temperature and then washed with PBS. A confocal laser scanning
microscope (CLSM, Leica TCS SP2) was used to visualize the cellular
localization of the CQDs.

2.10. In vivo biocompatibility and fluorescence imaging of FA-
GdNS@CQDs in zebrafish

Wild type and AB strains of male and female zebrafish (Danio
rerio) were used for all in vivo experiments. Their use was reviewed
and approved by the zebrafish core facility center, National Tsing
Hua University, Taiwan. The zebrafish (male and female together)
were housed in a fish aquarium at 28 �C under controlled
10 h/13 h light/dark conditions.

Fresh embryos were collected to conduct the biocompatibility
and fluorescence imaging experiments. Ten zebrafish embryos in
each group were treated individually with different concentrations
of FA-GdNS@CQDs (0, 50, 100, 200, 500, and 1000 lg/mL). The
in vivo cytotoxicity was estimated by counting the number of live
embryos at different stages of embryonic development from 3 to
96 hpf (hour post fertilization). Further, the embryonic develop-
ment was assessed at 3–96 hpf using a bright field inverted micro-
scope equipped with a DP73 digital camera (SZX10, Olympus,
Japan). The fluorescence images of zebrafish were collected using
a fluorescence microscope (Olympus IX71, Japan). The rates of
embryo survival and hatching were estimated at 96 hpf by using
the following formulas.

Survival rate ð%Þ ¼ the number of viable embryos
total number of embryos

� 100% ð4Þ

Hatching rate ð%Þ ¼ the number of hatched embryos
total number of embryos

� 100%

ð5Þ

2.11. Statistical analysis

Statistical significance was determined by analysis of variance
(ANOVA), followed by standard t-test and p values of less than
0.05 were considered statistically significant.

3. Results and discussion

3.1. Synthesis and characterization of GdNS@CQDs

Magnetofluorescent GdNS@CQDs were produced in a one-pot
reaction by microwave-assisted pyrolysis of multiple precursors,
including sodium citrate, gadolinium chloride, sodium sulfide,
and N-acetyl-L-cysteine (Schematic 1). Microwave irradiation
provides high efficiency heating, which is crucial in the multiple
precursor reaction. Reactivities of multiple-source precursor ther-
molysis must be simultaneously controlled through fast, uniform
heating, and pressure. Sodium citrate was used in the reaction as
a carbon matrix. Sodium sulfide and N-acetyl-L-cysteine were
utilized as sulfur and nitrogen dopants, which can enhance the
fluorescence properties of pristine CQDs. Gadolinium chloride
was chosen as a third co-dopant in CQDs. Gd3+ possesses a high
spin magnetic moment (S = 7/2) that results in an enhanced
nuclear relaxation rate of water protons, which provides the con-
trast effect in MR images. All molecule precursors undergo pyroly-
sis and carbonization under the high temperature and pressure of
microwave irradiation, which leads to formation of GdNS@CQDs.

The morphology and size distribution of the synthesized
GdNS@CQDs were investigated with TEM. Fig. 1a shows that
GdNS@CQDs are approximately spherical in shape. A histogram
in the inset of Fig. 1a shows the size distribution taken from over
40 nanoparticles and has an average size of 4.3 ± 0.9 nm. The
high-resolution TEM (HRTEM) image of GdNS@CQDs indicated that
the lattice spacings were 0.246 nm and 0.213 nm (Fig. 1b–f), which
matches well with the (1 0 0) facet of graphite [26]. The composi-
tion of GdNS@CQDs was identified by EDS measurement, and the
results in Fig. 1f revealed the presence of gadolinium, nitrogen,
and sulfur elements, whereas the Cu signals are from the copper
grid. A comparative structural property study used NS@CQDs with-
out Gd3+ doping. Fig. S1 displays that NS@CQD show no obvious
difference in morphology, size distribution, and lattice spacing as
compared to GdNS@CQDs. The as-synthesized NS@CQD were
quasi-spherical with well-defined lattice fringes identical to gra-
phitic nature in Figs. S1b and c. EDS spectrum in Fig. S1f verified
the presence of nitrogen, and sulfur elements in NS@CQDs.

The functional groups of NS@CQDs and GdNS@CQDswere inves-
tigated by FTIR spectroscopy (Fig. S2). The FTIR spectra of NS@CQDs
showed bands near 3371 cm�1, 1651 cm�1 and 1396 cm�1, which
belong to the stretching vibrations of OAH/NAH, C@C/C@N and
CAC respectively. The peak at 1000 cm�1 belonged to a bending
vibration of @CAH. The peak at 1126 cm�1 assigned to stretching
vibrations of CAN or CAS. The characteristic peaks at 2330 cm�1

and 2360 cm�1 attributed to C-N and S-H bonds, respectively. Com-
paredwith the original spectrumof NS@CQDs, the absorption bands
of GdNS@CQDs showed a slight shift and exhibited increased peak
intensity in the region 2000 cm�1–1000 cm�1. For example, the
absorption bands of GdNS@CQDs revealed a shift to higher absorp-
tion around 3394 cm�1 (OAH/NAH). Meanwhile, the absorption
peak of C@C/C@N, and C-N/C-S for GdNS@CQDs shifted to
1597 cm�1 and 1122 cm�1, respectively, which may be attributed
to the coordination effect of Gd3+ ions.

The zeta potential value for theNS@CQDsandGdNS@CQDs, at pH
7.4, were �14.74 ± 2.61 and �13.91 ± 3.70 mV, respectively
(Fig. S3). The negative value was mainly caused by the presence of
negative groups on the NS@CQDs and GdNS@CQDs surface, such
as OH� and COO�.

3.2. Optical and magnetic properties

The optical propertiesweremeasured by UV–vis and photolumi-
nescence (PL) spectra (Fig. 2a and b). The UV–vis spectra of
NS@CQDs andGdNS@CQDs showed similar absorption profileswith
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two characteristic absorption peaks around 245 and 350 nm
(Fig. 2a). The peaks are probably due to (p? p⁄) transition of C@C
at the aromatic region and (n? p⁄) transition of the heteroatom
(S and N) doped surface state region, respectively. When the excita-
tionwavelength changes from300 to420 nm, thefluorescence spec-
tra show themaximumemissionwavelengthofGdNS@CQDsalmost
remain the same (Fig. 2b). The excitation-independent emission
reflects not only uniform size in the sample, but also a relatively uni-
form radiative process on each GdNS@CQD. The PL spectrum clearly
shows that there were not any significant emission wavelength
shifts between NS@CQDs and GdNS@CQDs (Fig. 2c). Meanwhile,
Gd3+ slightly quenched the emission intensity of CQDs as a result
of the radioactive recombination of the CQDsdisruptedbyGd3+ ions.

The magnetic properties of GdNS@CQDs were investigated
through the use of EPR spectrometer measurement. Fig. 2d demon-
strates that the control group, NS@CQDs without the incorporation
of Gd3+ ions, did not have an EPR signal. The hyperfine splitting can
be observed for GdNS@CQDs due to electron spin-nuclear spin
interactions in an isolated Gd3+ ion. The hyperfine splitting and cal-
culated g value are well within the literature range 2.00–5.00 for
Gd3+ dopants in nanoparticles [37,38]. Typically, the total electron
spin of Gd3+ (S = 7/2) is sensitive to variation of its coordination
environment. At higher Gd3+ concentrations (0.040 mmol), hyper-
fine EPR structure gradually became broad resonance line at mag-
netic field ranging from 250 mT to 350 mT. This broad line could be
attributed to formation of clustered or concentrated Gd3+ ions,
which strongly influence one another through dipole–dipole inter-
actions [37].

3.3. Hetero atom (N, S, and Gd) doping effect on GdNS@CQDs emission
QY

Recent reports have indicated that heteroatoms, including
boron, phosphorous, silicon, nitrogen, and sulfur, improve the

emission QY of CQDs [36,39,40]. The dopants N and S provide sub-
stantial enhancement to emission QY. Doping of Gd ions into CQDs
could decrease fluorescence intensity. Therefore, we synthesized
GdNS@CQDs by changing the molar ratio of dopants at a constant
temperature (200 �C) and time (10 min); this would enable us to
achieve significant fluorescence properties along with magnetic
properties. The results confirmed that co-doping of N, S elements
significantly improved the QY, while doping with Gd ions
decreased the QY (Table S1). The QY were estimated according to
previous reports [24]. These results were in good agreement with
previous reports. However, it still exhibited a significantly higher
QY at optimal conditions, compared with previously reported
Gd@CQDs (Table 1).

3.4. Stability of GdNS@CQDs

The effects of pH values and ionic strengths on the variation of
relative fluorescence intensity of GdNS@CQDs were investigated as
shown in Fig. S4. Figs. S5 and S6 display the corresponding digital
pictures of GdNS@CQDs in aqueous solution with different ionic
strength and pH values. The aqueous GdNS@CQDs solution emitted
blue fluorescence and excellent aqueous dispersibility under UV
irradiation (Fig. S4a). The relative emission intensity remained
nearly constant in the pH range of 3–10 for a period of 72 h
(Fig. S4b). Fig. S4c demonstrates the relative fluorescence intensity
of GdNS@CQDs show no obvious change in a solution of 10 mM
PBS (pH = 7.4) containing various concentrations of NaCl ranging
from 0 to 2 M. All of these properties make GdNS@CQD an
excellent candidate for biomedical applications, because the salt
concentration in the human body is approximately 0.3 M and the
tumor environment is acidic (pH 4–6). The photostability of a
GdNS@CQDs solution (1 mg/mL) was investigated by exposing it
to continuous UV irradiation at 370 nm. The fluorescence intensity

average size: 4.3±0.9 nm

(a)

2 nm
d1=0.246 nm

2 nm
d2=0.213 nm

d2=0.213 nm

d1=0.246 nm

d2=0.213 nm

d1=0.246 nm

(b)

(c)

(d)

(e)

(f) (g)

Fig. 1. (a) TEM image of GdNS@CQDs (inset: histograms of particles size distribution of GdNS@CQDs). (b and c) HRTEM image of individual GdNS@CQD. (d and e) The line
profiles of the corresponding HRTEM images of GdNS@CQDs analyzed on (b) and (c), respectively. (f) The lattice fringe (d1 = 0.246 nm and d2 = 0.246 nm) induced from the in-
plane diffraction of graphene. (g) EDS spectrum of GdNS@CQDs.
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changed negligibly in a 180 h period, which indicated excellent
photostability (Fig. S4d).

3.5. GdNS@CQDs conjugated with FA

FA was conjugated to the surface of GdNS@CQDs, using a tradi-
tional EDC/Sulfo-NHS chemical reaction, in order to examine
GdNS@CQDs targeting with dual MR/fluorescence imaging. Many
human cancer cells express folate receptors on their surface; the
number of receptors increases with disease progression.

UV–vis absorption, PL, and zeta potential analysis were
employed to confirm the FA molecules were conjugated on the sur-
face of the GdNS@CQDs. The UV–vis absorption spectrum of FA,
GdNS@CQDs, and FA-GdNS@CQDs are shown in Fig. S7a. The free
FA molecules exhibited characteristic peaks at 280 and 375 nm
corresponding to (p? p⁄) and (n? p⁄) transition, respectively,
in the pterin ring of FA. The same two FA peaks were observed
for FA conjugated GdNS@CQDs, with a blue shift from 280 nm to
283 nm; thus, indicating successful conjugation of the FA ligand
to GdNS@CQDs, due to formation of an amide bond linkage
between FA and GdNS@CQDs. The emission intensity of
GdNS@CQDs before and after conjugation with FA molecules is
presented in Fig. S7b. The emission intensity of GdNS@CQDs was
slightly quenched without a wavelength shift after conjugation
with FA. This confirmed FA conjugation to the GdNS@CQDs surface.
The zeta potential value for GdNS@CQDs at pH 7.4 was
�13.91 ± 3.70 mV (Fig. S3). The negative zeta potential values were

mostly due to the presence of negative groups such as OH� and
COO� on the GdNS@CQD surface. Further, surface conjugation of
FA molecules to the GdNS@CQDs led to an increase in the negative
zeta potential, due to increased COO� groups on the surface of the
GdNS@CQDs.

3.6. In vitro biocompatibility of FA-GdNS@CQDs

The FA-GdNS@CQDs should exhibit low toxicity and excellent
biocompatibility, if they are to be considered for bimodal imaging
and drug delivery applications. The cytotoxicity of the FA-
GdNS@CQDs was investigated in 2 cancer cell lines, that is, HeLa
and HepG2, in an in vitroMTT assay. The cells were exposed to var-
ious concentrations (20–1000 lg/mL) of FA-GdNS@CQDs for 24 h
(Fig. S8). There was not a significant difference in cell viability even
at a high concentration of 1000 lg/mL. Specifically, HeLa cells were
>90% viable. Thus, these results clearly demonstrated that the
FA-GdNS@CQD had excellent biocompatibility and low toxicity in
the cancer cells.

3.7. In vitro targeting MRI bio-imaging

We measured longitudinal (T1) and transverse (T2) relaxation
times with a 7T clinical MR imaging system to investigate the
possible use of FA-GdNS@CQD as a diagnostic MRI contrast agent.
Commercially available Gd-DTPA was used to demonstrate the
feasibility of FA-GdNS@CQD as an MR agent.

(a) (b)

(c) (d)

Fig. 2. (a) UV–vis absorption spectra of GdNS@CQDs and NS@CQDs. (b) Fluorescence spectra of GdNS@CQDs with different excitation wavelengths. (c) Fluorescence spectra of
GdNS@CQDs and NS@CQDs excited at 360 nm. (d) EPR spectra of GdNS@CQDs prepared at different concentrations of Gd3+ ions.

156 S.-H. Chiu et al. / Acta Biomaterialia 46 (2016) 151–164



(a)

(c)

(d)

(b)

Fig. 3. (a) T1-weighted MR images of GdNS@CQDs and Gd-DTPA at various concentrations of Gd3+ ions. (b) Linear relationship between longitudinal relaxivities (r1) and
equivalent Gd3+ concentration of GdNS@CQDs and Gd-DTPA. T1-weighted MR images of (c) HeLa and (d) HepG2 cancer cells treated with different concentrations of FA-
GdNS@CQDs.

(a) (b)

(c) (d)

Fig. 4. In vitro confocal microscopic imaging of HeLa cells cultured with FA-GdNS@CQDs. After incubation, the cell nucleus were stained with NucView. (a) Bright-field image
of cells. (b) Green emission represents the location of the nucleus; (b) the blue emission shows the location of FA-GdNS@CQDs inside the cell; (d) fluorescence image overlay
of (b) and (c) images. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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In vitro MR images showed excellent MR performance of FA-
GdNS@CQD (Figs. 3 and S9). The FA-GdNS@CQDs had greater
brightness than commercially available Gd-DTPA at the same Gd
concentration. Fig. 3a shows the T1 weighted MR images of FA-
GdNS@CQD and Gd-DTPA solutions at different concentrations of
Gd3+. Clear, positive, and increasing contrast enhancement of MR
signals occurred concurrently with a gradual increase in Gd3+ con-
centration. However, FA-GdNS@CQD showed greater brightness
than Gd�DTPA at the same Gd concentration. On the other hand,
T2 weighted MR image intensity gradually decreased with increas-
ing concentrations of Gd3+ (Fig. S9a). GdNS@CQD displayed a much
lower intensity than Gd-DTPA at the same Gd concentration. These
results suggested that GdNS@CQDs significantly magnify the longi-
tudinal proton relaxation process.

Figs. 3b and S9b display the longitudinal (1/T1) and transverse
(1/T2) relaxation rates of water protons in the Gd-DTPA and
GdNS@CQDs solutions at various Gd3+ concentrations. The relaxiv-
ity values r1 and r2 were calculated from the slopes of the linear
regression fits from the relaxivity plots (slopes of the 1/T1 and
1/T2 curves plotted with respect to Gd3+ concentrations). The r1
and r2 values of GdNS@CQDs are 9.02 mM�1 s�1 and 11.82 mM�1

s�1, respectively. These relaxivity values are much greater than
those determined for the Gd-DTPA (r1 3.57 mM�1 s�1 and r2
4.63 mM�1 s�1). Additionally, the r2/r1 ratio of GdNS@CQDs is
1.31, which indicates that GdNS@CQD is a suitable paramagnetic
material for use as a T1 contrast agent.

We used MR imaging to evaluate the targeting capability of
FA-GdNS@CQDs in HeLa and HepG2 (control) cells. A 7T clinical

Dehydration Carbonization 

GdNS@CQD

Sodium citrate

N-acetyl-L-cysteine

S

Gd

N

Scheme 1. Schematic illustration of GdNS@CQDs synthesis.

Scheme 2. Schematic illustration of (a) the synthesis procedure of FA-GdNS@CQDs-DOX and (b) the possible mechanism of drug delivery in HeLa cells.
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MRI system was used to image cells exposed to FA-GdNS@CQDs,
containing different concentration of Gd3+ (0, 0.1, 0.5 and 1 mg/
mL), for 24 h. The MRI signal intensities in both cell types were
gradually enhanced with an increase in Gd3+ concentration
(Fig. 3c and d). However, the intensity in HeLa cells treated with
FA-GdNS@CQDs was much greater than in HepG2 cells. The differ-
ence may be due to overexpression of folate receptors in HeLa cells.
The results indicate that FA-GdNS@CQDshave good targeting ability
in HeLa cells. All of these results demonstrate that the as-fabricated
FA-GdNS@CQD is a suitable contrast agent for MR imaging.

3.8. In vitro fluorescence imaging

Next, FA-GdNS@CQDs were evaluated as potential fluorescence
cellular biomarkers. HeLa cells were labeled by specific recognition
between folate receptors on the cell membrane and the FA conju-
gated to the GdNS@CQDs surface. Blue-emitting FA-GdNS@CQDs
marked the targeted label of the HeLa cells (Fig. 4). The data
revealed that a more concentrated FA-GdNS@CQD specifically
interacted with the HeLa cell membrane by 24 h of incubation. This
indicated that FA-GdNS@CQD is an ideal prerequisite material for
optical diagnostic contrast agents. A comparison study was
performed by incubating folate negative HepG2 cancer cells and
L929 normal cells with FA-GdNS@CQDs (Figs. S10 and S11). The
low intensity blue-emission was randomly distributed with no
specific attachment or interaction with the cell membrane, even
after 24 h of incubation. These results indicate that the low-
specific attachment of FA-GdNS@CQDs with the cell membrane
can be due to fewer folate receptors. Similarly, HeLa cells incubated
with GdNS@CQDs, without conjugated FA, had a very slight blue

emission (Fig. S12). Additionally, the folate receptors were blocked
by pretreating the cells with free FA for 4 h to further validate the
function of FA in the cellular uptake of FA-GdNS@CQDs. Blue
emission was not observed, which suggested competitive uptake
of FA-GdNS@CQDs and FA by the cells (Fig. S13). More specifically,
excess free FA bind on the folate receptors of HeLa cells and thus
inhibits cellular uptake of the FA-GdNS@CQDs. The above results
indicated that the uptake of FA-GdNS@CQDs by HeLa cells was
through a folate receptor-mediated pathway (Scheme 1).

3.9. Drug loading and drug release studies

DOX was selected as a model drug to investigate the feasibility
of FA-GdNS@CQDs as a drug delivery carrier. DOX was mixed with
FA-GdNS@CQDs in PBS buffer at room temperature for 24 h in the
dark. We speculated that DOX was probably conjugated with
FA-GdNS@CQDs through physicochemical interactions, including
(p-p) stacking, electrostatic, and hydrophobic interactions [41] as
shown in Scheme 2. The UV–vis spectra and zeta potential were
used to confirm the conjugation. The surface zeta potential of FA-
GdNS@CQDs changed from �22.26 ± 3.51 to -10.80 ± 4.51 mV after
DOX conjugation (Fig. S3). It suggested that the negative charge
(COO�) of the FA-GdNS@CQDs conjugated with a positive charge
(–NH2) on DOX, which may be due to electrostatic interaction.
The UV–vis absorption spectra of free DOX, FA-GdNS@CQDs, and
FA-GdNS@CQDs-DOX are shown in Fig. 5a. There was a notable dif-
ference in the spectra of FA-GdNS@CQDs-DOX; its UV–vis absorp-
tion peak was near 490 nm, which corresponded to the absorption
wavelength of DOX. The data suggested that the formation of
FA-GdNS@CQDs-DOX occurred. The amount of unbound and

(a) (b)

(c) (d)

Fig. 5. (a) UV–vis absorbance spectra of FA-GdNS@CQDs, FA-GdNS@CQDs-DOX, and DOX. (b) pH sensitive release of DOX from FA-GdNS@CQDs-DOX in PBS buffers at various
pH values of 7.4, 6.0, and 5.0. Cytotoxicity of (c) HeLa and (d) HepG2 cells after treatment with FA-GdNS@CQD-DOX and DOX. Asterisk (⁄) indicates a p-value < 0.05.
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bound DOX was estimated by using a UV–vis spectrophotometer at
490 nm (Fig. S14). One of the most significant properties of FA-
GdNS@CQDs was their very high loading capacity. Their loading
efficiency was calculated to be �80%; this is one of the largest
amounts of drug loading capacity reported for a drug delivery vehi-
cle system based on carbon nanomaterials.

The kinetic profile of DOX release from FA-GdNS@CQDs at var-
ious pH levels is shown in Fig. 5b. These results indicate that the
DOX release rate was pH dependent. FA-GdNS@CQDs-DOX was
stabile in a neutral environment (pH 7.4) and released less than
12% of the DOX in 3 h. However, approximately 25% of the DOX
was released from FA-GdNS@CQDs-DOX after incubation for 72 h
at pH 7.4. Additionally, DOX was released from FA-GdNS@CQDs-
DOX at 72 h when the pH was adjusted to acidic conditions (47%
release at pH 6.0 and 62% release at pH 5.0). This result suggested
that the amount of released DOX increased at a lower pH, which
was due to increased protonation of -NH2 groups on DOX in an
acidic medium. Increased hydrophobicity and higher solubility of
DOX allowed a large amount of its release from FA-GdNS@CQDs-
DOX. These results demonstrated the sustainable drug release fea-
ture of the FA-GdNS@CQDs-DOX. Thus, pH sensitive DOX release
from FA-GdNS@CQDs-DOX is a practical platform for clinical
chemotherapy, because the microenvironment in lysosomes, endo-
somes, and tumors is acidic.

3.10. Cellular uptake of the FA-GdNS@CQD-DOX

The in vitro cytotoxicity of free DOX and FA-GdNS@CQDs-DOX
in HeLa cells was measured in an MTT assay to examine the poten-

tial FA-GdNS@CQDs-DOX intracellular therapeutic effect. HeLa and
HepG2 cells were treated with various concentrations (0.5–10 lg/
mL) of free DOX and FA-GdNS@CQDs-DOX for 24 h. Growth inhibi-
tion of both cell types was observed when they were treated with
increasing concentrations of free DOX and FA-GdNS@CQDs-DOX at
increasing incubation times (Fig. 5c and d). HeLa cells exhibited
higher cytotoxicity compared to HepG2 cells. This could be
explained by the presence of more positive folate receptors on
the surface of HeLa cells. On the other hand, FA-GdNS@CQDs-
DOX showed statistically higher cytotoxic efficacy than free DOX.
This may be due to the release of DOX inside the HeLa cells after
uptake of the FA-GdNS@CQDs-DOX. The excellent biocompatibility
and targeting ability towards cancer cells enabled us to conclude
that the FA-GdNS@CQDs have a high potential for drug loading
and image guided target delivery of a drug that has the potential
to induce cancer cell death.

The feasibility of FA-GdNS@CQDs-DOX for drug delivery was
further demonstrated, by confocal microscope imaging (Fig. 6).
As revealed by Fig. 6a, nuclei are visualized in green color by
NucView staining. The blue colors, which are signals form FA-
GdNS@CQDs, are accumulated in the cytoplasm and nucleus of
HeLa cells (Fig. 6b). Fig. 6c shows that the presence of DOX fluores-
cence locates in the nucleus of the HeLa cells, suggesting that DOX
were delivered into cells using the FA-GdNS@CQDs-DOX. It can be
clearly observed from Fig. 6d that good co-localization of the green
color of NucView and DOX fluorescence signals (merged as yellow
color) are shown in nucleus of the HeLa cells. Based on the above
results, we could deduce that the FA-GdNS@CQDs-DOX can be effi-
ciently internalized and localized in the cytoplasm of HeLa cells

(a) (b)

(c) (d)

Fig. 6. Confocal microscopy fluorescence images of HeLa cell treated with FA-GdNS@CQDs-DOX. After incubation, the cell nucleus were stained with NucView. (a) Green
emission represents the location of the nucleus; (b) the blue emission shows the location of FA-GdNS@CQDs inside the cell; (c) the red emission was DOX fluorescence; (d)
fluorescence image overlay of (a), (b), and (c) images. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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through receptor-mediated endocytosis. Subsequently, free DOX
detaches from FA-GdNS@CQDs-DOX because of the slightly acidic
environment in the lysosomes (pH 5–6), and can further enter into
the nucleus, as illustrate in Scheme 2b. This suggests that FA-
GdNS@CQDs-DOX is very efficient as a theranostic carrier.

3.11. In vivo biocompatibility and imaging of FA-GdNS@CQDs in
zebrafish

Imaging and tissues distribution studies of FA-GdNS@CQDs in
an animal model could be useful to test their in vivo biomedical
applications. Recent reports demonstrate that the zebrafish (Danio
rerio) is an outstanding animal model for fundamental research,
including in vivo biocompatibility and imaging [42–44]. They have
remarkably fast embryonic development, short generation time,
easy, and low-cost maintenance, excellent optical transparency,
and similarities with rat, mice, and human. Zebrafish embryonic
development was recently used to evaluate the applications of
nanomaterials for in vivo imaging and tissues distribution
[44–47]. Therefore, we selected zebrafish as a model to access bio-
compatibility and in vivo imaging of FA-GdNS@CQDs.

To investigate the effect of different doses of FA-GdNS@CQDs on
embryonic development, we exposed the zebrafish embryos to var-
ious concentrations of FA-GdNS@CQDs and carefully monitored
the vital developmental stages. Different concentrations of FA-
GdNS@CQD (0, 50, 100, 200, 500 and 1000 lg/mL) were incubated
with early stage embryos and biocompatibility was detected with
fluorescence microscopy. Fig. S15 shows the survival and hatching
rates of embryos untreated and treated with different concentra-
tion of GdNS@CQDs and FA-GdNS@CQDs. As in Fig. S15a, these
results reveal that the embryos developed normally with 100%
survival and hatching rates at 96 hpf after treatment with FA-
GdNS@CQDs at concentrations up to 100 lg/mL. The survival and
hatching rates reduced to 96, 94, and 90% at concentrations of
200, 500, and 1000 lg/mL, respectively. The results suggested that

FA-GdNS@CQD did not have any significant adverse effects on
embryonic development up to 1000 lg/mL. Similarly, no signifi-
cant effect on the development of zebrafish embryos treated with
different concentration of GdNS@CQDs (Fig. S15b) was exhibited
with up to 1000 lg/mL, revealing that GdNS@CQDs have high
biocompatibility.

Images of zebrafish embryos exposed or not exposed to
FA-GdNS@CQDs are shown at the cleavage (1 hpf), 24 hpf pharyn-
gula (24 hpf), hatching (48 hpf), and larval (96 hpf) stages (Fig. 7).
The results indicated that FA-GdNS@CQD did not affect embryonic
development at any stage, even at a high concentration and long
exposure time. Furthermore, the developed fish had similar mor-
phology despite differences in exposure to FA-GdNS@CQDs. The
data suggested that FA-GdNS@CQDs have low toxicity and high
biocompatible characteristics.

The excellent optical in vitro imaging and biocompatibility
properties of FA-GdNS@CQDs confirmed that they are a suitable
platform for in vivo imaging and tissue distribution. The 1-week-
old zebrafish was chosen as a veritable model to evaluate the
in vivo imaging and tissue distribution of FA-GdNS@CQDs.
Fig. 8a and b display the images of the entire body of the zebrafish
before and after exposure to a 1000 lg/mL FA-GdNS@CQDs solu-
tion for 24 h. Zebrafish without FA-GdNS@CQD exposure emitted
a very weak fluorescence signal, which indicated that zebrafish
have weak auto fluorescence (Fig. 8a). In contrast, zebrafish
exposed to FA-GdNS@CQDs had bright emission throughout the
body (Fig. 8b). Thus, an adequate amount of the FA-GdNS@CQDs
entered the zebrafish and was distributed into various locations;
zebrafish probably absorb the nanomaterial through their skin or
ingest it. More significantly, the eyes and yolk sac were the bright-
est parts of zebrafish. This indicated that FA-GdNS@CQDs can enter
the zebrafish through the blood-ocular barrier and digestive
system. The ultra-nano size and high water solubility of the
FA-GdNS@CQDs make them absorbable or ingestible, and the
FA-GdNS@CQDs are easily distributed into zebrafish tissues. These

Fig. 7. Optical images of different developmental stages of zebrafish embryos cultured in water containing different concentrations of FA-GdNS@CQDs (0, 50, 100, 200, 500,
and 1000 lg/mL).

S.-H. Chiu et al. / Acta Biomaterialia 46 (2016) 151–164 161



Fig. 8. Bright-field, fluorescence, and merged images of zebrafish (a) without and (b) with FA-GdNS@CQDs. (c) Bright field, fluorescence, and merged images of zebrafish
treated with FA-GdNS@CQDs (1000 lg/mL). The solutions were replaced with fresh water, followed by reincubation for periods of time. The water was exchanged daily. The
left panels are bright-field images, the middle panels are blue luminescence images, and the right panels are overlay images. All scale bars correspond to 400 lm. (d) ICP-AES
quantitative analysis of Gd3+ ions obtained from five zebrafishes treated with FA-GdNS@CQDs (1000 lg/mL). The error bars were from the measurements of three different
samples. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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in vivo imaging studies demonstrated that FA-GdNS@CQD can suc-
cessfully enter zebrafish and be distributed to different tissue
parts.

To evaluate the in vivo biodistribution, adult zebrafishes (seven-
day-old) were exposed to a solution of the as-prepared FA-
GdNS@CQD. At different culture time points, the zebrafish were
anesthetized and sacrificed. In Fig. 8c, intense blue fluorescence
was distributed all over the zebrafish, indicating that considerable
numbers of FA-GdNS@CQD accumulated in the zebrafish body on
the first day. Then, the blue fluorescence in the zebrafish gradually
decreased to an almost undetectable level; aweak blue fluorescence
signal appeared only in the gills, liver, and swim bladder at the 7th
day. We also measured Gd3+ concentration in zebrafish by using
ICP-AES as shown in Fig. 8d. It can be seen that residual Gd3+ ions
were significantly reducedafter sevendays. The results demonstrate
that even at concentrations up to 1000 lg/mL, the FA-GdNS@CQD
can be metabolized and excreted in zebrafish after the completion
of biofunctions. Facile and fast excretion of FA-GdNS@CQD would
decrease the possibility of long-term toxicity. These advantages
make thesenanomaterials promisingas an in vivo imaging toolwith-
out severe accumulation in the organs after several days.

4. Conclusion

In summary, magnetofluorescent GdNS@CQDs was successfully
synthesized via the one-pot microwave-assisted method. Further-
more, the synthesized GdNS@CQD surface was modified with FA
in an EDC/Sulfo-NHS chemical reaction. The advantage of our syn-
thesis strategy is that the method avoids the complicated synthesis
steps of amagnetofluorescent nanomaterials. Notably, GdNS@CQDs
showed excellent stability, biocompatibility, and low toxicity. Their
fluorescence and paramagnetic properties make them an ideal
nano-platform for dual model imaging and chemotherapy. More-
over, variousmethods, such as cell viability assays, cell MR, and flu-
orescence images were employed to investigate the ability of FA-
mediated targeting to cancer cells. FA-GdNS@CQDs exhibited high
drug loading and pH sensitive high drug release capacities. Toxicity
of FA-GdNS@CQDs was not detected in cancer cell lines. Moreover,
theobtainednanomaterials showedexcellent in vitro and in vivobio-
compatibility. In vivofluorescence imagingwas applied to zebrafish.
FA-GdNS@CQDs had excellent stability, biocompatibility, bimodal
contrast imaging functionality, drug targeting, pH-sensitive drug
release characteristics. We conclude that these FA-GdNS@CQDs
are suitable for potential clinical applications, such as dual model
diagnosis and targeting of cancer therapeutics.
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A B S T R A C T

Series of tin-doped titania nanoparticles with varying tin content in the range 0–20 mol% have been
prepared by solution combustion synthesis route using urea as a fuel. The structure, surface morphology
and optical activity of Sn-doped TiO2 nanoparticles were investigated by various analytical techniques
such as powder XRD, SEM, TEM, UV–vis and N2 adsorption study. The crystalline structures of the various
phases were studied by rietveld refinement of the XRD data. The photocatalytic performance of Sn-doped
titania nanoparticles were tested for degradation of MB under UV and visible light irradiation. The results
reveal that the photocatalytic activity increases with increase in tin content which may be due to
decrease in crystallite size with increase in surface area. The doping of Sn into TiO2 lattice hinders the
recombination of electrons and holes thus enhance the quantum efficiency of photocatalytic reaction.

ã 2015 Elsevier Ltd. All rights reserved.

1. Introduction

To meet the increasingly inflexible standards of environmental
regulations, catalytic techniques are being applied in the field of
environmental protection. Environmental pollution caused by
effluent water from industry is a major concern today. Textile
dyeing and finishing industries release several organic dyes, which
cause considerable amount of water pollution. Appreciable
amount of reactive azo-dyes remain in wastewater. Photocatalytic
oxidation of such organic contaminates using semiconductor
oxides is one of the effective techniques for their removal [1–3].
Extensive research has been carried out on the ability of
semiconductor photocatalysts to enhance the efficiency of
degradation and total mineralization of various pollutants for
purification of water [4,5]. Although the materials such as zinc
oxide and cadmium sulfide have been used for photocatalysis,
titanium dioxide continues to remain at a principal position in the
area of photocatalysis. Titanium dioxide is one of the most well-
known semiconductor photocatalyst attracting more and more
attention in response to the increasing environmental related
pollution problem. Titanium containing nanostructured materials
have attracted special interest in this regard and their

photocatalytic activity can be further improved by doping non-
metal, transition metal or noble metal in the lattice [6–10]. Doping
metal ions and coupling TiO2 with others semiconductor materials
with appropriate electronic structure may provide effective
solutions for this problem. Therefore improving photocatalytic
activity by modification has become a hot topic in recent years. In
this regard, the study of composite photocatalyst is one of the
approaches.

There are many reports in the literature on the doping and
coupling of Sn species for improving the photocatalytic activity of
TiO2 in the UV as well as in visible light irradiation [10–18]. It is
generally accepted that this new nanocomposite exhibits high
photocatalytic activity compared to pure TiO2. It is well known that
band gap of SnO2 and TiO2 are 3.6 and 3.2 eV, respectively and the
conduction band of SnO2 usually exists at higher energy than that
of TiO2 [15]. The coupling of these two semiconductor leads to
transfer of electrons in the conduction band of SnO2 and the photo
generated holes in the valance band of TiO2 particles which
enhance the charge separation efficiency by decreasing the
recombination of photo induced electron and holes and thus
improve the photocatalytic performance of TiO2. The electron and
hole may migrate to the catalyst surface where they participate in
redox reactions with adsorbed species. Lin et al. have reported that
the effect of Sn doped rutile TiO2 (up to 1 mol%) shows an increase
in its photocatalytic activity almost 15 times than that of the
anatase TiO2 during vapor phase acetone degradation [19].
Vinodgopal and Kamat et al. have observed a high rate of

* Corresponding author. Fax.: 91 0231 2692333.
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photocatalytic degradation of organic dyes using particulate film
prepared from a mixture of TiO2 and SnO2 colloidal suspensions
[20]. Numbers of processes like hydrothermal synthesis, sol–gel
method, chemical vapor deposition, thin film, electrospinning
technology have been reported for synthesis nano sized solid
solution of SnTiO2 mixed oxide [10–12,14,16]. However, the factors
like crystal structure, surface area, crystallinity and porosity also
accelerates the photocatalytic activity of the material. Recently, the
synthesis of mesoporous SnO2–TiO2 mixed oxides (0–25mol%
SnO2) has been attempted in order to increase the photo catalytic
decolorisation of Rhodamine B dye [21]. The photo catalytic
removal of Rhodamine B dye increased linearly with increasing
SnO2 content up to 10% which is attributed to vital role of tin oxide
in improving surface parameter and decrease in crystallite size.

Therefore, in view of the above, the aim of the present work is to
synthesize SnxTi1 � xO2 samples (0–20% Sn) mainly in anatase form
by inexpensive solution combustion route. The effects of the Sn
ions on the detail structural, textural and optical properties and
their correlation with the photocatalytic degradation of methylene
blue dye under UV and visible light irradiation were investigated.
The present solution combustion method of incorporation of Sn
and N into the TiO2 lattice and their improved photocatalytic
activity throws up very interesting features in this regard.

2. Experimental

2.1. Preparation of SnxTi1 � xO2 materials

A series of SnxTi1 �xO2 samples (where x = 0, 2, 5,10 and 20 mol%
of Sn) were prepared by the solution combustion synthesis route.
Titanium tetraisopropoxide (TTIP, Sigma–Aldrich) and SnCl4
(Sigma–Aldrich) were used as precursors for Ti and Sn source
and urea (S.D. Fine) as a fuel. In a typical synthesis of Sn0.05Ti0.95O2

sample, 13.9175 g TTIP was dissolved in 10 ml absolute ethanol in a
250 ml glass beaker. 0.894 g SnCl4 was added to this solution
followed by ultrasonication for 5 min to have a well dispersion of
Sn4+ ions in solution. 3 g of urea (fuel) dissolved in 10 ml absolute
ethanol was added to this solution containing Ti4+ and Sn4+

precursors. The beaker containing this mixture was then intro-
duced into a muffle furnace at maintained at 450 �C. Ethanol
evaporates in the first few minutes followed by ignition of the
reactant mixture with yellow flames yielding a SnxTi1 � xO2 solid
material. After combustion, resulting powder was subjected to the
calcination of 4 h at the same temperature. Similarly, TiO2 (where
x = 0 mol% of Sn) and SnO2 samples were also synthesized using
same procedure for comparative studies.

2.2. Characterization

Powder X-ray diffraction (PXRD) patterns of a series of
SnxTi1 �xO2 samples were collected on a Philips X’Pert Pro 3040/
60 diffractometer in Bragg–Brentano geometry using Cu Ka
radiation (l = 1.5406 Å), nickel filter and X’celerator detector.
Silicon was used as a standard (external) to correct the interplanar
distance ‘d’. The samples were scanned in the range 2u = 20–100� in
a continuous scan mode with a step size of 0.0167�. A counting time
of 20 s per step was employed during the data collection. Rietveld
refinement of the powder XRD patterns were carried out using the
graphic user interface for GSAS software. The N2-adsorption BET
surface area of the samples was measured on Quantachrome
model NOVA 1200 surface area analyzer. The sample was first
activated at 573 K to remove moisture and any other volatile
matter. The UV–vis diffused reflectance spectra (DRS) of all the
samples were recorded on a Shimadzu UV-2550 PC spectropho-
tometer, using barium sulfate as the standard. SEM micrographs of
all the samples were recorded on a JOEL-JSM-5200 Scanning

Electron Microscope to study the morphology of the oxide
particles. TEM micrographs were recorded on a JEOL transmission
electron microscope (Model 1200EX) operated at an accelerated
voltage of 100 kV. X-ray photoelectron spectra (XPS) were recorded
on VG Microtech Multilab ESCA 3000 spectrometer equipped with
Al KR (1486.6 eV) or Mg KR (1253.6 eV) X-ray sources. The PL
spectra of the samples were recorded with a JASCO FP 750 spec-
trofluorophotometer.

2.3. Photocatalytic decomposition

The photocatalytic degradation of methylene blue using the
SnxTi1 � xO2 samples (where x = 0, 2, 5, 10 and 20 mol% of Sn) were
carried out in a cylindrical double wall jacket photoreactor made
up of Quartz. A typical catalyst concentration of 0.01 wt% was taken
for the photocatalysis experiment. Twenty-three milligrams of
SnxTi1 � xO2 samples was dispersed in 230 ml of 10 ppm aqueous
methylene blue dye solution. The mixture was first stirred for
30 min in the dark at room temperature to assure that the
adsorption equilibrium has reached. It was then photo-irradiated
by using a 400 W mercury vapor lamp for UV light (Hanovia) and
400 W Visible light lamp (Philips). The reaction mixture was stirred
with a magnetic stirrer to ensure the suspension homogeneous.
The decomposition of methylene blue dye was monitored by
measuring the absorbance of the samples using UV–vis scanning
spectrophotometer (Shimadzu 2550PC, lmax = 665 nm), at regular
intervals of time.

3. Results and discussion

3.1. Physico-chemical characterization

3.1.1. XRD
The multiple plots of the powder XRD patterns of series of

SnxTi1 � xO2 samples (where x = 0, 2, 5, 10 and 20 mol% of Sn)
compared with standard reference materials are shown in Fig. 1.
The XRD peak at 2u = 25.28� corresponding to (1 0 1) reflection is
taken as the characteristic peak of anatase crystal phase.
Diffraction pattern (a) and (f) in this Fig. 1 is XRD pattern of pure
TiO2 and SnO2 samples respectively.

Well-resolved reflections have been observed in the powder X-
ray diffraction patterns without any impurity phases up to the
Sn0.05Ti0.95O2 samples which could be indexed to the anatase
structure with a space group Iamd. The absence of characteristic
peaks due to crystalline SnO2 phase (typically at 2u = 35.5�, 38.7�,
48.7� and 61.5�) in these samples may point to the substitution of

Fig. 1. Powder XRD patterns of (a) TiO2, (b) Sn0.02Ti0.98O2, (c) Sn0.05Ti0.95O2, (d)
Sn0.10Ti0.90O2 (e) Sn0.20Ti0.80O2 and (f) SnO2 samples obtained by solution
combustion route.
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tin into the titanium oxide lattice, leading to almost single phase
material of solid solution of tin-titanium oxide as a major phase.

While further increasing the SnO2 (the Sn0.1Ti0.9O2 sample) content
indicate the formation of SnO2 rutile phase.

Fig. 2. Rietveld plots for the (a) TiO2, (b) Sn0.02Ti0.98O2 and (c) Sn0.05Ti0.95O2 in anatase phase: observed data (crosses), calculated profile (solid line), and difference (lower
line). The tick marks represent the positions of allowed reflections for the tetragonal anatase phase of TiO2.
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A Part of Sn gets incorporated into titania lattice at low Sn
concentration which is supported by XRD data. While an
amorphous phase was observed at high Sn doping (20%). A shift
of the diffraction peaks toward lower 2u angles with increasing
Sn content was observed (indicated by a dotted line), which is a
consequence of the expansion of the TiO2 unit cell due to
incorporation of Sn onto Ti sites. The peak shift is considerable as
the ionic radius of Sn4+ (0.54) is higher than that of Ti4+ and Sn
substitution at Ti site would increase the lattice parameter as
well as volume thus justifying the peak shift to the lower angle.
Arpac et al. have pointed out a shift in the diffraction peak to
lower angle upon addition of SnO2 to titania indicating the
substitution/incorporation of Sn4+ ions in the titania lattice [16].
It is, therefore, interesting to see that, besides a shift in the 2u
value of certain reflections as shown in Fig. 1, the width of the
XRD lines was also found to increase progressively with the
increase in tin content. The broad XRD peaks of all samples,
reveals typical character of nanoparticles. To determine the
crystal structure of the SnxTi1 � xO2 system under investigation,
the Rietveld refinement was carried out on the powder XRD
patterns as shown in Fig. 2. The observed, calculated and the
difference profile for the final cycle of refinement of the XRD
patterns of three representative SnxTi1 �xO2 samples, TiO2 (0%
doping), Sn0.02Ti0.98O2 (2% doping) and Sn0.05Ti0.95O2 (5% doping)
is shown in Fig. 2 a, b and c respectively.

The refinement involved parameters such as scale, profile and
structural parameters. The values of these refinement parameters
are found to be in good agreement with the Rietveld fit. The
tetragonal lattice parameters ‘a’ and ‘c’ for anatase phase were
obtained after Rietveld refinement analysis of powder XRD
patterns in the 2u range of 20–100�. It may be noted that the
absence of rutile phase in the samples was examined by refining
the rutile phase in starting model and structural parameters
reported by Gonschorek [22] were employed for this purpose. The
typical variation in the lattice parameters ‘a’ and ‘c’ and unit cell
volume V = a2c as a function of Sn content, as deduced from the
Rietveld refinement of corresponding powder XRD data is shown
in Table 1. It is also to be noted that the values of the lattice
parameter ‘a’ are significantly higher than “c” (Table 1) with
increasing Sn-content and the reason for this is not known. The
lattice parameter “a” (c) value increases from 3.7818 Å (9.4908 Å)
for pure TiO2 to 3.7941 Å (9.559 Å) for Sn0.1Ti0.9O2 sample. It can be
clearly seen that both lattice parameters and the unit cell volumes
of the solid solutions increases with Sn content, indicating
expansion of the lattice due to large size of Sn which occupied
the Ti lattice positions. Very small amount of nitrogen is also
detected, but its contribution for occupying O site in lattice
position is negligible. Since, urea being a good fuel, complete
combustion takes place and a large amount of heat is produced
which is likely to oxidize Sn-nitride formed if any to SnO2. The
proposed mechanism related to the formation SnxTi1 �xO2 can be

represented following reaction by assuming complete combustion
of precursors used:

xSnCl4 � 5H2O þ ð1 � xÞTiðOCH2CH2CH3Þ4
þ ðNH2Þ2CO ���!heat;air

SnxTi1�xO2 þ NH3 þ NH2OH þ ð13 � 12xÞCO2
þ ð13 � 9xÞH2O þ 2xCl2 ðSn þ Ti ¼ 1Þ
It is, therefore, clear that the concomitant increase in the unit

cell parameter with increase in Sn concentration indicates
substitution of Sn4+ in the titania lattice. This also indicates that
the materials prepared are not physical mixtures of SnO2 and TiO2,
rather a solid solution of Sn in TiO2 upto 5% doping of Sn. The
crystallite size of all the samples was determined from the
broadening of the corresponding XRD peak (2u = 25.28�) by
Scherrer formula (Table 1). With increasing Sn-content, the full
width at half-maximum (FWHM) value of all the peak increases,
implying a decreasing crystallite size from 13.4 to 8.4 nm due to
incorporation of Sn into the TiO2 lattice and these results are in
good agreement with the reported literature [21]. However, the
linear decrease in the crystallite size with increase in Sn doping
reflects in the increase of BET surface area. It may be noted that a
remarkable decrease in crystallite size indicate the crucial role of
tin oxide in limiting the particle growth. Similarly, it is observed
that% crystallinity decreases with increase in Sn doping upto 5 mol
% of Sn and has shown remarkable increase for 10 mol% of Sn
doping (Table 1).

3.1.2. SEM
The morphology of the SnxTi1 � xO2 samples was examined by

SEM. Fig. 3a and b, shows the representative SEM images of the
Sn0.1Ti0.9O2 and Sn0.2Ti0.8O2 samples respectively. As seen in
Fig. 3a, the sample shows no particle morphology and a random
size distribution. The majority of them are having a diameter in the
range of 0.5–2 mm. The agglomerated and irregular shape
crystallites of much larger size were observed. On the other hand,
the Sn0.2Ti0.80O2 sample shows amorphous nature of the particles
(Fig. 3b). The materials exhibited a good distribution of fine
particles (almost spherical shape) with an average size of about
200–300 nm.

3.1.3. TEM
TEM micrographs of Sn0.01Ti0.99 O2 and Sn0.1Ti0.9O2 samples are

shown in Fig. 4a–e respectively. As shown in Fig. 4a–c, small and
well dispersed particles are observed for Sn0.01Ti0.99 O2 samples.
The size of the particles decreased significantly with the increasing
Sn content. These larger size grains were found to be the clusters of
some small size particles, as is seen clearly in Fig. 4e and f for the
Sn0.1Ti0.9O2 samples. The sample contains large number of
spherical particles of size about 24 nm that dispersed throughout
the matrix. The electron diffraction picture of the SnTiO2 nano-
composites agrees with the XRD results (Fig. 4f). It is obvious to
notice a remarkable decrease in particle size with increasing Sn

Table 1
Physicochemical characteristics of SnxTi1 � xO2 samples.

Samples a
Å

c
Å

V
Å3

(%) Crystallitnity Crystallite size, nm Surface area, m2g�1

Sn0TiO2 3.7818(2) 9.4908(8) 135.74 27.30 13.43 16
Sn0.01Ti0.99O2 3.7856(3) 9.489(1) 135.98 25.08 10.77 48
Sn0.02Ti0.98O2 3.7864(4) 9.489(2) 136.04 19.11 10.56 62
Sn0.05Ti0.95O2 3.7898(5) 9.487(3) 136.26 18.27 8.456 89
Sn0.10Ti0.90O2 3.7941(7) 9.559(3) 137.60 23.78 8.376 48
Sn0.20Ti0.80O2 A a a A a a

a: Amorphous product was obtained.
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content compared to TiO2 indicating a crucial role of Sn4+ in
limiting the particle growth as shown in Table 1. The data obtained
from the TEM is in excellent agreement with that based on
calculated XRD data. This morphological change is in tune with the

XRD results. Furthermore, N2-adsorption BET surface areas of
different samples, listed in Table 1, are also in harmony with the
XRD results described above.

Fig. 3. Scanning electron micrograph of the (a) Sn0.1Ti0.9O2 and (b) Sn0.2Ti0.80O2 samples, respectively.

Fig. 4. Transmission electron micrographs: (a, b) Sn0.01Ti0.99O2, (c–e) Sn0.1Ti0.9O2 and (f) Electron diffraction pattern of the Sn0.01Ti0.99O2 samples, respectively.
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3.1.4. DRS spectroscopy
Fig. 5 shows DRS spectra of a series of SnxTi1 � xO2 samples

calcined at 450 �C. It can be seen that DRS spectra of SnxTi1 �xO2

catalysts show blue shift compared to pure TiO2 and its absorption

intensity increases with Sn content. Since the particle size of solid
solutions of Sn-doped TiO2 is in the range 12–24 nm which is much
larger than 10 nm (below which quantum size effect is predomi-
nantly observed), the role of quantum size effect to increase the
band-gap is ruled out. Therefore, the blue shift might result from
the formation of new energy levels by the interaction of
substituting Sn with the semiconductor lattice. Addition of Sn to
the TiO2 lattice influences the admixing of extended Sn 5s orbitals
with the localized 3d orbitals of Ti which constitutes the
conduction band of TiO2. Thus a systematic increase in the
separation of valence band–conduction band occurs with increas-
ing the amount of Sn in the TiO2 lattice results in the shifting of
conduction band towards the higher energy. J. Lin et al. have shown
similar observation of blue shift in the solid solutions of
Ti1 � xSnxO2 [19]. On the other hand, 10% Sn doping results in
decrease in the band gap. This observed decrease in the band gap of
10% Sn doped TiO2 sample is in good agreement with the XRD
studies. According to XRD studies doping of 10% Sn results in
transformation of anatase to rutile phase of TiO2 which has
comparatively smaller band gap than anatase TiO2. So this
transformation should be the reason for the red shift [23].

According to the energy band structure of TiO2, the optical
absorption at the wavelength range lower than 380 nm is mainly
attributed to the electron transitions from the valence band to
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conduction band (band–band transitions, O 2p ! Ti 3d) as
observed in Fig. 5. The optical absorption between 380 and
500 nm is closely related to the surface states which are formed
due to oxygen vacancies located between the valence and
conduction band.

3.1.5. XPS
Fig. 6 displays the XPS results of the 10% Sn doped TiO2 sample.

The spectra shows the spin-orbit components (2p3/2 and 2p1/2) of
Ti 2p peak, appearing at binding energy (B.E) of 458.56 and
464.64 eV of Sn0.1Ti0.9O2 correspond to Ti4+ in an octahedral
coordination. The B.E of O 1s XPS spectrum at 529.56/529.84 eV,
demonstrating that there are at least two kinds of O chemical
states including crystal lattice oxygen (OL) and hydroxyl oxygen
(��OH) with increased binding energy. On the other hand, the N 1s
core level appears at a BE value 397.8 eV, even after calcination at
450 �C (Figure not shown). The peak could be attributed to the
small amount of nitrogen in the above materials, especially as
nitride, which is electron rich and likely to influence the charge
density of the neighboring cations. The doublet peak at 486.4 and
494.8 eV in the XPS spectrum corresponds to Sn3d5/2 and Sn3d3/2

respectively, of the substituted Sn4+ in the lattice. The binding
energy of the peak corresponding to Sn3d5/2 (486.4) is observed
very near to that usually observed for Sn4+ in SnO2 (486.5 eV) [24].
XPS results thus supports the presence of Sn as Sn4+ into 10% Sn
doped TiO2 sample and rule out presence of Sn2+. The same peak
corresponding to Sn3d5/2 in Sn2+ containing compounds generally
appear around 486 eV, the absence of such peak at this values in
the XPS spectrum of our sample, rule out the possibility of
presence of Sn as Sn2+. Rather, the highly oxidative environment
during solution combustion synthesis route is enough to keep the
Sn in its highest oxidation state that is Sn4+ and is reflected in XPS
data. The peak corresponding to Sn3d3/2 at 494.8 eV, also supports
the presence of Sn4+ in our sample where these peaks have been
already reported in literature to appear near 495.0 eV, while that
for Sn2+ appear at 494.5 eV [25].

3.1.6. Photoluminescence spectra
Fig. 7 presents the photoluminescence (PL) spectra of different

Sn-doped TiO2 sample calcined at 450 �C recorded on irradiating
with the light of 350 nm energy. The PL peak of SnTiO2 samples
showed wide spectra in 300–500 nm range, with two obvious PL
peaks at about 420 and 480 nm, respectively. The intensity of the
emission spectra was found to increase progressively with the
increase in Sn content upto 10% Sn doping. On the other hand, for

20% doping, the intensity decreases drastically as shown in Fig. 7A.
The decrease in PL intensity of SnTiO2 samples indicate that the
recombination of photo-induced electrons and hole in the material
can be effectively hindered in the composite.

Liqiang et al. suggested that the smaller the particle size, the
larger the content of oxygen vacancy, the higher the probability of
excitonic occurrence, and hence results in the strong excitonic PL
signal [16]. Doping of Sn intoTiO2 lattice induces an increase in the
PL intensity due to the lots of oxygen vacancies on the surfaces of
semiconductor nanoparticles, and the decrease of Sn particle size
with increase in Sn content. Hence it is probable that the average
distance the electron can move freely is very short when the
particle size of the SnTiO2 composite reduces. This can yet point to
the formation of higher probability of excitons when the electrons
bind to the oxygen vacancies, leading to the strong PL intensity. The
PL intensity decreases with further increase in Sn content. If Sn
content continues to increase, namely more than 10 mol%, the PL
intensity begins to go up a little inversely. Further increasing SnO2

content results in the phase change of TiO2 from anatase to rutile
and formation of amorphous material according to the XRD results.

Therefore, the decrease in the PL intensity at high Sn-doping is
attributed to the formation of amorphous separate SnO2 and TiO2

phases. It is known that the conduction band potentials of SnO2

and TiO2 are 0 and �0.5 eV versus NHE at pH 7, respectively [15].
The potential difference between SnO2 and TiO2 is beneficial for
transfer of photo-induced electrons from TiO2 surfaces to the
conduction band of SnO2 which could be efficiently decrease the
possibility of binding of electrons to the oxygen vacancies, and
hinders the recombination of electrons and holes efficiently as
confirmed by weak signal of PL spectra.

3.2. Photocatalytic decomposition of methylene blue

Photodecomposition of methylene blue in aqueous medium
was studied on the various SnxTi1 � xO2 samples under UV as well
as in the visible light irradiation. The photocatalytic activity of
these samples was compared with the Degussa P-25 catalysts. The
self-degradation of methylene blue under UV light irradiation was
not observed in the absence of catalyst. Before the photocatalytic
reaction, the mixture of photocatalyst and methylene blue in water
was stirred for 30 min in the dark to reach the adsorption
equilibrium. It is observed that the adsorption capacity of the
SnTiO2 composite increases with increase in Sn content. This may
be due to the increase in surface area with increase in Sn content,
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which offers more adsorption sites and photocatalytic reaction
centers, which could result in an enhanced photocatalyic activity.
The comparative plot of the gradual decrease in the concentration
of MB over SnxTi1 � xO2 samples as a function of time is shown in
Fig. 8. It is observed that there is a steady decrease in the
concentration of methylene blue to initial state for the
Sn0.02Ti0.98O2 sample and it took nearly 80 min for complete
photo-oxidation of methylene blue. On the other hand, complete
degradation over Sn0.5Ti0.95O2, Sn0.1Ti0.9O2 and Sn0.2Ti0.8O2 sample
occurs in 80, 60 and 60 min respectively. Thus it can be seen that
the addition of Sn to TiO2 lattice significantly improves the
photocatalytic activity of the catalyst.

The single point adsorption data at irradiation time of 40 min
as a function of the Sn content of the TiO2 system (Figure not
shown). It may be noted that the concentration of methylene blue
decreases linearly with increase in Sn content in TiO2 lattice. The
data revealed that Sn0.1Ti0.9O2 and Sn0.2Ti0.8O2 samples are more
effective compared to Degussa P-25 in the UV light. It can be
seen that the photocatalytic activity obeys the following
order: Sn0.2Ti0.8O2� Sn0.1Ti0.9O2 > Sn0.05Ti0.95O2 > Sn0.02Ti0.98 >
Degussa P-25.

It is well established that the kinetics of photocatalytic
degradation of MB obeys a first order kinetics model. The graph
of apparent first order reaction rate constant as a function of Sn
content in TiO2 lattice is shown in Fig. 9. As expected, it was found
that the apparent reaction rate constant increases with increase in
the Sn content. Similarly, we have performed the reaction in the
visible light on Sn0.02Ti0.98O2 sample. It is observed that there is a
steady decrease in the concentration of methylene blue to initial
state and it took nearly 300 min for complete photo-oxidation of
methylene blue.

It is therefore clear that, increase in the photoactivity in these
samples may be due to the decrease in crystallite size which
increases the surface area with increase in Sn content. Substitution
of Ti4+ by Sn4+ ions in Sn-doped TiO2 nanocomposites generally
results in a lattice expansion that is consistent with lattice
distortion and deformation. This will result in the formation of
more surface defects. The reason for the enhanced photocatalytic
activity is probably due to the formation of lots of oxygen vacancies
on nano-sized TiO2 surfaces, which give rise to surface states.
During the photocatalytic reaction, dye molecules can be captured
by the surface defects and are oxidized by photogenerated holes

from the valence band of the catalyst [15]. Since the conduction
band energy level of SnO2 is lower than that of TiO2, the
photogenerated electrons at the conduction band can be trans-
ferred to the conduction band of SnO2 and can efficiently capture
O2 molecules to form O2� active species for further photocatalytic
degradation of dye molecules. This will accelerate the separataion
of the holes and electrons, suppressed the recombination of them
and enhanced the quantum efficiency of photocatalytic reaction
under both UV and vis lights.

4. Conclusions

In conclusion we propose that the solution combustion method
is the promising route to synthesize Sn doped TiO2 nanoparticles in
anatase form. The solution combustion method produces high
quality and significantly large materials in a short time. The
structure, surface morphology and optical properties of the Sn
doped TiO2 nanoparticles have been investigated by XRD, BET,
SEM, TEM, UV–vis, and XPS techniques. The XRD studies indicates
that the maximum doping of Sn in the lattice of anatase TiO2 is
found to be limited and is less than 10%. It is observed that rutile
phase starts forming at 10% Sn doping into the TiO2 lattice. The
decrease in crystallite size of �5 nm is observed for 5% doping of Sn
in TiO2 lattice. This decrease in the crystallite size, reflects in the
increased surface area of the materials prepared. Five times
increase in surface area is observed for the Sn0.05Ti0.95O2 sample as
compared to TiO2 sample. In situ generation of ammonia and other
gases such as CO2 due to decomposition of urea generates porosity
in the materials. The photocatalytic activity of the prepared
materials increases with increase in tin content which can be
ascribed to the increased surface area as well as to the supressed
recombination of photo-generated electron hole pairs.
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Honeycomb-layer structured Na3Ni2BiO6 as a high
voltage and long life cathode material for sodium-
ion batteries†

Deu S. Bhange,‡ab Ghulam Ali,‡cd Dong-Hyun Kim,c Daniel A. Anang,a Tae Joo Shin,e

Min-Gyu Kim,f Yong-Mook Kang,a Kyung Yoon Chung*cd and Kyung-Wan Nam*a

The need to find sodium ion battery (SIB) cathodes with high voltage, capacity and improved cycle life has

stimulated research on sodium containing layered transition metal oxides. With this perspective, the

electrochemical properties of highly ordered, honeycomb layered Na3Ni2BiO6 with a monoclinic

superstructure are explored as a cathode material in SIBs. It has been demonstrated that Na3Ni2BiO6

delivers a discharge capacity of 106 mA h g�1, having high voltage plateaus at 3.50 and 3.25 V, with

marginal capacity fading after 50 cycles. Operando X-ray diffraction studies during charging/discharging

reveal two reversible two-phase transition mechanisms (initial O3 phase / P3 intermediate phase / O1

final phase) during sodium extraction. Ex situ X-ray absorption spectroscopy reveals the charge

compensation mechanism for the reversible Ni3+/Ni2+ as an active redox couple while Bi5+ being

inactive during cycling. Extended X-ray absorption fine structure analysis shows highly reversible local

structural changes around both Ni and Bi atoms occurring during electrochemical cycling. In addition,

unique local structure changes especially around Ni atoms due to the honeycomb ordering and size

mismatch between Ni2+ and Bi5+ ions are revealed by EXAFS analysis during charging and discharging,

which is quite different from the local structure changes in regular layer structured NaMO2 (M ¼
transition metals) cathode materials. The present results suggest that honeycomb layered metal oxides

with the general formula, Na3M(II)2M(V)O6, can be considered as candidates for high voltage and long life

cathode materials for SIBs.

Introduction

Rechargeable sodium ion batteries (SIBs), once out of favour
due to their comparatively low energy density compared with
that of competing Li-ion batteries (LIBs), are now attracting
special attention with great cost advantage over LIBs, owing to
the huge natural abundance of sodium, with almost global
geographical distribution.1 Although Li-ion batteries are
currently used in all types of portable devices, and are set to

drive electric vehicles (EVs) and hybrid electric vehicles (HEVs),
their use in large-scale energy storage systems (ESSs) has been
hindered by the increasing cost of Li, and its limited availability
in the Earth's crust.2 Gravimetric energy density is not a critical
issue of concern for the large scale ESSs required for smart grids
and intermittent renewable energy sources, such as solar cells
and wind mills, for the effective usage of the generated power.
Thus, on the basis of fabrication cost and natural abundance,
SIBs are the most appropriate for large-scale energy storage
tasks. In addition, sodium is located just below lithium in the
periodic table, and hence the two elements are similar to each
other in terms of their chemical properties, thus making Na
a good alternative to Li.

Numerous sodium ion host materials have recently been
reported, such as O3- and P2-type layered transition metal
oxides, NASICON type materials, tunnelled transition metal
oxides, phosphates, and organic compounds, for their use as
cathode materials.3–11 Among the above materials, the layered
transition metal oxides, both O3- and P2-type (where O3- and
P2- are the notations followed by Delmas et al.,12), are of great
interest, due to the high capacity for the extraction/insertion of
Na ions. O3-type NaMO2 (where M ¼ Ni, Co, Mn, Cr, etc.) oxides
have shown large capacities, but go through a large number of
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phase transformations during the charge/discharge process.13–16

This hampers their cycle life, and leads to signicant capacity
fading aer the rst few cycles. The mixed transition metal
oxides analogous to NaMO2 have displayed improved capacity
and cyclability.17,18 However, a considerable amount of their
capacity lies at comparatively lower potentials, which decreases
the available energy density of the cell. On the other hand, the
polyanion-containing compounds, such as phosphates and
pyrophosphates, help to increase the potential of sodium
extraction from the cathode by exerting an inductive effect; but
the mass associated with these groups leads to their reduced
theoretical capacities, as compared to layered oxides.19,20

The sodium-containing honeycomb layered metal oxides
with the general formula, Na3M(II)2M(V)O6, where M(II) denotes
divalent cations (e.g., Ni2+ and Co2+) and M(V) denotes penta-
valent cations (e.g., Nb5+, Sb5+, and Bi5+), can be considered as
candidates for energy storage applications. These materials can
also be considered as layered oxides of a-NaM(III)O2 (M¼ Fe, Co,
Ni, etc.) structure types, where M5+ and M2+ ions substitute 1/3
and 2/3 of M(III)-sites, respectively. As such, Na3M(II)2M(V)O6 can
also be described as Na[M(II)2/3M(V)1/3]O2. Due to the notable
difference in the size of M2+ and M5+, these cations are prefer-
ably distributed in an ordered manner within the transition
metal layers to form a honeycomb-type superstructure, as
depicted in Fig. 1. Each M(V)O6 octahedron is surrounded by 6
edge-sharing M(II)O6 octahedra in the “ab” plane, generating
a honeycomb geometry for the metal ions (Fig. 1b). The
advantage of Ni containing honeycomb layered oxides (i.e.,
Na3Ni2MO6 where M ¼ Bi5+, Sb5+, etc.) over the O3–NaNiO2 type
compounds is the availability of redox active transition metal
ions of Ni2+ with a reduced valence state. Theoretically, the
honeycomb type arrangement in transition metal oxides thus
allows full utilization of Ni2+ to Ni3+ to Ni4+ redox chemistry.
Yuan et al. have reported that honeycomb layered Na3Ni2SbO6

exhibited high cycling stability and high-C rate performance as
a cathode for sodium ion batteries.21 Ma et al. have further
demonstrated that the ordered form of Na3Ni2SbO6 can obtain
the full theoretical discharge capacity (133 mA h g�1), which is
higher than that of its disordered analogue (110 mA h g�1).22

However, there has been no report regarding Na storage
performance for the Bi5+-based compound. Based on Shannon's
ionic radius in octahedral coordination, the size difference
between Ni2+ (0.63 Å) and Bi5+ (0.76 Å) is much larger compared

with the Ni2+ and Sb5+ (0.6 Å) case, which may lead to a higher
degree of honeycomb ordering in the Na3Ni2BiO6 compound.23

Accordingly, there should be some intriguing electrochemical
Na storage behaviours in the Na3Ni2BiO6 compound compared
with the Sb containing analogue (i.e., Na3Ni2SbO6), which
motivates our current work.

In the present article, we report the electrochemical Na ion
storage performance of Na3Ni2BiO6 with a honeycomb layered
structure as a model cathode material for NIBs. By employing
high resolution powder X-ray diffraction (HRPD) using synchro-
tron radiation, we also propose a new structural model for this
Na3Ni2BiO6 compound with C2/c symmetry rather than C2/m
symmetry, which was previously adapted for the Na3Ni2SbO6

compounds. Based on electrochemical performance results, we
demonstrate that this honeycomb layered oxide material shows
high operating voltage, large reversible capacity, and long cycle
life, which makes it a possible cathode material for SIBs. In
addition, combined synchrotron based in situ X-ray diffraction, ex
situ HRPD, and X-ray absorption spectroscopy clearly reveal the
sodium ion extraction/insertion mechanism in terms of changes
in the crystal, local structure, and oxidation states of Ni and Bi
atoms during Na insertion/extraction reactions.

Experimental

A powder sample of Na3Ni2BiO6 was obtained following the
procedure reported elsewhere.24 In a typical synthesis, reagent-
grade Na2CO3 (Duksan, 99.0%), NiO (Sigma-Aldrich, 99.8%) and
NaBiO3 (Junsei, purity was assessed by powder XRD) were mixed
together in 1 : 2 : 1 molar proportion, and nely ground using an
agatemortar and pestle. To compensate the possible volatilization
of sodium at higher temperatures, 3% excess Na2CO3 was added,
while strictly maintaining the stoichiometry of Ni : Bi to 2 : 1. The
solid-state reaction was carried out under owing oxygen, so as to
circumvent the reduction of Bi5+ to Bi3+. The ground mixture (as
a loose powder) placed in an alumina boat was heated to 700 �C
with a heating rate of 2 �Cmin�1, and held there for 8 h, and then
cooled to room temperature. Aer grinding one more time, the
mixture was reheated to 750 �C for an additional 12 h. The colour
of the nal powder product was olive green.

Powder X-ray diffraction (XRD) patterns were recorded on
a Rigaku Ultima IV X-ray diffractometer equipped with Cu Ka
radiation and a monochromator in Bragg–Brentano geometry
with a rotating sample holder (30 rpm). The XRD data were
collected in the 2q range of 10–90� with a step size of 0.02�, and
with a speed of 1�/min. For precise determination of the crystal
structure of pristine Na3Ni2BiO6, synchrotron high resolution
powder X-ray diffraction (HRPD) data were collected on the 6D
and 9B beamline of the Pohang Acceleration Laboratory (PAL,
Pohang, Korea) using monochromated X-rays (l ¼ 1.4861 Å).
The program EXPO2014 was used to determine the structure of
Na3Ni2BiO6 in the C2/c space group using direct methods.25 The
structure obtained in this way was further rened via the Riet-
veld method.26 Rietveld renement was performed on the XRD
pattern using the GSAS suite of programs and EXPGUI graphical
interface.27,28 The peak shape was modelled using the pseudo-
Voigt prole function. Simultaneous renement of the Bi and

Fig. 1 Schematic representation of the honeycomb layered structure
of Na3M

II
2M

VO6 (based on theC2/m space group) (a) view along the ‘b’
axis representing the transition metal oxide layers, where green
spheres represent the sodium ions; (b) view along the ‘c’ axis, showing
the honeycomb-like arrangement of MII (blue) and MV (yellow) octa-
hedra in the ‘ab’ plane.
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Ni fraction (Bi + Ni ¼ 1.0) was carried out in the later stage of
renements, by applying constraints on its overall content.
Convergence was achieved by simultaneously rening back-
ground and prole parameters, scale factor, lattice constants,
and occupancy factors for the Ni and Bi atoms. Aer dis-
assembling the cell, the ex situ powder XRD patterns were
collected on the electrodes at intermediate charged and fully
charged/discharged state. In situ XRD measurements were per-
formed using a specially designed coin cell with diffractometry
(R-AXIS IV++, Rigaku). The cell was galvanostatically cycled
using aWonatech battery test system (WBCS 3000K8) at a rate of
0.05C within a voltage range of 2.0–4.0 V. The data were recor-
ded with Mo-Ka radiation (l ¼ 0.7107 Å). In this article, the
value of 2q was converted into Cu-Ka radiation (l ¼ 1.54 Å) for
steady comparison. Crystal structure illustrations were drawn
using the program VESTA.29

Ni K-edge and Bi L3-edge X-ray absorption spectroscopy
(XAS) was performed at the 10C beamline of the PAL using a Si
(111) double-crystal monochromator in transmission mode.
Reference spectra of Ni and Bi metallic foils were collected
simultaneously for the energy calibration. X-ray absorption near
edge structure (XANES) and extended X-ray absorption ne
structure (EXAFS) data were handled and processed using the
Athena and Artemis programs.30 The extracted EXAFS signal,
c(k), was weighted by k2 to emphasize the high-energy oscilla-
tions, and then Fourier-transformed in k-ranges of 3.0–13.0 Å�1

for Ni and 3.5–13.5 Å�1 for Bi, using a Hanning window func-
tion to obtain the magnitude plots of the EXAFS spectra in R-
space (Å). Detailed EXAFS tting procedures and parameters
using the Athena soware are described in the ESI.†

Electrochemical properties of the material were evaluated in
a coin type cell (CR 2032). The cathodes were prepared by mixing
the Na3Ni2BiO6 powder with carbon black and polyvinylidene
diuoride (PVdF) in a weight ratio of 7 : 2 : 1. The slurry was
prepared by adding an appropriate amount of N-methyl-2-pyr-
rolidone (NMP), and cast on Al foil. The electrodes were roll-
pressed and vacuum dried, prior to making the cell. Coin cells
were assembled using Na3Ni2BiO6 as the working electrode (with
a mass loading of �5 mg cm�2), sodium metal as the counter
electrode, and glass ber as the separator. A solution of 1 M
NaPF6 in diethyl carbonate (DEC) and ethylene carbonate (EC) at
a volume ratio of 1 : 1 was used as the electrolyte. The cell
fabrication procedure was performed in an inert atmosphere
(argon-lled) glovebox (Mbraun Unilab, Germany), under
controlled O2 and H2O contents (<0.1 ppm). Cyclic voltammetry
was performed using a Biologic potentiostat/galvanostat Model
VMP3 (BioLab, Inc.), and galvanostatic measurements were
performed on a battery cycler (Maccor 4000).

Results and discussion

Na3Ni2BiO6 with olive green colour was synthesized by a simple
solid-state reaction at 750 �C. Laboratory X-ray diffraction (XRD)
shown in Fig. S1† was initially used to check the phase purity.
The powder XRD pattern of Na3Ni2BiO6 prepared in the present
study has distinguished differences with that reported earlier.24

Considerable improvement in the intensities of the

superstructure reections (reections marked with an asterisk
in Fig. S1†) is observed, which suggests a high degree of cation
ordering as compared to that reported by Seibel et al.24 In
addition, the few weak reections are also observed in the 2q
range between 18 and 28�, which are displayed in the expanded
view of the inset of Fig. S1† (marked by vertical arrows). When
the XRD pattern is indexed using TREOR code in EXPO and the
weak reection positions are included, the indexing comes into
the monoclinic symmetry with a¼ 5.404 (6) Å, b¼ 9.349 (10) Å, c
¼ 10.922 (5) Å, and b ¼ 99.60� (4) with ‘0’ unindexed lines.
Although these additional reections are very weak in terms of
intensity, we believe that they are signicant to consider that
the material shows monoclinic symmetry with the C2/c space
group. These weak reections were also observed previously by
Politaev et al.,31 for the structurally similar analogue Na3Ni2-
SbO6 and were appropriately indexed with C2/c symmetry. The
Lebail prole tting of the XRD pattern using monoclinic
structures is further used to conrm the C2/c space group (see
Fig. S2†). When the structural model with the C2/m space group
(ref. 24) was used for Lebail tting, the weak reections remain
unindexed. The very weak reections are then reasonably
accounted using the C2/c space group with the above cell
constants to t the data. Previously, various crystal models were
used to explain the honeycomb superstructures, with different
space groups such as C2/m, C2/c, and P3112. Based on the
indexing results and the weak reections observed we have used
the C2/c space group for the Rietveld analysis of the HRPD
pattern collected using a synchrotron X-ray source. The
reasonable starting structural model in the C2/c space group
(Hermann–Mauguin notation C12/c1 with unique axis ‘b’) is
then obtained by using EXPO 2014 soware.25 The structural
model obtained in this way is nally rened in combination
with a synchrotron HRPD pattern using the GSAS suite of
programs and EXPGUI graphical interface.27,28 Fig. 2 shows
HRPD patterns of the Na3Ni2BiO6 sample along with the nal

Fig. 2 Rietveld plot for the Na3Ni2BiO6: observed (black dots),
calculated (red line), and difference (blue line); the vertical green tick
marks indicate the positions of allowed reflections. SEM image of the
Na3Ni2BiO6 (inset).

1302 | J. Mater. Chem. A, 2017, 5, 1300–1310 This journal is © The Royal Society of Chemistry 2017

Journal of Materials Chemistry A Paper

Pu
bl

is
he

d 
on

 1
2 

D
ec

em
be

r 2
01

6.
 D

ow
nl

oa
de

d 
by

 S
hi

va
ji 

 U
ni

ve
rs

ity
 o

n 
27

/1
0/

20
17

 0
5:

48
:3

2.
 

View Article Online

http://dx.doi.org/10.1039/C6TA08661F


Rietveld renement result, which shows good agreement
between the observed and calculated patterns based on the C2/c
structural model. The rened lattice parameters are a ¼
5.4012(1) Å, b ¼ 9.3569(2) Å, c ¼ 10.9281(2) Å, and b ¼
99.614(1)�. Table 1 summarizes the agreement parameters and
rened atomic coordinates of the monoclinic phase with the
C2/c space group. Table S1† also lists selected bond distances
evolved from the structural renement, and shows that the
observed bond distances are in good agreement with those ex-
pected from the Shannon ionic radii of the elements.23

The monoclinic phase with C2/c symmetry used for the nal
Rietveld renement of the Na3Ni2BiO6 sample holds an ordered
honeycomb arrangement of Ni2+ and Bi5+ within the transition
metal layers (Fig. 1b). However, these two Ni2+ and Bi5+ octa-
hedral sites are not perfectly ordered, as there exists slight
cation mixing between these two sites shown in the renement
results in Table 1. It is reported that even fully disordered
Na3Ni2SbO6 with R�3m symmetry, and also the lack of super-
structure XRD peaks have well developed honeycomb ordering
of Ni and Sb cations within the transitionmetal layers, while the
disordered nature is associated with lack of coherence in the
c-axis direction, due to rich stacking faults.22 Therefore, we
attribute the slight cation disorder observed in the Na3Ni2BiO6

to the lack of coherence between Ni and Bi positions within the
successive layers stacked along the ‘c’ axis due to the stacking
faults. On the other hand, sodium (Na) and oxygen (O) atoms
populate over three distinct sites, which is different from the
structure based on C2/m symmetry, where there are only two
distinct Na and O sites. In our opinion, the additional small
reections observed are due to the lowering of symmetry of ‘O’
and ‘Na’ atoms. The subtle difference in the size and oxidation
state of Ni2+ and Bi5+ within the transition metal layer inu-
ences the symmetry of ‘O’ atoms which further inuences the
distribution of ‘Na’ ions in the alkali metal layer thereby
resulting in a superstructure of C2/m by doubling the c axis. The
structure of Na3Ni2BiO6 with the C2/c space group is analogous
to ‘O3’ type layered oxides but with a cation ordered superlattice
(as per Delmas notation).12

The inset of Fig. 2 shows that the as-prepared sample has
micrometric particles with irregular morphology ranging from 1
to 5 mm in size. EDX mapping images of Bi and Ni demonstrate
that the distributions of metal elements are homogeneous
throughout the particle (Fig. S3†). The as-prepared sample also
shows very stable structural integrity, as conrmed by ther-
mogravimetric analysis (Fig. S4†) and XRDmeasurement for the
powder samples exposed to an ambient atmosphere for
a month.

Fig. 3a shows the charge/discharge prole of the Na3Ni2BiO6

electrode at 0.05C rate (1C ¼ 109 mA h g�1) delivering a charge
capacity of 109 mA h g�1 in the 1st cycle, which corresponds to
100% of theoretical capacity of Na3Ni2BiO6, based on the
extraction of two sodium ions per formula unit. The electrode
shows two obvious plateaus at 3.35 and 3.56 V during the 1st

charging, due to the oxidation of nickel from Ni2+ to Ni3+, which
is conrmed by X-ray absorption near edge structure (XANES)
results discussed in a later part. The rst charge plateau is more
prominent than the second charge plateau. However, note that
the second charge plateau for the Na3Ni2BiO6 is much clearer
and longer, when compared to that observed in the Sb
analogue, Na3Ni2SbO6, which has the same honeycomb layered
structure.21 We can ascribe this to the high degree of ordering
observed in our Na3Ni2BiO6 material. The additional electro-
chemical processes that are observed at intermediate voltages

Table 1 Crystallographic data and atomic coordinates of the Na3-
Ni2BiO6 (C2/c space group), based on Rietveld refinement of the
synchrotron powder XRD dataa

Atom* x y Z Occupancy

Bi1 (4) 0.25 0.25 0.5 0.806 (2)
Ni1 (4) 0.25 0.25 0.5 0.194 (2)
Bi2 (8) 0.7474 (24) 0.0854 (2) 0.5017 (13) 0.097 (1)
Ni2 (8) 0.7474 (24) 0.0854 (2) 0.5017 (13) 0.903 (1)
O1 (8) 0.6148 (26) �0.0812 (7) 0.6042 (10) 1.0
O2 (8) 0.8843 (25) �0.0782 (7) 0.3985 (10) 1.0
O3 (8) 0.6230 (7) 0.2526 (12) 0.6048 (4) 1.0
Na1 (4) 0.5 0.4255 (17) 0.75 1.0
Na2 (4) 1.0 0.2435 (35) 0.75 1.0
Na3 (4) 0.5 0.0978 (15) 0.75 1.0

a Space group: C2/c, a ¼ 5.4012 (1) Å, b ¼ 9.3569 (2) Å, c ¼ 10.9281 (2) Å,
b ¼ 99.614(1)�, V ¼ 544.53 (2) Å3. Agreement factors: Rwp ¼ 4.78%, Rp ¼
3.30%, RF

2 ¼ 10.00%, c2 ¼ 6.16. * values in parentheses show
multiplicity. Uiso for metals ions is 0.008 Å and for O it is 0.003 Å.

Fig. 3 (a) Charge–discharge curves of the Na3Ni2BiO6 electrode at the
1st and 50th galvanostatic cycles recorded at a rate of 0.05C, assuming
a theoretical capacity of 109 mA h g�1. (b) Cycle number versus
capacity at a rate of 0.05C between 2.0 and 4.0 V.
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between these two plateaus in the Sb analogue, Na3Ni2SbO6, are
not observed in the charging prole of Na3Ni2BiO6.21 During the
discharge process, the electrode exhibits a capacity of 106 mA h
g�1 in the 1st cycle, corresponding to a coulombic efficiency of
97%. The discharge prole shows three plateaus at 3.45, 3.2 and
3.1 V, corresponding to the reduction of nickel fromNi3+ to Ni2+.
It would appear that the pathway of sodium insertion during
discharging is more complicated than that of sodium extraction
during charging. The electrode shows a stable cycle perfor-
mance at 0.05C (Fig. 3b), and delivers a discharge capacity of
96mA h g�1 in the 50th cycle, with a high coulombic efficiency of
>97%. Na3Ni2BiO6 prepared in this study shows a good
discharge capacity retention of up to �91% aer 50 cycles at
0.05C rate, which is comparable to that shown by Na3Ni2SbO6

(90%, even at much lower rates of 0.02C).21 Fig. 3a also shows
the voltage prole of the Na3Ni2BiO6 electrode in the 50th cycle,
which retains the plateaus at almost the same potential during
cycling, demonstrating stable and reversible sodium extraction
and insertion reactions.

We examined the rate capability of the Na3Ni2BiO6 at the
current rates ranging between 0.05 and 2C, as shown in Fig. 4a.
The electrode exhibits discharge capacities of 106, 96, 83, 69,
and 55 mA h g�1 at current rates of 0.05, 0.1, 0.5, 1, and 2C,
respectively. When the current rate is reduced to 0.05C (Fig. 4b),

a discharge capacity of 90 mA h g�1 is recovered, which corre-
sponds to a capacity loss of 15% from its initial value. The
electrode shows a coulombic efficiency of >97%, even at higher
current rates of 1C and 2C. The cathode exhibits nearly half of
the initial capacity at a current density of 2C which indicates
that sodium ions face high polarizations. For this reason, the
electrical conductivity of the material is measured using a four-
point probe method and the value is calculated to be 2.301 �
10�4 S m�1. The low electrical conductivity of the material is the
main reason for rapid capacity losses at high current densities.
Although the performance at lower C rates is appealing, at this
stage the material seems to be ineffective at high C rates.
However, note that the present material is not optimized for the
best electrochemical performance, and there are many ways to
improve its high rate capacity. A different electrode formulation
may be helpful to effectively improve the high rate capacity, as
has been reported previously for Na3Ni2SbO6.21 It is worthwhile
mentioning that various methods, such as ball milling, modi-
ed chemical composition, carbon coating, and nanosizing, can
be effectively used to improve the electrochemical properties of
this cathode material later on.

The noticeable characteristics observed in the cyclic voltam-
mogram (CV) in Fig. S5† are the sole pairs of strong oxidation/
reduction peaks that appear at 3.6/3.4 and 3.5/3.1 V, respectively,
which is an indication of only two types of structural phase
transitions occurring during extraction/insertion of the Na+ ion.
This feature is strikingly different from that observed for the
structural analogue of Na3Ni2SbO6 recently studied, where
additional weak redox signals were seen, suggesting the forma-
tion of additional structural phases during de/intercalation, but
which could not be detected by XRD.21 These two peaks in the CV
are associated with the stepwise extraction/insertion of Na+ ions,
which we will discuss in detail in a later section. The shi of the
second peak in the CV towards slightly higher voltage might be
due to the electrostatic/coulombic effect of already oxidized Ni3+

on the further extraction of sodium from the Na2Ni2BiO6 lattice
to the nal NaNi2BiO6 phase.

We monitored the structural evolution and phase trans-
formations occurring upon extraction/insertion of sodium ions
by in situ XRD measurements. Fig. 5a shows a multiple plot of
XRD patterns collected in situ during the 1st charging along with
the voltage prole (Fig. 5b). The in situ XRD patterns reveal that
the actual Na+ ion extraction reaction started at a voltage of 3.3 V
and above, which is evidenced by the appearance of new
reections at 2q values of �15.64, 34.45 and 35.79�, which can
be ascribed to the formation of a sodium decient phase
equivalent to Na2Ni2BiO6. This sodium decient Na2Ni2BiO6

phase grows at the expense of pristine Na3Ni2BiO6 during the
rst plateau of charging, indicating a two-phase reaction. At
3.41 V, the pristine Na3Ni2BiO6 phase completely transforms to
the sodium decient Na2Ni2BiO6 phase corresponding to one
Na extraction per formula unit, which is in good agreement with
the capacity obtained from the electrochemical data. Due to
limitations posed by data quality of the in situ XRD patterns, we
conducted additional ex situ experiments at 6D beamline at PAL
on the electrode charged at 3.4 V, to gain some meaningful
information about the phase transformations during the rst

Fig. 4 (a) Galvanostatic charge–discharge profile of the Na3Ni2BiO6

electrode at rates of 0.05, 0.1, 0.5, 1, and 2C. (b) Charge–discharge
capacity versus cycle number at rates of 0.05, 0.1, 0.5, 1, and 2C in the
voltage range of 2.0–4.0 V.
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sodium extraction step. Our efforts for a structural solution of
this intermediate phase were unsuccessful. However, we tted
the HRPD pattern of this phase using the Lebail method
assuming a P3-type structure, as reported by Yuan et al.21 A
similar phase has previously been observed in structurally
similar materials, like Na3Ni2SbO6 and Na2RuO3.21,32 Our Lebail
tting of the XRD pattern (Fig. S6†) shows good agreement
between the observed and calculated XRD patterns (Rwp ¼
14.06%, Rp ¼ 7.94%), based on the Na2Ni2BiO6 structure (space
group C2/m). The rened parameters for this intermediate
phase in monoclinic symmetry are a ¼ 5.2533 Å, b ¼ 9.1122 Å, c
¼ 6.6091 Å and b ¼ 121.24�. During this phase transition, the
lattice parameters of the parent phase (Na3Ni2BiO6) remain
almost the same, as there is no noticeable peak shi. However,
the (001) reection for the intermediate phase appears at
comparatively lower 2q angles (15.6�) than that of the equivalent
(002) reection for the parent phase (16.5�), suggesting that the
spacing between adjacent layers in the intermediate phase,
Na2Ni2BiO6, increases with extraction of sodium ions from the
parent Na3Ni2BiO6 phase. This increase in the spacing between

adjacent layers is due to the increased electrostatic repulsion
between the oxygen atoms facing each other, which demand
a larger interlayer distance of the prismatic layered oxides. Thus
during the rst phase transition, the initial O3-type layered
structure changes into an intermediate phase Na2Ni2BiO6, with
a P3-type structure.

At voltages higher than 3.5 V corresponding to the second
plateau region, a new set of reections appeared at 2q values of
�25.0, 37.68 and 46.82� (Fig. 5a), indicating the initiation of
another phase transition, due to further sodium ion extraction.
At the end of charging (4.0 V), only XRD peaks corresponding to
the nal phase remained, demonstrating the complete phase
transition from the intermediate Na2Ni2BiO6 phase to this nal
phase which is identied as NaNi2BiO6 with an O1 type layered
structure (as per Delmas notation).12 We performed ex situ
synchrotron HRPDmeasurement for the electrode fully charged
at 4 V in combination with Rietveld renement to get more
insights into the structure of this nal phase. The initial
structural model (hexagonal, space group: P�31m) for the
renement was adopted from the previous work on the analo-
gous NaNi2BiO6�d material prepared by the chemical oxidation
of Na3Ni2BiO6 for magnetism studies.33

The difference Fourier mapping has been employed during
renement to locate the sodium atoms within the lattice,
appropriately. The nal Rietveld plot for the phase at the fully
charged state in Fig. 6a provides good agreement between the
observed and calculated patterns. Fig. 6b shows the polyhedral
representation of this nal NaNi2BiO6 structure. The rened
parameters (space group: P�31m) based on a hexagonal unit cell
are a ¼ 5.2242(1) Å, c ¼ 5.7506(2) Å, and b ¼ 90�. Tables S2 and
S3† list the atomic co-ordinates and selected bond distances,
respectively. The shi in the position of the (001) reection

Fig. 5 (a) In situ X-ray powder diffraction patterns collected during the
1st charging (i.e., sodium extraction) of the Na3Ni2BiO6 electrode. The
blue line corresponds to the XRD pattern collected on pristine
compound Na3Ni2BiO6, the green line corresponds to Na2Ni2BiO6,
while the red line represents the fully charged state (4.0 V) having the
composition of NaNi2BiO6. (b) The electrochemical profile of a cell, as
a function of Na content recorded during the diffraction experiment.
Reflections from the Al foil used for casting the electrode are marked
with asterisks (*).

Fig. 6 (a) Rietveld refinement plot for the fully charged sample (cor-
responding chemical formula: NaNi2BiO6); (b) crystal structure of
NaNi2BiO6 based on the Rietveld refinement data. Nickel is depicted in
blue, bismuth in yellow, and sodium in green (with half-occupancy); (c)
ball and stick model of NaNi2BiO6 viewed along the ‘c’ direction,
demonstrating the position of sodium ions that are sitting just below
the Ni (for simplicity, O atoms are not shown).

This journal is © The Royal Society of Chemistry 2017 J. Mater. Chem. A, 2017, 5, 1300–1310 | 1305
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towards further lower 2q values indicates further increase in
interlayer spacing, as compared to the intermediate phase.
Interestingly, the sodium atoms are located only below the Ni
atoms (Fig. 6c), as has been seen earlier for the chemically
prepared analogue.33 The data in Table S3† reveal reduced Ni–O
and Ni–Ni distances compared to the parent Na3Ni2BiO6 phase,
due to the electrochemical oxidation of Ni2+ to Ni3+. Fig. S7†
provides the in situ XRD proles for a complete rst charging
and discharging cycle, and demonstrates that the structural
transformations during charging are quite reversible, and that
the structure of the pristine material recovers aer the 1st cycle.
Thus the electrochemical cycling of Na3Ni2BiO6 is accompanied
by two reversible two-phase transition mechanisms from the
initial O3-type to intermediate P3-type, and from the interme-
diate P3-type to O1-type structure.

The Rietveld renement plot of the electrode aer the 1st
cycle (Fig. S8†) demonstrates that the initial O3 type structure
recovers aer the electrochemical cycle, even if a small amount
of the intermediate phase still remains. Note also that the weak
peaks due to C2/c symmetry do not recover, presumably due to
the loss of Na ordering during sodium extraction and insertion
reactions. For further comparison, Table S4† lists the structural
parameters of the fully discharged phase.

Lattice parameters of the pristine, halfway charged, and fully
charged materials cannot be directly compared with each other,
due to different degrees of monoclinic distortions in the
structure (as evidenced by the b angle values), and different
symmetries used for the renement. To provide a straightfor-
ward comparison, we then converted the lattice parameters of
the monoclinic structures into lattice parameters of a relevant
pseudohexagonal structure, as per the protocol reported by
Seibel et al. (Table S5†), to track the trend in the lattice
parameter variations during the charging (i.e., sodium extrac-
tion) process.33 Note that the values of the pseudohexagonal
lattice parameters are only approximate ones, and are used
merely for the sake of comparison, to get fruitful information
about the structural changes during Na extraction. While going
from the pristine, to the halfway charged, to the fully charged
state, the ‘a’ and ‘b’ parameters reduce, due to the oxidation of
Ni2+ to Ni3+. When oxidized to Ni3+, the ionic radius of Ni2+

changes from 0.69 Å to 0.6 Å (assuming Ni in high spin). When
one Na ion is extracted from Na3Ni2BiO6 (corresponding to half
of the total Ni2+ being oxidized to Ni3+) the lattice parameter ‘a’
decreases from 5.4012 Å to 5.2533 Å. Electrochemical removal of
one more Na ion further decreases the lattice parameter ‘a’ to
5.2242 Å. The lattice parameter ‘b’ also decreases from 5.4008 Å
to 5.2695 Å, and further to 5.2242 Å, for the pristine, the halfway
charged, and the fully charged samples, respectively. Conse-
quently, this leads to the shrinkage of the transition metal oxide
slab oriented in the ‘ab’ plane. On the other hand, the changes
along the ‘c’ axis are totally opposite. When one Na ion is
extracted from the pristine compound, the ‘c’ lattice parameter
increases from 5.3873 Å to 5.6509 Å. Further extraction of one
more Na ion to form the nal NaNi2BiO6 phase increases the ‘c’
lattice parameter to 5.7506 Å. This is reected in the in situ XRD
patterns, where the 2q position of the ‘00l’ reection shis
towards lower values, which originate from the increased

electrostatic repulsion between the oxygen atoms of the tran-
sition metal oxide layer as a result of Na extraction reactions.
Thus, the overall volume change during charging is marginal
with an approximate change of less than 1%, whichmay provide
very stable cyclability of the honeycomb layer-structured
Na3Ni2BiO6 cathode material.

In order to investigate the electronic and local structure
changes during charging and discharging, we measured ex situ
Ni K-edge and Bi L3-edge X-ray absorption near edge structure
(XANES) and extended X-ray absorption ne structure (EXAFS)
spectra, as shown in Fig. 7 and 8, respectively, for the pristine,
halfway charged (denoted as ‘CH3.4’), fully charged (denoted as
‘CH4.0’), and fully discharged (denoted as ‘DH2.0’) electrodes.
During charging up to 4.0 V, Ni K-edge XANES spectra show
a clear edge shi toward higher energies, indicating an increase
in the average Ni oxidation state that approaches 3+. A
comparison with the edge position of reference Ni oxides Ni(II)O
and LiNi(III)O2 with known oxidation states conrms that the
average oxidation states of Ni in the pristine and fully charged
samples correspond to Ni2+ and Ni3+, respectively. When the
electrode is discharged to 2.0 V, the edge position completely
returns back to its original position, indicating quite reversible
Ni2+/3+ redox reactions during charging and discharging. Note
also that the very weak intensity of the pre-edge peak A (inset of
Fig. 7a) maintains the whole time, revealing that the Ni ions in
Na3�xNi2BiO6 remain in octahedral sites during charging and

Fig. 7 Ex situ (a) Ni K-edge, and (b) Bi L3-edge X-ray absorption near
edge structure (XANES) spectra of the Na3Ni2BiO6 samples; pristine,
halfway charged (3.4 V CH), fully charged (4.0 V CH), and fully dis-
charged (2.0 V DH).

1306 | J. Mater. Chem. A, 2017, 5, 1300–1310 This journal is © The Royal Society of Chemistry 2017
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discharging. On the other hand, the Bi L3-edge XANES spectra
in Fig. 7b do not show any rigid edge shi during charging and
discharging. In all cases, a broad pre-peak ‘A’ in the Bi L3-edge
spectra is considered as the signature of the Bi5+ oxidation state,
which can be assigned to the 2p3/2 / 6s transition, due to the
empty Bi 6s orbital in Bi5+.34 On the other hand, this peak ‘A’ is
absent in Bi3+, where the Bi 6s orbital is lled with two elec-
trons. Comparison with the XANES spectrum of a reference

NaBi(V)O3 compound further conrms that during charging and
discharging, the oxidation state of Bi5+ in the Na3�xNi2BiO6

electrode remains unchanged. Based on the XANES results, we
can describe the charge compensation mechanism of the
Na3�xNi2BiO6 electrode during sodium extraction and insertion
as follows:

Na3Ni(II)2Bi(V)O6 $ 2Na+ + 2e� + NaNi(III)2Bi(V)O6 (1)

or

Na[Ni(II)2/3Bi(V)1/3]O2 $

2/3Na+ + 2/3e� + Na1/3[Ni(III)2/3Bi(V)1/3]O2 (2)

Local structural changes around Ni and Bi atoms in the
Na3�xNi2BiO6 electrode during charging and discharging are
investigated by EXAFS spectroscopy combined with curve tting
analysis (Fig. 8), which provides quantitative structural infor-
mation on bond length changes and degree of disorder. The
rst peak at around 1.7 Å seen in the Fourier-transform (FT)
magnitudes of the Ni and Bi EXAFS spectra (Fig. 8b and c)
corresponds to the rst M–O6 (M ¼ Ni or Bi) bonding in the
distorted NiO6 or BiO6 octahedra. The second FT peak at around
2.8 Å is associated with both the second nearest M–M6 bonding
within the layer slabs and M–Na bonding. Assuming a perfect
honeycomb ordering within the layers, Ni atoms are sur-
rounded by each of three Ni and three Bi atoms, while Bi atoms
are coordinated by six Ni atoms only, as shown in Fig. 8a.
Therefore, we used two different Ni–Ni and Ni–Bi paths with
a xed coordination number of three in the tting of the second
peak in the Ni K-edge, while we employed a single Bi–Ni path
with a xed coordination number of six in the Bi case. Tables 2
and 3 show that this model provides excellent tting results in
both Ni and Bi sites, conrming almost perfect in-plane
honeycomb ordering of the pristine Na3Ni2BiO6 material.

Fig. 8 (a) Structure of Na3Ni2BiO6; ex situ (b) Ni K-edge, and (c) Bi L3-
edge extended X-ray absorption fine structure (EXAFS) spectra of the
Na3Ni2BiO6 samples; pristine, half-way charged to 3.4 V (3.4 V CH),
fully charged to 4.0 V (4.0 V CH), and fully discharged to 2.0 V
(2.0 V DH).

Table 2 Structural parameters obtained from the best-fit results of Ni K-edge EXAFS spectra

Spectra Path CNa DE (eV) rb (Å) s2 � 10�3c (Å2) Rd cv
2e

Pristine Ni–O 6 �0.2 � 0.9 2.107 (�0.007) 5.1 (�0.6) 0.010 109
Ni–Ni 3 3.072 (�0.026) 10.3 (�3.6)
Ni–Bi 3 3.126 (�0.007) 2.6 (�2.5)
Ni–Na 4 3.189 (�0.032) 8.2 (�5.4)

CH 3.4 V (halfway charged) Ni–Oshort 2.4 � 0.3 �3.1 � 1.4 1.933 (�0.020) 3.5 (�1.7) 0.007 324
Ni–Olong 3.6 � 0.3 2.085 (�0.017) 3.5 (�1.7)
Ni–Ni 3 3.008 (�0.013) 5.8 (�1.2)
Ni–Bi 3 3.057 (�0.013) 3.1 (�0.8)
Ni–Na 2 3.427 (�0.050) 12.7 (�0.7)

CH 4.0 V (fully charged) Ni–Oshort 4.1 � 0.3 1.1 � 1.2 1.947 (�0.015) 8.8 (�1.2) 0.007 135
Ni–Olong 1.9 � 0.3 2.125 (�0.020) 3.0 (�1.2)
Ni–Na 2 2.893 (�0.026) 4.8 (�3.5)
Ni–Ni 3 3.028 (�0.007) 4.9 (�1.2)
Ni–Bi 3 3.042 (�0.032) 3.7 (�0.7)

DH 2.0 V (fully discharged) Ni–O 6 �0.7 � 1.3 2.101 (�0.011) 5.5 (�0.8) 0.021 81
Ni–Ni 3 3.059 (�0.038) 11.4 (�5.4)
Ni–Bi 3 3.121 (�0.009) 2.6 (�0.6)
Ni–Na 4 3.176 (�0.050) 11.0 (�9.1)

a Coordination number. b Bond length. c Debye–Waller factor. d EXAFS R-factor. e Reduced chi squared.
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During charging and discharging, the local structure around
Ni atom shows quite dramatic changes while there is not much
change in the local structure around Bi atoms. This agrees well
with the XANES results which showed the active Ni2+/3+ redox
reaction while Bi5+ ions remained non-active for the charge
compensation reactions. It is very interesting to note that
changes in the second FT peak in the Ni K-edge show very
different features compared to those observed in the conven-
tional layer structured cathode materials (e.g., Na1�xNi0.5-
Mn0.5O2 and Na0.66Ni0.33Mn0.67O2).35,36

In the case of the layer structured materials without honey-
comb ordering, intensity of the second Ni–M6 peak is much
stronger than that of the rst Ni–O peak indicating a high
degree of ordering within the layer slab.35,36 However, the EXAFS
results of the pristine Na3Ni2BiO6 with honeycomb ordering
show that intensity of the second Ni–M6 peak is much weaker
than that of the rst Ni–O6 peak. We believe that this is due to
the strain induced disorder in Ni–Ni3/Bi3 bonding attributed to
the large size mismatch between Ni2+ and Bi5+ ions. The EXAFS
tting result in Table 3 shows a much higher Debye–Waller
factor of Ni–Ni3 (0.0103 Å2) with a bond length of 3.072 Å than
that of Ni–Bi3 (0.0026 Å2) with a bond length of 3.126 Å, sug-
gesting that the strain induced disorder exists especially around
Ni atoms. This is likely due to the fact that Ni atoms are sur-
rounded by each of three Ni and three Bi atoms, while Bi atoms
are coordinated by only six Ni atoms. Intriguingly, when the
electrode is charged, the intensity of this second Ni–Ni3/Bi3
peak increased signicantly with a reduced bond length while
the rst Ni–O6 peak intensity greatly reduced due to the oxida-
tion of Ni2+ to Jahn–Teller active Ni3+.

During charging, sodium ions extract from the layers where
oxygen atoms are shared with Ni and Bi atoms in the alternating
layers. In addition, Ni2+ ions oxidize to Jahn–Teller active Ni3+

ions during charging. Thus sodium extraction and Jahn–Teller
distortion occur in such a way to release the strain thereby
increasing the ordering of the second nearest Ni–Ni3/Bi3
bonding similar to the local structure changes in regular layered
NaMO2 (M ¼ transition metals) during charging. Indeed,
oxidation of Ni2+ to Ni3+ reduces the size mismatch with Bi5+

ions and the bond length difference between Ni–Ni3 and Ni–Bi3
bonding minimized at the fully charged state (from 0.054 Å at

the pristine to 0.014 Å at the fully charged state as seen in Table
2) such that there is an increase in the FT peak intensity of the
second Ni–Ni3/Bi3 bonding. While the Ni–O bond in the pristine
electrode shows a bond length of 2.107 Å with a xed 6 oxygen
coordination, as shown in Table 2, the bond in the fully charged
electrodes shows short Ni–O bonding at 1.942 Å with 4.1 coor-
dination numbers, and long Ni–O bonding at 2.119 Å with 1.9
coordination numbers, due to the Jahn–Teller distortion of
oxidized Ni3+ ions. Aer discharge, the local structure around Ni
sites almost completely returns back to its pristine state, as
evidenced in Table 2, by comparing the structural parameters of
the pristine and discharged electrodes. This suggests that
sodium insertion into the layers during discharging leads to the
strain induced disorder in the second Ni–Ni3/Bi3 bonding
reversibly. In contrast to the reversible Ni–O6 bond length
changes, the rst Bi–O6 bond length with �2.11 Å remains
almost unchanged during charging and discharging (Table 3),
conrming that Bi5+ ions do not participate in the redox reac-
tions during sodium extraction and insertion. On the other
hand, the second Bi–Ni6 in-plane bond length reversibly
contracts and expands, due to Ni2+/3+ redox reactions. The Ni
and Bi EXAFS results during charging and discharging
demonstrate highly reversible local structural changes around
Ni and Bi atoms in the NaxNi2BiO6 electrode, which supports
the stable cycling stability of the honeycomb-layer structured
Na3Ni2BiO6 cathode material.

Conclusions

Layer structured Na3Ni2BiO6 cathode materials having honey-
comb-type ordering between Ni and Bi atoms are synthesized by
a simple solid-state reaction. Rietveld renement analysis of
high resolution synchrotron X-ray diffraction (XRD) data
unambiguously presents the crystal structure of Na3Ni2BiO6 as
monoclinic C2/c symmetry with 20% disordered distribution of
Bi and Ni atoms along the ‘c’ axis, due to stacking faults across
adjacent layers. The Na3Ni2BiO6 electrode delivered a specic
discharge capacity of 106mA h g�1, having high voltage plateaus
at 3.50 and 3.25 V, with marginal capacity fading aer 50 cycles.
In situ XRD studies during charging/discharging reveal two
reversible two-phase transition mechanisms: the initial O3-type

Table 3 Structural parameters obtained from the best-fit results of Bi L3-edge EXAFS spectra

Spectra Path CNa DE (eV) rb (Å) s2 � 10�3c (Å2) Rd cv
2e

Pristine Bi–O 6 1.4 � 1.6 2.113 (�0.009) 3.0 (�0.6) 0.017 158
Bi–Ni 6 3.134 (�0.008) 3.6 (�0.6)
Bi–Na 6 3.259 (�0.020) 4.6 (�2.5)

CH 3.4 V (halfway charged) Bi–O 6 �4.5 � 1.7 2.100 (�0.009) 3.8 (�0.5) 0.011 50
Bi–Ni 6 3.058 (�0.007) 4.8 (�0.4)
Bi–Na 6 3.347 (�0.076) 20.2 (�11.8)

CH 4.0 V (fully charged) Bi–O 6 �1.0 � 1.2 2.103 (�0.008) 3.9 (�0.4) 0.018 63
Bi–Ni 6 3.044 (�0.007) 4.4 (�0.6)

DH 2.0 V (fully discharged) Bi–O 6 1.7 � 1.1 2.112 (�0.006) 2.9 (�0.4) 0.008 72
Bi–Ni 6 3.133 (�0.006) 3.6 (�0.4)
Bi–Na 6 3.258 (�0.014) 4.8 (�1.7)

a Coordination number. b Bond length. c Debye–Waller factor. d EXAFS R-factor. e Reduced chi squared.
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phase transformation to the P3-type intermediate phase during
the rst voltage plateau at 3.25 V, followed by further phase
transformation to the O1-type nal phase during the second
voltage plateau at 3.5 V. The overall volume change during these
phase transitions is less than 1%, which provides good cycla-
bility. The charge compensation mechanism revealed by ex situ
X-ray absorption spectroscopy measured at both Ni K- and Bi L3-
edges shows the reversible Ni3+/Ni2+ as an active redox couple,
while Bi5+ is unchanged during cycling. Highly reversible local
structural changes around both Ni and Bi atoms occurring
during electrochemical cycling are also probed by extended X-ray
absorption ne structure (EXAFS) analysis. Unique local struc-
ture changes especially around Ni atoms owing to the honey-
comb ordering are also revealed by EXAFS analysis during
charging and discharging, which is quite different from the local
structure changes in regular layer structured NaMO2 (M ¼
transition metals) cathode materials. The structural trans-
formation in Na3Ni2BiO6 is straightforward and fully reversible,
thus highlighting the suitability of this class of materials for
high voltage cathodes in sodium ion batteries.

While the Na3Ni2BiO6 has a similar structure to that of a-
NaFeO2 type oxides, it shows strikingly different voltage proles
during cycling. Although the analogous compounds NaMO2 (M¼
Ni, Cr and Mn) with O3-type structures and some of the P2-type
oxides (e.g., NaFe0.5Mn0.5O2) show very large capacity, they usually
undergo a large number of phase transitions (evidenced from the
large number of plateaus in the charging and discharging
proles) involved during repeated sodium extraction and inser-
tion reactions. In addition, most of the discharge capacities are
delivered below 3 V, which leads to the reduced energy density of
the cell. On the other hand, the presence of pentavalent ions in
the immobile transition metal layer of Na3Ni2BiO6 imparts addi-
tional stability to the layer, and thus helps to retain the structural
integrity. Although the Bi containing compounds (e.g., Na3Ni2-
BiO6) may not be feasible for practical applications, this study
provides a valuable scientic insight into the rational design of
new cathode materials for rechargeable sodium ion batteries
(SIBs). Nevertheless, the present results suggest that the family
of honeycomb layered metal oxides with a general formula,
Na3M(II)2M(V)O6, can be considered as promising cathode mate-
rials with high voltage and long life for rechargeable SIBs.
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1 Introduction

Nitrogen dioxide  (NO2) gas is well known as an irritant 
gas, it is an intermediate product of the industrial synthe-
sis of nitric acid. The most prominent and common sources 
of human exposure to  NO2 gas are combustion engines, 
burning fossil fuels, cigarette smoke, butane and kerosene 
heaters and stoves [1].  NO2 can cause respiratory infec-
tions, photochemical smog, acid rain [2] and it is harmful 
to human health and life. Exposure to unsafe higher levels 
can cause severe reactions for people with underlying pul-
monary diseases like chronic obstructive pulmonary dis-
ease or asthma [3].  NO2 reacts with water droplets in the 
trachea and lungs forming droplets of nitric acid. These 
tiny droplets of nitric acid penetrate deep into the lungs 
causing various respiratory diseases [3].  NO2 exposure has 
also being associated with sudden infant death syndrome 
[4]. Thus, it is imperative to develop a sensor for detecting 
 NO2 gas. Many solid state gas sensors have been recently 
explored for  NO2 gas sensing such as  WO3 [4],  VO2 [5], 
NiO [6], and  SnO2 [7]. Among these,  SnO2 as a gas sen-
sor have been widely explored and thus most of the atten-
tion has been paid to the synthesis of nanostructured  SnO2 
materials and tuning its properties for selectivity and sen-
sitivity [8–10]. Studies have proved that the properties 
and performances of  SnO2-based devices are dramatically 
influenced by structural features [11, 12]. The introduction 
of noble metal dopants into the host system is one of the 
important methods to modify the material properties. Also, 
the noble metal gold (Au) is reported to reduce the activa-
tion energy (Ea) of the reaction between target molecules 
and ionosorbed oxygen species [13, 14], and thus has been 
widely used to enhance the sensing performance [15–18].

Thus, with a need for simple and economic  SnO2 gas 
sensor, here in this work, we present a sensor material of 

Abstract Gold (Au) doped  SnO2 nanoparticles have been 
synthesized using remnant water (ideally kitchen waste) 
collected from soaked Bengal gram beans (Cicer arietinum 
L.) extract. The synthesized nanoparticles were initially 
investigated for their structural, morphological and vibra-
tional properties. The structural properties revealed rutile 
structure with narrow size distribution and average crystal-
lite size of ~25 nm. The investigation using UV–Vis spec-
troscopy, and Raman spectroscopy indicated the formation 
of structural defects and oxygen vacancies due to bio-green 
synthesis and incorporation of Au in  SnO2 lattice. Subse-
quently, Au-doped biosynthesized  SnO2 nanoparticles were 
coated onto the glass substrate using doctor blade method 
to form thin films. These thin films were investigated for 
their gas sensing properties and were found to be highly 
sensitive to  NO2 at 200 °C operating temperature. The 
reported gas sensing results suggest that the biosynthesis 
of Au-doped  SnO2 is a promising method to fabricate low-
cost  SnO2 based  NO2 sensor.
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Au-doped  SnO2 nanoparticle thin film biosynthesized by 
using remnant water (ideally kitchen waste) collected from 
soaked Bengal gram beans (Cicer arietinum L.). Here, 
the natural biomolecule present in the extract and respon-
sible for biosynthesis is pectin. It is a complex polysac-
charide that is present in most primary cell walls [19] and 
has the ability to bind some organic and inorganic mate-
rials via molecular interactions [20]. Furthermore, the gas 
sensing properties of biosynthesized Au-doped  SnO2 for 
 NH3, LPG,  H2S and  NO2 gasses were explored, wherein it 
showed the enhanced response for  NO2 gas. The concen-
tration-dependent response of the sensor for  NO2 was also 
investigated for linearity.

2  Experimental

2.1  Synthesis of  SnO2 nanoparticles

Figure  1 shows the schematic for the bio-green synthe-
sis of Au- doped  SnO2 nanoparticles. The synthesis pro-
cedure [21] consists of soaking 20  g dry Bengal gram 
beans (C. arietinum L.) in 100  mL of DI water for 6  h 
at room temperature. Thereafter, the soaked seeds were 
removed and the extract was filtrated using a glass-fiber 
filter (GF/F) to be free from particulate matter. 10 mL of 
aqueous  SnCl4 (0.01 M) solution was added to 10 mL of 
the gram bean extract and diluted to 50 mL.  HAuCl4 was 
used as a source of Au, an appropriate amount of  HAuCl4 
(Sigma-Aldrich) was added to this solution for having 
5 wt% Au doping. The solution was then centrifuged and 
the powder so obtained was calcined at 600 °C to remove 

the organic contaminants. This powder was then thor-
oughly mixed with polyethylene glycol as a binder and 
coated onto the precleaned glass substrates to form thin 
films using the doctor blade method. The coated thin 
films were then dried at room temperature and calcined at 
450 °C in air for 1 h to remove the binder and were used 
for further characterization and gas sensing application.

2.2  Characterization details

XRD patterns of both pure and Au-doped samples were 
recorded using Rigaku Miniflex X-ray diffractometer 
equipped with intense CuKα1 radiation (λ = 1.54  Å), 
at a scanning rate of 1 min−1 and in the scanning range 
from 20°–80°. Transmission electron microscope (TEM) 
images of the prepared nanoparticles are obtained with 
JEOL JEM 2010 transmission electron microscope oper-
ating at a voltage of 200 kV. The nanoparticles were drop 
coated over a carbon tape and further the samples were 
then sputter coated with platinum prior to their charac-
terization using scanning electron microscopy (SEM, 
JEOL, Japan) to avoid charging effect. FTIR spectra 
were recorded using FTIR (CARRY 600Z series, Japan) 
to investigate the characteristics functional group of 
the samples. The Raman spectra of the samples were 
recorded using Raman spectrophotometer (STR-150 
series, Japan) with  Ar+ laser of 532 nm excitation wave-
length. LabIndia UV–Vis Spectrophotometer 3092 was 
used to obtain UV–Vis absorption spectra of pure and 
doped  SnO2 nanoparticles.

The thin films of biosynthesized Au-doped  SnO2 nano-
particles were tested for gas sensing. The electrical con-
tacts of silver paste separated by 1  cm were coated on 
Au-doped  SnO2 thin films. The sensor was mounted in a 
stainless steel test chamber (volume: 250 cm3). A desired 
concentration of the test gas in the chamber was achieved 
by injecting a known quantity of gas using a micro-
syringe. A change in resistance of the film as a function 
of time (response curve) was recorded at operating tem-
perature of 200   C for 100, 60 and 20  ppm concentra-
tion of  NO2 gas, which was commercially procured. The 
response data was acquired by using a computer inter-
faced Keithley 2400 source meter. The recovery of the 
sensor was recorded by exposing the sensor to air. From 
the response curves, the response (S) was calculated 
using the relation:

where  Ra and  Rg are resistances in the air and test gas 
 (NO2), respectively [22–24]. Response and recovery times 
were defined as the time needed for 90% of total resistance 
change on exposure to gas and air, respectively.

(1)S(%) = Rg − Ra∕Ra × 100%

Fig. 1  Schematic of synthesis of Au-doped  SnO2
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3  Result and discussion

3.1  Structural characterization

3.1.1  X‑ray diffraction (XRD)

Figure 2 represents the XRD pattern of (a) undoped  SnO2 
and (b) Au-doped  SnO2 nanoparticles (Rietveld refined). 
The diffraction peaks of both the patterns in the spectra 
were indexed to the rutile phase of  SnO2 and the lattice 
parameters were calculated to a = 4.741 Å, c = 3.189 Å for 
pure  SnO2 and a = 4.742 Å, c = 3.189 Å for Au-doped  SnO2, 
which is consistent with the literature values (a = 4.738 Å, 
c = 3.186 Å, JCPDS No. 71–0652), belonging to the space 
group of P42/mnm.

In order to check the effect of strain on crystallite size, 
the crystallite size was calculated by Scherrer’s formula 
and Williamson–Hall (W–H) plot as well. The differ-
ences of two sizes yield the required information. The 
crystallite size from Scherrer’s formula, D = 0.91λ/β Cos 
θ, where D is the crystallite size, λ is the wavelength of 
X-ray used, and θ is the Bragg angle of diffraction peaks. 
The variation of β Cos θ with 4Sin θ gives the W–H plot 
from which the crystallite size D and lattice strain η can 
be calculated [25]. The results from both the methods 
show that the crystallite size increases with doping of 
Au. Due to Au doping, the system and lattice planes gets 
distorted, and thus the crystallite size increases. We can 
see a clear difference between sizes calculated by both 
the method and which is due to the lattice strain in the 
system. The positive strain implies an expansion in the 
system and hence doped system has higher W–H calcu-
lated crystallite size values compared to the crystallite 

sizes calculated by Scherer equation. No characteristic 
peak of Au was seen which indicates that no new phase 
of Au is created; it further confirms that the Au doping is 
due to chemical reaction mechanism and not due to diffu-
sion [26, 27].

Also with Au doping, the peak positions slightly shift to 
the lower angles indicating a slight increase of the lattice 
parameter due to the strain on the lattice derived from the 
incorporation Au ions [28]. The ionic radius of Sn and Au 
in octahedral coordination is 0.69 and 0.85 Å, respectively 
[29], thus the Au ion prefers to occupy the Sn site. The 
ionic size of  Au2+ being larger results in expansion of the 
system, which ultimately increases the positive strain listed 
as shown in Table S1. The interplanar spacing in pristine 
and Au 5 wt% doped  SnO2 nanosystem for 110 plane cal-
culated from XRD is found to be 0.34 and 0.35 nm, respec-
tively. To further confirm the crystal structure and lattice 
parameters of the pristine and Au-doped  SnO2, Rietveld 
refinement was performed. The results obtained are tabu-
lated in Table S1. These results confirm the slight increase 
in lattice constants due to Au doping, which resulted in 
increased crystallite size and lattice strain.

3.2  Transmission electron microscopy (TEM)

Figure 3a shows the TEM image of 5% Au-doped  SnO2 and 
the inset shows the corresponding size distribution plot. 
TEM image confirms the prepared Au-doped  SnO2 nano-
particles to be in nano regime. No agglomeration of nano-
particles can be seen, which is very much as expected as 
the biomolecules present in the extract act as surfactants. 
The average crystallite size from TEM image of pristine 
 SnO2 reported in our previous work [21] was ~12  nm, 
while TEM image of Au-doped  SnO2 shows the clear for-
mation of nanoparticles of ~25 nm. This confirms that dop-
ing of Au in  SnO2 has increased the particle size compared 
to pristine  SnO2. Furthermore in the TEM micrograph, we 
can clearly see no Au nanoparticle formation and or depo-
sition on the surface of the  SnO2 nanoparticles, this is in 
good agreement with the XRD results which further con-
firms the doping mechanism.

3.3  Scanning electron microscopy (SEM)

The surface morphology of the biosynthesized Au-doped 
 SnO2 nanoparticles was examined by SEM. Figure  3b 
shows the micrograph of Au-doped  SnO2 nanoparticles 
calcined at 600 °C demonstrating spherical shaped nano-
particles with narrow size distribution. No major change 
in morphology of the Au-doped  SnO2 nanoparticles was 
observed when compared to pure  SnO2 [21].

Fig. 2  XRD pattern of the (a) undoped  SnO2 and (b) (Rietveld 
refined) Au-doped  SnO2 nanoparticles
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3.3.1  Fourier transform infrared spectroscopy (FTIR)

Figure 3c shows the room temperature FTIR spectra of drop 
cast (i) gram bean extract, (ii) as prepared Au-doped  SnO2 
and (iii) Au-doped  SnO2 calcined at 600 °C. The results are 
similar to our previous reports [21]. The biomolecule pec-
tin present in the gram bean extract can be confirmed by 
the FTIR spectra. A typical IR absorption peak originating 
from stretching mode of the Sn–OH bond is found for the 
pectin–Au–SnO2 composite sample at about 508 cm−1; the 
remaining peaks in pectin–SnO2 composite are induced by 
pectin, which is confirmed by comparing the IR spectrum 
of the composite with that of the pectin [30]. The peaks 
obtained and their corresponding modes are tabulated in 
Table S2.

The strong interactions between pectin and  SnO2 can 
be confirmed from the retention of pectin peaks even after 
repeated washing of the samples. The peaks at around 601 
and 920 cm−1 refer to Sn–O stretching modes of Sn–O–Sn, 

which appear even after calcination at 600 °C. From the 
synthesis mechanism summarized in Fig.  1, we conclude 
that the pectin molecules are released in the extract due to 
autolysis of the cell walls when gram beans are soaked in 
de-ionised water [31, 32]. Pectin molecules have a tendency 
to bind metal ions [33], thus when tin chloride is added to 
the extract, the tin ions get bound to the pectin molecules as 
shown in Fig.  1. Tin-hydroxide-pectin gel shrinks [20] as 
the pH of the solution is increased and this inhibits the fur-
ther growth of the nanoparticles. Subsequently, after calci-
nation of the sample, we get very small-sized nanoparticles 
with narrow size distribution.

3.4  Raman spectroscopy

Raman spectroscopy is an effective tool to study the struc-
tural and vibrational properties of a material. The Au-doped 
 SnO2 samples were investigated using Raman spectroscopy 
to confirm the substitution of Au ions in  SnO2 lattice and to 

Fig. 3  a The TEM image (inset) size distribution histogram. b SEM image. c FTIR spectra of (i) gram bean extract (ii) as-prepared Au–SnO2, 
(iii) Au-SnO2 calcined at 600 °C. d Raman spectra of pure and Au-doped  SnO2 nanoparticles



13213J Mater Sci: Mater Electron (2017) 28:13209–13216 

1 3

understand its effect on vibrational properties. The Raman 
spectra for pure and Au-doped  SnO2 sample is shown in 
Fig. 3d. A normal mode can be described by the 3 n coor-
dinates, where n is the number of atoms in the primitive 
cell. This gives the displacements of the atoms from their 
equilibrium positions [34]. Rutile  SnO2 having six atoms 
unit cell gives out 18 possible vibrations. The normal lat-
tice vibrations at the Γ point of the Brillouin zone on the 
basis of group theory are as follows [35]:

From the Raman spectra, we can clearly see that the 
pure  SnO2 exhibits the obvious  A1g mode at 634 cm−1 and 
Eg mode at 476  cm−1 but the intensity of  A1g mode gets 
reduced with the 5  wt% Au doping. The reduction in the 
intensity of  A1g mode can be attributed to the lattice distor-
tion due to the substitution of Au at the Sn site [36]. Along 
with the distortion, generation of oxygen vacancies is 
another possible reason for the reduction of the peak inten-
sity [37]. The substitution of the metal ions in the lattice 
is reported to weaken the metal oxygen bond in the  SnO2 
lattice. Choudhary et  al. [38] reported increased reactiv-
ity of the lattice oxygen due to the doping of metals. This 
increase in the reactivity of the lattice oxygen was surmised 
to be due to the creation of crystal defects and an increase 
in the mobility of lattice oxygen [39].

3.5  UV–Vis spectroscopy

Absorption spectroscopy is a powerful non-destructive 
technique to have a better understanding of the effect 
of Au doping on optical properties of semiconducting 
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nanoparticles. The absorption spectra of pure and Au-
doped  SnO2 nanoparticles are shown in Fig.  4a. The 
absorbance is expected to depend on several factors such 
as band gap, oxygen deficiency, surface roughness and 
impurity centers. Absorbance spectra show an ultraviolet 
cut-off around 250–290 nm, which can be attributed to the 
photoexcitation of electrons from valence band to conduc-
tion band. The bandgap of the pure and Au-doped nano-
particle thin films was calculated by extrapolating the plot 

of (αhν)2 versus hν using the Tauc’s relation. The prepared 
pristine  SnO2 has a band gap of 3.54 eV, while its band gap 
slightly increases to 3.56 eV with the Au doping. Similar 
results were also observed for Au-doped  SnO2 synthesized 
by magnetron reactive sputtering [40]. Urbach type absorp-
tion is the absorption below band gap (inset Fig. 4b). When 
defects in the system increase then the below band absorp-
tion occurs. With Au doping the Urbach energy increases, 
which mean that the distortion increases [41].

The inset in Fig. 4a shows the higher absorption in near 
infra-red region. This peak is due to the d–d transition of 
electrons in Au ion. The transition takes place from ground 
state 2Eg to excited state 2T2g of Au in octahedral coordina-
tion [42].

3.6  Gas sensing

Gas-sensing behaviors of the biosynthesized Au-doped 
 SnO2 sensor were explored after gas injection. Figure  5a 
shows the response curves for different gas concentrations 
of  NO2 at 200 °C temperature. The response curve shows 

Fig. 4  a Absorbance spectra and b (αhν)2 vs hν plot of pure and Au-doped  SnO2 nanoparticles
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linear increase in response with increase in gas concen-
tration. Figure  5b shows the response and recovery time 
as a function of gas concentration. The response time is 
observed to decrease with increasing gas concentration 
while the recovery time increases. This may be due to the 
heavier nature of  NO2 and the reaction products which 
delay the desorption of the gas and species from the inter-
face after the interaction, resulting in a decrease in desorp-
tion rate [43]. Figure  5c shows gas response versus gas 
concentration plot which also shows a linear increase in 
response to increasing  NO2 gas concentration. A response 
of 30.21% is obtained at 100 ppm. Table 1. shows the com-
parison of gas-sensing characteristics of Au-doped  SnO2 
sensing material in the present work and those reported in 

the literature. The biomaterials used for synthesis are used 
either as templates or as binders. The use of biomaterials 
such as butterfly wings restricts their large scale industrial 
use, whereas the bio-green synthesis method reported in 
this work gives promising results with suitability for large-
scale industrial production.

It is well known that the  NO2 sensing mechanism of 
 SnO2 depends on the surface oxygen adsorbed on the 
 SnO2 nanoparticles surface. The sensing mechanism 
involving adsorption of oxygen species on the surface of 
tin oxide nanoparticles abstract electrons, and thus, cause 
an increase in the potential barrier at the grain bounda-
ries. The gas molecules interact with the oxygen species 
and produce a notable change in the electronic property 

Fig. 5  a Response curves for varying gas concentrations, b sensor response and recovery time versus  NO2 gas concentration, c sensor response 
vs  NO2 gas concentration and d gas selectivity of the Au-doped  SnO2 sensor

Table 1  Comparison of gas-sensing characteristics of biosynthesized Au–SnO2 in present work and those reported in the literature

Sr. no Sensing material Biomaterial Analyte gas Gas conc. Response Ref. no.

1 Quasi-honeycomb like  Fe2O3 Papilio Paris butterfly wings NO2 50 ppm ~5 [44]
2 A gold-binding M13 bacteriophage M13 bacteriophage NO2 0.5 ppm ~5 [45]
3 Co3O4–carbon hybrids Trogonoptera Brookiana butterfly wings NO2 100 ppm 14.7 [46]
4 Ni–CoOOH Morpho butterfly wings NO2 100 ppm ~1 [47]
5 Au–SnO2 nanoparticles Gram bean extract mediated synthesis NO2 100 ppm ~30 This work
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of the material. Thus, the density of oxygen species on 
the surface defines the rate of reaction and catalytic prop-
erty.  NO2 is an oxidizing gas with electron affinity much 
higher than oxygen (0.48  eV). Thus,  NO2 can interact 
with  SnO2 by trapping electrons directly through the sur-
face oxygen ions thereby forming new surface electron 
acceptor levels [48, 49].

The interaction of pre-adsorbed oxygen and  NO2 mol-
ecules on the surface of  SnO2 is indicated in Eqs:

These series of reactions result in the further decrease 
in concentration of electrons on the surface of  SnO2, 
which lead to the increase in resistivity of the material. 
This change in resistivity can be used for the detection of 
 NO2. There are many reports [16, 50–54] for enhanced 
gas sensing behaviors of  SnO2 nanoparticles decorated 
with Au nanoparticles and the mechanism is explained by 
“spill-over effect”, meaning that the Au particles enhance 
the surface of the active metal oxide with oxygen species. 
However, the Au-doped  SnO2 nanoparticles in this work 
showed no evidence of forming metallic particles either at 
the surface or in the interior of  SnO2 nanoparticles. This 
is confirmed by the TEM results. On the basis of the TEM 
observations and the previous report [55], the first princi-
ple calculations for the formation energies of Au dopants in 
 SnO2 reveals that Au prefers the substitutional site. Thus, 
in the present case, the enhancement in response is sup-
posed to be explained by the structural defects generated 
due to the incorporation of the Au ions in the  SnO2 lattice. 
Along with this, acceptor-compensated charge transport 
mechanism is supposed to be responsible for the enhanced 
gas sensing behavior [55]. Selectivity is another important 
sensor parameter. The responses of Au-doped  SnO2 sen-
sors towards a variety of gasses including  NO2,  H2S, LPG, 
and  NH3 of 100 ppm at 200 °C temperature were explored 
to evaluate their selectivity. Figure  5d shows that the gas 
sensor of ‘Au-doped  SnO2’ exhibits excellent selectivity to 
 NO2 gas when compared to other gasses. The results sug-
gest that the Au-doped  SnO2 thin film sensor can be fab-
ricated to monitor  NO2 gas from the polluted air. In sum-
mary, the  NO2 sensing performances of  SnO2 nanoparticle 
thin film were improved greatly by Au doping. This study 
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provides novel insights as well as aids the development of 
next-generation green chemical sensors.

4  Conclusion

In this work, well dispersed Au-doped  SnO2 nanoparti-
cles with narrow size distribution with size ~25  nm were 
successfully biosynthesized using remnant water (ideally 
kitchen waste) collected from soaked Bengal gram beans 
(C. arietinum L.). XRD and Raman measurement confirm 
the doping of Au which replaces  Sn4+ from the system. 
UV–Vis spectra supported the results showing a slight 
increase in bandgap with Au doping. Gas sensor based on 
the Au-doped  SnO2 showed the gas response of ~30% for 
100  ppm of  NO2 gas, which is a promising result for the 
biosynthesized Au-doped  SnO2 nanoparticles thin film for 
gas sensing application. This response can be attributed 
to the lattice distortion induced by Au doping and also the 
oxygen vacancies generated therein. It is concluded that the 
structural modifications and defect generation due Au-dop-
ing in  SnO2 lattice plays an important role in enhancing the 
response and increases the selectivity for  NO2 gas.
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a b s t r a c t

Pure anatase titania (TiO2) nanoparticles were anchored on the surface of functionalized multi-walled
carbon nanotubes (MWCNTs) using a solution-based synthetic method at room temperature. X-ray
diffraction and Raman patterns were used to analyze the structural and phase composition of these
nanocomposites, highlighting the formation of anatase TiO2 nanoparticles with MWCNTs up to 0.5 wt.
%. The non-spherical particles of TiO2 in the order of 7–12 nm, were confirmed through transmission elec-
tron microscopy analysis and these particles were well dispersed on the MWCNTs. The optical absorption
spectra of these structures were studied by diffuse reflectance UV–visible spectroscopy. The optical
energy band gap of the various nanocomposites was observed from 3.2 to 2.6 eV with an increasing
amount of MWCNTs, up to 0.5 wt.%. The generation of �OH species in nanocomposites in the presence
of visible light irradiation was investigated by photoluminescence spectroscopy. Photoelectrochemical
cell performance of TiO2-MWCNTs for 0.5 wt.% content of MWCNTs under light intensity 100 mW/cm2

showed a significant improvement of short-circuit current density from 1.23 to 12.1 mA/cm2 and a cell
efficiency (0.090–3.46%) that is better than many reported anatase-based compositions without
sensitizer.

� 2017 Elsevier Ltd. All rights reserved.

1. Introduction

The looming energy crisis is a concern for economic stability
and has the potential to seriously affect sustainable human devel-
opment. There are two main forms of energy, renewable and non-
renewable. Most of the energy is generated from non-renewable
energy sources, which include oil, natural gas, and coal. The excess
use of these sources cause pollution and are not sustainable (Ardo
and Meyer, 2009). Renewable energy sources, mainly sunlight,
wind, water, tides, waves, geothermal heat, are abundant. Thus,
there is need to harvest renewable energy sources for production
of energy (Guldi and Sgobba, 2011). Among all of renewable energy
sources, sunlight attracts most attention due to its abundance,
which is converted to electricity by various photovoltaic (PV)
devices (Scholes et al., 2011). The fossil fuels contribute maximum

fraction of current annual energy consumption whereas solar
energy usage is well below 1% (Wong and Ho, 2010). Hence, it is
necessary to capture as much as solar energy and convert it into
the electricity by using various technologies; which prove to be
promising routes for renewable energy harvesting (Huang et al.,
2013). In the solar energy harvesting, the main strategy is based
on the use of PV technology; which become dominated by silicon
materials either in crystalline or amorphous form; however, the
overall cost is one of the barriers for its use. Thin film PV devices
are popular, but stability with efficiency of these thin film based
solar devices is the major limitations in energy conversions. Some
of these issues can be addressed with the use of nanomaterials
(NM); due to their excellent physical and chemical properties.
NM such as titanium dioxide (TiO2), zinc oxide (ZnO), cadmium
sulfide (CdS), cadmium selenide (CdSe) and indium selenide (In2-
Se3) are useful for harvesting solar energy (Appierot et al., 2009).

TiO2 attracts much attention due to its abundance, low cost,
high absorption coefficient and structural stability (Yan et al.,
2013a,b). Due to this unique properties, TiO2 is applicable in envi-
ronment remediation and solar energy conversion in the past dec-
ade (Li et al., 2015). However, due to the high band gap (�3.2 eV);

http://dx.doi.org/10.1016/j.solener.2017.03.036
0038-092X/� 2017 Elsevier Ltd. All rights reserved.
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it is active under the UV electromagnetic spectrum (Online, 2013).
Additionally, the high rate of recombination of photo-generated
electron-hole pairs in TiO2 lower its photo conversion efficiency
(Tang and Yin, 2015). TiO2 needs to be modified for a low optical
band gap as well as a decrease in the recombination rate of
electron-hole pairs. Various strategies including doping with metal
ions (Delekar et al., 2012; Yan et al., 2015) and non-metal ions
(Barkul et al., 2016; Yang et al., 2009) have been used. Nanocom-
posites (NCs) with either metal oxides (Habib et al., 2013) or other
precursors like dyads, carbon nanotubes, graphene oxide, etc. have
been reported. Making NCs with different forms of carbon nanos-
tructure, especially multi-walled carbon nanotubes (MWCNTs)
are promising due to the unique optical, electrical, and mechanical
properties of MWCNTs; which may result in better opto-electrical
performance of the titania multi-walled carbon nanotubes (TiO2-
MWCNTs) NCs. In solar energy harvesting, MWCNTs has two roles
plausibly. As per the literature, CNTs may acts as electron scav-
engers in the composites. This is due to its highly conductive nat-
ure; which accepts the excited electrons from the conduction band
of TiO2 resulting in the well separation of charge carriers. Su et al.
(2013) reported the nature of MWCNTs, as an electron sinks, in
combination with the other semiconductors and also shown the
enhancement in life-time of photogenerated carriers due to their
well separations as the Fermi level of MWCNTs is lower as com-
pared to TiO2. Another role of MWCNTs is concerned to the photo-
sensitizer and hence itself absorbs the photon energy and
thereafter the electrons are transferred to the conduction band of
TiO2. Rajasekar et al. (2013) prepared TiO2/CNTs composites and
these composites were tested for the degradation of rhodamine B
in visible light. In the composites, the introduction of CNTs into
TiO2 remarkably increased the photocatalytic degradation effi-
ciency. The synergetic effect, induced by a strong interphase inter-
action between CNTs and TiO2, was ascribed to CNTs acting as
photosensitizers rather than as adsorbent or dispersing agent in
the composites. These two possible ways ultimately decrease the
probability of the recombination of the electron-hole pairs and
hence which may results the absorption of UV–visible light with
efficient conversion of solar energy into electrical energy (Wen
et al., 2013). Therefore, in the composites, MWCNTs act as absorber
or sensitizer and hence which enhances the photo-conversion effi-
ciency with separation of charge carriers. Therefore, in connection
to its advantages in energy harvesting, MWCNTs are promising
support materials for TiO2 NPs to tune opto-electrical properties.
NCs of TiO2 with MWCNTs show different physical properties from
TiO2 (Li et al., 2007) which can be tailored towards solar cells,
quantum memory elements, and semiconducting devices (Tettey
et al., 2010).

Recently many researchers have prepared the TiO2/CNT NCs
using various methods. Ma et al. (2013) prepared TiO2/CNT NCs
film by in-situ chemical vapour deposition method. This method
required highly expensive devices with high temperatures for fab-
ricating the NCs. There are only a few examples of environmentally
friendly organic precursors for direct coating of TiO2 NPs on the
surface of MWCNTs (Joshi et al., 2011). The photocatalytic perfor-
mance for both liquid and gas phase environmental clean-ups
was improved by using TiO2/MWCNTs NCs; which was prepared
by wet impregnation method; but this methodology ease suffering
with improper composition of the NCs (Xu et al., 2010). In these
earlier investigations, the photocatalytic reactions of TiO2-
MWCNTs NCs were carried in the presence of UV-light or visible
light irradiation; but these results were not up to the mark related
performance in solar energy harvesting.

Herewe report, a simplemethod for synthesizing TiO2-MWCNTs
NCs by an in-situ sol-gel method, resulting in pure anatase phase
TiO2 while varying the amount of MWCNTs from 0.1 up to 0.5 wt.
% for efficient solar energy conversions without sensitizer.

2. Materials and methods

2.1. Materials

All chemicals used were of AR grade. MWCNTs were purchased
commercially (CVD method, diameter: 20–45 nm, length: 10–
40 lm and surface area: >500 m2/g).

2.2. Fuctionalization of MWCNTs by acid treatment

MWCNTs were functionalized using earlier reported method
(Ramar and Soundappan, 2012). The commercial MWCNTs were
refluxed in mixture of H2SO4:HNO3 (3:1 vol ratio) at 100 �C for
5 h. Then, the content was cooled, centrifuged, and washed with
distilled water several times to maintain its neutralization. Further,
it was dried at 80 �C in the electric oven for obtaining its function-
alized form. These functionalized MWCNTs were dispersed in
water with ultra-sonication for longer times.

2.3. Synthesis of TiO2-MWCNTs NCs

The NCs of TiO2-MWCNTs with optimum compositions of
MWCNTs (0.1–0.5 wt.%) were prepared by an in-situ sol-gel
method. Titanium (IV) tetra-butoxide was mixed with glacial
acetic acid in a 250 mL round-bottom flask. The whole mixture
was stirred followed by the addition of an aqueous solution of
sodium dodecyl sulphate as a capping agent. The required amount
of functionalized MWCNTs was dispersed in distilled water using
ultra-sonication and it was added to the above titanium precursor
at room temperature. The pH of the resulting solution was adjusted
to 10.00 using ammonia solution. The solution was stirred at 60 �C
for 3 h, and then cooled at room temperature. The precipitate was
filtered, washed with ethanol, dried and calcinated in air at 400 �C
for 5 h. The TiO2 NPs were prepared by using method above with-
out the addition of functionalized MWCNTs. The mechanism for
forming TiO2-MWCNTs NCs is shown in Scheme 1.

2.4. Fabrication of TiO2-MWCNTs photoelectrode

0.2 g of TiO2-MWCNTs NCs powders was dispersed in 5 mL
ethanol by ultra-sonication. This was stirred with a mixture of
4 mL (10 wt.%) ethyl cellulose and 0.75 g of a-terpineol for 5 h at
room temperature. Then, the mixture was grinded to evaporate
excess alcohol. Then ‘as prepared’ paste was deposited on fluorine
doped tin oxide (FTO) glass (with thickness 2 mm and surface
resistivity �7X/sq cm�1) substrates by doctor blading technique
(Fadadu and Soni, 2013). The assembly was dried and calcinated
at 400 �C for 1 h. These electrodes, in thin film form, were used
for making a PEC device using a platinum deposited FTO as a coun-
ter electrode. The polysulfide/sulfide solution was used as elec-
trolyte; which consists of 2.0 M Na2S, 2.0 M S, and 0.2 M KCl
solutions (Zhao et al., 2014).

2.5. Characterizations

X-ray diffraction (XRD) patterns of the TiO2-MWCNTs NCs were
recorded using the X-ray diffractometer (Bruker D8-advance) with
Cu Ka (1.5406 Å) radiation in the 2h range from 10 to 90�. UV–vis-
ible diffused reflectance (UV–visible DR.) spectra of the samples
were measured using UV–visible spectrophotometer (Lab India
UV-3092) in the range 300–700 nm. Raman spectra were recorded
in the spectral range of 250–1700 cm�1 using the Raman spec-
trometer (Bruker Multi–RAM). Fourier transform infra-red (FTIR)
spectra of the samples were recorded using Bruker Alpha FT9 in
the range between 400 and 4000 cm�1. The particle morphology
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of the samples was tested using the transmission electron micro-
scope (TEM) (Philips CM 200, operating voltages: 20–200 kV, Res-
olution: 2.4 Å). The photoluminescence (PL) spectra of the
representative samples were recorded by using a JASCO FP-750.
Photoelectrochemical solar cell performance of the samples was
performed under light intensity 100 mW/cm2.

3. Results and discussion

3.1. Structural analysis

Fig. 1 shows the XRD patterns of all samples. XRD pattern of
MWCNTs shows the characteristics intense peak at 26.34� corre-
sponding to the (002) reflection with other peaks at 42.90�,
45.04� correspond to (100), (101) reflections, respectively. All
these peaks are also clearly matched with the characteristic peaks
of standard graphite carbon (JCPDS 75-1621) (Koli et al., 2016). The
downward shift of intense peak from 26.50� (standard) to 26.34�
(experimental) was attributed to an increase in the sp2-
hybridized C@C layers spacing; which is commonly reported in
MWCNTs (Zhao et al., 2010). For TiO2-MWCNTs NCs, the most
intense peak of MWCNTs is overlapped with the characteristic
peak of anatase TiO2 (Feng et al., 2005). In this study, the amount
of MWCNTs was much lower than that of the TiO2 matrix, leading
to the shielding of the peaks of MWCNTs to that of TiO2. The XRD
peaks for the anatase TiO2 phase (JCPDS 21-1272) were observed at
25.3�, 37.80�, 48.05�, 54.05�, 55.27�, 62.12�, 68.76�, 70.31� and
75.03� which corresponding to the reflections (101) (004),
(200), (105), (211), (204), (116), (220) and (215), respectively.
These patterns also proved the dominance of the anatase TiO2

phase. No peaks for rutile or brookite phases of TiO2 were observed
in the XRD patterns.

The average crystallite size for TiO2 -MWCNTs NCs was calcu-
lated by Scherrer’s equation,

D ¼ kk
b cos h

ð1Þ

Scheme 1. Formation mechanism of TiO2-MWCNTs NCs.
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Fig. 1. X-ray diffraction patterns of MWCNTs, TiO2 and TiO2-MWCNTs NCs.

Table 1
Structural parameters with the optical band gap of TiO2 and TiO2-MWCNTs NCs.

Amount of MWCNTs with TiO2 (wt.%) Std. d values (Å) Obser. d values (Å) (hkl) Cell cons. a and c (Å) Crystallite size (nm) Optical band gap (eV)

0.0 3.5140 3.5133 (101) 3.7839 7.176 3.2
2.3755 2.3648 (004) 9.4799
1.3372 1.3418 (220)

0.1 3.5140 3.5096 (101) 3.781 9.0554 3.0
2.3755 2.3762 (004) 9.501
1.3372 1.3367 (220)

0.3 3.5140 3.5042 (101) 3.789 11.324 2.9
2.3755 2.3737 (004) 9.485
1.3372 1.3370 (220)

0.5 3.5140 3.5028 (101) 3.785 11.890 2.6
2.3755 2.3701 (004) 9.466
1.3372 1.3341 (220)
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The average crystallite size of the NCs was observed in the
range of 7–12 nm. The various structural parameters of TiO2-
MWCNTs NCs are shown in Table 1.

3.2. UV–visible diffuse reflectance spectroscopy

UV–visible diffuse reflectance spectra of the samples are shown
in Fig. 2a. TiO2 NPs shows a well-defined optical absorption edge in
the range of 340–420 nm with the extrapolation of tangent to the
X-axis at around 387 nm; which is shifted to higher wavelength in
the NCs. This reveals that the optical energy absorption reaches
into the visible region of electromagnetic spectrumwith increasing
amount of MWCNTs on the TiO2, and hence visible light absorption
increases significantly. This is attributed to the fast electron trans-
fer from the conduction band of TiO2 to the MWCNTs surface due
to its lower Fermi level. MWCNTs accept and store photogenerated
electrons and inhibit the recombination of electrons and holes (Su
et al., 2013).

ahv ¼ AðhvEgÞn ð2Þ
where A is a constant, n is another constant which depends on the
nature of the transition and Eg is the optical band gap.

The variation of optical band gap in the NCs versus composition
of MWCNTs is shown in Table 1. The optical band gap of sample

decreases with the increase in the amount of MWCNTs, up to
0.5 wt.%; thereafter for an excess amount of MWCNTs in the NCs,
the absorption edge shifts to the lower wavelength of electromag-
netic spectrum (Fig. 2b). This is attributed to the shielding and
scattering effects of excess MWCNTs leading the prevention of
photon absorption of other light-active species Guldi and Sgobba
(2011), Tang and Yin (2015).

3.3. FTIR analysis

Fig. 3 shows FTIR spectrum of functionalized MWCNTs
(FMWCNTs); which consists of a broad band from 3500 to
2900 cm�1 for stretching vibrations of AOH group with another
band at 1701 cm�1 for stretching vibration of the carbonyl group.
These bands confirm the presence of ACOOH group on the surfaces
of MWCNTs. Also, the band at 1564 cm�1 reveals the presence of
C@C stretching of MWCNTs (Reddy et al., 2009). With the TiO2

sample, the absorption band at 1629 cm�1 is due to the bending
vibration of AOH group either in coordinated H2O or TiAOH bond-
ing. The broad peak from 3500 to 2900 cm�1 corresponds to the
stretching vibrations of surface adsorbed hydroxyl groups, and
the broad band in the range from 400 to 900 cm�1 with peaks at
475 cm�1, 590 cm�1, 645 cm�1 confirming OATiAO bonding of

Fig. 2a. UV–visible DRS absorption spectra of TiO2 and TiO2-MWCNTs NCs.

Fig. 2b. The plot of (ahm)1/2 versus hm for TiO2 and TiO2-MWCNTs NCs.

Fig. 3. FTIR spectra of FMWCNTs, TiO2 and TiO2-MWCNTs NCs.

Fig. 4. PL Spectra of TiO2 and representative TiO2-MWCNTs NCs.
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anatase TiO2 (Hu et al., 2007). The synthesized NCs clearly show
the characteristics bands of TiO2 NPs due to low concentration of
MWCNTs bands for MWCNTs moieties are not seen clearly.

3.4. PL measurements

PL emissions spectra of pure TiO2 and TiO2-MWCNTs NCs using
the excitation wavelength of 330 nm are shown in Fig. 4. The PL
emission peaks at 399, 438 and 471 nm were detected for pure
TiO2; while the intensity of these peaks diminished in the NCs with
increasing MWCNTs content from 0.1 to 0.5 wt.%. This is attributed
to decrease in the electron-hole pair recombination with an
increasing amount of MWCNTs up to 0.5 wt.%; and hence NCs
could be better for solar energy harvesting (Vijayan et al., 2012).

3.5. Raman spectroscopy

The phases of TiO2-MWCNTs NCs were also confirmed by using
Raman analysis. The Raman spectrum of MWCNTs is shown in
Fig. 5 (inset). This figure shows D-band at about 1285 cm�1 for dis-
ordered sp2 carbon; while other G-band or E2g mode band
observed at around 1596 cm�1 for well-ordered graphite (Zhao
et al., 2010). The intensity of the D-band for TiO2-MWCNTs NCs
is higher than that of just MWCNTs, owing to the influence of
the interaction of MWCNTs with TiO2 NPs. With TiO2 NPs, the char-
acteristic bands at 399, 516 and 638 cm�1 correspond to the B1g(1),
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Fig. 5. Raman spectra of TiO2 and TiO2-MWCNTs NCs (inset for MWCNTs).

Fig. 6. TEM images of (a) representative TiO2-MWCNTs NCs (b) TiO2; SAED patterns of (c) representative TiO2-MWCNTs NCs (d) TiO2 NPs; HRTEM image of (e) representative
TiO2-MWCNTs NCs.

192 V. Koli et al. / Solar Energy 149 (2017) 188–194



A1g + B1g(2) and Eg(3) modes, respectively (Liu et al., 2009). This is
also confirms the presence of anatase phase of TiO2 in the all com-
posites; without rutile or other phases.

3.6. TEM and HRTEM analysis

Fig. 6(a) shows the homogeneous anchoring of TiO2 NPs on the
surface of MWCNTs. Fig. 6(b) shows the TEM images of the bare
TiO2. The particle size of TiO2 was observed in the range of
7–12 nm. It is seen that the particles are of non-uniform size and
shape. The observed particle size closely approaches with XRD
results. The structural behavior of TiO2 NPs and representative
TiO2-MWCNTs NCs were also confirmed by selected area electron
diffraction (SAED) and these patterns are displayed in Fig. 6
(c) and (d). In these samples, the diffraction rings are indexed
and perfectly match the anatase phase of TiO2 NPs (Liu and Zeng,
2008). HRTEM image Fig. 6(e) of the representative TiO2-
MWCNTs NCs (0.5 wt.%) clearly confirms the anchoring of TiO2

particles on the surface of MWCNTs. The lattice fringes of MWCNTs
as well as TiO2 are shown herewith and these are perfectly matches
with the reported values (Kurttepeli et al., 2014; Xu et al., 2010).

3.7. J–V measurements

To understand the effect of MWCNTs on light-harvesting prop-
erties of PEC devices, i.e., Voc, Jsc, FF, and g parameters of the TiO2-
MWCNTs -based device was compared to that of bare TiO2. Fig. 7
shows the J-V measurements of PEC solar devices under light
intensity 100 mW/cm2. J-V measurements show the nature of plot
in the IVth quadrant, which is due to the generation of electricity,
revealing typical characteristics of a solar device. From the figure,
the Jsc value was noted as 1.23, 6.17, 9.16, 12.10 mA/cm2; while
Voc value was 253.0, 571.3, 624.2, 716.1 mV for 0.0, 0.1, 0.3, and

0.5 wt.% of MWCNTs in the TiO2 photoelectrode, respectively. The
conversion efficiency (g) and fill factor (FF) of solar cells were
calculated by using the following equations, respectively.

g ¼ Jsc � Voc

Pin
� FF: ð3Þ

FF ¼ Jmax � Vmax

Jsc � Voc
ð4Þ

where Jsc is the short circuit current density; Voc is the open circuit
voltage, Pin is the power density of the incident light, FF is the fill
factor, Vmax is the maximum voltage, Jmax is the maximum current
density.

The various solar performance parameters of these devices are
shown in Table 2. It is seen that the Jsc value of the solar devices
increases from 1.23 to 12.15 mA/cm2 for 0.0–0.5 wt.% MWCNTs
in the TiO2 host lattice. A similar trend is also observed for the
Voc value; from 253.0 to 716.1 mV. The increase in Jsc as well as
Voc values for the higher concentration of MWCNTs in the NCs is
attributed to the high conductivity of MWCNTs. For the higher
composition of MWCNTs, the conductivity of the NCs was higher;
which also helps to separate excited electron from TiO2 and hence
reduces the recombination rate of electron-hole pairs (Kongkanand

Fig. 7. J-V measurements of TiO2, TiO2-MWCNTs (0.1 wt.%), TiO2-MWCNTs (0.3 wt.%) And TiO2-MWCNTs (0.5 wt.%) NCs.

Table 2
PEC solar cell parameters for different compositions of TiO2-MWCNTs NCs devices.

Amount of MWCNTs
in TiO2 (wt.%)

Jsc (mA/cm2) Voc (V) FF (%) g (%)

0.0 1.23 0.253 29 0.090 ± 0.02
0.1 6.17 0.571 41 1.44 ± 0.03
0.3 9.16 0.624 41 2.34 ± 0.01
0.5 12.10 0.716 40 3.46 ± 0.04
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et al., 2007). Here the increased Jsc is also ascribed to the enhance-
ment of the collection and transport of electrons thereby reducing
electron recombination and extending the electron life time in
MWCNTs NCs films (Golobostanfard and Abdizadeh, 2014). This
is because, at lower concentrations, the MWCNTs (upto 0.5 wt.%)
enhances the transport of electrons from the films to FTO sub-
strates and this is reflected through the enhancement in efficiency
from 0.090 to 3.46% (Golobostanfard and Abdizadeh, 2014).

4. Conclusions

We have successfully synthesized TiO2-MWCNTs NCs by using
the in-situ sol-gel method; with TiO2 NPs on surface of MWCNTs.
Structural with morphological measurements reveal the character-
istics of nanocrystalline anatase TiO2 in all NCs. FTIR data suggest
that the ACOOH groups open up on the surface of MWCNTs under
acid treatments and the resulting TiO2-MWCNTs NCs was formed
through ACOOH groups. The prepared NCs were active under vis-
ible light due to the tunable optical band gap with efficient charge
transfer. TiO2-MWCNTs NCs for a 0.5 wt.% MWCNTs-based PEC
device revealed much higher Jsc (12.1 mA/cm2) and Voc

(716.1 mV) value than those of other NCs or TiO2 NPs-based
devices. Consequently, the energy conversion efficiency, of the
TiO2-MWCNTs NCs for the (0.5 wt.%) MWCNTs-based device,
(g = 0.090–3.46%) is around 45-times greater than that of TiO2

NPs-based devices.
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Research about fractional-order hyperchaotic systems gains
a lot of interest from both theoretical and applied point
of view. Some fractional-order hyperchaotic systems have
been investigated, such as the fractional-order hyperchaotic
Rossler system and the fractional-order hyperchaotic Chen
system. Recent publications in this area include nonlinear
circuits, secure communication, laser applications, spread
spectrum communication, communication in star coupled
network, video encryption communication, color image
encryption algorithm, and applications of different types of
synchronization.

We are pleased to announce the publication of this
special issue focusing on novel topics in hyperchaotic
fractional-order systems and their applications. The main
objective of this special issue is to provide an opportunity
to study the new developments related to novel chaotic
systems, synchronization schemes, bifurcations, and control
in hyperchaotic fractional-order systems along with their
applications. Among the articles that were submitted for
review, our editorial team has selected seven articles for
publication. These articles cover the topics of adaptive fuzzy
synchronization, image encryption algorithm, dynamical
analysis of a novel hyperchaotic system, eigenvalue problems,
BAM neural networks with distributed delays and impulses,
complex synchronization scheme between integer-order and
fractional-order chaotic systems with different dimensions,
and fractional-order FPGA implementation. We are confi-
dent that this special issue advances the understanding and

research of hyperchaotic fractional-order systems and their
applications.
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Abstract. The rare-earth ruthenium pyrochlores Ln2Ru2O7 (Ln = La3+, Pr3+, Nd3+, Sm3+ and Gd3+) have been
synthesized by the tartrate co-precipitation method, which allowed control of their composition and morphology. The
preparation processes were monitored by thermal studies (TG-DTA). The obtained ruthenates were characterized by X-ray
diffraction (XRD), TEM, d.c. electrical conductivity, thermoelectric power and dielectric constant measurements. X-ray
diffraction patterns for all pyrochlore samples indicate a single-phase crystalline material with a cubic structure except for
LaRuO3, which shows perovskite orthorhombic structure. The structural parameter for the solid obtained was successfully
determined by Rietveld refinement based on the analysis of powder XRD pattern. The TEM photographs of these compounds
exhibited the average particle size in the range of 36.4–73.8 nm. The data on the temperature variation of d.c. electrical
conductivity showed that all rare-earth ruthanates are semiconductors and major carriers are electrons. The conduction
mechanism of these compounds seems to be oxygen non-stoichiometry. The variation of dielectric constant at various
frequencies showed initially interfacial polarization up to 275 kHz and beyond, which shows domain wall motion.

Keywords. Pyrochlore ruthenates; nano-sized; tartrate precursor; d.c. electrical conductivity; dielectric properties.

1. Introduction

Pyrochlore oxides constitute a large family of transition metal
oxides with the chemical formula A2B2O7, where A is a larger
cation and B is a smaller transition metal ion. Pyrochlore
ruthenates containing rare-earth elements with general for-
mula Ln2Ru2O7 show a wide diversity of properties. The
pyrochlore ruthenates are technologically important materials
as catalysts [1], electrocatalysts [2] and conducting compo-
nents in thick-film resistors [3]. Their electronic properties
are of intrinsic interest, since the Ru:4d electrons are on
the borderline between localized and itinerant behaviour.
For example, some of the rare-earth ruthenates Ln2Ru2O7

(Ln = La−Lu) are electrical insulators and the others are
all semiconductors with a spontaneous ruthenium atomic
moment [4,5].

An ideal requirement of metal-ruthenate-based materials
for advanced applications is the ability to synthesize nearly
monodisperse, smooth, high-purity and non-agglomerated
sub-micrometre-sized powders with control over chemi-
cal homogeneity, crystallinity, crystalline phase content and
microstructure. The printed circuit technology requires a
denser packing of features and a precise control over their
performance. The catalytic activity and selectivity also vary
with the size and the surface area of the particles [6]. Thus,

a method to form the uniform submicrometre-sized particles
also is desirable for this application.

The general formula of pyrochlore ruthanates can be writ-
ten as A2B2O6O′, with Ru on the B site, and they have an
ordered superstructure of fluorite with a cubic lattice param-
eter of about 1.0 nm, roughly twice that of fluorite structure.
The A, B, O and O′ ions occupy four crystallographic sites
16c, 16d, 48 f and 8b, respectively. The sites 8b and 48 f are
occupied by oxygen ions, which deviate from the centre of
tetrahedron from two A and two B ions. The A2B2O6O′ struc-
ture has distorted BO6 octahedra that share corners to form
a tetrahedral lattice of the formula B2O6 [7]. The A cations
are present at the centre of the hexagonal rings of oxygens
(formed from six BO6 octahedra) with two more oxygens
(O′) located above and below the ring and hence they are
eight-coordinated. Each O′ atom is tetrahedrally coordinated
with A cations, and the A and O′ atoms form a tetrahedral
lattice of the formula A2O′. The B2O6 and A2O′ lattices
interpenetrate, and the B and A cations interact through
B–O–A linkages. Each O is surrounded with two B and two A
cations in a distorted tetrahedron (local C2v symmetry). The
pyrochlore A2B2O6O′ tolerates a high degree of vacancy on
the O′ anion sites; hence, its composition is A2B2O6(O′)1−y

i.e., A2B2O7−y if the distinction between O and O′ is not
made [7].
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The phase transition could be achieved either by increasing
temperature or by changing composition [8–11]. The beauty
of the pyrochlore system lies in its ability to incorporate an
incredibly diverse range of elements, usually by combining
2+/5+ and 3+/4+ cations on the A and B sites, respec-
tively, in proportions such that the average ionic radius ratio
of cation sites (rA/rB) lies within the pyrochlore stability
field. Subramanian et al [8] reported that pyrochlore struc-
tures are formed when ratio rA/rB lies between 1.46 and
1.78. Defect fluorite structures are produced when rA/rB falls
below this range, whilst at higher values, the stable structure is
monoclinic.

Existing methods to prepare metal ruthenates generally
involve solid-state reactions of ruthenium metal or ruthe-
nium dioxide and the corresponding metal carbonates or
oxides at high temperature in air or oxygen atmosphere
with subsequent milling of the products to reduce the par-
ticle size [12,13]. These approaches, however, do not allow
good control over purity, size, composition, crystallinity and
morphology in the micrometre- and submicrometre-sized par-
ticles. Hydrothermal techniques have been widely applied to
the synthesis of Ln2Ru2O7 under subcritical hydrothermal
conditions [14].

Liquid-phase routes also have been used to form rare-
earth ruthenate powders. Sol–gel, soft chemistry and spray-
pyrolysis routes have been used for the synthesis of these
oxides [15,16]. In this paper, we have reported on the
metal tartrate precursor method for preparation of nano-sized
rare-earth ruthenium pyrochlores. This method of powder
preparation provides a viable alternative to solid-state reac-
tions, allowing a better control of stoichiometry, purity, size,
crystallinity and morphology. In this work we also explored
the relationship between the crystal structure and the electri-
cal properties.

2. Experimental

2.1 Synthesis of nanosized rare-earth ruthenium
pyrochlores

All the starting chemicals were analytical grade and used
directly without further purification. The high purity salts of
lanthanum, praseodymium, neodymium, samarium, gadolin-
ium and ruthenium were used as starting materials. The
quantities of reactants were calculated according to the stoi-
chiometry in the final product. The precursor of lanthanum–
ruthenium tartrate tetrahydrate was prepared by the co-
precipitation method by taking RuCl3·3H2O (4.539 g) and
LaCl3·7H2O (6.448 g) in deionized water (100 ml). The
pH of the medium was adjusted to a low enough value
(pH < 6), so that hydroxide precipitate does not form.
The solution was stirred vigorously with a magnetic stir-
rer. A disodium tartrate (3%) solution was then added slowly

with stirring till a permanent light green tartrate precipitate
occurred. Acetone was then added in equal amounts to the
precipitate for getting dispersed particles of mixed metal
tartrates (which helps enhance the filtration rate). The resul-
tant precipitate of mixed metal tartrate was light green
in colour. The solution was filtered after stirring it for
30 min. The precipitate was washed four times with cold dis-
tilled water and then with acetone to speed-up the drying.
The precipitate was dried at ambient temperature. Similar
experimental conditions were used for the preparation of
Ln2Ru2(C4H4O6)6 · nH2O, where Ln = Pr3+, Nd3+, Sm3+
and Gd3+.

These co-precipitates of rare-earth ruthenium tartrates were
decomposed and calcined slowly at 850◦C for about 2 h
in a platinum crucible under static air atmosphere and then
slowly cooled (3◦C min−1) down to room temperature. Thus
the heat treatment is sufficient for achieving a complete
decomposition of tartrate. The powder obtained was poly-
crystalline. The resulting powders were again ground and
calcined at the same temperature for another 2 h. The fur-
nace was turned off and the sample was removed at room
temperature. The obtained samples of rare-earth ruthenium
perovskite/pyrochlores (LaRuO3, Pr2Ru2O7, Nd2Ru2O7, Sm2

Ru2O7 and Gd2Ru2O7) were restored in desiccators.

2.2 Characterization techniques

The chemical composition of the rare-earth ruthenates was
determined using an inductively coupled plasma spectrome-
ter (ICPS) and by chemical analysis. For chemical analysis,
recommended procedures were used [17]. The ICPS analysis
was performed using a SHIMADZU ICPS-7500 (sequential
plasma spectrometer). Duplicate samples were used for this
analysis. To avoid errors, a blank solution (distilled water)
was run before and after aspiration of every sample into the
plasma. A standard solution of each element with maximum
concentration (∼100 ppm) was injected into the plasma and
the signal intensity was recorded. The same procedure was
repeated for remaining known solutions to obtain the calibra-
tion curve.

The powder X-ray diffraction (XRD) patterns were
recorded from 2θ = 10◦ to 80◦ on an X-ray diffractometer
model number D8 (Advance BRUCKER AXS). A focus-
ing graphite monochromator equipped after the samples
was used for employing Cu K α radiation (λ = 1.5405 Å).
Rietveld refinement [18] of the X-ray powder data was car-
ried out using GSAS suite of program [19] and EXPGUI
graphical interface [20]. The procedures used for the mea-
surements of infrared spectra, apparent density measurement,
d.c. electrical conductivity, thermoelectric power and dielec-
tric properties measurements were similar to those reported
earlier [21,22]. TEM images were recorded on a JEOL
model JEM-1200Ex instrument at acceleration voltage of
100 kV.
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Table 1. Observed chemical analysis of rare-earth ruthenates.

Metal (± 0.5 wt%)

Ru La Pr Nd Sm Gd

Compounds Req. Found Req. Found Req. Found Req. Found Req. Found Req. Found

LaRuO3 35.09 34.92 48.23 48.64 — — — — — — — —
(35.17)* (48.56)*

Pr2Ru2O7 33.95 33.14 — — 47.28 47.54 — — — — — —
(34.21) (47.18)

Nd2Ru2O7 33.54 33.17 — — — — 47.87 48.12 — — — —
(33.43) (47.56)

Sm2Ru2O7 32.87 32.56 — — — — — — 48.91 49.10 — —
(33.10) (48.74)

Gd2Ru2O7 32.15 32.07 — — — — — — — — 50.02 50.35
(33.96) (50.32)

∗ The figures in parenthesis are metal analysis by the inductively coupled plasma (ICP) technique.

3. Result and discussion

3.1 Solid-state reactivity

Quantitative tartrate precursors were obtained from
saturated metal chloride solution such as RuCl3·3H2O and
rare-earth chlorides with slow addition of 3% sodium tar-
trate in stoichiometric proportions. The chemical analysis
data of rare-earth ruthenium tartrate (i.e., precursors) such as
LaRu(C4H4O6)3·4H2O, Pr2Ru2(C4H4O6)6·7H2O, Nd2Ru2

(C4H4O6)6·8H2O, Sm2Ru2(C4H4O6)6·8H2O and Gd2Ru2

(C4H4O6)6·7.5H2O are in good agreement with the calculated
values (table not shown). The thermal analysis measurements
confirmed the presence of the water of hydration of these
precursors.

The infrared spectrum showed frequency corresponding
to the carboxylate group, hydroxyl group, metal–oxygen,
etc. The bidentate linkage of tartrate group with metal
was confirmed on the basis of the difference between
the antisymmetric and symmetric stretching frequencies.
There was no bonding with secondary –OH group (of
d-tartaric acid) to metal in solid state [23]. Chain-like poly-
meric octahedral structures have been assigned to these
precursors.

All rare-earth ruthenium tartrates synthesized are param-
agnetic at room temperature. These moments are smaller than
those obtained by summing up the magnetic moments of the
metal ions. This suggests that the metal–metal distance in
these systems is large enough to prevent direct orbital over-
lap. The small depression in the magnetic moment (μ) arises
possibly from super-exchange interactions via the carboxylate
bridges (i.e., antiferromagnetic interactions).

The thermal decomposition (TGA and DTA) studies
of the precursors were used to determine the crystalliza-
tion temperature of the ruthenates. It shows that all the
complexes dehydrate and decompose in the temperature

range 30–600◦C to produce nearly nanometre-sized ruthenate
materials. The infrared spectrum of this residue showed two
strong broad bands at∼594 and∼412 cm−1. These bands may
be tentatively assigned to the rare-earth ruthenium pyrochlore
formation. The spectrum further shows a band at∼2330 cm−1,
which indicates the presence of entrapped carbon dioxide on
the residue. However, the same residue heated again at 850◦C
for 2 h and then quenched with air does not show any infrared
band at ∼2330 cm−1.

3.2 XRD studies

The chemical compositions of rare-earth ruthenates such as
LaRuO3, Pr2Ru2O7, Nd2Ru2O7, Sm2Ru2O7 and Gd2Ru2O7

samples were determined using an ICPS and by chemi-
cal analysis. The observed compositions are summarized in
table 1. They are found to be ±0.5% of the nominated val-
ues. The results of chemical and ICP analysis showed that all
the rare-earth to ruthenium (i.e., Ln:Ru) ratio is 1:1 within
the experimental error (<1%) and cations were present in the
calcined powders. Therefore, there was no evidence for the
loss of ruthenium from particles.

Figure 1 displays the XRD patterns of rare-earth ruthenate
samples prepared in this study. In literature [24], the for-
mation of either the perovskite or pyrochlore structure was
detected by the appearance of the distinctive strong character-
istic XRD lines, especially those corresponding to reflections
from the (222) planes in the pyrochlore structure, and from
(112) and (200) in the perovskite structure. The XRD patterns
of all rare-earth ruthenate samples (figure 1) have indicated
the formation of single-phase pyrochlore materials with a
face-centred cubic structure except for lanthanum ruthenate,
which shows orthorhombic perovskite structure. All the peaks
in XRD patterns of ruthenates other than lanthanum ruthen-
ate were indexed successfully in the cubic symmetry (space
group Fd-3m) based on the crystal structure of Ln2Ru2O7
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Figure 1. X-ray diffraction patterns of rare-earth ruthenium
pyrochlores.

reported earlier by Yamamoto et al [25]. The respective hkl
values are assigned to the peaks in the XRD patterns and
their typical values are shown in figure 1 for Nd2Ru2O7. As
seen from figure 1b–e, the X-ray peaks (111), (331) and (511)
indicated single-phase pyrochlore with well-defined super-
structure reflection [26], whose intensities depended on the
difference in atomic scattering factor between the cations with
3+ and 4+ [27]. Absence of any unindexed line in the XRD pat-
terns indicated that the prepared samples do not contain any
impurity phases and are phase-pure pyrochlores of A2B2O7

type.
This phase purity of the samples prepared was further

authenticated by Rietveld refinement [18] of XRD data. The
Rietveld refinement was performed on Gd2Ru2O7 XRD data
as a representative using the GSAS suite of programs [19]
and EXPGUI graphical interface [20]. The initial structural
model used for refinement was adapted from the structural
data reported by Yamamoto et al [25]. The convergence was
obtained by simultaneously refining overall scale factor, back-
ground, 2θ zero shifts, peak profile, unit cell parameters,
thermal displacement parameters and atomic co-ordinates.
A Rietveld plot for the powder XRD pattern of Gd2Ru2O7

sample is displayed in figure 2, which demonstrates that cal-
culated XRD pattern (green line) based on the pyrochlore
structural model refined is in good agreement with the exper-
imentally observed XRD pattern. Thus, the good match of
calculated and experimental XRD patterns in the Riteveld
plot and absence of any unfitted peak confirm the formation of

Figure 2. Rietveld plot for Gd2Ru2O7 material: observed (red
crosses), calculated (green solid line) and difference (lower trace,
magenta) PXRD patterns (x2 = 3.6, Rp = 4.17% and Rwp =
5.26%). The tick marks represent the positions of allowed reflec-
tions in pyrochlore structure with Fd-3m space group.

Table 2. Rietveld refinement results for Gd2Ru2O7.

Gd2Ru2O7

Space group Fd-3m
Rwp (%), RF2 (%), χ2 5.26, 15.6, 3.6
Unit cell composition Gd2Ru2O7
Cell lengths (nm) a 1.02485(12)
Cell volume (nm3) V 107.64(4)
Gd x = y = z 0.5
16 Uiso 0.004(2)
Ru x = y = z 0
16 Uiso 0.013(6)
O1 X 0.334(6)
48 y = z 0.125

Uiso 0.03(3)
O2 x = y = z 0.375
16 Uiso 0.01(1)

almost-single-phase Ln2Ru2O7 oxides with pyrochlore struc-
tures. The crystallographic output of the Rietveld analysis is
shown in table 2. The x-parameter of 48 f oxygen is 0.334
for the Gd2Ru2O7 system and is towards that of the ordered
pyrochlore system.

Dickson et al [28] reported that the intensities of the (111)
reflection is most sensitive to the position of the x-parameter
of 48 f oxygen. The x-parameter of 48 f oxygen changes from
0.313 to 0.375 with increase in disorder in the system and the
intensities of characteristic pyrochlore peak approach zero
[28]. It is seen from figure 1b–e that the (111) reflection in
XRD patterns has very weak intensity relative to stronger
reflection (222). This implies that the obtained rare-earth
ruthenates have nearly but not completely perfect ordered
pyrochlore structure. This indicates the absence of fluorite
structure (i.e., disordered) in these ruthenates. Also, the rel-
ative radii of the A and B cations are known to influence
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the structural disorder on both cation and anion sub-lattices;
when r3+

A /r4+
B > 1.22 (Ahrens scale) the structure adapted

by ruthenates is pyrochlore; otherwise, they adapt a fluorite
structure [26]. Ionic radii of cations reported were as follows:
for Pr3+ 0.116 nm, Nd3+ 0.112 nm, Sm3+ 0.108 nm, Gd3+
0.106 nm and Ru4+ 0.065 nm [29]. As a result, the relative
radii of the A and B cations in Ln2Ru2O7 (Ln = Pr3+, Nd3+,
Sm3+ and Gd3+) were between 0.116 and 0.065 nm (thus,
r3+

A /r4+
B > 1.22), which made all Ln2Ru2O7 adapt a stable

pyrochlore structure. These results are also consistent with
the powder XRD pattern.

The experimentally observed d-spacing values and the rel-
ative intensities were compared to those reported in literature
[30–32]. The lattice parameter for each compound was then
calculated and is shown in table 3. These lattice parameters
are close to those reported by the other workers [30–32]. The
lattice (cell) parameters obtained using Rietveld analysis for
the Gd2Ru2O7 system are in good agreement to that calcu-
lated manually using ‘d’ values of XRD peaks. The relative
variation between the observed and calculated lattice constant
(spacing) is much lower than 0.2%. These results confirm that
the synthesized compound is of single phase as previously
described in the literature [33]. The variation of unit cell vol-
ume as a function of ionic radii for rare-earth ions is presented
in figure 3a. It shows that unit cell volume decreases smoothly
with ionic radius of rare-earth ions. It should be noted here that
LaRuO3 gets crystallized in the phase other than pyrochlore
and hence is not considered while comparing the data in
figure 3a.

Wold et al [34] have pointed out that in the structure of
perovskite, the smaller size of rare-earth ions could not sat-
isfy the tolerance factor requirements for the stability of the
perovskite phase. That is, for a given B3+ ion size, there is
minimum size requirement for the A3+ ion, below which no
perovskite can form. Since Ru3+ is larger, it should be even
more difficult to prepare any LnRuO3, where Ln is a rare-earth
ion smaller than lanthanum. This is in accord with experimen-
tal observations. The perovskite type of other element like Pr,
Nd, Sm and Gd could not be formed under the same condi-
tions used for LaRuO3. Instead, the pyrochlores Ln2Ru2O7

(Ln = Pr, Nd, Sm and Gd) were major phases. It therefore
appears that the phase field defining the perovskite structure
for LaRuO3 compounds is shifted further to the left in the lan-
thanide series so that only La3+, the largest ion, is included.
In this connection, it may also be noted that no La2Ru2O7

pyrochlore exists.

3.3 Particulate properties

The particulate properties like density, porosity and average
crystallite size of rare-earth ruthenium pyrochlores are sum-
marized in table 3. It is noticed that the X-ray densities, DX of
rare-earth ruthenates, increase with the ionic radius of rare-
earth ions (figure 3b). The X-ray densities (DX) are higher
than the apparent density (D). This is attributed to the exis-
tence of pores. The porosity (P) and apparent density (D) for Ta
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Figure 3. (a) Unit cell volume as a function of ionic radius of rare-earth ions. (b) X-ray density (DX) as a function
of ionic radius of rare-earth ions. (c) Porosity (P) and apparent density (D) as a function of ionic radius of rare-earth
ions.

these rare-earth ruthenates are illustrated in figure 3c. This
figure shows that the higher porosity corresponds to lower
apparent density. These results are explained on the basis that
La3+ has bigger ionic radius than Gd3+ in the series.

The crystallite size 〈D〉X-ray calculated for all rare-earth
ruthenates was based on the FWHM values (after

correction for instrumental broadening effect) extracted from
peak fitting software and also crystallite size from XRD
peak-width at half-maximum of three successive diffraction
peaks using the Debye–Scherrer equation [35]. We believe
that these values are almost similar to that obtained after
Rietveld fitting and hence we have decided to continue with
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Figure 4. TEM micrographs of rare-earth ruthenates: (a) LaRuO3, (b) Pr2Ru2O7, (c) Nd2Ru2O7, (d) Sm2Ru2O7 and
(e) Gd2Ru2O7.

crystallite size values obtained by the traditional peak fitting
method. The observed crystallite sizes 〈D〉X-ray obtained from
the Debye–Scherrer equation are given in table 3. It is seen
from this table that the mean crystallite size for all ruthenates
is in the range of 27.92–35.92 nm.

The TEM micrograph of rare-earth ruthenium pyrochlore
(figure 4) revealed that the particles were plate-like, non-
aggregated and dense; and some of the platelets have already
been destroyed. The TEM results of rare-earth ruthenate
indicated that the nanocrystals were polycrystalline with good

dispersibility. The average particle sizes of these samples were
found to be less than 73.8 nm, as shown in table 3. This
figure confirms the formation of nano-particles of rare-earth
ruthenates.

3.4 Infrared spectral studies

Infrared spectral frequencies of rare-earth ruthenates, i.e.,
LaRuO3, Pr2Ru2O7, Nd2Ru2O7, Sm2Ru2O7 and Gd2Ru2O7,
are shown in table 3. All the ruthenates show strong
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absorption band over 584–658 and 413–511 cm−1 (ν1) and
390–413 cm−1 (ν2), which are characteristics of pyrochlore
structure [36,37]. The absorption bands at (ν1) belong to
stretching vibrations of Ru–O bridge; the absorption bands
(ν2) belong to deformed vibrations of O–Ru–O bridge [38].
It is noticed from table 3 that, on replacing La3+ with heav-
ier rare-earth like Pr3+, Nd3+, Sm3+ and Gd3+, the ν1 and ν2

shift to progressively higher wavenumbers, because the ionic
radius of La3+ (0.118 nm) is larger than that of Gd3+ (0.106
nm). This would suggest that the La3+ and Ru4+ ions are
sufficiently heavy to form a quasi-stationary internal frame,
while the oxygen ions move in the potential wells formed by
the metal ions. Since the charge distribution in the well (and
hence the vibrational force constant) depends on the effec-
tive inter-atomic distance, which varies with rare-earth ions,
the peak frequencies appear (ν1 or ν2) to depend on the ionic
radius of the rare earth rather than on the atomic mass.

3.5 Electrical conductivity studies

Figure 5 illustrates the dependence of electrical conductiv-
ity (σ ) against reciprocal temperature for the pyrochlore
rare-earth ruthenates, i.e., LaRuO3, Pr2Ru2O7, Nd2Ru2O7,
Sm2Ru2O7 and Gd2Ru2O7. It shows the initial decrease in
electrical conductivity (σ ) in the temperature range of 301–
350 K, which corresponds to desorption of absorbed water
molecules on the particle surface. The conductivity (σ ) then
increases linearly with increasing temperature. The activation
energy Ea (eV) calculated from the slope of the lines is listed
in table 4. It is observed that the activation energy for all
samples is in the range of 0.217–0.431 eV, which exhibits
semi-conducting behaviour. This probably corresponds to
oxygen non-stoichiometry and the valence stabilities of ruthe-
nium being able to change its valence fare more easily i.e.
valence charge of Ru4+ because of stable rare-earth element.

The electrical data plotted in figure 5 show a fairly
high conductivity of approximately 7.58 × 10−8 to 8.91 ×
10−6 �−1 cm−1 for both perovskite LaRuO3 and pyrochlore
Ln2Ru2O7 (Ln = Pr, Nd, Sm and Gd). The positive tempera-
ture dependence is characteristic of metallic/semi-conducting
materials, but relatively high resistivity suggests that these
oxides are poor ‘metals’. It is fair to assume that the resistiv-
ity of single crystals would be considerably lower.

In perovskite LaRuO3, La3+ has larger size and at the same
time, Ru3+ is less strongly bonded because of its larger size
and smaller charge. The bridging angles for the corner-sharing
RuO6 octahedra linked into the zig-zag chains play an impor-
tant role in super-exchange interaction and the formation of
electrical conduction bonds for perovskite-type LaRuO3 com-
pound. The effects are additive, both leading to a decreasing
Ru–O interaction, and presumably a borrower π∗-bond. In
LaRuO3, the bandwidth has been sufficiently decreased so
that anti-ferromagnetic behaviour is observed, which appears
to be more characteristic of narrow bands [39].

From qualitative band-model consideration of the type
discussed by Goodenough [40], LaRuO3 has two types of

Figure 5. Plot of log σ against T−1 of rare-earth ruthenium
pyrochlores.

interactions. The first involves t2g orbitals on Ru and p(π)

orbitals on the O atoms and is Ru−Oπ interaction. The sec-
ond involves p(σ) orbitals on Ln (i.e., rare earth) and the
same set of O atoms. This results in a set of partially occu-
pied Ru−Oπ∗ levels, which lie just below an empty Ln−Oσ ∗
band. Thus, LaRuO3 should be metallic with a 5/6(d5) filled
π∗-band formed from (Ru)t2g−(O)pπ covalent interactions.
The electrical conduction would then become an activated
process, via transfer of the electrons from t2g(π

∗) to e.g., σ ∗
levels, which would presumably also exist as band states, σ

bonding being stronger than π bonding.
The cubic pyrochlore structure adapted by ternary ruthen-

ates (Ln2Ru2O7) is based on a framework of corner-sharing
RuO6 octahedrons that are linked into the zig-zag chains,
with the Ru–O–Ru angle of around 135◦, while for perovskite
structure the Ru–O–Ru angle is 180◦. The octahedral ligand
field experienced by the Ru4+ ions splits the 4d sub-shells
into more stable t2g and less stable eg components. Each oxy-
gen atom is fourfold coordinated to two ruthenium atoms and
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Table 4. Electrical conductivity and dielectric properties of rare-earth ruthenates.

Compounds

Temperature
corresponding
to desorption of
adsorbed water
(K)

Activation
energy Ea (eV)

Thermoelectric
power measurements

(charge carriers)

Room temperature
dielectric constant
(ε′) at 1 kHz

LaRuO3 342 0.345 n type 82.07
Pr2Ru2O7 335 0.431 n type 65.26
Nd2Ru2O7 319 0.217 n type 96.23
Sm2Ru2O7 322 0.260 n type 60.31
Gd2Ru2O7 325 0.287 n type 61.08

Figure 6. Plot of thermoelectric power μ (V K−1) against temper-
ature T (K) of rare-earth ruthenium pyrochlores.

two rare-earth atoms. The Ru:4d (t29) orbitals of neighbour-
ing Ru atoms can have π -type orbital interaction through the
Ru–O–Ru bridges [41]. These interactions are enhanced by
a decrease in the Ru–O–Ru angle and a lengthening of the
Ru−Oπ , thereby decreasing overall width of t2g-block bands.

It is expected that there will be an ‘inductive’ effect,
where Ru3+ ion competes with the Ru4+ ion and withdraws
electron density from the Ru-Oπ bonding network. The mag-
nitude of the inductive effect increases as the size of the

Ln3+ ion decreases, leading to more semiconducting character
for smaller Ln3+ pyrochlore. Thus the electrical properties
change is related to their structural changes such as (i) the
increase in the Ru–O bond length in the RuO6 octahedron,
(ii) the reduction of the O–Ru-O angle and the distortion of
RuO6 octahedron reducing the Ru–O overlap integrals, (iii)
the increase in the bending of the RuO6 zig-zag chains and
(iv) the strength of the R−Oσ interaction increasing the acidic
character with decreasing size of the rare-earth atoms.

3.6 Thermoelectric power measurements

Figure 6 shows the temperature variation of the thermoelectric
power (μ) for the rare-earth ruthenium pyrochlores. The sign
of thermoelectric power was negative for all samples over the
whole temperature range, which indicates n-type semicon-
ductivity as expected. The high temperature measurements of
the thermoelectric properties indicate that rare-earth ruthenate
pyrochlore compound has excessively high electrical resistiv-
ity for it to be a useful thermoelectric material.

All ruthenates show a very steep decrease of the thermo-
electric power from room temperature to around 680 K and
then slightly increases up to 800 K. This may happen only
when charge carriers are localized on the defect centres, which
are inherently present in the solids. Obviously carriers are
trapped by the Ru4+ ion. The band structure of rare-earth
ruthenates has narrow Ru:4d (t2g) band at Fermi energy, EF,
which enhances the electron–electron interaction. Despite this
the rare-earth ions (Ln3+) do not participate directly in the
conduction process. Therefore, we believe that the major car-
riers in these compounds are electrons.

3.7 Dielectric studies

The room temperature dielectric constants of rare-earth ruthe-
nium pyrochlores are given in table 4. The dielectric constant
(ε′) against temperature and frequency of LaRuO3, Pr2Ru2O7,
Nd2Ru2O7, Sm2Ru2O7 and Gd2Ru2O7 is plotted in figure 7a
and b, respectively.
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Figure 7. (a) Variation of dielectric constant (ε′) with temperature for rare-earth ruthenium pyrochlores. (b) Variation
of dielectric constant (ε′) with frequency for rare-earth ruthenium pyrochlores.

In the pyrochlore (Ln2Ru2O7) structure, however, there
are a number of possibilities. The cooperative hopping of
the loosely bound ‘seventh’ oxygen ion in the pyrochlore
structure [42] has been proposed as the origin of ferro-
electricity in Cd2Nb2O7, and it is possible that this mechanism
may be involved in the behaviour of the rare-earth ruthenium
pyrochlores. In addition, vacancies in the pyrochlore structure
are believed to have a significant role as found in the per-
voskite LaRuO3.

Returning to the data of figure 7a, above ∼500 K, an enor-
mous increase in dielectric constant for all compounds is
observed. The dielectric behaviour of ruthenate indicates that
the mechanism of dielectric polarization is similar to that
of the conduction process. It is observed that the electron
exchange interaction between Ru3+ and Ru4+ ions results
in the local displacement of the electron in the direction
of applied field, which determines the polarization of the
ruthenates. According to Koops [43], the dielectric constant
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is inversely proportional to the square root of resistivity.
Therefore, the increase in dielectric constant with tempera-
ture is expected.

Figure 7b shows the variation of dielectric constant (ε′)
with frequency in the range 1–500 kHz for rare-earth
ruthenates. The variation of dielectric constant with fre-
quency reveals (figure 7b) the dispersion due to Maxwell–
Wagner [44,45]-type interfacial polarizations. According to
the Maxwell–Wagner model, the dielectric structure of a rare-
earth ruthenate material is assumed to be made up of two
layers, first layer being a conducting layer consisting of large
ruthenate grains and other being the grains boundaries that
are poor conductors.

4. Conclusions

A series of nano-sized rare-earth ruthenates Ln2Ru2O7 (Ln =
La3+, Pr3+, Nd3+, Sm3+ and Gd3+) were successfully synthe-
sized by thermal decomposition of the mixed-metal tartrate
precursors at 850◦C. The XRD patterns for the rare-earth
ruthenates indicated the formation of single-phase pyrochlore
with a cubic structure except lanthanum ruthenate, which
shows perovskite orthorhombic structure. The unit cell vol-
ume decreases smoothly with ionic radius of the rare-earth
ions. TEM micrographs of rare-earth ruthenium pyrochlores
show that the average particle size is in the 36.3–73.8
nm range. All rare-earth ruthenates are semiconductors and
major carriers are electrons. The conduction mechanism of
these compounds seems to be oxygen non-stoichiometry.
The thermoelectric power for rare-earth ruthenates showed
n-type semiconductivity throughout the temperature range.
The carriers are trapped by the Ru4+ ions. The dielectric con-
stant against temperature and frequency for these ruthenates
showed the dispersion due to Maxwell–Wagner-type interfa-
cial polarization.
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Improving the sodium storage capacity of tunnel structured NaxFexTi2-
xO4 (x ¼ 1, 0.9 & 0.8) anode materials by tuning sodium deficiency
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h i g h l i g h t s g r a p h i c a l a b s t r a c t

� Series of NaxFexTi2-xO4 compounds
(x ¼ 1, 0.9, and 0.8) are synthesized.

� Na deficiency leads to the structural
change from single-to double-tunnel
structure.

� Na deficiency logically provides an
extra space for housing excess Na
ions.

� Sodium storage capacity increases
with increasing Na deficiency.
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a b s t r a c t

Due to their abundance and environmentally benign nature, iron and titanium present as the most
attractive potential elements for use in rechargeable sodium-ion batteries (SIBs). Accordingly, two
structurally different Fe and Ti based compounds, stoichiometric NaFeTiO4 and sodium deficient Nax-
FexTi2-xO4 (where x ¼ 0.9, and 0.8), are explored as anode materials for SIBs. Their structure and sodium
storage capacity are systematically investigated by using combined structural and electrochemical
analysis. Rietveld refinement analysis reveals that the sodium deficiency leads to the structural trans-
formation from a single-tunnel structure (NaFeTiO4) to a zigzag-type double-tunnel structure
(Na0.9Fe0.9Ti1.1O4 and Na0.8Fe0.8Ti1.2O4). The series of sodium deficient compounds bears systematic so-
dium ion vacancies in their structure up to 20%. Sodium deficiency in the NaxFexTi2-xO4 logically provides
additional space for accommodating the excess sodium ions as such the NaxFexTi2-xO4 compounds with
higher level of sodium deficiency show higher specific capacities than the stoichiometric NaFeTiO4. All
the compounds exhibited very good electrochemical cycling stability, with minimal capacity loss during
cycling. The present approach is a model example of improvement in the sodium storage capacity of the
anode materials by tuning the chemical composition, and could facilitate the performance improvement
of known or new electrode materials for SIBs.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Lithium ion batteries (LIBs) are currently used in handy devices
owing to their high energy density, and are set to drive electric
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vehicles [1e3]. However, the increasing cost of lithium hinders
their applications in large-scale energy storage systems (ESSs), such
as grid scale energy storage [4]. In this situation, sodium-ion bat-
teries (SIBs) are possible alternatives, based on sodium's abundance
and cost [5]. Presently, extensive research efforts have been
devoted to exploring various sodium-containing transition metal
oxides as cathode materials for their possible application in SIBs
[6e10]. On the other hand, comparatively less research has been
carried out aiming at the development of anode materials for the
SIBs, which are supposed to effectively host the sodium ions during
charging [11,12]. The anode materials used in LIBs cannot be used
straight away in SIBs, because of sluggish diffusion kinetics of so-
dium due to the larger ionic radius (0.97 Å) and higher redox po-
tential (�2.71 V vs standard hydrogen electrode (SHE)) than those
of lithium. The carbon-based anodes, such as hard carbon, carbon
black, and petroleum coke, are reported to show high sodium
storage capacity when used as an anode in SIBs [13e15]. However,
the issues associated with carbon-based anodes, such as thermal
instability, poor cycle life, and poor energy efficiency, are leading
researchers to pursue new non-carbon-based anode materials for
SIBs [16].

Elemental abundance and toxicity are critical issues that must
be considered for the sustainability and feasibility of battery ma-
terials for their successful commercialization, especially in the case
of large scale applications [17]. Thus, due to their natural abun-
dance and environmentally benign nature, iron (Fe) and titanium
(Ti) present as the most attractive potential elements that can be
used in rechargeable SIBs. From this perspective, various com-
pounds composed of Ti and/or Fe in combinationwith sodium, have
recently been explored as anodes for SIB. Among these, NaTiO2,
Na2Ti3O7, Na2Ti6O13, Na4Ti5O12, Nax[FeTi]O4 (where x ¼ 1 and 4/3)
are reported in the literature [18e22]. In particular, the Nax[FeTi]O4
materials previously studied have shown interesting sodium
insertion/extraction stabilities even after 500 cycles, with only
marginal loss of capacity, although the material contained signifi-
cant amount of impurities [22]. Worth noting is the enhanced
performance of NaFeTiO4, with less sodium content in the structure
than that of the sodium rich (Na1.25FeTiO4) analogue. On the other
hand, if we propose the sodium-containing material to be used as a
potential anode in SIBs, it would be desirable to have enough space
to accommodate additional sodium ions in the structure, which
could facilitate the insertion/extraction of Naþ during charging and
discharging. Thus, the sodium-deficient materials can have rela-
tively high intercalation ability to host extra sodium as an anode
material. Therefore, it would be desirable to induce sodium ion
deficiency in anode materials, and to systematically study its in-
fluence on Na ion storage capacity. Such studies have been per-
formed on some Na containing oxides composed of Ni/V and Ti
[23,24]. However, to the best of our knowledge, there has been
no systematic study of sodium deficiency on the Na ion storage
capacity for the oxides based on Ti and Fe.

Mumme et al. have already demonstrated that the NaxFexTi2-xO4
can be synthesized within the window of 0.75 � x � 1.00 [25].
However, the sodium storage performance for the series of Nax-
FexTi2-xO4 compounds has not been systematically studied thus far.
NaFeTiO4 has a tunnel structure, while sodium deficient NaxFexTi2-
xO4 shows a double-tunnel structure with the same space group,
but with remarkable structural difference. Sodium deficient Nax-
FexTi2-xO4 is another collective oxide of Na, Fe, and Ti that is a
structural polymorph of NaFeTiO4, having outstanding structural
features and greater edge sharing of the octahedra, which lead to
the formation of double tunnels within which the sodium atoms
are lodged. In line with this, in the present investigation, we have
synthesized NaxFexTi2-xO4 (where x ¼ 1, 0.9 and 0.8) with different
chemical compositions, which allowed us to tailor the Na ion

deficiency in the lattice. By keeping the chemical formula of Nax-
FexTi2-xO4 (where x¼ 1, 0.9 and 0.8), the oxidation state of Fe and Ti
can be maintained as 3 þ and 4þ, respectively, while the sodium
content and crystal structure can be tuned as directed, which al-
lows us to explore the true structure-property correlations of the
NaxFexTi2-xO4 anode materials. Different physicochemical tech-
niques, such as synchrotron-based high-resolution powder X-ray
diffraction (HRPD), scanning electron microscopy (SEM), and X-ray
absorption spectroscopy (XAS), have been utilized to thoroughly
characterize the obtained compounds. Detailed structural charac-
terization has been also performed by Rietveld refinement analysis.
This is the first systematic report on the electrochemical properties
for the series of NaxFexTi2-xO4 compounds during sodium insertion/
extraction. Through this study, we obtain the correlation between
the electrochemical and structural properties, which will provide
valuable insights in advancing materials for rechargeable SIBs.

2. Experimental section

2.1. Synthesis

NaFeTiO4 and NaxFexTi2-xO4 (x ¼ 0.9 and 0.8) materials were
synthesized using a solid-state reaction method. Stoichiometric
amounts of Na2CO3 (99þ%, Alfa Aesar), Fe2O3 (99%, ABCR), and TiO2
(99þ%, Riedel-de Haen®) were taken together, and ground well. To
compensate the weight loss due to evaporation/volatility of sodium
at higher temperatures, 5% excess weight of Na2CO3 was added
during each synthesis. The powders after grinding were pressed
into pellets to increase the diffusivity of reactants. The pellets were
then calcined initially at 850 �C for 12 h under static air, cooled to
room temperature, and ground with a pestle. The resulting pow-
ders were then pelletized and re-heated at 975 �C for 48 h, to obtain
the final products. The pellets after the final heat treatment were
ground to obtain fine powders.

2.2. Structural characterization

Powder X-ray diffraction (Rigaku Ultima IV diffractometer
equipped with Cu Ka radiation) was used for phase identification
and indexing of the synthesized materials in the 2q range from 10�

to 80�. The samples were rotated during data collection (30 rpm), to
minimize the preferred orientation effect. High-resolution powder
diffraction (HRPD) patterns were then collected at beamline 9B of
PAL (Pohang Accelerator Light), and were finally refined by the
Rietveld method using GSAS and its graphical user interface
(EXPGUI) suite [26e28]. The program VESTA was used to draw
crystal structure illustrations [29]. Field-effect scanning electron
microscopy (JEOL, JSM-7100F) operating at 15 kV was used to
investigate the particle morphology. Fe and Ti K-edge X-ray ab-
sorption spectroscopy (XAS) spectra were measured at the 7D and
10C beamlines of Pohang Accelerator Lab. (PAL) using a Si (111)
double-crystal monochromator in transmission mode. Reference
spectra of Fe and Ti metal foils were collected simultaneously for
the energy calibration. X-ray absorption near edge structure
(XANES) data were handled and processed using the Athena pro-
gram [30].

2.3. Electrochemical characterization

The electrodes were fabricated using active powder, acetylene
black, and polyvinylidene difluoride (PVDF) in a ratio of 70:20:10.
N-methyl-2-pyrrolidone (NMP) solvent was then added in an
appropriate amount to achieve homogeneous slurry. The slurry was
cast on Cu foil current collector, and dried in oven at 80 �C. The
electrodes were roll-pressed, and dried in vacuum overnight at
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80 �C, before making cells. The electrode thickness was ~25 mm
after roll pressing; a loading amount of approximately 1.4 mg cm�2

was measured. The coin-type half cells (CR2032) were assembled
with Na as a counter electrode, the prepared working electrode, a
glass fiber separator, and an electrolyte composed of 1 M NaClO4 in
ethylene carbonate (EC), diethyl carbonate (DEC), and propylene

carbonate (PC) in an equivalent ratio (1:1:1). The cells were gal-
vanostatically cycled using a multichannel battery tester (Maccor
4000) at room temperature. The cell fabrication was done in an
argon filled glovebox (Mbraun Unilab, Germany) with controlled
contents of O2 and H2O that were less than 0.1 ppm. Cyclic vol-
tammetry of the coin cells was measured using a Biologic poten-
tiostat/galvanostat model VMP3 (BioLab, Inc.) in the voltage range
of 0.01e3.0 V or 0.01e2.5 V vs. Na/Naþ.

3. Results and discussion

As-synthesized powders were first subjected to powder X-ray
diffraction (XRD) studies for phase identification and purity
checking. Fig. 1(aec) shows the powder XRD patterns collected
using the laboratory X-ray source. All reflections in the XRD pattern
of NaFeTiO4 (Fig. 1a) are exclusively indexed to the orthorhombic
symmetry with space group Pnma (61), thus confirming the for-
mation of phase-pure and tunneled-structured NaFeTiO4 material,
without any impurity phase. The powder XRD patterns of
Na0.9Fe0.9Ti1.1O4 and Na0.8Fe0.8Ti1.2O4 (Fig. 1b and c) aremore or less
identical to each other, but are strikingly different than that of the
NaFeTiO4, which clearly indicates the structural difference between
NaxFexTi2-xO4 (x ¼ 0.9 and 0.8) and NaFeTiO4. The XRD patterns of
NaxFexTi2-xO4 show characteristic reflections due to the double-
tunneled structural polymorph. The XRD pattern for Na0.8Fe0.8-
Ti1.2O4 also shows reflections due to an impurity phase of NaFe-
Ti3O8 with small amount, which are marked with asterisks in Fig. 1
(c).

Detailed structural information of the synthesizedmaterials was
obtained by Rietveld analysis of the HRPD data collected using
synchrotron source. Fig. 2 (a) and (b) show refined XRD patterns of
the NaFeTiO4 and Na0.9Fe0.9Ti1.1O4 samples. The final refinement
results show good agreement between the observed and calculated
patterns with respect to the structural models applied. The refined

Fig. 1. XRD patterns of the (a) NaFeTiO4, (b) Na0.9Fe0.9Ti1.1O4, and (c) Na0.8Fe0.8Ti1.2O4.
The reflections due to the impurity phase of NaFeTi3O8 observed in the XRD pattern of
Na0.8Fe0.8Ti1.2O4 are indicated by asterisks.

Fig. 2. Final Rietveld-refinement plot for (a) the single-tunnel-structured NaFeTiO4,
and (b) double-tunnel-structured Na0.9Fe0.9Ti1.1O4 materials.

Table 1
Crystallographic data and atomic coordinates of the NaFeTiO4 (P n m a space group),
based on Rietveld refinement of the synchrotron powder XRD data.

Atom Multiplicity x y z Occupancy Uiso

Na 4 0.2418(2) 0.25 0.3462(2) 1.0 0.016
Fe1 4 0.0632(1) 0.25 0.1117(1) 0.548 (5) 0.010
Ti1 4 0.0632(1) 0.25 0.1117(1) 0.452 (5) 0.010
Fe2 4 0.0838 (1) 0.25 0.6040 (1) 0.452 (5) 0.010
Ti2 4 0.0838 (1) 0.25 0.6040 (1) 0.548 (5) 0.010
O1 4 0.8894 (3) 0.25 0.5145 (3) 1.0 0.015
O2 4 0.9751 (3) 0.25 0.2874 (3) 1.0 0.015
O3 4 0.2969 (3) 0.25 0.6498 (3) 1.0 0.015
O4 4 0.0705(3) 0.25 0.9264(3) 1.0 0.015

Space group: P nm a, a¼ 9.1717 (2) Å, b¼ 2.9641 (1) Å, c¼ 10.7390 (2) Å, V¼ 291.95
(2) Å3. Agreement factors: Rwp ¼ 14.75%, Rp ¼ 10.31%, RF2 ¼ 8.36%.

Table 2
Crystallographic data and atomic coordinates of the Na0.9Fe0.9Ti1.1O4 (P n m a space
group), based on Rietveld refinement of synchrotron powder XRD data.

Atom Multiplicity x y z Occupancy Uiso

Na 4 0.6024 (7) 0.75 0.1059 (6) 0.9 0.066 (2)
Fe1 4 �0.0197 (2) 0.25 0.1201 (2) 0.712 (9) 0.010
Ti1 4 �0.0197 (2) 0.25 0.1201 (2) 0.288 (9) 0.010
Fe2 4 0.2694 (2) 0.75 0.1597 (2) 0.188 (9) 0.010
Ti2 4 0.2694 (2) 0.75 0.1597 (2) 0.812 (9) 0.010
O1 4 0.1063 (7) 0.75 0.0426 (6) 1.0 0.014
O2 4 0.3776 (7) 0.75 0.3123 (5) 1.0 0.014
O3 4 0.3800 (7) 0.25 0.0948 (6) 1.0 0.014
O4 4 0.1435 (7) 0.25 0.2297 (6) 1.0 0.014

Space group: P nm a, a¼ 9.2424 (2) Å, b¼ 2.9669 (1) Å, c¼ 11.3233 (2) Å, V¼ 310.49
(2) Å3. Agreement factors: Rwp ¼ 15.24%, Rp ¼ 10.09%, RF2 ¼ 10.47%.
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lattice parameters for NaFeTiO4 with orthorhombic phase (Pnma
space group) are: a¼ 9.1717 (2) Å, b¼ 2.9641 (1) Å, and c¼ 10.7390
(2) Å, with the resulting cell volume V ¼ 291.95 (2) Å3. Table 1
outlines the final refinement parameters and atomic coordinates
for the NaFeTiO4. The lattice constants for Na0.9Fe0.9Ti1.1O4 sample
derived from the final refinement are: a ¼ 9.2424 (2) Å, b ¼ 2.9669
(1) Å, and c¼ 11.3233 (2) Å, thus giving a final cell volume of 310.49
(2) Å3, which is much larger than that of the stoichiometric

NaFeTiO4. The fraction of Ti4þ in sodium deficient Na0.9Fe0.9Ti1.1O4
is increased by 10% over that in the stoichiometric NaFeTiO4. As per
Shannon's octahedral radii of Ti4þ (0.605 Å) and Fe3þ (0.64 Å), the
cell volume is expected to be decreased when Fe3þ is replaced by
Ti4þ in the same lattice structure [31]. Thus, the increased cell
volume of Na0.9Fe0.9Ti1.1O4 can be ascribed to the structural change
from single-tunnel to double-tunnel structure, rather than the
difference in the ionic radii. Table 2 lists the refined atomic co-
ordinates for the Na0.9Fe0.9Ti1.1O4 material. Table 3 gives the se-
lective bond distances derived from the final refinement, and these
are in good agreement with those expected from the Shannon ionic
radii of the elements [31].

A typical tunnel structure of stoichiometric NaFeTiO4 obtained
after final cycle of Rietveld refinement is displayed in Fig. 3a. In the
structure of NaFeTiO4, Fe3þ and Ti4þ ions occupy the octahedral
positions with random distribution of each other. These octahedra
are joined to each other by edge sharing to generate the rutile type
of chains. These four rutile type chains are linked to each other by
corner sharing, to give tunnels in the structure, within which Naþ

ions are located. The structure of sodium-deficient ferrititanate
(Na0.9Fe0.9Ti1.1O4) (Fig. 3 (b)) is comprised of quadruple rutile
chains, in which pairs of edge-shared octahedra are further linked
with other pairs of octahedra to generate a distorted ‘z’ shaped
ribbon. Four ‘z’ shaped ribbons are connected to each other by

Table 3
Evolution of M-O (M ¼ Fe/Ti) distances in NaFeTiO4 and Na0.9Fe0.9Ti1.1O4.

X NaFeTiO4 Na0.9Fe0.9Ti1.1O4

M1-O distances (Å)
M1-O2 2.053 (3) M1-O1 (x2) 2.080 (5)
M1-O3 (x2) 2.003 (2) M1-O1 2.009 (7)
M1-O4 (x2) 1.966 (2) M1-O2 (x2) 1.921 (4)
M1-O4 1.990 (3) M1-O4 1.952 (7)
<M1-O> (average) 1.997 (2) <M1-O> (average) 1.999 (5)
M2-O distances (Å)
M2-O1 2.025 (3) M2-O1 2.008 (7)
M2-O1 (x2) 1.969 (2) M2-O2 1.996 (6)
M2-O2 (x2) 1.962 (2) M2-O3 (x2) 1.946 (5)
M2-O3 2.014 (3) M2-O4 (x2) 2.045 (5)
<M2-O> (average) 1.984 (2) <M2-O> (average) 1.998 (6)

Fig. 3. Crystal structure models of (a) NaFeTiO4 (single-tunnel), and (b) Na0.9Fe0.9Ti1.1O4 (double-tunnel), viewed along the ‘b’ axis. Large yellow spheres represent the Na atoms,
while small red balls represent O ions. The TiO6 and FeO6 are represented with brown colored octahedra, to represent the disordered distribution of Ti and Fe over the same
octahedral site. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 4. (a) Ti, and (b) Fe K-edge XANES spectra of NaFeTiO4, Na0.9Fe0.9Ti1.1O4, and Na0.8Fe0.8Ti1.2O4 materials. Insets show the enlarged view of the pre-edge peak A.
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corner sharing, which generates double-tunnel type cavity in the
structure, within which Na ions are located with 10% vacancies. In
order to evaluate the lattice parameters as a function of sodium
deficiency and to quantify the percentage of an impurity phase of
NaFeTi3O8, we also have refined XRD pattern for Na0.8Fe0.8Ti1.2O4.
Final Rietveld plot and the structural coordinates are provided in
the supplementary materials (Fig. S1 and Table S1). Rietveld
refinement results indicate that the weight fraction of the impurity
phase (NaFeTi3O8) is 14% in the Na0.8Fe0.8Ti1.2O4 sample. The cell
parameters in the orthorhombic phase (Space group Pnma) are:
a ¼ 9.2514 (1) Å, b ¼ 2.9639 (1) Å, and c ¼ 11.3314 (2) Å, thereby
resulting in a cell volume of V ¼ 310.70 (1) Å3. The lattice param-
eters of Na0.8Fe0.8Ti1.2O4 are nearly identical with those of the
Na0.9Fe0.9Ti1.1O4, and only marginal changes have been observed. A
similar trend in the variation of lattice parameters as a function of
‘x’ in NaxFexTi2-xO4 was previously observed byMumme et al. when
‘x’ was 0.75 and 0.9 [25]. Due to only marginal difference in the
lattice parameters of Na0.8Fe0.8Ti1.2O4 and Na0.9Fe0.9Ti1.1O4, no sig-
nificant correlation can be made between the lattice parameters of
double-tunneled materials and ‘x’ values.

In order to investigate the electronic and local structure of the
NaxFexTi2-xO4 (x ¼ 1, 0.9 and 0.8) compounds, Ti and Fe K-edge X-
ray absorption near edge structure (XANES) spectra are measured
and plotted in Fig. 4. In both Ti and Fe K-edge spectra, two distinct
edge features are observed, and are marked as ‘A’ and ‘B’. The weak
absorption pre-edge peaks ‘A’ (shown in detail in the inset of each
figure) are associated with the dipole forbidden 1s/3d electronic
transition, which in the case of the p-d orbital hybridization, be-
comes partially allowed. The hybridization probability increases
when the centrosymmetry of the MeO octahedron is broken, due
to structural distortions in the local symmetry. Therefore, transition
metals in the tetrahedral sites usually show much stronger pre-
edge peak intensity than in the octahedral sites, due to the
decrease of an inversion center in the tetrahedral coordination
symmetry. The strong main absorption peak ‘B’ originates from the
electronic dipole-allowed transition of a 1s core electron to an
unoccupied 4p orbital.

Both Ti and Fe K-edge XANES spectra of the NaxFexTi2-xO4
compounds show no changes in the edge position, regardless of the
x values. Comparison of the edge positions with those of reference
oxides (e.g., Fe2O3 and Li4Ti5O12) with known oxidation states in-
dicates that the average oxidation states of Ti and Fe in the Nax-
FexTi2-xO4 compounds remain as Ti4þ and Fe3þ in all compositions.
These results confirm that the oxidation state of Fe3þ and Ti4þ can
be maintained, while the sodium content and crystal structure can
be tuned as directed, by maintaining the chemical formula of Nax-
FexTi2-xO4 (x¼ 1, 0.9, and 0.8). Low intensities of pre-edge peak A in
both Ti and Fe spectra also suggests that both Ti and Fe are under
MeO6 octahedral coordination in all compositions. However, it is
very interesting to note that the pre-edge intensity of Ti spectra
noticeably increases with increasing sodium deficiency, while there
are no distinguishable changes in the pre-edge peak intensity of Fe
spectra, as shown in the insets of Fig. 4. This result reveals that as
the sodium deficiency increases, the local structural distortion in-
creases, which lead to a decrease in the centrosymmetric nature of
the TiO6 octahedra. On the other hand, this local distortion is
negligible around FeO6 octahedra in the NaxFexTi2-xO4 compounds.
It is found that the local distortion in TiO6 octahedra is induced in
the sodium-deficient and double-tunnel structured compounds of
Na0.9Fe0.9Ti1.1O4 and Na0.8Fe0.8Ti1.2O4, compared with the stoi-
chiometric NaFeTiO4 compound.

The morphology and the particle size of the NaxFexTi2-xO4
samples were characterized by scanning electron microscopy
(SEM). The SEM images in Fig. 5 (aec) display the formation of rod-
shaped NaxFexTi2-xO4 samples, which has generally been observed

previously for similar tunneled materials. The micrometric particle
size is obvious for the solid-state synthesis reactions carried out at
elevated temperature, and for prolonged heating time. Smaller
particles are evident on the surface of Na0.8Fe0.8Ti1.2O4 (Fig. 5 (c)),
which are possibly due to the impurity of NaFeTi3O8, (which is
confirmed by XRD).

Galvanostatic measurements were conducted at room temper-
ature at a current density of 0.05 C (1 C ¼ 140 mA g�1). Fig. 6 (a)
shows the charge-discharge profile of the stoichiometric NaFeTiO4
electrode in the voltage range of 0.01e3.0 V. Based on the open
circuit voltage (OCV), the cell was first discharged, and subse-
quently charged. The NaFeTiO4 electrode shows a discharge ca-
pacity of 132mAh g�1 in the first cycle, which corresponds to 94% of
the theoretical capacity of the material by assuming one sodium
insertion. The electrode shows a charge capacity of 53 mAh g�1 in
the first cycle, which corresponds to a low coulombic efficiency of

Fig. 5. SEM imagery of (a) NaFeTiO4, (b) Na0.9Fe0.9Ti1.1O4, and (c) Na0.8Fe0.8Ti1.2O4,
showing the particle growth.
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40%. The much higher discharge capacity (132 mAh g�1) than that
of the charge capacity (53 mAh g�1) in the first cycle is likely due to
the solid electrolyte interface (SEI) formation. The discharge and
charge capacities were stabilized in the second cycle, where the
electrode shows 58 and 57 mAh g�1, respectively. The electrode
showed 99.1% coulombic efficiency in the 30th cycle with a capacity
of 58 mAh g�1 as shown in supplementary data file (Fig. S2). The
dis/charge profiles suggest topotactic sodium insertion/extraction
occurring at the surface. Fig. 6 (b) shows the charge-discharge
profile of sodium deficient Na0.9Fe0.9Ti1.1O4 electrode at a rate of
0.05 C in a voltage range of 0.01e2.5 V. We decreased the cutoff
voltage from 3.0 to 2.5 V, as there is no meaningful capacity
observed at voltages higher than 2.5 V in the stoichiometric
NaFeTiO4 electrode. The Na0.9Fe0.9Ti1.1O4 electrode shows a
discharge capacity of 239 mAh g�1 in the first cycle. The charge
capacity was recorded as 82 mAh g�1 in the first cycle, corre-
sponding to a coulombic efficiency of 34%. The large irreversible
discharge capacity during the first cycle is presumably due to the
solid-electrolyte interphase (SEI) formation. The discharge and
charge capacities were stabilized in the subsequent cycles, and the
electrode shows 70 mAh g�1 in the 30th cycle with a coulombic
efficiency of 97.7%. Fig. 6 (c) shows the charge-discharge profile of
Na0.8Fe0.8Ti1.2O4 electrode, where it delivers a discharge capacity of
251 mAh g�1 in the first cycle. This is the highest discharge capacity
among the three prepared materials. The electrode also exhibits a
high charge capacity of 91 mAh g�1 in the first cycle. Both the
discharge and charge capacities were reduced in the subsequent

cycles, and the electrode shows a charge capacity of 73 mAh g�1 in
the 30th cycle. It should be noted that acetylene black also partic-
ipates in storing sodium ions and a sodiation capacity of 92 mAh
g�1 is recorded for the acetylene black electrode [32]. Thus it would
contribute a total of about 20 mAh g�1 in the first discharge ca-
pacity of NaxFexTi2-xO4 electrodes. Furthermore, a large surface area
of the acetylene black compared to that of the active materials
likely leads to the large irreversible discharge capacity due to the
formation of SEI layer. This necessitates further study on the so-
dium storage performance of NaxFexTi2-xO4 electrodes with various
amount and different types of conducting agents for the perfor-
mance optimization. Fig. 6 (d) shows the cycle performance of all
three electrodes at a rate of 0.05 C, where Na0.8Fe0.8Ti1.2O4 electrode
shows the highest charge capacity, as compared to less sodium-
deficient electrodes. It is interesting to note here that the charge
capacity exhibited by sodium-deficient Na0.8Fe0.8Ti1.2O4 and
Na0.9Fe0.9Ti1.1O4 with a double-tunnel structure is larger than that
of the stoichiometric NaFeTiO4 counterpart with a single-tunnel
structure.

Cyclic voltammograms (CVs) of all three electrodes were
measured at a scan rate of 0.2 mV s�1, in order to investigate the
reaction mechanism. Fig. 7 (a) shows the CV graphs of the NaFeTiO4
electrode. The first cathodic process shows three distinct peaks
marked with A, B, and C, at potentials of 0.36, 0.21, and 0.012 V,
respectively. On the other hand, only one prominent peak C0 was
observed at a potential of 0.11 V in reverse scan. The subsequent
cycles reveal two reduction and one oxidation peaks. Fig. 7 (b)

Fig. 6. Discharge/charge voltage profiles of (a) NaFeTiO4, (b) Na0.9Fe0.9Ti1.1O4, and (c) Na0.8Fe0.8Ti1.2O4. (d) Cycle performance versus charge capacity of all three electrodes at a rate of
0.05 C.
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shows the CV scans of Na0.9Fe0.9Ti1.1O4 electrode, which reveals
three peaks marked with A, B, and C observed during the reduction
process at potential of 1.8, 0.22, and 0.02 V, respectively. The so-
dium deficient electrode shows a reduction peak at a potential of

1.8 V, which was not observed in the stoichiometric NaFeTiO4
electrode, which suggests a different reaction mechanism occur-
ring in the sodium-deficient electrode. The oxidation process re-
veals three reverse peaks of A0 , B0, and C0 at potentials of 0.11, 1.34,
and 2.2 V, respectively. These three redox peaks in the sodium-
deficient electrode suggest good reversibility, as compared to the
stoichiometric NaFeTiO4 electrode. The subsequent CV scans follow
an almost similar trend, with little difference in intensities. Fig. 7 (c)
shows the CV curves of the Na0.8Fe0.8Ti1.2O4 electrode, which reveal
three reduction peaks marked as A, B, and C at potentials of 1.78,
0.3, and 0.02 V, respectively. The oxidation process also reveals
three peaks marked with A0 , B0, and C0 at potentials of 0.1, 1.33, and
2.17 V, respectively. Both the sodium deficient electrodes show
almost the same trends during the reduction and oxidation pro-
cesses, suggesting a similar reaction mechanism. The peak
observed in the CV curve of Na0.9Fe0.9Ti1.1O4 (centered at 1.8 V) and
Na0.8Fe0.8Ti1.2O4 (centered at 1.78 V) during the insertion reaction
can certainly be ascribed to the insertion/extraction induced phase
transition. The vacancies of Na ion in these materials impose sta-
tistical disorder on their distribution in the double-tunnels. When
Na ions are inserted in the sodium-deficient compounds, such as
Na0.8Fe0.8Ti1.2O4 and Na0.9Fe0.9Ti1.1O4, the sodium ions may occupy
the vacant sodium sites in such a way to order the distribution of
sodium ions within the double tunnels. This necessitates further
verification using in situ XRD studies of sodium deficient
Na0.9Fe0.9Ti1.1O4 and Na0.8Fe0.8Ti1.2O4. Such investigation combined
with x-ray absorption spectroscopy is under progress to reveal the
detailed reaction mechanism in the series of NaxFexTi2-xO4 (where
x ¼ 0.9, and 0.8) compounds during sodium insertion/extraction.
Preliminary in situ XRD data were collected on the NaFeTiO4 cell
during the first discharging and charging and displayed in sup-
plementary data file (Fig. S3). Close inspection of in situ XRD pat-
terns at various discharge/charge states indicates no large degree of
cell expansion that could be seen by XRD, which is in consistent
with the results reported earlier [22].

Wang et al. first reported the sodium storage capacity of the
stoichiometric NaFeTiO4 showing the charge capacity of 144 mAh
g�1 at 0.1 C rate, which is much higher than the capacity of our
phase-pure stoichiometric NaFeTiO4 sample (~60mAh g�1 at 0.05 C
rate) [22]. However, their stoichiometric NaFeTiO4 compound
contains significant amounts of impurity phases based on the XRD
result [22], which makes it difficult to determine whether the re-
ported sodium storage capacity is an intrinsic property of the
stoichiometric NaFeTiO4 or not. In addition, the smaller particle
sizes that result from the lower synthesis temperature of their
samples (900 �C) could also lead to the higher capacity [22]. The
larger particles obtained in the present study are due to the fact
that the syntheses were carried out at elevated temperature
(975 �C) for prolonged time (48 h) to synthesize the phase pure
material. Increased particle size obviously hinders the diffusion rate
of the Na ion during electrochemical cycling. Although this is the
case, reducing the particle size can minimize the diffusion barrier,
by using alternative synthesis routes. The previous reports also
highlight the use of carbon coating to effectively enhance the
charge storage capacity. On the other hand, the cyclic voltammetry
results indicate that for the samples prepared in this study, the
insertion/extraction reaction occurs only at the surface. Thus the
sample with larger particle size obviously shows comparatively
lower surface area, thereby decreasing the electrochemical per-
formance. In spite of the low capacity of the phase-pure stoichio-
metric NaFeTiO4 sample in the present work, we believe that our
result provides more valuable information from the scientific point
of view, as it represents the intrinsic properties of the stoichio-
metric NaFeTiO4 compound. Indeed, the bare comparison of the
electrochemical performance of different NaxFexTi2-xO4 clearly

Fig. 7. Cyclic voltammetry graphs (CV) of (a) NaFeTiO4, (b) Na0.9Fe0.9Ti1.1O4, and (c)
Na0.8Fe0.8Ti1.2O4, at a scan rate of 0.2 mV s�1.
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indicates that the samples with some level of sodium deficiency
show large Na ion storage capacity, as evidenced through their
electrochemical performance.

4. Conclusions

Sodium deficient orthorhombic NaxFexTi2-xO4 (x ¼ 0.9 and 0.8)
materials have been synthesized by a solid-state route, along with a
phase-pure and stoichiometric NaFeTiO4 analogue, as anode ma-
terials for sodium-ion batteries. NaxFexTi2-xO4 (0.9 and 0.8) mate-
rials exhibit the double-tunneled structure with sodium deficiency,
thereby having the potential to accommodate extra sodium ions,
compared to the stoichiometric NaFeTiO4material. Ti and Fe K-edge
XANES results reveal that the average oxidation states of Ti and Fe
in the NaxFexTi2-xO4 compounds remain as Ti4þ and Fe3þ in all
compositions. All the NaxFexTi2-xO4 (where x ¼ 1, 0.9, and 0.8)
samples displayed stable electrochemical cycling performance. The
sodium storage capacity was found to be enhanced in the sodium-
deficient samples, such as NaxFexTi2-xO4 (x ¼ 0.9 and 0.8), as
compared to that of the stoichiometric NaFeTiO4 analogue. On the
basis of electrochemical and structural studies, it is concluded that
creating sodium deficiency and inducing larger tunnel size can
enhance the sodium storage capacity of NaFeTiO4. Even though the
improvement of sodium storage capacity is achieved by intro-
ducing sodium deficiency, further studies are necessary to further
enhance sodium storage performance (e.g., increasing the capacity
and lowering the average voltage during desodiation) for the pre-
sent NaxFexTi2-xO4 materials, thereby making them attractive po-
tential candidates for use in large-scale applications. Nonetheless,
the present approach is a model example of improvement in the
sodium storage capacity of the anode materials by tuning the
chemical composition, and could facilitate the performance
improvement of known or new electrode materials for sodium ion
batteries.
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ABSTRACT: Pure TiO2 and Cu-doped TiO2 nanoparticles are synthesized by the
biomediated green approach using the Bengal gram bean extract. The extract containing
biomolecules acts as capping agent, which helps to control the size of nanoparticles and
inhibit the agglomeration of particles. Copper is doped in TiO2 to enhance the electronic
conductivity of TiO2 and its electrochemical performance. The Cu-doped TiO2
nanoparticle-based anode shows high specific capacitance, good cycling stability, and
rate capability performance for its envisaged application in lithium-ion battery. Among
pure TiO2, 3% Cu-doped TiO2, and 7% Cu-doped TiO2 anode, the latter shows the
highest capacity of 250 mAh g−1 (97.6% capacity retention) after 100 cycles and more
than 99% of coulombic efficiency at 0.5 A g−1 current density. The improved
electrochemical performance in the 7% Cu-doped TiO2 is attributed to the synergetic
effect between copper and titania. The results reveal that Cu-doped TiO2 nanoparticles
might be contributing to the enhanced electronic conductivity, providing an efficient
pathway for fast electron transfer.

■ INTRODUCTION

Renewable energy sources such as solar, wind, hydropower,
and geothermal energies are among the green alternative
energy source options to the natural energy sources (coal, oil,
natural gas, etc.). Furthermore, these renewable energy sources
are carbon-free and contribute to decrease the global warming
issues. However, these energy sources suffer from the
limitation of generating continuous energy because these
often rely on weather for generation of power. So, in such
conditions, energy-storage devices play an important role to
store the generated energy from the renewable energy sources
when available, and it can be used as per requirement. Besides
this, storage devices are used as a source of energy in portable
devices and hybrid electric vehicles, which contribute to
reducing greenhouse (CO2) gases and environmental
pollution. Considering the urgency and need for preferably
solid-state storage devices, researchers developed different
energy-storage devices such as lithium-ion battery (LIB),1

supercapacitor,2,3 Ni-MH battery,4 etc. Among these energy-
storage devices, lithium-ion battery (LIB) is a promising
candidate due to its high power density, long-term life, and
environmentally benign nature.1,5−7 However, the key factor
affecting the performance of LIBs is the anode material. Recent
reports show that natural graphite is commonly used as the
anode material in commercial LIBs due to its credibility and

low operating voltage (<0.2 V vs Li+/Li). The diffusion rate of
lithium into carbon materials is between 10−12 and 10−6 cm2

s−1 at a low operating voltage (<0.2 V vs Li+/Li) and hence the
possibility of formation of solid electrolyte interface (SEI) layer
at low voltage is more. Interestingly, for graphite, it is between
10−9 and 10−7 cm2 s−1 and demonstrates high volume
expansion (∼10%), which results in batteries with low power
density. Thus, there is dire need to develop alternative high-
operating-voltage electrode materials, which would circumvent
these limitations, particularly for large battery development.8,9

As a result, the researchers have focused their attention on the
development of different kinds of intercalation- and dein-
tercalation-based electrode materials, such as graphite, carbon,
Li4TiO2, and TiO2.

10−12 Several transition-metal oxide
materials have been explored as alternative anode material to
graphitic carbon.13−15 Among them, TiO2 is an ideal anode
material for LIBs, due to its low cost, nontoxicity, high
capacity, long cycle life, and very low volume change (∼4%)
during Li+ intercalation/deintercalation. Besides, another
intriguing incentive is the higher operating voltage of TiO2
(>1.5 V vs Li+/Li) than the graphite anode, which could
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effectively stop the formation of Li dendrites and lithium
electroplating.16 Even though TiO2-based materials possess
many advantages, they still encounter a big challenge of poor
reversibility during charge−discharge, poor rate capability,
poor electronic conductivity (10−12−10−7 S cm−1), and poor
ionic conductivity, which lead to poor electrochemical
performance, thereby hampering its practical applications.17−19

One of the most commonly used strategies is to design
TiO2-based composites with conducting carbon materials
(graphene, CNTs, etc.); however, introducing a large quantity
of carbon reduces the capacity of electrode material. Thus,
strategies to develop new methodologies and materials to
improve the electronic conductivity are the need of time.
Recent literature reports reveal that metal doping exhibits
considerable advantages to alter the intrinsic conductivity and
rate capability of anode material (metal oxides).20−25 It is
reported that the doping of metal ion can improve the
conductivity of transition-metal oxides (TiO2, Li4Ti5O12−
TiO2, and MnO2). Zhang et al.18 synthesized Cu-doped TiO2
nanowires demonstrating enhanced conductivity and electro-
chemical kinetic properties via decreasing the band gap of
TiO2 nanowires. Chen et al.10 synthesized Cu-doped dual-
phase Li4Ti5O12−TiO2 exhibiting enhanced capacity, cycle
performance, and rate capability. Li et al.26 synthesized Cu-
doped MnO2 nanoparticles with improved electronic con-
ductivity and lithium diffusivity in electrodes. Therefore, it is
realized that Cu doping can improve the capacity, cycle
performance, and rate capability of transition-metal oxides,
which is attributed to the narrowing of the band gap and
enhancing electronic conductivity. With this motivation, in this
work, we have synthesized Cu-doped TiO2 nanoparticles by
using our previously reported biogreen method, which is
simple, economic, and scalable.
In the typical process, Cu-doped TiO2 nanoparticles are

synthesized by a facile, cost-effective, scalable, and eco-friendly
approach using remnant water (ideally kitchen waste) collected
from soaked Bengal gram beans (Cicer arietinum L.). The gram
bean extract containing pectin biomolecules are responsible for
the synthesis of Cu-doped TiO2 nanoparticles. Pectin is a
complex polysaccharide that is present in most primary cell
walls and it acts as a capping agent and hinders the
aggregation. Interestingly, when a Cu-doped TiO2 nano-
particle-based thin film is used as an anode material for
LIBs, it demonstrates the high capacity and excellent rate
capability compared to pure TiO2. This improvement can be
due to the decrease in the band gap, which helps to enhance
the electronic conductivity of TiO2. The effect of Cu doping
concentration (3 and 7 wt % Cu-doped TiO2) is also studied.
The results indicate that Cu-doped TiO2 is a promising anode
material for high-performance LIBs.

■ RESULTS AND DISCUSSION
X-ray Diffraction (XRD) Pattern. Confirmation of phase

composition, crystal structure, and crystallite size of the
synthesized (a) pure TiO2, (b) 3 wt % Cu-doped TiO2, and
(c) 7 wt % Cu-doped TiO2 nanoparticles is carried out using
powder XRD, and the results are shown in Figure 1. The XRD
spectra of the samples showed well-defined diffraction peaks,
which could be indexed to the anatase phase of TiO2 (JCPDS
card No. 71-1168) belonging to the tetragonal structure with
space group I41/amd (141).27 The peaks in pure TiO2 are
attributed to the reflection from (101), (004), (200), (105),
(211), (204), (116), (220), and (215) planes of the anatase

phase (Figure 1a). XRD spectra of Cu-doped TiO2 nano-
particles are shown in Figure 1b,c with characteristic peaks
originating from a pure TiO2 sample representing the
tetragonal anatase phase of TiO2. No obvious peaks
corresponding to Cu or any copper oxide phases are observed
in the diffraction spectra of Cu-doped TiO2. This does not
mean that Cu-associated phases in the system are absent, but
probably the diffraction from TiO2 surface is more intense
compared to the Cu-oxide reflected rays (covered by TiO2),
resulting in the Cu-oxide’s peak intensity ratio being less
compared to that of TiO2. The (200) diffraction peak shifts
slightly to lower 2θ values in the Cu-doped TiO2 (inset in
Figure 1).28 Figure 1 clearly shows that the intensity of Cu-
doped TiO2 peaks is higher compared to pure TiO2, which
indicates that Cu-doping enhances the crystallinity and
improves the structural quality of TiO2. The crystallite sizes
of pure TiO2, 3% Cu-doped TiO2, and 7% Cu-doped TiO2
were calculated with reference to (101) peak at 2θ = 24.9 and
found to be ∼10, 14, and 11 nm, respectively.
Figure S1a−c shows the Rietveld refinement plot of pure

and Cu-doped TiO2 nanoparticles. The lattice parameter (a, b,
and c) values of Cu-doped TiO2 nanoparticles reveal a minor
increase in the ″a″ lattice parameter and minor decrease in the
″c″ lattice parameters compared to the pure TiO2 (results
tabulated in Table S1).29 The result indicates that the Cu
dopants are adequately incorporated in the TiO2 lattice
expanding the unit cell volume compared to the pure TiO2
cell volume (Table S1).

Raman Spectroscopy. Raman spectroscopy is a simple
and important technique for confirmation of structural phase
of pure and Cu-doped TiO2 nanoparticles, and the results are
shown in Figure 2. For all of the samples, the Raman spectra
show six Raman-active modes (Eg, Eg, B1g, B1g + A1g, and Eg),
which indicates that the anatase phase of TiO2 is
predominant.30,31 The Raman peaks were observed at 146,
199, 397, 516, and 642 cm−1 for pure TiO2 and Cu-doped
TiO2 nanoparticles, illustrating a similar Raman peak pattern to
the anatase phase of TiO2, and it is in agreement with the
reported literature.32,33 Furthermore, no extra peak associated
with copper oxide is observed even at a higher concentration of
Cu-doped TiO2 nanoparticles. It means that Raman spectros-
copy data is in good agreement with the XRD results.
Moreover, Cu-doped TiO2 nanoparticles retain the anatase
structure, which indicates that the Cu cations are incorporated
into the TiO2 framework. Interestingly, it has been observed
that the Raman peak at 146 cm−1 (inset in Figure 2) tends to
shift to a higher wavenumber with an increase in Cu dopant.
Generally, it has been accepted that the shifts in the Raman

Figure 1. Representative X-ray diffraction pattern of biosynthesized
(a) pure TiO2, (b) 3% Cu-doped TiO2, and (c) 7% Cu-doped TiO2.
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peak occur due to the change in bond polarizability and
strength of the Ti−O bond upon Cu doping. These changes in
bond strength are clearly observed in the Rietveld refinement
results (Figure S1).30

X-ray Photoelectron Spectroscopy (XPS). XPS is a
crucial analysis technique to determine the elemental
composition of a substance and their oxidation states.30,34

Figure 3a shows XPS survey spectra of pure TiO2 and Cu-
doped TiO2. In the survey spectra of pure TiO2, 3% Cu-doped
TiO2, and 7% Cu-doped TiO2 spectra, four common XPS
peaks at around 284−286, 258−260, 464−466, and 529−531
eV are observed, which are characteristic of C 1s, Ti 2P3/2, Ti
2P3/1, and O 1s, respectively. However, in the case of Cu-
doped TiO2 samples, the XPS images showed two extra peaks
at around 931−953 eV (apart from the four common peaks),
which are characteristic of Cu 2P (Cu 2P3/2 and Cu 2P2/1)
supporting the fact that copper is successfully doped in
TiO2.

3535 XPS images revealing the characteristic peaks of
individual elements were also recorded as shown in Figure 3.
The XPS image characteristic of Ti shows two peaks (Figure
3b) at ∼459 (Ti 2p3/2) and 465 eV (Ti 2P1/2) (pure TiO2),
which suggests that Ti exists in Ti(IV) state, which is in good

agreement with the literature report. But in the case of Cu-
doped TiO2 (Figure 3b), these peaks shift slightly downward at
∼458.5 and 464.6 eV, which suggest the substitution of Ti(IV)
by Cu1+ ions. The XPS image characteristic of O in pure TiO2
shows a peak at 530.6 eV (O 1s) (Figure 3c), which is in good
agreement with the literature report. On the other hand, in the
case of Cu-doped TiO2, it is observed to have shifted to 530
eV. This can be attributed to the formation of oxygen vacancies
after Cu doping in TiO2. Furthermore, in the case of Cu-doped
TiO2, the XPS images revealed two additional peaks at 932 and
952 eV, which could be assigned to Cu 2P3/2 and Cu 2P2/1,
respectively (Figure 3d), and could be attributed to the
characteristic peaks of Cu2O. This observation was in good
agreement with the literature report36,37 and revealed that the
doped Cu in TiO2 is in Cu(I) oxidation state.

Scanning Electron Microscopy (SEM). The surface
morphology and elemental analysis of the biosynthesized
pure and Cu-doped TiO2 nanoparticles are also examined by
SEM and energy-dispersive X-ray (EDX) pattern, and the
results are shown in Figure 4. The micrographs of (a) pure
TiO2, (b) 3% Cu-doped TiO2, and (c) 7% Cu-doped TiO2
nanoparticles calcined at 400 °C are shown in Figure 4a−c,
which demonstrate the uniform spherical-shaped nanoparticles
with narrow size distribution. No major change in the
morphology of the Cu-doped TiO2 nanoparticles is observed
compared to pure TiO2. Furthermore, representative EDX
patterns of pure TiO2 and 7% Cu-doped TiO2 nanoparticles
were recorded to investigate the elemental composition, and
the results are shown in Figure 4d. The EDX pattern of pure
TiO2 (Figure 4d) clearly shows the exclusive presence of Ti
and O element, which confirms the absence of impurities in
the pure TiO2 nanoparticles. Similarly, the 7% Cu-doped TiO2
(Figure 4d) shows the presence of Cu, Ti, and O elements,
confirming the successful incorporation of copper ion in TiO2.

Transmission Electron Microscopy (TEM). TEM is an
advanced analysis technique to determine the morphology and
crystallite size of the nanoparticles. TEM images of pure and
7% Cu-doped TiO2 nanoparticles are shown in Figure 5, which

Figure 2. Representative Raman spectra of biosynthesized (a) pure
TiO2, (b) 3% Cu-doped TiO2, and (c) 7% Cu-doped TiO2.

Figure 3. Representative XPS (a) survey spectra and characteristic high-resolution XPS images of (b) Ti, (c) O, and (d) Cu recorded from pure
TiO2 (black curve), 3% Cu-doped TiO2 (blue curve), and 7% Cu-doped TiO2 (red curve).
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clearly show the uniform distribution of spherical-shaped
nanoparticles (Figure 5a,c). High-resolution TEM (HR-TEM)
images of pure and 7% Cu-doped TiO2 nanoparticles (Figure
5b,d) demonstrate well-defined fringes, indicating the crystal-
line nature of the samples. The interspacing distance between
the fringes are 3.562 and 3.569 Å for pure TiO2 and 7% Cu-
doped TiO2, respectively. The interspacing distance is slightly
higher in 7% Cu-doped TiO2 compared to pure TiO2, which is
attributed to the successful doping of Cu in TiO2. In addition,
Figure 5e,f exhibits the particle size distribution histogram of
pure and 7% Cu-doped TiO2, which clearly shows that the
average crystallite size of Cu-doped TiO2 (∼11.9 nm) is
greater than that of pure TiO2 (∼9.5 nm) due to the large

ionic radius of copper. The role of gram bean extract in
controlling the agglomeration and particle size is elucidated
from the TEM images and particle size distribution histograms
recorded from TiO2 nanoparticles prepared without and with
gram bean extract (Figure S2).

Electrochemical Characterization. Electrochemical per-
formances were investigated to understand the Cu-doping
effects on the TiO2 structure by galvanostatic analysis using
TiO2/Li half-cell configuration in the voltage window of 0.01−
3 V at ambient temperature for LIB application.
Cyclic voltammetry (CV) profiles of pure TiO2, 3% Cu-

doped TiO2, and 7% Cu-doped TiO2 nanoparticles are carried
out at a scan rate of 0.3 mV s−1 in a potential range of 0.01−3

Figure 4. Representative SEM images of biosynthesized (a) pure TiO2, (b) 3% Cu-doped TiO2, and (c) 7% Cu-doped TiO2. (d) Representative
EDX pattern of pure TiO2 and 7% Cu-doped TiO2.

Figure 5. Representative TEM and HR-TEM images of biosynthesized (a, b) pure TiO2, (c, d ) 7% Cu-doped TiO2. Particle size distribution
histograms of (e) pure-TiO2 and (f) 7% Cu-doped TiO2.
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V to explore the lithium insertion/extraction behavior. The
initial five successive CV curves of the pure TiO2, 3% Cu-
doped TiO2, and 7% Cu-doped TiO2 nanoparticles are shown
in Figure 6a−c. Figure 6a−c displays the location of the first
cathodic CV peaks (∼1.66 V), which is different from those in
the following four cycles. Besides this, in the first discharge CV
curve, two extra peaks are observed in the potential range 0.5−
1.5 V (vs Li/Li+) and these two extra peaks (∼0.62 V and in
between 1.3 and 1.7 V) disappear in the next four CV curves. It
means that the specific current of the first CV curve is high

compared to the subsequent CV curves. It is attributed to the
formation of solid electrolyte interface (SEI) layer.38−40 In
Figure 6a−c, a pair of cathodic and anodic intense peaks
remain after the first CV curve at about 1.71 and 2.14 V versus
Li/Li+. These two peaks correspond to the Li-ion insertion
into and extraction from the interstitial octahedral site of TiO2,
respectively. The sharp oxidation/reduction peaks reveal the
two-phase reaction process, showing the coexistence of Li-poor
Li0.01TiO2 (tetragonal) and Li-rich Li0.55TiO2 (orthorhombic)
phase.

Figure 6. Cyclic voltammograms for the first to fifth cycles for the TiO2 nanopowder in the potential range of 0.01−3 V vs Li/Li+ for an applied
scan rate of 0.3 mV s−1 for (a) pure TiO2, (b) 3% Cu-doped TiO2, and (c) 7% Cu-doped TiO2 and (d) comparative cyclic voltammogram curves of
the second cycle of each electrode material.

Figure 7. Charge−discharge cycles for (a) pure TiO2, (b) 3% Cu-doped TiO2, and (c) 7% Cu-doped TiO2. (d) Comparative charge−discharge
curves of the second cycle for all nanopowder materials in the potential range of 0.01−3 V vs Li/Li+ for an applied scan rate of 0.05 A g−1.
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+ + ↔+ −x xTiO Li e Li TiOx2 2 (1)

The comparative CV curves of the second cycles of all three
anode materials are shown in Figure 6d. In the case of Cu-
doped TiO2 with sharp and intense oxidative and reductive
peaks along with two broad and less intense peaks also appear
in subsequent cycles. The cathodic peak at 0.73 V is attributed
to the transformation of Cu2O into Cu particles and Li2O, and
the anodic peak at 2.47 V is attributed to the formation of
Cu2O.

41−43 It is observed that the peak intensity increases with
the doping concentration of copper. The overall electro-
chemical reaction for copper oxide can be described as
follows:43,44

+ ↔ ++Cu O 2Li 2Cu Li O2 2 (2)

Figure 6d shows the comparison of second CV curves of all
samples, which clearly show that the intensity of oxidation
(2.17 V) and reduction (1.71 V) peak decreases with increase
in Cu-doping concentration. This observation indicates
improved wetting and enhanced Li-ion insertion kinetics
with an increase in doping concentration of copper.
Interestingly, the shift is observed in 7% Cu-doped TiO2,
which means that the Li-ion insertion kinetics is higher in 7%
Cu-doped TiO2 compared to the pure TiO2 and 3% Cu-doped
TiO2.

40,44,4540,44,45 The increase of Li-ion insertion kinetics and
wettability of copper-doped TiO2 electrode material is due to
the decrease in band gap with an increase in Cu-doping
concentration and the synergistic effect of copper and
titania.46,47

Figure 7 displays the first six galvanostatic charge−discharge
profiles of pure TiO2, 3% Cu-doped TiO2, and 7% Cu-doped
TiO2 cell at the current rate of 0.05 A g−1 in the potential
window 0.01−3 V. With all of the three electrodes, three
potential plateaus are observed in the voltage regions of 1.6−
1.8, 1.0−1.4, and 0.6−0.8 V for the first discharge cycle, while
the first charge cycle shows only one sloping line or potential
plateau at about ∼2.1 V. So, the charge−discharge profiles of
all sample are in good agreement with the first CV curves, as
shown in Figure 7a−c.
Pure TiO2, 3% Cu-doped TiO2, and 7% Cu-doped TiO2

show initial irreversible capacities of 514, 517, and 748 mAh
g−1, respectively. From the above results, it is clear that the
irreversible capacity values of the first discharge−charge cycle
increase with an increase in Cu concentration, which means
that the intercalated Li ions are not completely deintercalated,
which is attributed to the formation of SEI layer. This is
commonly observed for the first cycle in all electrode materials.
The subsequent cycles show low irreversible capacity, as shown
in Figure 7a−c and Table S3. A comparison of the second
charge−discharge cycle of each electrode is shown in Figure
7d, which clearly shows that the second discharge capacities for
pure TiO2, 3% Cu-doped TiO2, and 7% Cu-doped TiO2 are
296, 314, and 378 mAh g−1, respectively. Interestingly, the
second charge cycle of 7% Cu-doped TiO2 shows 353 mAh g−1

charge capacity, which is higher than the theoretical capacity of
TiO2 (335 mAh g−1). This may be attributed to increased
conductivity of electrode material by the Cu doping.41,48 From
Figure 7 and Table S3, it is clear that the Cu-doped TiO2
shows better electrochemical performance compared to the
pure TiO2 nanoparticles, revealing that copper contributes to
the improved electronic conductivity of TiO2 and synergetic
effect of Cu and TiO2.

Influence of Cu-doping on electrochemical performance was
investigated by cycle stability and rate capability performance,
and the results are shown in Figure 8a,b, respectively. The

cycling stability (Figure 8a) of each cell is investigated up to
100 cycles at the current density of 0.5 A g−1 in the potential
window 0.01−3 V. From the cycle stability data, it is clear that
the specific capacity value of TiO2 increases with percentage
increase of Cu doping. Interestingly, the 7% Cu-doped TiO2
cell shows a high specific capacity of 250 mAh g−1, which is
higher than that of pure TiO2 (180 mAh g−1) and 3% Cu-
doped (198 mAh g−1). After 100 cycles, it exhibits 97.6%
capacity retention because of the increase in the conductivity
of the electrode material due to the doping of Cu in TiO2.
The rate performances of pure TiO2 and copper-doped TiO2

at different current rates ranging from 0.05 to 2 A g−1 are
investigated as shown in Figure 8b. It is observed that each cell
shows good rate capability, but exceptionally fading in initial
few cycles (at current rate 0.05 A g−1), which is attributed to
the loss of symmetry during phase transition accompanied by a
decrease in the unit cell along the c axis. Furthermore, the
subsequent increase of unit cell volume (∼4%) along the b
direction results in capacity fading.49 Among them, 7% Cu-
doped TiO2 shows high specific capacity at each current
density compared to pure TiO2 and 3% Cu-doped TiO2. It
delivers reversible specific capacities of 378, 330, 279, 230, 186,
and 157 mAh g−1 at 0.05, 0.1, 0.25, 0.5, 1, and 2 A g−1 of
current density, respectively. It is clearly observed that even at
the high current density (2 A g−1) it shows 157 mAh g−1 of
specific capacity, much higher than pure TiO2 and 3% Cu-
doped TiO2 electrodes (119 and 134 mAh g−1, respectively)
(details of rate capability data are given in Table S4).
Interestingly, when the current density returns after 2 A g−1

to the current density of 0.1 A g−1, it shows a discharge
capacity of 299 mAh g−1 after 42 cycles and recovers 90% of

Figure 8. (a) Cycle stabilities of pure TiO2, 3% Cu-doped TiO2, and
7% Cu-doped TiO2 at 0.5 A g−1 current density. (b) Rate
performance of pure TiO2, 3% Cu-doped TiO2, and 7% Cu-doped
TiO2 at different current densities.
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capacity retention from the initial cycle at 0.1 A g−1, indicating
very good rate capability of the material.
Furthermore, to study the electrochemical kinetics of

synthesized pure TiO2, 3% Cu-doped TiO2, and 7% Cu-
doped TiO2, electrochemical impedance spectroscopy (EIS)
study is performed. It is used to examine the activity occurring
at the electrode/electrolyte interfaces and Li-ion intercalation/
deintercalation within electrode materials in the battery cells.
Figure 9 shows the Nyquist plots of pure TiO2, 3% Cu-doped

TiO2, and 7% Cu-doped TiO2. Each Nyquist plot is composed
of the compressed semicircle (in the high- to medium-
frequency region) and a Warburg impedance (Zw) straight line
(in the low-frequency region) corresponding to the charge-
transfer resistance (Rct) between the electrolyte and the
electrode and Li+ ion diffusion in the electrode material. From
the Nyquist plot, the Rct values (diameters of the semicircle)
for pure TiO2, 3% Cu-doped TiO2, and 7% Cu-doped TiO2 are
117, 109, and 48.35 Ω, respectively. Among them, the 7% Cu-
doped TiO2 electrode material showed the lowest Rct value
compared to the other electrode material, which indicates that
the electrode (7% Cu-doped TiO2) facilitates easy and fast
electronic transportation enhancing the conductivity. The
results indicate an enhancement in the Li+ ion diffusion in the
Cu-doped TiO2 electrode.

■ CONCLUSIONS
In summary, we have successfully synthesized the copper-
doped TiO2 nanoparticles employing a biomediated green
approach using the Bengal gram bean extract. The synthesized
electrode materials are explored as an anode for lithium-ion
battery application. The Cu-doped TiO2 anodes show better
charging−discharging capacity than the pure TiO2 anode,
which is due to the enhanced conductivity and synergistic
effect of the individual components (Cu and TiO2).
Interestingly, among the explored TiO2 electrode, the 7%
Cu-doped TiO2 cell shows a higher specific capacity compared
to pure TiO2 and 3% Cu-doped TiO2 cells. Besides, the 7%
Cu-doped TiO2 anode shows higher than 99% coulombic
efficiency after 100 cycles compared to pure TiO2 and 3% Cu-
doped TiO2 at the 0.5 A g−1 current rate. Apart from this, the
7% Cu-doped TiO2 anode shows better specific capacitance,
cycling stability, and rate capability performance, which is
attributed to the contribution of doped copper reducing the
charge-transfer resistance (Rct) between the electrolyte and the
electrode material and enhancement in the Li-ion diffusion
compared to pure TiO2 and the 3% Cu-doped TiO2. It is
expected that this work would pave new avenues for the

scientific community to develop environmentally benign metal-
doped TiO2 nanoparticles using the Bengal gram bean extract
as a greener and economic approach. Furthermore, metal
doping is one of the best ways to enhance the electronic
conductivity of TiO2 nanoparticles and thus the study is
underway to understand the influence of other metal dopants
and their varying concentrations on the electrochemical
performance for their application in lithium-ion battery.

■ EXPERIMENTAL SECTION
Chemicals. Titanium chloride (TiCl4), copper(II) chloride

dihydrate (CuCl2·2H2O), and ammonia (AR grade 28%)
procured from Merck were used as such without further
purification for the synthesis of Cu-doped TiO2 nanoparticles.
Bengal gram beans (C. arietinum L.) were purchased from a
local market in Aurangabad, India.

Synthesis of Gram Bean Extract. Dry Bengal gram beans
(20 g, C. arietinum L.) were precleaned and soaked for 6 h in
100 mL of deionized (DI) water at room temperature (25 °C).
After 6 h, the soaked seeds were removed and the extract was
subjected to filtration using a glass fiber filter. The filtered
solution was used as gram bean extract for the synthesis of pure
TiO2 and Cu-doped TiO2 nanoparticles.

Synthesis of Cu-Doped TiO2 Nanoparticles. In typical
synthesis of 3 and 7 wt % Cu-doped TiO2 nanoparticles using
biosynthesis method, 6.9 mL of TiCl4 solution was dropwise
added into 10 mL of gram bean extract in two beakers
separately and further diluted to 50 mL. Copper chloride was
used as a source of copper and an appropriate amount of
CuCl2·2H2O was added to this solution for having 3 wt %
(0.40 g) and 7 wt % (0.94 g) Cu doping, respectively.
Subsequently, the pH of the solution was adjusted to 7 using
ammonia solution to form titanium-hydroxide pectin gel,
which shrinks and inhibits the further growth of the
nanoparticles. The shrunk gel was washed with deionized
water. The powder was dried in an electric oven at 100 °C and
subsequently calcined at 400 °C for 3 h to remove the organic
contaminants. Pristine TiO2 was also prepared in the same way
without doping copper ion for better comparison. All Cu-
doped TiO2 and pure TiO2 nanoparticles so produced were
characterized for the confirmation of their preliminary
structural and morphological properties.

Material characterization. Bruker AXS D8 Advance X-
ray diffractometer equipped with Cu Kα1 radiation was used
for powder X-ray diffraction measurement in the range of 10−
80°. Raman spectra were recorded using a UniG2D Raman
Spectroscope (UniNano Tech) with a 532 nm continuous-
wave laser as the light source. UV−visible diffuse reflectance
spectra of the samples were recorded using a UV−vis
spectrophotometer (LabIndia, UV 3092). The morphologies
of the as-synthesized Cu-doped TiO2 materials and calcined
pure TiO2 were investigated by scanning electron microscopy
(SEM, JEOL, JSM 6500F microscope) operating at 15 kV.
Particle size and morphology of 7 wt % Cu-doped TiO2 and
pure TiO2 were recorded using transmission electron
microscopy (TEM) measurement on an FEI Tecnai G2-F20
microscope (Philips) with a field-emission gun operating at a
200 kV. Specimens were prepared by ultrasonication of TiO2
nanoparticles in ethanol, followed by dropping the suspension
on a carbon-coated copper grid.

Electrode and Coin Cell Preparation for Electro-
chemical. The electrodes for the electrochemical analysis
were prepared by coating a composite slurry of 80 wt % of

Figure 9. Electrochemical impedance spectra (EIS) of pure TiO2, 3%
Cu-doped TiO2, and 7% Cu-doped TiO2.
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active materials (Cu-doped TiO2), 15 wt % of conducting
carbon (super-P, timcal), and 5 wt % of poly(vinylidene
difluoride) binder prepared in N-methyl-2-pyrrolidone on a
carbon-coated copper foil by using the doctor blade method,
wherein the copper foil act as a current collector. This
composite-coated foil was then subsequently dried at 60 °C for
24 h and then cut into a circular disk with the help of a
punching machine fitted with cutters suitable for coin cells of
CR2032. The material loadings in the range of 2.0−4.0 mg
were achieved. The CR2032 cells for electrochemical testing
were assembled inside an argon-filled glovebox at an extremely
low oxygen level of less than 0.1 ppm. A metallic lithium (Li)
disk was used as both counter and reference electrodes in
opposite sides. The two electrodes were separated by a
Whatman glass microfiber filter separator soaked in the
electrolyte solution. Lithium hexafluorophosphate (1 M,
LiPF6) in 1:1 volume ratio of ethylene carbonate and dimethyl
carbonate mixture was used as the electrolyte. Cyclic
voltammetry (at a scan rate of 0.3 mV s−1) and impedance
measurement were carried out by an SP 300 Bio-Logic
potentiostat. Galvanostatic charge−discharge and cycling
profile (at a constant current density of 0.5 A g−1)
measurements were carried out using an MTI battery cycler
in the potential window 0.01−3.0 V for half-cell configurations
at ambient temperature conditions.
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a b s t r a c t 

A green synthesis of biocompatible magnetite (Fe 3 O 4 ) nanoparticles (MNPs) using a combination of urea 

(U) and gram-bean extract (GBE, Cicer arietinum L .) is reported. The particle size of ∼13 nm and highly 

stable magnetite phase is observed for GBE-U mediated MNPs. On the other hand, the MNPs synthesized 

using either U or GBE shows larger particle size and uneven size distribution. Interestingly, the sample 

with particle size ∼13 nm shows optimum heat generation capacity (measured in specific absorption rate, 

i.e ., SAR) near to the therapeutic temperature (43 °C) with least-variance. To investigate the influence of 

various factors such as variation in MNPs weight concentration ( W t ), applied alternating magnetic field 

(AMF), saturation magnetization ( M s ), magnetization rate ( R m ), etc. on SAR, a multiple linear regression 

model (MLRM) is used. The study reveals a positive correlation of SAR with R m and AMF values while 

the negative correlation with M s and W t . Ultimately, the present green synthesis is the affordable ap- 

proach for preparing stable and tiny MNPs. Moreover, MLRM is found to be a useful theoretical tool for 

understanding the influence of MNPs on hyperthermia performance. 

© 2018 Taiwan Institute of Chemical Engineers. Published by Elsevier B.V. All rights reserved. 

1. Introduction 

Hyperthermia is considered one of the promising non-invasive 

techniques in cancer treatment, where the use of magnetic NPs has 

attracted the attention of the scientific community for biomedical 

applications [1–4] . In hyperthermia, localized heat is generated by 

placing the magnetic NPs in an AMF and is governed by several in- 

fluencing factors. Tremendous work has been done for developing 

efficient magnetic NPs using various physical, chemical and bio- 

Abbreviations: AMF, alternating magnetic field; FWHM, full width at half maxi- 

mum; GBE, gram bean extract; H T , field strength at tangential intersection; MLRM, 

multiple linear regression model; MNP, magnetite nanoparticles; M s , saturation 

magnetization; R m , magnetization rate; RT, room temperature; U , urea; W t , weight 

concentration. 
∗ Corresponding authors. 

E-mail addresses: nicedeshpande@yahoo.co.in (N.G. Deshpande), 

vijayfulari@gmail.com (V.J. Fulari). 
1 Present Address: Mid Sweden University, Sweden. 

logical methods. Furthermore, non-toxic and environmental benign 

green synthesis approaches are employed to obtain biocompatible 

magnetic NPs. In particular, by employing plant extracts in green 

synthesis have proved to be beneficial in maintaining the small 

size and narrow size distribution of magnetic NPs, which play a 

vital role in hyperthermia. Furthermore, biomolecules like natural 

reducing agents [5] , antioxidants like polyphenols [6–8] , biopoly- 

mers like pectin [9] , etc. are naturally procured from the extract. 

The pectin biopolymer; naturally present in the extract works as 

complexing, growth directing and capping molecule, thereby ter- 

minating the further growth of NPs maintaining the size distri- 

bution. Among the magnetic NPs, magnetite (Fe 3 O 4 ) nanoparticles 

(MNPs) are widely studied for biomedical applications due to their 

high Curie temperature, more heat generation ability, tunable size, 

and anisotropy as well as low toxicity and excellent biocompatibil- 

ity [4,6] . Earlier, Jeun et al. [10] performed a comprehensive study 

on the effect of MNP size and their heat generation ability. It is ob- 

served that the particles below 10 nm are inefficient for magnetic 

https://doi.org/10.1016/j.jtice.2018.07.039 
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hyperthermia due to its low specific absorption rate (SAR), while 

MNPs ranging from 10 nm to 22 nm show excellent hyperther- 

mia due to the higher SAR values. A similar observation is noted 

by other groups for MNPs below 10 nm diameter [11,12] . The ear- 

lier reports reveal the influence of particle size on SAR value and 

show a significant decrease in SAR when MNP size increases be- 

yond 35 nm [10,11,13] . In addition to this, it is noted that the Néel 

relaxation is dominant for smaller MNPs; while Brownian relax- 

ation becomes dominant for MNPs above 20 nm [4,14] in heat gen- 

eration. Moreover, in case of larger NPs, hysteresis losses also con- 

tribute significantly to the heat generation. Thus, controlling the 

size, shape, dimensions, and stability of the MNPs remain a great 

challenge, which is yet to be addressed. As a matter of fact, syn- 

thesis of iron oxide NPs (controlled size) using aqueous extracts of 

monocotyledonous ( Hordeum vulgare L. ; pH ∼5.8; ∼30 nm) and di- 

cotyledonous ( Rumex acetosa L.; pH ∼3.7; ∼10–40 nm) plants have 

been explored. [15] Interestingly, R. acetosa mediated MNPs were 

found to be relatively stable suggesting the advantage of acidic di- 

cotyledonous plant extract for stabilization of MNPs. Notwithstand- 

ing to this, magnetic properties of MNPs also depend on several 

other factors like magnetic saturation, MNP concentration, coerciv- 

ity, active hysteresis area, AMF, etc. , in addition to MNP size and 

phase stability that plays an important role in determining the SAR 

values. Considering the complexity of several influencing param- 

eters on the magnetic properties of MNPs and SAR values, it is 

necessary to develop a theoretical model in order to understand 

its correlation with SAR values. Martinez-Boubeta et al. proposed a 

theoretical model for hyperthermia, which is valid in room temper- 

ature (RT) regime [16] ; while some authors used the standard as 

well as kinetic metropolis Monte-Carlo method to understand the 

interaction between heating rates and amplitude of AMF [17–19] . 

However, it is practically difficult to find a comprehensive theoret- 

ical model that could provide a clear understanding of the multi- 

ple factors governing the MNPs property and SAR values and/or 

heating rates. With this motivation and considering the rugged- 

ness of the multiple linear regressions model (MLRM), its utility in 

handling multi-parameters and ability to derive reliable inference, 

MLRM was explored in this study. 

The present work involves the bio-mediated green synthesis 

[20,21] of MNPs using a combination of urea (U) and gram bean 

extract (GBE). The particles obtained were thoroughly character- 

ized by XRD, FTIR, FESEM, TEM, SAED, etc . Further, the MNPs were 

used to study the influence of the varying size on the magnetic and 

in turn the hyperthermia properties. In addition to this, a statisti- 

cal multiple linear regression model (MLRM) is used to correlate 

their influence on SAR to investigate and verify the experimental 

data involving variation in MNPs weight concentration ( W t ), ap- 

plied magnetic field (AMF), saturation magnetization ( M s ), magne- 

tization rate ( R m 

), etc. The study showed a promising correlation 

between the influencing parameters on the magnetic properties of 

MNPs with SAR values, which is reported. 

2. Experimental section 

2.1. Chemicals and solvents 

Unless otherwise mentioned, all the chemicals used were of AR 

grade. Ferrous sulphate heptahydrate (FeSO 4 ·7H 2 O) as iron (II) pre- 

cursor purchased from Thomas Baker was used as received and 

no further purification was done. The complexing agent’s urea 

(NH 2 CONH 2 ) and methylamine (CH 5 N) used during synthesis were 

purchased from S D Fine Chemicals Ltd. The gram bean extract was 

also used for the synthesis of MNPs. 

2.2. Synthesis 

The chemical methods provide immense scope in NPs synthesis 

by controlling the growth parameters for tuning the particles size 

Fig. 1. Experimental setup for the synthesis of MNPs. 

and anisotropy. However, agglomeration of the particles and phase 

stability after synthesis is a challenge that is yet to be satisfactorily 

addressed. Thus, with the attempt to address this issue during the 

bulk production of MNPs, we adopted the GBE-U assisted biosyn- 

thesis of MNPs by treating the FeSO 4 ·7H 2 O with GBE-U as shown 

in the schematic Fig. 1 . Varying combinations of GBE:U ( Table 1 ) 

was explored to investigate its effectiveness in achieving optimum 

and uniform size distribution of MNPs with desirable magnetic 

properties and phase stability. Herein, U is used as a nucleating 

agent [22] and methylamine (MA) as a complexing agent. Eventu- 

ally, this results in an increase in the pH of the reaction mixture 

[21] leading to nucleation of iron oxide followed by precipitation 

[23] . At temperatures between 50 °C and 80 °C, the rate of hy- 

drolysis is relatively slower; however, it is sufficient for oxidation 

of Fe 2 + to Fe 3 + . Stumm and Lee [24] studied the urea mediated 

synthesis of MNPs in details, wherein the final product was found 

to be Fe 2 O 3 [21,25] instead of Fe 3 O 4 , [refer to Supplementary Eqs. 

(1)–(5) and Supplementary Figs. S1 and S2]. Thus, herein this work, 

MA, which is a weak base and a complexing agent is used along 

with the U to achieve the desired phase and phase stability [refer 

Supplementary Eqs. (6)–(8) and Supplementary Fig. S3]. This base 

solution is believed to provide excess OH 

− ions [26] in aqueous 

solution favoring the metal oxide formation. 

2.2.1. Preparation of GBE 

15 g of dry gram beans washed with double distilled water 

(DDW) were immersed in 250 mL of DDW in a glass beaker at RT 

(25 °C) for 12 h. The yellowish extract (remnant solution) obtained 

was filtered through the Whatman filter paper. As a precautionary 

measure, the remnant extract was stored at 8 °C to avoid coagula- 

tion of extract. 

2.2.2. Synthesis of magnetite NPs 

The synthesis of MNPs was done by treating 25 mL of aque- 

ous solution of FeSO 4 ·7H 2 O (0.15 M) in presence of urea and/or 

GBE. Typically, in the present work, 1.0425 g of FeSO 4 ·7H 2 O was 

dissolved in 25 mL DDW and the mixture was stirred for 5 min. 

0.1 M urea solution was added in the mixture followed by drop- 

wise addition of MA solution into the reaction mixture to adjust 

the pH at 8.5. Thereafter, the solution mixture was transferred to 

100 mL three-neck round bottom flask attached with a thermome- 

ter and a pH meter electrode. The flask was just lifted above the 

magnetic stirrer plate to avoid rapid heating of the precursor solu- 

tion. The temperature of the reaction mixture was increased slowly 
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Table 1 

Synthesis of MNPs by varying combinations of preparative parameters, i.e . FeSO 4 , U, and GBE. 

Sample 

code 

Experimental parameters 

Aqueous FeSO 4 solution Urea solution Gram bean extract MA solution 

A 0.15 M 0.1 M – Add drop-wise to make solution pH 8.5 

B 0.15 M – 25 mL 

C 0.15 M 0.1 M 25 mL 

and set at 50 °C with the stirring speed maintained at 1200 rpm 

for 1 h. The change in color of the solution from brown to dark 

grey indicates the formation of iron oxide NPs. After 1 h, the reac- 

tion mixture was allowed to naturally cool to RT. 

The MNPs thus obtained in the reaction mixture were easily 

separated using a strong magnet (NdFeB magnet) and subsequently 

washed three-times with DDW followed by ultrasound assisted 

cleaning to ensure removal of physi-adsorbed or loosely bound 

biomolecules. The MNPs were further dried in an oven at 80 °C 

for 12 h and ground to fine powder using agate mortar-pestle and 

referred it as sample A. Similarly, the samples B and C were pre- 

pared according to experimental parameters given in Table 1 . 

3. Methods and characterizations 

3.1. X-ray diffraction (XRD) technique for structural analysis 

The crystal structures of all the synthesized NPs were deter- 

mined by X-ray diffraction patterns obtained by using Bruker D2- 

Phaser X-ray diffractometer. It is also used for phase confirmation 

as well as the determination of crystallite size (D) and lattice con- 

stant. These samples were scanned with 1.5406 Å wavelength ( λ) 

(characteristic wavelength of Cu-K α1 line) and varying diffraction 

angle ( θ ) from 20 ° to 70 °. Further, by knowing full width at half 

maximum ( i.e . FWHM) for most intense peak observed in XRD pat- 

tern, the crystallite size (D) was calculated by using the Scherrer 

formula as [27] 

D = 

0 . 9 λ

βcos θ0 

(1) 

where, θo corresponds to Bragg’s angle of the most intense XRD 

peak. 

3.2. Fourier transform-infra red (FT-IR) spectroscopy study 

The presence of functional groups attached to the surface of 

MNPs is confirmed by studying FT-IR spectra of these powder 

samples (trace amount in KBr pellets), which were recorded from 

wavenumber range 480 cm 

−1 to 40 0 0 cm 

−1 by using Bruker alfa 

spectrometer. To investigate the effect of a surface coating of MNPs 

(by green synthesized pectin) on the phase stability of materials, 

the aged (6 months) samples were used for FT-IR study. 

3.3. Field emission scanning electron microscopy (FESEM) and energy 

dispersive spectroscopy (EDS) 

The NPs size and shape of MNPs reflected from field emis- 

sion scanning electron microscopy, FESEM (Mira3, TESCAN) images 

at higher magnification (2,0 0,0 0 0 ×); while elemental composition 

was studied with energy dispersive spectroscopy, EDS (Oxford In- 

struments) technique. 

3.4. Transmission electron microscopy (TEM) and selected area 

electron diffraction (SAED) 

TEM (FEI Tecnai G2-F20) reflects the actual crystallite size of 

synthesized NPs; while SAED pattern was used to know the form 

of crystallinity as well as the structural phase of given sample. 

3.5. Physical property measurement system (PPMS) for magnetic 

study 

The RT magnetic properties of as-prepared samples were stud- 

ied using PPMS (Quantum design). The measurements were carried 

out within magnetic field strength ranging from ± 10 kOe at 300 K. 

The M–H hysteresis loops were studied to investigate the behavior 

of MNPs. 

3.6. Induction heating in AC magnetic field for hyperthermia study 

The effect of MNPs size on heat generation ability (when parti- 

cles were subjected to an AC magnetic field) was studied by using 

induction heating system (Easy Heat 8310, Ambrell) having a hol- 

low copper coil with 6 cm diameter and 4 turns. The cooling water 

was continuously circulated through this copper coil to avoid ex- 

cess coil heating thereby any interruption during the magnetic hy- 

perthermia measurements. These measurements were performed 

for various concentrations of powder dispersed in DDW (1 and 

2 mg mL −1 ) and also for various magnetic field amplitudes (335 Oe 

and 419 Oe) with the constant applied frequency of 276 kHz. Here, 

the magnetic field strength (H) was calculated from applied cur- 

rent (I) using the relation, 

H ( Oe ) = 

1 . 257 ni 

L 
, i = 40 0 A , 50 0 A , (2) 

n = 4 , L = 6 cm (3) 

where, notations are as usual mentioned elsewhere [28] . The mea- 

surements are taken for 10 min. for every sample and used for cal- 

culating their specific absorption rate (SAR) values. 

3.7. Theoretical analysis using R-software 

The theoretical analysis of data was done by using R-software 

(32-bit, version 3.4.0). R is an open source software, which is a 

reliable tool for statistical analysis with the provision of flexible 

programming facility. The MLR model is fitted using lm() function. 

Montgomery et al. [29] discussed multiple regression modeling in 

detail. 

4. Results and discussion 

Fig. 2 shows the XRD patterns of the as-prepared samples A, B, 

C and 6 months aged sample C#. It is observed that the XRD pat- 

terns of these samples exactly coincide with the peaks observed in 

standard JCPDS card no. 0 0-0 01-1111, which indicates pure Fe 3 O 4 

phase with cubic structure belonging to the fd ̄3 m spatial group. 

The characteristic peaks observed at 2 θ = 30.06 °, 35.45 °, 43.04 °, 

57.17 ° and 62.73 ° corresponds to the hkl planes (220), (311), (400), 

(511) and (440), respectively, which indicates inverse spinel struc- 

ture of magnetite. The broadening of intense XRD reflection peak 

indicates the nanocrystalline nature of sample [30] prepared in 

presence of both GBE and U. Hence, the use of U along with GBE 

has produced MNPs with smaller crystallite size calculated using 

standard Scherrer’s formula and was found to 4.6 nm for sample C, 
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Fig. 2. XRD patterns of as-prepared powder sample A, B, C and aged sample C# 

matched with Fe 3 O 4 JCPDS card no. 0 0-0 01-1111. The inset shows the FWHM values 

and the calculated crystallite sizes (D) using Scherrer’s formula for samples A, B, C, 

and C#. 

Fig. 3. A representative FT-IR spectrum of gram bean extract (GBE) and samples 

A, B, C analyzed after 6 months of aging labeled as A#, B#, and C#. The arrows 

indicate absorption bands with corresponding wavenumbers. 

while 8.2 and 5.3 nm for samples A and B, respectively (see inset 

of Fig. 2 ). The structural phase stability of these samples was also 

checked from the XRD analysis of annealed samples (at 500 °C, 

shown in Supplementary Fig. S4) that revealed the high stability 

of samples prepared using GBE and/or by the combination of GBE 

and U. However, in case of sample A, which is prepared only us- 

ing U, formation of mixed phase of Fe 2 O 3 and Fe 3 O 4 is observed. 

Moreover, this sample slowly degrades to Fe 2 O 3 phase (as depicted 

from Raman spectra of sample A Supplementary Fig. S5). This in- 

dicates the significant role played by the GBE and combination of 

GBE and U in maintaining the phase stability of both i.e ., after an- 

nealing as well as after preservation of sample for 6 months, which 

is supported by FTIR and TG-DTA analysis ( Fig. 5 and Supplemen- 

tary Fig. S6). 

The presence of pectin (a biopolymer) in GBE-mediated MNPs 

( i.e. samples B and C) is confirmed by their FT-IR study. The char- 

acteristics peaks of pectin are absent in FT-IR spectrum of sample 

A due to uncoated MNPs. Fig. 3 gives the FT-IR spectra of MNPs 

synthesized at various conditions after six months of aging. For 

B# and C#, a strong absorption peak near 583 cm 

−1 is observed, 

which is the characteristic band of Fe–O stretching vibrations of 

the MNPs [31,32] while for A#, a single, relatively low intense ab- 

sorption band of Fe–O stretching vibrations is detected at around 

571 cm 

−1 . 

This shift in peak position (583 cm 

−1 → 571 cm 

−1 ) can be cor- 

related to the phase transition of sample A from Fe 3 O 4 to Fe 2 O 3 , 

which is already revealed by XRD analysis (aging study). The sharp, 

intense trench at 583 cm 

−1 and 635 cm 

−1 for B and C indicate 

the highly stable Fe 3 O 4 phase of MNPs. This stability is due to 

the surface coating of MNPs by pectin. The extra peaks occurred 

at 635 cm 

−1 for B# and C# related to the pectin-functionalization 

of Fe 3 O 4 NPs [33] . The absorption band at 1116 cm 

−1 is as- 

signed to ether R–O–R (R – alkyl group) in the ring structure of 

pectin [34] while absorption peak at 1380 cm 

−1 is associated with 

symmetric and asymmetric stretching of carboxylic-metal (COO–

Fe) linkage [35,36] . Moreover, absorption near 1636 cm 

−1 can 

be assigned to the vibration of carboxylic acid and ester groups 

(O 

= C 

–O) of the pectin polymer [33] whereas, the 2930 cm 

−1 band 

corresponds to the stretching vibrations of the CH 2 group from 

the methyl ester of galacturonic acid [33,34] , which is strong ev- 

idence of pectin coating on MNPs. For the GBE it is observed 

at 2924 cm 

−1 . Furthermore, the absorption peaks at 1625 cm 

−1 , 

2855 cm 

−1 , 2961 cm 

−1 and 3455 cm 

−1 , (which are very close to 

the above peaks related to pectin) are ascribed to the urea used 

during the NPs synthesis. The smooth peak around 1625 cm 

−1 cor- 

responds to the N 

–H deformation frequency, while the broad ab- 

sorption band near 3455 cm 

−1 is mainly due to the N 

–H stretching 

vibrations [37] . Two more bands at 2961 cm 

−1 (C 

–H asymmet- 

ric stretching in –CH 3 ) and 2855 cm 

−1 (C 

–H symmetric stretch- 

ing) are detected, which are due to the symmetric/anti-symmetric 

stretching of C 

–H in the CH 3 group [38] . A strong absorption peak 

is found for all the samples around 2350 cm 

−1 , which is a re- 

sult of asymmetric stretching vibrations of CO 2 molecules. The oc- 

currence of CO 2 is due to the background CO 2 environment dur- 

ing the sample scan [39] . A slight shift in the absorption peaks 

(that looks identical with pectic peaks) in case of sample A# are 

basically related to urea and methylamine. Hence, the absorption 

peaks associated with the pectin are absent for sample A#, which 

clearly indicates the uncoated surface of MNPs. Therefore, MNPs in 

case of sample A# undergo fast oxidation in open environment and 

they are found to slowly get transformed into α-Fe 2 O 3 . For GBE, a 

strong absorption band at 3441 cm 

−1 corresponds to stretching of 

O 

–H group. The absorption at 1386 cm 

−1 is related to stretching of 

COO 

– group of pectin while 1028 cm 

−1 also gives evidence of C 

= O 

or C 

= C double bond of pectin [20] . 

Consequently, the surface of MNPs undergoes fast oxidation in 

open environment and is found to slowly get transformed into α- 

Fe 2 O 3 phase. This means that pectin (from GBE) serves as a phase 

stabilizer (capping agent) where initially it acts as disperser for 

Fe 2 + ions (as shown in Fig. 4 (b)) and after formation of MNPs, 

pectin makes a thin coating on their surface, which gives the stable 

MNPs ( Fig. 4 (c)). 

The phase stability of these samples was studied by thermo- 

gravimetric analysis (TGA) in the air within the range of 25 °C–

900 °C at the rate of 10 °C min 

−1 . Fig. 5 shows TGA curves for 

samples A, B, and C in which first weight loss of ∼6.1% to 110 °C is 

attributed to the evaporation of the residual water. A major 64.8% 

weight loss observed between 110 °C and 650 °C, for U-GBE me- 

diated sample (sample C), is due to the decomposition of urea 

and organic matter. Particularly, during second weight loss, start- 

ing from ∼200 °C, urea gets decomposed and the process contin- 

ues till 350 °C followed by the decomposition of pectin polymer, 

which gives carbonaceous residues [40,41] . Finally, beyond 600 °C, 

the carbonaceous residue is oxidized. Similarly, 8.4% weight loss 

(see inset of Fig. 5 ) is observed for GBE mediated sample (sam- 

ple B) between the range 110 °C–650 °C and it is assigned to the 

decomposition of organic contents, while < 2% weight loss (see in- 

set of Fig. 5 ) between 110 °C and 410 °C in case of U mediated 

sample (sample A) is mainly due to decomposition of urea. Besides 
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Fig. 4. GBE-mediated synthesis of stable MNPs, (a) preparation of GBE, (b) dispersion of Fe 2 + ions in pectin matrix and (c) role of pectin in the stabilization of MNPs. 

Fig. 5. TGA curves for samples A, B, and C within 25 °C–900 °C in the air at the 

rate of 10 °C min −1 . The inset shows an enlarged portion of the curve for samples 

A and B. 

this, the weight gains observed at around 210 °C and 750 °C in the 

TG curve of sample A indicates the transformation of magnetite to 

maghemite [42] and then hematite, respectively (for more details 

refer TGA plots in Supplementary Fig. S6). The absence of these 

transitions nodes in TGA plots of GBE-assisted samples indicates 

long-term retention of magnetite phase. These facts are also con- 

firmed from XRD analysis of annealed samples (see Supplementary 

Fig. S4). 

The biocompatibility of GBE mediated sample was investigated 

by studying antimicrobial activity of samples with agar gel dif- 

fusion method. The bacteria used were Staphylococcus aureus 

(Gram-positive, round-shaped bacterium) and Pseudomonas aerug- 

inosa (Gram-negative, rod-shaped bacterium). It is clearly observed 

that sample C shows better antimicrobial activity than sample 

A. In particular, sample C shows more antimicrobial activity for 

Staphylococcus aureus bacterium than Pseudomonas aeruginosa. 

The zone of inhibition was found to be 9 mm against Staphylo- 

coccus aureus and 3 mm against Pseudomonas aeruginosa ( Fig. 6 ). 

Table 2 

The estimated particle size and a polydispersity from the analysis of FESEM and 

TEM images. 

Estimates from Gaussian fit 

Sample A B C 

Values (in nm) 

Measure Pop n 1 Pop n 2 

NP size ( X C ± σ ) (from TEM) 108 ± 79 105 ± 55 20 ± 8 13 ± 6 

Polydispersity 73% – 28% 

NP size (from FESEM) 51–162 16–94 15–45 

4.1. Size distribution of MNPs 

The FESEM, TEM micrographs and size-distribution ( Fig. 7 (a)–

(i)) reveal the yield of MNPs for samples A, B, and C, respectively. 

The exclusion of GBE during the NPs synthesis resulted in larger 

NPs (sample A), which suffers from non-uniformity and agglomera- 

tion of particles (see Fig. 7 (a)). The actual particle size-distribution 

(see Fig. 7 (g)–(i)) depicts drastic decrease in NPs size after the 

incorporation of U and GBE (sample C). The average NP sizes of 

all samples are shown in Table 2 . In case of only GBE mediated 

synthesis (sample B), inconsistent size of NPs (see Fig. 7 (h)) re- 

sulting into the production of a bimodal population of NPs i.e ., 

smaller ( ∼20 nm) as well as larger ( ∼105 nm) size are simulta- 

neously found. However, the GBE-U mediated biosynthesis (sample 

C) yields particles with average size of ∼13 nm (see Fig. 7 (i)). It is 

noteworthy that about 10 fold decrease in the NP size is observed 

for the GBE-Urea mediated synthesis (sample C) with greater uni- 

formity in particle size (polydispersity ∼28%). Furthermore, the 

magnetite phase of all as-synthesized samples is confirmed from 

EDS analysis (as shown in Supplementary Fig. S7) as well as SAED 

pattern (inset of Fig. 7 (f)). The phase stability of water dispersed 

sample C is seen through SAED pattern, which reveals nanocrys- 

talline magnetite phase. The diffraction planes found in SAED pat- 

tern resemble with that observed by XRD (as shown in Fig. 2 ). 
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Fig. 6. Biocompatibility study of as-synthesized sample A (without GBE) and green synthesized sample C (GBE mediated). 

Fig. 7. (a)–(c) FESEM micrographs of as-prepared (dried powder) samples A, B, and C, respectively, (d)–(f) TEM micrographs of water dispersed samples A, B, and C, respec- 

tively. Inset of (f) shows SAED pattern for sample C; and (g)–(i) size distribution histograms of A, B, and C with Gaussian fitted curves. 
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Fig. 8. (a) RT M–H hysteresis curve for samples A, B and C, (b) tangential intersection points for different M–H curves, (c) Langevin fitting for M–H curves of samples A, B 

and C, (d) M–H curves and corresponding Langevin fits for samples A, B and C. 

Among these samples, B and C retain their magnetite phase even 

after aging in a normal environment. This can be attributed to the 

pectin that adheres to the NPs surface, which prevents it from ox- 

idation. 

4.2. Magnetic properties of MNPs 

Fig. 8 shows RT magnetization of various samples subjected to 

the magnetic field ranging within ±20 kOe. The sample A [avg. 

NP size ( X c ) = 108 nm] gives higher saturation magnetization 

( M s = 27.8 emu g −1 ) as well as showed larger coercivity and rem- 

nant magnetization due to its higher crystallinity and larger NP 

size. The lower M s values observed for all samples is a result 

of size effect caused by the surface spin disorder [43] . The sam- 

ples B ( X c1 = 105 nm and X c2 = 20 nm) and C ( X c = 13 nm) 

have almost the same magnetic saturation point. The decrease in 

magnetization may be due to the coating of pectin (non-magnetic 

polymer/polysaccharide) on NPs surface, which reduces the 

particle-particle interaction as well as lowers the exchange cou- 

pling [44] . Moreover, increase in the surface area-to-volume ratio 

( i.e . decrease in NPs size) is responsible for lower M s values for 

samples B and C. 

A term referred to as magnetization rate ( R m 

) is introduced and 

is given by Eq. (4) to find a correlation between the trend of hys- 

teresis curve and heat generation during induction heating. 

R m 

= 

1 

H T 

(4) 

Table 3 

The Langevin functions fitted for M–H data (for 300 K). 

Sample code Fitted Langevin function for M–H curve 

A M A = 29.2884 { 1 
tan h ( 0 . 002397 H ) 

− 1 
0 . 002397 H 

} 
B M B = 24.4977 { 1 

tan h ( 0 . 003632 H ) 
− 1 

0 . 003632 H 
} 

C M C = 24.0751 { 1 
tan h ( 0 . 005023 H ) 

− 1 
0 . 005023 H 

} 

where, H T is the field strength at the tangential intersection as 

shown in Fig. 8 (b). Moreover, the Langevin functions are fitted to 

the experimental M–H data and it is observed that the function 

fits well for sample C. The fitted Langevin functions are as shown 

in Table 3 while the physical terms deduced from RT M–H curve 

are shown in Table 4 (also see Supplementary Table S1). 

The superparamagnetic behavior of sample C is seen from its 

negligible coercivity, retentivity (see Table 4 ) and the fitting with 

Langevin theory. This is attributed to its smaller NP size ( ∼13 nm), 

which leads to the formation of a single domain structure that 

helps for easy magnetization (high magnetization rate, R m 

= 0.193). 

Therefore, sample C can be useful for magnetic hyperthermia study 

as it can achieve the desired therapeutic temperature. 

4.3. AC magnetic field induced heat generation study 

The in-vivo application of MNPs for magnetic hyperthermia is 

expected to become more effective if a little quantity of a sam- 

ple (in dispersed form) provides temperature near the therapeutic 

temperature (43 °C) of hyperthermia. For this purpose, the heating 
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Table 4 

The M–H hysteresis loop area, coercivity, retentivity and magnetization rate determined from RT M–H curve ( Fig. 8 ). 

Sample Hysteresis area H a (kOe) 2 Coercivity H c (Oe) Retentivity M r (emu g −1 ) Saturation magnetization M s (emu g −1 ) Magnetization rate R m (Oe −1 ) 

A 1.095 123.68 0.150 27.8 0.09 

B 1.4 4 4 112.75 0.031 23.9 0.14 

C 1.436 76.38 0.028 23.7 0.19 

Fig. 9. (a)–(f) Temperature kinetic plots for water dispersed samples A, B, and C at various concentration of MNPs and strength of AMF with applied frequency 276 kHz (W 

corresponds to the pure water sample). 

performance of differently prepared MNPs in various proportions 

(1 and 2 mg mL −1 ) subjected to the applied AMF of strengths 

335.2 Oe and 419 Oe, respectively, are studied. The temperature 

profiles within initial 10 min. of induction heating are shown in 

Fig. 9 . Fig. 9 (e) and (f) shows temperature kinetic plots for W t = 1 

and 2 mg mL −1 after 10 and 6 min, respectively. From these 

temperature kinetic plots, sample C, with an average NPs size of 

13 nm, is found to be more consistent with the rise in tempera- 

ture that ranges from 43 °C to 50 °C. This is considered to be suit- 

able temperature range for hyperthermia treatment. Significantly, 

it is seen that there is an irregularity in the temperature profiles 

for other samples with larger variances. 

A comprehensive analysis indicated that the superparamagnetic 

MNPs dispersed in DDW have residual magnetic moments that 

produce Vander Waals forces and magnetic dipole-dipole interac- 

tions, which results in agglomeration of the NPs. The presence 

of GBE produces a protective shield of pectin (polysaccharide) on 

MNPs, which helps in increasing the phase stability of magnetite, 

avoiding agglomeration and also stabilizes the suspension by steric 

hindrance [30,45] . Although, the sample A shows the highest M s 

value as compared to other samples, it exhibits the least SAR value 

and consequently, the rise in temperature is also very less (as seen 

from Fig. 9 ). The SAR measurements were done by using following 

Eq. (5) [46] : 

SAR = c 

(
m s 

m m 

)
·
(

�T 

�t 

)
initial 

(5) 

where, c is the specific heat capacity of sample suspension (for a 

given suspension, c = 4.186 J/(90 °C)), m s is a mass of suspension, 

m m 

is a mass of magnetic material in the suspension and ( �T / �t ) 

initial is the initial slope of the time-dependent temperature ki- 

netic plot. 

Here, the calorimetric approach is used for hyperthermia mea- 

surements, in which, the temperature rises non-adiabatically dur- 

ing induction heating [47] . Therefore, the initial slope of tempera- 

ture gain profile is preferred for the determination of SAR of MNPs. 
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Fig. 10. AC magnetic field induced heat generation in Fe 3 O 4 NPs were, (a) setup used for the calorimetric method, (b) cross-sectional view with induction lines, (c) relaxation 

mechanism for heat generation and (d) non-adiabatic trend in temperature kinetic plots. 

As per earlier discussion, the heat generation mechanism for MNPs 

with different sizes is interdependent on each other. The heating 

mechanism is explained by the dominance of Néel and Brownian 

relaxation mechanisms during induction heating (setup used and 

heating mechanism is shown in Fig. 10 ). 

Generally, when the size of NPs is below 20 nm, Néel relaxation 

is more dominant, whereas above 20 nm the Brownian relaxation 

dominates [4] . Therefore, when such larger MNPs are subjected to 

AMF, rapid oscillations of NPs about their mean position causes 

frictional losses and they dissipate more heat energy along with 

some contribution by Néel relaxation. However, increase in NP size 

lowers the magnetization rate (see Supplementary Table S1) and 

when the applied field is insufficient; the Brownian relaxation be- 

comes weaker than Néel relaxation, thereby giving least amount 

of heat generation (sample A). Moreover, the magnetic behavior of 

the prepared MNPs is also described by the Stoner–Wohlfarth (SW) 

model [48] (shown in Fig. 11 ). The total energy ( E ) [in particular, 

the magnetic anisotropic energy ( E a ) due to NPs and the Zeeman 

energy ( E z )] of the MNPs system is given by Eq. (6) below, 

E = E a + E z 
= KV sin 

2 θ − HVMs cos (θ − f ) 
= E(θ ) 

(6) 

where notations have their usual meaning as mentioned elsewhere 

[49,50] . In absence of an external magnetic field ( i.e ., H = 0) the Eq. 

(6) becomes, 

E(θ ) = KV sin 

2 θ (7) 

Then E ( θ ) max = KV , which is energy barrier that opposes the 

magnetic spin reversal, but if the thermal activation energy ( K B T ) 

of system is comparable to this energy barrier ( i.e ., KV ∼ K B T ), the 

Fig. 11. Magnetic behavior of MNPs explained by Stoner–Wohlfarth model. 

inversion of magnetic moments becomes possible that leads to su- 

perparamagnetism, which depends on blocking temperature ( T B ) 

and NPs size. This is clear from the Eq. (8) [47] given, 

TB = 

KV 

K B ln 

(
τm 

τ0 

) (8) 

where, τm 

and τ o are the measurement time and characteristic 

time of the measurement method, respectively. Therefore, as the 

volume of particles (or NPs size) increases, the blocking tempera- 

ture increases and hence, it is difficult to pull out these magnetic 

particles from the blocked state at normal temperature. However, 

on the other hand, for superparamagnetic NPs, T B is much lower 

than RT. The phenomenon is clear from Fig. 11 . 

For smaller MNPs, the thermal energy of the system is much 

higher than its energy barrier. As a result, the magnetic moments 

flip very rapidly between spin-up and spin-down states so that the 
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Fig. 12. Size distribution of synthesized magnetite particles (left Y -axis) and box 

plot (right Y -axis) to display variation in temperature gain. 

average time between successive flips becomes smaller than the 

measurement time ( τm 

). In this case, the direction of spins is un- 

recognized. Thus, in the absence of external magnetic force, the 

net magnetic moment of NPs is measured to be zero and system is 

in the superparamagnetic state (see Fig. 11 (a)). For larger magnetic 

particles, often the energy barrier is much higher than the thermal 

energy of the system. Consequently, flipping frequency of particles 

considerably lowers and the average time between successive flips 

becomes larger than the measurement time ( τm 

). As a result, the 

magnetic moments appear to be frozen and the system is in the 

blocked state (see Fig. 11 (b)). 

Accordingly, the variation in temperature gain with the size dis- 

tribution of MNPs is shown in Fig. 12 , which depicts superiority 

of sample C regarding hyperthermia treatment as it contains rel- 

atively smaller sized MNPs ( ∼13 nm) and provides temperature 

with least variance (as seen from bar plots in Fig. 12 ). 

4.4. Statistical analysis using multiple linear regression (MLRM) 

model 

For a deeper understanding, a study is carried out on the be- 

havior of SAR with a change in AMF during induction heating, 

which suggests an increase in SAR with AMF. Higher the AMF, 

lesser is opposition by the coercive forces i.e . magnetic coerciv- 

ity ( H c ) of NPs sample [51] . Consequently, increase in oscillations 

of MNPs with AMF results in higher SAR values. Here we deal 

with two more factors namely, saturation magnetization ( M s ) and 

magnetization rate ( R m 

). So, it is of interest to know, is there 

any relation of SAR with M s and R m 

? This question arose due to 

the fact that the range of AMF used for hyperthermia study was 

within ± 500 Oe and from M–H curve it is seen that this is an 

active region for a drastic change in magnetic hysteresis curves, 

the magnetization of MNPs and their magnetization rate (also refer 

Supplementary Table S1). The temperature gain and SAR seems to 

be highly correlated with correlation coefficients 0.998 and 0.985 

for 2 and 1 mg mL −1 datasets, respectively (refer to Table 5 ). That 

means temperature gain varies in proportion to the SAR values. 

The SAR depends on magnetic saturation ( M s ), magnetization rate 

( R m 

) as well as on the amount of sample used ( W t ) and AMF dur- 

ing hyperthermia study. All the hyperthermia measurements were 

carried out at fixed values of weight quantity ( i.e. either of 2 or 

1 mg mL −1 ) and AMF (419 and 335.2 Oe). Therefore, to know the 

impact of M s , R m 

, weight quantity ( W t ) and AMF on SAR, we intro- 

duced a multiple linear regression model (MLRM) in which W t and 

AMF are treated as factors and replaced it with dummy variables 

W t _DMY and AMF_DMY. 

Fig. 13. Normal Q–Q plot from MLR model. 

Thereafter, we fit MLRM of SAR over M s , R m 

, W t _DMY 

and AMF_DMY [Model: lm(SAR ∼M s + R m 

+ W t _DMY + AMF_DMY)]. 

While fitting the linear regression model (LRM), a basic assump- 

tion is that the errors are normally distributed. The validity of this 

assumption can be checked from normal Q–Q plot of model resid- 

uals, which shows a linear trend for normally distributed data. Fig. 

13 gives the normal Q–Q plot using MLRM, which shows normality 

of errors. 

The multiple linear model fits well, which shows that SAR is 

linearly related to the M s , R m 

, W t , and AMF. The negative sign of 

coefficient assigned by the fitted model indicates a negative cor- 

relation between SAR and predictor variable. The Table 6 reveals 

the positive correlation of SAR with R m 

and AMF; while a negative 

correlation of SAR with M s and W t , respectively. The magnetiza- 

tion saturation ( M s ) and weight quantity ( W t ) seem to be signifi- 

cant with a negative impact on SAR; whereas, SAR increased with 

increase in magnetization rate ( R m 

) and AMF, i.e. , positive impact 

(seen from Table 6 ). 

5. Conclusions 

A facile and cost-effective green synthesis of biocompatible 

MNPs with an average particle size of 13 nm and highly stable 

magnetite phase (even after 6 months) is reported for the first 

time using a combination of urea (U) and gram bean extract (GBE). 

The GBE-Urea mediated route proves to be an excellent way for the 

production of uniform size MNPs providing a reliable method for 

producing highly stable and NPs in bulk. Furthermore, least vari- 

ance in temperature profile is seen for GBE-Urea mediated MNPs, 

which mean heating efficiency of these MNPs is not significantly 

affected by slight variation in AMF or MNPs dose. On the other 

hand, the GBE or Urea assisted biosynthesis provides MNPs with 

polydispersity that arises due to the occurrence of distinct NPs 

population. Even though these NPs (samples A and B) give the 

temperature in and around the therapeutic range, its practical ap- 

plication in hyperthermia would be limited by the size of the NPs. 

The experimental data was further correlated with the statistical 

model. Interestingly, the MLRM have extracted fruitful information 

regarding the relative impact of various physical parameters on 

SAR of MNPs. Hence, biosynthesized NPs provides stable and uni- 

form MNPs, while MLR modeling is a promising tool to get detailed 

insights on the dependence of magneto-structural properties, their 

correlations and it indicates a reliable way for physical analysis of 

data. We believe that this work would open new avenues to com- 

prehensively study and correlate the experimental and theoretical 

results. 
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Table 5 

The observed values of physical quantities and assigned dummy variables by treating W t and AMF as factors each having two levels (2, 1) and (419, 335.2) respectively. 

Dataset 

coding 

Sample 

code 

Physical parameter M s R m Weight quantity AMF Factor I Factor II SAR Temp r gain 

Variable name M s R m W t AMF W t _DMY AMF_DMY SAR T 

Unit (emug −1 ) (Oe −1 ) (mg mL −1 ) (Oe) (mgmL −1 ) (Oe) (Wg −1 ) ( °C) 

Sr. No. 

2_419 A 1 27.84 0.090 2 419 1 1 256 44.77 

B 2 23.90 0.143 423.2 56.17 

C 3 23.70 0.193 366.2 51.39 

2_335.2 A 4 27.84 0.090 335.2 0 212.7 41.99 

B 5 23.90 0.143 348.1 49.73 

C 6 23.70 0.193 325.4 49.22 

1_419 A 7 27.84 0.090 1 419 0 1 373.2 39.93 

B 8 23.90 0.143 591.5 47.41 

C 9 23.70 0.193 479.7 44.39 

1_335.2 A 10 27.84 0.090 335.2 0 291.8 36.86 

B 11 23.90 0.143 466.4 43.06 

C 12 23.70 0.193 477.3 44.22 

Table 6 

Estimated values after fitting multiple linear regression model ( ∗ indicates the significance of variables). 

SAR ∼ M s + R m + W t _DMY + AMF_DMY 

Model Coefficients 

Intercept M s R m W t _DMY AMF_DMY Multiple R -squared Adjusted R -squared 

MLR 2072.91 ∗∗∗ −59.44 ∗∗∗ 1143.27 ∗ −124.75 ∗∗∗ 61.35 ∗∗ 0.9568 0.9321 
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A B S T R A C T

Ternary based photoanodes have been prepared by using titanium dioxide (TiO2) nanoparticles (NPs), cadmium
sulfide (CdS) quantum dots (QDs) and N719 dye. Initially, CdS QDs and TiO2 NPs were synthesized by one pot
synthesis and sol-gel method, respectively. CdS QDs were connected electrostatically to the surfaces of TiO2 NPs,
and after that, this binary hybrid further self-assembled with N719 dye to form the composites. The NPs, QDs
and the resultant composites are characterized by using different techniques. The connectivity of these anatase
TiO2 NPs with cubic CdS QDs are confirmed by FTIR; while the broad coverage of these materials is studied
through UV–Visible diffuse reflectance spectroscopy (DRS). The surface topology and the cross-sectional mor-
phology of thin films are studied by high resolution transmission electron microscopy (HR-TEM) and field
emission scanning electron microscopy (FE-SEM) techniques; while the structural properties of NPs and QDs are
studied by X-ray diffractometer (XRD). The synergetic co-sensitization of CdS and N719 dye significantly en-
hancing the overall power conversion efficiency (η) of TiO2 up to 2.37% (Jsc = 10.31mA/cm2 and Voc of
550mV) (100mW/cm2). The Jsc, Voc, and η values along with Incident photon to current conversion efficiency
(IPCE) value of ternary photoelectrode-based solar devices, is almost double to that of either binary TiO2 NPs-
CdS QDs or binary TiO2 NPs-N719 binary systems.

1. Introduction

Solar energy has emerged as a highly promising alternative renewable
energy source in the 21st century. Among the photo-current renewable
energy technologies, solar energy harvesting is the fastest and promising
one. Different types of solar harvesting strategies have been in place to
meet the various energy demand of industries, as well as domestic appli-
cations. Particularly, the sensitized solar cells (SSCs) are the leading al-
ternatives to conventional inorganic solar cells, primarily due to their ease
of fabrication and low-cost materials. Albeit, the maximum efficiency of
dye-sensitized solar cells (DSSCs) is limited up to 14.1% [1]; in comparison
to the most efficient devices such as silicon (25.6 ± 0.5%), perovskite
(20.1 ± 0.4%) [2] or tandem (20%) [3] based solar cells. Therefore, the
various strategies have exploited for the enhancement of light absorption
of SSCs over a wide wavelength range of solar spectrum to increase the
overall efficiency with long-term stability [4]. For enhancing the

performance of the SSCs, the various stratigies, such as doping of metal
[5,6], non-metal to semiconducting material [7], co-sensitizing of dyes
with tunable band gap semiconductor quantum dots (QDs) [4], and su-
pramolecular dyad or triad systems; have been studied [8,9]. Among
them, the dye-QDs hybrid sensitizers-based solar cells are promising way
to harvest more photons in the wide range of solar spectrum for enhancing
the efficiency. Wang et al. designed the TiO2-based photoanode, anchored
with N719 dye as well as PbS QDs and reported the efficiency of 5.95% to
6.35%, respectively [4]. However, the low band-gap materials like PbX
(X=S or Se) QDs harvest infrared (IR) part only with small coverage of
visible part of the solar spectrum. Therefore, the photovoltaic performance
of PbS or PbSe in the liquid junction solar cell is relatively low; evident
from its low photocurrent and incident photon to current conversion ef-
ficiency (IPCE) response [10]. Cui et al. also compared the co-sensitized
and sensitized solar devices with varying content of TiO2 hollow spheres
(THS). This methodology mainly focused on the embedment of THS with
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porous TiO2 photoanodes and also correlated the power conversion effi-
ciency of these devices with the reflectance or transmittance of materials.
In addition, the absorbance of composites plays a dominant role in energy
conversions. Therefore, emphasis on absorption spectra with a tunable
optical band gap of these materials is the dire need for knowing the ab-
sorption of electromagnetic radiation [11]. The sequential assembling of
CdSe QDs and linker squaraine dye (SQ SH) on TiO2 film of hybrid solar
cells is facilitating the better electron transfer and also resulting in higher
photocurrent. Although, this hybrid design can cover different regions of
the visible spectrum, however, the mismatch between the energy levels of
TiO2, SQ SH, and CdSe QDs limited the poor electronic transport prop-
erties of these materials. Therefore, the right alignment of lowest un-
occupied molecular orbital (LUMO) and highest occupied molecular or-
bital (HOMO) energy levels of QDs and dye molecules is a crucial factor in
deciding the power conversion efficiency [12]. To fabricate more stable
QD-dye co-sensitized system, Luo et al. constructed PbS/CdS/ZnS/N719
co-sensitized system to achieve longer charge-separated states. In this
protocol, investigators used successive ionic layer adsorption and reaction
(SILAR) technique to assemble QDs and passivation layer, however, the
size of QDs is not controlled with SILAR method [13]. In detail, TiO2

nanotube arrays are co-sensitized with Ag2S QDs as well as N3 dyes using
anodization by sequential chemical bath deposition approach. This ar-
chitecture facilitated the better transfer of photo generated charge carriers
and also avoided the reverse electron injection, unlike the CdS QDs and
dye co-sensitized solar cells. However, the poor inter-connectivity between
Ag2S QDs and TiO2 restricted the overall efficiency [14]. Han et al. re-
ported the synthesis of CdS QDs and co-sensitized ZnO/ZnS hierarchical
structures with N719/QDs hybrids as photoanodes to boost the efficiency
in solar conversions. In this case, ZnS shell is very efficient on reducing
surface defects, retarded the back electron transfer and minimized the
electron–hole recombination. However, the mismatch in optical band le-
vels of the components and also the less stability of the ZnO in liquid
junction solar cells are hampering the efficiency as compared to the TiO2

[15]. Blas-Ferrando et al. reported the cascade electron transfer phenom-
enon on TiO2 films co-sensitized with CdS QDs and zinc-phthalocyanine
dye. In this method, CdS QDs deposited on TiO2 surface by SILAR and
thereafter the dyes are anchored on it. This dye-QDs sensitization is ele-
vating the photovoltaic performance of the TiO2-based solar devices from
0.8% up to 2.5%. However, the relation between the connectivity of CdS
QDs and TiO2 and its efficiency is not well addressed [16]. It is evident
from the literature; that the conversion of solar energy to electrical energy
rely on various parameters such as sensitizers used, mode of anchoring of
sensitizer with host material, interconnectivity between the different
components, electrolyte, and the charge transport process within the de-
vices [17–19]. Herein, we report the development of a low-cost, stable
ternary-hybrid system for QDs-dye sensitized solar cell (QD-DSSCs) of TiO2

NPs as photoactive materials for solar energy harvesting. The co-sensiti-
zation of TiO2 NPs using N719 dye as well as the CdS QDs is allowed to
achieve broadenings of optical absorption region and hence also en-
hancement in absorption intensity of the photoelectrode materials. This
strategy is helping in achieving more photocurrent throughout the Visible-
Near-infrared (Vis-NIR) range of solar spectrum and resulted in overall
enhancement of efficiency of solar cells. This approach involves the
synthesis of the bare TiO2 NPs as well as bare CdS QDs and then the
fabrication of QD-DSSCs using TiO2 NPs-CdS QDs-N719 dye photoelec-
trode. The overall power conversion efficiency of these devices is achieved
up to 2.37% under one sun irradiation (100mWcm−2, air mass (AM)
1.5 G under identical conditions for 0.36 cm2 cells).

2. Experimental Section

2.1. Materials

The fluorine doped tin oxide (FTO, Sheet resistance=8–10Ω) glass
used as a transparent conducting oxide substrate for depositing TiO2 or
its composites. The various AR grade chemicals such as (poly

diallyldimethylammonium chloride) (PDDA; 20.00%, MW=
200,000–350,000), 3-mercaptopropionic acid (MPA, 98.00%), cad-
mium chloride monohydrate (CdCl2·H2O, 98.00%), sodium sulfide
(Na2S), sodium dodecyl sulfate (SDS, 99.00%), titanium (IV) isoprop-
oxide (TTIP), etc. were purchased from Sigma-Aldrich and were used
for the experimental work of the present endeavours.

2.2. Synthesis of TiO2 Nanoparticles

TiO2 NPs were synthesized by using our earlier reported protocol
[20]. In this method, 5mL of glacial acetic acid and 15mL of titanium
(IV) isopropoxide taken in a 250mL round-bottom flask. The content
stirred at room temperature for 15min followed by addition of sodium
dodecyl sulfate solution and then 100mL of distilled water added. The
content stirred at room temperature for 2 h. The pH of the solution
adjusted to 10.00 using ammonia solution. The solution was stirred at
60 °C for 3 h and then finally cooled to room temperature. The pre-
cipitate was filtered and dispersed in 80mL of distilled water by con-
stant stirring for 1 h at room temperature and further for 3 h at 60 °C. In
the end, the content cooled to room temperature, filtered and washed
with 50mL of ethanol. The product was dried at 110 °C and annealed at
500 °C (in air) for 5 h.

2.3. Preparation of CdS Quantum Dots

CdS QDs were prepared by using the reported method with slight
modifications [21]. Briefly, a 0.25mL of MPA was added to 50mL of
aqueous solution of CdCl2·H2O (0.01M) in a reaction flask and stirred
for 30min at 110 °C under N2 environment. The pH of the resulting
solution adjusted to 10.00 ± 0.20 by using NaOH (1.0 M) solution and
after that, a 5.5mL of Na2S aqueous solution (0.1M) injected into it.
Finally, the suspension diluted with the same volume of distilled water,
and then the resulting precursor stored in a refrigerator at 4–5 °C. After
centrifuge, the separated QDs were used for making the thin film
electrode using spin coater.

2.4. Designing and Fabrication of Sandwich Solar Devices

Firstly, FTO substrates were cleaned in a detergent solution using an
ultrasonic bath for 30min, then rinsed thoroughly with water and
acetone. It was dried at 110 °C for 30min. These cleaned and dried
substrates used for depositing the TiO2 thin films by doctor-blade
technique. A TiO2 paste was prepared by dispersing the TiO2 NPs in
dimethylformamide (DMF) solvent and then in an acetonitrile solvent.
The paste was coated on the substrate uniformly and then these TiO2

films sintered at 450 °C for 30min. At room temperature, these films
immersed into a solution of 2% PDDA containing NaCl (0.5 M), and
rinsed with deionized water so as to tune the negatively charge TiO2

surfaces into positively charged one [22]. Subsequently, capped CdS
QDs were deposited on positively charged TiO2-PDDA films by using
spin coater. The TiO2-CdS films were rinsed with water and dried at
110 °C for 15min. To facilitate the better charge transportation, the ZnS
particles deposited on CdS particles. For deposition of ZnS particles, the
CdS-sensitized TiO2 thin films were dipped into an aqueous solution of
Zn(CH3CO2)2 for 1min., washed with deionized water thoroughly, then
dipped into an aqueous solution of Na2S (0.5M) for 1min. To get
uniform and well deposition of ZnS on TiO2-CdS surface, this procedure
repeated for five times and then sintered at 250 °C for 30min. Finally,
the TiO2-CdS QDs anchored with N719 dye through immersing the
electrode into N719 dye solution for 24 h. The unbound dyes on pho-
toelectrode surface were removed by washing with an equimolar mix-
ture of tertbutyl alcohol and acetonitrile (1:1). To construct the sand-
wich solar cells, the dye-coated TiO2-CdS QDs as a working electrode
and platinized ITO (Pt/ITO) as a counter electrode were sealed together
(Scheme 1). These two electrodes were sealed by using a thick Surlyn-
sheet (60 μm) and heated up to 110 °C for the proper sealing. Then the
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electrolyte was impregnated into the sandwich device through the hole
from the platinized electrode's side. The assembled device was kept in
vacuum for complete filling of electrolyte on the active site of the
electrode. The active surface area of the each device was maintained
0.36 cm2.

3. Results and Discussion

3.1. UV–Visible Spectra

The UV–Visible (UV–Vis) spectra of the systems viz. TiO2:CdS:N719,
TiO2:CdS, TiO2:N719, were compared to that of bare TiO2 NPs and CdS
QDs. The optical properties of the ternary system is enhanced to that of
binary or single component systems. UV–Vis spectrum reveals that QD-
dye co-sensitized films is strongly affecting the optical properties of
TiO2 materials; and hence increasing the harvesting photons efficiently.

UV–Vis spectra of bare TiO2 NPs and bare CdS QDs are shown in Fig. 1a.
Only a fundamental absorption band in the UV region observed for TiO2

NPs [23]; while the quantum confinement effect, with increase in op-
tical band gap (Fig. S1) is observed in CdS QDs [24].

The absorption spectra of the TiO2:CdS as well as TiO2:N719, are
shown in Fig. 1b. In case of binary TiO2:CdS QDs system, the more
absorbance with wide optical coverage is observed from 350 to 550 nm,
which is due to the high molar extinction coefficients of CdS QDs [4]. In
both binary systems, the characteristic of individual absorption peak of
the each component is remaining unaffected. To improve the optical
performance; the TiO2:CdS photoelectrode is anchored with N719 dye.
This would be useful further for not only UV–Vis coverage but also
enhancing the absorption coefficient (Fig. 1b). Due to strong and wider
absorption of electromagnetic radiation, it would be helpful for the
enhancement in the photocurrent of the ternary photoelectrode-based
device as compared to binary ones.

Scheme 1. Schematic representation of the sandwich structure of QDDSSCs having TiO2:CdS QD:N719 dye composite film as a working electrode and Pt/ITO as the counter electrode
along with I−/I3− as a redox couple.

Fig. 1. a) UV–Visible spectra of bare TiO2, bare CdS QDs (inset) b) UV–Visible spectra of TiO2-N719 thin films, TiO2-CdS thin films, and TiO2:CDs:N719 sensitized thin films.
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3.2. FTIR Analysis

FTIR spectra of PDDA loaded TiO2 and bare TiO2 NPs are presented
in Fig. 2a; while FTIR spectrum of PDDA is shown in Fig. S2. As ex-
pected, the PDDA shows a strong eOH stretching peak at ~3400 cm−1

due to hydroxide and water of hydration [25]. Other absorption bands,
at ~1637 cm−1 and ~1472 cm−1, are attributed to the C]C bond due
to the presence of unsaturated moieties in PDDA sample [26]. A spec-
trum of TiO2 NPs consists of a broad band in the region of

550–775 cm−1; reveals the stretching vibrations of TieO group, while
the other peaks, at ~3400 and 1632 cm−1, corresponding to the
stretching and bending frequencies of surface adsorbed hydroxyl
groups, respectively. After loading of PDDA on TiO2 surface, the FTIR
spectrum of PDDA-TiO2 composites is similar to that of bare PDDA with
the little change in the intensity and wave number of the characteristics
band positions. Particularly, the unsaturation bands (1637 cm−1,
1472 cm−1) of PDDA are shifted to lower vibrational frequency
(1622 cm−1, 1457 cm−1). The less intense and broader band nature of

Fig. 2. a) FTIR spectra of bare TiO2 and PDDA loaded TiO2 NPs, b) MPA and MPA capped CdS QDs, c) capped CdS QDs deposited on PDDA loaded TiO2 thin film (TPCM).

Fig. 3. a) Zeta potential of PDDA loaded TiO2 and b) MPA capped CdS QDs.
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eOH group (3346 cm−1) is observed, i.e., the less hydroxylation oc-
curred due to the bonding between TiO2 and PDDA through surface
eOH moieties only. In general, the negative functionalized surface of
TiO2 converted to the positively charged surface with anchoring of
PDDA; suited for attaching the negatively charged MPA-capped CdS
QDs.

Fig. 2b presents the FTIR patterns of bare MPA and MPA capped CdS
QDs. For MPA, the bands at ~3400–3000 cm−1, ~2948 cm−1,
~2570 cm−1, ~1704 cm−1, ~1402 cm−1 are due to the stretching vi-
brations of functional groups such as eOH, eCH2, SeH, C]O, and
CeO, respectively. Also, a small band at ~2670 cm−1 observed due to
the bending vibration of eOH group. However, in FTIR pattern of MPA

Fig. 4. a) SEM image of bare CdS QDs, b) cross-sectional SEM image of TiO2:CdS QDs and c) representative view of TiO2:CdS QDs.

Fig. 5. a) TEM image, b) HRTEM image, c) SAED patterns of CdS QDs & d) TEM image, e) HRTEM image, f) SAED patterns of CdS sensitized TiO2 film.
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capped CdS QDs, the stretching band of carboxylic eOH group dis-
appears due to its deprotonation; while the peak position of C]O group
shifts from 1704 cm−1 to 1543 cm−1. In addition, the stretching band
of SeH is also not observed because of its high pKa value; which reveals
that the interaction of sulfhydryl moieties of MPA with Cd2+ ions as
well as hydroxyl oxygen with PDDA functional moieties. Hence, the
coordination between the different moieties avoids the deprotonation
of the sulfhydryl group of MPA [27].

FTIR spectrum of TiO2:PDDA:MPA:CdS hybrids, is shown in Fig. 2c.
The corresponding characteristics changes related to functional moi-
eties are observed as compared to bare MPA, bare PDDA, and MPA
capped CdS QDs, and PDDA modified TiO2. The first change is due to
the peak position of C]O group; which shifts from 1704 cm−1 to
1538 cm−1 portends the linkage between carboxylic oxygen moieties
with PDDA functional moieties. The broad band is observed at
3000–3300 cm−1; reveals the –OH functional moieties of the carbox-
ylate group. The % transmittance of eOH band of ternary hybrids is
more to that of the respective band in PDDA modified TiO2, which
confirms the more hydroxylation moieties present
TiO2:PDDA:MPA:CdS. Therefore, the changes in band positions of the
respective moieties are strongly confirming the ionic interactions be-
tween the functional group of TiO2:PDDA and MPA capped CdS QDs.

3.3. Zeta Potential

The results obtained by FTIR spectroscopy further supported by zeta
potential (ZP). The magnitude of the electrostatic repulsion and effec-
tive surface charge between NPs are analyzed by using ZP with a
commercial ζ-sizer (Malvern DTS, Ver. 5.10). Along with their colloidal
stability, the particles with ZP more positive than 30mV or more ne-
gative than 30mV are considered to form a stable dispersion and in-
dicating the less agglomeration. In this study, ZP of PDDA loaded TiO2

and capped CdS QDs in water are shown in Fig. 3. It shows that the ZP
of the PDDA loaded TiO2 system is observed toward the more positive
side (+44.30mV). This reveals the cation sites of PDDA serve as co-
ordinating linkage with the surface of TiO2 leaving behind the other
cation site for attachment with others and hence it confirms the com-
plete functionalization of TiO2 by PDDA (Fig. 3a). Overall, this is
helpful for the electrostatic attraction between negatively charged CdS
QDs (having ZP of −28.45mV) (Fig. 3b) and positively charged PDDA
loaded TiO2. This interconnectivity between the materials would be
playing the major role in the photovoltiac performance of QD-DSSCs.

3.4. Morphology of Photoanodes by SEM and CS-SEM

The surface and cross-sectional (CS) morphology of each associated
materials analyzed by using scanning electron microscopy (SEM)
technique. From Fig. 4a, the surface morphology of bare CdS QDs is
consists of spherical particles with uniform size distribution; while TiO2

also retains spherical particles in TiO2:CdS (Fig. 4c) system. To de-
termine the thickness of deposited layers within the photoelectrodes,

the CS-SEM image of TiO2:CdS QDs is mapped and analyzed (Fig. 4b). It
is evident from CS-SEM mapping, a ~4 μm (thickness) TiO2 layer de-
posited on FTO-glass substrate; while the remaining thickness of CdS
QD is found to ~1.1 μm.

SEM images are further supported with transmission electron mi-
croscopy (TEM) data. From TEM image, tiny particles of CdS QDs with
an individual particle diameter ranging from 2 to 4 nm; and which is
smaller than its Bohr exciton radius confirms the formations of CdS QDs
[28]. High resolution transmission electron microscopy (HRTEM)
image (Fig. 5b) of CdS QDs showing the well resolved lattice fringes
with a d-spacing of 0.21 nm; a good agreement with an interplanar
spacing of the (220) plane of CdS (JCPDS 80-0019). By indexing the
selected area electron diffraction (SAED) pattern (Fig. 5c), CdS QDs
having the well crystalline cubic phase structure.

TEM image of TiO2 sensitized CdS QDs (Fig. 5d) confirms the
combination of intense black particles of CdS QDs with white particles
of TiO2. These particles supported with their lattice spacing (0.32 nm
and 0.22 nm) analyzed in HRTEM as shown in Fig. 5e. The spacing
corresponds to (101) plane of anatase TiO2 and (220) plane of cubic
CdS QDs. These two phases are also confirmed with SAED pattern
(Fig. 5f), consists of (101), (220), (004) reflections for anatase TiO2 as
well as (311), (220) for CdS materials.

3.5. Crystal Structure by XRD

The structural properties of the TiO2 material are studied by using
Bruker D2-Phaser X-ray powder diffractometer (XRD) using Cu-Kα ra-
diation (λ=1.5405 Å). Fig. 6 shows the XRD patterns of bare TiO2 NPs,
CdS QDs, and TiO2:CdS composites. XRD pattern of bare TiO2 NPs

Fig. 6. XRD patterns of bare TiO2, pure CdS (inset), and CdS sensitizedTiO2 film.

Table 1
The structural parameter of bare TiO2 NPs and CdS QDs, and TiO2:CdS composites.

Samples d values (hkl) plane Parameters

Standard (Å) Observed (Å) a (Å) c (Å) V Cry. size (nm) Dominance crystal structure

Bare TiO2 3.52 3.44 (101) 3.78 9.44 134.88 18.35 Tetragonal
2.37 2.36 (004)
1.33 1.34 (220)

Bare CdS 3.35 3.38 (111) 5.85 – 200.20 1.89 Cubic
2.05 2.07 (220)
1.75 1.76 (311)

TiO2:CdS 3.52 3.49 (101) 3.79 9.48 136.17 5.81 Tetragonal
2.37 2.37 (004)
1.33 1.33 (220)
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reveals the crystalline nature of TiO2 particles. A pattern is well mat-
ches with the characteristics reflections of anatase TiO2 [29]. All peaks
are in good agreement with the standard spectrum of anatase TiO2

(JCPDS no.: 21-1272). XRD pattern of CdS QDs consists of three peaks
at 26.23°, 43.80°, 51.78°, which corresponds to (111), (220), (311)
reflections (JCPDS 80-0019), respectively and hence confirms the cubic
phase structure [30]. Also, the broad hump of the most intense peak is
in favor of tiny particles of CdS; also in resmblance with the TEM
analysis.

XRD pattern of TiO2:CdS hybrids consists of the mixing of the

characteristics reflections of CdS and TiO2 materials. In this pattern, the
CdS reflections are observed at 26.10°, 43.65°, 51.65° with their cor-
responding (111), (220) and (311) reflections respectively, while TiO2

reflections are observed at 25.34°, 38.02°, 47.99°, 54.16°, 55.03°,
62.82°, 70.52°, 75.17°, 82.82°, with their (101), (004), (200), (105),
(211), (204), (220), (215), (312), reflections respectively. Overall, tet-
ragonal anatase phase is the dominant phase present in hybrid as its
more intense reflections observed as compared to that of cubic CdS
QDs. The crystallite size of the respective particles, with consideration
of most intense peak, was also calculated by using Scherrer formula.
The crystallite size of TiO2:CdS hybrid is in between two materials used;
which portends the overlie of (101) plane of TiO2 with (111) plane of
CdS. The crystallographic parameters of these three different materials
are shown in Table 1.

3.6. XPS Analysis

To further illustrate the interaction of the CdS QDs with TiO2 NPs
and the chemical state of the single element, the X-ray photoelectron
spectroscopy (XPS) is performed and the XPS survey pattern of
TiO2:CdS is shown in Fig. 7. This XPS spectrum shows the existence of
characteristic peaks of Ti 2p, O 1s, Cd 3d, S 2s, S 2p in a spectrum. The
binding energy difference between Ti 2p1/2 and Ti 2p3/2 is 5.83 eV
(Fig. 8a); which confirms the Ti-ion in +4 oxidation state. High-re-
solution XPS spectrum of the O element (Fig. 8b) showing asymmetric
peak position, corresponds to the two kinds of oxygen species in the
sample surfaces. Moreover, the typical peak is showing at 529.64 eV for
the anionic oxygen in TiO2 lattice and a small peak at 531.20 eV due to
oxygen in surface hydroxyl. Fig. 8c shows the characteristic peaks of Cd
3d3/2 and Cd 3d5/2 located at 411.99 eV and 405.18 eV respectively.

Fig. 7. The full XPS survey spectrum of TiO2:CdS heterostructure.

Fig. 8. The core level XPS patterns of (a) Ti 2p, (b) O 1s, (c) Cd 3d, and (d) S 2p.
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Cd2+ oxidation state is confirmed from its difference in binding en-
ergies. The band position of the S 2p divided into two different peaks
(Fig. 8d), confirms that S element exists mainly in the form of S2−

chemical state on the sample surface due to 161.94 eV band position
and another peak at 168.88 eV due to either oxidized SO3

2− or SO4
2−.

It is evident from XPS data and confirmed that the composition of the
composites consists of Ti4+, Cd2+, oxygen- and sulfur-ions [31].

3.7. BET Analysis

To obtain the pore structure and specific surface area of the com-
posite (TiO2:CdS) materials, Brunauer-Emmett-Teller (BET) measure-
ments are performed using BET analyzer (NOVA, 1000, Surface area
and pore size analyzer) and the BET recorded data is presented in Fig. 9.
Interestingly, the N2 adsorption-desorption isotherm of TiO2 NPs, CdS
QDs, and their composites shows hysteresis loop, confirms the meso-
porous structure. Moreover, the TiO2 NPs having a high surface area
(121.834m2/g, pore diameter 8.47 nm), slightly greater than that of
TiO2:CdS composites (113.19 m2/g, pore diameter 8.49 nm). The de-
crease in surface area of the composites can be attributed to the strong
interconnection between TiO2 NPs and CdS QDs. For comparison, the
bare surface area of CdS is measured and its value is smaller than bare
TiO2 and TiO2:CdS composites. The pore diameter is also predicted
using Barrett Joyner Halenda (BJH) method and is shown in the inset of
Fig. 9. Therefore, it concludes from BET analysis, the TiO2 and its
composites have ~8.49 nm pore diameter which is higher than bare
CdS indicates the strong interaction between TiO2 NPs and CdS QDs
shown in Table 2.

3.8. Photocurrent Density–Voltage (J-V) Measurement

The measured J–V (under illumination, AM1.5, 100mW cm−2)
curves of the various devices, comprise of different photoanodes, e.g.,
TiO2:CdS:N719 QD composite, TiO2:CdS QDs and TiO2:N719 dyes, are
presented in Fig. 10. The photovoltaic parameters, e.g., short-circuit
current density (Jsc), open-circuit voltage (Voc), fill factor (FF), and
overall energy conversion efficiency (η) of each device summarised in
Table 3. In case of the composite photoanode film (TiO2:CdS:N719), the
overall photovoltaic performances is increased as compared to the films
coated with a individual sensitizer. The performance of the best and an
efficient sandwich device (TiO2:CdS:N719), is exhibited an efficiency of
2.37% with a maximum Voc of 550mV and Jsc of 10.3mA/cm−2; while
the TiO2:CdS QD photoanode films is delivered an efficiency of 0.94%;
which is lower than other photoanodes. The lower efficiency of the
TiO2-QDs based device is due to the lower Voc (290mV) and Jsc
(6.04 mA/cm2) values. In case of TiO2:N719 photoelectrode, the value
of Jsc is enhanced from 6.04mA/cm2 to 9.05mA/cm2. The higher Jsc
achieved in the TiO2-N719 system is because of, the better anchoring of
N719 dye on TiO2, unlike the poor coordination between CdS QDs and
TiO2 [32]. However, in case of a ternary hybrid system, the Jsc value is
reached up to a maximum of 10.31mA/cm2; reveals that the better
coordination of CdS QDs and N719 sensitizers with TiO2 film with more
dye-loading and the lower charge-transfer resistance. These kinds of
photoanodes is facilitated more harvesting of light, better electron in-
jection with longer electron life time, and overall, retarded the electron-
hole recombination. It is evident from the lower Rsh and higher Rs va-
lues for the ternary hybrid system as opposed other devices presented in
Table 3. The Voc values of the devices results are showing the similar
trend like Jsc values. The co-sensitization of QDs-dye on TiO2 surface is
enhancing the overall efficiency of the cells, due to the suppression of
charge recombination and shift of conduction band edge. However, the
improvement in Voc value highlights the difference in a negative shift of
Fermi-energy level (due to low e− and h+ recombination and higher

Fig. 9. N2 isotherms of bare TiO2 NPs, pure CdS QDs and CdS sensitized TiO2 NPs and
pore size distribution of bare TiO2 NPs, pure CdS QDs and CdS sensitized TiO2 NPs (inset).

Table 2
Data as obtained from BET analysis of bare TiO2 NPs bare CdS QDs and TiO2:CdS com-
posite.

Sr. no. Composition Surface area (m2/g) Average pore diameter (nm)

1. Bare TiO2 121.834 8.47
2. Bare CdS 74.483 4.57
3. TiO2:CdS composites 113.19 8.49

Fig. 10. Photocurrent density-voltage (J-V) characteristics of each sensitized and co-
sensitized devices.

Table 3
Photovoltaic parameters of devices based on TiO2:CdS QDs, TiO2:N719 dye, and
TiO2⋯CdS QDs⋯N719 dye.

Samples Jsc (mA/cm2) Voc (V) Rsh (Ω) Rs (Ω) FF (%) η (%)

TiO2⋯CdS QDs 6.04 0.290 488.04 15.78 54 0.94
TiO2⋯N719 dye 9.05 0.320 529.82 22.41 44 1.27
TiO2⋯CdS QDs⋯N719 (dye) 10.31 0.550 272.00 25.69 42 2.37
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injected electron density) of the associated materials and electro-
chemical potential of redox-mediator. Overall, the power conversion
efficiency (2.37%) of a ternary hybrid system is almost twice than that
of the individual sensitizer based devices. The high photovoltaic per-
formance of ternary composites can be attributed to the better an-
choring/coordination among the materials, broad and wide coverage of
UV–Vis-NIR of electromagnetic radiations, low rate of electron-hole
recombination, an increase in the life time of electron and decrease in
the optical band gap of ternary material.

3.9. IPCE Measurement

The incident photons to current conversion efficiency (IPCE) pat-
terns of the devices made of photoanodes with either single sensitizer or
co-sensitizer anchored on TiO2 are shown in Fig. 11. A maximum of
29% IPCE value is achieved in the ternary hybrid system; which is due
to the characterstics light absorption of composite materials from
300 nm to 700 nm wavelength range. This is quite matched with
UV–Vis absorption spectra of ternary hybrids. In contrast, the IPCE of
single-sensitizer devices is predominantly due to the characteristics
absorption of the TiO2 as well as individual sensitizer. The lower IPCE
value of TiO2:CdS QDs (12%) of devices attributed to the larger charge
carrier loss at CdS/TiO2 interface, and also due to the higher charge-
recombination rate. For the ternary system, a maximum IPCE is ob-
served; which is significantly double to that of the individual device,
which is evident from the corresponding Jsc value. Therefore, the use of
the two sensitizers dramatically improving the photovoltaic perfor-
mance of these solar cells; which is confirmed from J-V and IPCE pat-
terns. Therefore, it can summarize that the proper hetero-junction
ternary hybrid between the different components enables efficient solar
energy to electrical power conversions.

4. Conclusion

The synthesis and characterization of TiO2, CdS, and its composite
carried out and finally, used these materials for making the ternary
hybrids of TiO2 NPs:CdS QDs:N719 dye photoanodes for sandwich solar
devices. TiO2 NPs deposited on FTO surfaces using doctor blade tech-
nique; while CdS QDs incorporated on the surface of TiO2 NPs by spin
coating method. The electrostatic attraction between TiO2 NPs with
CdS QDs was successfully studied using FTIR and Zeta potential mea-
surements. To improve the photovoltaic performances of photoanodes,
the surfaces of TiO2 NPs were sensitized with CdS QDs initially, then co-
sensitization with N719 dye. Among all the devices, the co-sensitized
solar devices exhibited a short-circuit current density of 10.31mA/

cm−2 value which is higher than the individual sensitized solar devices.
In ternary system, the best device exhibited a maximum power con-
version efficiency of 2.37% (under 100mW/cm2 light irradiations), and
the enhanced light harvesting is due to not only the wider optical
coverage but also efficient current forming capability of photoanodes
confirmed from the recorded higher IPCE value. This work will pave a
new way to enhance the photovoltaic performances of DSSCs using
different composite materials.
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Abstract
A noncovalent interaction based self-assembled ruthenium (II) phthalocyanine (RuPc) and N-pyridyl-peryleneimide (PyPMI)
dyad has been exploited to fabricate n-type dye-sensitized solar cells (DSSCs). This supramolecular dyad design is an alternative
method to replace the most challenging synthesis of covalent-linked dyads.Metal-coordinated-based dyad complex improved the
light-harvesting properties of the photoanodes as opposed to when individual dye anchored on TiO2 surface alone. DSSCs
comprise of RuPc⋅PyPMI dyad convert light-to-electrical energy more efficiently (η = 2.29%) than those made of single dye
under one sun irradiation (100 mW cm−2) condition. The enhanced photovoltaic performance of the dyad-based devices is due to
the broader light absorption of the dyad in the longer wavelengths, enabling better electron injection into the conduction band of
TiO2. The combined effect of efficient electron-hole charge separation and the long-lived charge-separated states facilitated the
higher short-circuit current density (Jsc) and open-circuit voltage (Voc) of the devices. The enhancement of Voc and Jsc of the
devices is confirmed by measuring current–voltage (I–V) curve and incident photon to current conversion efficiency (IPCE)
spectrum of each device.

Keywords Interconnectivity . Optical absorption properties . Dyad . Fill factor . Photovoltaic study

Introduction

Solar energy technology has emerged as a highly promising
alternative renewable energy source in the twenty-first centu-
ry. In the increase of world’s population, urbanization, and

industrialization, the global energy demand increased dramat-
ically; hence, there must be new innovative technology in
place to meet the skyrocketing energy demand [1].
Therefore, to meet the energy crisis, a need of fabrication of
low-cost, high-efficiency, durable, and stable dye-sensitized so-
lar cells are highly desirable. Dye-sensitized solar cells
(DSSCs) have the most significant and widespread share of
the scientific imagination, primarily due to the low-cost mate-
rial and ease manufacturing process [2–6]. The mechanism for
light harvesting within DSSCs has extensively studied,
highlighting the differences between conventional p-n junction
devices concerning photon absorption and charge transfer
mechanisms [7]. However, individual dye as an ideal sensitizer
investigated for DSSCs, so far, utilizes narrow and short wave-
lengths of solar spectrum while the rest of the visible-near in-
frared region is not utilized for harvesting photons in compar-
ison to the dyad system. DSSC performances rely on various
donor-acceptor dyads [8], or panchromatic dyes [9], with broad
and long absorption range, stable and noncorrosive liquid redox
mediator, or solid-state hole transporting material (HTMs) [10,
11], by a significant hole mobility (e.g., conducting polymers).
Various synthetic dyes used for DSSCs are either mainly single
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sensitizers such as organic conjugated dyes [12], ruthenium (II)
complex [13], zinc-porphyrin (ZnP) [14], zinc-phthalocyanine
(ZnPc) [15], and perylenediimide (PDI) derivative [16], or co-
valently linked dyad/triad [17]. The various reported covalently
linked dyad/triad is synthetically challenged due to the connec-
tivity and stringent conditions to be optimized. Moreover, these
covalently linked multiple chromophores still possess a funda-
mental challenge of anchoring onto the semiconductor
(inorganic) electrode’s surfaces that used as light-harvesting
materials. However, these electron donor-acceptor dyad/triad
systems are suitable for other research applications sensor. An
alternative strategy has also demonstrated to enhance the ab-
sorption band of the solar spectrum either by using co-
sensitization or cocktail techniques (via chemisorption or
physisorption). This method helped to anchor more than one
dye on the semiconductor’s (TiO2) surface. Overall, this strate-
gy enhanced the photocurrent density, due to the more absorp-
tion of light by dyes over the entire visible and near-infrared
(Vis-NIR) range. However, the organization of these chromo-
phores on various semiconductor surfaces and their vectorial
electron transfer mechanism within the devices is not under-
stood so far [18].The efforts have emphasized on the orientation
of different chromophores on an electrode surface and their
morphology and studied the photophysics of generated
charge-separated states. Organizing multiple electron donor
and acceptor–based dyes in an organized fashion depends on
their directionality and hierarchical nature of noncovalent inter-
actions either throughmetal-to-ligand coordination or hydrogen
bonding [8]. This phenomenon supports the vectorial photo-
induced electron transfer (PET) enables long-lived stable
charge-separated states.

Metal phthalocyanines (MPc) have extensively used as
promising building components as a chromophore in
DSSCs, due to its sound and significant absorption in the
visible range of the solar spectrum [19]. The apparent struc-
tural modification of these dyes led to 6.4% efficiency with a
maximum incident-to-photon current efficiency (IPCE) value
of 86% at its Q-band in the range of 600–720 nm [7, 20, 21].
But due to the mismatch in the visible-light distribution range
of 400–550 nm of the solar spectrum, this results in lower
photocurrent or photovoltage within devices. To circumvent
the problem of the light-harvesting ability of the MPc-based
chromophores, binding of two or more chromophores by co-
valent interaction has employed. These strategies based on the
complementary absorption nature of chromophores in the en-
tire visible range. Therefore, dyads comprised of MPcs under-
go either efficient energy or electron transfer or both in the
system. In earlier, we have reported the construction of
DSSCs based on two different dyads (via noncovalent inter-
action), namely, ZnPc⋅N-pyridyl-peryleneimide (PyPMI) and
ZnP⋅PyPMI [22–24]. In these dyad systems, the oxidation
potential of electron donor dye plays a crucial role in transfer-
ring the electron to the devices. However, the optical and

electrochemical properties of various ZnPc and ruthenium-
phthalocyanine (RuPc) have also studied for different appli-
cations. Albeit, these two dyes have similar basic structure; the
redox properties of RuPc differs to that of ZnPc, mainly in
ruthenium (II) d-levels positioned between the HOMO
(highest occupied molecular orbital; π) and LUMO (lowest
unoccupied molecular orbital; π*) orbitals of the Pc ring [25,
26]. The complex of closed shell Zn(II) ion with Pc shows
λmax values at a higher wavelength to that of open-shell Ru(II)
ion [27]. Moreover, the more polarizing power of the central
metal ions (expressed as charge/radius) makes donating an
electron more difficult [28]. The electron donating ability
was confirmed by correlating the oxidation potential of
ZnPc (+ 485 mV) with RuPc (+ 700 mV). Various spectros-
copy techniques examine the effects of redox behavior of
these MPcs on the energy transfer as well as electron charge
recombination within dyads. Grimes et al. reported a four-fold
increase in quantum yields for hybrid-sensitized solar cells
obtained due to energy transfer from ZnPc to ruthenium
polypyridine complex [29]. The enhanced photovoltaic re-
sponse of ZnPc with acrylic acid derivative (JK2) acid yielded
an efficiency of 7.74% compared to the individual’s dyes
ZnPc (3.5%) and JK2 (7.08%) [30]. Remarkably, ZnPc-PDI
systems derived long-lived radical ion pair states up to 517 ps
in toluene/pyridine. The long-lived charge-separated states are
one of the essential parameters in deciding the charge recom-
bination associated with the current formation [31]. The anal-
ogous results reported for RuPc-PDI systems with a lifetime
of 115 ± 5 ns [32]. Similar to ZnPc species, RuPc-based dyads
have also reported as sensitizers in different types of process-
es. Torres et al. fabricated a supramolecular phthalocyanine–
squarine solar device (η = 0.28%) through binding of two
RuPc molecules to a single squarine possessing two coordi-
nating sites [33].

A new series of molecular dyads and pentad featuring free-
base porphyrin and RuPc synthesized for investigating the
excited electron transfer in different solvents. However, these
supramolecular dyads were mostly studied and characterized
by various techniques in solution media only [34]. Also, the
optoelectrical properties of such dyads in thin films or device
forms are still obscure for efficient photovoltaic conversions.
The immobilization of various multichromophoric dyads onto
different semiconductor surfaces through chemical attachment
is a crucial problem. Therefore, an alternative method must
identify and develop, to enhance the photon harvesting capa-
bility of dye-coated photoanodes. DSSCs using a self-
assembled supramolecular multichromophore as a sensitizer
for the device construction are rarely reported due to the low-
power conversion efficiency as compared to another kind of
DSSCs.

In this work, we report the ease synthesis, design, and char-
acterization of self-assembled supramolecular RuPc⋅PyPMI
dyad and after that the immobilization of this dyad onto
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working electrodes (TiO2/FTO (F: SnO2) for DSSCs fabrica-
tion. The N-pyridyl group of PyPMI served as an axial ligand
to form RuPc⋅PyPMI dyad whereas the anhydride unit of
PyPMI helped in anchoring TiO2 surface by chemisorption.
DSSCs are thus fabricated utilizing two dyes having comple-
mentary electronic absorption in the visible range of the solar
spectrum. However, in electrochemical measurements of dyad
system in solution form through cyclic voltammetry, we have
used N-pyridyl-N-cyclohexyl-perylenediimide (PyPDICy)
dye instead of PyPMI moieties in order to avoid a potential
competition between the pyridyl group or the anhydride ter-
minal of PyPMI with RuPc moieties. Dyes, namely, RuPc and
PyPMI, are two chromophore units to enhance the light-
harvesting properties of working electrodes. This dyad has a
high molar extinction coefficient (confirmed by using UV–
visible absorption spectroscopy), making it a suitable sensitiz-
er for DSSCs. The formation of the dyad both in solution and
on the solid electrode surface (TiO2/FTO) examined by
employing spectroscopy, mass spectrometry, and electro-
chemical techniques. To assemble DSSCs, the working elec-
trode (RuPc⋅PyPMI dyad–anchored TiO2) sandwiched be-
tween counter electrodes (Pt/ITO glass) with liquid redox cou-
ple I−/I3

− (Scheme 1). Finally, the photovoltaic performances
of dyad-based devices are measured and compared with indi-
vidual dye-coated devices, under 100 mW cm−2 light irradia-
tion condition.

Experimental

Synthesis of RuPc and PDI dyes

RuPc complex (Fig. 1) synthesized according to the literature
method [35], with slight modification to Cook’s plan for the
substituted RuPc with axial ligands. Substituted Pc was
refluxed with Ru3 (CO)12 in benzonitrile under N2 for 48 h
(180 °C). The reaction mixture was kept in cold methanol
(400 mL) resulting in the formation of some crystals. The
resultant mixture was maintained at 5 °C for 2 days, and then
vacuum distillation removed the excess amount of methanol

present in the compound. The final product was separated by
column chromatography over SiO2 using 1:1 mixture of
CHCl3 and n-hexane, and then, it was re-precipitated with
petroleum ether-methanol. Further, the product was filtered
and dried and characterized by 1H NMR (Fig. S1, ESI†) and
MALDI-MS (Fig. S2, ESI†) spectrometry.

Similar to our earlier reports, the 1H NMR titrations
(Supporting Information Fig. S5) results confirmed the forma-
tion of a 1:1 stoichiometric dyad complex between RuPc and
PyPDICy dyes. The few proton (Ha, Hb, and Hc) signals of
the PyPDICy ligand were shifted significantly to up-field due
to the shielding effect of RuPc [22–24]. To determine the
binding constant (Ka) from 1H NMR titrations, the PyPMI
dye was substituted with PyPDICy, to get rid of the competi-
tion between the pyridine ligand and the anhydride terminal.
The calculated binding constant (Ka) value (nonlinear least-
square fitting method) is consistent with that measured for a
previous ZnPc⋅PyPDICy coordination compound [22].

Derivatives of PyPMI and PyPDICy were synthesized in
good yield by the literature procedures [36] and purified by
SiO2 column chromatography. The detailed characterization
of these materials has reported in our earlier papers [22–24].

Fabrication of supramolecular dyad–based DSSCs

A ~ 5-μm-thick TiO2 films were prepared on transparent
and conductive FTO-glass substrates by a doctor-blade
method using Solaronix TiO2 paste (20 nm particles).
The TiO2/FTO electrodes were sintered at 450 °C for
30 min with standard temperature program. These sintered
TiO2/FTO electrodes were firstly immersed in a 0.15 mM
PyPMI solution (in CH2Cl2) at room temperature for 16 h
which allowed the maximum dye to anchor onto the sur-
face through its anhydride end [22–24, 37]. Secondly,
after removal of the unbound dyes with the same
CH2Cl2 solvent, these PyPMI functionalized dye-coated
TiO2 electrode was further immersed in a RuPc solution

Scheme 1 Fabrication and operational principles of self-assembled
PyPMI–RuPc dyad–based DSSCs

Fig. 1 The chemical structure of RuPc dye investigated for dyad complex
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(2 mM in CH2Cl2) to form RuPc⋅PyPMI dyads on TiO2

film. For the control experiment, the device comprises of
only RuPc dye; the TiO2/FTO surfaces were first func-
tionalized with isonicotinic acid then immersed in a
RuPc solution to anchor on the surface. The sputtered
platinized ITO electrode was used as counter electrode
and I−/I3

− electrolyte (1.0 M LiI + 0.06 M I2 in propylene
carbonate) as a redox mediator used in DSSCs.

Materials and device characterizations

1H NMR titration experiment (CD2Cl2, 50 °C) was carried out
to ascertain the complex formation between PyPDICy (2mM)
and RuPc (varying the concentration of RuPc between 0 and
1.5 mol), using a Bruker AVANCE 600 MHz spectrometer
[22–24]. Optical absorption spectra of all dyes and dyad were
studied both in solutions (CH2Cl2) as well as solid films
(TiO2-FTO electrode) using UV–visible spectrometer
(Lambda 25, PerkinElmer).

The redox properties of the dyes and dyad were deter-
mined by the cyclic voltammetry (CV) measurements and
carried out on a potentiostat/galvanostat instrument (Versa
STAT 3, Princeton Applied Research) in a CH2Cl2 solu-
tion containing tetrabutylammonium hexafluorophosphate
(0.1 M) as the supporting electrolyte (degassed thorough-
ly with N2). Three different electrodes used in the electro-
chemical cells: a glassy carbon as the working electrode, a
Pt wire as a counter electrode, and Ag/AgCl as a reference
electrode (filled with a 3 N aqueous solution of NaCl). All
CVs have recorded with a scan rate of 100 mVs−1 at room
temperature for three different systems such as RuPc,
PyPDICy, and PyPDICy⋅RuPc dyad. The results of dyad
also compared with the CVs of individual dye.

The current–voltage (I−V) curve of the assembled cell
(with an active area of 0.6 cm × 0.6 cm) was characterized
under one sun illumination using 300 W Xenon lamp solar
simulator, an AM 1.5 G filter (67005, Newport Oriel
Instruments, USA). The photovoltaic parameters such as
short-circuit current (Jsc), open-circuit voltage (Voc), fill
factor (FF), and efficiency (η) of each device were record-
ed by a source meter (2400, Keithley) using the LabVIEW
program.The light intensity measured using a reference
cell (Newport Oriel, USA) and mismatch spectrum of
Xenon lamp corrected by using a standard air mass filter
(Newport Oriel, USA) whereas the optical neutral density
filters monitored the light intensity. Incident photon-to-
current conversion efficiency (IPCE) curves were mea-
sured with a 300 W Xenon lamp with filters (10CGA-305
and 10CGA-570, Newport). The stability of the represen-
tative device was carried out under the continuous expo-
sure of solar photon using solar simulator. Calibration was
performed each time with a standard silicon photodetector
(UV-Silicon Detector 10 × 10 mm calibration, Model

71675, Newport Oriel Instruments, USA). The IPCE spec-
tra were recorded using TRACO BASIC software.

Results and discussion

UV–visible spectra were measured for individual dyes as well
as dyads in a CH2Cl2 solvent (Supporting Information Fig.
S3a). The UV–visible spectrum of RuPc displays two charac-
teristic absorption peaks at 295 and 650 nm, corresponding to
Soret and Q-bands, respectively (Supporting Information Fig.
S3c) [7]. The UV–visible spectrum of PyPMI (Supporting
Information Fig. S3b) displays a high absorption at 450–
600 nm, which is distinct from that of RuPc. Thus, the dyad
comprised of RuPc and PyPMI (Fig. 2a) is offering an oppor-
tunity to convert light into electrical energy at a discrete and
broad wavelength of the visible region of the solar spectrum
[38]. Similarly, the UV–visible spectra of FTO/TiO2 films
with different sensitizers such as RuPc⋅PyPMI dyad, RuPc
with an isonicotinic acid (INA, as a bridging ligand) and
PyPMI are presented in Fig. 2a–c. The UV–visible spectrum
of dyad does not imply any electronic coupling between the
RuPc and PyPMI subunits in the ground state. In fact, the
absorption spectrum of RuPc⋅PyPMI is a linear combination
of these two individual dyes. Therefore, the dyad complex
formation does not alter the HOMO–LUMO band gap.
From UV–Vis spectra, it confirms the absorption increases
in the regions of 400–600 nm and 600–700 nm because of
the formation of the dyad between RuPc and PyPMI moieties,
displaying a drastic improvement from their dye alone.
Moreover, these dyes have different absorption ranges from
visible to NIR region of the solar spectrum, guaranteeingmore
photon harvesting. The bridging role of INA between TiO2

Fig. 2 UV/Vis spectra of dyad and dyes (a) RuPc⋅PyPMI dyad, (b)
PyPMI, and (c) RuPc coated on TiO2-FTO surfaces
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and RuPc moieties is also studied using UV–visible measure-
ments (Supporting Information Fig. S4). Without INA, the
RuPc was quickly washed with DCM solvent after anchoring
on the TiO2 surfaces; this also confirmed through the less
optical absorption of TiO2⋅RuPc binding as compared to that
of with INA. The absorption spectrum also confirms the
bridging nature of INA between TiO2 and RuPc. In the dyad
system, RuPc and PyPMI cover the UV–visible–near infrared
(NIR) region with excellent absorption because of the coordi-
nation of two chromospheres via metal–ligand interaction.
Indeed, the extensive coverage absorption range of
RuPc⋅PyPMI of this dyad would be beneficial for harvesting
solar energy conversions than that of the individual
chromophores.

The redox properties of sensitizing dyes play crucial roles
in the performance of photovoltaic devices. The HOMO–
LUMO energy levels with corresponding band gap values
determined through cyclic voltammograms of specific dyes
as well as dyad system in CH2Cl2 solvent vs. Ag/AgCl
(0.1 M TBAPF6). Cyclic voltammograms of (a) oxidation
cycle of RuPc, RuPc⋅PyPDICy dyad, and (b) reduction se-
quence of RuPc, RuPc⋅PyPDICy dyad are shown in Fig. 3,
while cyclic voltammograms of PyPDICy in oxidation and
reduction cycle are shown in our earlier reported work [23,
24]. The electrochemical parameters of these systems are sum-
marized in Table 1.

The values of first Eox and ERed potentials are correspond-
ing to one-electron oxidation as RuIIPc2−/RuIIPc− and a one-
electron reduction as RuIIPc−/RuIIPc2− of the Pc macrocycle,
respectively. For the electron donating nature of RuPc, the first
reversible one-electron oxidation potential appears at +
700.0 mV, while its one-electron reduction potential appears
at − 919.20mVand corresponds to literature values for similar
systems [32]. The onset oxidation potential of RuPc and ZnPc
observed at 514.0 mV and 300.0 mV, respectively, suggests
that the RuPc is a weaker electron donor species than ZnPc
[23, 24]. On the other hand, the oxidation and reduction po-
tentials of PyPDICy appear at + 1340.0 mVand − 780.0 mV,
respectively [23, 24]. The electrochemical properties of

individual dye at its oxidation and reduction potentials ob-
served within the dyad system. The dyad systems in oxidative
and reductive cycles are the combinations of single dye with
the first onset oxidation potential at 453.9 mV and the start
reduction potential at − 920.0 mV. This electrochemical be-
havior inspects the oxidation potential of the dyad shifted to +
617.55 mV from + 700.04 mV of bare RuPc, which reveals
RuPc as a better electron donor in the dyad system due to its
electron-rich nature as the lone pair from the pyridine ring,
donating into the system [39]. In contrast, the differences in
reduction potentials of bare PyPDICy and the dyad corre-
spond to − 78.0 mV due to a slightly more electron accepting
nature in the dyad system as compared to its open system.
These results suggest that RuPc⋅PyPMI dyad has the less
electron-donating ability (+ 617.55 mV) as compared to that
of the ZnPc⋅PyPMI dyad (+ 445.0 mV) system reported earlier
[23, 24]. However, the onset reduction does change from −
630.0 mVin PyPMI to − 920.0 mVin this dyad system, which
reveals that the dyad system is slightly harder to reduce than
the bare PyPMI. The HOMO–LUMO energy levels of all
systems were evaluated using Bredas et al. calculations [40].
The HOMO and LUMO levels of RuPc are in agreement with
literature values of the similar substituted RuPc systems [41].
The LUMO levels of individual dyes or dyad are showing
high reduction potentials compared to the conduction band
of TiO2 (− 4.2 eV), which is required to drive electron injec-
tion into TiO2 [42]. The corresponding energy band gap
values are also summarized in Table 1.

The overall fabricated dyad-based solar cell was made of
FTO/TiO2-PyPMI⋅RuPc/(I−/I3−) /Pt-ITO and tested under
both dark and light conditions. Similarly, DSSC-based on only
RuPc and PyPMI dyes also constructed, and their photovoltaic
performances compared with dyad-based DSSCs. Under light
conditions, the current–voltage parameters immediately went
to the maximum value and stayed nearly constant afterward
while in the dark; the photovoltaic parameters dropped to
zero.

The current–voltage (I–V) curves of fabricated devices
measured both under 100 mW cm−2 light irradiation and dark

Fig. 3 CVs of (a) oxidation cycle
of RuPc, PyPDICy⋅RuPc dyad. b
Reduction cycle of RuPc,
PyPDICy⋅RuPc dyad
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presented in Fig. 4. The photovoltaic parameters such as Jsc,
Voc, FF, and η of all DSSCs summarized and presented in
Table 2. The TiO2-PyPMI⋅RuPc dyad–based DSSCs exhibit
Jsc of 8.51 mA cm−2 and Voc of 539±6 mV, and small FF of
50.01, resulted in an overall maximum efficiency (η) of
2.29%. On the other hand, the lower power conversion effi-
ciencies of 0.83% and 0.11% were obtained when DSSCs
based on individual PyPMI, and RuPc were measured under
the same conditions.

From the current–voltage graph (Fig. 4), it shows that
Jsc value of the dyad-based solar cells increased up to
8.51 mA cm−2 from 0.46 mA cm−2. A similar trend also
observed for the Voc value increased from 423 mV to
539 mV in the dyad system. However, the FF value was
somewhat lower to that of the individual dye-coated de-
vice. The combination of the RuPc with PyPMI in the
dyads failed to promote an increase in Voc compared to
that of PyPMI dye. RuPc-catalyzed recombination negates
the occurrence of hole hoping from PyPMI and stepwise
electron injection, if possible, and hence any gain in Voc.

The increase in Jsc value for the dyad-device is attributed
to the high electron mobility due to the decrease in optical
band gap leading to the more conducting nature in the
dyad as compared to the particular individual dye. This
higher conductivity of the dyads is also attributed to prop-
er separation of excited electrons, which reduces the re-
combination rate of electron-hole pairs [43, 44]. The η
value of the dyad-based device is nearly twice than that
of the PyPMI-based DSSCs, while 16 times higher than of
RuPc-based device. The enhanced power conversion effi-
ciency of the dyad-based DSSCs attributed to the more
harvesting of light along with the better electron donating
nature of dyad compound as compared to the constituent
dyes within dyad system.

Among the different devices, the stability of TiO2-
PyPMI⋅RuPc dyad–based device is conducted due to its
higher efficiency as compared to others. Stability of the
TiO2-PyPMI⋅RuPc devices is studied under the continuous
photon irradiation with varying time period up to 192 h, and
its photovoltaic parameters are shown in the Table 3. From the
table, it is observed that the photovoltaic parameters are nearly
same, and hence, indicating the good stability of the device up
to 192 h.

The photocurrent action spectra of various DSSCs in the
range of 300–800 nm were measured and presented in Fig. 5.
This IPCE spectra are quite similar to the UV–Vis spectra of
dye-coated surface (Fig. 2). The broadened feature of IPCE
spectra (300–700 nm) of dyad system reveals that this region
is mainly contributing the photovoltaic behavior of the dyad.
The IPCE (%) of these systems at different wavelengths is
determined by using the Eq. 1 [45].

Table 2 Photovoltaic parameters of DSSCs made of different dyes (a)
TiO2-PyPMI⋅RuPc dyad, (b) TiO2-PyPMI, and (c) TiO2-INA⋅RuPc

Dyes Jsc (mA cm−2) VOC (mV) FF (%) η (%)

RuPc 0.46 423 57.49 0.11

PyPMI 3.21 454 57.00 0.83

PyPMI⋅RuPc 8.51 ± 0.06 539 ± 6 50.01 ± 0.03 2.29 ± 0.10
Fig. 4 Current–voltage characteristics of DSSC-based on (a) TiO2-
PyPMI⋅RuPc, (b) TiO2-PyPMI, and (c) TiO2-INA⋅RuPc under a standard
AM 1.5 solar condition and (d) under dark

Table 1 The electrochemical
redox data of various dyes RuPc,
PyPMI, and dyad PyPMIRuPc

Dyes Potentials vs. Ag/AgCl (mV) HOMO (eV) LUMO (eV) Eg (eV)

E1ox E1
Red E2Red

RuPc + 700.04 − 919.20 − 1358.57 − 5.08 − 3.46 1.62

PyPDICy + 1340.00 − 780.00 − 950.00 − 5.57 − 3.60 1.97

PyPDICy⋅RuPc (dyad) + 617.55 −857.90 − 1027.73 − 4.60 − 3.52 1.08
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The IPCE spectra of each device made of (a) TiO2-
PyPMI⋅RuPc, (b) TiO2-PyPMI, and (c) TiO2⋅RuPc are shown
in Fig. 5. The strong photocurrent response obtained within
devices in between 300 to 750 nm. The generated photocur-
rent below 400 nmwavelength is due to the absorption of light
by TiO2. The intake dropped when the wavelength further
reduced below 320 nm (3.87 eV). Below 340 nm FTO glass
absorption is dominant. Therefore, the generated IPCE value
in the range of 300–400 nm entirely attributed to the photo-
current action spectra produced by TiO2 material as well as
Soret band absorption of RuPc [44, 46].

A maximum IPCE value of 29%, a much higher value
than that of a RuPc-based counterpart, is obtained in the
dyad system. Notably, the dyad-based device shows great-
er solar spectral coverage with absorption between 300 and
750 nm compared to that of the PyPMI or RuPc–based
device. From UV–Vis, CV, and IPCE data, it is confirmed
that the dyad system is favored by electron injection easily
into the TiO2 conduction band, which reflects through the

maximum visible absorption range of both PyPMI and
RuPc dyes in the dyad system. This photodynamic and
synergetic behavior of the dyes results in higher photocur-
rent density within the dyad-based devices as opposed to
the individual dye-based devices.

Conclusion

In summary, we have successfully characterized RuPc⋅PyPMI
dyad both in solution as well as on TiO2/FTO electrode sur-
face. The optical and redox properties and its influence over
the performance of supramolecular dyad-based DSSCs were
also investigated. The dyad system has covered a wide range
of solar spectrum resulting in the improvement of photovoltaic
performance than that of the individual dyes. This increase
suggests the efficient electron transfer occurred from the
RuPc to TiO2 conduction band via PyPMI chromophore using
layer-by-layer dye deposition technique. Moreover, the dyad
system is more accessible to oxidize than that of bare RuPc
and also slightly harder to reduce than bare PyPMI-deriva-
tives. This dyad-based device showed efficiency nearly twice
than that of only PyPMI-based device and 16 times higher
than that of the RuPc-based device. The oxidation potentials
of RuPc and RuPc⋅PyPMI dyad was + 700.04 mV and +
617.55 mV, respectively. These results suggest that the
RuPc⋅PyPMI dyad is a better electron donor than RuPc inde-
pendently. Studies are in progress in our lab towards the de-
sign and development of new dyad system to obtain higher
Voc which will enhance the overall PCE efficiency.
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Fig. 5 IPCE spectra of (a) TiO2-PyPMI⋅RuPc, (b)TiO2-PyPMI, and (c)
TiO2-INA⋅RuPc–based dye-sensitized solar cells

Table 3 Photovoltaic parameters of TiO2-PyPMI⋅RuPc DSSCs with
respect to photon exposure time

Exposure time (h) Jsc (mA cm−2) VOC (mV) FF (%) η (%)

0 8.53 539 50.01 2.29

24 8.45 533 49.97 2.25

48 8.45 536 49.98 2.26

96 8.50 535 50.02 2.27

144 8.57 545 50.04 2.33

192 8.52 535 50.04 2.28
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SHIVAJI UNIVERSITY,

KOlHAPUR

Place: Kolhapur
Dated: 22 February 2019

P-45760 I T18148083

Shivaji University, Vidyanagar,Kolhapur. Maharashtra (India) 416004



Sr. No.: K00388 Roll No: -,2019K011 0322

IINSTRY Of IICRO, SIU.U.& IIEDIUII ENlERPRISES
GO'IB!NIIEIIT OF_

SHIVAJI UNIVERSITY, KOLHAPUR
In collaboration with

MSMETECHNOLOGYCENTRE
INDO GERMAN TOOL ROOM, AURANGABAD

EXTENSION CENTRE

"ADVANCED TECHNOLOGY CENTRE"
(A Centre for Training, Research and Development)

Estd:1962
NAAC 'A' Grade

CERTIFICATE
'Iliis is to certify tliat

Mr. BOBHATE VIKAS WAMAN

of Final %ar (]3. rr'ecli.(P'{ectronics <t{, Communication rr'eclino{ogy)of Depattment of
rr'eclino{ogy,Sliivaji University, 'Kolhapur Vnder1!EQIPcpj{JLSC£. III

lias successfully completed the "Short Term Course" of study in

PLC PROGRAMMING
during the period from 06 February 2019 to 22 February 2019

COURSE CONTENTS COURSE DURATION

• INTRODUCTION
• DETAILS OF ELECTRICAL HARDWARE CONTROL

(MANUAL CONTROL)
• RELAY HARDWARE LOGIC CONTROL 96 HRS.
• PROGRAMMABLE LOGIC CONTROLLER (SIEMENS)
• APPLICATION OF SOFTWARE (TOTALLY INTEGRATED

AUTOMATION)

SR.MA~~)
INDO GERMAN TOOL ROOM,

AURANGABAD

REGISTRAR
SHIVAJI UNIVERSITY,

KOLHAPUR

Place: Kolhapur
Dated: 22 February 2019

P-45760 I T18148086

Shivaji University, Vidyanagar,Kolhapur. Maharashtra (India) 416004



Roll No: - 2019K011 0323Sr. No.: K00389

IIINISlRY Of IIICRO, SIIAU.&IIEDIIJIIEIIIERPRISES
GOVERNIIEIITOf INDIA

SHIVAJI UNIVERSITY, KOLHAPUR
In collaboration with

MSMETECHNOLOGYCENTRE
INDO GERMAN TOOL ROOM, AURANGABAD

EXTENSION CENTRE

"ADVANCED TECHNOLOGY CENTRE"
(A Centre for Training, Research and Development)

Estd:1962
NAAC 'A' Grade

CERTIFICATE
'Iliis is to certify tliat

Mr. SAHOO ASHUTOSH AKSHAYA

of Second 'Year (}3. 'Tecli.(PIectronics e1,Communication 'Teclino(ogy)of Department of
'Teclino(ogy,Sliivaji University, 'Kolhapur VncferPEQJPP}{MC£ III

lias successfully completed the "Short 'TermCourse" of stucfy in

PLC PROGRAMMING
durinq the periodfrom 06 February 2019 to 22 February 2019

COURSE CONTENTS COURSE DURATION

• INTRODUCTION
• DETAILS OF ELECTRICAL HARDWARE CONTROL

(MANUAL CONTROL)
• RELAY HARDWARE LOGIC CONTROL 96 HRS.
• PROGRAMMABLE LOGIC CONTROLLER (SIEMENS)
• APPLICATION OF SOFTWARE (TOTALLY INTEGRATED

AUTOMATION)

SR.MA~R~)
INDO GERMAN TOOL ROOM,

AURANGABAD

REGISTRAR
SHIVAJI UNIVERSITY,

KOLHAPUR

Place: Kolhapur
Dated: 22 February 2019

P-45760 I T18148091

Shivaji University, Vidyanagar,Kolhapur. Maharashtra (India) 416004



Sr. No.: K00390 Roll No: - 2019K0110324

IIIitSlRYOF IICRO, SIIALl & IEllIUII ENTERPRISES
~OF_

SmVAJI UNIVERSITY, KOLHAPUR
In coUaboration with

MSMETECHNOLOGYCENTRE

INDO GERMAN TOOL ROOM, AURANGABAD
EXTENSION CENTRE

"ADVANCED TECHNOLOGY CENTRE"
(A Centre for Training, Research and Development)

Estd:1962
NAAC 'A' Grade

CERTIFICATE
emis is to certify that

Mr. LIMAYE BALKRISHNA RAMCHANDRA

of Second crear(8. rr'ecfi.(Plectronics <tl Communication rrecfinofogy)of Department of
rr'ecfinofogy,Sfiivaji University, 1(o[fiapurVnderPEQIPPl{}1SP' III

fias successfully completed tfie "Short 'TermCourse" of study in

PLC PROGRAMMING
during tfie period from 06 February 2019 to 22 February 2019

COURSE CONTENTS COURSE DURATION

• INTRODUCTION
• DETAILS OF ELECTRICAL HARDWARE CONTROL

(MANUAL CONTROL)
• RELAY HARDWARE LOGIC CONTROL 96 HRS.
• PROGRAMMABLE LOGIC CONTROLLER (SIEMENS)
• APPLICATION OF SOFTWARE (TOTALLY INTEGRATED

AUTOMATION)

•

REGISTRAR
SHIVAJI UNIVERSITY,

KOLHAPUR

SR. MAN ER (TRG)
INDO GER :ANTOOL ROOM,

AURANGABAD

Place: Kolhapur
Dated: 22 February 2019

P-45760 I T18148094

Shivaji University,Vidyanagar,Kolhapur. Maharashtra (India) 416004



Sr. No.: K00391

of Pina[ 'Year (}3. 'Tecfi.(P.[ectronics ~ Communication 'Tecfino[ogy)of Department of
'Tecfino[ogy,Sfiivaji 'University, 'l(o[fiapur 'Under PEQIP PJ[JtSP. III

fias successfully completed tfie "Short Term Course" of study in

Roll No: - 2019K011 0325

IIINISTRI' OF IIICRO, SIIALL & IIEDIJIIEJIIERPRISfS
GOVERNIIENT OF INDIA

SHIVAJI UNIVERSITY, KOLHAPUR
In collaboration with

MSMETECHNOLOGYCENTRE
INDO GERMAN TOOL ROOM, AURANGABAD

EXTENSIONCENTRE

"ADVANCED TECHNOLOGY CENTRE"
(A Centre for Training, Research and Development)

Estd:1962
NAAC 'A' Grade

CERTIFICATE
rrFiis is to certify tfiat

Mr. LALSARE KSHITIJ RAJENDRA

PLC PROGRAMMING
durinq tfie period from 06 February 2019 to 22 February 2019

COURSE CONTENTS COURSE DURATION

• INTRODUCTION
• DETAILS OF ELECTRICAL HARDWARE CONTROL

(MANUAL CONTROL)
• RELAY HARDWARE LOGIC CONTROL 96 HRS.
• PROGRAMMABLE LOGIC CONTROLLER (SIEMENS)
• APPLICATION OF SOFTWARE (TOTALLY INTEGRATED

AUTOMATION)

REGISTRAR
SHIVAJI UNIVERSITY,

KOLHAPUR

SR. MA ER (TRG)
INDO GER AN TOOL ROOM,

AURANGABAD

Place: Kolhapur
Dated: 22 February 2019
P-45760 I T18148097

Shivaji University,Vidyanagar,Kolhapur. Maharashtra (India) 416004



Sr. No.: K00392 Roll No: - 2019K011 0326

of 'Third''Year CJ3. 'Tech. (P'(ectronics e1, Communication 'Iechnoioqy) of Department of
Teclino{ogy, Sliivaji University, 1(o{liapur Under PEQICPcpj[JtSP, III

lias successfu{fy completed tlie "Short 'Ierm Course" of study in

IIINIS11!Y OF IICRO, SIIALl.& IEDIJII ENTERPRISES
~OF_

SHIVAJI UNIVERSITY, KOLHAPUR
In collaboration with

MSMETECHNOLOGYCENTRE
INDO GERMAN TOOL ROOM, AURANGABAD

EXTENSIONCENTRE

"ADVANCEDTECHNOLOGY CENTRE"
(A Centre for Training, Research and Development)

Estd:1962
NAAC 'A' Grade

CERTIFICATE
'Ihis is to certify that

Ms. SHELAR SADHANA SUNIL

PLC PROGRAMMING
during tlie period from 06 February 2019 to 22 February 2019

COURSE CONTENTS COURSE DURATION

• INTRODUCTION
• DETAILS OF ELECTRICAL HARDWARE CONTROL

(MANUAL CONTROL)
• RELAY HARDWARE LOGIC CONTROL 96 HRS.
• PROGRAMMABLE LOGIC CONTROLLER (SIEMENS)
• APPLICATION OF SOFTWARE (TOTALLY INTEGRATED

AUTOMATION)

SR. MA GER (TRG)
INDO GE AN TOOL ROOM,

AURANGABAD

REGISTRAR
SHIVAJI UNIVERSITY,

KOLHAPUR

Place: Kolhapur
Dated: 22 February 2019
P-45760 I T18148100

Shivaji University, Vidyanagar,Kolhapur. Maharashtra (India) 416004



Sr. No.: K00393 Roll No: - 2019K011 0327

_TRY OfMICRO,SIIALl & IEIlIUII EIIlERPRISES
GO'IERHIIEKT Of INDIA

SHIVAJI UNIVERSITY, KOLHAPUR
In collaboration with

MSMETECHNOLOGYCENTRE
INDO GERMAN TOOL ROOM, AURANGABAD

EXTENSION CENTRE

"ADVANCED TECHNOLOGY CENTRE"
(A Centre for Training, Research and Development)

Estd:1962
NAAC 'A' Grade

CERTIFICATE
rrFiis is to certify tfiat

Mr. RAJ SURESHKUMAR SHJVNARAYAN

of Third' rYear(j3. Tecfi. (P,{ectronicse:l Communication Tecfino{ogy)of Department of
Tecfino{ogy,Sfiivaji 'University, 1(o{fiapur'Under1!EQJPPJf)lSP' III

fias successfully completed tlie "Sliort Term Course" of stUdy in

PLC PROGRAMMING
during tlie periodfrom 06 February 2019 to 22 February 2019

COURSE CONTENTS COURSE DURATION

• INTRODUCTION
• DETAILS OF ELECTRICAL HARDWARE CONTROL

(MANUAL CONTROL)
• RELAY HARDWARE LOGIC CONTROL 96 HRS.
• PROGRAMMABLE LOGIC CONTROLLER (SIEMENS)
• APPLICATION OF SOFTWARE (TOTALLY INTEGRATED

AUTOMATION)

SR.MA~~)
INDO GERMAN TOOL ROOM,

AURANGABAD

REGISTRAR
SHIVAJI UNIVERSITY,

KOLHAPUR

Place: Kolhapur
Dated: 22 February 2019
P-45760 I T18148106

Shivaji University,Vidyanagar,Kolhapur. Maharashtra (India) 416004



Sr. No.: K00394 Roll No: - 2019K011 0328

.-smOFIIICRO,SIIAI.l & _ ENTERPRISES
_OF_

SHIVAJI UNIVERSITY, KOLHAPUR
In collaboration with

MSMETECHNOLOGYCENTRE
INDO GERMAN TOOL ROOM, AURANGABAD

EXTENSION CENTRE

"ADVANCED TECHNOLOGY CENTRE"
(A Centre for Training, Research and Development)

Estd:1962
NAAC 'A' Grade

CERTIFICATE
rrtiis is to certify tliat

Mr. SOMUSE CHAITANYA TUKARAM

of Second 'YearCE.rrecfi.(P'{ectronicsdCommunication %cfino{ogy) of Department of
rrecfino{ogy,Sfiivaji University, 1(o{fiapurVnderPEQJPPJ-{j1SC£ III

fias successfully completed tfie "Short Term Course" of study in

PLC PROGRAMMING
during tfie period from 06 February 2019 to 22 February 2019

COURSE CONTENTS COURSE DURATION

• INTRODUCTION
• DETAILS OF ELECTRICAL HARDWARE CONTROL

(MANUAL CONTROL)
• RELAY HARDWARE LOGIC CONTROL 96 HRS.
• PROGRAMMABLE LOGIC CONTROLLER (SIEMENS)
• APPLICATION OF SOFTWARE (TOTALLY INTEGRATED

AUTOMATION)

SR.MA~R~)
INDO GERMAN TOOL ROOM,

AURANGABAD

REGISTRAR
SHIVAJI UNIVERSITY,

KOLHAPUR

Place: Kolhapur
Dated: 22 February 2019
P-45760 I T18148109

Shivaji University, Vidyanagar,Kolhapur. Maharashtra (India) 416004



Sr. No.: K00395 Roll No: - 2019K011 0329

IIINISlRYOFIICRO,SIIALL&__ ENlB!I'!IISfS
_OFIDA

SHIVAJI UNIVERSITY, KOLHAPUR
In collaboration with

MSMETECHNOLOGYCENTRE
INDO GERMAN TOOL ROOM, AURANGABAD

EXTENSION CENTRE

"ADVANCED TECHNOLOGY CENTRE"
(A Centre for Training, Research and Development)

Estd:1962
NAAC 'A' Grade

CERTIFICATE
rrFiis is to certify tliat

Mr. GHORPADE MANISH MAHESH

of Second 'Year (]3. Tech: (P'{ectronicsdCommunication rr'ecfino{ogy)of Department of
rr'ecfino{ogy,Sfiivaji University, 'l(o{fiapurVnderr:rtEQIP(jYJ{JLSC£III

fias successfully completed tfie "Short 'TermCourse" of study in

PLC PROGRAMMING
during tfie period from 06 February 2019 to 22 February 2019

COURSE CONTENTS COURSE DURATION

• INTRODUCTION
• DETAILS OF ELECTRICAL HARDWARE CONTROL

(MANUAL CONTROL)
• RELAY HARDWARE LOGIC CONTROL 96 HRS.
• PROGRAMMABLE LOGIC CONTROLLER (SIEMENS)
• APPLICATION OF SOFTWARE (TOTALLY INTEGRATED

AUTOMATION)

REGISTRAR
SHIVAJI UNIVERSITY,

KOLHAPUR

Place: Kolhapur
Dated: 22 February 2019
P-45760 I T18148114

Shivaji University,Vidyanagar,KoJhapur. Maharashtra (India) 416004



Sr. No.: K00396 Roll No: - 2019K011 0330

MINIS11!YOF MICRO, SIIAll & IIEDIUII EJITERPRISES
GOVERHIlEllTOFINIlIA

SHIVAJI UNIVERSITY, KOLHAPUR
In coUaboration with

MSMETECHNOLOGYCENTRE
INDO GERMAN TOOL ROOM, AURANGABAD

EXTENSION CENTRE

"ADVANCED TECHNOLOGY CENTRE"
(A Centre for Training, Research and Development)

Estd:1962
NAAC 'A' Grade

CERTIFICATE
'This is to certify tliat

Mr. SAWARKAR DHANANJAY DILIP

of Second crear(8. 'Tecli.(P1ectronics e1, Communication 'Teclinofogy)of Department of
'Teclinofogy,Sliivaji 'University, 1(ofliapur 'Under rrtEQ!q>PJ{}1.SP, III

lias successfully completed the "Short 'TermCourse" of study in

PLC PROGRAMMING
during the period from 06 February 2019 to 22 February 2019

COURSE CONTENTS COURSE DURATION

• INTRODUCTION
• DETAILS OF ELECTRICAL HARDWARE CONTROL

(MANUAL CONTROL)
• RELAY HARDWARE LOGIC CONTROL 96 HRS.
• PROGRAMMABLE LOGIC CONTROLLER (SIEMENS)
• APPLICATION OF SOFTWARE (TOTALLY INTEGRATED

AUTOMATION)

REGISTRAR
SHIVAJI UNIVERSITY,

KOLHAPUR

SR'MA~~)
INDO GERMAN TOOL ROOM,

AURANGABAD

Place: Kolhapur
Dated: 22 February 2019

P-45760 I T18148119

Shivaji University, Vidyanagar,Kolhapur. Maharashtra (India) 416004



Sr. No.: K00397 Roll No: - 2019K0110331

..sTRYOFIICRO. SIIAU. & IEDUI BfTERPRISES
_OF_

SHIVAJI UNIVERSITY, KOLHAPUR
In collaboration with

MSMETECHNOLOGYCENTRE
INDO GERMAN TOOL ROOM, AURANGABAD

EXTENSION CENTRE

"ADVANCED TECHNOLOGY CENTRE"
(ACentre for Training, Research and Development)

of Second 'Year (}3. 'Tech. (CEfectronicse1,Communication 'Iechnoloqy) of Department of
rr'eclinofogy,Sliivaji University. 1(pfliapur Under 'PEQ!PPJ-{;4.SCEIII

lias successfully completed' the "Short 'TermCourse" of study in

PLC PROGRAMMING
during the period from 06 February 2019 to 22 February 2019

Estd:1962
NAAC 'A' Grade

CERTIFICATE
7fiis is to certify tfiat

Ms. JAISWAL AISHWARYA MADAN

COURSE CONTENTS COURSE DURATION

• INTRODUCTION
• DETAILS OF ELECTRICAL HARDWARE CONTROL

(MANUAL CONTROL)
• RELAY HARDWARE LOGIC CONTROL 96 HRS.

• PROGRAMMABLE LOGIC CONTROLLER (SIEMENS)
• APPLICATION OF SOFTWARE (TOTALLY INTEGRATED

AUTOMATION)

SR.M~~G)
INDO GERMAN TOOL ROOM,

AURANGABAD

REGISTRAR
SHIVAJI UNIVERSITY,

KOLHAPUR

Place: Kolhapur
Dated: 22 February 2019

P-45760 I T18148124

Shivaji University, Vidyanagar,Kolhapur. Maharashtra (India) 416004



Sr. No.: K00398 Roll No: - 2019K011 0332

IIINISlRY Of IIICRO, SIIAll & IIEIlIUM ENTERPRISES
GOVERHIEIfT Of INDIA

SHIVAJI UNIVERSITY, KOLHAPUR
In collaboration with

MSMETECHNOLOGYCENTRE

INDO GERMAN TOOL ROOM, AURANGABAD
EXTENSION CENTRE

"ADVANCED TECHNOLOGY CENTRE"
(A Centre for Training, Research and Development)

Estd:1962
NAAC 'A' Grade

CERTIFICATE
'Ihis is to certify tfiat

Mr. RAHATE GAURA V NITIN

of Second 'Year CJ3. rr'ecli.(P'{ectronics et Communication rr'eclinowgy)of Department of
rr'eclino{ogy,Slii'Vaji University, 1(o{liapurVnderrrtEQIPP}{;4SP, III

lias successfully completed the "Short 'TermCourse" of study in

PLC PROGRAMMING
during the period from 06 February 2019 to 22 February 2019

COURSE CONTENTS COURSE DURATION

• INTRODUCTION
• DETAILS OF ELECTRICAL HARDWARE CONTROL

(MANUAL CONTROL)
• RELAY HARDWARE LOGIC CONTROL 96 HRS.
• PROGRAMMABLE LOGIC CONTROLLER (SIEMENS)
• APPLICATION OF SOFTWARE (TOTALLY INTEGRATED

AUTOMATION)

SR'MAN~~)
INDOGERMAN TOOL ROOM,

AURANGABAD

REGISTRAR
SHIVAJI UNIVERSITY,

KOLHAPUR

Place: Kolhapur
Dated: 22 February 2019
P-45760 I T18148128

Shivaji University,Vidyanagar,Kolhapur. Maharashtra (India) 416004



Sr. No.: K00399 Roll No: - 2019K0110333

IIIIIS1RY OfIICRO. SIIAU.& IIEIlIUII EIIIERPRlSES
_Of_

SHIVAJI UNIVERSITY, KOLHAPUR
In collaboration with

MSMETECHNOLOGYCENTRE
INDO GERMAN TOOL ROOM, AURANGABAD

EXTENSION CENTRE

"ADVANCED TECHNOLOGY CENTRE"
(A Centre for Training, Research and Development)

Estd:1962
NAAC 'A' Grade

CERTIFICATE
71iis is to certify that

Mr. RAHUL ROY

of Second 'YearCE.Tech. (PIectronics ctl Communication 'Iechnolopy) of Department of
'Tecfino(ogy,Sfiivaji University, Kolhapur 'Under 1!EQ!PPJ{.JLSP, III

fias successfully completed tfie "Short 'TermCourse" of study in

PLC PROGRAMMING
during tfie period from 06 February 2019 to 22 February 2019

COURSE CONTENTS COURSE DURATION

• INTRODUCTION
• DETAILS OF ELECTRICAL HARDWARE CONTROL

(MANUAL CONTROL)
• RELAY HARDWARE LOGIC CONTROL 96 HRS.
• PROGRAMMABLE LOGIC CONTROLLER (SIEMENS)
• APPLICATION OF SOFTWARE (TOTALLY INTEGRATED

AUTOMATION)

SR.MA~~G)
INDO GERMAN TOOL ROOM,

AURANGABAD

REGISTRAR
SHIVAJI UNIVERSITY,

KOLHAPUR

Place: Kolhapur
Dated: 22 February 2019
P-45760 I T18148133

Shivaji University,Vidyanagar,Kolhapur. Maharashtra (India) 416004



Sr. No.: K00400 Roll No: - 2019K011 0334

IIINIS1RY OF IICRO, SIIAU.& IIEIlIIII EN1ERPRISES
GOYERNIIEHT Of_

SmVAJI UNIVERSITY, KOLHAPUR
In collaboration with

MSME TECHNOLOGY CENTRE
INDO GERMAN TOOL ROOM, AURANGABAD

EXTENSION CENTRE

"ADVANCED TECHNOLOGY CENTRE"
(A Centre for Training, Research and Development)

Estd:1962
NAAC 'A' Grade

CERTIFICATE
'Ihis is to certify tfiat

Mr. PRINCE SHRIVASTAVA

of Second 'YearCE.Tech. (P'[ectronicsdCommunication rreclino{ogy)of Department of
rreclino{ogy,Slii'Vaji University, 1(o{liapur 'Under rztEQIP PJ[MP, III

lias successfully completed the "Short 'TermCourse" of study in

PLC PROGRAMMING
during the period from 06 February 2019 to 22 February 2019

COURSE CONTENTS COURSE DURATION

• INTRODUCTION
• DETAILS OF ELECTRICAL HARDWARE CONTROL

(MANUAL CONTROL)
• RELAY HARDWARE LOGIC CONTROL 96 HRS.
• PROGRAMMABLE LOGIC CONTROLLER (SIEMENS)
• APPLICATION OF SOFTWARE (TOTALLY INTEGRATED

AUTOMATION)

REGISTRAR
SHIVAJI UNIVERSITY,

KOLHAPUR

SR.M~T~G)
INDO GERMAN TOOL ROOM,

AURANGABAD

Place: Kolhapur
Dated: 22 February 2019
P-45760 I T18148167

Sbivaji University, Vidyanagar,Kolbapur. Mabarashtra (India) 416004



Sr. No.: K00401 Roll No: - 2019K0110335

..sm OFIICRO. SIIALL& IIEIlIJII EIIIERPRISES
~OF_

SHIVAJI UNIVERSITY, KOLHAPUR
In collaboration with

MSMETECHNOLOGYCENTRE
INDO GERMAN TOOL ROOM, AURANGABAD

EXTENSION CENTRE

"ADVANCED TECHNOLOGY CENTRE"
(A Centre for Training, Research and Development)

Estd:1962
NAAC 'A' Grade

CERTIFICATE
This is to certify tfiat

Ms. POWAR SANYOGITA SURYAKANT

of Second 'Year (}3. 'Tech. (P'{ectronics elCommunication rr'eclino{ogy)of Department of
CJ'eclino{ogy,Sliivaji 'University, 1(o{liapur VnderPEQJCJ?CP]()fSP,III

lias successfully completed the "Short Term Course" of study in

PLC PROGRAMMING
during the period from 06 February 2019 to 22 February 2019

COURSE CONTENTS COURSE DURATION

• INTRODUCTION
• DETAILS OF ELECTRICAL HARDWARE CONTROL

(MANUAL CONTROL)
• RELAY HARDWARE LOGIC CONTROL 96 HRS.
• PROGRAMMABLE LOGIC CONTROLLER (SIEMENS)
• APPLICATION OF SOFTWARE (TOTALLY INTEGRATED

AUTOMATION)

SR.MA~~)
INDO GERMAN TOOL ROOM,

AURANGABAD

REGISTRAR
SHIVAJI UNIVERSITY,

KOLHAPUR

Place: Kolhapur
Dated: 22 February 2019
P-45760 I T18148170

Shivaji University, Vidyanagar,Ko1hapur. Maharashtra (India) 416004



Sr. No.: K00402 Roll No: - 2019K011 0336

IMSlRY OfIICRO, SIIAl.l& IIElJIUII ElITERPRISES
GO'IERHIIEHT Of_

SHIVAJI UNIVERSITY, KOLHAPUR
In collaboration with

MSMETECHNOLOGYCENTRE
INDO GERMAN TOOL ROOM, AURANGABAD

EXTENSION CENTRE

"ADVANCED TECHNOLOGY CENTRE"
(A Centre for Training, Research and Development)

Estd:1962
NAAC 'A' Grade

CERTIFICATE
crliis is to certify that

Ms. MANE VAISHNA VI VITTHAL

of Second 'YearcB. Tecfi. (PJectronics e!l Communication 7'ecfino(ogy)of Department of
7'ecfino(ogy,Sfiivaji University, 1(o(fiapurVnderPEQfPPJ{)1SP' III

fias successfully completed tfie "Short Term Course" of study in

PLC PROGRAMMING
during tfie periodfrom 06 February 2019 to 22 February 2019

COURSE CONTENTS COURSE DURATION

• INTRODUCTION
• DETAILS OF ELECTRICAL HARDWARE CONTROL

(MANUAL CONTROL)
• RELAY HARDWARE LOGIC CONTROL 96 HRS.
• PROGRAMMABLE LOGIC CONTROLLER (SIEMENS)
• APPLICATION OF SOFTWARE (TOTALLY INTEGRATED

AUTOMATION)

SR.MA~~)
INDO GERMAN TOOL ROOM,

AURANGABAD

REGISTRAR
SHIVAJI UNIVERSITY,

KOLHAPUR

Place: Kolhapur
Dated: 22 February 2019

P-45760 I T18148172

Shivaji University, Vidyanagar,Kolhapur. Maharashtra (India) 416004



Sr. No.: K00403 Roll No: - 2019K011 0337

MINISTRYOfIICRO, SIIAll & IIEIlIJII BmRPRISfS
_Of_

SmVAJI UNIVERSITY, KOLHAPUR
In collaboration with

MSMETECHNOLOGYCENTRE
INDO GERMAN TOOL ROOM, AURANGABAD

EXTENSION CENTRE

"ADVANCED TECHNOLOGY CENTRE"
(A Centre for Training, Research and Development)

Estd:1962
NAAC 'A' Grade

CERTIFICATE
emis is to certify tfiat

Ms. LOHAR SHUBHANGI AJIT

of Second crearCE.crecli.(Plectronics e1Communication creclino(ogy)of Department of
creclino(ogy,Sliivaji 'University, 1(o(liapur 'Under PEQ!P PJf;4SCEIII

lias successfully completed tlie "Short Term Course" of study in

PLC PROGRAMMING
during tlie period from 06 February 2019 to 22 February 2019

COURSE CONTENTS COURSE DURATION

• INTRODUCTION
• DETAILS OF ELECTRICAL HARDWARE CONTROL

(MANUAL CONTROL)
• RELAY HARDWARE LOGIC CONTROL 96 HRS.
• PROGRAMMABLE LOGIC CONTROLLER (SIEMENS)
• APPLICATION OF SOFTWARE (TOTALLY INTEGRATED

AUTOMATION)

SR.M~~G)
INDO GERMAN TOOL ROOM,

AURANGABAD

REGISTRAR
SHIVAJI UNIVERSITY,

KOLHAPUR

Place: Kolhapur
Dated: 22 February 2019
P-45760 I T18148174

Shivaji University,Vidyanagar,Kolhapur. Maharashtra (India) 416004



Sr. No.: K00404 Roll No: - 2019K011 0338

IIINISTRYOf IIICRO,SIIALL& IellJM EHIB!PRISES
_OfNllA

SHIVAJI UNIVERSITY, KOLHAPUR
In collaboration with

MSMETECHNOLOGYCENTRE
INDO GERMAN TOOL ROOM, AURANGABAD

EXTENSION CENTRE

"ADVANCED TECHNOLOGY CENTRE"
(A Centre for Training, Research and Development)

Estd:1962
NAAC 'A' Grade

CERTIFICATE
'This is to certify tfiat

Ms. KHOT SNEHA BALWANT

of Second 'YearCJ3. 'fecli. (P'{ectronics e1,Communication 'feclino{ogy) of Department of
rr'eclino(ogy,Sliivaji University, 1(p{liapurVnderPEQIPPJ(flSP, III

lias successfully completed the "Short Term Course" of study in

PLC PROGRAMMING
during the periodfrom 06 February 2019 to 22 February 2019

COURSE CONTENTS COURSE DURATION

• INTRODUCTION
• DETAILS OF ELECTRICAL HARDWARE CONTROL

(MANUAL CONTROL)
• RELAY HARDWARE LOGIC CONTROL 96 HRS,
• PROGRAMMABLE LOGIC CONTROLLER (SIEMENS)
• APPLICATION OF SOFTWARE (TOTALLY INTEGRATED

AUTOMATION)

REGISTRAR
SHIVAJI UNIVERSITY,

KOLHAPUR

Place: Kolhapur
Dated: 22 February 2019
P-45760 I T18148176

Shivaji University,Vidyanagar,Kolbapur. Maharashtra (India) 416004



Sr. No.: K00405 Roll No: - 2019K0110339

.asm OFIICRO.S1IAU& IEIlIJIIBmRI'I!ISES
~OF_

SHIVAJI UNIVERSITY, KOLHAPUR
In collaboration with

MSMETECHNOLOGYCENTRE
INDO GERMAN TOOL ROOM, AURANGABAD

EXTENSION CENTRE

"ADVANCEDTECHNOLOGY CENTRE"
(A Centre for Training, Research and Development)

Estd:1962
NAAC 'A' Grade

CERTIFICATE
'Tfiisis to certify tfiat

Mr. KUMBHAR ANIKET ANKUSH

of Second 'Year(8. Tech. (PIectronics elCommunication rrecfino(ogy)of Department of
'Iechnoloqy, Sfiivaji 'University, 7(o(fiapurVnderPEQJPPJf;ASCE III

fias successfully completed tfie "Short Term Course" of study in

PLC PROGRAMMING
during tfie periodfrom 06 February 2019 to 22 February 2019

COURSE CONTENTS COURSE DURATION

• INTRODUCTION
• DETAILS OF ELECTRICAL HARDWARE CONTROL

(MANUAL CONTROL)
• RELAY HARDWARE LOGIC CONTROL 96 HRS.
• PROGRAMMABLE LOGIC CONTROLLER (SIEMENS)
• APPLICATION OF SOFTWARE (TOTALLY INTEGRATED

AUTOMATION)

SR.M~G)
INDO GERMAN TOOL ROOM,

AURANGABAD

REGISTRAR
SHIVAJI UNIVERSITY,

KOLHAPUR

Place: Kolhapur
Dated: 22 February 2019

P-45760 I T18148178

Shivaji University,Vidyanagar,Kolhapur. Maharashtra (India) 416004



Sr. No.: K00406

of Pina{ 'Year (]3. 'Tecli.(P'{ectronics e1,Communication 'Iechnoloqy) of Department of
'Iechnoloqy, Sliivaji University, 'Kolhapur 'Under PEQIP PH)fSC£ III

lias successful[y completed tlie "Short 'TermCourse" of study in

PLC PROGRAMMING
during tlie period from 06 February 2019 to 22 February 2019

Roll No: - 2019K011 0340

IIIIISTRY OF MICRO,SIIAU & IEDIUII EH1B!I'IIISES
GOVERNIEIIT OF_

SmVAJI UNIVERSITY, KOLHAPUR
In collaboration with

MSMETECHNOLOGYCENTRE
INDO GERMAN TOOL ROOM, AURANGABAD

EXTENSION CENTRE

"ADVANCED TECHNOLOGY CENTRE"
(A Centre for Training, Research and Development)

Estd:1962
NAAC 'A' Grade

CERTIFICATE
'Ihis is to certify that

Ms. MHAMANE VAIBHA VI VIVEK

COURSE CONTENTS COURSE DURATION

• INTRODUCTION
• DETAILS OF ELECTRICAL HARDWARE CONTROL

(MANUAL CONTROL)
• RELAY HARDWARE LOGIC CONTROL 96 HRS,
• PROGRAMMABLE LOGIC CONTROLLER (SIEMENS)
• APPLICATION OF SOFTWARE (TOTALLY INTEGRATED

AUTOMATION)

SR. MAN ER (TRG)
INDO GER ~N TOOL ROOM,

AURANGABAD

REGISTRAR
SHIVAJI UNIVERSITY,

KOLHAPUR

Place: Kolhapur
Dated: 22 February 2019

P-45760 I T18148180

Shivaji University,Vidyanagar,Kolhapur. Maharashtra (India) 416004



Sr. No.: K00407

of Tliird 'Year (]3. Tech. (PJectronics ct{,Communication Teclino(ogy) of Department of
Teclino(ogy, S hiuaji 'University, 1(o(liapur Under qtEQIP PJ-{flSP. I I I

lias successfulfy completed tlie "Short Term Course" of study in

PLC PROGRAMMING
during tlie period from 06 February 2019 to 22 February 2019

Roll No: - 2019K0110341

IMSTIn'OF IICRO, SIIALl. & IIEDIIII EllIERPRISES
~OF_

SHIVAJI UNIVERSITY, KOLHAPUR
In collaboration with

MSMETECHNOLOGYCENTRE
INDO GERMAN TOOL ROOM, AURANGABAD

EXTENSION CENTRE

"ADVANCED TECHNOLOGY CENTRE"
(A Centre for Training, Research and Development)

Estd:1962
NAAC 'A' Grade

CERTIFICATE
rrfiis is to certify tliat

Ms. JOSHI MA YURI CHANDRASHEKHAR

COURSE CONTENTS COURSE DURATION

• INTRODUCTION
• DETAILS OF ELECTRICAL HARDWARE CONTROL

(MANUAL CONTROL)
• RELAY HARDWARE LOGIC CONTROL 96 HRS.
• PROGRAMMABLE LOGIC CONTROLLER (SIEMENS)
• APPLICATION OF SOFTWARE (TOTALLY INTEGRATED

AUTOMATION)

REGISTRAR
SHIVAJI UNIVERSITY,

KOLHAPUR

SR. MA GER (TRG)
INDO GER AN TOOL ROOM,

AURANGABAD

Place: Kolhapur
Dated: 22 February 2019
P-45760 I T18148182

Shivaji University,Vidyanagar,Kolhapur. Maharashtra (India) 416004



Sr. No.: K00408 Roll No: - 2019K0110342

IIIISlRY OfMICRO,SIIALl & IlElJlUI EMlERPRISES
~Of_

SHIVAJI UNIVERSITY, KOLHAPUR
In collaboration with

MSMETECHNOLOGYCENTRE
INDO GERMAN TOOL ROOM, AURANGABAD

EXTENSION CENTRE

"ADVANCED TECHNOLOGY CENTRE"
(A Centre for Training, Research and Development)

Estd:1962
NAAC 'A' Grade

CERTIFICATE
rrFiis is to certify tliat

Ms. DHANE RICHA JOTIRAM

of 'Third 'Year (]3. 'Tech. (P1ectronics e1, Communication 'Techno(ogy)of Department of
'Techno(ogy,Shivaji 'Uniuersity, 1(o(hapur VnderPEQIPPJ[.ftSP, III

has successfully completed the "Short Term Course" of study in

PLC PROGRAMMING
during the period from 06 February 2019 to 22 February 2019

COURSE CONTENTS COURSE DURATION

• INTRODUCTION
• DETAILS OF ELECTRICAL HARDWARE CONTROL

(MANUAL CONTROL)
• RELAY HARDWARE LOGIC CONTROL 96 HRS.
• PROGRAMMABLE LOGIC CONTROLLER (SIEMENS)
• APPLICATION OF SOFTWARE (TOTALLY INTEGRATED

AUTOMATION)

SR.M~~G)
INDO GERMAN TOOL ROOM,

AURANGABAD

REGISTRAR
SHIVAJI UNIVERSITY,

KOLHAPUR

Place: Kolhapur
Dated: 22 February 2019
P-45760 I T18148184

Shivaji University, Vidyanagar, Kolhapur, Maharashtra (India) 416004



Sr. No.: K00409 Roll No: - 2019K011 0343

MINISTRY OF MICRO, SMAll &MEDIUM ENTERPRiSES
GOVERNMENT OF INDIA

SHIVAJI UNIVERSITY, KOLHAPUR
In collaboration with

MSMETECHNOLOGYCENTRE
INDO GERMAN TOOL ROOM, AURANGABAD

EXTENSION CENTRE

"ADVANCEDTECHNOLOGY CENTRE"
(ACentre for Training, Research and Development)

Estd:1962
NAAC 'A' Grade

CERTIFICATE
rrFiis is to certify that

Mr. INGALESHWAR VED SITARAM

of Third. 'Year CJ3. 7'ecfi. (PIectronics elCommunication 7'ecfino(ogy) of Department of
7'ecfino(ogy, Sfiivaji 'University, 1(o(fiapur 'Under PEQIa>cpj{.JLSCEIII

fias successfu((y completed tfie "Short Term Course" of study in

PLC PROGRAMMING
during tfie period from 06 February 2019 to 22 February 2019

COURSE CONTENTS COURSE DURATION

• INTRODUCTION
• DETAILS OF ELECTRICAL HARDWARE CONTROL

(MANUAL CONTROL)
• RELAY HARDWARE LOGIC CONTROL 96 HRS.

• PROGRAMMABLE LOGIC CONTROLLER (SIEMENS)
• APPLICATION OF SOFTWARE (TOTALLY INTEGRATED

AUTOMATION)

•

REGISTRAR
SHIVAJI UNIVERSITY,

KOlHAPUR

SR. MA R (TRG)
INDO GE AN TOOL ROOM,

AURANGABAD

Place: Kolhapur
Dated: 22 February 2019
P-45760 I T18148185

Shivaji University,Vidyanagar,Kolhapur. Maharashtra (India) 416004



Sr. No.: K00410 Roll No: - 2019K011 0344

MINISTRYOF MICRO, SMALl & MEDIUM ENTERPRISES
GOVERNMENT OF INOlA

SHIVAJI UNIVERSITY, KOLHAPUR
In collaboration with

MSMETECHNOLOGYCENTRE
INDO GERMAN TOOL ROOM, AURANGABAD

EXTENSION CENTRE

"ADVANCED TECHNOLOGY CENTRE"
(ACentre for Training, Research and Development)

Estd:1962
NAAC 'A' Grade

CERTIFICATE
rrFiis is to certify tfiat

Ms. SHINDE ANUJA KISHOR

of Third' 'Year(]3. Tech: (Plectronics e:l Communication creelino[ogy)of Department of
'Iechnoloqy, Sliivaji University, 1(0lhapur Under PEQIPPJ(JlSC£ III

lias successfully completed tlie "Short Term Course" of study in

PLC PROGRAMMING
during tlie periodfrom 06 February 2019 to 22 February 2019

COURSE CONTENTS COURSE DURATION

• INTRODUCTION
• DETAILS OF ELECTRICAL HARDWARE CONTROL

(MANUAL CONTROL)
• RELAY HARDWARE LOGIC CONTROL 96 HRS.
• PROGRAMMABLE LOGIC CONTROLLER (SIEMENS)
• APPLICATION OF SOFTWARE (TOTALLY INTEGRATED

AUTOMATION)

REGISTRAR
SHIVAJI UNIVERSITY,

KOLHAPUR

I\MIrLln-R(TRG)
INDO GE N TOOL ROOM,

AURANGABAD

Place: Kolhapur
Dated: 22 February 2019

P-45760 I T18148187

Shivaji University, Vidyanagar,Kolhapur. Maharashtra (India) 416004



Sr. No.: K00411 Roll No: -' 2019K011 0345

MINISTRYOFMICRO,SMAll & MEDIUMENTEIIPRIS<S
GOVERNMENT OF INOlA

SmVAJI UNIVERSITY, KOLHAPUR
In collaboration with

MSMETECHNOLOGYCENTRE
INDO GERMAN TOOL ROOM, AURANGABAD

EXTENSION CENTRE

"ADVANCED TECHNOLOGY CENTRE"
(A Centre for Training, Research and Development)

Estd:1962
NAAC 'A' Grade

CERTIFICATE
'lfiis is to certify that

Ms. CHAVAN AISHWARYA SHIVAJI

of 'Tliird 'Year (}3. Tech: (P'{ectronics et Communication 'Teclino(ogy)of Department of
'Teclino(ogy,Sliivaji 'University, Kolhapur 'Under tFEQIP PJ{}fSP, III

lias successfully completed the ':5hort Term Course" of study in

PLC PROGRAMMING
during the period from 06 February 2019 to 22 February 2019

COURSE CONTENTS COURSE DURATION

• INTRODUCTION
• DETAILS OF ELECTRICAL HARDWARE CONTROL

(MANUAL CONTROL)
• RELAY HARDWARE LOGIC CONTROL 96 HRS.
• PROGRAMMABLE LOGIC CONTROLLER (SIEMENS)
• APPLICATION OF SOFTWARE (TOTALLY INTEGRATED

AUTOMATION)

REGISTRAR
SHIVAJI UNIVERSITY,

KOLHAPUR

SR. M 1\GER (TRG)
INDO GE MAN TOOL ROOM,

AURANGABAD

Place: Kolhapur
Dated: 22 February 2019
P-45760 I T18148192

Shivaji University,Vidyanagar,Kolhapur. Maharashtra (India) 416004



Sr. No.: K00412 Roll No: - 2019K0110346

MINISTRY OF MK:RO, SMALL &MEDIUM ENTERPRISES
GOVERNMENT Of INDIA

SmVAJI UNIVERSITY, KOLHAPUR
In collaboration with

MSME TECHNOLOGY CENTRE
INDO GERMAN TOOL ROOM, AURANGABAD

EXTENSION CENTRE

"ADVANCED TECHNOLOGY CENTRE"
(ACentre for Training, Research and Development)

Estd:1962
NAAC 'A' Grade

CERTIFICATE
This is to certify tfiat

Mr. SHOWKAT AHMAD MAGRY

of Second 'Year (8. Tech: (P'{ectronics e1,Communication 'Iechnoloqy) of Department of
rreclino{ogy,Sliivaji Vniversity, 1(o{liapur 'Under 'FEQ!(]?PJf)tSC£ III

lias successfully completed the "Short 'TermCourse" of study in

PLC PROGRAMMING
during the period from 06 February 2019 to 22 February 2019

COURSE CONTENTS COURSE DURATION

• INTRODUCTION
• DETAILS OF ELECTRICAL HARDWARE CONTROL

(MANUAL CONTROL)
• RELAY HARDWARE LOGIC CONTROL 96 HRS.

• PROGRAMMABLE LOGIC CONTROLLER (SIEMENS)
• APPLICATION OF SOFTWARE (TOTALLY INTEGRATED

AUTOMATION)

SR. M GER (TRG)
INDO G MAN TOOL ROOM,

AURANGABAD

•

REGISTRAR
SHIVAJI UNIVERSITY,

KOLHAPUR

Place: Kolhapur
Dated: 22 February2019
P-45760 I T18148195

Shivaji University,Vidyanagar,Kolhapur. Maharashtra (India) 416004











Sr. No.: K00310 Roll No: - 2019K0110272

MINISTRYOF MICRO, SMAll & MEDIUM ENTERPRISES
GOVERNMENTOF INDIA

SHIVAJI UNIVERSITY, KOLHAPUR
In collaboration with

MSME TECHNOLOGY CENTRE
INDO GERMAN TOOL ROOM, AURANGABAD

EXTENSION CENTRE

"ADVANCED TECHNOLOGY CENTRE"
(A Centre for Training, Research and Development)

, Estd:1962
NAAC 'A' Grade

CERTIFICATE
rrliis is to certify tliat

Mr. SHELKE MANOJ BAPURAO

of Second 'YearCE.'Tech. (::M.eclianica{'Enqineerinq) of Department of 7'eclino{ogy,Sliivaji
Vniversity, 1(p{liapur Under PEQIP PJ[JLSP, III

lias successfully completed the "Short 'TermCourse" of study in

SOLIDWORKS
dunnq the periodfrom 21 January 2019 to 03 February 2019

COURSE CONTENTS COURSE DURATION

• INTRODUCTIONTO SOLIDWORKS
• SKETCHER WORKBENCH
• PART DESIGNWORKBENCH

SURFACE DESIGN 96 HRS.•
• ASSEMBLY DESIGNWORKBENCH
• GENERATIVE AND INTERACTIVE DRAFTING WORKBENCH

SR.MA~RG)
INDO GERMAN TOOL ROOM,

AURANGABAD

REGISTRAR
SHIVAJI UNIVERSITY,

KOLHAPUR

Place: Kolhapur
Dated: 03 February 2019

P-45215I T18148026

Shivaji University,Vidyanagar,Kolhapur. Maharashtra (India) 416004



Sr. No.: K00311 Roll No: - 2019K0110273

MINISTRYOf MICRO, SMALL & MEDIUM ENTERPRISES
GOVERNMENT OF INOlA

SHIVAJI UNIVERSITY, KOLHAPUR
In collaboration with

MSMETECHNOLOGYCENTRE
INDO GERMAN TOOL ROOM, AURANGABAD

EXTENSION CENTRE

"ADVANCED TECHNOLOGY CENTRE"
(A Centre for Training, Research and Development)

Estd:1962
NAAC 'A' Grade

CERTIFICATE
7fiis is to certify tliat

Mr. BANDIVADEKAR PARTH SHRIKRISHNA

of Second 'Year (8. 'Tech. (:M.eclianica{lEngineeringJ of Department of 'Iechnoloqy, S liivaji
University, 'l(o{liapur 'Under 'l!EQIP ®{JtSlE I I I

lias successfully completed the "Short Term Course" of study in

SOLIDWORKS
during the period from 21 January 2019 to 03 February 2019

COURSE CONTENTS COURSE DURATION

• INTRODUCTION TO SOLIDWORKS
• SKETCHER WORKBENCH
• PART DESIGNWORKBENCH

SURFACE DESIGN 96 HRS.•
• ASSEMBLY DESIGNWORKBENCH
• GENERATIVE AND INTERACTIVE DRAFTINGWORKBENCH

REGISTRAR
SHIVAJI UNIVERSITY,

KOLHAPUR

Place: Kolhapur
Dated: 03 February 2019
P-45215I T18148028

Shivaji University, Vidyanagar,Kolhapur. Maharashtra (India) 4 I6004



Sr. No.: K00312 Roll No: - 2019K0110274

MINISTRYOF MICRO, SMAll & MEDIUMENTERPRISES
GOVERNMENTOF INDIA

SHIVAJI UNIVERSITY, KOLHAPUR
In collaboration with

MSMETECHNOLOGYCENTRE
INDO GERMAN TOOL ROOM, AURANGABAD

EXTENSION CENTRE

"ADVANCED TECHNOLOGY CENTRE"
(A Centre for Training, Research and Development)

Estd:1962
NAAC 'A' Grade

CERTIFICATE
rrfiis is to certify tfiat

Mr. BHURE AJA Y TULSHIRAM

of Second 'Year (]3. Tech. (9rfeclianica{Enqineering} of Department of'Ieclino{ogy, S liivaji
University, 1(o{liapur 'Under qtEQIP PJfJ1SCEIII

lias successfully completed the ':5hort Term Course JJ of study in

SOLIDWORKS
during the period from 21 January 2019 to 03 February 2019

COURSE CONTENTS COURSE DURATION

• INTRODUCTIONTO SOLIDWORKS
• SKETCHER WORKBENCH
• PART DESIGNWORKBENCH
• SURFACE DESIGN 96 HRS.

• ASSEMBLY DESIGNWORKBENCH
• GENERATIVE AND INTERACTIVE DRAFTINGWORKBENCH

REGISTRAR
SHIVAJI UNIVERSITY,

KOLHAPUR

SR.MA~~GJ
INDO GERMAN TOOL ROOM,

AURANGABAD

Place: Kolhapur
Dated: 03 February 2019

P-45215I T18148029

Shivaji University,Vidyanagar,Ko1hapur. Maharashtra (India) 416004



Sr. No.: K00313 Roll No: - 2019K011 0275

MINISTRY Of MICRO, SMAll &MEDIUM ENTERPRISES
GOVERNMENT Of INDIA

SmVAJI UNIVERSITY, KOLHAPUR
In collaboration with

MSMETECHNOLOGYCENTRE
INDO GERMAN TOOL ROOM, AURANGABAD

EXTENSION CENTRE

"ADVANCED TECHNOLOGY CENTRE"
(A Centre for Training, Research and Development)

Estd:1962
NAAC 'A' Grade

CERTIFICATE
'This is to certify tfiat

Mr. A TIGRE YOGESH VASANTRAO

of Second 'Year (}3. 'Tech. (:M.eclianica{CEngineering)of Department of'Teclino{ogy, Sliivaji
University, 1(o{liapur Vnder'FEQIPPJ[JlSCE III

lias successfully completed the "Short 'TermCourse" of study in

SOLIDWORKS
during the period from 21 January 2019 to 03 February 2019

COURSE CONTENTS COURSE DURATION

• INTRODUCTIONTO SOLIDWORKS
• SKETCHER WORKBENCH
• PART DESIGNWORKBENCH
• SURFACE DESIGN 96 HRS.

• ASSEMBLY DESIGNWORKBENCH
• GENERATIVE AND INTERACTIVE DRAFTING WORKBENCH

REGISTRAR
SHIVAJI UNIVERSITY,

KOLHAPUR

SR.MAN~G)
INDO GERMAN TOOL ROOM,

AURANGABAD

Place: Kolhapur
Dated: 03 February 2019

P-45215I T18148031

Shivaji University,Vidyanagar,Kolhapur. Maharashtra (India) 416004



Sr. No.: K00314 Roll No: - 2019K0110276

MINISTRYOF MICRO, SMALl & MEDIUMENTERPmSES
GOVERNMEHT OF INDIA

SHIVAJI UNIVERSITY, KOLHAPUR
In collaboration with

MSMETECHNOLOGYCENTRE
INDO GERMAN TOOL ROOM, AURANGABAD

EXTENSION CENTRE

"ADVANCED TECHNOLOGY CENTRE"
(A Centre for Training, Research and Development)

Estd:1962
NAAC 'A' Grade

CERTIFICATE
'This is to certify tfiat

Mr. BHURE SHUBHAM MAHADEV

of .Secotui 'YearCE.Tech. (:Meclianica(Enqineerinq) of Department of 'Iechnoioqy, S liivaji
University, 1(o(liapur Under PEQIP ®f)1SP. III

lias successfully completed tlie "Short Term Course" of stuay in

SOLIDWORKS
durinq tlie period from 21 January 2019 to 03 February 2019

COURSE CONTENTS COURSE DURATION

• INTRODUCTIONTO SOLIDWORKS
• SKETCHER WORKBENCH
• PART DESIGNWORKBENCH

SURFACE DESIGN 96 HRS.•
• ASSEMBLY DESIGNWORKBENCH
• GENERATIVE AND INTERACTIVE DRAFTINGWORKBENCH

REGISTRAR
SHIVAJI UNIVERSITY,

KOLHAPUR

SR.MANi:::G)·
INDO GERMAN TOOL ROOM,

AURANGABAD

Place: Kolhapur
Dated: 03 February 2019

P-45215! T18148033

Shivaji University, Vidyanagar,Kolhapur. Maharashtra (India) 416004



Sr. No.: K00315 Roll No: - 2019K011 0277

MINISTRYOf MICRO, SMALL & MEDIUM EHTERPIIISES
GOVERNMENT Of INDIA

SHIVAJI UNIVERSITY, KOLHAPUR
In collaboration with

MSMETECHNOLOGYCENTRE
INDO GERMAN TOOL ROOM, AURANGABAD

EXTENSION CENTRE

"ADVANCED TECHNOLOGY CENTRE"
(A Centre for Training, Research and Development)

Estd:1962
NAAC 'A' Grade

CERTIFICATE
7fiis is to certify tfiat

Mr. PATIL PRASHANT MAR UTI

of Second crearCE.'Tech. (:Mecfianica{P,ngineeringJ of Department of Tecfino{ogy, S fiivaji
University, 1(p{fiapur 'Under rmQ!p PJ[JLSP,I I I

fias successfully completed tfie "Short Term Course" of study in

SOLIDWORKS
during tfie period from 21 January 2019 to 03 February 2019

COURSE CONTENTS COURSE DURATION

• INTRODUCTION TO SOLIDWORKS
• SKETCHER WORKBENCH
• PART DESIGNWORKBENCH

SURFACE DESIGN 96 HRS.•
• ASSEMBLY DESIGNWORKBENCH
• GENERATIVE AND INTERACTIVE DRAFTINGWORKBENCH

SR.MA~~)
INDO GERMAN TOOL ROOM,

AURANGABAD

REGISTRAR
SHIVAJI UNIVERSITY,

KOLHAPUR

Place: Kolhapur
Dated: 03 February 2019
P-45215I T18148034

Shivaji University,Vidyanagar,Kolhapur. Maharashtra (India) 416004



Sr. No.: K00316 Roll No: - 2019K011 0278

MINISTRYOF MICRO, SMAll &MEDIUMENTERPRISES
GOVERNMENT OF INDIA

SHIVAJI UNIVERSITY, KOLHAPUR
In collaboration with

MSMETECHNOLOGYCENTRE
INDO GERMAN TOOL ROOM, AURANGABAD

EXTENSION CENTRE

"ADVANCED TECHNOLOGY CENTRE"
(A Centre for Training, Research and Development)

Estd:1962
NAAC 'A' Grade

CERTIFICATE
rrnis is to certify tliat

Mr. BHOSALE KAUSTUBH DNYANESHWAR

of Second Year CE.'Tecfi.(gnecfianica( I£ngineeringJ of Department 0f'Tecfino(ogy, S hiuaji
'University, 1(o(fiapur 'Under PEQIP PJ{;4S1£ I I I

fias successfu((y completed tfie "Short 'TermCourse" of study in

SOLIDWORKS
during tfie period from 21 January 2019 to 03 February 2019

COURSE CONTENTS COURSE DURATION

• INTRODUCTIONTO SOLIDWORKS
• SKETCHER WORKBENCH
• PART DESIGNWORKBENCH
• SURFACE DESIGN 96 HRS.

• ASSEMBLY DESIGNWORKBENCH
• GENERATIVE AND INTERACTIVE DRAFTINGWORKBENCH

REGISTRAR
SHIVAJI UNIVERSITY,

KOLHAPUR

SR.MAN~~)
INDO GERMAN TOOL ROOM,

AURANGABAD

Place: Kolhapur
Dated: 03 February 2019
P-45215I T18148035

Shivaji University, Vidyanagar,Kolhapur. Maharashtra (India) 416004



Sr. No.: K00317 Roll No: - 2019K011 0279

MINISllf( OF MICRO,SMALl. & MEDIUMENTERPRISES
GOVERNMENT OF INDIA

SHIVAJI UNIVERSITY, KOLHAPUR
In coUaboration with

MSMETECHNOLOGYCENTRE
INDO GERMAN TOOL ROOM, AURANGABAD

EXTENSION CENTRE

"ADVANCED TECHNOLOGY CENTRE"
(A Centre for Training, Research and Development)

Estd:1962
NAAC 'A' Grade

CERTIFICATE
rrliis is to certify that

Mr. SHREYASH SHANKAR GAWADE

of Second 'Year (8. Tech. (::M.eclianica{P,ngineeringJ of Department of 'Iechnoloqy, Sliivaji
University, 1(o{liapur 'Under PEQIP PJ{)lSP, III

lias successfully completed tlie "Short 'TermCourse" of study in

SOLIDWORKS
during tlie period from 21 January 2019 to 03 February 2019

COURSE CONTENTS COURSE DURATION

• INTRODUCTIONTO SOLIDWORKS
• SKETCHER WORKBENCH
• PART DESIGNWORKBENCH
• SURFACE DESIGN 96 HRS.

• ASSEMBLY DESIGNWORKBENCH
• GENERATIVE AND INTERACTIVE DRAFTINGWORKBENCH

SR.MAN~G~
INDO GERMAN TOOL ROOM,

AURANGABAD

REGISTRAR
SHIVAJI UNIVERSITY,

KOLHAPUR

Place: Kolhapur
Dated: 03 February 2019

P-45215I T18148037

Shivaji University, Vidyanagar,Kolhapur. Maharashtra (India) 416004



Sr. No.: K00318 Roll No: - 2019K0110280

MINISTRYOFMICRO,SMAll &MEIllUM EN1EU'RISES
GOVERNMENTOF INDIA

SHIVAJI UNIVERSITY, KOLHAPUR
In coUaboration with

MSMETECHNOLOGYCENTRE
INDO GERMAN TOOL ROOM, AURANGABAD

EXTENSION CENTRE

"ADVANCED TECHNOLOGY CENTRE"
(A Centre for Training, Research and Development)

Estd:1962
NAAC 'A' Grade

CERTIFICATE
crhis is to certify tliat

Mr. NITTURKAR KHRITWIK NARENDRA

of Second 'Year(]3. '[ecfi. (~ecfianica{ 'Engineerinq} of Department of 'fecfino{ogy, S fiivaji
'University, 1(o{fiapur 'Under PEQIP PJ{JlSP, III

fias successfully completed tfie "Sliort Term Course" of study in

SOLIDWORKS
durinq tfie periodfrom 21 January 2019 to 03 February 2019

COURSE CONTENTS COURSE DURATION

• INTRODUCTIONTO SOLIDWORKS
• SKETCHER WORKBENCH
• PART DESIGNWORKBENCH

SURFACE DESIGN 96 HRS.•
• ASSEMBLY DESIGNWORKBENCH
• GENERATIVE AND INTERACTIVE DRAFTINGWORKBENCH

REGISTRAR
SHIVAJI UNIVERSITY,

KOLHAPUR

SR. MAN
INDO GER TOOL ROOM,

AURANGABAD

Place: Kolhapur
Dated: 03 February 2019

P-45215I T18148040

Shivaji University, Vidyanagar,Kolhapur. Maharashtra (India) 416004



Sr. No.: K00319 Roll No: - 2019K0110281

MINISTRY OF MICRO, SIIALL &MEDIUM ENTERPRISES
GOVERNMENTOF INDIA

SHIVAJI UNIVERSITY, KOLHAPUR
In collaboration with

MSME TECHNOLOGY CENTRE
INDO GERMAN TOOL ROOM, AURANGABAD

EXTENSION CENTRE

"ADVANCED TECHNOLOGY CENTRE"
(A Centre for Training, Research and Development)

Estd:1962
NAAC 'A' Grade

CERTIFICATE
'Ihis is to certify tliat

Mr. YADA V ASHISH MADHA V

of Second Year {}3. Tech. (:M.eclianica{Enqineerinq) of Department of 7'eclino{ogy,S hiuaji
'University, 1(o{liapurVnderPEQIPPJ[JISP, III

lias successfully completed tlie "Short Term Course" of study in

SOLIDWORKS
during tlie period from 21 January 2019 to 03 February 2019

COURSE CONTENTS COURSE DURATION

• INTRODUCTIONTO SOLIDWORKS
• SKETCHER WORKBENCH
• PART DESIGNWORKBENCH

SURFACE DESIGN 96 HRS.•
• ASSEMBLY DESIGNWORKBENCH
• GENERATIVE AND INTERACTIVE DRAFTINGWORKBENCH

.

SR.MA~G)
INDO GER~~JrR~oOM'

AURANGABAD

REGISTRAR
SHIVAJI UNIVERSITY,

KOLHAPUR

Place: Kolhapur
Dated: 03 February 2019
P-45215I T18148042

Shivaji University,Vidyanagar,Kolhapur. Maharashtra (India) 416004



Sr. No.: K00320 Roll No: - 2019K011 0282

MINISTRY OF MICRO, SMALL & MEDIUM ENTERPRISES
GOVERNMENT OF INDIA

SHIVAJI UNIVERSITY, KOLHAPUR
In collaboration with

MSMETECHNOLOGYCENTRE
INDO GERMAN TOOL ROOM, AURANGABAD

EXTENSION CENTRE

"ADVANCED TECHNOLOGY CENTRE"
(A Centre for Training, Research and Development)

Estd:1962
NAAC 'A' Grade

CERTIFICATE
7Tiis is to certify that

Mr. DAWARE TUSHAR SNIIL

of Second Year (8. Tech. (:Jvlecfianica{P,ngineeringJof Department of 'Iechnoioqy, S fiivaji
University. 1(p{fiapur 'Under PEQ!r.PPJ[flSP, I I I

fias successfully completed tfie "Short Term Course" of study in

SOLIDWORKS
during tfie period from 21 January 2019 to 03 February 2019

COURSE CONTENTS COURSE DURATION

• INTRODUCTIONTO SOLIDWORKS
• SKETCHER WORKBENCH
• PART DESIGNWORKBENCH

SURFACE DESIGN 96 HRS.•
• ASSEMBLY DESIGNWORKBENCH
• GENERATIVE AND INTERACTIVE DRAFTINGWORKBENCH

REGISTRAR
SHIVAJI UNIVERSITY,

KOLHAPUR

SR. MA ER (TRG)
INDO GER AN TOOL ROOM,

AURANGABAD

Place: Kolhapur
Dated: 03 February 2019
P-45215! T18148043

Shivaji University,Vidyanagar,Kolhapur. Maharashtra (India) 416004



Sr. No.: K00321 Roll No: - 2019K0110283

MINISTRYOF MICRO, SMAll & MEDIUMENTERPRISES
GOVERNMENTOF INDIA

SHIVAJI UNIVERSITY, KOLHAPUR
In collaboration with

MSMETECHNOLOGYCENTRE
INDO GERMAN TOOL ROOM, AURANGABAD

EXTENSION CENTRE

"ADVANCED TECHNOLOGY CENTRE"
(A Centre for Training, Research and Development)

Estd:1962
NAAC 'A' Grade

CERTIFICATE
rrhis is to certify tfiat

Mr. DHADAVE NAYAN VILAS

of Second Year CE.Tech. (:M.ecfianica{P-ngineering) of Department of Tecfino{ogy, Sfiivaji
Vniversity, 1(p{fiapur Under PEQ!P PJ-{JLSP-I I I

fias successfully completed tfie "Short Term Course" of study in

SOLIDWORKS
during tfie period from 21 January 2019 to 03 February 2019

COURSE CONTENTS COURSE DURATION

• INTRODUCTIONTO SOLIDWORKS
• SKETCHER WORKBENCH
• PART DESIGNWORKBENCH

SURFACE DESIGN
96 HRS.

•
• ASSEMBLY DESIGNWORKBENCH
• GENERATIVE AND INTERACTIVE DRAFTINGWORKBENCH

SR'MA~~)
INDO GERMAN TOOL ROOM,

AURANGABAD

REGISTRAR
SHIVAJI UNIVERSITY,

KOLHAPUR

Place: Kolhapur
Dated: 03 February 2019
P-45215I T18148049

Shivaji University,Vidyanagar,Kolhapur. Maharashtra (India) 416004



Sr. No.: K00322 Roll No: - 2019K011 0284

MINISTRYOF MICRO, SMAll & MEDIUMENTERPRISES
GOVERNMENT OF INDIA

SHIVAJI UNIVERSITY, KOLHAPUR
In collaboration with

MSMETECHNOLOGYCENTRE
INDO GERMAN TOOL ROOM, AURANGABAD

EXTENSION CENTRE

"ADVANCEDTECHNOLOGY CENTRE"
(A Centre for Training, Research and Development)

Estd:1962
NAAC 'A' Grade

CERTIFICATE
'This is to certify that

Mr. PATIL KEDAR KRISHNA

of Second 'Year (]3. Tech. (?rteclianica[P,ngineering) of Department of 7'eclino{ogy, Sliivaji
University, 1(o[liapur Under rrtEQIP PJ{}1SP, III

lias successfully compieted tlie ((5liort 'TermCourse JJ of study in

SOLIDWORKS
during tlie period from 21 January 2019 to 03 February 2019

COURSE CONTENTS COURSE DURATION

• INTRODUCTIONTO SOLIDWORKS
• SKETCHER WORKBENCH
• PART DESIGNWORKBENCH

SURFACE DESIGN 96 HRS.•
• ASSEMBLY DESIGNWORKBENCH
• GENERATIVE AND INTERACTIVE DRAFTINGWORKBENCH

REGISTRAR
SHIVAJI UNIVERSITY,

KOLHAPUR

SR.M~T~G)
INDO GERMAN TOOL ROOM,

AURANGABAD

Place: Kolhapur
Dated: 03 February 2019
P-45215I T18148053

Shivaji University,Vidyanagar,Kolhapur. Maharashtra (India) 416004



Sr. No.: K00323 Roll No: - 2019K0110285

MINISTRY OF MICRO, SMAll & MEDIUM ENTERPRISES
GOVERNMENT OF INOlA

SmVAJI UNIVERSITY, KOLHAPUR
In collaboration with

MSMETECHNOLOGYCENTRE
INDO GERMAN TOOL ROOM, AURANGABAD

EXTENSIONCENTRE

"ADVANCED TECHNOLOGY CENTRE"
(A Centre for Training, Research and Development)

Estd:1962
NAAC 'A' Grade

CERTIFICATE
'[his is to certify tliat

Mr. PRAJAPATI SA CHIN RAVINDRANATH

ofSecond 'Year (}3. rrecfi.(::M.ecfianica['Enqineerinq} of Department of 'Iechnoloqy, S fiivaji
University, 1(o[fiapur Under PEQIP PJ{;4.SP, III

fias successfully completed tfie "Sfiort Term Course" of study in

SOLIDWORKS
during tfie period from 21 January 2019 to 03 February 2019

COURSE CONTENTS COURSE DURATION

• INTRODUCTIONTO SOUDWORKS
• SKETCHER WORKBENCH
• PART DESIGNWORKBENCH

SURFACE DESIGN 96 HRS.•
• ASSEMBLY DESIGNWORKBENCH
• GENERATIVE AND INTERACTIVE DRAFTINGWORKBENCH

REGISTRAR
SHIVAJI UNIVERSITY,

KOLHAPUR

SR. MAN ER (TRG)
INDO GERM N TOOL ROOM,

AURANGABAD

Place: Kolhapur
Dated: 03 February 2019

P-45215! T18148057

Shivaji University,Vidyanagar,Kolhapur. Maharashtra (India) 416004



Sr. No.: K00324 Roll No: - 2019K011 0286

MINISTRY OF MICRO, SMAlL &MEDIUM ENTERPRISES
GOVERNMENT OF INDIA

SHIVAJI UNIVERSITY, KOLHAPUR
In collaboration with

MSME TECHNOLOGY CENTRE
INDO GERMAN TOOL ROOM, AURANGABAD

EXTENSION CENTRE

"ADVANCED TECHNOLOGY CENTRE"
(A Centre for Training, Research and Development)

Estd:1962
NAAC 'A' Grade

CERTIFICATE
rrfiis is to certify tfiat

Mr. KADAM SHRIDHAR ANSAJIRAO

of Second 'Year (}3. Tech: (:M.eclianica[C£ngineering)of Department of 'Iechnoloqy, S liivaji
'University, 1(o[liapur 'Under PEQIP (pJ{)1SC£III

lias successfully completed the "Short Term Course" of study in

SOLIDWORKS
during the period from 21 January 2019 to 03 February 2019

COURSE CONTENTS COURSE DURATION

• INTRODUCTIONTO SOLIDWORKS
• SKETCHER WORKBENCH
• PART DESIGNWORKBENCH

SURFACE DESIGN 96 HRS.•
• ASSEMBLY DESIGNWORKBENCH
• GENERATIVE AND INTERACTIVE DRAFTINGWORKBENCH

SR.MJtR~)
INDO GERMAN TOOL ROOM,

AURANGABAD

REGISTRAR
SHIVAJI UNIVERSITY,

KOLHAPUR

Place: Kolhapur
Dated: 03 February 2019
P-45215I T18148060

Shivaji University,Vidyanagar,Kolhapur. Maharashtra (India) 416004



Sr. No.: K00325 Roll No: - 2019K011 0287

MINISTRYOFMICRO,SMAll & MEDIUMENlCRPRISES
GOVERNMENT OF INDIA

SHIVAJI UNIVERSITY, KOLHAPUR
In collaboration with

MSME TECHNOLOGY CENTRE
INDO GERMAN TOOL ROOM, AURANGABAD

EXTENSION CENTRE

"ADVANCED TECHNOLOGY CENTRE"
(A Centre for Training, Research and Development)

Estd:1962
NAAC 'A' Grade

CERTIFICATE
'This is to certify tliat

Ms. ACHARI VIDYA KRISHNAMOORTHY

of Second 'YearCJ3. Tech: (~eclianicaf 1Engineering)of Department of rr'eclinofogy,Sliivaji
University, 1(ofliapur 'Under PEQJP PJ(flS1E III

lias successfully completed tlie "Short Term Course" of study in

SOLIDWORKS
during tlie period from 21 January 2019 to 03 February 2019

COURSE CONTENTS COURSE DURATION

• INTRODUCTIONTO SOLIDWORKS
• SKETCHER WORKBENCH
• PART DESIGNWORKBENCH

SURFACE DESIGN 96 HRS.•
• ASSEMBLY DESIGNWORKBENCH
• GENERATIVE AND INTERACTIVE DRAFTINGWORKBENCH

REGISTRAR
SHIVAJI UNIVERSITY,

KOLHAPUR

SR. MAGER (TRG)
INDO GE MAN TOOL ROOM,

AURANGABAD

Place: Kolhapur
Dated: 03 February2019
P-45215! T18148063

Shivaji University,Vidyanagar,Kolhapur. Maharashtra (India) 416004



Sr. No.: K00326 Roll No: - 2019K011 0288

1IIN1S11!YOF IIICRO. SIIAU.& IIEIlIJII EN1ERPRISES
~OF_

SHIVAJI UNIVERSITY, KOLHAPUR
In coUaboration with

MSMETECHNOLOGYCENTRE
INDO GERMAN TOOL ROOM, AURANGABAD

EXTENSION CENTRE

"ADVANCED TECHNOLOGY CENTRE"
(A Centre for Training, Research and Development)

Estd:1962
NAAC 'A' Grade

CERTIFICATE
7liis is to certify tfiat

Ms. NUPOOR BHARDE

of S econd 'Year CJ3. Tech. (:M.eclianica{Enqmeerinq) of Department of 'Iechnoloqy, S liivaji
University, 1(p{liapur Under PEQIP PJ[JlSP, III

lias successfully completed tlie "Short 'TermCourse" of study in

SOLIDWORKS
during tlie period from 21 January 2019 to 03 February 2019

COURSE CONTENTS COURSE DURATION

• INTRODUCTIONTO SOLIDWORKS
• SKETCHERWORKBENCH
• PART DESIGNWORKBENCH
• SURFACE DESIGN 96 HRS.

• ASSEMBLY DESIGNWORKBENCH
• GENERATIVE AND INTERACTIVE DRAFTINGWORKBENCH

REGISTRAR
SHIVAJI UNIVERSITY,

KOLHAPUR

SR.MA}t:~G)
INDO GERMAN TOOL ROOM,

AURANGABAD

Place: Kolhapur
Dated: 03 February 2019
P-45215I T18148066

Shivaji University,Vidyanagar,Kolhapur. Maharashtra (India) 416004



Sr. No.: K00327 Roll No: - 2019K0110289

MINISTRY Of MICRO, SMAll &MEDIUM ENTERPRISES
GOVERNMENT Of INDIA

SHIVAJI UNIVERSITY, KOLHAPUR
In collaboration with

MSMETECHNOLOGYCENTRE
INDO GERMAN TOOL ROOM, AURANGABAD

EXTENSION CENTRE

"ADVANCED TECHNOLOGY CENTRE"
(A Centre for Training, Research and Development)

Estd:1962
NAAC 'A' Grade

CERTIFICATE
'This is to certify that

Mr. SAHIL ANIL A WA THE

of Second 'Year (8. Tech: (9r1.ecfianica{C£ngineering)of Department of 7'ecfino{ogy,Sfiivaji
'University, 'l(o{fiapur 'Under PEQIP PJ-{flSC£III

has successfully completed the "Short 'TermCourse" of study in

SOLIDWORKS
during tfie period from 21 January 2019 to 03 February 2019

COURSE CONTENTS COURSE DURATION

• INTRODUCTIONTO SOLIDWORKS
• SKETCHER WORKBENCH
• PART DESIGNWORKBENCH

SURFACE DESIGN 96 HRS.•
• ASSEMBLY DESIGNWORKBENCH
• GENERATIVE AND INTERACTIVE DRAFTINGWORKBENCH

SR.MAN~~)
INDO GERMAN TOOL ROOM,

AURANGABAD

REGISTRAR
SHIVAJI UNIVERSITY,

KOLHAPUR

Place: Kolhapur
Dated: 03 February 2019
P-45215I T18148068

Shivaji University, Vidyanagar,Kolhapur. Maharashtra (India) 416004



Sr. No.: K00328 Roll No: - 2019K011 0290

MINISTRYOF MICRO,SMAll & MEDIUMENTERPRiSES
GOVERNMENT OF INDIA

SHIVAJI UNIVERSITY, KOLHAPUR
In collaboration with

MSMETECHNOLOGYCENTRE
INDO GERMAN TOOL ROOM, AURANGABAD

EXTENSION CENTRE

"ADVANCED TECHNOLOGY CENTRE"
(A Centre for Training, Research and Development)

Estd:1962
NAAC 'A' Grade

CERTIFICATE
rrfiis is to certify tliat

Mr. KALE SUSHANT SUNIL

of Second 'Year CJ3. rr'ecli.(:M.eclianica{P-ngineeringJ of Department of'Teclino{ogy, Sliivaji
University, 'l(o{liapur 'Onder PEQ[CPPJ-{}lSP-I I I

lias successfully completed the "Short 'Ierm Course" of study in

SOLIDWORKS
during the period from 21 January 2019 to 03 February 2019

COURSE CONTENTS COURSE DURATION

• INTRODUCTIONTO SOLIDWORKS
• SKETCHER WORKBENCH
• PART DESIGNWORKBENCH

SURFACE DESIGN 96 HRS.•
• ASSEMBLY DESIGNWORKBENCH
• GENERATIVE AND INTERACTIVE DRAFTINGWORKBENCH

REGISTRAR
SHIVAJI UNIVERSITY,

KOLHAPUR

SR. MA GER (TRG)
INDO GER AN TOOL ROOM,

AURANGABAD

Place: Kolhapur
Dated: 03 February 2019

P-45215I T18148071

Shivaji University,Vidyanagar,Kolhapur. Maharashtra (India) 416004



Sr. No.: K00329 Roll No: - 2019K0110291

MINISTRY Of MICRO, SMALL & MEOIUM ENTERPRISES
GOVERNMENT OF INDIA

SHIVAJI UNIVERSITY, KOLHAPUR
In collaboration with

MSMETECHNOLOGYCENTRE
INDO GERMAN TOOL ROOM, AURANGABAD

EXTENSION CENTRE

"ADVANCED TECHNOLOGY CENTRE"
(A Centre for Training, Research and Development)

Estd:1962
NAAC 'A' Grade

CERTIFICATE
'lTiis is to certify tfiat

Mr. MANDLE VIKAS SHIVLAL

of Second 'Year (]3. 'Tech. (:M.ecfianica{P,ngineering) of Department of fJ'ecfino{ogy,Sfiivaji
'University. 1(o{fiapur 'Under PEQIP PJ(JLSP, I I I

fias successfully completed tfie "Short Term Course" of study in

SOLIDWORKS
during tfie period from 21 January 2019 to 03 February 2019

COURSE CONTENTS COURSE DURATION

• INTRODUCTIONTO SOLIDWORKS
• SKETCHER WORKBENCH
• PART DESIGNWORKBENCH

SURFACE DESIGN 96 HRS.•
• ASSEMBLY DESIGNWORKBENCH
• GENERATIVE AND INTERACTIVE DRAFTINGWORKBENCH

REGISTRAR
SHIVAJI UNIVERSITY,

KOLHAPUR

SR.~~RG)
INDO GERMAN TOOL ROOM,

AURANGABAD

Place: Kolhapur
Dated: 03 February 2019

P-45215I T18148075

Shivaji University,Vidyanagar,Kolhapur. Maharashtra (India) 416004



Sr. No.: K00330 Roll No: - 2019K0110292

MINISTRYOf MICRO,SMAll & MEDIUMEtIIERPRISES
GOVERNMENT Of INDIA

SHIVAJI UNIVERSITY, KOLHAPUR
In collaboration with

MSMETECHNOLOGYCENTRE
INDO GERMAN TOOL ROOM, AURANGABAD

EXTENSION CENTRE

"ADVANCED TECHNOLOGY CENTRE"
(A Centre for Training, Research and Development)

Estd:1962
NAAC 'A' Grade

CERTIFICATE
rJhis is to certify tliat

Mr.KUMBHARANIKETPRAKASH

of Second 'YearCE.Tech. (9I1eclianica(P,ngineeringJ of Department of rreclino(ogy,S hiuaji
University, 'Kolhapur 'UnderPEQIP PJ{}1SP, III

lias successfully completed the "Short Term Course" of study in

SOLIDWORKS
during the period from 21 January 2019 to 03 February 2019

COURSE CONTENTS COURSE DURATION

• INTRODUCTIONTO SOLIDWORKS
• SKETCHER WORKBENCH
• PART DESIGNWORKBENCH
• SURFACE DESIGN 96 HRS.

• ASSEMBLY DESIGNWORKBENCH
• GENERATIVE AND INTERACTIVE DRAFTINGWORKBENCH

SR.Mi::T~G)
INDO GERMAN TOOL ROOM,

AURANGABAD

REGISTRAR
SHIVAJI UNIVERSITY,

KOLHAPUR

Place: Kolhapur
Dated: 03 February 2019
P-45215I T18148080

Shivaji University, Vidyanagar,Kolhapur. Maharashtra (India) 416004



Sr. No.: K00331 Roll No: - 2019K011 0293

MINISTRY OF MICRO, SMALL & MEDIUM ENTERPRISES
GOVERNMEIIT OF INDIA

SHIVAJI UNIVERSITY, KOLHAPUR
In collaboration with

MSME TECHNOLOGY CENTRE
INDO GERMAN TOOL ROOM, AURANGABAD

EXTENSION CENTRE

"ADVANCEDTECHNOLOGY CENTRE"
(A Centre for Training, Research and Development)

Estd:1962
NAAC 'A' Grade

CERTIFICATE
This is to certify tliat

Mr. KHARAT SUYOG JAGANNATH

of S econd 'Year (]3. 'Tech. (:Jvteelianiea{Enqineerinq)of Department of'Teelino{ogy, S liivaji
'University, 'l(o{liapur 'Under PEQJP PJ{;4SP. I I I

lias successfully completed the "Short 'TermCourse" of study in

SOLIDWORKS
during the period from 21 January 2019 to 03 February 2019

COURSE CONTENTS COURSE DURATION

• INTRODUCTIONTO SOLIDWORKS
• SKETCHER WORKBENCH
• PART DESIGNWORKBENCH
• SURFACE DESIGN 96 HRS.

• ASSEMBLY DESIGNWORKBENCH
• GENERATIVE AND INTERACTIVE DRAFTINGWORKBENCH

REGISTRAR
SHIVAJI UNIVERSITY,

KOLHAPUR

Place: Kolhapur
Dated: 03 February 2019
P-45215I T18148082

Shivaji University, Vidyanagar,Kolhapur. Maharashtra (India) 416004



Sr. No.: K00332 Roll No: - 2019K0110294

MINISTRY OF MICRO, SMAll. &MEDIUM ENTERPRISES
GOVERNMENT OF INDIA

SHIVAJI UNIVERSITY, KOLHAPUR
In collaboration with

MSMETECHNOLOGYCENTRE
INDO GERMAN TOOL ROOM, AURANGABAD

EXTENSION CENTRE

"ADVANCED TECHNOLOGY CENTRE"
(A Centre for Training, Research and Development)

Estd:1962
NAAC 'A' Grade

CERTIFICATE
'Ihis is to certify tliat

Mr. DESHMANE SHUBHAM RAJESH

ofSecond 'YearCE.rr'ecli.(?r1.eclianica{r£ngineering) of Department of rr'eclino{ogy,Sliivaji
'University, 1(o{liapur 'Under PEQIP PJ-{flSr£ I I I

lias successfu{fy completed the "Short Term Course" of study in

SOLIDWORKS
during tlie period from 21 January 2019 to 03 February 2019

COURSE CONTENTS COURSE DURATION

• INTRODUCTIONTO SOLIDWORKS
• SKETCHER WORKBENCH
• PART DESIGNWORKBENCH
• SURFACE DESIGN 96 HRS.

• ASSEMBLY DESIGNWORKBENCH
• GENERATIVE AND INTERACTIVE DRAFTINGWORKBENCH

SR.MAN~~)
INDO GERMAN TOOL ROOM,

AURANGABAD

REGISTRAR
SHIVAJI UNIVERSITY,

KOLHAPUR

Place: Kolhapur
Dated: 03 February 2019
P-45215I T18148084

Shivaji University, Vidyanagar,Kolhapur. Maharashtra (India) 416004



Sr. No.: K00333 Roll No: - 2019K011 0295

MINISlRY OFMICRO,SMALl & MEDIUMEIffiRl'RlSES
GOVERNMENTOF INDIA

SHIVAJI UNIVERSITY, KOLHAPUR
In collaboration with

MSMETECHNOLOGYCENTRE
INDO GERMAN TOOL ROOM, AURANGABAD

EXTENSION CENTRE

"ADVANCED TECHNOLOGY CENTRE"
(A Centre for Training, Research and Development)

Estd:1962
NAAC 'A' Grade

CERTIFICATE
Tliis is to certify that

Mr. KATE AMAR BALASAHEB

ofSecond 'Year (}3. 'Tecli.(::M.eclianica{Enqineerinq} of Department of'Teclino{ogy, S liivaji
Vniversity, 1(o{liapurVnderPEQIP(pJ[JtSP, III

lias successfully completed tlie "Short Term Course" of study in

SOLIDWORKS
during tlie period from 21 January 2019 to 03 February 2019

COURSE CONTENTS COURSE DURATION

• INTRODUCTION TO SOLIDWORKS
• SKETCHER WORKBENCH
• PART DESIGNWORKBENCH
• SURFACE DESIGN 96 HRS.

• ASSEMBLY DESIGNWORKBENCH
• GENERATIVE AND INTERACTIVE DRAFTINGWORKBENCH

SR.MA~G;
INDO GERMAN TOOL ROOM,

AURANGABAD

REGISTRAR
SHIVAJI UNIVERSITY,

KOLHAPUR

Place: Kolhapur
Dated: 03 February 2019

P-45215! T18148087

Shivaji University, Vidyanagar,Kolhapur. Maharashtra (India) 416004



Sr. No.: K00334 Roll No: - 2019K011 0296

MINISTRY OF MICRO, SMALL & MEDIUM ENTERPRISES
GOVERNMENT OF INIltA

SHIVAJI UNIVERSITY, KOLHAPUR
In collaboration with

MSMETECHNOLOGYCENTRE
INDO GERMAN TOOL ROOM, AURANGABAD

EXTENSION CENTRE

"ADVANCED TECHNOLOGY CENTRE"
(A Centre for Training, Research and Development)

Estd:1962
NAAC 'A' Grade

CERTIFICATE
rrhis is to certify that

Ms. PATIL RASIKA ANANDA

of Second 'Year (8. 'Tecli.(:M.eclianica[P,ngineeringJ of Department of'Teclino[ogy, S liivaji
'University, 1(o[liapur 'Under fJ!EQJP PJ(JtSP, III

lias successfu[fy completed tlie "Short Term Course" of study in

SOLIDWORKS
during tlie period from 21 January 2019 to 03 February 2019

COURSE CONTENTS COURSE DURATION

• INTRODUCTION TO SOLIDWORKS
• SKETCHER WORKBENCH
• PART DESIGNWORKBENCH
• SURFACE DESIGN 96 HRS.

• ASSEMBLY DESIGNWORKBENCH
• GENERATIVE AND INTERACTIVE DRAFTINGWORKBENCH

REGISTRAR
SHIVAJI UNIVERSITY,

KOLHAPUR

Place: Kolhapur
Dated: 03 February2019
P-45215I T18148090

Shivaji University, Vidyanagar,Kolhapur. Maharashtra (India) 416004



Sr. No.: K00335 Roll No: - 2019K0110297

MINISTRY OF MICRO, SMALl &MEIllUM ENTERPRISES
GOVERNMENT OF INDIA

SmVAJI UNIVERSITY, KOLHAPUR
In coUaboration with

MSME TECHNOLOGY CENTRE
INDO GERMAN TOOL ROOM, AURANGABAD

EXTENSION CENTRE

"ADVANCED TECHNOLOGY CENTRE"
(A Centre for Training, Research and Development)

Estd:1962
NAAC 'A' Grade

CERTIFICATE
'This is to certify that

Ms. DALA VI SNEHAL PRAKASH

ofSecond 'Year CJ3. Tech. (::M.echanica{C£ngineering)of Department of%chno{ogy, Shiuaji
University, 1(o{hapurVnderPEQJCPP}{)1SC£ III

has successful[y completed' the "Short Term Course" of study in

SOLIDWORKS
during the period from 21 January 2019 to 03 February 2019

COURSE CONTENTS COURSE DURATION

• INTRODUCTION TO SOLIDWORKS
• SKETCHER WORKBENCH
• PART DESIGNWORKBENCH
• SURFACE DESIGN 96 HRS.

• ASSEMBLY DESIGNWORKBENCH
• GENERATIVE AND INTERACTIVE DRAFTINGWORKBENCH

SR.MA~TRG)
INDO GE~i~ciL ROOM,

AURANGABAD

REGISTRAR
SHIVAJI UNIVERSITY,

KOLHAPUR

Place: Kolhapur
Dated: 03 February 2019
P-45215I T18148093

Shivaji University, Vidyanagar,Kolhapur. Maharashtra (India) 416004



Sr. No.: K00336 Roll No: - 2019K0110298

MINISTRYOf MICRO,SMAll & MEDIUMEllTERPRISES
GOVERNMEIiT OF INDIA

SHIVAJI UNIVERSITY, KOLHAPUR
In collaboration with

MSMETECHNOLOGYCENTRE
INDO GERMAN TOOL ROOM, AURANGABAD

EXTENSION CENTRE

"ADVANCED TECHNOLOGY CENTRE"
(A Centre for Training, Research and Development)

Estd:1962
NAAC 'A' Grade

CERTIFICATE
rrliis is to certify tfiat

Ms. KATKAR NIKITA NIVAS

ofSecond 'Year(8. rrech. (::Mechanica{C£ngineering)of Department 0f'Techno{ogy, Shivaji
University, 'Kolhapur Under PEQIP PJ-{;4SC£II I

has successfu{{y completed the "Short Term Course" of study in

SOLIDWORKS
during the period from 21 January 2019 to 03 February 2019

COURSE CONTENTS COURSE DURATION

• INTRODUCTIONTO SOLIDWORKS
• SKETCHER WORKBENCH
• PART DESIGNWORKBENCH
• SURFACE DESIGN 96 HRS.

• ASSEMBLY DESIGNWORKBENCH
• GENERATIVE AND INTERACTIVE DRAFTINGWORKBENCH

SR.MA~R~)
INDO GERMAN TOOL ROOM,

AURANGABAD

REGISTRAR
SHIVAJI UNIVERSITY,

KOLHAPUR

Place: Kolhapur
Dated: 03 February 2019

P-45215I T18148095

Shivaji University, Vidyanagar,Kolhapur. Maharashtra (India) 416004



Sr. No.: K00337
Roll No: - 2019K0110299

MINISlRY OF MICRO, SMALl & MEDIUM ENTERPRISES
GOVERNMENTOF INDIA

SHIVAn UNIVERSITY, KOLHAPUR
In collaboration with

MSME TECHNOLOGY CENTRE
INDO GERMAN TOOL ROOM, AURANGABAD

EXTENSION CENTRE

"ADVANCED TECHNOLOGY CENTRE"
(A Centre for Training, Research and Development)

Estd:1962
NAAC 'A' Grade

CERTIFICATE
rrFiis is to certify tfiat

Ms. SURVE SNEHAL SUNIL

of .Second %ar CE.'Tech. (?rleclianica{<Engineering)of Department of'Teclino{ogy, Sliivaji
'University: 1(p{liapur Under rztEQJP cpj[M<E III

lias successfully completed' the "Short 'TermCourse" of study in

SOLIDWORKS
durinq the periodfrom 21 January 2019 to 03 February 2019

COURSE CONTENTS COURSE DURATION

• INTRODUCTION TO SOLIDWORKS
• SKETCHER WORKBENCH
• PART DESIGNWORKBENCH
• SURFACE DESIGN 96 HRS.

• ASSEMBLY DESIGNWORKBENCH
• GENERATIVE AND INTERACTIVE DRAFTINGWORKBENCH

SR.Ml:T~G)
INDO GERMAN TOOL ROOM,

AURANGABAD

REGISTRAR
SHIVAJI UNIVERSITY,

KOLHAPUR

Place: Kolhapur
Dated: 03 February 2019

P-45215I T18148096

Shivaji University,Vidyanagar,Kolhapur. Maharashtra (India) 416004



Sr. No.: K00338 Roll No: - 2019K011 0300

MINISTRY OF MICRO, SMAll &MEDIUM EKTERPRlSES
GOVERNMENT OF INOlA

SHIVAJI UNIVERSITY, KOLHAPUR
In collaboration with

MSMETECHNOLOGYCENTRE
INDO GERMAN TOOL ROOM, AURANGABAD

EXTENSION CENTRE

"ADVANCED TECHNOLOGY CENTRE"
(A Centre for Training, Research and Development)

Estd:1962
NAAC 'A' Grade

CERTIFICATE
crhis is to certify tfiat

Mr. SUTAR ASHISH VANDAN

ofSecond 'YearCE.Teen. (:Mecnanica{Enqineerinq}ofDepartment of Tecnno{ogy, Snivaji
'University, 1(p{napur 'Under 'l!EQIP PJ-[flSP, III

has successfully completed' the (:5hort 'TermCourse" of study in

SOLIDWORKS
during the period from 21 January 2019 to 03 February 2019

COURSE CONTENTS COURSE DURATION

• INTRODUCTIONTO SOLIDWORKS
• SKETCHER WORKBENCH
• PART DESIGNWORKBENCH
• SURFACE DESIGN 96 HRS.
• ASSEMBLY DESIGNWORKBENCH
• GENERATIVE AND INTERACTIVE DRAFTING WORKBENCH

SR.M~~G)
INDO GERMAN TOOL ROOM,

AURANGABAD

REGISTRAR
SHIVAJI UNIVERSITY,

KOLHAPUR

Place: Kolhapur
Dated: 03 February 2019
P-45215I T18148098

Shivaji University, Vidyanagar,Kolhapur. Maharashtra (India) 416004



Sr. No.: K00339 Roll No: - 2019K0110301

MINISTRYOF MICRO, SMALl & MEDIUM ENTERPRISES
GOVERNMENT OF INDIA

SHIVAJI UNIVERSITY, KOLHAPUR
In collaboration with

MSME TECHNOLOGY CENTRE
INDO GERMAN TOOL ROOM, AURANGABAD

EXTENSION CENTRE

"ADVANCED TECHNOLOGY CENTRE"
(A Centre for Training, Research and Development)

Estd:1962
NAAC 'A' Grade

CERTIFICATE
rrFiis is to certify tliat

Mr. BHOSALE SHUBHAM KHANDERAO

oj .SecondYear B. Tech. (:Meclianica{CEngineeringjoj(])epartment ofrreclino{ogy, Sliivaji
University. 'Kplhapur 'Under PEQIP PJ{;1SCEIII

lias successful[y completed tlie ''5liort Term Course" oj study in

SOLIDWORKS
during tlie periodfrom 21 January 2019 to 03 February 2019

COURSE CONTENTS COURSE DURATION

• INTRODUCTIONTO SOLIDWORKS
• SKETCHER WORKBENCH
• PART DESIGNWORKBENCH
• SURFACE DESIGN 96 HRS.

• ASSEMBLY DESIGNWORKBENCH
• GENERATIVE AND INTERACTIVE DRAFTINGWORKBENCH

REGISTRAR
SHIVAJI UNIVERSITY,

KOLHAPUR

Place: Kolhapur
Dated: 03 February 2019
P-45215I T18148101

Shivaji University, Vidyanagar,Kolhapur. Maharashtra (India) 416004



Sr. No.: K00340 Roll No: - 2019K0110302

MINISTRY OFMICRO, SMALl & MEDIUM EHTERI'ftIS<S
GOVERNMEHT OF INDIA

SHIVAn UNIVERSITY, KOLHAPUR
In collaboration with

MSMETECHNOLOGYCENTRE
INDO GERMAN TOOL ROOM, AURANGABAD

EXTENSION CENTRE

"ADVANCED TECHNOLOGY CENTRE"
(A Centre for Training, Research and Development)

Estd:1962
NAAC 'A' Grade

CERTIFICATE
'Tfiis is to certify tfiat

Mr. GAVALE PRASAD VIKAS

ofSecond 'Year ill. Tecli. (:Jr1eclianica{P,ngineeringJ of Department of Teclino{ogy, Sliivaji
University, 1(o{liapur 'Under rztEQIP PJ{}lSP, III

lias successfully completed the "Short 'TermCourse" of study in

SOLIDWORKS
during the period from 21 January 2019 to 03 February 2019

COURSE CONTENTS COURSE DURATION

• INTRODUCTION TO SOLIDWORKS
• SKETCHER WORKBENCH
• PART DESIGNWORKBENCH
• SURFACE DESIGN 96 HRS.

• ASSEMBLY DESIGNWORKBENCH
• GENERATIVE AND INTERACTIVE DRAFTINGWORKBENCH

REGISTRAR
SHIVAJI UNIVERSITY,

KOLHAPUR

Place: Kolhapur
Dated: 03 February 2019

P-45215! T18148103

Shivaji University, Vidyanagar,Kolhapur. Maharashtra (India) 416004



Sr. No.: K00341
Roll No: - 2019K011 0303

MINISTRYOf MICRO, SMALl & MEDIUMEHTERI'RlSES
GOVERNMENT Of INOlA

SmVAJI UNIVERSITY, KOLHAPUR
In collaboration with

MSME TECHNOLOGY CENTRE
INDO GERMAN TOOL ROOM, AURANGABAD

EXTENSION CENTRE

"ADVANCED TECHNOLOGY CENTRE"
(A Centre for Training, Research and Development)

Estd:I962
NAAC 'A' Grade

CERTIFICATE
'Ihis is to certify tfiat

Mr. DESAI PRITHVIRAJ PRAKASH

of Second Year (8. Tech. (:A1.eclianica['Enqineerinq) of Department of'Teclino[ogy, Sliivaji
'University, 1(o[liapur 'Under PEQJP (j!J(flSP, III

lias successfully completed tlie "Short Term Course" of study in

SOLIDWORKS
during tlie period from 21 January 2019 to 03 February 2019

COURSE CONTENTS COURSE DURATION

• INTRODUCTIONTO SOLIDWORKS
• SKETCHER WORKBENCH
• PART DESIGNWORKBENCH
• SURFACE DESIGN 96 HRS.

• ASSEMBLY DESIGNWORKBENCH
• GENERATIVE AND INTERACTIVE DRAFTINGWORKBENCH

SR.M~~RG)
INDO GERMAN TOOL ROOM,

AURANGABAD

REGISTRAR
SHIVAJI UNIVERSITY,

KOLHAPUR

Place: Kolhapur
Dated: 03 February 2019
P-45215! T18148107

Shivaji University,Vidyanagar,Kolhapur. Maharashtra (India) 416004



Sr. No.: K00342 Roll No: - 2019K0110304

MINISTRYOF MICRO, SMAll & MEDIUMENTERPRISES
GOVERNMEHTOF INDIA

SHIVAJI UNIVERSITY, KOLHAPUR
In collaboration with

MSME TECHNOLOGY CENTRE
INDO GERMAN TOOL ROOM, AURANGABAD

EXTENSION CENTRE

"ADVANCED TECHNOLOGY CENTRE"
(A Centre for Training, Research and Development)str Estd:1962

NAAC 'A' Grade

CERTIFICATE
rrFiis is to certify tfiat

Mr. PACHAKATE SAMARTH DATTA TRA Y

of Second Year B. Tech: (:A1eclianica[P,ngineering)of Department ojrreclino[ogy,Shivaji
University, 1(o[liapurUnder rrtEQIP PJ{)1SP,III

lias successfully completed the "Short Term Course"of study in

SOLIDWORKS
during the periodfrom 21 January 2019 to 03 February 2019

COURSE CONTENTS COURSE DURATION

• INTRODUCTION TO SOLIDWORKS
• SKETCHER WORKBENCH
• PART DESIGNWORKBENCH

SURFACE DESIGN 96 HRS.•
• ASSEMBLY DESIGNWORKBENCH
• GENERATIVE AND INTERACTIVE DRAFTINGWORKBENCH

SR.MA~~)
INDO GERMAN TOOL ROOM,

AURANGABAD

REGISTRAR
SHIVAJI UNIVERSITY,

KOLHAPUR

Place: Kolhapur
Dated: 03 February 2019

P-45215I T18148110

Shivaji University,Vidyanagar,Kolhapur. Maharashtra (India) 416004



Sr. No.: K00343 Roll No: - 2019K011 0305

MINISTRY OF MICRO, SMALL & MEDIUM ENTERPRISES
GOVERNMENT OF INDIA

SHIVAJI UNIVERSITY, KOLHAPUR
In collaboration with

MSMETECHNOLOGYCENTRE
INDO GERMAN TOOL ROOM, AURANGABAD

EXTENSION CENTRE

"ADVANCED TECHNOLOGY CENTRE"
(A Centre for Training, Research and Development)

Estd:1962
NAAC 'A' Grade

CERTIFICATE
'Ihis is to certify that

Mr. DESAI DARSHAN AMRUT

of Second 'Year (]3. rrecli. (?r1eclianica{P,ngineeringJ of Department of rreclino{ogy,Shioaji
'University, 1(o{liapur 'Under PEQIP PJ{)1SP, I I I

lias successfuily completed tfie "Short Term Course" of study in

SOLIDWORKS
during tlie period from 21 January 2019 to 03 February 2019

COURSE CONTENTS COURSE DURATION

• INTRODUCTIONTO SOLIDWORKS
• SKETCHER WORKBENCH
• PART DESIGNWORKBENCH

SURFACE DESIGN 96 HRS.•
• ASSEMBLY DESIGNWORKBENCH
• GENERATIVE AND INTERACTIVE DRAFTINGWORKBENCH

SR.M~:RG)
INDO GERMAN TOOL ROOM,

AURANGABAD

REGISTRAR
SHIVAJI UNIVERSITY,

KOLHAPUR

Place: Kolhapur
Dated: 03 February 2019
P-45215I T18148115

Shivaji University, Vidyanagar,Kolhapur. Maharashtra (India) 416004



Sr. No.: K00344 Roll No: - 2019K011 0306

MINISTRYOF MICRO, SMAlL & MEDIUM ENTERPRISES
GOVERNMENT OF INDIA

SHIVAJI UNIVERSITY, KOLHAPUR
In collaboration with

MSMETECHNOLOGYCENTRE
INDO GERMAN TOOL ROOM, AURANGABAD

EXTENSION CENTRE

"ADVANCED TECHNOLOGY CENTRE"
(A Centre for Training, Research and Development)

Estd:1962
NAAC 'A' Grade

CERTIFICATE
This is to certify tliat

Mr. SUTAR SWAPNIL KRISHNA

of Second 'Year rE. czecli.(9vfeclianica{P.ngineering) of Department of rreclino{ogy,Sliivaji
University, 1(o{liapurVnderPEQ!PPJ-{flSP. III

lias successfully completed tlie "Short Term Course" of study in

SOLIDWORKS
during tlie period from 21 January 2019 to 03 February 2019

COURSE CONTENTS COURSE DURATION

• INTRODUCTIONTO SOLIDWORKS
• SKETCHER WORKBENCH
• PART DESIGNWORKBENCH

SURFACE DESIGN 96 HRS.•
• ASSEMBLY DESIGNWORKBENCH
• GENERATIVE AND INTERACTIVE DRAFTINGWORKBENCH

REGISTRAR
SHIVAJI UNIVERSITY,

KOLHAPUR

SR.MA~~G)
INDO GERMAN TOOL ROOM,

AURANGABAD

Place: Kolhapur
Dated: 03 February 2019
P-45215I T18148117

Shivaji University, Vidyanagar,Kolhapur. Maharashtra (India) 416004



Sr. No.: K00345 Roll No: - 2019K0110307

MINISTRY Of MICRO, SMAll &MEDIUM ENTERPRISES
GOVERNMENT OF INDIA

SHIVAJI UNIVERSITY, KOLHAPUR
In collaboration with

MSMETECHNOLOGYCENTRE
INDO GERMAN TOOL ROOM, AURANGABAD

EXTENSION CENTRE

"ADVANCED TECHNOLOGY CENTRE"
(A Centre for Training, Research and Development)

Estd:1962
NAAC 'A' Grade

CERTIFICATE
'Ihis is to certify tfiat

Mr. DESAI RUSHIKESH ANANDRAO

of Second 'Year(8. 'Tecn. (:M.ecnanica{P.ngineering) of Department of'Tecnno{ogy, Snivaji
Vniversity, 1(o{napur Under PEQFP PJ{)1SP. I I I

has successfully completed the "Snort 'Ierm Course" of study in

SOLIDWORKS
during the period from 21 January 2019 to 03 February 2019

COURSE CONTENTS COURSE DURATION

• INTRODUCTION TO SOLIDWORKS
• SKETCHER WORKBENCH
• PART DESIGNWORKBENCH

SURFACE DESIGN 96 HRS,•
• ASSEMBLY DESIGNWORKBENCH
• GENERATIVE AND INTERACTIVE DRAFTINGWORKBENCH

REGISTRAR
SHIVAJI UNIVERSITY,

KOLHAPUR

SR.MAJ!;R~)
INDO GERMAN TOOL ROOM,

AURANGABAD

Place: Kolhapur
Dated: 03 February 2019
P-45215! T1814812'1

Shivaji University, Vidyanagar,Kolhapur. Maharashtra (India) 416004



Sr. No.: K00346 Roll No: - 2019K0110308

MINISTRY OF MICRO, SMAll &MEDIUM ENTERPRISES
GOVERNMEHT OF INOlA

SHIVAJI UNIVERSITY, KOLHAPUR
In collaboration with

MSME TECHNOLOGY CENTRE
INDO GERMAN TOOL ROOM, AURANGABAD

EXTENSION CENTRE

"ADVANCED TECHNOLOGY CENTRE"
(A Centre for Training, Research and Development)

Estd:1962
NAAC 'A' Grade

CERTIFICATE
%is is to certify that

Mr. GAVADE VISHAL VASANT

of .Second Yeartb. Tech. (W.ecfianica{P-ngineeringJof Department oj7'ecfinofogy, Sfiivaji
University, 'l(o{fiapur Under 'l!EQIPPJ{J1SP-III

fias successfully completed tfie (~fiort Term Course" of study in

SOLIDWORKS
during tfie period from 21 January 2019 to 03 February 2019

COURSE CONTENTS COURSE DURATION

• INTRODUCTIONTO SOLIDWORKS
• SKETCHER WORKBENCH
• PART DESIGNWORKBENCH

SURFACE DESIGN 96 HRS.•
• ASSEMBLY DESIGNWORKBENCH
• GENERATIVE AND INTERACTIVE DRAFTINGWORKBENCH

SR.MA~~)
INDO GERMAN TOOL ROOM,

AURANGABAD

REGISTRAR
SHIVAJI UNIVERSITY,

KOLHAPUR

Place: Kolhapur
Dated: 03 February 2019

P-45215I T18148131

Shivaji University, Vidyanagar,Kolhapur. Maharashtra (India) 416004



Sr. No.: K00347 Roll No: - 2019K0110309

MINISTRYOF MICRO, SMALl & MEDIUM ElITERPRISES
GOVERNMENTOF INOlA

SHIVAJI UNIVERSITY, KOLHAPUR
In collaboration with

MSMETECHNOLOGYCENTRE
INDO GERMAN TOOL ROOM, AURANGABAD

EXTENSION CENTRE

"ADVANCED TECHNOLOGY CENTRE"
(A Centre for Training, Research and Development)

Estd:1962
NAAC 'A' Grade

CERTIFICATE
rrFiis is to certify that

Mr. BHIDE PRANA V DHUNDIRAJ

of S econd 'YearCE.'Tech. (?4.eelianiea{CEngineering)of Department of 'Iechnoloqy, S liivaji
University, 1(o{liapur 'Under 1!EQIP PJ-{j1SCEIII

lias successfuiiy completed the "Short Term Course" of study in

SOLIDWORKS
during the period from 21 January 2019 to 03 February 2019

COURSE CONTENTS COURSE DURATION

• INTRODUCTIONTO SOLIDWORKS
• SKETCHER WORKBENCH
• PART DESIGNWORKBENCH

SURFACE DESIGN 96 HRS.•
• ASSEMBLY DESIGNWORKBENCH
• GENERATIVE AND INTERACTIVE DRAFTINGWORKBENCH

REGISTRAR
SHIVAJI UNIVERSITY,

KOLHAPUR

SR.MA~R~)
INDO GERMAN TOOL ROOM,

AURANGABAD

Place: Kolhapur
Dated: 03 February 2019
P-45215I T18148162

Shivaji University,Vidyanagar,Kolhapur. Maharashtra (India) 416004



Sr. No.: K00348 Roll No: - 2019K011 0310

MINISTRYOF MICRO, SMAU & MEDIUM ENTERPRISES
GOVERNMENT OF INDIA

SHIVAJI UNIVERSITY, KOLHAPUR
In collaboration with

MSMETECHNOLOGYCENTRE
INDO GERMAN TOOL ROOM, AURANGABAD

EXTENSION CENTRE

"ADVANCED TECHNOLOGY CENTRE"
(ACentre for Training, Research and Development)

Estd:1962
NAAC 'A' Grade

CERTIFICATE
rrhis is to certify that

Mr. MAHARNUR JAYSHING PRAKASH

of Second 'Year (8. rr'ecli.(9r1eclianica{C£ngineeringJof Department of'Ieclino{ogy, Sliivaji
'University, 'l(p{liapur 'Under cztEQJP PJ{JL5C£III

lias successfully completed the "Short Term Course" of study in

SOLIDWORKS
during the period from 21 January 2019 to 03 February 2019

COURSE CONTENTS COURSE DURATION

• INTRODUCTIONTO SOLIDWORKS
• SKETCHER WORKBENCH
• PART DESIGNWORKBENCH

SURFACE DESIGN 96 HRS.•
• ASSEMBLY DESIGNWORKBENCH
• GENERATIVE AND INTERACTIVE DRAFTING WORKBENCH

SR.MA~~)
INDO GERMAN TOOL ROOM,

AURANGABAD

REGISTRAR
SHIVAJI UNIVERSITY,

KOLHAPUR

Place: Kolhapur
Dated: 03 February 2019
P-45215I T18148164

Shivaji University, Vidyanagar,Kolhapur. Maharashtra (India) 416004



Sr. No.: K00349 Roll No: - 2019K0110311

IIINISlRY OF IIICRO, SIIALl & IIEDIUII EHlERPRISES
GOVERNIIEHT OF_

SmVAJI UNIVERSITY, KOLHAPUR
In collaboration with

MSMETECBNOLOGYCENTRE
INDO GERMAN TOOL ROOM, AURANGABAD

EXTENSION CENTRE

"ADVANCED TECHNOLOGY CENTRE"
(A Centre for Training, Research and Development)

Estd:1962
NAAC 'A' Grade

CERTIFICATE
%is is to certify that

Mr. KARHAD AMOL SANJIV

ofSecond 'Year ill. 'Tecli.(:Meclianica{Enqineerinq} of Department of'Teclino{ogy, S liivaji
University, 1(o{liapur 'Under CJ!EQ!(P PJ(JtSP, III

lias successfully completed the "Short 'TermCourse" of study in

SOLIDWORKS
during the period from 21 January 2019 to 03 February 2019

COURSE CONTENTS COURSE DURATION

• INTRODUCTIONTO SOLIDWORKS
• SKETCHER WORKBENCH
• PART DESIGNWORKBENCH

SURFACE DESIGN 96 HRS.•
• ASSEMBLY DESIGNWORKBENCH
• GENERATIVE AND INTERACTIVE DRAFTINGWORKBENCH

REGISTRAR
SHIVAJI UNIVERSITY,

KOLHAPUR

SR.M~·RG)
INDO GERMAN TOOL ROOM,

AURANGABAD

Place: Kolhapur
Dated: 03 February 2019

P-45215! T18148166

Shivaji University, Vidyanagar,Kolhapur. Maharashtra (India) 416004



Sr. No.: K00350 Roll No: - 2019K0110312

IIINISlRYOFMICRO,SIIAI.l & _ BmRPRISES
~OF_

SHIVAJI UNIVERSITY, KOLHAPUR
In collaboration with

MSMETECHNOLOGYCENTRE
INDO GERMAN TOOL ROOM, AURANGABAD

EXTENSION CENTRE

"ADVANCED TECHNOLOGY CENTRE"
(A Centre for Training, Research and Development)

Estd:1962
NAAC 'A' Grade

CERTIFICATE
rrfiis is to certify tfiat

Mr. SALUNKHE ANIKET SANJAY

of Second 'Year(E. 'Tecli.(?4.eclianica[P.ngineering) of Department of'Teclino[ogy, S liivaji
University, 1(o[liapurVnaerPEQfPPJ{)1SP. III

lias successfu[[y completed the "Short Term Course" of stuay in

SOLIDWORKS
durinq the periodfrom 21 January 2019 to 03 February 2019

COURSE CONTENTS COURSE DURATION

• INTRODUCTIONTO SOLIDWORKS
• SKETCHER WORKBENCH
• PART DESIGNWORKBENCH

SURFACE DESIGN 96 HRS.•
• ASSEMBLY DESIGNWORKBENCH
• GENERATIVE AND INTERACTIVE DRAFTING WORKBENCH

SR.M~T~G)
INDO GERMAN TOOL ROOM,

AURANGABAD

REGISTRAR
SHIVAJI UNIVERSITY,

KOLHAPUR

Place: Kolhapur
Dated: 03 February 2019

P-45215! T18148168

Shivaji University, Vidyanagar,Kolhapur. Maharashtra (India) 416004







Sr. No.: K00379 Roll No: - 2019K011 0313

IIINISlRYOfIICRO, SIIAll &_ EII1ERPRIS6
~Of_

SHIVAJI UNIVERSITY, KOLHAPUR
In collaboration with

MSMETECHNOLOGYCENTRE
INDO GERMAN TOOL ROOM, AURANGABAD

EXTENSION CENTRE

"ADVANCED TECHNOLOGY CENTRE"
(A Centre for Training, Research and Development)

Estd:1962
NAAC 'A' Grade

CERTIFICATE
rrliis is to certify tliat

Ms. KUMBHAR SWARALI RAJENDRA

of Second 'Year CJ3. Tech. (PJectronics ~ Communication 'Technology) of Department of
CJ'eclinowgy,Sliivaji Uniuersity, 1(o{liapur VnderPEQJP(j_Y)[JfSCE III

lias successfully completed tlie "Short Term Course" of study in

PLC PROGRAMMING
during tlie period from 06 February 2019 to 22 February 2019

COURSE CONTENTS COURSE DURATION

• INTRODUCTION

• DETAILS OF ELECTRICAL HARDWARE CONTROL
(MANUAL CONTROL)

• RELAY HARDWARE LOGIC CONTROL 96 HRS.

• PROGRAMMABLE LOGIC CONTROLLER (SIEMENS)

• APPLICATION OF SOFTWARE (TOTALLY INTEGRATED
AUTOMATION)

SR.M~~RG)
INDO GERMAN TOOL ROOM,

AURANGABAD

REGISTRAR
SHIVAJI UNIVERSITY,

KOLHAPUR

Place: Kolhapur
Dated: 22 February 2019
P-45760 I T18148054

Shivaji University, Vidyanagar,Kolhapur. Maharashtra (India) 416004



Sr. No.: K00380 Roll No: - 2019K0110314

... ISTRYOF IICRO. SIIAl.l.& IEIlIUII ENlERPI<ISES
GOVERNIIENTOF_

SHIVAJI UNIVERSITY, KOLHAPUR
In collaboration with

MSMETECHNOLOGYCENTRE
INDO GERMAN TOOL ROOM, AURANGABAD

EXTENSION CENTRE

"ADVANCED TECHNOLOGY CENTRE"
(A Centre for Training, Research and Development)

Estd:1962
NAAC 'A' Grade

CERTIFICATE
'This is to certify that

Ms. JADHAV SHRADDHA SANJAY

of Second Year B. 'Tech.(P'{ectronics ct{,Communication 'Teclinofogy)of Department of
'Iechnoloqy, Sliivaji University, 1(o{liapurVnc!erPEQIPPJ(JfSP, III

lias successfully completed the "Short 'TermCourse" of study in

PLC PROGRAMMING
durinq the periodfrom 06 February 2019 to 22 February 2019

COURSE CONTENTS COURSE DURATION

• INTRODUCTION
• DETAILS OF ELECTRICAL HARDWARE CONTROL

(MANUAL CONTROL)
• RELAY HARDWARE LOGIC CONTROL 96 HRS.
• PROGRAMMABLE LOGIC CONTROLLER (SIEMENS)
• APPLICATION OF SOFTWARE (TOTALLY INTEGRATED

AUTOMATION)

REGISTRAR
SHIVAJI UNIVERSITY,

KOLHAPUR

Place: Kolhapur
Dated: 22 February 2019

P-45760 I T18148059

Shivaji University, Vidyanagar,Kolhapur. Maharashtra (India) 416004



Sr. No.: K00381 Roll No: - 2019K0110315

IIIIISl1!Y OF IIICRO,SIIAll &_ BmRPRISES
GO'IERHIBT OF IIIlIA

SmVAJI UNIVERSITY, KOLHAPUR
In collaboration with

MSMETECHNOLOGYCENTRE
INDO GERMAN TOOL ROOM, AURANGABAD

EXTENSION CENTRE

"ADVANCED TECHNOLOGY CENTRE"
(A Centre for Training, Research and Development) NAAC 'A' Grade

Estd:1962

CERTIFICATE
'Ihis is to certify tliat

Ms.ULAGADDESHITALRAJKUMAR

of Second 'Year (}3. rr'ecli.(Plectronics e1., Communication rreclino{ogy)of Department of
rr'eclino{ogy,Sliivaji University, 1(o{liapurVnderPEQIPPJ{;tSp. III

lias successfully completed tlie "Short 'Ierm Course" of study in

PLC PROGRAMMING
during tlie period from 06 February 2019 to 22 February 2019

COURSE CONTENTS COURSE DURATION

• INTRODUCTION
• DETAILS OF ELECTRICAL HARDWARE CONTROL

(MANUAL CONTROL)
• RELAY HARDWARE LOGIC CONTROL 96 HRS.
• PROGRAMMABLE LOGIC CONTROLLER (SIEMENS)
• APPLICATION OF SOFTWARE (TOTALLY INTEGRATED

AUTOMATION)

SR.MA~G)·
INDO GERMAN TOOL ROOM,

AURANGABAD

REGISTRAR
SHIVAJI UNIVERSITY,

KOLHAPUR

Place: Kolhapur
Dated: 22 February 2019

P-45760 I T18148061

Shivaji University,Vidyanagar,Kolhapur. Maharashtra (India) 416004



Sr. No.: K00382 Roll No: -2019K0110316

MINISTRYOF IIICRO,SIIAll&1IEOOII EIIlBlPRISES
~OF_

SHIVAJI UNIVERSITY, KOLHAPUR
In collaboration with

MSMETECHNOLOGYCENTRE
INDO GERMAN TOOL ROOM, AURANGABAD

EXTENSION CENTRE

"ADVANCED TECHNOLOGY CENTRE"
(A Centre for Training, Research and Development)

Estd:1962
NAAC 'A' Grade

CERTIFICATE
This is to certify tfiat

Ms. RAJPUT PRERANA SANJEEVSINGH

of Second 'Year (]3. rr'ecfi.(Plectronics et,Communication rrecfino[ogy)of Department of
rrecfino(ogy,S fiivaji University, 1(o[fiapur 'Onder PEQFP PJ{)1SP, I I I

fias successfully completed tfie "Short Term Course" of study in

PLC PROGRAMMING
during tfie period from 06 February 2019 to 22 February 2019

COURSE CONTENTS COURSE DURATION

• INTRODUCTION
• DETAILS OF ELECTRICAL HARDWARE CONTROL

(MANUAL CONTROL)
• RELAY HARDWARE LOGIC CONTROL 96 HRS.
• PROGRAMMABLE LOGIC CONTROLLER (SIEMENS)
• APPLICATION OF SOFTWARE (TOTALLY INTEGRATED

AUTOMATION)

SR.MA~~)
INDO GERMAN TOOL ROOM,

AURANGABAD

REGISTRAR
SHIVAJI UNIVERSITY,

KOLHAPUR

Place: Kolhapur
Dated: 22 February 2019
P-45760 I T18148065

Shivaji University, Vidyanagar,Kolhapur. Maharashtra (India) 416004



Sr. No.: K00383 Roll No: - 2019K0110317

IIINISTRY OF IIICRO, SIIAU.& IIEDIUII ENTERPRISES
GOVERHIIENT OF INDIA

SHIVAJI UNIVERSITY, KOLHAPUR
In collaboration with

MSMETECHNOLOGYCENTRE
INDO GERMAN TOOL ROOM, AURANGABAD

EXTENSION CENTRE

"ADVANCED TECHNOLOGY CENTRE"
(A Centre for Training, Research and Development)

Estd:1962
NAAC 'A' Grade

CERTIFICATE
This is to certify that

Mr. PATIL ASHWIN ASHOK

of Second %ar (8. Tech. (Plectronics et Communication Teclino{ogy)of Department of
rr'eclino{ogy,Sliivaji University, 1(o{liapurVnder1!EQIPPJ[JfSP, III

lias successfully completed the "Short.Term Course" of study in

PLC PROGRAMMING
during the period from 06 February 2019 to 22 February 2019

COURSE CONTENTS COURSE DURATION

• INTRODUCTION
• DETAILS OF ELECTRICAL HARDWARE CONTROL

(MANUAL CONTROL)
• RELAY HARDWARE LOGIC CONTROL 96 HRS.

• PROGRAMMABLE LOGIC CONTROLLER (SIEMENS)
• APPLICATION OF SOFTWARE (TOTALLY INTEGRATED

AUTOMATION)

SR.Ml!.T~G)
INDO GERMAN TOOL ROOM,

AURANGABAD

REGISTRAR
SHIVAJI UNIVERSITY,

KOLHAPUR

Place: Kolhapur
Dated: 22 February 2019

P-45760 I T18148069

Shivaji University, Vidyanagar,Kolhapur. Maharashtra (India) 416004



Sr. No.: K00384 Roll No: - 2019K011 0318

IIIIISIRY OF MICRO,SIIAll &_ EJIlERPfIISfS
GOVERHIIEHTOF_

SHIVAJI UNIVERSITY, KOLHAPUR
In collaboration with

MSMETECHNOLOGYCENTRE
INDO GERMAN TOOL ROOM, AURANGABAD

EXTENSION CENTRE

"ADVANCED TECHNOLOGY CENTRE"
(A Centre for Training, Research and Development)

Estd:1962
NAAC 'A' Grade

CERTIFICATE
'Ihis is to certify tfiat

Mr. PATIL SUNIL VISHNU

of Second 'YearCE.rr'ecli.(P,{ectronics e1,Communication Technoloqy) of Department of
rr'eclino{ogy,Sliivaji University, 1(o{liapur 'Under qf£QJP cpj(JtSP, III

lias successfully completed tlie "Short 'Ierm Course" of study in

PLC PROGRAMMING
during tlie period from 06 February 2019 to 22 February 2019

COURSE CONTENTS COURSE DURATION

• INTRODUCTION
• DETAILS OF ELECTRICAL HARDWARE CONTROL

(MANUAL CONTROL)
• RELAY HARDWARE LOGIC CONTROL 96 HRS.

• PROGRAMMABLE LOGIC CONTROLLER (SIEMENS)
• APPLICATION OF SOFTWARE (TOTALLY INTEGRATED

AUTOMATION)

SR.MA}.!:~)
INDO GERMAN TOOL ROOM,

AURANGABAD

REGISTRAR
SHIVAJI UNIVERSITY,

KOLHAPUR

Place: Kolhapur
Dated: 22 February 2019
P-45760 I T18148072

Shivaji University,Vidyanagar,Kolbapur. Maharashtra (India) 416004

.. - - ---------



Sr. No.: K00385 Roll No: - 2019K0110319

IIINIST1!I'OF MICRO,SIIAll & IlEDlUM ElIlB!PRISES
GOVERNIIEHTOF_

SmVAJI UNIVERSITY, KOLHAPUR
In coUaboration with

MSMETECHNOLOGYCENTRE
INDO GERMAN TOOL ROOM, AURANGABAD

EXTENSION CENTRE

"ADVANCED TECHNOLOGY CENTRE"
(A Centre for Training, Research and Development)

Estd:1962
NAAC 'A' Grade

CERTIFICATE
7fiis is to certify tfiat

Mr. BHENDE ANISH SHIVS WARUP

of Second Year B. Tech: (P,{ectronicse1., Communication 7'eclino{ogy)of Department of
'Iechnology, Sliivaji Vniversity, 1(p{liapurVnder1!EQICJ!PJ[flSP, III

lias successfully completed tlie "Short Term Course" of study in

PLC PROGRAMMING
during tlie periodfrom 06 February 2019 to 22 February 2019

COURSE CONTENTS COURSE DURATION

• INTRODUCTION
• DETAILS OF ELECTRICAL HARDWARE CONTROL

(MANUAL CONTROL)
• RELAY HARDWARE LOGIC CONTROL 96 HRS.
• PROGRAMMABLE LOGIC CONTROLLER (SIEMENS)
• APPLICATION OF SOFTWARE (TOTALLY INTEGRATED

AUTOMATION)

SR.MA~G)
INDO GERMAN TOOL ROOM,

AURANGABAD

REGISTRAR
SHIVAJI UNIVERSITY,

KOLHAPUR

Place: Kolhapur
Dated: 22 February 2019

P-45760 I T18148076

Shivaji University,Vidyanagar,Kolhapur. Maharashtra (India) 416004



Sr. No.: K00386 Roll No: - 2019K011 0320

SmVAJI UNIVERSITY, KOLHAPUR
In collaboration with

MSMETECHNOLOGYCENTRE
INDO GERMAN TOOL ROOM, AURANGABAD

EXTENSION CENTRE

"ADVANCED TECHNOLOGY CENTRE"
(A Centre for Training, Research and Development)

Estd:1962
NAAC 'A' Grade

CERTIFICATE
'ffiis is to certify tfiat

Ms. DANGE MALIKA MUBARAK

of 'Third.Year (}3. Tech. (P,(ectronicsa Communication rreclinofogy)of Depattment of
rreclino{ogy,Sliivaji University, 1(o{liapur VnderfJ!EQIPPJ-{}1SP, III

lias successfully completed the "Short Term Course" of study in

PLC PROGRAMMING
during the period from 06 February 2019 to 22 February 2019

COURSE CONTENTS COURSE DURATION

• INTRODUCTION
• DETAILS OF ELECTRICAL HARDWARE CONTROL

(MANUAL CONTROL)
• RELAY HARDWARE LOGIC CONTROL 96 HRS.

• PROGRAMMABLE LOGIC CONTROLLER (SIEMENS)
• APPLICATION OF SOFTWARE (TOTALLY INTEGRATED

AUTOMATION)

SR.MA~~)
INDO GERMAN TOOL ROOM,

AURANGABAD

REGISTRAR
SHIVAJI UNIVERSITY,

KOLHAPUR

Place: Kolhapur
Dated: 22 February 2019
P-45760 I T18148081

Shivaji University, Vidyanagar,Ko1hapur. Maharashtra (India) 416004

----------- - - - - - - ---------



Sr. No.: K00387 Roll No: - 2019K0110321

IIIIISllIY OF IIICRO, SIIAll& _ EIIlERPIIISES
GOVERNMENTOF INDIA

SmVAJI UNIVERSITY, KOLHAPUR
In collaboration with

MSMETECHNOLOGYCENTRE
INDO GERMAN TOOL ROOM, AURANGABAD

EXTENSION CENTRE

"ADVANCED TECHNOLOGY CENTRE"
(A Centre for Training, Research and Development)

Estd:1962
NAAC 'A' Grade

CERTIFICATE
'This is to certify tfiat

Mr. PATIL SWAPNIL KUNDLIK

of Second 'Year (]3. Tech: (P'[ectronics elCommunication rr'eclino{ogy)of Department of
'Teclino{ogy,S hiuaji 'University, 1(o{liapur 'Under PEQIP PJ-{;4SC£ I II

lias successfully completed the "Short Term Course" of study in

PLC PROGRAMMING
during the period from 06 February 2019 to 22 February 2019

COURSE CONTENTS COURSE DURATION

• INTRODUCTION
• DETAILS OF ELECTRICAL HARDWARE CONTROL

(MANUAL CONTROL)
• RELAY HARDWARE LOGIC CONTROL 96 HRS.
• PROGRAMMABLE LOGIC CONTROLLER (SIEMENS)
• APPLICATION OF SOFTWARE (TOTALLY INTEGRATED

AUTOMATION)

SR.MA~~)
INDO GERMAN TOOL ROOM,

AURANGABAD

REGISTRAR
SHIVAJI UNIVERSITY,

KOlHAPUR

Place: Kolhapur
Dated: 22 February 2019

P-45760 I T18148083

Shivaji University, Vidyanagar,Kolhapur. Maharashtra (India) 416004



Sr. No.: K00388 Roll No: -,2019K011 0322

IINSTRY Of IICRO, SIU.U.& IIEDIUII ENlERPRISES
GO'IB!NIIEIIT OF_

SHIVAJI UNIVERSITY, KOLHAPUR
In collaboration with

MSMETECHNOLOGYCENTRE
INDO GERMAN TOOL ROOM, AURANGABAD

EXTENSION CENTRE

"ADVANCED TECHNOLOGY CENTRE"
(A Centre for Training, Research and Development)

Estd:1962
NAAC 'A' Grade

CERTIFICATE
'Iliis is to certify tliat

Mr. BOBHATE VIKAS WAMAN

of Final %ar (]3. rr'ecli.(P'{ectronics <t{, Communication rr'eclino{ogy)of Depattment of
rr'eclino{ogy,Sliivaji University, 'Kolhapur Vnder1!EQIPcpj{JLSC£. III

lias successfully completed the "Short Term Course" of study in

PLC PROGRAMMING
during the period from 06 February 2019 to 22 February 2019

COURSE CONTENTS COURSE DURATION

• INTRODUCTION
• DETAILS OF ELECTRICAL HARDWARE CONTROL

(MANUAL CONTROL)
• RELAY HARDWARE LOGIC CONTROL 96 HRS.
• PROGRAMMABLE LOGIC CONTROLLER (SIEMENS)
• APPLICATION OF SOFTWARE (TOTALLY INTEGRATED

AUTOMATION)

SR.MA~~)
INDO GERMAN TOOL ROOM,

AURANGABAD

REGISTRAR
SHIVAJI UNIVERSITY,

KOLHAPUR

Place: Kolhapur
Dated: 22 February 2019

P-45760 I T18148086

Shivaji University, Vidyanagar,Kolhapur. Maharashtra (India) 416004



Roll No: - 2019K011 0323Sr. No.: K00389

IIINISlRY Of IIICRO, SIIAU.&IIEDIIJIIEIIIERPRISES
GOVERNIIEIITOf INDIA

SHIVAJI UNIVERSITY, KOLHAPUR
In collaboration with

MSMETECHNOLOGYCENTRE
INDO GERMAN TOOL ROOM, AURANGABAD

EXTENSION CENTRE

"ADVANCED TECHNOLOGY CENTRE"
(A Centre for Training, Research and Development)

Estd:1962
NAAC 'A' Grade

CERTIFICATE
'Iliis is to certify tliat

Mr. SAHOO ASHUTOSH AKSHAYA

of Second 'Year (}3. 'Tecli.(PIectronics e1,Communication 'Teclino(ogy)of Department of
'Teclino(ogy,Sliivaji University, 'Kolhapur VncferPEQJPP}{MC£ III

lias successfully completed the "Short 'TermCourse" of stucfy in

PLC PROGRAMMING
durinq the periodfrom 06 February 2019 to 22 February 2019

COURSE CONTENTS COURSE DURATION

• INTRODUCTION
• DETAILS OF ELECTRICAL HARDWARE CONTROL

(MANUAL CONTROL)
• RELAY HARDWARE LOGIC CONTROL 96 HRS.
• PROGRAMMABLE LOGIC CONTROLLER (SIEMENS)
• APPLICATION OF SOFTWARE (TOTALLY INTEGRATED

AUTOMATION)

SR.MA~R~)
INDO GERMAN TOOL ROOM,

AURANGABAD

REGISTRAR
SHIVAJI UNIVERSITY,

KOLHAPUR

Place: Kolhapur
Dated: 22 February 2019

P-45760 I T18148091

Shivaji University, Vidyanagar,Kolhapur. Maharashtra (India) 416004



Sr. No.: K00390 Roll No: - 2019K0110324

IIIitSlRYOF IICRO, SIIALl & IEllIUII ENTERPRISES
~OF_

SmVAJI UNIVERSITY, KOLHAPUR
In coUaboration with

MSMETECHNOLOGYCENTRE

INDO GERMAN TOOL ROOM, AURANGABAD
EXTENSION CENTRE

"ADVANCED TECHNOLOGY CENTRE"
(A Centre for Training, Research and Development)

Estd:1962
NAAC 'A' Grade

CERTIFICATE
emis is to certify that

Mr. LIMAYE BALKRISHNA RAMCHANDRA

of Second crear(8. rr'ecfi.(Plectronics <tl Communication rrecfinofogy)of Department of
rr'ecfinofogy,Sfiivaji University, 1(o[fiapurVnderPEQIPPl{}1SP' III

fias successfully completed tfie "Short 'TermCourse" of study in

PLC PROGRAMMING
during tfie period from 06 February 2019 to 22 February 2019

COURSE CONTENTS COURSE DURATION

• INTRODUCTION
• DETAILS OF ELECTRICAL HARDWARE CONTROL

(MANUAL CONTROL)
• RELAY HARDWARE LOGIC CONTROL 96 HRS.
• PROGRAMMABLE LOGIC CONTROLLER (SIEMENS)
• APPLICATION OF SOFTWARE (TOTALLY INTEGRATED

AUTOMATION)

•

REGISTRAR
SHIVAJI UNIVERSITY,

KOLHAPUR

SR. MAN ER (TRG)
INDO GER :ANTOOL ROOM,

AURANGABAD

Place: Kolhapur
Dated: 22 February 2019

P-45760 I T18148094

Shivaji University,Vidyanagar,Kolhapur. Maharashtra (India) 416004



Sr. No.: K00391

of Pina[ 'Year (}3. 'Tecfi.(P.[ectronics ~ Communication 'Tecfino[ogy)of Department of
'Tecfino[ogy,Sfiivaji 'University, 'l(o[fiapur 'Under PEQIP PJ[JtSP. III

fias successfully completed tfie "Short Term Course" of study in

Roll No: - 2019K011 0325

IIINISTRI' OF IIICRO, SIIALL & IIEDIJIIEJIIERPRISfS
GOVERNIIENT OF INDIA

SHIVAJI UNIVERSITY, KOLHAPUR
In collaboration with

MSMETECHNOLOGYCENTRE
INDO GERMAN TOOL ROOM, AURANGABAD

EXTENSIONCENTRE

"ADVANCED TECHNOLOGY CENTRE"
(A Centre for Training, Research and Development)

Estd:1962
NAAC 'A' Grade

CERTIFICATE
rrFiis is to certify tfiat

Mr. LALSARE KSHITIJ RAJENDRA

PLC PROGRAMMING
durinq tfie period from 06 February 2019 to 22 February 2019

COURSE CONTENTS COURSE DURATION

• INTRODUCTION
• DETAILS OF ELECTRICAL HARDWARE CONTROL

(MANUAL CONTROL)
• RELAY HARDWARE LOGIC CONTROL 96 HRS.
• PROGRAMMABLE LOGIC CONTROLLER (SIEMENS)
• APPLICATION OF SOFTWARE (TOTALLY INTEGRATED

AUTOMATION)

REGISTRAR
SHIVAJI UNIVERSITY,

KOLHAPUR

SR. MA ER (TRG)
INDO GER AN TOOL ROOM,

AURANGABAD

Place: Kolhapur
Dated: 22 February 2019
P-45760 I T18148097

Shivaji University,Vidyanagar,Kolhapur. Maharashtra (India) 416004



Sr. No.: K00392 Roll No: - 2019K011 0326

of 'Third''Year CJ3. 'Tech. (P'(ectronics e1, Communication 'Iechnoioqy) of Department of
Teclino{ogy, Sliivaji University, 1(o{liapur Under PEQICPcpj[JtSP, III

lias successfu{fy completed tlie "Short 'Ierm Course" of study in

IIINIS11!Y OF IICRO, SIIALl.& IEDIJII ENTERPRISES
~OF_

SHIVAJI UNIVERSITY, KOLHAPUR
In collaboration with

MSMETECHNOLOGYCENTRE
INDO GERMAN TOOL ROOM, AURANGABAD

EXTENSIONCENTRE

"ADVANCEDTECHNOLOGY CENTRE"
(A Centre for Training, Research and Development)

Estd:1962
NAAC 'A' Grade

CERTIFICATE
'Ihis is to certify that

Ms. SHELAR SADHANA SUNIL

PLC PROGRAMMING
during tlie period from 06 February 2019 to 22 February 2019

COURSE CONTENTS COURSE DURATION

• INTRODUCTION
• DETAILS OF ELECTRICAL HARDWARE CONTROL

(MANUAL CONTROL)
• RELAY HARDWARE LOGIC CONTROL 96 HRS.
• PROGRAMMABLE LOGIC CONTROLLER (SIEMENS)
• APPLICATION OF SOFTWARE (TOTALLY INTEGRATED

AUTOMATION)

SR. MA GER (TRG)
INDO GE AN TOOL ROOM,

AURANGABAD

REGISTRAR
SHIVAJI UNIVERSITY,

KOLHAPUR

Place: Kolhapur
Dated: 22 February 2019
P-45760 I T18148100

Shivaji University, Vidyanagar,Kolhapur. Maharashtra (India) 416004



Sr. No.: K00393 Roll No: - 2019K011 0327

_TRY OfMICRO,SIIALl & IEIlIUII EIIlERPRISES
GO'IERHIIEKT Of INDIA

SHIVAJI UNIVERSITY, KOLHAPUR
In collaboration with

MSMETECHNOLOGYCENTRE
INDO GERMAN TOOL ROOM, AURANGABAD

EXTENSION CENTRE

"ADVANCED TECHNOLOGY CENTRE"
(A Centre for Training, Research and Development)

Estd:1962
NAAC 'A' Grade

CERTIFICATE
rrFiis is to certify tfiat

Mr. RAJ SURESHKUMAR SHJVNARAYAN

of Third' rYear(j3. Tecfi. (P,{ectronicse:l Communication Tecfino{ogy)of Department of
Tecfino{ogy,Sfiivaji 'University, 1(o{fiapur'Under1!EQJPPJf)lSP' III

fias successfully completed tlie "Sliort Term Course" of stUdy in

PLC PROGRAMMING
during tlie periodfrom 06 February 2019 to 22 February 2019

COURSE CONTENTS COURSE DURATION

• INTRODUCTION
• DETAILS OF ELECTRICAL HARDWARE CONTROL

(MANUAL CONTROL)
• RELAY HARDWARE LOGIC CONTROL 96 HRS.
• PROGRAMMABLE LOGIC CONTROLLER (SIEMENS)
• APPLICATION OF SOFTWARE (TOTALLY INTEGRATED

AUTOMATION)

SR.MA~~)
INDO GERMAN TOOL ROOM,

AURANGABAD

REGISTRAR
SHIVAJI UNIVERSITY,

KOLHAPUR

Place: Kolhapur
Dated: 22 February 2019
P-45760 I T18148106

Shivaji University,Vidyanagar,Kolhapur. Maharashtra (India) 416004



Sr. No.: K00394 Roll No: - 2019K011 0328

.-smOFIIICRO,SIIAI.l & _ ENTERPRISES
_OF_

SHIVAJI UNIVERSITY, KOLHAPUR
In collaboration with

MSMETECHNOLOGYCENTRE
INDO GERMAN TOOL ROOM, AURANGABAD

EXTENSION CENTRE

"ADVANCED TECHNOLOGY CENTRE"
(A Centre for Training, Research and Development)

Estd:1962
NAAC 'A' Grade

CERTIFICATE
rrtiis is to certify tliat

Mr. SOMUSE CHAITANYA TUKARAM

of Second 'YearCE.rrecfi.(P'{ectronicsdCommunication %cfino{ogy) of Department of
rrecfino{ogy,Sfiivaji University, 1(o{fiapurVnderPEQJPPJ-{j1SC£ III

fias successfully completed tfie "Short Term Course" of study in

PLC PROGRAMMING
during tfie period from 06 February 2019 to 22 February 2019

COURSE CONTENTS COURSE DURATION

• INTRODUCTION
• DETAILS OF ELECTRICAL HARDWARE CONTROL

(MANUAL CONTROL)
• RELAY HARDWARE LOGIC CONTROL 96 HRS.
• PROGRAMMABLE LOGIC CONTROLLER (SIEMENS)
• APPLICATION OF SOFTWARE (TOTALLY INTEGRATED

AUTOMATION)

SR.MA~R~)
INDO GERMAN TOOL ROOM,

AURANGABAD

REGISTRAR
SHIVAJI UNIVERSITY,

KOLHAPUR

Place: Kolhapur
Dated: 22 February 2019
P-45760 I T18148109

Shivaji University, Vidyanagar,Kolhapur. Maharashtra (India) 416004



Sr. No.: K00395 Roll No: - 2019K011 0329

IIINISlRYOFIICRO,SIIALL&__ ENlB!I'!IISfS
_OFIDA

SHIVAJI UNIVERSITY, KOLHAPUR
In collaboration with

MSMETECHNOLOGYCENTRE
INDO GERMAN TOOL ROOM, AURANGABAD

EXTENSION CENTRE

"ADVANCED TECHNOLOGY CENTRE"
(A Centre for Training, Research and Development)

Estd:1962
NAAC 'A' Grade

CERTIFICATE
rrFiis is to certify tliat

Mr. GHORPADE MANISH MAHESH

of Second 'Year (]3. Tech: (P'{ectronicsdCommunication rr'ecfino{ogy)of Department of
rr'ecfino{ogy,Sfiivaji University, 'l(o{fiapurVnderr:rtEQIP(jYJ{JLSC£III

fias successfully completed tfie "Short 'TermCourse" of study in

PLC PROGRAMMING
during tfie period from 06 February 2019 to 22 February 2019

COURSE CONTENTS COURSE DURATION

• INTRODUCTION
• DETAILS OF ELECTRICAL HARDWARE CONTROL

(MANUAL CONTROL)
• RELAY HARDWARE LOGIC CONTROL 96 HRS.
• PROGRAMMABLE LOGIC CONTROLLER (SIEMENS)
• APPLICATION OF SOFTWARE (TOTALLY INTEGRATED

AUTOMATION)

REGISTRAR
SHIVAJI UNIVERSITY,

KOLHAPUR

Place: Kolhapur
Dated: 22 February 2019
P-45760 I T18148114

Shivaji University,Vidyanagar,KoJhapur. Maharashtra (India) 416004



Sr. No.: K00396 Roll No: - 2019K011 0330

MINIS11!YOF MICRO, SIIAll & IIEDIUII EJITERPRISES
GOVERHIlEllTOFINIlIA

SHIVAJI UNIVERSITY, KOLHAPUR
In coUaboration with

MSMETECHNOLOGYCENTRE
INDO GERMAN TOOL ROOM, AURANGABAD

EXTENSION CENTRE

"ADVANCED TECHNOLOGY CENTRE"
(A Centre for Training, Research and Development)

Estd:1962
NAAC 'A' Grade

CERTIFICATE
'This is to certify tliat

Mr. SAWARKAR DHANANJAY DILIP

of Second crear(8. 'Tecli.(P1ectronics e1, Communication 'Teclinofogy)of Department of
'Teclinofogy,Sliivaji 'University, 1(ofliapur 'Under rrtEQ!q>PJ{}1.SP, III

lias successfully completed the "Short 'TermCourse" of study in

PLC PROGRAMMING
during the period from 06 February 2019 to 22 February 2019

COURSE CONTENTS COURSE DURATION

• INTRODUCTION
• DETAILS OF ELECTRICAL HARDWARE CONTROL

(MANUAL CONTROL)
• RELAY HARDWARE LOGIC CONTROL 96 HRS.
• PROGRAMMABLE LOGIC CONTROLLER (SIEMENS)
• APPLICATION OF SOFTWARE (TOTALLY INTEGRATED

AUTOMATION)

REGISTRAR
SHIVAJI UNIVERSITY,

KOLHAPUR

SR'MA~~)
INDO GERMAN TOOL ROOM,

AURANGABAD

Place: Kolhapur
Dated: 22 February 2019

P-45760 I T18148119

Shivaji University, Vidyanagar,Kolhapur. Maharashtra (India) 416004



Sr. No.: K00397 Roll No: - 2019K0110331

..sTRYOFIICRO. SIIAU. & IEDUI BfTERPRISES
_OF_

SHIVAJI UNIVERSITY, KOLHAPUR
In collaboration with

MSMETECHNOLOGYCENTRE
INDO GERMAN TOOL ROOM, AURANGABAD

EXTENSION CENTRE

"ADVANCED TECHNOLOGY CENTRE"
(ACentre for Training, Research and Development)

of Second 'Year (}3. 'Tech. (CEfectronicse1,Communication 'Iechnoloqy) of Department of
rr'eclinofogy,Sliivaji University. 1(pfliapur Under 'PEQ!PPJ-{;4.SCEIII

lias successfully completed' the "Short 'TermCourse" of study in

PLC PROGRAMMING
during the period from 06 February 2019 to 22 February 2019

Estd:1962
NAAC 'A' Grade

CERTIFICATE
7fiis is to certify tfiat

Ms. JAISWAL AISHWARYA MADAN

COURSE CONTENTS COURSE DURATION

• INTRODUCTION
• DETAILS OF ELECTRICAL HARDWARE CONTROL

(MANUAL CONTROL)
• RELAY HARDWARE LOGIC CONTROL 96 HRS.

• PROGRAMMABLE LOGIC CONTROLLER (SIEMENS)
• APPLICATION OF SOFTWARE (TOTALLY INTEGRATED

AUTOMATION)

SR.M~~G)
INDO GERMAN TOOL ROOM,

AURANGABAD

REGISTRAR
SHIVAJI UNIVERSITY,

KOLHAPUR

Place: Kolhapur
Dated: 22 February 2019

P-45760 I T18148124

Shivaji University, Vidyanagar,Kolhapur. Maharashtra (India) 416004



Sr. No.: K00398 Roll No: - 2019K011 0332

IIINISlRY Of IIICRO, SIIAll & IIEIlIUM ENTERPRISES
GOVERHIEIfT Of INDIA

SHIVAJI UNIVERSITY, KOLHAPUR
In collaboration with

MSMETECHNOLOGYCENTRE

INDO GERMAN TOOL ROOM, AURANGABAD
EXTENSION CENTRE

"ADVANCED TECHNOLOGY CENTRE"
(A Centre for Training, Research and Development)

Estd:1962
NAAC 'A' Grade

CERTIFICATE
'Ihis is to certify tfiat

Mr. RAHATE GAURA V NITIN

of Second 'Year CJ3. rr'ecli.(P'{ectronics et Communication rr'eclinowgy)of Department of
rr'eclino{ogy,Slii'Vaji University, 1(o{liapurVnderrrtEQIPP}{;4SP, III

lias successfully completed the "Short 'TermCourse" of study in

PLC PROGRAMMING
during the period from 06 February 2019 to 22 February 2019

COURSE CONTENTS COURSE DURATION

• INTRODUCTION
• DETAILS OF ELECTRICAL HARDWARE CONTROL

(MANUAL CONTROL)
• RELAY HARDWARE LOGIC CONTROL 96 HRS.
• PROGRAMMABLE LOGIC CONTROLLER (SIEMENS)
• APPLICATION OF SOFTWARE (TOTALLY INTEGRATED

AUTOMATION)

SR'MAN~~)
INDOGERMAN TOOL ROOM,

AURANGABAD

REGISTRAR
SHIVAJI UNIVERSITY,

KOLHAPUR

Place: Kolhapur
Dated: 22 February 2019
P-45760 I T18148128

Shivaji University,Vidyanagar,Kolhapur. Maharashtra (India) 416004



Sr. No.: K00399 Roll No: - 2019K0110333

IIIIIS1RY OfIICRO. SIIAU.& IIEIlIUII EIIIERPRlSES
_Of_

SHIVAJI UNIVERSITY, KOLHAPUR
In collaboration with

MSMETECHNOLOGYCENTRE
INDO GERMAN TOOL ROOM, AURANGABAD

EXTENSION CENTRE

"ADVANCED TECHNOLOGY CENTRE"
(A Centre for Training, Research and Development)

Estd:1962
NAAC 'A' Grade

CERTIFICATE
71iis is to certify that

Mr. RAHUL ROY

of Second 'YearCE.Tech. (PIectronics ctl Communication 'Iechnolopy) of Department of
'Tecfino(ogy,Sfiivaji University, Kolhapur 'Under 1!EQ!PPJ{.JLSP, III

fias successfully completed tfie "Short 'TermCourse" of study in

PLC PROGRAMMING
during tfie period from 06 February 2019 to 22 February 2019

COURSE CONTENTS COURSE DURATION

• INTRODUCTION
• DETAILS OF ELECTRICAL HARDWARE CONTROL

(MANUAL CONTROL)
• RELAY HARDWARE LOGIC CONTROL 96 HRS.
• PROGRAMMABLE LOGIC CONTROLLER (SIEMENS)
• APPLICATION OF SOFTWARE (TOTALLY INTEGRATED

AUTOMATION)

SR.MA~~G)
INDO GERMAN TOOL ROOM,

AURANGABAD

REGISTRAR
SHIVAJI UNIVERSITY,

KOLHAPUR

Place: Kolhapur
Dated: 22 February 2019
P-45760 I T18148133

Shivaji University,Vidyanagar,Kolhapur. Maharashtra (India) 416004



Sr. No.: K00400 Roll No: - 2019K011 0334

IIINIS1RY OF IICRO, SIIAU.& IIEIlIIII EN1ERPRISES
GOYERNIIEHT Of_

SmVAJI UNIVERSITY, KOLHAPUR
In collaboration with

MSME TECHNOLOGY CENTRE
INDO GERMAN TOOL ROOM, AURANGABAD

EXTENSION CENTRE

"ADVANCED TECHNOLOGY CENTRE"
(A Centre for Training, Research and Development)

Estd:1962
NAAC 'A' Grade

CERTIFICATE
'Ihis is to certify tfiat

Mr. PRINCE SHRIVASTAVA

of Second 'YearCE.Tech. (P'[ectronicsdCommunication rreclino{ogy)of Department of
rreclino{ogy,Slii'Vaji University, 1(o{liapur 'Under rztEQIP PJ[MP, III

lias successfully completed the "Short 'TermCourse" of study in

PLC PROGRAMMING
during the period from 06 February 2019 to 22 February 2019

COURSE CONTENTS COURSE DURATION

• INTRODUCTION
• DETAILS OF ELECTRICAL HARDWARE CONTROL

(MANUAL CONTROL)
• RELAY HARDWARE LOGIC CONTROL 96 HRS.
• PROGRAMMABLE LOGIC CONTROLLER (SIEMENS)
• APPLICATION OF SOFTWARE (TOTALLY INTEGRATED

AUTOMATION)

REGISTRAR
SHIVAJI UNIVERSITY,

KOLHAPUR

SR.M~T~G)
INDO GERMAN TOOL ROOM,

AURANGABAD

Place: Kolhapur
Dated: 22 February 2019
P-45760 I T18148167

Sbivaji University, Vidyanagar,Kolbapur. Mabarashtra (India) 416004



Sr. No.: K00401 Roll No: - 2019K0110335

..sm OFIICRO. SIIALL& IIEIlIJII EIIIERPRISES
~OF_

SHIVAJI UNIVERSITY, KOLHAPUR
In collaboration with

MSMETECHNOLOGYCENTRE
INDO GERMAN TOOL ROOM, AURANGABAD

EXTENSION CENTRE

"ADVANCED TECHNOLOGY CENTRE"
(A Centre for Training, Research and Development)

Estd:1962
NAAC 'A' Grade

CERTIFICATE
This is to certify tfiat

Ms. POWAR SANYOGITA SURYAKANT

of Second 'Year (}3. 'Tech. (P'{ectronics elCommunication rr'eclino{ogy)of Department of
CJ'eclino{ogy,Sliivaji 'University, 1(o{liapur VnderPEQJCJ?CP]()fSP,III

lias successfully completed the "Short Term Course" of study in

PLC PROGRAMMING
during the period from 06 February 2019 to 22 February 2019

COURSE CONTENTS COURSE DURATION

• INTRODUCTION
• DETAILS OF ELECTRICAL HARDWARE CONTROL

(MANUAL CONTROL)
• RELAY HARDWARE LOGIC CONTROL 96 HRS.
• PROGRAMMABLE LOGIC CONTROLLER (SIEMENS)
• APPLICATION OF SOFTWARE (TOTALLY INTEGRATED

AUTOMATION)

SR.MA~~)
INDO GERMAN TOOL ROOM,

AURANGABAD

REGISTRAR
SHIVAJI UNIVERSITY,

KOLHAPUR

Place: Kolhapur
Dated: 22 February 2019
P-45760 I T18148170

Shivaji University, Vidyanagar,Ko1hapur. Maharashtra (India) 416004



Sr. No.: K00402 Roll No: - 2019K011 0336

IMSlRY OfIICRO, SIIAl.l& IIElJIUII ElITERPRISES
GO'IERHIIEHT Of_

SHIVAJI UNIVERSITY, KOLHAPUR
In collaboration with

MSMETECHNOLOGYCENTRE
INDO GERMAN TOOL ROOM, AURANGABAD

EXTENSION CENTRE

"ADVANCED TECHNOLOGY CENTRE"
(A Centre for Training, Research and Development)

Estd:1962
NAAC 'A' Grade

CERTIFICATE
crliis is to certify that

Ms. MANE VAISHNA VI VITTHAL

of Second 'YearcB. Tecfi. (PJectronics e!l Communication 7'ecfino(ogy)of Department of
7'ecfino(ogy,Sfiivaji University, 1(o(fiapurVnderPEQfPPJ{)1SP' III

fias successfully completed tfie "Short Term Course" of study in

PLC PROGRAMMING
during tfie periodfrom 06 February 2019 to 22 February 2019

COURSE CONTENTS COURSE DURATION

• INTRODUCTION
• DETAILS OF ELECTRICAL HARDWARE CONTROL

(MANUAL CONTROL)
• RELAY HARDWARE LOGIC CONTROL 96 HRS.
• PROGRAMMABLE LOGIC CONTROLLER (SIEMENS)
• APPLICATION OF SOFTWARE (TOTALLY INTEGRATED

AUTOMATION)

SR.MA~~)
INDO GERMAN TOOL ROOM,

AURANGABAD

REGISTRAR
SHIVAJI UNIVERSITY,

KOLHAPUR

Place: Kolhapur
Dated: 22 February 2019

P-45760 I T18148172

Shivaji University, Vidyanagar,Kolhapur. Maharashtra (India) 416004



Sr. No.: K00403 Roll No: - 2019K011 0337

MINISTRYOfIICRO, SIIAll & IIEIlIJII BmRPRISfS
_Of_

SmVAJI UNIVERSITY, KOLHAPUR
In collaboration with

MSMETECHNOLOGYCENTRE
INDO GERMAN TOOL ROOM, AURANGABAD

EXTENSION CENTRE

"ADVANCED TECHNOLOGY CENTRE"
(A Centre for Training, Research and Development)

Estd:1962
NAAC 'A' Grade

CERTIFICATE
emis is to certify tfiat

Ms. LOHAR SHUBHANGI AJIT

of Second crearCE.crecli.(Plectronics e1Communication creclino(ogy)of Department of
creclino(ogy,Sliivaji 'University, 1(o(liapur 'Under PEQ!P PJf;4SCEIII

lias successfully completed tlie "Short Term Course" of study in

PLC PROGRAMMING
during tlie period from 06 February 2019 to 22 February 2019

COURSE CONTENTS COURSE DURATION

• INTRODUCTION
• DETAILS OF ELECTRICAL HARDWARE CONTROL

(MANUAL CONTROL)
• RELAY HARDWARE LOGIC CONTROL 96 HRS.
• PROGRAMMABLE LOGIC CONTROLLER (SIEMENS)
• APPLICATION OF SOFTWARE (TOTALLY INTEGRATED

AUTOMATION)

SR.M~~G)
INDO GERMAN TOOL ROOM,

AURANGABAD

REGISTRAR
SHIVAJI UNIVERSITY,

KOLHAPUR

Place: Kolhapur
Dated: 22 February 2019
P-45760 I T18148174

Shivaji University,Vidyanagar,Kolhapur. Maharashtra (India) 416004



Sr. No.: K00404 Roll No: - 2019K011 0338

IIINISTRYOf IIICRO,SIIALL& IellJM EHIB!PRISES
_OfNllA

SHIVAJI UNIVERSITY, KOLHAPUR
In collaboration with

MSMETECHNOLOGYCENTRE
INDO GERMAN TOOL ROOM, AURANGABAD

EXTENSION CENTRE

"ADVANCED TECHNOLOGY CENTRE"
(A Centre for Training, Research and Development)

Estd:1962
NAAC 'A' Grade

CERTIFICATE
'This is to certify tfiat

Ms. KHOT SNEHA BALWANT

of Second 'YearCJ3. 'fecli. (P'{ectronics e1,Communication 'feclino{ogy) of Department of
rr'eclino(ogy,Sliivaji University, 1(p{liapurVnderPEQIPPJ(flSP, III

lias successfully completed the "Short Term Course" of study in

PLC PROGRAMMING
during the periodfrom 06 February 2019 to 22 February 2019

COURSE CONTENTS COURSE DURATION

• INTRODUCTION
• DETAILS OF ELECTRICAL HARDWARE CONTROL

(MANUAL CONTROL)
• RELAY HARDWARE LOGIC CONTROL 96 HRS,
• PROGRAMMABLE LOGIC CONTROLLER (SIEMENS)
• APPLICATION OF SOFTWARE (TOTALLY INTEGRATED

AUTOMATION)

REGISTRAR
SHIVAJI UNIVERSITY,

KOLHAPUR

Place: Kolhapur
Dated: 22 February 2019
P-45760 I T18148176

Shivaji University,Vidyanagar,Kolbapur. Maharashtra (India) 416004



Sr. No.: K00405 Roll No: - 2019K0110339

.asm OFIICRO.S1IAU& IEIlIJIIBmRI'I!ISES
~OF_

SHIVAJI UNIVERSITY, KOLHAPUR
In collaboration with

MSMETECHNOLOGYCENTRE
INDO GERMAN TOOL ROOM, AURANGABAD

EXTENSION CENTRE

"ADVANCEDTECHNOLOGY CENTRE"
(A Centre for Training, Research and Development)

Estd:1962
NAAC 'A' Grade

CERTIFICATE
'Tfiisis to certify tfiat

Mr. KUMBHAR ANIKET ANKUSH

of Second 'Year(8. Tech. (PIectronics elCommunication rrecfino(ogy)of Department of
'Iechnoloqy, Sfiivaji 'University, 7(o(fiapurVnderPEQJPPJf;ASCE III

fias successfully completed tfie "Short Term Course" of study in

PLC PROGRAMMING
during tfie periodfrom 06 February 2019 to 22 February 2019

COURSE CONTENTS COURSE DURATION

• INTRODUCTION
• DETAILS OF ELECTRICAL HARDWARE CONTROL

(MANUAL CONTROL)
• RELAY HARDWARE LOGIC CONTROL 96 HRS.
• PROGRAMMABLE LOGIC CONTROLLER (SIEMENS)
• APPLICATION OF SOFTWARE (TOTALLY INTEGRATED

AUTOMATION)

SR.M~G)
INDO GERMAN TOOL ROOM,

AURANGABAD

REGISTRAR
SHIVAJI UNIVERSITY,

KOLHAPUR

Place: Kolhapur
Dated: 22 February 2019

P-45760 I T18148178

Shivaji University,Vidyanagar,Kolhapur. Maharashtra (India) 416004



Sr. No.: K00406

of Pina{ 'Year (]3. 'Tecli.(P'{ectronics e1,Communication 'Iechnoloqy) of Department of
'Iechnoloqy, Sliivaji University, 'Kolhapur 'Under PEQIP PH)fSC£ III

lias successful[y completed tlie "Short 'TermCourse" of study in

PLC PROGRAMMING
during tlie period from 06 February 2019 to 22 February 2019

Roll No: - 2019K011 0340

IIIIISTRY OF MICRO,SIIAU & IEDIUII EH1B!I'IIISES
GOVERNIEIIT OF_

SmVAJI UNIVERSITY, KOLHAPUR
In collaboration with

MSMETECHNOLOGYCENTRE
INDO GERMAN TOOL ROOM, AURANGABAD

EXTENSION CENTRE

"ADVANCED TECHNOLOGY CENTRE"
(A Centre for Training, Research and Development)

Estd:1962
NAAC 'A' Grade

CERTIFICATE
'Ihis is to certify that

Ms. MHAMANE VAIBHA VI VIVEK

COURSE CONTENTS COURSE DURATION

• INTRODUCTION
• DETAILS OF ELECTRICAL HARDWARE CONTROL

(MANUAL CONTROL)
• RELAY HARDWARE LOGIC CONTROL 96 HRS,
• PROGRAMMABLE LOGIC CONTROLLER (SIEMENS)
• APPLICATION OF SOFTWARE (TOTALLY INTEGRATED

AUTOMATION)

SR. MAN ER (TRG)
INDO GER ~N TOOL ROOM,

AURANGABAD

REGISTRAR
SHIVAJI UNIVERSITY,

KOLHAPUR

Place: Kolhapur
Dated: 22 February 2019

P-45760 I T18148180

Shivaji University,Vidyanagar,Kolhapur. Maharashtra (India) 416004



Sr. No.: K00407

of Tliird 'Year (]3. Tech. (PJectronics ct{,Communication Teclino(ogy) of Department of
Teclino(ogy, S hiuaji 'University, 1(o(liapur Under qtEQIP PJ-{flSP. I I I

lias successfulfy completed tlie "Short Term Course" of study in

PLC PROGRAMMING
during tlie period from 06 February 2019 to 22 February 2019

Roll No: - 2019K0110341

IMSTIn'OF IICRO, SIIALl. & IIEDIIII EllIERPRISES
~OF_

SHIVAJI UNIVERSITY, KOLHAPUR
In collaboration with

MSMETECHNOLOGYCENTRE
INDO GERMAN TOOL ROOM, AURANGABAD

EXTENSION CENTRE

"ADVANCED TECHNOLOGY CENTRE"
(A Centre for Training, Research and Development)

Estd:1962
NAAC 'A' Grade

CERTIFICATE
rrfiis is to certify tliat

Ms. JOSHI MA YURI CHANDRASHEKHAR

COURSE CONTENTS COURSE DURATION

• INTRODUCTION
• DETAILS OF ELECTRICAL HARDWARE CONTROL

(MANUAL CONTROL)
• RELAY HARDWARE LOGIC CONTROL 96 HRS.
• PROGRAMMABLE LOGIC CONTROLLER (SIEMENS)
• APPLICATION OF SOFTWARE (TOTALLY INTEGRATED

AUTOMATION)

REGISTRAR
SHIVAJI UNIVERSITY,

KOLHAPUR

SR. MA GER (TRG)
INDO GER AN TOOL ROOM,

AURANGABAD

Place: Kolhapur
Dated: 22 February 2019
P-45760 I T18148182

Shivaji University,Vidyanagar,Kolhapur. Maharashtra (India) 416004



Sr. No.: K00408 Roll No: - 2019K0110342

IIIISlRY OfMICRO,SIIALl & IlElJlUI EMlERPRISES
~Of_

SHIVAJI UNIVERSITY, KOLHAPUR
In collaboration with

MSMETECHNOLOGYCENTRE
INDO GERMAN TOOL ROOM, AURANGABAD

EXTENSION CENTRE

"ADVANCED TECHNOLOGY CENTRE"
(A Centre for Training, Research and Development)

Estd:1962
NAAC 'A' Grade

CERTIFICATE
rrFiis is to certify tliat

Ms. DHANE RICHA JOTIRAM

of 'Third 'Year (]3. 'Tech. (P1ectronics e1, Communication 'Techno(ogy)of Department of
'Techno(ogy,Shivaji 'Uniuersity, 1(o(hapur VnderPEQIPPJ[.ftSP, III

has successfully completed the "Short Term Course" of study in

PLC PROGRAMMING
during the period from 06 February 2019 to 22 February 2019

COURSE CONTENTS COURSE DURATION

• INTRODUCTION
• DETAILS OF ELECTRICAL HARDWARE CONTROL

(MANUAL CONTROL)
• RELAY HARDWARE LOGIC CONTROL 96 HRS.
• PROGRAMMABLE LOGIC CONTROLLER (SIEMENS)
• APPLICATION OF SOFTWARE (TOTALLY INTEGRATED

AUTOMATION)

SR.M~~G)
INDO GERMAN TOOL ROOM,

AURANGABAD

REGISTRAR
SHIVAJI UNIVERSITY,

KOLHAPUR

Place: Kolhapur
Dated: 22 February 2019
P-45760 I T18148184

Shivaji University, Vidyanagar, Kolhapur, Maharashtra (India) 416004



Sr. No.: K00409 Roll No: - 2019K011 0343

MINISTRY OF MICRO, SMAll &MEDIUM ENTERPRiSES
GOVERNMENT OF INDIA

SHIVAJI UNIVERSITY, KOLHAPUR
In collaboration with

MSMETECHNOLOGYCENTRE
INDO GERMAN TOOL ROOM, AURANGABAD

EXTENSION CENTRE

"ADVANCEDTECHNOLOGY CENTRE"
(ACentre for Training, Research and Development)

Estd:1962
NAAC 'A' Grade

CERTIFICATE
rrFiis is to certify that

Mr. INGALESHWAR VED SITARAM

of Third. 'Year CJ3. 7'ecfi. (PIectronics elCommunication 7'ecfino(ogy) of Department of
7'ecfino(ogy, Sfiivaji 'University, 1(o(fiapur 'Under PEQIa>cpj{.JLSCEIII

fias successfu((y completed tfie "Short Term Course" of study in

PLC PROGRAMMING
during tfie period from 06 February 2019 to 22 February 2019

COURSE CONTENTS COURSE DURATION

• INTRODUCTION
• DETAILS OF ELECTRICAL HARDWARE CONTROL

(MANUAL CONTROL)
• RELAY HARDWARE LOGIC CONTROL 96 HRS.

• PROGRAMMABLE LOGIC CONTROLLER (SIEMENS)
• APPLICATION OF SOFTWARE (TOTALLY INTEGRATED

AUTOMATION)

•

REGISTRAR
SHIVAJI UNIVERSITY,

KOlHAPUR

SR. MA R (TRG)
INDO GE AN TOOL ROOM,

AURANGABAD

Place: Kolhapur
Dated: 22 February 2019
P-45760 I T18148185

Shivaji University,Vidyanagar,Kolhapur. Maharashtra (India) 416004



Sr. No.: K00410 Roll No: - 2019K011 0344

MINISTRYOF MICRO, SMALl & MEDIUM ENTERPRISES
GOVERNMENT OF INOlA

SHIVAJI UNIVERSITY, KOLHAPUR
In collaboration with

MSMETECHNOLOGYCENTRE
INDO GERMAN TOOL ROOM, AURANGABAD

EXTENSION CENTRE

"ADVANCED TECHNOLOGY CENTRE"
(ACentre for Training, Research and Development)

Estd:1962
NAAC 'A' Grade

CERTIFICATE
rrFiis is to certify tfiat

Ms. SHINDE ANUJA KISHOR

of Third' 'Year(]3. Tech: (Plectronics e:l Communication creelino[ogy)of Department of
'Iechnoloqy, Sliivaji University, 1(0lhapur Under PEQIPPJ(JlSC£ III

lias successfully completed tlie "Short Term Course" of study in

PLC PROGRAMMING
during tlie periodfrom 06 February 2019 to 22 February 2019

COURSE CONTENTS COURSE DURATION

• INTRODUCTION
• DETAILS OF ELECTRICAL HARDWARE CONTROL

(MANUAL CONTROL)
• RELAY HARDWARE LOGIC CONTROL 96 HRS.
• PROGRAMMABLE LOGIC CONTROLLER (SIEMENS)
• APPLICATION OF SOFTWARE (TOTALLY INTEGRATED

AUTOMATION)

REGISTRAR
SHIVAJI UNIVERSITY,

KOLHAPUR

I\MIrLln-R(TRG)
INDO GE N TOOL ROOM,

AURANGABAD

Place: Kolhapur
Dated: 22 February 2019

P-45760 I T18148187

Shivaji University, Vidyanagar,Kolhapur. Maharashtra (India) 416004



Sr. No.: K00411 Roll No: -' 2019K011 0345

MINISTRYOFMICRO,SMAll & MEDIUMENTEIIPRIS<S
GOVERNMENT OF INOlA

SmVAJI UNIVERSITY, KOLHAPUR
In collaboration with

MSMETECHNOLOGYCENTRE
INDO GERMAN TOOL ROOM, AURANGABAD

EXTENSION CENTRE

"ADVANCED TECHNOLOGY CENTRE"
(A Centre for Training, Research and Development)

Estd:1962
NAAC 'A' Grade

CERTIFICATE
'lfiis is to certify that

Ms. CHAVAN AISHWARYA SHIVAJI

of 'Tliird 'Year (}3. Tech: (P'{ectronics et Communication 'Teclino(ogy)of Department of
'Teclino(ogy,Sliivaji 'University, Kolhapur 'Under tFEQIP PJ{}fSP, III

lias successfully completed the ':5hort Term Course" of study in

PLC PROGRAMMING
during the period from 06 February 2019 to 22 February 2019

COURSE CONTENTS COURSE DURATION

• INTRODUCTION
• DETAILS OF ELECTRICAL HARDWARE CONTROL

(MANUAL CONTROL)
• RELAY HARDWARE LOGIC CONTROL 96 HRS.
• PROGRAMMABLE LOGIC CONTROLLER (SIEMENS)
• APPLICATION OF SOFTWARE (TOTALLY INTEGRATED

AUTOMATION)

REGISTRAR
SHIVAJI UNIVERSITY,

KOLHAPUR

SR. M 1\GER (TRG)
INDO GE MAN TOOL ROOM,

AURANGABAD

Place: Kolhapur
Dated: 22 February 2019
P-45760 I T18148192

Shivaji University,Vidyanagar,Kolhapur. Maharashtra (India) 416004



Sr. No.: K00412 Roll No: - 2019K0110346

MINISTRY OF MK:RO, SMALL &MEDIUM ENTERPRISES
GOVERNMENT Of INDIA

SmVAJI UNIVERSITY, KOLHAPUR
In collaboration with

MSME TECHNOLOGY CENTRE
INDO GERMAN TOOL ROOM, AURANGABAD

EXTENSION CENTRE

"ADVANCED TECHNOLOGY CENTRE"
(ACentre for Training, Research and Development)

Estd:1962
NAAC 'A' Grade

CERTIFICATE
This is to certify tfiat

Mr. SHOWKAT AHMAD MAGRY

of Second 'Year (8. Tech: (P'{ectronics e1,Communication 'Iechnoloqy) of Department of
rreclino{ogy,Sliivaji Vniversity, 1(o{liapur 'Under 'FEQ!(]?PJf)tSC£ III

lias successfully completed the "Short 'TermCourse" of study in

PLC PROGRAMMING
during the period from 06 February 2019 to 22 February 2019

COURSE CONTENTS COURSE DURATION

• INTRODUCTION
• DETAILS OF ELECTRICAL HARDWARE CONTROL

(MANUAL CONTROL)
• RELAY HARDWARE LOGIC CONTROL 96 HRS.

• PROGRAMMABLE LOGIC CONTROLLER (SIEMENS)
• APPLICATION OF SOFTWARE (TOTALLY INTEGRATED

AUTOMATION)

SR. M GER (TRG)
INDO G MAN TOOL ROOM,

AURANGABAD

•

REGISTRAR
SHIVAJI UNIVERSITY,

KOLHAPUR

Place: Kolhapur
Dated: 22 February2019
P-45760 I T18148195

Shivaji University,Vidyanagar,Kolhapur. Maharashtra (India) 416004















Sr. No.: K00413 Roll No: - 2019K011 0347

IINISIRY Of IICRO, SIIAll &IIEDlJIIEHlERPRISES
GO'I8!IIIIEIITOfIBllA

SHIVAJI UNIVERSITY, KOLHAPUR
In collaboration with

MSMETECHNOLOGYCENTRE
INDO GERMAN TOOL ROOM, AURANGABAD

EXTENSION CENTRE

"ADVANCED TECHNOLOGY CENTRE"
(A Centre for Training, Research and Development)

Estd:1962
NAAC 'A' Grade

CERTIFICATE
'Ihis is to certify that

Ms. KHIRSHETTE SWATI VIJAYKUMAR

of Pina[ 'Year (]3. Tech. (9vfeclianica[P,ngineeringJof Department of %clino[ogy, S liivaji
Vniversity, Kolhapur Under 1!EQIP PJ{JlSP, III

lias successfully completed the 'short Term Course" of study in

DESIGN OF PRESS TOOLS
during theperiod from 06 February 2019 to 22 February 2019

COURSE CONTENTS COURSE DURATION

• ELEMENTS OF DESIGN PROCESS
• PRESS TOOL PARTS
• COMPONENTS & LAYOUTS
• WORKI DATA SHEETS 48 HRS.

• CONCEPTUAL DESIGNS
• DESIGN OF PRESSTOOLS

• PRESSTOOL DATA

REGISTRAR
SHIVAJI UNIVERSITY,

KOLHAPUR

SR.MA~RG)
INDO GERMAN TOOL ROOM,

AURANGABAD

Place: Kolhapur
Dated: 22 February 2019
P-45924I T18150658

Shivaji University, Vidyanagar,Kolhapur. Maharashtra (India) 416004



Sr. No.: K00414 Roll No: - 2019K011 0348

..sTR\'OFIICRO,SIIAll & IEDIUIIEIflBIPRISES
_OF_

SHIVAJI UNIVERSITY, KOLHAPUR
In collaboration with

MSME TECHNOLOGY CENTRE
INDO GERMAN TOOL ROOM, AURANGABAD

EXTENSION CENTRE

"ADVANCED TECHNOLOGY CENTRE"
(A Centre for Training, Research and Development)str Estd:1962

NAAC 'A' Grade

CERTIFICATE
'lJiis is to certify tfiat

Mr. JOGDAND DNYANESHWAR SHIVAJI

of Final 'Year ill. Tech. tMeelianiea[ P.ngineering) of Department of'Teelino[ogy, S liivaji
University, 1(o[liapur 'Under PEQIP (j_YJ(JlSP.III

lias successfully completed the "Short Term Course" of study in

DESIGN OF PRESS TOOLS
during the period from 06 February 2019 to 22 February 2019

COURSE CONTENTS COURSE DURATION

• ELEMENTS OF DESIGN PROCESS
• PRESSTOOL PARTS
• COMPONENTS & LAYOUTS
• WORK I DATA SHEETS 48 HRS.
• CONCEPTUAL DESIGNS
• DESIGN OF PRESS TOOLS
• PRESS TOOL DATA

REGISTRAR
SHIVAJI UNIVERSITY,

KOLHAPUR

Place: Kolhapur
Dated: 22 February 2019
P-45924! T18150667

Shivaji University, Vidyanagar,Kolhapur. Maharashtra (India) 416004



Sr. No.: K00415 Roll No: - 2019K011 0349

IINSlRY OfIICRO, SILW. & _ EKIERPRISES
GO'IERHIEI!TOf_

SHIVAJI UNIVERSITY, KOLHAPUR
In collaboration with

MSME TECHNOLOGY CENTRE
INDO GERMAN TOOL ROOM, AURANGABAD

EXTENSION CENTRE

"ADVANCED TECHNOLOGY CENTRE"
(A Centre for Training, Research and Development)

Estd:1962
NAAC 'A' Grade

CERTIFICATE
'This is to certify that

Ms. PATIL SHWETA SHIVAJI

of Pina(%ar(]3. rrecli.(9rfeclianica(r£ngineering) of Department ofrreclino(ogy, Shiuaji
University, 1(o(liapur 'Under PEQJP PJ-{)tSr£I I I

lias successfully completed tlie "Short Term Course" of study in

DESIGN OF PRESS TOOLS
during tlie periodfrom 06 February 2019 to 22 February 2019

COURSE CONTENTS COURSE DURATION

• ELEMENTS OF DESIGN PROCESS
• PRESSTOOL PARTS
• COMPONENTS & LAYOUTS
• WORK I DATA SHEETS 48 HRS.
• CONCEPTUAL DESIGNS
• DESIGN OF PRESSTOOLS
• PRESSTOOL DATA

REGISTRAR
SHIVAJI UNIVERSITY,

KOLHAPUR

SR.MAN~~)
INDO GERMAN TOOL ROOM,

AURANGABAD

Place: Kolhapur
Dated: 22 February 2019

P-45924I T18150674

Shivaji University, Vidyanagar,Kolhapur. Maharashtra (India) 416004



Sr. No.: K00416 Roll No: - 2019K011 0350

MINIS11!YOF 1I1CRO, SIIAI.1& IIEDIUII ElITBIPRISfS
GOYERNIIEHT OF INDIA

SHIVAJI UNIVERSITY, KOLHAPUR
In collaboration with

MSME TECHNOLOGY CENTRE
INDO GERMAN TOOL ROOM, AURANGABAD

EXTENSION CENTRE

"ADVANCED TECHNOLOGY CENTRE"
(A Centre for Training, Research and Development)

Estd:1962
NAAC 'A' Grade

CERTIFICATE
rrFiis is to certify that

Mr. RAUT CHHAGAN ARUN

of Final. 'Year (]3. rr'ecfi.(::M.ecfianica{P,ngineering) of Department 0f'Iecfino(ogy, S hiuaji
University, 1(p{fiapur 'Onder PEQIP PJ[JtSP, I I I

fias successfully completed tfie ':5fiort Term Course" of study in

DESIGN OF PRESS TOOLS
during tfie period from 06 February 2019 to 22 February 2019

COURSE CONTENTS COURSE DURATION

• ELEMENTS OF DESIGN PROCESS
• PRESSTOOL PARTS
• COMPONENTS & LAYOUTS
• WORK I DATA SHEETS 48 HRS.
• CONCEPTUAL DESIGNS
• DESIGNOF PRESS TOOLS
• PRESSTOOL DATA

SR.MAN~~)
INDO GERMAN TOOL ROOM,

AURANGABAD

REGISTRAR
SHIVAJI UNIVERSITY,

KOLHAPUR

Place: Kolhapur
Dated: 22 February 2019

P-45924I T18150689

Shivaji University, Vidyanagar,Kolhapur. Maharashtra (India) 416004



Sr. No.: K00417 Roll No: - 2019K0110351

..sTRYOF IICRO, SIIAU &_ EIIlERPRISES
GOYERHIIEIITOF_

SmVAJI UNIVERSITY, KOLHAPUR
In collaboration with

MSME TECHNOLOGY CENTRE
INDO GERMAN TOOL ROOM, AURANGABAD

EXTENSION CENTRE

"ADVANCED TECHNOLOGY CENTRE"
(A Centre for Training, Research and Development)str Estd:1962

NAAC 'A' Grade

CERTIFICATE
rrliis is to certify tfiat

Mr. SA WAKE SWAPNIL ASHOK

of Final rYearCE.rrecli.(?d.eclianica{P.ngineering) of Department of Teclino{ogy, S liivaji
'Onioersity, 1(o{liapurVnderPEQJPPJ-{j1SP. III

lias successfully completed the "Short Term Course" of study in

DESIGN OF PRESS TOOLS
during the period from 06 February 2019 to 22 February 2019

COURSE CONTENTS COURSE DURATION

• ELEMENTS OF DESIGN PROCESS
• PRESSTOOL PARTS
• COMPONENTS & LAYOUTS
• WORK I DATA SHEETS 48 HRS.
• CONCEPTUAL DESIGNS
• DESIGN OF PRESSTOOLS
• PRESSTOOL DATA

•
r

SR. MAN G)
INDO GERM OOM,

AURANGABAD

REGISTRAR
SHIVAJI UNIVERSITY,

KOLHAPUR

Place: Kolhapur
Dated: 22 February 2019
P-45924I T18150704

Shivaji University, Vidyanagar,Kolhapur. Maharashtra (India) 416004



Sr. No.: K00418 Roll No: - 2019K011 0352

~ OFIIICRQ, SIIAll&_ ENl8II'ftIS6
_OF_

SHIVAJI UNIVERSITY, KOLHAPUR
In collaboration with

MSME TECHNOLOGY CENTRE
INDO GERMAN TOOL ROOM, AURANGABAD

EXTENSION CENTRE

"ADVANCED TECHNOLOGY CENTRE"
(A Centre for Training, Research and Development)

Estd:1962
NAAC 'A' Grade

CERTIFICATE
rrhis is to certify tfiat

Mr. YADAV SAURABH SURESH

of Final Year B. Tech. (::Meclianica(P,ngineering)of Department ofrreclino(ogy, Shiuaji
University, 1(o(liapurVnderPEQ!PPJ[JtSP, III

lias successfully completed the "Short Term Course" of study in

DESIGN OF PRESS TOOLS
during the periodfrom 06 February 2019 to 22 February 2019

COURSE CONTENTS COURSE DURATION

• ELEMENTS OF DESIGN PROCESS
• PRESSTOOL PARTS
• COMPONENTS & LAYOUTS
• WORK I DATA SHEETS 48 HRS.
• CONCEPTUAL DESIGNS
• DESIGNOF PRESSTOOLS
• PRESSTOOL DATA

REGISTRAR
SHIVAJI UNIVERSITY,

KOLHAPUR

SR.MA~~)
INDO GERMAN TOOL ROOM,

AURANGABAD

Place: Kolhapur
Dated: 22 February 2019

P-45924I T18150720

Shivaji University, Vidyanagar,Kolbapur. Maharashtra (India) 416004



Sr. No.: K00419 Roll No: - 2019K0110353

IINIS1RY Of IICRO, SIIAU. & IIEIllJII EIIlERPRISES
GOVERNIBT Of IIlIA

SHIVAJI UNIVERSITY, KOLHAPUR
In collaboration with

MSME TECHNOLOGY CENTRE
INDO GERMAN TOOL ROOM, AURANGABAD

EXTENSION CENTRE

"ADVANCED TECHNOLOGY CENTRE"
(A Centre for Training, Research and Development)

Estd:1962
NAAC 'A' Grade

CERTIFICATE
rrFiis is to certify tfiat

Ms. GAWAS DIPALI DNYANESHWAR

of Final 'Year (]3. rr'ecfz.(::M.eclianica[Enpineerinq} of Department of'Teclino[ogy, Shioaji
'University, 1(o[liapurVnc{erPEQIPPJ{j1SP. III

lias successfully completed the Ushort Term Course" of stuc{y in

DESIGN OF PRESS TOOLS
durinq theperiod from 06 February 2019 to 22 February 2019

COURSE CONTENTS COURSE DURATION

• ELEMENTS OF DESIGN PROCESS
• PRESSTOOL PARTS
• COMPONENTS & LAYOUTS
• WORK I DATA SHEETS 48 HRS.
• CONCEPTUAL DESIGNS
• DESIGN OF PRESSTOOLS
• PRESSTOOL DATA

SR.MAN~R~)
INDO GERMAN TOOL ROOM,

AURANGABAD

REGISTRAR
SHIVAJI UNIVERSITY,

KOLHAPUR

Place: Kolhapur
Dated: 22 February 2019
P-45924! T18150725

Shivaji University, Vidyanagar,Kolhapur. Maharashtra (India) 416004



Sr. No.: K00420 Roll No: - 2019K011 0354

MINISTRYOF IICRO, SIIALL &MEDIUMEIIIERPRISES
GOVERNMENTOF INIlIA

SHIVAJI UNIVERSITY, KOLHAPUR
In collaboration with

MSMETECHNOLOGYCENTRE
INDO GERMAN TOOL ROOM, AURANGABAD

EXTENSION CENTRE

"ADVANCED TECHNOLOGY CENTRE"
(A Centre for Training, Research and Development)

Estd:1962
NAAC 'A'Grade

CERTIFICATE
'This is to certify tfiat

Mr. SHETE JAYKUMAR JAGDISH

of Pina{ crear<E. Tech. (~eclianica{ Enqineerinq) of Department of'Teclino{ogy, S liivaji
University, 1(o{liapur 'Under PEQ!CPPJ{)1SC£ III

lias successfully completed the "Short 'Ierm Course" of study in

DESIGN OF PRESS TOOLS
during the period from 06 February 2019 to 22 February 2019

COURSE CONTENTS COURSE DURATION

• ELEMENTS OF DESIGN PROCESS
• PRESS TOOL PARTS
• COMPONENTS & LAYOUTS
• WORK I DATA SHEETS 48 HRS.
• CONCEPTUAL DESIGNS
• DESIGN OF PRESSTOOLS
• PRESS TOOL DATA

SR.MAJt~)
INDO GERMAN TOOL ROOM,

AURANGABAD

REGISTRAR
SHIVAJI UNIVERSITY,

KOLHAPUR

Place: Kolhapur
Dated: 22 February2019
P-45924 I T18150729

Shivaji University,Vidyanagar,Kolhapur. Maharashtra (India) 416004



Sr. No.: K00421 Roll No: - 2019K011 0355

IIIIISlRY OFIICRO. SIIAll & IBIlM EN1ERPRISES
~OF_

SHIVAJI UNIVERSITY, KOLHAPUR
In collaboration with

MSMETECHNOLOGYCENTRE
INDO GERMAN TOOL ROOM, AURANGABAD

EXTENSION CENTRE

"ADVANCED TECHNOLOGY CENTRE"
(A Centre for Training, Research and Development)

Estd:1962
NAAC 'A' Grade

CERTIFICATE
'This is to certify tfiat

Mr. THORAT AKSHAY VITTHAL

of Pina{ Year (j3. Tech. (:M.eclianica{CE,ngineering)of Department of 7'eclino{ogy,S liivaji
University, 1(o{liapur 'Under PEQIP PJ(J1SCE,III

lias successfully completed tlie "Short 'TermCourse" of study in

DESIGN OF PRESS TOOLS
during tlie period from 06 February 2019 to 22 February 2019

COURSE CONTENTS COURSE DURATION

• ELEMENTS OF DESIGN PROCESS
• PRESS TOOL PARTS
• COMPONENTS & LAYOUTS
• WORK I DATA SHEETS 48 HRS.
• CONCEPTUAL DESIGNS
• DESIGN OF PRESS TOOLS
• PRESSTOOL DATA

SR.M:L~G)
INDO GERMAN TOOL ROOM,

AURANGABAD

REGISTRAR
SHIVAJI UNIVERSITY,

KOLHAPUR

Place: Kolhapur
Dated: 22 February 2019

P-45924I T18150733

Shivaji University, Vidyanagar,Kolhapur. Maharashtra (India) 416004



Sr. No.: K00422 Roll No: - 2019K0110356

II1NIS1RYOF MICRO, SIIAI..l.& IlEDlUM EIIIERPRISES
GOVERNIIENT OF INDIA

SHIVAJI UNIVERSITY, KOLHAPUR
In collaboration with

MSMETECHNOLOGYCENTRE
INDO GERMAN TOOL ROOM, AURANGABAD

EXTENSION CENTRE

"ADVANCED TECHNOLOGY CENTRE"
(A Centre for Training, Research and Development)

Estd:1962
NAAC 'A' Grade

CERTIFICATE
'Ihis is to certify that

Ms. CHATE BHAGAWATI PUNDLIK

of Final 'Year(8. Tech. (gneclianica{ P,ngineering) of Department of 7'eclino{ogy,S liivaji
University, 1(o{liapur 'Under qtEQ/(P PJ{}1SP, I I I

lias successfully completed the "Short Term Course" of study in

DESIGN OF PRESS TOOLS
during the period from 06 February 2019 to 22 February 2019

COURSE CONTENTS COURSE DURATION

• ELEMENTS OF DESIGN PROCESS
• PRESS TOOL PARTS
• COMPONENTS & LAYOUTS
• WORK I DATA SHEETS 48 HRS.
• CONCEPTUAL DESIGNS
• DESIGNOF PRESS TOOLS
• PRESSTOOL DATA

SR.M~~G)
INDO GERMAN TOOL ROOM,

AURANGABAD

REGISTRAR
SHIVAJI UNIVERSITY,

KOLHAPUR

Place: Kolhapur
Dated: 22 February 2019

P-45924 I T18150737

Shivaji University,Vidyanagar,Ko1hapur. Maharashtra (India) 416004



Sr. No.: K00423 Roll No: - 2019K011 0357

IIIISTRY OfIICRO, SIIAU.& IIEDIUII EIIIERPIIISES
GO'IB!IIIENT Of_

SHIVAJI UNIVERSITY, KOLHAPUR
In collaboration with

MSME TECHNOLOGY CENTRE
INDO GERMAN TOOL ROOM, AURANGABAD

EXTENSION CENTRE

"ADVANCED TECHNOLOGY CENTRE"
(A Centre for Training, Research and Development)

Estd:1962
NAAC 'A' Grade

CERTIFICATE
'This is to certify tliat

Ms. MALI URJITA NILESH

of Final' crear(]3. Tech. (:Meclianica{P.ngineering) of Department of'Teclino{ogy, S liivaji
University, 1(o{liapur 'Under PEQJP PJ[JtSP. III

lias successfu{{y completed tlie "Short Term Course" of study in

DESIGN OF PRESS TOOLS
during tlie period from 06 February 2019 to 22 February 2019

COURSE CONTENTS COURSE DURATION

• ELEMENTS OF DESIGN PROCESS
• PRESSTOOL PARTS
• COMPONENTS & LAYOUTS
• WORK I DATA SHEETS 48 HRS.
• CONCEPTUAL DESIGNS
• DESIGNOF PRESSTOOLS
• PRESSTOOL OATA

REGISTRAR
SHIVAJI UNIVERSITY,

KOLHAPUR

SR.MA!!~)
INDO GERMAN TOOL ROOM,

AURANGABAD

Place: Kolhapur
Dated: 22 February2019
P-45924I T18151088

Shivaji University,Vidyanagar,Kolhapur. Maharashtra (India) 416004



Sr. No.: K00424 Roll No: - 2019K011 0358

MINISTRY OF MICRO, SIIAI.1& IIEDIUII ENTERPRISES
GOVERNIIENT OF INDIA

SHIVAJI UNIVERSITY, KOLHAPUR
In collaboration with

MSMETECHNOLOGYCENTRE
INDO GERMAN TOOL ROOM, AURANGABAD

EXTENSION CENTRE

"ADVANCED TECHNOLOGY CENTRE"
(A Centre for Training, Research and Development)

Estd:1962
NAAC 'A' Grade

CERTIFICATE
rrhis is to certify tliat

Mr. KADAM KIRAN VITTHAL

of Final 'YearCE.rrecli.(9vfeclianica{Enqineerinq) of Department of 'Iechnoloqy, S liivaji
'University, 1(o{liapur Under CJ!EQIP PJ{)1SP, III

lias successfully completed the "Short 'Ierm Course" of study in

DESIGN OF PRESS TOOLS
during the period from 06 February 2019 to 22 February 2019

COURSECONTENTS COURSEDURATION

• ELEMENTS OF DESIGN PROCESS
• PRESS TOOL PARTS
• COMPONENTS & LAYOUTS
• WORK I DATA SHEETS 48 HRS.
• CONCEPTUAL DESIGNS
• DESIGN OF PRESSTOOLS
• PRESSTOOL DATA

SR.M~G)
INDO GERMAN TOOL ROOM,

AURANGABAD

REGISTRAR
SHIVAJI UNIVERSITY,

KOLHAPUR

Place: Kolhapur
Dated: 22 February 2019

P-45924I T18151105

Shivaji University, Vidyanagar,Kolhapur. Maharashtra (India) 416004



Sr. No.: K00425 Roll No: - 2019K0110359

IIIIISTRY Of IICRO, SIIAl.I.& IlElJlUI EIITERI'RISES
~()f_

SHIVAJI UNIVERSITY, KOLHAPUR
In collaboration with

MSMETECHNOLOGYCENTRE
INDO GERMAN TOOL ROOM, AURANGABAD

EXTENSION CENTRE

"ADVANCED TECHNOLOGY CENTRE"
(A Centre for Training, Research and Development)

Estd:1962
NAAC 'A' Grade

CERTIFICATE
11iis is to certify tfiat

Mr. SA WANT KUNAL ASHOK

of Pina{ 'Year(8. Tech. (:M.eelianiea{CEngineeringJof Department of'Teelino{ogy, S liivaji
'University, 'l(o{liapur'UnderPEQJPPJf.J/SCE III

lias successfully completed the "Short Term Course" of study in

DESIGN OF PRESS TOOLS
during the period from 06 February 2019 to 22 February 2019

COURSE CONTENTS COURSE DURATION

• ELEMENTS OF DESIGN PROCESS
• PRESSTOOL PARTS
• COMPONENTS & LAYOUTS
• WORK I DATA SHEETS 48 HRS.
• CONCEPTUAL DESIGNS
• DESIGN OF PRESSTOOLS
• PRESSTOOL OATA

REGISTRAR
SHIVAJI UNIVERSITY,

KOLHAPUR

SR.M~R~)
INDO GERMAN TOOL ROOM,

AURANGABAD

Place: Kolhapur
Dated: 22 February 2019

P-45924I T18151121

Shivaji University,Vidyanagar,Kolhapur. Maharashtra (India) 416004



Sr. No.: K00426 Roll No: - 2019K011 0360

IIIOS11<Y OF IICRO, SIIAll & IIEDIUIIEHlBlPRISES
GOVERNIIENTOF_

SmVAJI UNIVERSITY, KOLHAPUR
In collaboration with

MSMETECHNOLOGYCENTRE
INDO GERMAN TOOL ROOM, AURANGABAD

EXTENSION CENTRE

"ADVANCEDTECHNOLOGY CENTRE"
(A Centre for Training, Research and Development)

Estd:1962
NAAC 'A' Grade

CERTIFICATE
rrliis is to certify tfiat

Mr.ATHANIROHITAPPASAHEB
of Final Year CJ3. Tech. (?rteclianicafP,ngineeringJof Department of'Teclinofogy, S liivaji

University, 1(ofliapur 'Under PEQJP PJ-[flSP,III
lias successfulfy completed tlie "Short Term Course" of study in

DESIGN OF PRESS TOOLS
during tlie period from 06 February 2019 to 22 February 2019

COURSE CONTENTS COURSE DURATION

• ELEMENTS OF DESIGN PROCESS
• PRESSTOOL PARTS
• COMPONENTS & LAYOUTS
• WORKI DATA SHEETS 48 HRS,

• CONCEPTUAL DESIGNS
• DESIGNOF PRESS TOOLS

• PRESS TOOL DATA

SR.M~~G)
INDO GERMAN TOOL ROOM,

AURANGABAD

REGISTRAR
SHIVAJI UNIVERSITY,

KOLHAPUR

Place: Kolhapur
Dated: 22 February 2019

P-45924I T18151142

Shivaji University,Vidyanagar,Kolhapur. Maharashtra (India) 416004



Sr. No.: K00427 Roll No: - 2019K011 0361

IIIlISlRY OFMICRO,SIIAI.l&_ EIIIB!PRISfS
GOYERN~OF_

SHIVAJI UNIVERSITY, KOLHAPUR
In collaboration with

MSMETECHNOLOGYCENTRE
INDO GERMAN TOOL ROOM, AURANGABAD

EXTENSION CENTRE

"ADVANCEDTECHNOLOGY CENTRE"
(A Centre for Training, Research and Development)

Estd:1962
NAAC 'A' Grade

CERTIFICATE
'This is to certify that

Mr. BHANDARE INDRAJIT CHA TRABHOOJ

of Pina{ 'Year {j3. 'Teen. (:Jvteenaniea[P,ngineering) of Department of'Teenno{ogy, S nivaji
'Oniuersity, 1(o{napur 'Under PEQIP (j!J{}1SP,III

has sueeessfu{{y completed the "Short 'TermCourse" of study in

DESIGN OF PRESS TOOLS
during the period from 06 February 2019 to 22 February 2019

COURSE CONTENTS COURSE DURATION

• ELEMENTS OF DESIGN PROCESS
• PRESS TOOL PARTS
• COMPONENTS & LAYOUTS
• WORK I DATA SHEETS 48 HRS.
• CONCEPTUAL DESIGNS
• DESIGN OF PRESSTOOLS
• PRESS TOOL DATA

SR. MA GER (TRG)
INDO GER AN TOOL ROOM,

AURANGABAD

REGISTRAR
SHIVAJI UNIVERSITY,

KOLHAPUR

Place: Kolhapur
Dated: 22 February 2019
P-45924I T18151158

Shivaji University,Vidyanagar,Kolhapur. Maharashtra (India) 416004



Sr. No.: K00428 Roll No: - 2019K011 0362

.... 1S11!YOFIIICRO,SIIAU.& IIEDIUII EN18!PRISES
~OF_

SHIVAR UNIVERSITY, KOLHAPUR
In collaboration with

MSME TECHNOLOGY CENTRE
INDO GERMAN TOOL ROOM, AURANGABAD

EXTENSION CENTRE

"ADVANCED TECHNOLOGY CENTRE"
(A Centre for Training, Research and Development)

Estd:1962
NAAC 'A' Grade

CERTIFICATE
'This is to certify tfiat

Mr. ARAGE SWAPNIL SURYAKANT

of Pina( 'Year (}3. Tech. (::M.eelianiea(P,ngineering) of Department of'Teelino(ogy, S liivaji
University, 'l(p(liapurVnderPEQIPPJ[JLSP, III

lias sueeessfu((y completed the "Short Term Course" of study in

DESIGN OF PRESS TOOLS
during the period from 06 February 2019 to 22 February 2019

COURSE CONTENTS COURSE DURATION

• ELEMENTS OF DESIGN PROCESS
• PRESSTOOL PARTS
• COMPONENTS & LAYOUTS
• WORK I DATA SHEETS 48 HRS.
• CONCEPTUAL DESIGNS
• DESIGN OF PRESSTOOLS
• PRESS TOOL DATA

REGISTRAR
SHIVAJI UNIVERSITY,

KOLHAPUR

Place: Kolhapur
Dated: 22 February 2019

P-45924I T18151172

Shivaji University, Vidyanagar,Kolhapur. Maharashtra (India) 416004



Sr. No.: K00429 Roll No: - 2019K011 0363

.smOF IICRO, SIIALl &_ EIITERPRISES
~OFINIlIA

SHIVAJI UNIVERSITY, KOLHAPUR
In collaboration with

MSMETECHNOLOGYCENTRE
INDO GERMAN TOOL ROOM, AURANGABAD

EXTENSION CENTRE

"ADVANCED TECHNOLOGY CENTRE"
(A Centre for Training, Research and Development)

Estd:1962
NAAC 'A' Grade

CERTIFICATE
rrhis is to certify tfiat

Mr. SHENDE SHUBHAM LAXMAN

of Final 'Year(8. 'Tecfi.(~ecfianica[ P,ngineering) of Depattment 0f'Tecfino[ogy, S fiivaji
University, 1(o[fiapur 'Under qtEQIP PJ{)1SP, I I I

fias successfully completed' tfie "Short Term Course" of study in

DESIGN OF PRESS TOOLS
during tfie periodfrom 06 February 2019 to 22 February 2019

COURSE CONTENTS COURSE DURATION

• ELEMENTS OF DESIGN PROCESS
• PRESS TOOL PARTS
• COMPONENTS & LAYOUTS
• WORK I DATA SHEETS 48 HRS.
• CONCEPTUAL DESIGNS
• DESIGN OF PRESSTOOLS
• PRESS TOOL DATA

SR.MA~~)
INDO GERMAN TOOL ROOM,

AURANGABAD

REGISTRAR
SHIVAJI UNIVERSITY,

KOLHAPUR

Place: Kolhapur
Dated: 22 February 2019
P-45924I T18151184

Shivaji University,Vidyanagar,Kolhapur. Maharashtra (India) 416004



Sr. No.: K00430 Roll No: - 2019K0110364

IIINlSlRY Of IIICRO, SIIAU. & MEDIUMEIIIERPRISES
GOVERHIIEIITOFINDIA

SHIVAJI UNIVERSITY, KOLHAPUR
In collaboration with

MSMETECHNOLOGYCENTRE
INDO GERMAN TOOL ROOM, AURANGABAD

EXTENSION CENTRE

"ADVANCED TECHNOLOGY CENTRE"
(A Centre for Training, Research and Development)

Estd:1962
NAAC 'A' Grade

CERTIFICATE
'This is to certify tfiat

Mr. SHINDE SUSHANT RAJKUMAR

of Final 'Year ill. Tech. (:Mecfianica[Enqineerino)of Department of rr'ecfino[ogy,S fiivaji
University, 'Kplhapur 'UnderPEQIP (J!J{JLSP. III

fias successfully completed tfie "Short Term Course" of study in

DESIGN OF PRESS TOOLS
during tfie period from 06 February 2019 to 22 February 2019

COURSE CONTENTS COURSE DURATION

• ELEMENTS OF DESIGN PROCESS
• PRESS TOOL PARTS
• COMPONENTS & LAYOUTS
• WORK I DATA SHEETS 48 HRS.
• CONCEPTUAL DESIGNS
• DESIGN OF PRESS TOOLS
• PRESSTOOL DATA

SR.MZ::R~)
INDO GERMAN TOOL ROOM,

AURANGABAD

REGISTRAR
SHIVAJI UNIVERSITY,

KOLHAPUR

Place: Kolhapur
Dated: 22 February 2019
P-45924 I T18151205

Shivaji University,Vidyanagar,Kolhapur. Maharashtra (India) 416004



Sr. No.: K00431 Roll No: - 2019K011 0365

IIINIS1RY OF IICRO. SIIALl & IIEIlIUM EIflERPRISES
GOVERNIIEHT OF INOlA

SHIVAJI UNIVERSITY, KOLHAPUR
In collaboration with

MSMETECHNOLOGYCENTRE
INDO GERMAN TOOL ROOM, AURANGABAD

EXTENSION CENTRE

"ADVANCED TECHNOLOGY CENTRE"
(A Centre for Training, Research and Development)

Estd:1962
NAAC 'A' Grade

CERTIFICATE
'Ihis is to certify tliat

Mr. MORE RAUNAK NANDKUMAR

of Final 'Year ill. Tech. (::Meclianica['Enqineerinq) of Department of 7'eclino[ogy,S liivaji
'University, 'KolhapurUnder PEQ!P PJ{}1SP. III

lias successfu[[y completed the "Short Term Course" of study in

DESIGN OF PRESS TOOLS
during the period from 06 February 2019 to 22 February 2019

COURSE CONTENTS COURSE DURATION

• ELEMENTS OF DESIGN PROCESS
• PRESSTOOL PARTS
• COMPONENTS & LAYOUTS
• WORK I DATA SHEETS 48 HRS.
• CONCEPTUAL DESIGNS
• DESIGNOF PRESS TOOLS
• PRESSTOOL DATA

REGISTRAR
SHIVAJI UNIVERSITY,

KOLHAPUR

SR'~RG)'
INDO GERMAN TOOL ROOM,

AURANGABAD

Place: Kolhapur
Dated: 22 February 2019
P-45924! T18151221

Shivaji University,Vidyanagar,Kolhapur. Maharashtra (India) 416004



Sr. No.: K00432 Roll No: - 2019K011 0366

SHIVAJI UNIVERSITY, KOLHAPUR
In collaboration with

MSMETECHNOLOGYCENTRE
INDO GERMAN TOOL ROOM, AURANGABAD

EXTENSION CENTRE

"ADVANCED TECHNOLOGY CENTRE"
(A Centre for Training, Research and Development)

Estd:1962
NAAC 'A' Grade

CERTIFICATE
'lJiis is to certify tfiat

Mr. MANE AMIT SURESH

of Finai Year rE. Tech. (:Meelianiea{P,ngineering) of Department of'Teelino{ogy, S lii'Vaji
'University, 1(o{liapur 'Under PEQIP PJ[JLSP,III

lias successfully completed tlie "Short Term Course" of study in

DESIGN OF PRESS TOOLS
during tlie period from 06 February 2019 to 22 February 2019

COURSE CONTENTS COURSE DURATION

• ELEMENTS OF DESIGN PROCESS
• PRESS TOOL PARTS
• COMPONENTS & LAYOUTS
• WORK I DATA SHEETS 48 HRS.
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ABSTRACT: Using emergent highly proficient and inex-
pensive non-noble metal-based bifunctional electrocatalysts to
overall water splitting reaction is a pleasingly optional
approach to resolve greenhouse gases and energy anxiety. In
this work, oleylamine-functionalized graphene oxide/
Cu2ZnSnS4 composite (OAm-GO/CZTS) is prepared and
investigated as a higher bifunctional electrocatalyst for
hydrogen evolution reaction (HER) and oxygen evolution
reaction (OER). The OAm-GO/CZTS shows brilliant
electrocatalytic performance and durability toward H2 and
O2 in both acidic and basic media, with overpotentials of 47
mV for HER and 1.36 V for OER at a current density of 10 mA cm−2 and Tafel slopes of 64 and 91 mV dec−1, respectively,
which are extremely higher to those of transition metal chalcogenide and as good as of commercial precious-metal catalysts.

1. INTRODUCTION

Intensification requirement of fossil fuels, the exhaustion of
nonrenewable energy sources and ecological pollution have led
to immediate requirement for economical, environmentally
friendly, and highly developed energy production and storage
systems.1 Electrochemical water splitting into hydrogen and
oxygen is broadly considered to be a critical step for
remarkable nonconventional energy production, storage, and
convention. To date, the best catalysts are still mainly from
Noble metals Ir or Ru for the oxygen evolution reaction
(OER)2 and Pt for the hydrogen evolution reaction (HER).3

Nevertheless, expensive metals rarely fulfill the requirements of
large-scale consumption because of their shortage and costly.
Intensive study is accordingly conducted to develop inex-
pensive and high-efficiency electrocatalysts that have com-
parable activity to precious electrocatalysts. In the times of
yore, metal complexes,4 heteroatom-doped,5 metal alloys,6

double-layered hydroxide,7 metal phosphides,8 hybrid nano−
bio electrocatalysts,9 polymer-embedded catalyst,10 transition
metals,11 metal-free electrocatalyst,12 metal−carbon hetero-
structures,13 amine-functionalized electrocatalysts,12c and
many more potential electrode materials have been inves-
tigated for H2- and O2-evolution reactions.14

Consequently, different approaches have been scrutinized to
further fine-tune HER and OER activities of electrocatalysts:
first, manufacturing of higher surface areas and earth-abundant
nanostructures.15 Second, doping is one of the scalable
strategies that further improve the electrocatalytic activity of
the electrocatalyst because of their abundant defects and

enhanced number of the catalytic active sites. For example,
pure MoS2 consists of inferior electrocatalytic activity than that
of Ni-doped MoS2 electrocatalyst toward water splitting
reaction.16 Fe incorporates in MoP give an electrocatalytic
performance than bare MoP,17 and Co-doped CZTS enhanced
their electrocatalytic activity than pure CZTS.18 Third,
heteroatom-doped materials are admired in the research
areas of water-splitting reaction because of its abundant active
sites and superb electrical properties. N/Co-doped PCP/
NRGO demonstrated superior electrocatalytic performance
when N/Co-doped PCP merges with NRGO sheets to form a
hybrid, which is a valuable strategy to integrate their relevant
virtues and improve the overall catalytic performance;19 the
Ni2P/NRGO hybrid displayed an improved catalytic activity
with a small Tafel slope (59 mV dec−1) and minute
overpotential 37 mV than the Ni2P/RGO hybrid catalyst;20

and the amorphous Co−Ni−B electrocatalyst shows higher
electrocatalytic performance toward HER in a wide range of
pH.21 Fourth, layered double hydroxides (LDHs), as a class of
ionic lamellar compounds made up of positively charged
brucite-like layers with an interlayer area including charge-
balancing anions and solvation molecules. Co intake LDH
ultrathin nanosheets show superior OER activity with small
overpotentials and lesser Tafel slopes.22 Fifth, extremely high
electrically conductive materials, such as graphene oxide
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(GO),23 can further increase the electrocatalytic activities of
catalysts for water-splitting reaction,24 thereby exposing more
active sites for facilitating fast electron transport. For instance,
MoS2/rGO and MoSe2/rGO composites exhibit a large
number of catalytic edge sites plus their outstanding HER
activity.25 Three-dimensional CoS2 and CoSe2/graphene
hybrid heterostructures are excellent HER catalysts.26 So far,
this strategy has actually improved the catalytic performances
of the electrocatalyst, but the majority of them still have no
comparison to the noble-metal Pt electrocatalyst.27 Con-
sequently, it is still well enviable and crucial to the formation of
the electrocatalyst as compared to the Pt-like electrocatalyst. In
our earlier work, we testify that the GO/CZTS composite
further enhances the electrocatalytic activity of CZTS; here,
functionalization of graphene with amine (electron-donating
groups) might be a promising approach to get better electrical
conductivity of graphene.28

Herein, we developed an oleylamine-functionalized GO/
CZTS composite (OAm-GO/CZTS) which further enhances
the electrocatalytic performance toward water-splitting reac-
tion (mutual aid H2 and O2) compared to GO/CZTS. The
results undoubtedly suggest that the introduction of electron-
donating functional groups could significantly improve the
catalytic activities and prospect a further avenue toward
scheming very capable catalysts for water splitting with
enormous potentials to substitute the precious Pt-based
catalysts. The key advantage of oleylamine (OAm) over
other amines is its ability to act as many different agents,
including high boiling point, viscous solvent, reducing agent,
and coordinating ligand via the terminal amine.29 The OAm-
GO/CZTS electrocatalyst exhibits excellent electrocatalytic
activity with a minor Tafel slope of 64 and 91 mV dec−1 and a
small overpotential of 47 mV and 1.11 V at 10 mA cm−2

obtained toward HER and OER, respectively. This effort not
only presents a low cost, earth-abundant, and well-active
electrocatalyst but also unlock a fresh research pathway toward
the development of HER and OER catalytic activity in general.

2. INSTRUMENTS

To identify the organic and inorganic components in the
sample, Fourier transform infrared (FTIR) spectrometric
(400−4000 cm−1) studies on a Bruker TENSOR 27 FT-IR
spectrometer were carried out. X-ray diffraction (XRD)
spectroscopy for the purpose used phase and structure analysis
by a Siemens D-5005 diffractometer equipped with an X-ray
tube (Cu Kα; λ = 1.5418 nm, 40 kV, 30 mA, with a step size of
0.01°). An equivalent Raman spectrum was obtained by
Raman optics with a microscope, Seki Technotron Corp.,
Tokyo, with 532 nm laser. The Brunauer−Emmett−Teller
(BET) surface area calculation of OAm-GO/CZTS and all
necessary sample analysis by N2 adsorption at 77 K isotherms
at 77.350 K was performed using a Quantachrome NovaWin
1994-2012, Quantachrome Instruments v11.02. Field emission
scanning electron microscopy (FE-SEM) study was conducted
using the Nova NanoSEM NPEP303 and transmission
electron microscopy (TEM) instrument for examining the
morphologies and sizes of the products.

3. ELECTROCHEMICAL MEASUREMENTS

Electrocatalytic potential investigation studies were carried out
using CHI Instrument 660E (USA) electrochemical work-
station under room temperature. A typical three-electrode

system consist of a reference electrode as a saturated calomel
electrode (SCE), a working electrode as a glassy carbon
electrode (GCE is 3.0 mm in dia.), and a counter electrode as a
platinum wire for overall water splitting reaction. Before the
GCE is used for an experiment, it makes mirror polished, by
using alumina powders, in the order of 1, 0.3, and 0.05 μm and
cleaned at the same time by using water and methanol to
remove inorganic and organic impurities concurrently. For the
manufacture of the working electrode, the active area of the
electrode was coated with a calculated amount of a thin layer
of the catalyst, which was prepared by ultrasonic mixing of 5.0
mg of the as-synthesized catalyst with 300 μL of isopropanol
and 10 μL of Nafion solution for 1/2 h in order to form a
uniform slurry. Then, 10 μL of the prepared slurry was loaded
onto the surface of a GCE using a micropipette and dried at
room temperature. All the potentials were carried out with
respect to the reversible hydrogen electrode (RHE) in 0.5 M
H2SO4 E(RHE) = E(SCE) + 0.244 V, in 1.0 M KOH, E(RHE)
= E(SCE) + 1.051 V, electrochemical impedance spectroscopy
(EIS) analysis carried out from 1 000 000 to 0.002 Hz at a
direct-current bias potential of 47 mV for HER and 1.11 V for
OER, respectively, at room temperature.

4. RESULT AND DISCUSSION

Figure 1a demonstrated FT-IR spectra of GO, OAm, pure
CZTS, OAm-GO, GO/CZTS composite, OAm-CZTS, and

Figure 1. (a) Superimposed FTIR spectra using dry KBr more than
the range of 400−4000 cm−1 (i) GO (black), (ii) CZTS (dark green),
and (iii) OAm (orange). (b) FTIR spectra using dry KBr more than
the range of 400−4000 cm−1 of (i) OAm-GO (pink), (ii) OAm-
CZTS (faint green), (iii) GO/CZTS (blue), and (iv) OAm-GO/
CZTS (red). (c) Superimposed XRD patterns in the range of 2θ°
(20°−80°) (i) GO (black), (ii) OAm-GO (pink), (iii) CZTS (dark
green), (iv) OAm-CZTS (faint green), (v) GO/CZTS (blue), and
(vi) OAm-GO/CZTS (red). (d) Superimposed Raman spectrum of
(i) GO (black), (ii) pure CZTS (dark green), (iii) GO/CZTS (blue),
and (iv) OAm-GO/CZTS (red). (e) Superimposed BET surface area
measurement using N2 adsorption−desorption isotherms of (i) CZTS
(dark green), (ii) GO/CZTS (blue), (iii) GO (black), and (iv) OAm-
GO/CZTS (red).
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OAm-GO/CZTS over the range of 400−4000 cm−1. The
characteristic bands of GO are observed at 1025 cm−1 (C−O−
C stretching vibrations of epoxy groups), 1406 cm−1 (C−OH
stretching), 1615 cm−1 (CC skeleton vibrations of graphitic
domains), 1725 cm−1 (CO stretching vibrations of COOH
groups), and 3442 cm−1 (−OH bending vibration.30 The FTIR
spectra of OAm shows absorption peaks at 720, 967, 1070,
1466, 1592, 1650, 2850, and 3003 cm−1, respectively. The
FTIR absorption peak of OAm at 720 cm−1 corresponds to the
(C−C) bond. The carbon-nitrogen (C−N) stretching
vibrations (1070 cm−1) and nitrogen hydrogen bending
vibrations (967 cm−1) of amine (NH2) group in OAm were
unchanged. The absorption peak at 1465 and 1593 cm−1

corresponds to the bending of the CH3 and NH2 group in
OAm. The band at 2850 cm−1 is for symmetric C−H
stretching and 2920 cm−1 for asymmetric C−H stretching and
the main band 3312 cm−1 is corresponding to the primary
amine NH2 group of OAm, which is in good agreement with
the reported literature.31 The distinctive functional groups of
CZTS were located in 1040, 1420, 1622, and 2351 cm−1

corresponding to the C−S stretching, coupled vibrations of
C−N stretching, and N−H bending, S−H thiol functionalities,
respectively, which is in concurrence with the literature
ideals.32,33 In the OAm-GO FTIR spectra, vanishing of the
peak of the carboxyl group on the GO surface at 1725 cm−1

peak of the amine group on OAm at 3312 cm−1 stretching
vibration can be observed, and the appearance of the peak of
the N−H stretching vibration at 1552 cm−1 in the FTIR
spectrum of OAm confirms that the successful functionaliza-
tion with GO (OAm-GO) were attributed to the covalent
bonding between amine groups of OAm and carboxyl groups
of GO. On the other hand, the above-assigned peaks of CZTS
were also observed in the GO/CZTS composites, with reduced
intensity, which indicates that the oxygenated functional
groups in GO were reduced partially. For the comparative
studies, characteristic peaks obtained at 3311 cm−1 amines
(NH2), 2854, and 2924 cm−1 (symmetric and asymmetric
stretching C−H) are observed from plane OAm and the peak
at 1040, 1420, and 1622 cm−1 equivalent to the C−S
stretching, coupled vibrations of C−N stretching, and N−H
bending of CZTS. In the case of OAm-GO/CZTS, the broad
FTIR peak at 3438 cm−1 is attributed to the stretching of
adsorbed water molecules and structural O−H groups (such as
alcohol and carboxylic acid) from GO and peaks at 1565 cm−1

equivalent to amine bond (NH2). The intensity of every peak
attributed to oxygen functional groups is remarkably reduced,
representing that most of the GO oxygen group is reduced or
substituted with amino groups during the functionalization.
Hence, FTIR analysis confirms the amine functionalization of
the GO/CZTS composite.34

4.1. X-ray Diffraction. Figure 1b shows the superimposed
XRD patterns of GO, OAm-f-GO, pure CZTS, OAm-CZTS,
GO/CZTS composite, and OAm-GO/CZTS. The XRD
pattern of GO represents a distinct small peak at (002)
corresponding to few-layer graphene.5 Accordingly, the pattern
for OAm-f-GO illustrates the interplanar spacing is slightly
increased after surface functionalization of GO by OAm
performing as a spacer and increases interplanar distances. It is
apparent that the pure CZTS XRD patterns shown are the
characteristic peaks at (112), (200), (220), and (312) crystal
planes of the kesterite structure of CZTS (JCPDS card no: 26-
0575).35 Then, OAm-CZTS showed similar XRD patterns of
pure CZTS, and except for their peak broadening, there is no

any additional peaks observed. GO/CZTS composites possess
the XRD pattern, the peaks observed at (002), (112), (200),
(220), and (312) correspond to the diffraction planes of mixed
GO and CZTS. However, OAm-GO/CZTS shows four
pronounced diffraction planes at (112), (200), (220), and
(312) of CZTS and (002) plane of GO, respectively, which
shows that the functionalization of amine does not much affect
the crystal structure of the GO/CZTS composite and OAm
species is not observed. The broadened peaks indicate that the
crystallite size of the OAm-GO/CZTS composite is relatively
small.

4.2. Raman Spectroscopy. Raman spectroscopy was
executed on GO, CZTS, composite GO/CZTS, and OAm-
GO/CZTS, and the outcome is shown in Figure 1c. In the
Raman profile of GO, the typical D and G bands are allocated
to the k-point phonons of the A1g symmetry and E2g phonon of
the sp2 carbon at 1360 and 1594 cm−1, respectively.36 The
characteristic peaks at 333 cm−1 were assigned to the A1 mode
of CZTS NPs, which is the toughest mode observed from
kesterite CZTS.37 Intended for the GO/CZTS composite, all
the Raman bands for CZTS and GO can be found which
indicates that GO/CZTS consists of GO and CZTS. The
intensity of the G band increases relatively to the D band when
CZTS NPs are deposited on graphene and both bands shift to
higher wavenumbers.36 In the present study, the D and G
bands for the OAm-GO/CZTS composite appeared at 1360
and 1594 cm−1 and the CZTS peak was observed at 333 cm−1,
respectively. Therefore, the intensity ratio of ID/IG gives
straight confirmation of the degree of functionalization and the
ID/IG ratio of pure GO is 0.83, then ID/IG ratio of GO/CZTS
and OAm-GO/CZTS was increased from 0.38 to 0.435,
following OAm functionalization. This consequence also
visibly signifies that the amine functional group was covalently
bonded against the surface of GO after surface functionaliza-
tion. The XRD patterns accompanied by Raman spectra all
demonstrated the fact that the OAm-GO/CZTS composite
material was obtained without any other extraneous species.

4.3. Brunauer−Emmett−Teller. The BET surface area
for pure CZTS, GO/CZTS, GO, and OAm-GO/CZTS was
surveyed using typical N2 adsorption−desorption isotherms.
As shown in Figure 1d the special BET surface area of GO,
CZTS, and GO/CZTS electrocatalytic systems is 41.7, 2.016,
and 24.016 m2 g−1, which is significantly lower than OAm-
GO/CZTS (50.716 m2 g−1), and this could be due to the
presence of amine groups and conductive graphene with a
huge surface area. The enhanced specific surface area supplies
efficient transport pathways for charged ions and increases the
electrode−electrolyte interfacial area, which is favorable for the
improvement of electrochemical performance of the compo-
site.

4.4. Field Emission Scanning Electron Microscopy.
Figure 2a−c illustrate the surface morphologies of pure CZTS
NPs, GO sheets, and OAm-GO/CZTS examined by FE-SEM.
In Figure 2a, the layered structure of the stacked GO sheets
can be seen, and there are many wrinkles through all the
surfaces of GO sheets.38 The solid GO sample is severely
agglomerated because of its high specific surface area. Figure
2b shows an FE-SEM image of CZTS nanoparticles that were
mainly of the spherical shape, with an average size diameter of
100−200 nm. The diameter was determined by averaged
measurements of around 50 particles in the FE-SEM images.
Uniform CZTS nanospheres are obtained by small aggrega-
tion.39 Figure 2c after amine functionalization and careful

ACS Omega Article

DOI: 10.1021/acsomega.9b01680
ACS Omega XXXX, XXX, XXX−XXX

C

http://dx.doi.org/10.1021/acsomega.9b01680


inspection of the FE-SEM images of OAm-GO/CZTS revealed
an average size diameter of 200−250 nm, and the size increases
compared to CZTS because of the higher size of GO. When
adding together, it can be evidently examined that CZTS was
well dispersed in the graphene structure with no obvious
aggregation, and the majority of these CZTS nanospheres were
wrapped with graphene nanosheets.36 Additionally, the high-
resolution TEM image of OAm-GO/CZTS is shown in Figure
S1, and it clearly shows that after amine functionalization,
CZTS particles were enfolded in graphene sheets, which is
reliable with the examination from FE-SEM images of OAm-
GO/CZTS.
4.5. Electrocatalytic Activities toward HER. The

performance of the electrocatalyst of all the samples toward
the HER was estimated on three set up systems, using a SCE as
the reference electrode, platinum wire as the counter electrode,
and GCE as the working electrode, in 0.5 M H2SO4 solution at
a scan rate of 50 mV s−1. Figure 3a shows the linear sweep
voltammetry (LSV) polarization curves of Pt, pristine GO,
OAm-GO, pure CZTS, OAm-CZTS, GO/CZTS, and OAm-
GO/CZTS at the scan rate of 50 mV s−1. As control
experiments, the electrochemical performances of the
commercial Pt electrode and pure GO were also investigated
for comparison. Obviously, the Pt electrode demonstrates the

lowest overpotential, representing the highest electrocatalytic
activity for HER,40 while the pure GO electrode exhibits
insignificant activity toward the HER. Figure 3a shows
significantly that OAm-GO/CZTS exhibits the onset over-
potential of 47 and 96.6 mV to afford current densities of 10
and 20 mA cm−2, respectively, lower than the earlier-reported
HER catalytic systems under given conditions,41 demonstrat-
ing that OAm-GO (546 mV), pure CZTS (435 mV), OAm-
CZTS (389 mV), and GO/CZTS composite (208 mV) at 10
mA cm−2 exhibit inferior HER activities as compared to the
OAm-GO/CZTS electrocatalyst. However, improved electro-
chemical performance on OAm-GO/CZTS composites can be
attributed to the chemical and electronic coupling between
OAm and CZTS/GO support, and this result makes us
consider that the presence of the amine group plays a
noteworthy task in the superior electrocatalytic activity and
also graphene can perform as an ideal conductive additive
because of its distinctive electrical properties.42 Besides, the
Tafel slope is playing a vital role for analyzing HER activity,
and a lesser Tafel slope leads to a faster augmentation of HER
rate with increasing overpotential. The linear portions of the
Tafel plots were fitted by the Tafel equation (η = b log j + a,
where, j is the current density and b is the Tafel slope), in
Figure 3b. The Pt Tafel value is superior, that is, 36 mV dec−1

which means it is smaller than the exhibited OAm-GO/CZTS
Tafel slope value of 64 mV dec−1.43 while it is much lower than
that of OAm-GO (115 mV dec−1), pure CZTS (85 mV dec−1),
OAm-CZTS (83 mV dec−1), and for GO/CZTS (81 mV
dec−1) which is in good agreement with previous literature
values for the nonprecious transition-metal HER electro-
catalyst, such as MoS2,

13c MoS2CFs,
44 and bare CoS2.

45 More
comparison of the OAm-GO/CZTS composite with other
electrocatalyst is listed in (Table S1). OAm-GO/CZTS is
obtained with the exchange current density (j0) being 988 mA
cm−2 for the HER, which is superior to GO/CZTS composites
(884 mA cm−2) and also outperforming that of many reported
non-noble metal HER catalysts.46 These results suggest that
the OAm-GO/CZTS could be used as an efficient electro-
catalyst for the HER and are shown in Figure S2, which shows
scan rate-dependant LSV polarization curve from 10 to 100
mV s−1. It can be seen that the current density increases with
the increasing scan rate; it is informative that the catalytic
activity of OAm-GO/CZTS toward HER is a slighter
pretentious by scan rates authenticate electron transfer
reaction (HER) is diffusion-controlled.27d In addition, we
use the LSV using graphite as a counter electrode for a
comparative study for the Pt counter electrode, but there are
no significant results obtained (dissolution and reductive
deposition of Pt on the cathode) see in Figure S3.
To understand the role of electrode kinetics and interface

reaction of OAm-GO/CZTS and its GO/CZTS composites on
HER to perform the EIS measurement, Nyquist plots
presented in Figure 3c is observed to be semicircle which is
due to the charge transfer resistance (Rct) at the electrode and
electrolyte interface. From the EIS, it has been observed that
the GO/CZTS (23 Ω), OAm-CZTS (37 Ω), OAm-GO (50
Ω), and GO (78 Ω) show higher Rct values compared to OAm-
GO/CZTS; herein, the charge transfer resistance (Rct) of
OAm-GO/CZTS is 5 Ω which results in better enhancement
in the electron transfer process after amine functionalization,
which leads to the enhancement of HER activity.25b,47 We
further ensure the catalytic strength of OAm-GO/CZTS in the
0.5 M H2SO4 solution to exhibit the possibility of its practical

Figure 2. Morphology of OAm-GO/CZTS (a) FE-SEM image of
GO, (b) FE-SEM of pure CZTS NPs size of 100−200 nm, and (c)
FE-SEM image of OAm-GO/CZTS composite size of 200−250 nm
(yellow arrows denoted graphene sheets and red arrows denote CZTS
NPs).

Figure 3. Superimposed (a) HER polarization curves for (i) Pt
(cyan), (ii) OAm-GO/CZTS (red), (iii) GO/CZTS (blue), (iv)
OAm-CZTS (green), (v) pure CZTS (dark green), (vi) OAm-GO
(pink), (vii) GO (black) and showing the highest catalytic activity of
OAm-GO/CZTS. (b) Corresponding to the Tafel plot (i) Pt (cyan),
(ii) OAm-GO/CZTS (red), (iii) GO/CZTS (blue), (iv) OAm-CZTS
(green), (v) pure CZTS (dark green), (vi) OAm-GO (pink). (c)
Nyquist plot of (i) OAm-GO/CZTS (red), (ii) GO/CZTS (blue),
(iii) OAm-CZTS (green), (iv) OAm-GO (pink) (v) GO (black). (d)
Durability test of OAm-GO/CZTS (inset of d) shows the i−t
chronoamperometry test for 1000 min in 0.5 M H2SO4.
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application. The polarization curves of OAm-GO/CZTS in
Figure 3d show an insignificant loss of it’s HER catalytic
activity after 1000 CV cycles. In addition, the chronopotentio-
metric curve in the inset of Figure 3d shows that the OAm-
GO/CZTS could deliver a stable current density at the
overpotential of 47 mV up to 1000 min with negligible
degradation. These results undoubtedly display the excellent
durability of the OAm-GO/CZTS under the HER con-
dition.27d,46b,48 The turnover frequency (TOF) of H2
molecules evolved per second (symbolize as units of s−1) for
each active site was deliberate. The TOF can be intended by
the Jaramillo’s method.27d,48,49 For this direct site-to-site
evaluation, a contrast to other catalysts except for platinum
(Pt), the OAm-GO/CZTS catalyst shows the uppermost TOF
value of 3.673 s−1 at η = 250 mV, indicating a tremendous
intrinsic HER activity which should be credited to the
conductive GO that imparts CZTS with rapid electron transfer
in the HER. Moreover, the GO sheets with a high specific
surface area act as a superior supporter for the electrocatalyst,
which is also essential for enhancing the active sites. TOF is
the number of hydrogen molecules generated in each active
site per second (see the Supporting Information for details of
calculations). More detailed comparison of other electro-
catalysts is shown in Table S1.
4.6. Electrocatalytic Activities toward OER. Electro-

catalytic studies also show that the synthesized catalysts also
possess prominent OER performance measured by LSV in
basic electrolyte (1.0 M KOH) solution at a scan rate of 50 mV
s−1 at room temperature and is shown in Figure 4a.

Surprisingly, OAm-GO/CZTS exhibits a low overpotential of
η = 1.36 V at 10 mA cm−2, and the observed overpotential for
OER is one of the lowest that has been witnessed till date, also
lesser than GO/CZTS (1.61 V), OAm-CZTS (1.80 V), pure
CZTS (1.85 V), OAm-GO (2.30 V), and GO (2.46 V)
appraisal listed in (Table S2) and the resulting Tafel slope of
OAm-GO/CZTS is 91 mV dec−1 in Figure 4b. This is the

lowest among those of electrocatalysts OAm-GO (160 mV
dec−1), CZTS (144 mV dec−1) OAm-CZTS (142 mV dec−1),
and GO/CZTS for (140 mV dec−1). These results reveal that
OAm-GO/CZTS shows excellent electrocatalytic properties
over the other catalysts and even newly reported OER-based
catalysts.16,50 Furthermore, the semicircular diameter is shown
in Figure 4c. The OAm-GO/CZTS (Rct = 76 Ω) is much
inferior to GO/CZTS (Rct = 125 Ω), OAm-CZTS (Rct = 155
Ω), CZTS (Rct = 200 Ω), OAm-GO (Rct = 150 Ω), and GO
(Rct = 398 Ω) because of lower electron transfer resistance in
alkaline solution. The OAm-GO/CZTS possesses superb
durability in the alkaline electrolyte as shown in Figure 4d.
Even after continuous 1000 cycling, the OAm-GO/CZTS
catalyst presents a similar polarization curve and original
appearance. This result is fabulous than other OER electro-
catalysts.51 The chronoamperometric (CA) test for 1000 min
is shown in the inset of Figure 4d, and it confirms the superb
stability performance of OAm-GO/CZTS with negligible loss
of anodic current in the alkaline electrolyte.
Figure S4 shows that scan rate-dependent LSV performance

of OAm-GO/CZTS toward OER in the resultant current
density increases with increasing scan rate from 10 to 100 mV
s−1, revealing that the electrocatalytic activity of the catalyst
which is small is affected by scan rates. That is, superior HER
and OER performance of the proposed OAm-GO/CZTS
electrocatalyst is essentially ascribed to the following
reasons:First, the amine functionalization plays an important
role in the enhanced catalytic activity where the lower |ΔGH*|
value of the amine group increases the electron transferability
of GO, which is beneficial for water-splitting reaction. Second,
the OAm-GO/CZTS electrocatalyst has a huge specific surface
area and supports the mass transfer of ions in the electrolyte
from GO that enhances HER catalytic performance. Third, the
outstanding OER performance is initiated after oxidation and
OAm functionalization of graphene; the graphene surface
contains many amino groups and oxygen atoms, which present
a greater catalysis activity for OER performance. Fourth,
electronic coupling to the fundamental GO consistent
conducting system provided speedy electron transport from
the highly resistive CZTS NPs to the electrodes. To analyze
this result, we verified electrochemical impedance spectro-
scopic (EIS) measurements. Thus, the fast charge transfer
during the electrocatalytic reaction, unchanging with a large
exposed active surface area, could have donated to the higher
electrocatalytic activity of the OAm-GO/CZTS. Fifth,
synergetic interaction between transition-metal chalcogenide
(CZTS) and conducting GO composite hasten charge transfer
and benefit fast dispersion and reaction at the electrolyte−
electrode interface. Above rationalization indicates that OAm-
GO/CZTS is a capable and stable bifunctional overall water-
splitting electrocatalyst. In short, the electrochemical perform-
ance of OAm-GO/CZTS is given from the OAm-GO co-
catalyst supported by the surface of CZTS. On the one hand,
the amine group raises the electron transferability of GO and
on the other hand, electrically conductive GO sheets as a
skeleton facilitate the electron transfer to the CZTS catalyst;
this work paves a new path for exploring efficient bifunctional
water-splitting catalysts; see Scheme 1.

5. CONCLUSIONS
In summary, we prepared an OAm-GO/CZTS composite that
exhibits high electrocatalytic activity toward overall water-
splitting (HER and OER) reactions; the composite was

Figure 4. Superimposed (a) OER polarization curves for pure (i)
OAm-GO/CZTS (red), (ii) GO/CZTS (blue), (iii) OAm-CZTS
(green), (iv) pure CZTS (olive), (v) OAm-GO (pink), and (vi) GO
(black), showing the highest catalytic activity of OAm-GO/CZTS (b)
corresponding to the Tafel plot (i) OAm-GO/CZTS (red), (ii) GO/
CZTS (blue), (iii) OAm-CZTS (green), (iv) pure CZTS (olive), and
(v) OAm-GO (pink) (c) Nyquist plot of (i) OAm-GO/CZTS (red),
(ii) GO/CZTS (blue), (iii) OAm-CZTS (green), (iv) pure CZTS
(olive), (v) OAm-GO (pink), and (vi) GO (black). (d) Durability
test of OAm-GO/CZTS (inset of d) shows the i−t CA test for 1000
min in 1.0 M KOH.
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obtained by the wrapping of GO on CZTS by an electrostatic
reaction and the grafting of OAm via interaction with
carboxylic groups on GO. Amine-functionalized graphene
played a noteworthy role in enhancing H2 and O2 perform-
ance. The intimate contact of amine-functionalized graphene
with CZTS enhanced charge transfer, resulting in a small Tafel
slope of 64 mV dec−1 for HER and 91 mV dec−1 for OER with
small overpotential of just about 47 mV in 0.5 M H2SO4 for
the HER and 1.36 V in 1 M KOH for the OER, respectively, as
well as superb stability of 1000 min for overall water splitting.
We expect that amine-functionalized graphene does not only
report a cost-effective catalyst for the water-splitting in both
HER and OER. A similar approach is also applicable to
propose the other catalysts with high efficiency.

6. EXPERIMENTAL SECTION
6.1. Chemicals and Materials. Graphite fine powder

(extra pure), sulphuric acid (H2SO4, 98%), nitric acid (HNO3,
78%), hydrochloric acid (HCl, 98%), thionyl chloride
(SOCl2), copper chloride (CuCl2·2H2O, 98%), zinc chloride
(ZnCl2·2H2O, 96%), tin chloride (SnCl2·2H2O, 98%),
thioacetamide, 2-methoxyethanol, OAm, monoethanolamine,

and absolute ethanol of the AR grade were used for sonication.
All the chemicals were procured from Sigma-Aldrich and were
used without any further purification.

6.2. Preparation of GO. GO produced by a modified
Hummers’ method is reported in the previous article.52 In
detail, 1 g of graphite powder as the graphene source was
added in H2SO4/HNO3 typically in a 3:1 ratio of under
continuous stirring in an ice bath for 30 min and sonicated at
room temperature further for 6 h. The suspension was refluxed
in an oil bath for the next 24 h. The combination was then
frequently centrifuged and washed successively with water to
remove surplus nitric acid and sulphuric acid. Finally, it was
washed with 30% HCl to keep surface acid functionalities,
followed by water and acetone. The filtered residue was dried
in an oven at 200 °C for next 3−4 h.

6.3. Synthesis of CZTS Nanoparticles. The CZTS
nanoparticles were synthesized by the sonochemical method
described in our previous report.53

6.4. Synthesis of Amine Functionalization OAm-GO/
CZTS Composite. Further, for the synthesis of OAm-GO/
CZTS, 200 mg of as-synthesized GO was taken in a round-
bottom flask and 20 mL of SOCl2 followed by 1 mL of
dimethylformamide (DMF) was mixed in the cold condition,
and this mixture was stirred for 1 h followed by reflux for the
next 24 h. For additional functionalization by OAm, 20 mg of
above G-COCl and 10 mL of OAm were mixed in 20 mL of
DMF and this solution was sonicated for the next 4 h. In this
OAm-GO solution, 200 mg of CZTS NPs was added and
sonicated further for 2 h at room temperature. The obtained
product was washed two times with ethanol to remove other
impurities. Collected OAm-GO/CZTS annealed at 170 °C for
1 h. In this step, the amine group of OAm reacts with the
carboxylic group of GO. The resulting amine-functionalized
GO CZTS (OAm-GO/CZTS) consisted of CZTS nano-
particles coated with amine-functionalized GO. The overall
procedure for fabricating OAm-GO/CZTS is schematically
shown in Scheme 2.
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Abstract 

Herein, we report a facile synthesis of bismuth molybdate (α-Bi2Mo3O12) nanoplates (NPs) via 

hydrothermal route and studied its gas sensing performance. The developed α-Bi2Mo3O12 was 

analyzed by various technique for structural and morphological studies. XRD analysis showed 

the monoclinic crystal structure of α phase of Bi2Mo3O12 with crystalline size 40 nm. The 

morphological features were studied using FE-SEM and FE-TEM, showed Bi2Mo3O12  

nanoplates of thickness 20-25 nm and also showed the signs of variation with different 

hydrothermal reaction time. The chemical composition and their states were studied by XPS and 

EDAX analysis. The material was examined for gas sensing proficiency towards various 

reducing gases (acetone, ethanol, propanol, xylene, trimethylamine). Bi2Mo3O12 NPs corroborate 

good selectivity (78%) towards ethanol at an optimum operating temperature 325 °C with the 

response and recovery time, 1’54s and 8’30s, respectively. Furthermore, the sensor showed 

better reproducibility and stability in response to consecutive exposure of ethanol. The α-

Bi2Mo3O12 has two acidic sites and one basic site, which excel the interactions and are 

responsible for better gas sensing performance. 

Keywords: Ethanol Sensing, Bi2Mo3O12, Hydrothermal method 
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1. INTRODUCTION 

 
Bismuth molybdates are an important class of semiconducting materials having the 

general chemical formula of Bi2O3.nMoO3, where n=1-3. Accordingly, they possess three 

phases (α, β, and γ) such as α-Bi2Mo3O12, β-Bi2Mo2O9 and γ-Bi2MoO6 [1,2]. Due to their 

interesting properties such as corrosion resistance, high dielectric strength, unique optical 

band gap, well-defined geometry, morphology, and cost effectiveness, they are receiving 

increasing attention in the research and development [3,4]. Amongst these three phases, 

n-type monoclinic bismuth molybdate (α-Bi2Mo3O12) is more popular in applications such 

as catalyst in organic transformation, oxygen evolution, and pollutant degradation [5]. 

The the specific reason is its highly oxygen-deficient fluorite structure (Mo atoms in 

(MoO4)
2- and vacancies with Bi sites) which facilitates possible chemical reactions. The 

vacancies are in an ordered arrangement with Bi channels and three different Mo sites. 

Each of them coordinated with five O atoms favors the chemical reaction [6,7]. 

Historically, Bi2Mo3O12 is considered as an industrial catalyst due to its various 

applications such as the conversion of propylene to acrylonitrile or selective oxidation of 

acrolein, the catalyst for oxidation of propene to acrolein, dehydrogenation of butane to 

butadiene [8] and literature therein. Owing to the high stability of bismuth molybdate, it is 

used as an active photocatalyst such as Hipólito et al, reported Bi2Mo3O12 for 

photocatalytic nitrogen oxide (NO) removal [9] whereas, Cao, et al, and Liu et al, are 

prepared Bi2Mo3O12/MoO3 composites for efficient dye degradation [10], while, 
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Mandlimath et al, explored Bi2−xRExMo3O12 nanorods for dye degradation. We have also 

reported pyridine intercalated Bi2Mo3O12 nanorods [11]. 

In the state of art, various synthesis routes were adopted for developing Bi2Mo3O12, 

namely, organic electrolyte-assisted UV-light exciting route, vacuum filtration, 

mechanochemical route, sonochemical route, sol-gel processing, solid-state reactions, and 

spray drying [12-23]. However, little-to-no work has been carried out on developing these 

materials via a simple hydrothermal route. The choice of the hydrothermal route over the 

aforementioned strategies is due to its inherent simplicity, homogeneity, and easy 

reproducibility. Apart from the synthesis, the usability of Bi 2Mo3O12 as a gas sensor is not 

all explored. In this direction, a long list of nanostructured binary metal oxide 

semiconductors (SnO2 [24], WO3 [25], ZnO [26,27], In2O3 [28], MnO2 [29], CuO [30], 

Fe2O3 [31], NiO [32], etc.) was greatly explored, which also gave promising results up to 

a certain extent. In general, the meaning of promising results should be selectivity, speed 

(response recovery time), and sensitivity [33]. Amongst them, sensitivity weighs more, 

because higher sensitivity means potential sensing ability for gas detection at a low 

concentration level. The aforementioned binary metal oxides sensing performance 

basically depends on the acidic and basic character of surface atoms which is affected by 

bonding between metal and oxygen anion [34]. In binary oxides, accessible property 

regimes in this respect are rather limited. In contrast to binary metal oxides, ternary metal 

oxides (Bi2Mo3O12 in the present case) with multiple oxidation states will showcase 

excellent gas sensing performance with greater stability. Further, these materials have two 

acidic sites and one basic site, which excel the interactions and thereby better gas sensing 

performance. In the present work, we demonstrate a facile and flexible strategy of 
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fabricating Bi2Mo3O12 via hydrothermal route, and their use as a gas sensor for various 

reducing gases. To best of our knowledge, this will be the first report on Bi2Mo3O12 for 

gas sensing application. 

2. EXPERIMENTAL METHODS 

2.1 Synthesis of Bi2Mo3O12 nanoplates 

The chemicals used in a typical synthesis were Bismuth nitrate pentahydrate 

(BiNO3)3.5H2O and sodium molybdate (Na2MoO4) 2H2O. All reactants were analytical 

grade quality obtained from Alfa aesar and were used as received without further 

purification. An appropriate amount of (0.2 M) bismuth nitrate was dissolved in 75 mL 

distilled water and marked as solution A. The stoichiometric amount of sodium 

molybdate (0.3 M) was dissolved separately in 75 mL of distilled water and marked as 

solution B. Both the solutions were mixed together on constant stirring, till attaining the 

homogeneity. The obtained homogenous reaction mixture was then transferred to Teflon-

lined stainless-steel autoclave. The hydrothermal reaction was carried out at 180 oC with 

varying reaction timings viz. 12, 24 and 48 h. After cooling down the autoclave at room 

temperature, the yellow precipitate was obtained. The ppt was washed with ample amount 

of distilled water and ethanol, followed by drying at 80 oC for 6 h in a normal oven. 

Finally, samples were labeled as S1, S2, and S3 for the different hydrothermal reaction 

time -12, 24 and 48 h, respectively. 

2.2 Characterization  

The developed materials were characterized by XRD, UV–Vis spectroscopy, XPS, FE-

SEM, FE-TEM, PL and gas sensing measurements. The phase purity and crystallinity of 

the material were examined by X−ray diffraction (XRD) technique (Advance, Bruker 
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AXS D8) using Cu K α1 (1.5406 Å) radiation with scanning 2θ range from 20 to 60°. The 

optical properties of the material were analyzed using UV–Visible spectrophotometer 

(Perkin−Elmer lambda 950) in the range of 300–800 nm. Surface characterization of 

Bi2Mo3O12 was carried using X-ray photoelectron spectroscopy (XPS) (VG Microtech 

ESCA3000) at a pressure of >1 × 10−9 Torr. Morphological studies were performed with 

Field Emission Scanning Electron Microscopy (FE-SEM, Hitachi S−4800) and FE-TEM 

measurements with a JEOL instrument operated at an accelerating voltage of 300 kV. For 

the gas sensing measurements, an indigenous gas sensing set-up was used which is 

explained in (ESI 2.3).  

3. Results and discussions 

3.1 Structural study 

The Bi2Mo3O12 was synthesized by hydrothermal method using bismuth nitrate and 

sodium molybdate as a precursor. The phase formation of bismuth molybdate was 

confined by X-ray diffraction analysis. Fig. 1 shows powder XRD patterns of the 

Bi2Mo3O12 can be indexed to monoclinic (trigonal bipyramidal or distorted tetrahedral) 

with space group P21/c and lattice parameters a=7.685, b= 11.491, c= 11.929 Å and β= 

115.40 having average crystalline size 40 nm. The diffraction peaks are a good agreement 

with standard data JCPDS with Card No. (78-2420). All the diffraction peaks are sharp 

and high intensity, indicating that the high crystallinity of the Bi2Mo3O12 nanoplates. No 

impurity peaks were observed in any of the XRD patterns, indicating that all samples 

were pure Bi2Mo3O12. However, the intensity of the sample (S2) is high indicates a highly 

crystalline nature compared with sample S1 and S3. In past Cesari et al. [35] reported that 
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the crystal structure of Bi2Mo3O12 consists of two kinds of twin tetrahedra α1α1 and α2α3 

phase which one of (α1α1) contains the center of symmetry; and α1 and α2 have Bi ions 

adjacent to the tetrahedra, while there is Bi ion vacancy in the α3 tetrahedron [36]. 

Overall, there are three different and distorted tetrahedra, resulting in complicated 

absorption bands. 

 

3.2 Surface and morphological studies 

A green and facile technique is established to engineer nanostructures with unique and 

controlled morphologies have characterized by using Field Emission Scanning Electron 

Microscopy (FE-SEM). The morphologies obtained in this technique can be influenced 

by several factors like reaction promoters, reaction conditions (mainly temperature and 

time) and synthesis methods employed. From Fig. 2 (a-f) shows FE-SEM images of the 

as-prepared α-Bi2Mo3O12 sample synthesized by hydrothermal method at different 

reaction time. The morphology could be seen by different magnification. From a 

panoramic view in (Fig. 2), it can be seen that the samples are composed of nanoplates 

with relatively irregular size distribution and large aspect ratio. As shown in the 

magnified FE-SEM image (Fig. 2a and b) of the sample (S1) synthesized at 12 h shows 

the nanoplates like structure having the size in length around 125-150 nm. The shape of 

the nanoplates is in a square like and rectangular like in shape are unevenly distributed. 

Furthermore, Fig. 2 (c and d) shows 24 h reaction time having the same morphology like 

nanoplates which are assembled having a size in length around 150-200 nm. With the 

increase in the reaction time, the agglomeration and coalescence can occur. Again, we 

increase the reaction time at 48 h the same morphology (nanoplates) was observed (Fig. 2 
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(e, f) having diameters of 200 nm and lengths around 500 nm. These nanoplates are 

rectangular uniformly distributed with a smooth and flat surface. The increase in reaction 

time will increase the rate of diffusion which coalescence process of neighbouring grains 

which affects an increase in particle size and crystal growth [37]. Moreover, EDAX 

analysis performed to support the chemical composition and elemental analysis of the 

Bi2Mo3O12 and the result show the presence of Bi, Mo and O elements (ESI S1 and table 

1). 

The microstructure and morphology of the Bi2Mo3O12 nanoplates were also investigated 

by using field emission transmission electron microscopy (FE-TEM). The uniformity and 

crystallinity in samples S2 (24 h reaction time) is comparatively higher. In addition, From 

Fig. 3 (a, b) shows TEM images of Bi2Mo3O12 which shows nanoplates like morphology 

having the size of 20-50 nm. It can be observed that these nanoplates were composed of 

several nanometer-sized nanocrystallites. It can be also seen that the surface of the sample 

is uneven. The roughness of the surface plays an important role in gas response as it 

increases the contact area for the gases which facilitates gas adsorption-desorption and 

diffusion. The effects of the enhanced surface roughness on the sensing property of oxide 

materials were also confirmed [38,39]. Fig. 3 (c) demonstrates the HRTEM image of S2 

sample polycrystalline nature and lattice fringes, lattice spacing is calculated to be 0.318 

nm, which is consistent with the (2 2 1) plane of the monoclinic structure of Bi2Mo3O12 

which is well matches with XRD results. The SAED pattern, Bi2Mo3O12 nanoplates is 

presented wherein a set of rings instead of spots due to the random orientation of 

nanocrystallites inside the nanoplates were noticed. (Fig. 3d), indicating the unique 

nanocrystalline nature of the S2 sample. 
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Further, BET specific aurface of the as developed materials were studied by carring nitrogen 

(N2) adsorption-desorption experiments as shown in Fig. 4. The adsorption at a relative pressure 

(P/P0) approached 0.9 which indicates the existence of porosity. The specific surface area of 

sample S1 is about 7 .37 m2 g-1 which is slightly larger than sample S2 (3.17 m2 g-1) and S3 ( 2.36 

m2 g-1). The structure obtained from isotherm shows type II isotherms according to IUPAC 

classification which shows mesoporisity. The shape of the hysteresis loops is H3 type, which 

may be an agglomeration of the nanoplates which is reflected in FE-SEM images [40]. BET 

study reveals with an increase in reaction time there is an increase in particle size and a decrease 

in porosity. In general, gas sensing properties of materials depend on its crystallinity and porosity 

of the materials. 

X-ray photoelectron spectroscopy (XPS) was performed to determine the elemental 

composition and chemical state of the as-synthesized Bi2Mo3O12 (S2) samples as shown 

in Fig. 5. Fig. 5(a) shows that the whole survey spectrum (0~1200 eV) and (Fig. 5b-d) 

shows the narrow spectra of all the elements. The wide-angle XPS survey spectrum 

indicates the existence of Bi, Mo and O elements as shown in Fig. 5 The as-synthesized 

Bi2Mo3O12 reveals that the binding energies to be found at the values of 164.8 eV for Bi 

4f5/2 and 159.4 eV for Bi 4f7/2 (Fig. 5b). The results inveterate that Bi atoms are in (III) 

oxidation state [41]. Fig. 5(c) shows the peaks for Mo 3d in sample located at binding 

energy 232.5 and 235.7 eV are attributed due to Mo 3d5/2 and Mo 3d3/2 states of Mo (VI) 

respectively [42]. The high-resolution spectrum for the O1s region (Fig. 5d) deconvoluted 

into two peaks at binding energy 530.5 and 531.5 eV, respectively [43]. The O1s peak 

located at 530.5 eV is due to Bi-O bonds. While the peak at binding energy 531.5 eV is is 

due to Mo-O bonds. 
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3.3 Optical and electronic property studies 

Figure 6 depicts that the UV-Vis spectra of (S1), (S2) and (S3) samples were performed 

in the range of 300–700 nm. The optical spectra show the absorption edges of Bi2Mo3O12 

are located in the visible region. The optical properties of semiconductor materials depend 

on several factors, such as band gap, surface morphology, roughness, oxygen deficiency, 

impurity centres, and particle size analysis. The absorption spectra show the cut-off edge 

at around 420-470 nm which is attributed due to the photoexcitation of electrons from the 

valence band (VB) to the conduction band (CB). The band gap of the Bi2Mo3O12 was 

further measured to be 3.1, 2.7 and 2.7 eV for the sample S1, S2, and S3 respectively. The 

observed results are a good agreement with previous reports [44]. The Bi2Mo3O12 

nanoplates displayed strong visible light absorption ability. This suggests that defect 

oxygen vacancies could significantly broaden the visible light absorption region of 

Bi2Mo3O12. This clearly indicates that a major structural transformation occurs during the 

dehydration process. With an increase in reaction time, dehydration of water molecules 

(water of constitution) are lost, distorting the structure and the environment around the 

MoO4
2- ions [13,45,46]. The sample S1 (12 h reaction time) shows the band gap 3.1 eV 

due water of crystallization whereas, sample S2 and S3 (24 and 48 h reaction time) shows 

bandgap 2.7 eV. 
 Hence, the S2 and S3 are the complete anhydrous Bi2Mo3O12 and shows 

a band gap in the visible region i.e. 2.7 eV. 

3.4 Raman study 
 
Furthermore, Raman spectroscopy is a unique tool to determine the structural and 

bonding features of the α -Bi2Mo3O12. The Raman spectroscopy performed in the range 

from 200 to 1200 cm-1 [45]. Fig. 7 show the representative spectral variations in the 
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MoO4
2- the region from 200 to 1200 cm-1 for the onset of crystallization of the α-

Bi2Mo3O12 phase. The observed peaks in the spectral region at 1000, 961, 930, 906, 864, 

845 822, 732, 674 and 656 cm-1 (Mo-O) and peaks at 550, 519, and 504 cm-1 arises due to 

(Bi-O, Mo2O2) and 426, 400, 378, 340, 328 and 299 cm-1) Mo-O bend/ wag. and external 

modes) [46,47]. Further, it is observed that slight peak shifting and broadening of Raman 

bands observed in S1, S2 and S3 sample, it mainly due to the grain size effect [47]. 

3.4.1 Gas sensing properties of Bismuth Molybdate: 

As a practical relevance of the developed Bi2Mo3O12 material, its gas sensing proficiency 

towards various reducing gases (acetone, ethanol, propanol, xylene, and 

trimethylamine/TMA) was studied. All the samples (hyd. Rea. Time: 12, 24, and 48 h) 

showed decent sensing capability towards the aforementioned test gases with the highest 

selectivity towards ethanol. Fig. 8 (a) shows the materials’ response towards ethanol 

vapors at the concentration of 1000 ppm. With an increase in the operating temperature, 

the gas response of all the samples increased linearly, attained certain maxima, and then 

decreased, further. Sample-S2 displayed the highest response of 90% in comparison to 

sample S1 (S = 86%) and sample S3 (S = 76%). This articulates the high dependency of 

sensors’ response on the material’s synthetic parameters, and thereby its morphology. 

Due to high porosity and crystallinity (TEM analyses), sample S2 shows better sensing 

performance, amongst the developed material. It is needed to mention that, though sample 

S2 has the highest sensing response of 90% at an operating temperature of 275 oC, its 

recovery time is very poor (>15min). The details of response and recovery time are 

tabulated in the (supplementary information) as Table S1. This limits the practical 

usability of the developed materials as a gas sensor. Nevertheless, it would be more 
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preferable if the same material at higher operating temperature with little compromise in 

sensitivity can improve response-recovery time. The same sample (Sample S2) at slightly 

higher operating temperature (350 °C) displayed 63% ethanol sensitivity with barely 24s 

response time and 2’30s recovery time. Therefore, at an operating temperature of 350 °C, 

sample S2 was further studied in accordance with the ethanol gas concentration and 

sensor response (Fig. 8b). The gas response property of the sample was found to increase 

linearly with the ethanol concentration up to 300 ppm due to increased probable 

interactions of the gas molecules with the available active surface area, and then it starts 

to saturate up to 2000 ppm. When the gas concentration increased from 100 to 300 ppm, 

the response increased straight a way from 50 to ~70%. Then it became gradual, and 

finally more or less saturated at around 2000 ppm. 

Besides the optimum operating temperature and concentration of test gas, selectivity is 

one of the key parameters in the sensor fabrication. The lack of selectivity can certainly 

induce the wrong alarm and thereby restricting its practical potentiality. Fig. 8 (c) shows 

an assessment of the sample S2 towards its selectivity for various gases. In all total 7 

reduced gases (acetone, ethanol, propanol, xylene, trimethylamine/TMA, ammonia, and 

NOx) were analyzed. Among them all, it was not responded for ammonia and NOx. The 

sensor showed the best selectivity towards ethanol (78%) at an operating temperature of 

325 °C and 500 ppm gas concentration. Selectivity towards acetone (29%) and propanol 

(27%) was found the minimum, whereas sensor showed almost no response towards 

TMA. The better ethanol sensing performance of the Bi2Mo3O12 nanoplates based sensor 

can be ascribed as the assembled nanoplates can provide highly exposed surfaces and a 

more effective pathway for the hole-transfer and also facilitates the diffusion of the 
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oxygen and test gases with nanoplates. In consequence, a large number of gas molecules 

can be easily spread inward, indicating that the gas sensing reactions between Bi2Mo3O12 

and ethanol gas become facile. In addition to that, the electrons released into Bi2Mo3O12 

results in fast changes in the resistance and finally superior sensitivity. The investigation 

of the developed material for its potential application as a gas sensor, clearly verdicts that 

sample S2 will be a suitable candidate for ethanol gas sensing, where the gas sensing 

properties are needed to be fine-tuned by further studies. 

3.4.2 The gas sensing mechanism of Bi2Mo3O12 

It is well reported that oxygen ion sorption ejects conduction electrons and thus, 

minimizes the conductance of semiconductor. In the case of Bi2Mo3O12 based sensors, the 

charge of resistance is mainly due to the adsorption-desorption of adsorbate molecules on 

the surface of the sensing structure. From the experimental results, it could be possible to 

explain surface-depletion model. Fig. 9 illustrates the scheme of ethanol gas sensing 

mechanism of the developed Bi2Mo3O12 material. The sensor is exposed to air, O2 

molecule can adsorb on it and forms negative oxygen species O2
- O2- and O- by capturing 

electrons from the CB of Bi2Mo3O12 [48]. This leads to the formation of charge-space 

layer and increases the potential barriers which result in lower conductance. When 

Bi2Mo3O12 sensor exposed to reductive gas (ethanol), the gas reacts with adsorbed species 

on the surface of Bi2Mo3O12 and forms CO2 and H2O. During this process, charge carriers 

concentration of the sample and increases the conductance of the sensor. The ethanol 

molecules oxidized by the surface absorbed oxygen species and electrons are released to 

Bi2Mo3O12.
 The electronic states of the adsorbed oxygen species on the surface of 

Bi2Mo3O12 changes as follow [49]. 

O2 (g)            O2 (ads) 
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O2(ads) + e-            2O2

-(ads) 
 

2O2
-(ads) + e-            2O- (ads) 

 

The oxygen reactive species such as O2, O2
2- and O2- depends on temperature. At lower 

temperature, initially, oxygen is adsorbed and further, it adsorbed chemically with 

temperature. However, at a higher temperature, O2 disappears, rapidly and hence we have 

evaluated sensing at temperature 325oC. When the sensor was exposed to ethanol, the 

oxygen adsorbate reacts with ethanol as follows [50]. 

 

(C2H5OH)ads             (C2H5OH)ads 

(C2H5OH)ads + 7O-                2CO2 + 3H2O + 7e- 

From the above reactions, released electrons go back into the CB of Bi2Mo3O12, which 

leads to the decreasing resistance of the sensor. Hence, the better sensing response is 

obtained at 325 oC with fast response and high sensitivity for ethanol. The performance 

shows that Bi2Mo3O12 will have good potential as an ethanol sensor.  

4. Conclusions 

In this report, the ternary multi-layered Bi2Mo3O12 were successfully synthesized by a 

facile hydrothermal approach for the first time. The morphological study of Bi2Mo3O12 

shows nanoplates like the structure of thickness 20-25 nm in size constructed from small 

nanoparticles. The sensor-based on Bi2Mo3O12 nanoplates showed excellent selectivity 

towards ethanol at an operating temperature 325 oC with selectivity (78%) The high 

content of oxygen vacancy on the surface of Bi2Mo3O12 and active chemical relation 

between absorbed oxygen with ethanol molecules may be responsible for its excellent 

sensing performance. The results in this work suggested that our sensors may have 

potential applications in the excellent gas sensor devices towards ethyl alcohol. These 
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hierarchical oxides may have potential applications in toxic pollutant degradation, 

electrochemical and Li-ion battery application in the future. 
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Figure 1: 

 

Fig. 1 X-ray diffraction patterns of S1 (Bi2Mo3O12 -12 h), S2 (Bi2Mo3O12 -24 h), and 

S3(Bi2Mo3O12 -48 h). 
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Figure 2: 
 

 

 

Fig. 2 FE-SEM images of S1 (a, b) S2(c, d) S3 (e, f). 
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Figure 3: 

 

 

Fig. 3 Representative FE-TEM images (a & b), HRTEM image (c) and SAED pattern (d) of 

Bi2Mo3 O12 nanoplates (sample S2). 
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Figure 4: 

 

 

Fig. 4 Nitrogen adsorption–desorption isotherms obtained from samples S1 (Bi2Mo3O12 -12 h), 

S2 (Bi2Mo3O12 -24 h), and S3(Bi2Mo3O12 -48 h). 

 

 

 

 

 

 

 

 

 



23 

 

 

 

 

Figure 5: 

 

 

Fig. 5 XPS spectra of a) survey spectra b) Bi 4f c) Mo 3d d) O1S of Bi2Mo3 O12 sample (S2). 
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Figure 6: 

 
Fig. 6 UV-vis absorption spectra of sample S1) (black), S2) (red), S3) (blue). 
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Figure 7: 

 

 

 

Fig. 7 Raman spectrum of Bi2Mo3O12 sample S1 (Bi2Mo3O12 -12 h), S2 (Bi2Mo3O12 -24 h), and 

S3(Bi2Mo3O12 -48 h). 
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Figure 8: 
 

 

Fig. 8 Gas sensing analysis of Bi2Mo3O12 material a) response as a function of operating 

temperature, b) response as a function of gas concentration, and c) selectivity towards various 

test gases. 
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Figure 9: 

 

 

 

Fig. 9 schematics of ethanol gas sensing mechanism of the developed Bi2Mo3O12 material. 
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A B S T R A C T

The current research work deals with the preparation of TiO2 and GO/TiO2 composite by simple, chemical, cost
effective hydrothermal method. Graphene oxide (GO) is prepared by modified Hummer’s method. Dispersion of
GO is achieved by an ultrasonic cleaning bath for 1 h. using a power of 200W and at a frequency of 40 kHz. The
prepared catalyst material is characterized by different characterization techniques. XRD study confirms the
prepared material is polycrystalline in nature. The synthesized TiO2 and GO/TiO2 photocatalyst materials are
used to study the photocatalytic degradation of salicylic acid under sunlight illumination. GO/TiO2 composite
shows superior photocatalytic activity than TiO2. GO/TiO2 composite shows 57% degradation of salicylic acid.
Mineralization of salicylic acid is studied using chemical oxygen demand.

1. Introduction

Water is one of the essential components for all living organism
present on the Earth. In recent years the water resources are con-
tinuously polluted through different dangerous organic, aromatic, and
inorganic pollutants etc. The textile, paper, cosmetic, dyeing, and food
industries are responsible for the release of hazardous pollutants into
the water sources [1,2]. By drinking this polluted water serious health
issue arises. According to the World Bank survey 17% of water con-
tamination is created by textile industries. Also it is reported that
10–15% of the dye contained water is discharged into the water sources
without any purification treatment [3–5]. Traditional water treatment
methods are unable to degrade the dyes because of its complex com-
position and structure, less degradability and good stability [6].
Therefore, it is needed to find an effective way or method to treat
polluted water before its discharge into potable water sources. For
elimination of dyes and other toxic organic compounds from the was-
tewater streams conventional treatment methods such as adsorption
[3], biological methods, chemical coagulation, etc. are employed [7].
But these methods have many drawbacks like ineffectiveness, compli-
cated preparation, high slurry creation, high operating cost etc. [8]. So,

it is necessary to develop simple and cost effective technique for
treatment of wastewater.

The advanced oxidation processes (AOPs) have been proved to be
effective for the degradation of organic compounds like dyes, acids,
aromatic compounds etc. Heterogeneous semiconductor photocatalysis
comes under in the AOPs [9]. It is naturally and ecofriendly process, it
has several advantages like a) the end products can be controlled and
not harmful to the ecosystem, b) the reaction progression can be turned
on or off at any occasion [10]. From last few decades, photocatalytic
degradation using semiconductor materials has been attracting more
attention. Several semiconductor materials including TiO2, ZnO, WO3

etc. have been used for the mineralization of organic pollutants present
in the wastewater [11]. Among these photocatalytic materials, TiO2 has
been the most important material, because of its chemical stability,
nontoxicity, good redox potential and good photocatalytic activity
[12]. However, in addition to its degradation ability, there are few
drawbacks such as recombination of the charge carriers with wide
band-gap energy (3.2 eV), also limited visible light response. Several
scientific strategies are used to overcome these limitations. Different
approaches like metal/semiconductor, semiconductor/graphene oxide
and semiconductor/semiconductor are used for the enhancement in
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visible light response, catalytic response, and avoid the recombination
of charge carriers [13]. The combination of semiconductors material
with carbon based materials are one of the most promising strategy to
cover the visible region of the solar spectrum and suppress the re-
combination electrons and holes.

Among the carbon based materials graphene oxide (GO) received
more attention owing to its good properties such as 2D geometry, large
surface area, good conductivity, and good flexibility towards the charge
transport. Gong et al. have reported that GO/TiO2 composite has four
important properties such as (i) capability of adsorption of organic
impurities, (ii) extended visible light absorption range, (iii) effective
charge transportation and (iv) charge departure capabilities [14].
Previously, GO-TiO2 nanocomposites were used for hydrogen produc-
tion [15], hydrogen storage [16], photocatalytic degradation of alkyl
phenols [17], dyes such as Methylene Blue (MB) [18], Methylene Or-
ange (MO) [19], and Rhodamine B (RB) dye [20]. As per our best
knowledge no reports are available on the degradation of salicylic acid
using GO/TiO2 composite.

In the present study, GO was synthesized by modified Hummer’s
method and its composite with TiO2 via hydrothermal method. The
prepared catalyst material is characterized by different characterization
techniques such as XRD, Raman, XPS, SEM, UV–Visible spectroscopy
etc. The synthesized catalyst material is used to investigate the photo-
catalytic degradation of salicylic acid and its photoelectrochemical
oxidation is studied with the help of chemical oxygen demand (COD). A
comparative study of photocatalytic activity of TiO2 and GO/TiO2

catalyst is done under sunlight illumination. It is observed that GO/
TiO2 photocatalyst shows better photocatalytic activity than the TiO2.

2. Experimental

2.1. Synthesis of GO

In a typical procedure, graphene oxide (GO) was produced using
modified hummers method from pure graphite powder [21]. 23mL of
concentrated sulfuric acid (H2SO4) was cooled in ice bath, and then the
mixture of 1.0 g graphite powder with 0.5 g sodium nitrate (NaNO3)
was added in the above solution with constant stirring. Then, 3 g of
potassium permanganate (KMnO4) was added by continuous stirring,
cooling and maintained the temperature of the mixture below 20 °C.
The ice bath was removed and the mixture agitated half an hour at
normal temperature, then 46mL of distilled water was added slowly,
then the temperature of the mixture reached at 90 °C and kept at that
temperature for 30min. Then above mixture was terminated by adding
140mL of DW and followed by adding 20mL of 30% hydrogen per-
oxide (H2O2) aqueous solution. Then the brown colored precipitate was
formed, it wash away few times by DW until PH of the solution was
neutral and dried in an electric oven at 70 for 6 h then to obtain GO.

2.2. Synthesis of TiO2 photocatalyst

For the synthesis of TiO2 catalyst 0.2 M titanium isopropoxide
(C12H28O4Ti) were mixed in 50mL ethanol (C2H5OH) and kept on
magnetic stirrer and then this reaction mixture shifted into Teflon
container and placed into heater at 160 °C temperature [12]. The TiO2

catalyst was annealed at 400 °C

2.3. Synthesis of GO/TiO2 composite:

Hydrothermal method was used for the synthesis of GO/TiO2

composite. The first step, 0.02 g of GO was spread in 20mL of ethanol
by ultrasonic treatment ((model ACQ-600, Shaanxi Ultrasonic bath) for
1 h at a frequency of 40 kHz and power 200W to re-exfoliate the GO
systematically. The ultrasonication process highly disperses GO powder
in ethanol solution sonochemically and finally gives homogeneous so-
lution. To prepare a composite TiO2 nanoparticles (1.0 gm) was mixed

with the GO solution and exposed to ultrasound for 30min. to obtain a
uniform solution. Then formed final solution was put into the 25mL
Teflon-closed autoclave and kept at 180 °C for 3 h. The resulting com-
posite was recovered by filtration, rinsed with deionized water and
ethanol, and subsequently dried at 70 °C for 8 h.

2.4. Photocatalytic activity study

Salicylic acid (C7H6O3), (1 mM) was used as a model organic im-
purity. TiO2 nanoparticles and the GO/TiO2 composite were used as
catalysts. Sunlight as source of illumination. The two separate sets of
experiments were carried out by 1 g of TiO2 nanoparticles and 1 g of
GO/TiO2 composite. The catalyst material mixed in 250mL of salicylic
acid aqueous solution. Before illumination, the reaction mixture was
stirred in the dark for 30min to reach adsorption–desorption equili-
brium. Throughout the experiment, 4 mL of reaction mixture was taken
out at particular time interval. After that solution is centrifuged. The
reaction mixture was analyzed by optical spectroscopy. Degradation
percentage of the salicylic acid is calculated using equation (1) [22].

⎜ ⎟= ⎛

⎝

− ⎞

⎠
×

Ext Ext
Ext

Degradation: percentage (%) 100t0

0 (1)

The mineralization of SA is studied with the help of chemical
oxygen demand. A detailed experimental procedure about COD mea-
surement is given in our previously published work [23].

2.5. Characterization techniques:

Formation and confirmation of the prepared material are done by
different characterization tools. Bruker D2 Phaser instrument was used
to determine the crystal structure of prepared material with CuKα ra-
diation (λ=1.5406 Ao). Bruker Multi RAM, (Germany) instrument was
used to collect Raman spectra. The XPS measurements of GO/

TiO2 composite were performed using Al Ka X-ray source and
Phoibos 100 analyzer from Specs GmbH, Germany. JSM-6360 scanning
electron microscope (SEM) was used to study morphology of the cata-
lyst. Shimadzu 2600 UV–Vis spectrophotometer is used to study optical
properties.

3. Results and discussion

3.1. XRD study

Crystal structure and phase formation of prepared material are
confirmed by X-ray diffraction study [24]. Fig. 1(a, b and c) shows the
XRD patterns of graphene oxide, TiO2 and GO/TiO2 composite re-
spectively. All prepared material having good crystallinity. From the
XRD pattern of GO, it is observed that a strong diffraction peak at 10.4°
confirms the formation of GO with the reflection of (0 0 2) peak. TiO2

nanoparticles display a strong diffraction peak at 2θ=25.54°, 38.05°,
48.20°, 54.10° can be indexed to the (1 0 1), (0 0 4), (2 0 0), (1 0 5)
planes respectively, which approves the development of tetragonal
anatase phase of TiO2 catalyst (JCPDS no. 01-075-1537) [25]. In the
XRD pattern of GO/TiO2 composite, almost all diffraction peaks match
with anatase TiO2 nanoparticles. Remarkably, there is no typical dif-
fraction peak belonging to the GO is observed in the GO/TiO2 compo-
sites, which may be attributed to the fact that regular stack of GO is
disturbed by the intercalation of anatase TiO2 [26].

3.2. Raman study

Local symmetry, structure and type of bonding formed in the GO/
TiO2 composite is studied with the help of Raman spectroscopy [12].
Fig. 2(a and b) shows the Raman spectra of TiO2 and GO/TiO2 com-
posite. Raman spectra of TiO2 nanoparticles displays the five

Y.M. Hunge, et al. Ultrasonics - Sonochemistry 61 (2020) 104849

2



characteristics Raman peaks at 143.88 [Eg (1)], 196.8 [Eg (2)],
397.66(B1g), 517.94(A1g) and 641.34 [Eg (3)] cm−1 respectively,
which indicates that TiO2 exist in the anatase phase [27]. Raman
spectra of TiO2/GO indicate the main peaks at 145.64 cm−1,
398.24 cm−1, 517.11 cm−1 and 639.71 cm−1 [28]. While GO shows
the characteristic bands at D (1353.21 cm−1) and G (1573.25 cm−1)
corresponding to the ordered and disordered graphitic interlayers with
ID/IG ratio 0.86 cm−1 which indicate that strong bonding formed be-
tween TiO2 and GO.

3.3. X-ray photoelectron spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) is a good technique for
knowing the chemical composition and states of the elemental species
present on the surface of samples [29]. Fig. 3(a) displays the XPS survey
scan graph of the GO/TiO2 composite. From this graph it is found that
GO/TiO2 composite consists of Titanium, Oxygen and Carbon, elements
and the no appearance of additional components or no other impurity
element found in the material this shows that prepared composite free
from contamination [30]. Fig. 3(b) displays the high resolution XPS
spectra of Ti2p for TiO2 photocatalyst. It shows that Ti2p spectra are
divided into the two distinct peaks with binding energy of 459.12 eV
and 464.89 eV which confirmed that Ti exists in the Ti 2p1/2 and Ti 2p3/
2 states respectively. The binding energy difference among two peaks is
about 5.77 eV shows the good indicates the Ti exists in the normal state
[31]. XPS high resolution core spectrum of C1s is shown in Fig. 3(c). It
shows that the binding energies at 284.90, 286.51 and 288.54 eV due to
the C]C, C]O and O]CeO groups respectively, which confirms the
presence of GO in the structure [32]. O 1s spectra (Fig. 3(d)) of GO/
TiO2 composite shows the binding energies at 530.83, 531.77 eV

corresponds to the TieO and TieOH respectively. The peak at 535.4 eV
binding energy corresponds to the TieOeC. It shows the good chemical
bonding between TiO2 and GO [33].

3.4. Morphological study

Fig. 4(a & b) shows the SEM image of TiO2 and GO/TiO2 photo-
catalyst at magnification of 1 µm. SEM image of TiO2 particle shows the
dense, solid structure. From the SEM picture of GO/TiO2 composite it is
observed that agglomeration of TiO2 nanoparticles over the GO nano
sheets. This may be due to oxygenated functional groups are distributed
on the surface of GO which act as anchoring sites for TiO2, which results
into the formation of a TieOeC bond with GO. However, after the
initial arrangement of the TiO2 on GO sheet, the remaining TiO2 par-
ticles attached around these sites causing agglomeration, which may be
due to the re-dispersed via ultra sonication. Such type of morphology
useful for photocatalysis application because such morphology provides
more active sites for redox reaction and therefore enhancing catalytic
activity [34].

3.5. Optical study

The optical study is an important characterization tool in photo-
catalysis application. Fig. 5 shows the plot of (ahν)2 Vs hν for TiO2 and
GO/TiO2 composite. From the plot, we determine the bandgap energy
of the TiO2 and GO/TiO2 composite by interpolating a tangent line
across the vertical part of the curve and intersected with a horizontal
reference line [35]. The Tauc plot for TiO2 and GO/TiO2 composite
shows an optical bandgap about 3.11 eV and 2.72 eV. The results show
a lower band gap energy of GO/TiO2 composite as compared to the

Fig. 1. X-ray diffraction pattern of a) GO, b) TiO2 and c) GO/TiO2 composite.

Fig. 2. Raman spectra of a) TiO2 and b) GO/TiO2 composite.
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TiO2, capable of being excited by visible light due to formation of ti-
tanium bonding with carbon in GO/TiO2 composites. By introducing
GO band gap of pure TiO2 shifts from ultraviolet to visible region, so
helpful for covering maximum solar spectrum. Also reducing re-
combination of charge carriers and enhancing photocatalytic activity
[36].

4. Photocatalytic degradation study of salicylic acid

After the formation and confirmation of prepared material then it is
used to test photocatalytic activity salicylic acid under sunlight illu-
mination. Fig. 6(a) shows the extinction spectra of salicylic acid

collected at various time intervals during the redox reaction between
the salicylic acid and TiO2 photocatalyst. All the extinction spectra of
salicylic acid decrease with illumination time. During the course of the
degradation experiments, the concentration of salicylic acid decreases
due to its redox reactions taking place at the surface of TiO2 photo-
catalyst [37]. After 30min of degradation reaction, salicylic acid so-
lution colour changes from colourless to yellow. This could be due to
formation of intermediate compounds during the reaction. During the
course of the degradation experiments, the concentration of salicylic
acid decreases due to its photocatalytic oxidation reaction. Eq. (1) used
to measure degradation percentage, it is shown that 21% degradation of
SA using TiO2 photocatalyst in presence of sunlight. The plot of ln (Extt/

Fig. 3. (a) XPS survey scan spectra of the GO/TiO2 photocatalyst (b)) narrow scan XPS spectra of the Ti 2P region for TiO2, (c) high resolution C 1s spectrum of GO/
TiO2 composite, (d) O (1s) core level spectrum for GO/TiO2 composite. The main constituents present are Carbon, Titanium and Oxygen.

Fig. 4. Scanning electron micrographs of a) TiO2 and b) GO/TiO2 composite.
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Ext0) as a function of reaction time shows kinetics of degradation of
salicylic acid and shown in Fig. 6(b). The photocatalytic degradation of
salicylic acid obeys first order kinetics (extinction took at 302 nm). The
slop of this plot gives the value of rate constant (k). Moreover, k in-
dicates the degradation rate of the reaction. It is found that the value of
rate constant k= 5×10−7 s−1. In order to intangible from these ex-
ternal parameters and to make a comparison of experimental data ob-
tained under various conditions possible, it is useful to define k’ [38].

′ = kk v (cm /s)3 (2)

where V is volume of organic impurity taken and the value of k’ is found
to be 0.000125 cm3/s.

Fig. 6(c) shows the graph of COD values Vs reaction time for 1mM
SA solution using TiO2 photocatalyst at different time intervals, which
are analyzed for extent of degradation [39]. The COD values decrease
from 63 to 33mg/L.

Fig. 7(a) shows degradation spectra of salicylic acid measured at
different time interval using GO/TiO2 photocatalyst under sunlight il-
lumination for 60min. Degradation spectra of salicylic acid measured
in the wavelength range of 200–345 nm. From the absorbance spectra it
is observed that all the extinction band decreases as time passes in-
dicate the degradation of salicylic acid. Eq. (1) used to measure de-
gradation percentage, it is shown that 57% degradation of SA using
GO/TiO2 photocatalyst in presence of sunlight. This extinction further
used to plot the graph of ln (Extt/Ext0) Vs illumination time. From the

slop of this graph rate constant k is to be calculated and observed that
4.66×10−5 s−1. Value of k’ found to be 0.00116 cm3/s. COD mea-
surement shows that COD values decrease with time. It is observed that
COD vale decreases from 65 to 23mg/L, which confirms mineralization
of salicylic acid.

From the comparative study of degradation experiment it is ob-
served that GO/TiO2 composite shows the higher degradation efficiency
as compared to TiO2. This may be due to increase in the solar photon
absorption length of GO/TiO2 composite. For TiO2 only 3–5% solar
photons are absorbed, also recombination rate of electron and hole is
high. In case of GO/TiO2 composite, GO acts as sink of electrons and
TiO2 as source of electrons. During the excitation of composite system,
electrons from the valance band of TiO2 goes to the conduction band of
TiO2, simultaneously creating a hole in the valance band (VB).
Conduction band (CB) electrons in TiO2 are transferred to the GO sheet
hence recombination of electrons and holes avoided and more electrons
are available for redox reactions. The work function of GO is higher
than that of TiO2 hence electron transfered from CB of TiO2 to GO sheet
[40].

5. Conclusions

The TiO2 and GO/TiO2 photocatalyst can successfully be prepared
by the hydrothermal method. The structural, morphological and spec-
troscopic, characterization of the TiO2 and GO/TiO2 composite are
studied. All result shows that the occurrence of GO and its synergistic
effect on the physical chemistry properties of the composite. A red shift
in the bandgap values was detected after GO incorporation from
3.11 eV (TiO2) to 2.72 eV (GO/TiO2). The GO/TiO2 composite shows
enhanced photocatalytic efficiency than that of TiO2 due to its ability to
reduce the recombination rate of electron-hole pairs, accelerate the
charge transfer, and induce light absorption. The photocatalytic de-
gradation of SA is reached up to 57% by GO/TiO2 under sunlight illu-
mination. COD study shows that mineralization of SA. Thus, GO/TiO2

composite is a promising material with the potential practical appli-
cation in wastewater treatment.
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Structural Refinement and Optoelectronic Properties of
(MoxTi1-2xO2-δ)1-y(RGO)y Nanocomposites and Their
Photovoltaic Studies with Natural Pigments as Sensitizers
Ananta G. Dhodamani,[a] Krantiveer V. More,[a] Sajid B. Mullani,[a] Shamkumar P. Deshmukh,[a]

Valmiki B. Koli,[a] Dillip K. Panda,[b] and Sagar D. Delekar*[a]

In the present investigation, the optoelectronic properties of
the binary TiO2/RGO nanocomposites modified through the
insertion Mo(VI) ions and thereafter these ternary nanocompo-
sites (NCs) have been tested for I–V measurements using
natural pigments as sensitizers. Initially, a series of (MoxTi1-2xO2-

δ)1-y(RGO)y [x=0.5 to 3.0 mol%; y=0.75 wt.%] NCs was pre-
pared by using in-situ chemical approach. XRD Rietveld refine-
ment reveals the formation of single phase only with
substitution of two Ti(IV) ions by single Mo(VI) ions in the
ternary NCs. After the well characterizations, these NCs are
deposited on the FTO substrate using binder-free doctor blade
technique and then these are sensitized with N719 dyes (model

protocol) as well as natural pigments and measured under solar
simulator for knowing the photovoltaic performances. Among
the different photoelectrodes, I–V and IPCE measurements of
(Mo0.100Ti0.980O1.990)0.925(RGO)0.075 NCs sensitized with N719
showing the highest power conversion efficiency of 7.58%
which is higher to that of TiO2/RGO (η=5.81%) based photo-
electrodes. For the optimized photoelectrode composition with
N719, natural pigment Betalain based dye sensitized solar cells
(DSSCs) show the highest efficiency of 2.23% which opposes to
an efficiency of 0.38, 1.29, and 1.13% for Lawsone, Curcumin
and Anthocyanin sensitized DSSCs, respectively.

Introduction

Substitution of metal ions into the host lattice of the semi-
conducting bare or composite materials plays pivotal role in
the various potential field’s viz. solar energy conversion and
storage devices, catalysis, sensing, electronics and biomedical
etc.[1] Because, insertion of metal ions tunes the optoelectronic
properties of the host semiconducting material and hence it is
betterment for enhancing the overall performances of the
respective devices.[2] Among the different potential applica-
tions, energy conversion from sunlight is the leading field and
it is also one of the game changer field for sustainable survive
of human being.[3] Hence, since from the discovery of third
generation solar devices; especially dye sensitized solar cells
(DSSCs)[4] has a priority choice due to its stability, reasonable
cost, efficiency and less toxicity compared to other emerging
solar devices[5] and recently power conversion efficiencies of
’15% have been attained through these DSSCs.[6] Basically,
two components viz. semiconducting photoanode material and
sensitizing dyes of DSSCs are playing vital role in the solar-to-

electrical conversions. Therefore, present investigation high-
lights the modification of binary TiO2/RGO NCs photoactive
materials through insertion of Mo(VI) as well as the use of
sustainable natural pigments as sensitizers instead of Ru(II)
based dye.

Herein, we have modified the TiO2 with the different
compositions of Mo(VI) as a dopant and thereafter the doped
TiO2 NPs are further incorporated on the surface of RGO to
enhance the opto-eletrical properties of the composite materi-
als. After the insertion of Mo(VI) ions, TiO2 host lattice can be
modified by three plausible ways; which include substitutions
of Ti (IV) ions by Mo(VI) ions, Mo(VI) ions acts as a interstitial
with the TiO2 host lattice or it creates mixed metal oxides with
TiO2.

[7] In addition, the ionic radius of the Mo(VI) ions is
somewhat higher (0.79 Å) to that of Ti(IV) ions (0.74 Å);but
would be matchable in TiO2 host lattice through the insertion
of densities of states (DOS) in between the valence and
conduction bands of host lattice.[7–8] Hence, Mo(VI) ion is
selected as a suitable dopant for tuning the optoelectronic
behavior of the TiO2 host lattice. Also, in comparison to bare
TiO2 or binary composites (TiO2/RGO and TiO2/CNTs), the
optoelectronic and photovoltaic studies of (MoxTi1-2xO2-δ)1-y
(RGO)y is still obscure. Along with preferable dopant, the
carbon nanostructures (CNTs or RGOs) are also used as
supportive materials due to having ability to boost the proper-
ties of host materials for energy harvesting studies.[9] Recently,
our research group studied the binary TiO2/RGO NCs based
DSSCs and reported the highest power conversion efficiencies
of η=5.98% and η=4.76% for optimized TiO2/RGO (0.75 wt.%)
composites sensitized with N719 and N3 dyes, respectively.[10]

[a] Dr. A. G. Dhodamani, Dr. K. V. More, S. B. Mullani, S. P. Deshmukh,
Dr. V. B. Koli, Prof. S. D. Delekar
Department of Chemistry, Shivaji University, Kolhapur, 416 004, MS, India
Tel.: +91 231 2609100
Fax: +91 231 2692333
E-mail: sddelekar7@gmail.com

[b] Dr. D. K. Panda
Department of Chemistry, Clemson University, Clemson, South Carolina
29634, United States

Supporting information for this article is available on the WWW under
https://doi.org/10.1002/slct.201903606

Full PapersDOI: 10.1002/slct.201903606

218ChemistrySelect 2020, 5, 218–230 © 2020 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Wiley VCH Montag, 30.12.2019

2001 / 154300 [S. 218/230] 1

http://orcid.org/0000-0002-4510-305X
https://doi.org/10.1002/slct.201903606


Also, from the previous literature it is also seen that, the
numerous reports on the incorporation of TiO2 with RGO for
the photovoltaic devices. However, the reported conversion
efficiencies of these devices are not up to the mark compared
to conventional Si-based and recently used perovskite solar
cells.

Along with the modification of semiconducting materials,
another crucial component used in the DSSCs is the sensitizing
dye; which initiate the photochemical transformations. The
various sensitizers such as the Ru(II) dyes, QDs, QDs-dye, etc.
are commonly used in DSSCs so as to harvest the maximum
photon flux of the solar spectrum.[5,11] Though these sensitizers
converting the solar energy to electrical energy efficiently, but
these sensitizers have the various constraints such as high cost,
environmentally non-benign, photo- and thermal-stability,
inter-connectivity with photoactive material, etc.[12] Therefore,
in order to overcome these issues and to replace such
sensitizers to alternative for low cost, sustainable, metal free
and having intense absorption in the UV-Visible/near-IR region
of the solar spectrum, the natural pigments based dyes have
tremendous interest in DSSCs.[13] Natural pigments based dyes
originates from leaves, flowers, seeds, fruits etc. and easily
extracted by simple process. Its functional moieties well
responsible for interconnectivity between the photoactive
materials and also proper charge transfer properties from
oxidized dyes to LUMO of the photoactive TiO2 in DSSCs.[14]

Particularly, Treat et al., demonstrated the enhanced light
harvesting and photovoltaic properties of the TiO2 based
photoelectrodes sensitized with Betalain as a natural pigment
based sustainable sensitizer. It showed the highest power
conversion efficiency of η=3.0% for TiO2 based photoelectrode
with film thickness of 7 μm and percentage aggregation of the
Betalain dye of 80% on the surface of photoelectrode. It also
reported the higher aggregation of the dyes shows broadening
of the absorption spectrum and which causes increase in
electron injection and collection of the electron to that of
monomeric adsorption of dyes.[15] Vekariya et al., reported the
humic acid extracted from the soil and explored as a natural
sensitizer in TiO2 based DSSCs and showed the highest power
conversion efficiency value up to η=2.4% for humic acid co-
adsorbed with chenodeoxycholic acid under 0.5 sun illumina-
tion which oppose to an efficiency of η=1.4% for photo-
electrodes sensitized with humic acid only under 1 sun
illumination.[16] These investigations demonstrating the sensiti-
zation of natural dyes on the surface of bare TiO2 only and
hence which affects the proper charge separation of the DSSCs.
With these motivations of enhancing the conversion efficiency
further, it is interesting to design (MoxTi1-2xO2-δ)1-y(RGO)y compo-
sites for tuning opto-electrical properties and thereafter these
materials are to be sensitized with sustainable natural dyes.

Therefore, in this article, simple in-situ sol-gel approach
have been used for the synthesis of (MoxTi1-2xO2-δ)1-y(RGO)y NCs
with varying the content of Mo(VI) doping (0.5 to 3.0 mol%).
The optoelectronic properties of the (MoxTi1-2xO2-δ)1-y(RGO)y NCs
are compared with the binary TiO2/RGO NCs in relation to
photovoltaic studies. Afterthat, the binder free NCs deposited
on the FTO substrate and sensitized with natural pigment such

as Betalain, Anthocyanin, Curcumin and Lawsone extracted
from the red roots of Beta vulgaris, crusts of Vitis vinifera (black
grapes), rhizome of Curcuma longa L and leaves of Lawsonia
inermis respectively as a sensitizer for the fabrication of
sandwiched DSSCs. During the photovoltaic studies, the
performance of (MoxTi1-2xO2-δ)1-y(RGO)y NCs in energy conversion
is established through the N719 dyes and then it is further
measured using the natural dyes. It also highlights the chemical
connectivity between the NCs based photoelectrodes with the
various natural dyes such as Betalain, Anthocyanin, Curcumin
and Lawsone. Finally, the sensitized photoelectrodes is sand-
wiched with counter electrode for making DSSCs and then the
photovoltaic performance of the DSSCs is tested using I–V and
IPCE measurements under one sun condition (100 mW/cm2).

Results and Discussion

The synthesis of the (MoxTi1-2xO2-δ)1-y(RGO)y NCs with varying the
content of Mo(VI) doping (0.5 to 3.0 mol.%) included in the
supporting information. The crystal structure and phase purity
of the desired materials after the addition of Mo(VI) dopant
into the TiO2 host lattice of the TiO2/RGO NCs confirmed by
using powder X-ray diffraction analysis (XRD). Figure 1 shows
the powder XRD profiles of the bare TiO2 NPs, TiO2/RGO NC
and (MoxTi1-2xO2-δ)1-y(RGO)y NCs with varying the Mo(VI) doping
content (0.5 to 3.0 mol.%).

The observed peak positions and their reflections after the
addition of Mo(VI) doping in the TiO2/RGO NC with bare TiO2

are ’25.29° (101), ’37.81° (004), ’47.90° (200), ’54.09° (105),
’54.88° (211), ’v62.59° (204), ’68.94° (116), ’70.29° (220),
’75.18° (215), ’82.79° (303) well matchable with the anatase
phase of TiO2 (PCPDFWIN # 21–1272). Other peaks are not
observed in the TiO2 host lattice after the addition of Mo(VI)
doping with incorporation of RGO into it, indicates the

Figure 1. XRD profiles of (a) bare TiO2 NPS, (b) TiO2/RGO NC and (c to e) NCs
of (MoxTi1-2xO2-δ)1-y(RGO)y with varying the Mo(VI) doping content (0.5 to
3.0 mol.%)
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prepared binary and ternary NCs are in anatase phase only. The
characteristics peaks of RGO are not appeared in the NCs may
be due to either tiny content of RGO or shielding of the RGO
peaks into the anatase phase of TiO2.

[17] Also, the absence of
other peaks from metal molybdenum or molybdenum oxide in
the NCs indicates the substitution of Ti(IV) by Mo(VI) into the
TiO2 host lattice of the TiO2/RGO NCs and also Mo(VI) doping
did not alter the phase purity of the host material.[18] The
addition of Mo(VI) doping increases the crystallite size from
9.31 to 13.52 nm (Scherer’s formula) and cell volume from
135.59 to 136.88 Å. The higher crystallite size of the NCs after
the addition of dopant, it may be due to the higher ionic radius
of the Mo(VI) ions (0.79 Å) to that of Ti(IV) ions (0.74 Å).[8,19] The
various crystallographic cell parameters such as ‘a’, ‘c’, crystal-
lite size in Å, and cell volume in Å3, and lattice strains are
calculated and included in the supporting information table S1.
As the content of Mo(VI) increases in the TiO2/RGO NCs, the
slight change in the peak positions with peak intensity is
observed, it was again justified through the lattice sites of ions
presents in the TiO2 host lattice of the (MoxTi1-2xO2-δ)1-y(RGO)y
NCs through Rietveld refinement analysis.

The quantitative structural analysis of the TiO2/RGO NCs
and (MoxTi1-2xO2-δ)1-y(RGO)y NCs with varying the content of Mo
(VI) doping (0.5 to 3.0 mol.%) through Rietveld FullProf
programme and illustrated in the supporting information
[Figure S5 (a to d), SI]. Also, the refinement crystallographic cell
parameters and other Rietveld factors obtained from the
Rietveld analysis viz. ‘a’, ‘c’, crystallite size, in Å, cell volume in
in Å3, goodness of fit, and other Rietveld factors are
summarized in the table S2, SI. It is seen that, Rietveld
refinement results of all the samples are in good agreement
with the results observed from the XRD data confirms the
prepared NCs are in tetragonal anatase crystal structure only.
The obscene of the mixed phases of the molybdenum oxide
with TiO2 in the (MoxTi1-2xO2-δ)1-y(RGO)y NCs after the addition of
Mo(VI) doping. It clearly indicates that the substitution of Ti(IV)
ion by Mo(VI) ion only, other possibilities such as interstitial Mo
defects and mixed phases are not appeared in the NCs. Ti(IV) is
replaced by Mo(VI) into the TiO2 host lattice; however, addi-
tional charges by Mo(VI) ions may substitutes the additional Ti
(IV) ions other than the formation of mixed metal oxides with
molybdenum through oxygen affinity by Mo(VI). It is very
interesting that, double substitution of Ti(IV) ion by single Mo
(VI) ion may create the oxygen deficiency in the lattice. The
final Rietveld refinement results show the goodness fit (χ2)
value around 1.38 to 1.51 indicates the well extent of fitting.[20]

In the actual fitting of the data, the other parameters such as
lattice, occupancies, scale factors and shape parameters
considered as free parameters. While, the quality of the Rietveld
refinement fitting quantified by the figures of merits such as,
goodness of fit (χ2), Rp, Rwp Rexp and density (1) for correcting
the background of the pattern and all these R factors are also
summarized in the table S2, SI.

The crystal structure models of these NCs are visualized
through VESTA and displayed in the figure 2. The observed
crystal structure models are tetragonal anatase phase only; the
mixed oxides and the interstitial defects by doping is not

observed in the lattice. However, it shows the negligible
distortion in the crystal structure models after the addition of
Mo(VI) in the TiO2/RGO NCs. The observed crystal defects may
be due to the substitution of Ti(IV) by Mo(VI) ions into the TiO2

host lattice.[7,21] Hence, it is seen that, the obtained Ti-O� Ti
bond angle and Ti� O bond length (table S2, SI) increases after
the addition of Mo(VI) indicates the substitution of Ti(IV) by Mo
(VI) into the TiO2 host lattice of the TiO2/RGO NCs.

The structural investigations of the NCs after the addition
of Mo(VI) doping in the TiO2/RGO NCs again confirmed by
using Raman spectroscopy analysis. Figure 3 shows the Raman
spectra of the representative TiO2/RGO and
(Mo0.100Ti0.980O1.990)0.925(RGO)0.075 NCs. TiO2/RGO NC shows the
characteristics peaks at 146.34, 397.8, 520.40, 639.04 cm� 1

corresponding to the frequency vibration modes of the
tetragonal anatase crystal of the TiO2 viz. Eg, B1g, A1g and Eg(1)
modes of vibrations, respectively.[22] It also shows the appear-
ance of the D and G band at 1354.80 and 1583.41 cm� 1

corresponding to the indicative ordered and disordered graph-
itic carbon.[23] It is seen that the intensity ratio (ID/IG) decreases
from 0.872 to 0.835 and also shows the slight shifting of the
characteristics peaks to the higher frequency region as 147.89,
401.91, 521.61, 640.24 cm� 1 with decreasing the peak intensity
after the addition Mo(VI) doping in the TiO2/RGO NCs, it is due
to the strain gradients originating from the interface integra-
tion of the Mo(VI) doping content and also with increasing the
crystallite size of the NCs.[24] However, other peaks are not
appeared in the NCs indicates, NCs free from mixed phases of

Figure 2. (a to d) Crystal structure models of the TiO2/RGO NC and (MoxTi1-
2xO2-δ)1-y(RGO)y NCs with varying the content of Mo(VI) doping (0.5 to
3.0 mol.%) viewed along with c axis. A large light blue shade represents the
Ti atoms and red small ball represents the O ions visualized through VESTA
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molybdenum or the other phases of TiO2 as Rutile and
Brookite.[25]

The optical absorption strength and energy band gap of
the NCs after the addition of Mo(VI) doping impurities into the
TiO2 host lattice of the TiO2/RGO NCs was investigated by using
UV-Visible diffused reflectance spectroscopy analysis. Figure 4
(x) shows the UV-Visible DRS absorption spectra of the TiO2/
RGO NC and (MoxTi1-2xO2-δ)1-y(RGO)y NCs with varying the
content of Mo(VI) doping (0.5 to 3.0 mol.%).

It is seen that, as the content of Mo(VI) doping increases in
the TiO2/RGO NCs, shifts its absorbance edge to the higher
wavelength region (visible region) with higher absorbance
strength in the UV-Visible region. It may be due to the 4 f states
of the Mo(VI) minimizes the conduction band edge of the TiO2

and also it acts as a charge trapping sites for better charge
separation.[8] Hence, it signifies the benefits of the addition of
Mo(VI) doping impurities in the binary NCs for coverage of the
maximum photon flux of the solar spectrum in the UV-Visible
region. Therefore, it is betterment for harvesting the solar
energy directly into electrical energy very efficiently through
ternary NCs based photovoltaic devices.

The optical energy band gap of the NCs was determined by
plotting the modified Tauc plot of the Kubelka-Munk function
(αhυ)1/2 as a function of photon energy (hυ) and fixed to
intercept tangent to the x-axis and deployed in the figure 4 (y).
It is seen that, as the content of Mo(VI) doping increases in
theTiO2/RGO NCs, the energy band gap decreases from 2.87 eV
(TiO2/RGO) to 2.64 eV for optimized
(Mo0.100Ti0.980O1.990)0.925(RGO)0.075 NC (table 2). The decreasing the
energy band gap of the NCs reflecting the addition of Mo(VI)
doping into the TiO2 host lattice of the TiO2/RGO enhances the
optoelectronic behavior of the host material and hence which
is beneficial for better separation of charge carriers.[26]

The functional properties of the desired materials studied
through FTIR spectroscopy measurements and included in the
supporting information (Figure S6, ESI). Also the elemental
composition and states of the elemental species occurred in
the NCs after the addition of Mo(VI) doping in the TiO2/RGO NC
was demonstrated through X-ray photoelectron spectroscopy
(XPS) analysis. Figure 5 (a) shows the XPS survey spectrum of
the optimized (Mo0.100Ti0.980O1.990)0.925 (RGO)0.075 NC. The observed
peaks in the spectrum and their corresponding binding
energies concludes the existence of the ‘Ti’, ‘O’, ‘C’ and ‘Mo’
only reflecting the NCs free from the other elemental
impurities. Figure 5 (b and c) shows the high resolution Ti2p
core level XPS spectrum of the NCs before and after the
addition of Mo(VI) doping in the TiO2/RGO NCs respectively. It
shows, shifting of the peak positions with binding energy
difference between the Ti2p3/2 and Ti2p1/2 to the higher binding
energies (2.71 to 2.79 eV) after the addition of doping.

Figure 3. Raman spectra of the representative TiO2/RGO and
(Mo0.100Ti0.980O1.990)0.925(RGO)0.075 NCs

Figure 4. (x) UV-Visible DRS spectra and (y) Kubelka-Munk function (αhυ)1/2 vs. photon energy of (a) TiO2/RGO and (b to d) (MoxTi1-2xO2-δ)1-y(RGO)y NCs with
varying the content of Mo(VI) doping (0.5 to 3.0 mol. %)
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It may be due to the interaction between different metals
with lattice oxygen (Ti-O� Mo) and also it specifies the
substitution of Ti(IV) by Mo(VI) ion in the (Mo0.100Ti0.980O1.990)0.925
(RGO)0.075 NC.

[27] High resolution O1s core level XPS spectrum of
the (Mo0.100Ti0.980O1.990)0.925 (RGO)0.075 NC [figure 5 (d)] shows the

main peak appeared in the binding energy at 530.41 eV
corresponding to the appearance of the lattice oxygen (Ti� O).
However, it is deconvoluted into four sputter peaks mainly
529.85 eV, 530.89 eV, 531.34 eV, 532.52 eV attributed to the
mixed metals of lattice oxygen, Ti-O� Ti, Ti-O� C, and carbonated

Figure 5. (a) XPS survey spectrum of the optimized Mo1.0@Ti100R NC thin film and high resolution core level XPS spectrum of (b) Ti2p, (c) Ti2p for TiO2/RGO NC
thin film, (d) O1s and (e) Mo3d of the optimized (Mo0.100Ti0.980O1.990)0.925(RGO)0.075 NC thin film
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forms of the lattice oxygen (C� O) respectively.[10] Figure 5 (e)
shows the high resolution C1s XPS spectrum of
(Mo0.100Ti0.980O1.990)0.925(RGO)0.075 NC, it shows the four deconvo-
luted sputter peaks having binding energies of 284.57, 285.49,
286.40 and 288.0 eV assigned to the elemental carbon based
functional moieties of the RGO incorporated with Mo(VI) doped
TiO2 viz. O� Ti-C, sp

2 bonded (C� C), C� O and carbonated forms
of metals (Ti-O� C) respectively.[28] High resolution Mo3d XPS
spectrum of (Mo0.100Ti0.980O1.990)0.925(RGO)0.075 NC shows (figure 5f)
the appearance of the two peaks in the binding energies of
232.37 and 235.14 eV corresponding to the Mo3d5/2 and Mo3d3/
2 and having observed binding energy difference of 2.77 eV
specifies the Mo exist in the (VI) oxidation state.[29] Also, the
appearance of these peaks in the NCs thin film indicates
insertion of Mo(VI) into the TiO2 host lattice of the
(Mo0.100Ti0.980O1.990)0.925(RGO)0.075 NCs.

Transmission electron microscopy (TEM) with high-resolu-
tion was deployed far knowing the microstructure differences
of the NCs before and after the addition of Mo(VI) doping in
the TiO2/RGO NCs. Figure 6 (a to d) shows the TEM images of
the representative TiO2/RGO and (Mo0.100Ti0.980O1.990)0.925(RGO)0.075
NCs. It is observed that, the spherical nanostructured grains of
both TiO2 NPs and Mo-doped TiO2 NPs are well decorated on
the surface of the RGO sheet. However, after the addition of
Mo(VI) doping in the TiO2/RGO NCs, the particle size of the
nanostructured grains increases from 13 nm to 17 nm. The
observed results are in good agreement with the higher
crystallite size of the NCs after the addition of Mo(VI) dopant; it
is due to the higher ionic radius of the Mo(VI) ion.[19]

High-resolution TEM images of both the samples shows the
[Figure 6 (b and e)] well defined crystal fringes and having

difference between the two crystal fringes is well matches to
the d-spacing value of the most intense peak [(101) reflection]
of the respective samples. However, unclear crystal fringes are
also observed in both the samples indicates the stronger
chemical grafting occurred in between the doped/undoped
TiO2 with RGO.[10] Figure 6 (c and f) shows the selected area
electron diffraction (SAED) patterns of the representative TiO2/
RGO and (Mo0.100Ti0.980O1.990)0.925(RGO)0.075 NCs. It shows well
defined ring patterns with lattice points indicates the NCs are
good crystalline in nature. The observed distance of the lattice
points to the origin is well matches to the d-spacing values of
the observed reflections from the anatase phase of TiO2.

For knowing the intrafacial charge transfer process of the
TiO2/RGO NCs before and after the insertion of Mo(VI) doping
into the TiO2 host lattice through time-resolved photolumines-
cence (TRPL) spectroscopy. TRPL spectra of the representative
TiO2/RGO and (Mo0.100Ti0.980O1.990)0.925(RGO)0.075 NCs are illustrated
in the figure 7 and the different fitted TRPL decay parameters
such as goodness of fit (χ2), excited-state lifetime (τ1, τ2), and
average excitons lifetime (<τa>) are summarised in the
table 1.

The obtained fitted decay parameters from the figure 7, it is
observed that the average life time of the electrons in the
excited state increases from 13.8 ps to 48.80 ps after the
insertion (1.0 mol%) of the Mo(VI) dopant. It concludes the
insertion of doping in the binary TiO2/RGO NC enhances the
average life time of the electrons in the excited state and hence
it confirms the substitution of two Ti(IV) ions by single Mo(VI)
ion and which leading to boosting the charge carrier density of
the material after the insertion of Mo(VI) doping in the TiO2/
RGO NCs.

Figure 6. (a and d) TEM image, (b and e) HR-TEM and (c and f) SAED patterns of the representative TiO2/RGO and (Mo0.100Ti0.980O1.990)0.925(RGO)0.075 NCs
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The observed results suggesting that the substitution of
two Ti(IV) ions by single Mo(VI) ion enhances the charge carrier
density of the materials and also it acts as a charge trapping
sites for charge separation[30] and hence it is betterment for
charge carrier transportation in the DSSCs. However, addition
of dopant in the TiO2/RGO NCs increases from 1.0 mol% to
3.0 mol%, the average excitons life time decreases from
48.80 ps to 17.30 ps. It indicates that higher content of doping
hampers the charge transportation; it also signifies the
insertion of higher content of doping also acts as a charge
trapping sites for charge recombination.[31]

The intrafacial kinetics of the charge transfer process and
charge transfer resistance of the TiO2/RGO NCs before and after
the addition of Mo(VI) doping is demonstrated by using the
electrochemical impedance spectroscopy measurement.[32] Fig-
ure 8 shows the Nyquist plot of the representative TiO2/RGO
and (Mo0.100Ti0.980O1.990)0.925(RGO)0.075 NCs measured under 0.1 Hz
to 1.2 MHz frequency and the fitted results from the Nyquist
plot such as ohmic resistance (Ro) and charge transfer
resistance (Rct) are also illustrated in the table 1.

From the fitted results (table 1) and the nature of the
Nyquist plot it is observed that, the charge transfer resistance
decreases from 79.22Ω to 49.27Ω and the observed ohmic
resistance (Ro) of the individual materials are 12.70Ω and
10.97Ω respectively. The decreasing the charge transfer

resistance of the TiO2/RGO NCs after the insertion of Mo(VI)
doping reflecting the retardments of the possibility of the
electron-hole recombination after the illumination of sunlight
in DSSCs and hence these materials would be suitable for
better separation of charge carriers in the photovoltaic devices.
After the well demonstration of optoelectrical properties of the
desired materials, the dye anchoring properties is also studied
through dye adsorption-desorption measurements and in-
cluded in the supporting information (figure S7, ESI).

Afterthat the photoelectrodes sensitized with N719 dye and
sandwiched with counter electrode (Pt, deposited FTO) for the
designing of sandwiched DSSCs. Also, for knowing the
synergistics of Mo(VI) doping with TiO2/RGO NCs on the
photovoltaic properties, the assembled DSSCs with an active
area of 0.25 cm2 was measured under AM 1.5 one sun
illuminations (100 mW/cm2) for photocurrent-density voltage
(I–V) and IPCE measurements. Figure S8, ESI shows the photo-
current-density voltage characteristics curves of the assembled
DSSCs of‘ TiO2/RGO NC and (MoxTi1-2xO2-δ)1-y(RGO)y NCs based
DSSCs with varying the content of Mo(VI) doping (0.5 to
3.0 mol%) sensitized with N719 dye. The various photovoltaic
performance cell parameters obtained from the I–V measure-
ments such as short circuit current (Jsc), open circuit voltage
(Voc), fill factor (FF) and power conversion efficiency (η) are
summarised in the table 2. From the figure S8, ESI and the

Figure 7. Time-resolved Photoluminescence (TRPL) spectra of representative
(a) TiO2/RGO, (b) (Mo0.100Ti0.980O1.990)0.925(RGO)0.075, and (c) (Mo0.300Ti0.940O1.970)0.925
(RGO) 0.075 NCs (excitation wavelength=475 nm)

Table 1. Time-resolved photoluminescence (TRPL) spectroscopic fitted decay parameters such as goodness of fit (χ2), excited-state lifetime (τ1, τ2), average
excitons lifetime (<τa>) and the electrochemical impedance spectroscopic (EIS) parameters viz. ohmic resistance (Ro), and charge transfer resistance (Rct) of

the representative TiO2/RGO (Mo0.100Ti0.980O1.990)0.925(RGO)0.075 and (Mo0.300Ti0.940O1.970)0.925(RGO) 0.075 NCs.

Sample χ2 τ1 (ps) τ2 (ps) <τa> (ps) Ro (Ω) Rct (Ω)

TiO2/RGO 1.01 13.8 – 13.8 12.70 79.22
(Mo0.100Ti0.980O1.990)0.925(RGO)0.075 0.95 48.61 89.01 48.80 10.97 49.27
(Mo0.300Ti0.940O1.970)0.925(RGO)0.075 0.92 17.20 17.54 17.30 – –

Figure 8. Nyquist plot of the representative TiO2/RGO and
(Mo0.100Ti0.980O1.990)0.925(RGO)0.075 NCs under dark at 0.1 Hz to 1.2 MHz fre-
quency
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obtained photovoltaic performance cell parameters (table 2), it
is seen that the little (0.5 mol%) insertion of Mo(VI) doping into
the TiO2 host lattice of the TiO2/RGO NCs, the Jsc value
increases abruptly from 16.180 to 18.081 mA/cm2 and reached
the highest Jsc value of 19.656 mA/cm2 for
(Mo0.100Ti0.980O1.990)0.925 (RGO)0.075 NCs based DSSCs. The
enhancement of these Jsc value after the addition of doping
implies the Mo(VI) doping impurities in the TiO2/RGO NCs acts
as a charge trapping sites for collection of electrons from the
RGO surface liberated from the LUMO of TiO2 and transferred it
to the counter electrode.[33] Also, it may be due to the uplifting
in the coverage of the optical region (UV-Visible) and its higher
absorbance strength [figure 4 (x)] after the addition of Mo(VI)
doping yields the maximum photon flux of the solar spectrum
for the conversion purpose. However, the higher content
(3.0 mol%) of doping in the TiO2/RGO NCs decreases the Jsc
value from 19.656 to 17.841 mA/cm2 [(figure S9 (a), ESI]. The
plot of Mo(VI) doping content in mol % as a function of Voc
[(figure S9 (b), ESI], shows the insertion of Mo(VI) doping in the
TiO2/RGO NCs enhances the Voc value to some extent from
720 mV (TiO2/RGO) to 730 mV (Mo0.050Ti0.990O1.995)0.925(RGO)0.075
NC and reached up to 740 mV for optimized
(Mo0.100Ti0.980O1.990)0.925(RGO)0.075 NC. But, the higher content of
Mo(VI) decreases the Voc value to 690 mV which is lower to
that of optimized NCs and TiO2/RGO NCs. Decreasing the Voc
value after excess doping signifies, the excess addition of
doping impurities denies the charge transportation and hence
it increases the resistance of the device. Because, excess
addition of doping reduces the average excitons life time of
the electrons in the excited state (table 1). The addition of
doping content also shows no any significant enhancement in
the FF value. It shows the enhancement of the FF value from
49.87% to 52.22% and remains constant for optimized sample
and afterthat decreases the FF value of 48.70% for
(Mo0.300Ti0.940O1.970)0.925 (RGO)0.075 NCs with 3.0 mol% of the Mo
(VI) doping [(figure S9 (c), ESI]. It is also seen that, the little
insertion of Mo(VI) doping in the TiO2/RGO NCs the power
conversion efficiency value increases from η=5.81% to η=

6.89% and the highest efficiency value reached up to η=7.58%
and which is 30.46% higher to that of TiO2/RGO NCs based
DSSCs [(figure S9 (d), ESI]. Also, the optimized highest power
conversion efficiency value opposes the conversion efficiency
of 5.99% [(Mo0.300Ti0.940O1.970)0.925(RGO)0.075] as the doping content
increases from 1.0 mol% to 3.0 mol% in the TiO2/RGO NCs.
After the excess addition of doping decreases the efficiency

value of 21% to that of optimized NCs
[(Mo0.100Ti0.980O1.990)0.925(RGO)0.075] based DSSCs.

The highest photovoltaic performance of the Mo0.0@Ti99.0R
NC is also collinear with the lower optical energy band gap
(Eg=2.64 eV), lower charge transfer resistance (Rct=49.27Ω)
and higher average life time of the excitons in the excited state
(<τa> =48.80 ps). From the [(figure S9 (a to d), SI] observed
that, (Mo0.300Ti0.940O1.970)0.925(RGO)0.075 NCs decreases all the
photovoltaic performance cell parameters as Jsc (17.841 mA/
cm2), Voc (690 mV), FF (48.70%) and power conversion
efficiency (η=5.99%) to that of optimized (Mo0.100Ti0.980O1.990)0.925
(RGO)0.075 NCs. It is reflected that, the excess addition of Mo(VI)
doping in the TiO2/RGO NCs may also acts as a charge trapping
sites for allowing the charge recombination and also the
observed energy band gap of the
(Mo0.300Ti0.940O1.970)0.925(RGO)0.075 NC (2.57 eV) mismatches the
proper charge separation towards the FTO.[34] Hence, which
may hamper the power conversion efficiency of the
(Mo0.300Ti0.940O1.970)0.925(RGO)0.075 NC based DSSCs.

Incident photon-to-current conversion efficiency (IPCE)
measurements have been deployed for knowing the gener-
ation of photocurrent with respect to wavelength of the
incident light before and after the addition of Mo(VI) doping in
the TiO2/RGO NCs based DSSCs sensitized with N719 dye.
Figure 9, shows the IPCE response of the representative TiO2/
RGO and optimized (Mo0.100Ti0.980O1.990)0.925(RGO)0.075 NCs based
DSSCs measured under 300 to 800 nm wavelength region.

Both the samples show the generation of photocurrent in
the two distinct wavelength regions at 300 to 400 nm and 450
to 650 nm attributed to the characteristics absorptions from
the NCs with small extent of N719 dye and absorption from the
N719 dye only respectively. From the figure 9 it is seen that,
the addition of Mo(VI) doping into the TiO2 host lattice of the
TiO2/RGO NCs shows the maximum IPCE response up to 67.88%
in the wavelength region between 450 to 650 nm. While it
opposes an IPCE response of 58.46% for the TiO2/RGO NCs only
in the same wavelength regions. It signifies the addition of Mo
(VI) in the NCs enhances the absorption strength of the
assembled DSSCs boosting ∼10% in both the wavelength
regions. It suggests the coverage of the maximum photon flux
of the solar spectrum in the both UV-Visible region with proper
separation of charge carriers in the conversions of light into
power electricity.

To understand the functional moieties presents in the
extracted natural pigments and potency of the natural pigment
as a sensitizer in DSSCs the FTIR and UV-Visible absorption

Table 2. Optical energy band gap (Eg), amount of N719 dye adsorbed on the surface of the photoelectrode, and various photovoltaic performance cell
parameters obtained from the I–V measurements of the TiO2/RGO NCs and (MoxTi1-2xO2-δ)1-y(RGO)y NCs with varying the content of Mo(VI) doping sensitized

with N719 dye

Samples Mo(III) content in mol % Eg (eV) N719 dye adsorption (10� 8 M/cm2) Solar Cell Parameters
Jsc (mA/cm2) Voc (mV) FF (%) η (%)

TiO2/RGO 0.00 2.87 4.564 16.1806 720 49.87 5.81
(Mo0.050Ti0.990O1.995)0.925(RGO)0.075 0.50 2.76 – 18.0819 730 52.22 6.89
(Mo0.100Ti0.980O1.990)0.925(RGO)0.075 1.00 2.64 4.102 19.656 740 52.15 7.58
(Mo0.300Ti0.940O1.970)0.925(RGO)0.075 3.00 2.57 3.244 17.841 690 48.70 5.99
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spectroscopic analysis was employed. The desired structures of
the extracted Betalain, Anthocyanin, Curcumin and Lawsone
from the respective natural resources are illustrated in the
supporting information [Figure S1 to S4, ESI]. FTIR spectra of
the extracted natural pigments and its spectral evidences are
also included in the supporting information [Figure S10 (a to
d), ESI]. Figure 10 (a) shows UV-Visible absorbance spectrum of
Lawsone extracted in the anhydrous ethanol from the grinded
powdered leaves of Lawsonia inermis. Extracted Lawsone
shows the broad absorption in the range between 400 to
550 nm corresponding to the π to π* transitions from the
conjugated aromatic systems. It also shows the short absorb-
ance in the range between 650 to 680 nm and centered at
670 nm assigned to the π to π* transition of axial ligands of the
Lawsone.[35] Figure 10 (b) shows the UV-Visible absorbance
spectrum of the Curcumin extracted in the ethanol from the
powdered rhizome of Curcuma longa L (Turmeric powder). The
extracted Curcumin shows the broad absorption in the UV-
Visible regions at 300–500 nm and absorbance maxima
centered at 400 nm assigned to the phenolic –OH functional
moieties of the Curcumin.[36] Generally, Curcumin is exist in two
different forms as Keto and enol forms (figure S3, ESI), among
these two forms, enol form shows absorption in the visible
region due to its planer geometry allows the conjugation
between π electrons of the two feruloyl chromophores through
sp2 hybridized carbon atoms.[37]

UV-Visible absorption spectrum of the Anthocyanin ex-
tracted in acetic acid from the crusts of black grapes is
presented in the figure 10 (c). It shows the two distinct
absorption in the wavelength region between 250 to 350 nm
(UV region only) and intense absorption in the 450 to 600 nm
and centered at 520 nm (visible region) assigned due to the π
to π* transitions from the natural phenolic compounds of the
Anthocyanin and hence which is responsible for coverage of
the absorption in the visible region.[38] Figure 10 (d) shows the

absorbance spectrum of the extracted Betalain in ethanol from
the Beta vulgaries. It shows the two distinct broad absorption
bands in the visible region and absorption maxima centered at
480 and 550 nm corresponding to the allowed π to π*
transitions of the extracted Betalain components.[39] Among
these different natural pigments, it is seen that, Betalain shows
the maximum coverage of the optical absorbance in the visible
region and also its absorption properties are equivalent to the
commercially preferred Ru(II) based N719 dye. Hence it
concludes that, the extracted Betalain from the natural roots of
Beta vulgaries would be suitable for the coverage of the
maximum photon flux of the solar spectrum in DSSCs for the
conversion of efficient light into electrical energy through
DSSCs compared to other natural pigments extracted from the
natural resources. Also, its carboxylic functional moieties
responsible for well anchoring on the surface of the NCs thin
films with strong electron coupling for proper charge separa-
tion.

Adsorption of dyes on the surface of the NCs thin film
which collectively act as a working electrode in DSSCs. Hence,
adsorption of dyes on the surface of the photoelectrode has
crucial role for the conversion of maximum photon flux of the
solar spectrum into electrical energy via the injection of
electrons from the dye into the conduction band of the
semiconducting host material. Hence, for knowing the adsorp-
tion properties of the extracted natural pigments on the
surface of the NCs thin films, the photoelectrodes sensitized
with extracted natural pigments by immersing the NCs thin
films into the dye solution by 18 hrs. under dark and rinsed
thrice with respective solvent for removing the excess dyes
loaded on the surface of the photoelectrodes. Afterthat,
1.0 cm2 area of the sensitized photoelectrodes desorbed into
the 10 mL of 1 mM aqueous solution of KOH and desorbed dye
solution was measured in the UV-Visible absorption spectro-
scopy.

Figure 11 shows the UV-visible absorption spectra of the
natural pigments such as Lawsone, Curcumin, Anthocyanin,
and Betalain desorbed from the 1.0 cm2 area of the sensitized
(Mo0.100Ti0.980O1.990)0.925(RGO)0.075 NCs photoelectrode in 10 mL
aqueous solution of 0.1 mM KOH solution. From the figure 11,
it is seen that, comparatively extracted Betalain shows
maximum coverage of the solar spectrum in the UV-Visible
region with higher absorbance strength in the visible region,
indicates betalain sensitized photoelectrodes based DSSCs
could absorbs the maximum photon flux of the solar spectrum
for the conversion purposes through photovoltaic devices. It is
also seen that, the maximum absorbance strength of the
extracted Curcumin is observed to that of other natural
sensitizers and absorption maxima centered at 421.85 nm.
However, absorbance strength of the curcumin is higher but
the coverage of the spectrum is too low compared to Betalain
and Anthocyanin. Overall it concludes the Betalain sensitized
photoelectrodes based DSSCs would be efficient for the
conversion of light into electricity. The photovoltaic properties
of the bare TiO2 and optimized (Mo0.100Ti0.980O1.990)0.925 (RGO)0.075
NCs based photoelectrodes sensitized with different natural
pigments viz. Lawsone, Curcumin, Anthocyanin and Betalain

Figure 9. IPCE response of the representative TiO2/RGO and
(Mo0.100Ti0.980O1.990)0.925 (RGO)0.075 NCs sensitized with N719 based DSSCs
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extracted from the dried leaves of the Lawsonia inermis,
rhizome of Curcuma longa L, crusts of black grapes, and Beta
vulgaris respectively.

After the sensitization, the working area of 0.25 cm2

sandwiched with counter electrode (Pt, deposited FTO) through
thermoplastic surlyn sheet and through a small hole into the
counter electrode redox liquid mediator (3I� /I3

� ) electrolyte and
measured under same operating conditions of the DSSCs
sensitized with N719 dye. Figure 12 (a and b) shows the
photocurrent density voltage characteristics curves of the bare
TiO2 and optimized (Mo0.100Ti0.980O1.990)0.925 (RGO)0.075 NC based
DSSCs sensitized with different extracted natural pigments.
Also, the various photovoltaic performance cell parameters
obtained from the bare TiO2 and (Mo0.100Ti0.980
O1.990)0.925(RGO)0.075 NCs sensitized with natural pigments such as
short circuit current (Jsc), open circuit voltage (Voc), fill factor
(FF), and power conversion efficiency (η) are presented in the
table 3. From the figure 12 (a) and table 3 it is seen that, DSSCs

of TiO2 sensitized with Betalain shows highest Jsc value
(2.88 mA/cm2) which appose to the Jsc values obtained from

Figure 10. UV-Visible absorbance spectra of (a) Lawsone extracted in anhydrous ethanol from leaves of Lawsonia inermis, (b) Curcumin extracted in ethanol
from rhizome of Curcuma longa L, (c) Anthocyanin extracted in acetic acid from crusts of black grapes, and (d) Betalain extracted from ethanol from Beta
vulgaris

Table 3. Various photovoltaic performance cell parameters obtained from
the I–V measurements of the bare TiO2 and optimized

(Mo0.100Ti0.980O1.990)0.925(RGO)0.075 NCs based DSSCs sensitized with Lawsone,
Curcumin, Anthocyanin, and Betalain are the natural sensitizers

Sensitizers Jsc (mA/cm2) Voc (‘mV’) FF (%) η (%)
bare TiO2 (T)

Lawsone 0.623 360 50.49 0.11
Curcumin 0.987 480 58.49 0.27
Anthocyanin 1.932 400 50.61 0.39
Betalain 2.882 420 53.21 0.64

(Mo0.100Ti0.980O1.990)0.925(RGO)0.075

Lawsone 1.908 390 51.83 0.38
Curcumin 4.501 480 59.99 1.29
Anthocyanin 5.173 420 52.15 1.13
Betalain 8.268 480 56.20 2.23
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the same photoelectrode (TiO2) sensitized with Lawsone
(0.62 mA/cm2), Curcumin (0.98 mA/cm2), and Anthocyanin
(1.93 mA/cm2). The observed highest Jsc value of Betalain
sensitized TiO2 photoelectrode due to the coverage of the
optical absorbance in the visible region compared to others
[figure 10 (d)] and also its carboxylic and hydroxyl functional
moieties [figure S10 (d), ESI] responsible for well connectivity
between the surface of the photoelectrode and extracted
Betalain. It is also seen that, significant enhancement of the Jsc
value is observed from 2.88 to 8.26 mA/cm2, when Betalain
sensitized with optoelectronically modified ternary optimized
(Mo0.100Ti0.980O1.990)0.925(RGO)0.075 NCs based DSSCs. Similar situa-

tions are also occurred in the (Mo0.100Ti0.980O1.990)0.925(RGO)0.075
NCs based DSSCs sensitized with Anthocyanin, Curcumin and
Lawsone [figure 13 (a)].

From the figure 12 (a) and table 3, it is also seen that,
Curcumin sensitized TiO2 based DSSCs shows the highest Voc
(480 mV) value to that TiO2 sensitized with Lawsone (360 mV),
Anthocyanin (400 mV), and Betalain (420 mV). However, from
the figure 12 (b) it is also seen that Curcumin sensitized ternary
(Mo0.100Ti0.980O1.990)0.925(RGO)0.075 NC based DSSCs shows no any
significant enhancement of the Voc value after the optoelec-
tronic modifications of the TiO2 host lattice. But, Betalain shows
significant enhancement of the Voc value sensitized with
optimized ternary (Mo0.100Ti0.980O1.990)0.925(RGO)0.075 NC based
DSSCs. Plot of different natural pigments sensitized with TiO2

(red line) and optimized (Mo0.100Ti0.980O1.990)0.925(RGO)0.075 NC
(blue line) as a function of Voc [figure 13 (b)] shows the
enhancement of the Voc value of almost all the natural dyes
sensitized with optimized NC of (Mo0.100Ti0.980O1.990)0.925(RGO)0.075
excluding Curcumin.

Among the different natural sensitizers, Curcumin sensi-
tized with TiO2 and optimized (Mo0.100Ti0.980O1.990)0.925(RGO)0.075
NCs based DSSCs shows higher FF values as 58.49% (TiO2) and
59.99% [(Mo0.100Ti0.980O1.990)0.925(RGO)0.075] to that of other natural
pigments as sensitizers in DSSCs. Also, from the figure 13 (c) it
is observed that, almost all the natural sensitizers shows
comparatively higher fill factor value when sensitized with
optoelectronically modified ternary
(Mo0.100Ti0.980O1.990)0.925(RGO)0.075 NC based DSSCs.

From the figure 12 (a & b) and table 3 it is seen that, among
the different natural sensitizers Betalain sensitized TiO2 based
DSSCs shows highest photovoltaic conversion efficiency value
η=0.64% which is 83% higher to that of Lawsone (η=0.11%),
58% higher to that of Curcumin (η=0.11%), and 39% higher to
that of Anthocyanin (η=0.39%) based DSSCs. The higher
photovoltaic conversion efficiency of the Betalain sensitized
DSSCs attributed due to the absorption of the maximum

Figure 11. UV-Visible absorption spectra of the solutions containing ex-
tracted Betalain, Curcumin, Anthocyanin and Lawsone dyes detached from
the (Mo0.100Ti0.980O1.990)0.925(RGO)0.075 NC thin films (all with 1.0 cm2 area) in
10 mL of 0.1 mM aqueous solution of KOH

Figure 12. Photocurrent density voltage (I–V) characteristics curves of the (a) TiO2 and (b) optimized (Mo0.100Ti0.980O1.990)0.925(RGO)0.075 NC based photoelectrodes
sensitized with natural pigments viz. Lawsone, Curcumin, Anthocyanin, and Betalain based DSSCs
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photon flux of the solar spectrum for the conversion purpose
and also its well chemical connectivity between the photo-
electrodes enhances the charge transportation in DSSCs and
hence enhances the overall power conversion efficiency of the
device. Also, from the figure 13 (d) it shows the enhancement
of the power conversion efficiencies, when these natural dyes
sensitized with optoelectronically modified, visible active
ternary (Mo0.100Ti0.980O1.990)0.925(RGO)0.075 NCs based DSSCs. Beta-
lain shows the enhancement of the conversion efficiency value
up to 2.23% which is 73% higher conversion efficiency value to
that of Betalain sensitized with bare TiO2 based DSSCs.

Conclusions

In conclusions, the optoelectronic modifications of the TiO2

host lattice through doping with Mo(VI) and incorporation with
RGO for building the ternary (MoxTi1-2xO2-δ)1-y(RGO)y NCs with
varying the content of Mo(VI) through in-situ sol-gel approach.
The addition of Mo(VI) doping in the TiO2/RGO NCs enhances
the average life time of the electrons in the excited state and

decreases the intrafacial charge transfer resistance of the NCs
demonstrated through TRPL and EIS measurements. Afterthat,
these binder free NCs deposited on the surface of the FTO
substrate through doctor-blade technique and sensitized with
Ru(II) based N719 and with extracted natural pigments for the
fabrication of sandwiched DSSCs and tested under AM 1.5 one
sun illumination (100 mW/cm2). Also, the functional, optical and
anchoring properties of the extracted natural pigments viz.
Lawsone, Curcumin, Anthocyanin, and Betalain from natural
resources were studied through FTIR, UV-Visible spectroscopic
techniques. The optoelectronically modified
(Mo0.100Ti0.980O1.990)0.925(RGO)0.075 NC sensitized with N719 shows
the highest power conversion efficiency up to η=7.58% and
the same NC sensitized with Betalain shows highest conversion
efficiency up to η=2.23% which is higher to that of NCs
sensitized with other natural pigments based dyes. These kinds
of materials will be utilized for the fabrication of solid-state
DSSCs through either p-type inorganic or p-type organic
semiconductors as hole-transporting materials (HTMs), and
works are in progress in our lab.

Figure 13. Plot of different natural pigments sensitized on the surface of TiO2 (red line) and optimized (Mo0.100Ti0.980O1.990)0.925(RGO)0.075NC (blue line) as a
function of (a) Jsc in MA/cm2, (b) Voc in mV, (c) FF in %, and (d) power conversion efficiency in %
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Supporting information summary

Synthesis, designing and testing of (MoxTi1-2xO2-δ)1-y(RGO)y NCs
based DSSCs with extraction of natural sensitizers, and
measurements. Rietveld refinement profiles, FTIR analysis, dye
adsorption-desorption analysis, I� V characteristics curves and
plot of Mo(VI) doping vs. photovoltaic performance cell
parameters of the TiO2/RGO and (MoxTi1-2xO2-δ)1-y(RGO)y NCs.
Functional properties of natural pigments. Tables containing
various crystallographic and Rietveld parameters. This material
is available free of charge via the internet at https://www.wiley-
vch.de.
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A R T I C L E I N F O
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A B S T R A C T

In this work, we report an ecofriendly and sustainable approach to recycle the waste toner powder enriched in
organic residues and magnetic Fe3O4. The direct calcination of waste toner powder at 600 °C ensures the
complete decomposition of organic residues and transformation of Fe3O4 into useful magnetic Fe2O3 without any
single chemical treatments. We also exploit the e-waste derived Fe2O3 as an iron precursor and thiourea for the
fabrication of g-C3N4-Fe2O3 photocatalyst through facile one-step calcination process. The obtained Fe2O3 and g-
C3N4-Fe2O3 were characterized by XRD, TGA, SEM-EDS, TEM, BET, XPS, UV–vis. DRS, FT-IR, PL, EIS and VSM.
The photocatalytic activity of the g-C3N4-Fe2O3 was evaluated by the degradation of Methyl Orange (MO) and
Textile Effluents (TE) under sunlight. The resultant g-C3N4-Fe2O3 exhibited better photocatalytic activity than
the Fe2O3 and g-C3N4. Owing to the excellent stability and magnetic separation ability, g-C3N4-Fe2O3 composite
displayed superb recyclability without loss of significant photocatalytic activity up to five repeated runs and
more significantly, it can be recovered magnetically. This novel e-waste recycling strategy may provide new
possibilities for a large-scale and low-cost transformation of waste toner powder into magnetically separable
photocatalyst for wastewater treatment.

1. Introduction

The past decades have witnessed rapid development of information
technology and the huge upsurge of modern office equipment such as a
computer, laser printers, electrostatic copiers, fax, Xerox etc. As a
consequence of this development, discarding of electrical and electronic
waste (e-waste) without the intention of reusing is one of the most
emerging global concerns. According to the statistics of 2017, the
production of e-waste has already reached about 46 and estimated 52.2
Million Metric tonnes of it will be generated in 2021, with an annual
growth rate of 3 to 4%. [1,2] Toner-based printing equipment espe-
cially toner cartridges and toner powders are essential printing material
have been widely used in office and printing industry. For better image
resolution, microparticles of Fe3O4 and SiO2 along with Carbon,
Styrene-acrylate copolymer are added to toner powder. Magnetic Fe3O4

particles used as charge control and adsorbing agent on the surface of
the photosensitive drum, known as a triboelectrification agent, and
SiO2 particles employed to prevent the toner powder from clumping.

[3,4] Considering the limited lifespan of toner cartridge and powders
fall into the end of life stage which is one of the key sources of e-waste.
Notably, a major amount of residual toner powder improperly dumped
into the soil. Subsequently, the traditional method of disposal of waste
toner powder via landfilling not only pollutes the soil but also a serious
threat to the environment. Hence, sustainable recycling of waste toner
powder can be considered as a great opportunity for conservation and
protection of the environment.

At present, a few types of research have been reported on recycling
of waste toner powder into potentially constructive ferrous material.
For instance, Li et al. synthesized Fe3O4 from waste toner powder at
800 °C and employed as the anode in Lithium-ion batteries. [5] Ruan
and co-workers converted waste toner powder into Fe3O4 nanoparticles
by vacuum gasification condensation technique at 800 °C. Gaikwad and
Kumar et al. explored the transformation of waste toner powder into
iron at 900–1550 °C. [6,7] Zhu et al. reported a novel magnetic nano-
composite was using waste toner through high-temperature decom-
position for the removal of Cr(VI) [8]. However, despite such advanced
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Abstract: The nanocomposites were prepared by synthesizing (2,2,6,6-tetramethylpiperidin-1-yl)oxyl
(TEMPO)-oxidized cellulose nanofibrils (TCNFs) or cellulose nanocrystals (CNCs) with hydroxyapatite
(HA) in varying composition ratios in situ. These nanocomposites were first obtained from
eggshell-derived calcium and phosphate of ammonium dihydrogen orthophosphate as precursors
at a stoichiometric Ca/P ratio of 1.67 with ultrasonication and compressed further by a uniaxial
high-pressure technique. Different spectroscopic, microscopic, and thermogravimetric analyses were
used to evaluate their structural, crystalline, and morphological properties, while their mechanical
properties were assessed by an indentation method. The contents of TCNF and CNC were shown
to render the formation of the HA crystallites and thus influenced strongly on the composite
nanostructure and further on the mechanical properties. In this sense, the TCNF-based composites
with relatively higher contents (30 and 40 wt %) of semicrystalline and flexible TCNFs resulted in
smoother and more uniformly distributed HA particles with good interconnectivity, a hardness range
of 550–640 MPa, a compression strength range of 110–180 MPa, an elastic modulus of ~5 GPa, and
a fracture toughness value of ~6 MPa1/2 in the range of that of cortical bone. Furthermore, all the
composites did not induce cytotoxicity to human bone-derived osteoblast cells but rather improved
their viability, making them promising for bone tissue regeneration in load-bearing applications.

Keywords: nanocomposites; nanocellulose; hydroxyapatite; mechanical properties; cytotoxicity

1. Introduction

Natural bone is a highly complex and hierarchically structured composite of strong calcium
phosphate (mainly hydroxyapatite (HA))-based crystalline phase embedded in a soft organic matrix of
collagen proteins and growth factors, thus forming a structure with unique histology and mechanical
properties (strength, resilience, and flexibility) [1]. Depending on the degree of fracture, it has
significantly, at par, self-repairing capability. Minor fractures usually heal perfectly, while larger
fractures, such as segmental bone defects resulting from bone tumor resections or severe nonunionized
fractures, often result in permanent damage. The latter can lead to extensive traumatic fractures,
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osteosarcoma, congenital malformation, or even a hindered regenerative capacity [2]. Currently,
autografts containing patient living cells and growth factors are commonly used, although these are
far from optimal, especially due to the lack of bone availability and the risk of infections and geometric
dissimilarity between a bone and a defect site, altogether often resulting in a rather poor integration [3,4].
However, allografts may be immunogenic and hence rejected by the body [4]. Repairing of larger bone
defects thus poses a major challenge [5], which has demanded the development of various synthetic
alternative composites during the recent decade.

Calcium phosphate-based bioceramic materials, particularly HA with a crystalline structure
similar to that of a bone, have been shown as an excellent bioactive, resorbable and osteoconductive
material to promote bone regeneration [6]. The major limitation of HA is its inherent brittle nature
that accounts for low fracture toughness (0.8–1.2 MPa1/2) and flexural strength (<140 MPa), which
makes their processing into more complex shapes very difficult, hence limiting their use to nonload
bearing application only [6]. Since a bone consists of an inorganic–organic phase, designing a synthetic
bone-regenerated composite should also be a combination of the advantages of both the types of
materials to bring an excellent balance between strength and toughness. Combinations of calcium
phosphate (or HA) with various organic polymers, for instance alginate [7], gelatin [8], collagen [9],
chitosan [10], starch [11], and bacterial cellulose [12], have thus been utilized to develop artificial
bone composites. However, inadequate biomechanical and biological properties, insufficient intrinsic
incorporation, and sometimes masking of an inorganic component by an organic one [13], together with
a poor dispersibility in a biopolymeric matrix, are still the key drawbacks of the existing formulations.
The need for further compositional and structural advancement to enrich these materials with more
complex and in vivo improved functionalities is thus still an increasing demand.

Recently, a great deal of attention has been directed towards the development of novel cost-effective
tissue-mimicking composites using natural materials and green approaches of their engineering [14].
Nanocellulose, generally classified as either highly crystalline (54–88%) cellulose nanocrystals (CNCs)
or semicrystalline cellulose nanofibrils (CNFs), derived from plant biomass, marine animals, or
microbial/bacterial sources [15–18], has been thus also confirmed as promising for various biomedical
applications [19,20], due to its large surface area, good biomechanical properties (Young’s modulus
up to ~145 GPa and mechanical strength up to ~7500 MPa), abundant hydroxyl groups for potential
functionalization, high biocompatibility [21], and insignificant cytotoxicity [22] within the tolerance
limit of an immune system [23,24]. Relatively more flexible CNFs with a few micrometer in length and
up to 150 nm in diameter have been explored extensively in wound healing [25], tissue engineering [26],
and cell therapy [27], while smaller and more rigid CNCs with <300 nm in length and around
10 nm in diameter were used as targeted drugs [28–31] and genes [32] in delivery systems and
in diagnostics [33]. Some studies have been also already reported the bone cell growth and
differentiation-promoting effect of bacterial nanocellulose by in vitro [34] experiments, which in
a mixture with HA accelerated new bone formation at defect sites in rat tibiae four weeks after
implanting [35]. However, there is only a very limited number of studies reporting the use of
plant-derived nanocellulose in bone tissue regeneration. Recent examples include porous bioactive
glass CNC-based scaffolds, which were found to be bioactive and biocompatible against osteoblast
cells [36], as well as porous CNF-based scaffolds [37–39] with a positive chondrocyte cell response and
a potential in cartilage tissue engineering. In addition, oxidized CNF products have been studied to
increase its degradability in vivo [24] and to promote its gradual replacement with an extracellular
matrix. In line with this, (2,2,6,6-tetramethylpiperidin-1-yl)oxyl (TEMPO)-oxidized CNFs [40] (TCNFs)
was further functionalized with osteoinductive phosphonates [41] to promote osteogenic differentiation
of mesenchymal stem cells and increase Ca deposition with the formation of HA-like structures.

In recent years, sonochemical preparation of narrow-size-distribution nanoparticles [42] (including
HA [43,44], calcium phosphate [45], and zinc phosphate [46] has become a promising strategy. It has also
been shown suitable for the preparation of cellulose-based nanocomposites, such as cellulose/CaCO3 [47]
and cellulose/Mn3O [48], compared with microwave-assisted or oil heating methods [49,50]. However,
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the application of a sonochemical method in the preparation of nanocellulose/HA-based composites has
not yet been reported. The evaluation of such composites for bone regeneration has also not been taken
into consideration yet, and especially the fibrillar nature of CNFs has not been considered, which can
mimic natural bone architecture and, as such, initiate and/or enhance osteogenic differentiation [51].

The objective of the present study was to fabricate nanocomposites from different types of
nanocellulose (flexible TCNF and rigid CNC) and HA synthesized in situ by a sonochemical method
using an eggshell as a derivative of calcium and dihydrogen orthophosphate precursors, as illustrated
schematically in Figure 1. The as-prepared nanocomposite powders were further compressed by a
uniaxial compression technique and characterized with regards to their morphological, physicochemical,
thermal, and mechanical properties. Varying concentrations of the TCNF and the CNC were applied
in order to verify the potential of different formulations to mimic an inorganic–organic structure and
mechanical properties of a bone. Finally, their cytotoxicity was evaluated by using human bone-derived
osteoblast cells.
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Figure 1. Schematic illustration of nanocellulose/hydroxyapatite (HA) composites preparation by a
sonochemical method, followed by mechanical and cytotoxicity testing.

2. Results and Discussion

2.1. Structure, Morphology, and Thermal Stability of the Nanocomposites

The FTIR spectra (Figure 2) of the HA–TCNF/CNC composites demonstrate typical spectral lines
for the HA and the cellulose. The spectrum of the synthesized HA (Figure 2a) reveals specific peaks at
around 560 and 601 cm–1, corresponding to the phosphate group (PO4

3–) bending vibration [52,53].
The intense and sharp absorption band observed at around 1028 cm–1 resembled the symmetric and
asymmetric stretching of phosphate, while the bands observed at around 870 and 1440 cm–1 originated
from the carbonate groups (CO3

2–) in the crystal lattice of the HA. Representative cellulose vibration
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bands were also identified within the TCNF spectral line as shown in Figure 2b [54]. The glucose
ring related to the C–O bond at around 1060 cm–1, the –OH vibrations region at around 3342 cm−1,
and the C–H stretching vibrations at around 2926 cm−1, as well as the antisymmetric bridge of the
C–O–C stretching and the skeletal vibrations of the C–O stretching at around 1160 and 1115 cm−1,
respectively. The peaks at around 1316 and 1423 cm−1 corresponded to the presence of the –CH2

rocking and bending groups [55], while the stronger peak at around 1604 cm−1 was associated to the
carboxylic (COO–) stretching vibrations groups [41,56].
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Figure 2. Representative FTIR spectra of the pure HA (a) and the (2,2,6,6-tetramethylpiperidin-1-yl)oxyl
(TEMPO)-oxidized cellulose nanofibrils (TCNFs) (b). FTIR spectra of the corresponding nanocomposites:
(c) HATCNF10 prepared with 10 wt % of TCNF; (d) HATCNF40 prepared with 40 wt % of TCNF;
(e) HACNC10 prepared with 10 wt % of CNC; and (f) HACNC40 prepared with 40 wt % of CNC.

In the case of the nanocomposites spectra (Figure 2c–f), the absence or very weak cellulose peaks
were observed at around 3342, 2926, 1604, 1316, 1160, and 1060 cm–1, indicating that the surfaces of
the nanocellulose were probably completely covered with the HA crystals [53]. In addition, increases
of the bands at around 1440 cm–1 and 870 cm–1 corresponding to the carbonate (CO3

2–) groups in
the crystal lattice of the HAp [57], being shifted slightly to around 1423 and 897 cm–1, respectively,
and being more intensive in the case of the nanocomposites with a lower nanocellulose content
(HACNC10 and HATCNF10), may present an ionic substitute for PO4

3− in the apatite crystal of the
HA. At the same time, a more intensive band was observed at around 941 cm–1 corresponding to the
symmetric stretching mode of the P–O of the phosphate group, and peaks at around 560 and 601 cm–1

corresponded to the PO4
3– bending of the HA.

Earlier reports explained that minerals are formed on CNFs due to the adsorption of mineral
ions from solutions [34], suggesting that polar functional groups, such as OH– on cellulose backbones
or even COO– and OSO3

– groups in the case of TCNF and CNC, respectively, trigger the nucleation
of calcium phosphate crystals [58]. However, other studies [59,60] reflect that cellulose OH– groups
do not have a high enough reactivity to grow calcium phosphate crystals, due to significantly weak
interactions between negative partial atomic charges of oxygen atoms of OH– groups and positive
calcium ions (ion–polar interactions) that probably cannot compensate for entropy losses.

The XRD analysis of the pure TCNF, as well as those of the HA–TCNF/CNC nanocomposites, was
performed to identify the HA morphological and crystalline structure. The XRD spectra of the TCNF
(Figure 3a) exhibited typical diffraction peaks at 2θ of around 16◦ and 22.6◦, corresponding to the (101)
and (002) planes of cellulose I allomorphs, respectively, representing their partial crystalline nature [54].
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On the other hand, the XRD patterns of HA–TCNF/CNC nanocomposites (Figure 3b–e) showed a weak
peak at 2θ of around 22.6◦, which was characteristic for the cellulose (Figure 3a), and relatively sharp
peaks at 2θ between 25◦ and 35◦ corresponding to the HA with the Miller indices (hkl) at the (201),
(211), (300), and (310) planes, according to the JCPDS-861199 [44,53] database. The lower peaks in the
composites (Figure 3b–e) were observed for Ca(OH)2 (according to the JCPDS-841276 database) at
around 46.9◦, 49.4◦, and 53.1◦. Besides, the composites prepared with 10 and 40 wt % of nanocellulose
may be constituted as a mixture of Ca10(PO4)6(OH)2 and Ca(OH)2, according to the JCPDS-861199
and JCPDS 841276 databases, respectively. In addition, the spectra of the composites prepared with
a lower (10 wt %) nanocellulose content resembled the peaks of the synthesized HA with 14.56 nm
(HATCNF10) or (16.25 nm (HACNC10) average crystallite sizes in a nonstoichiometric Ca/P structure
(Ca/P ratio = 2.35–2.24) (Table 1). On the other hand, the composites prepared with a higher (40 wt %)
nanocellulose content showed broader HA-related peaks at 2θ of around 32◦–33◦, being reflected in
the HA with poor crystallinity and lower crystal sizes (12.22–12.53 nm). This effect was expressed
more in the case of the composite prepared with 40 wt % of CNC, where the greatest deviation from a
stoichiometric Ca/P structure, i.e., calcium-rich (phosphorus-deficient) structure with a Ca/P ratio of
2.48, was identified. In addition to the competitive interactions of mineral ions with the CNF or CNC
surface, the reason for such a deviation in a Ca/P value may also be from the replacement of PO4

3–

in the HA with CO3
2– ions, which can be produced from gaseous carbon dioxide or be converted

into carbonic acid under the alkaline condition [57]. In addition, owing to a high viscosity of the
nanocellulose solutions, the Ca2+ ions were difficult to diffuse and thus first grasped by the OH– ions,
resulting in a partially remaining Ca(OH)2. In the second stage, the viscosity was decreased by an
increase of temperature through the reaction, which induced the synthesis of HA to be surrounded
with a large number of PO4

3− ions.
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Figure 3. Representative XRD spectra: the pure HA (a) and the TCNF (b). XRD spectra of the
corresponding nanocomposites: (c) HATCNF10 prepared with 10 wt % of TCNF; (d) HATCNF40
prepared with 40 wt % of TCNF; (e) HACNC10 prepared with 10 wt % of CNC; and (f) HACNC40
prepared with 40 wt % of CNC.

Table 1. Elemental analysis, Ca/P ratio, and crystallite size of HA in different nanocomposites.

HATCNF10 HATCNF40 HACNC10 HACNC40

C (wt %) 7.59 ± 0.71 10.10 ± 0.67 7.56 ± 5.82 14.39 ± 4.15

O (wt %) 49.66 ± 0.79 49.68 ± 2.46 46.56 ± 1.21 47.95 ± 0.98

P (wt %) 12.75 ± 0.26 13. 69 ± 0.72 14.16 ± 2.11 10.81 ± 1.65

Ca (wt %) 30 ± 1.10 26.52 ± 2.25 31.72 ± 4.71 26.84 ± 3.25

Ca/P ratio 2.35 1.93 2.24 2.48

HA crystallite size Dxrd (nm) 14.56 12.22 16.25 12.53
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SEM images of the surface and the cross-section (in the inset) of all the synthesized and compressed
HA-TCNF/CNC nanocomposites are presented in Figure 4. A rearrangement/reorientation of the
components on the surfaces of the composites, being induced by the compression, as well as
the CNF/CNC contents, was observed. A smoother and more uniformly distributed surface and
cross-section can be observed in the case of the CNF-based composites compared to the CNC-based
ones, where the lack of effective connections between smaller the HA–CNC particles was evident. It is
obvious that the presence of the TCNF/CNC induced the nucleation of the HA and further modulated
the kinetics and the morphology of the HA crystal growth [9,53] well as regulating the HA crystal
structure, depending on the type of the nanocellulose and the available surface functional groups.
As the crystallization was associated with the nucleation and the growth pattern and was highly related
to the degree of saturation in the liquid phase, the representative HA–TCNF/CNC powders synthesized
were agglomerated and irregularly shaped, compared to the eggshell-derived HA (Supplementary
Figure S2). The powders were also larger in the samples containing CNC (Supplementary Figure S2c,
HACNC20) compared to the TCNF-containing (Supplementary Figure S2b, HATCNF20) samples,
which was most likely related to a better dispersibility of TCNF in a water solution. The effect of
chemical interactions on the physical growth of HA could be also recognized, which was identified
by a decrease of particle size for the composites synthesized in the presence of smaller and rod-like
CNCs compared to that for the composites with fibrillated and a few micrometer long TCNFs. Besides,
CNCs possesses an abundant amount of –OH groups, as well as some anionic OSO3

– groups, arising
from strong sulphuric acid hydrolysis [61,62], both of which may trap Ca2+ ions through weak and
specific coordination interactions (ion–dipolar forces) and nonspecific hydrogen bonding, as well
as electrostatic interactions, and further attract PO4

3− ions from a precursor solution [9,63]. In the
case of TCNF, electrostatic and coordination interactions may occur between Ca2+ ions and both OH–

and COO– groups, leading to a stronger composite formation with more homogenously distributed
components (as presented in Figure 4a,b).

The thermal stability of the samples was analyzed using TGA (Figure 5). The change of samples
weight loss during the stepwise TGA was observed in the range between 40 and 850 ◦C, giving an
indirection sight about the samples’ structures. As shown from the thermogram of the HA sample
(Figure 5a), the weight loss was around 15.1% in the first temperature range of 30–167 ◦C, which
was attributed to the loss of water and moisture trapped in the sample, and increased gradually by
around 4% at temperatures up to 850 ◦C due to the decomposition of organic impurities and structural
reformation. The thermogram of the TCNF (Figure 5b) shows an initial weight loss of around 4.5%
between 40 and 300 ◦C due to an evaporation of adsorbed and loosely bound water, followed by its
decomposition and the condensation of functional groups (–OH and –COOH) in the second phase
(300–373 ◦C) [53,64,65] and the decomposition of cellulose chains in the third stage at temperatures up
to 600 ◦C, with an overall weight loss of around 87%. All the thermograms of the nanocomposites
show an initial first-phase weight loss at temperatures up to 300 ◦C similar to that of the pure TCNF
(related to the evaporation of differently absorbed/bounded water), while a gradual reduction of weight
loss can be observed in the region between 373 and 850 ◦C, resulting in a 19–21% weight loss in the
case of the composites containing a lower percentage of nanocellulose (HACNC10 and HATCNF10,
Figure 5e,c). The weight loss reduction was increased further to around 24% in the case of HATCNF40
(Figure 4d) and to around 46% in the case of the HACNC40 sample (Figure 5f), indicating the important
influence of the composite structure, in which HA was formed around the nanocellulose to protect
it. The latter was presumably also affected by the coverage homogeneity, which was found to be less
in the case of the composite with highly concentrated CNC (HACNC40) compared to those of the
other composites, including HATCNF40, thereby indicating the thermal instability of these samples.
A higher weight loss reduction of the CNC-based composites may be also related to a lower intrinsic
thermal stability of CNC due to the presence of remnant sulphate groups in the CNC [61] as well as a
large number of free end chains of smaller CNC particles, which both facilitated the decomposition of
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the cellulose at lower temperature [62,66], consequently causing increases in the char yields of these
hydrolyzed samples.
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the corresponding nanocomposites: (a) HATCNF10 prepared with 10 wt % of TCNF; (b) HACNC10
prepared with 10 wt % of CNC.; (c) HATCNF20 prepared with 20 wt % of TCNF; (d) HACNC20
prepared with 20 wt % of CNC; (e) HATCNF30 prepared with 30 wt % of TCNF; (f) HACNC30 prepared
with 30 wt % of CNC; (g) HATCNF40 prepared with 40 wt % of TCNF; and (h) HACNC40 prepared
with 40 wt % of CNC. The magnifications in all the figures are the same.
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the corresponding nanocomposites: (d) HATCNF10 prepared with 10 wt % of TCNF; (e) HATCNF40
prepared with 40 wt % of TCNF; (f) HACNC10 prepared with 10 wt % of CNC; and (g) HACNC40
prepared with 40 wt % of CNC.

2.2. Mechanical Properties of the Nanocomposites

An alternative material that would be used for bone tissue regeneration should be mimicking the
properties of the natural bone, and above all, it should possess enough stiffness and flexibility to be
capable to resist deformations behavior at different loadings and displacements [2]. The mechanical
properties of such a material, particularly fracture toughness, which defines how an implant will
resist the cracking and is thus one of the most crucial safety issues of such a material, need to be
balanced to be used for specific bone graft application. The fundamental relationship underlying
these properties can be defined by many approaches (e.g., compression strength, compressive elastic
modulus, hardness, and fracture toughness), which were also studied in our previous work [44] by
using the compression technique and the Vickers indentation method.

The results of the mechanical properties analyzed for the fabricated nanocomposites are presented
in Figure 6. The density (Figure 6a) and the Vickers hardness (Figure 6b) of the composites prepared
with different TCNF/CNC contents (10, 20, 30, and 40 wt %) were similar for all the TCNF-containing
samples, while they decreased gradually by up to 45% and 50% in the case of the composites containing
30 and 40 wt % of CNC (samples HACNC30 and HACNC40, respectively), indicating a weaker
CNC–HA interaction at a higher CNC content. This may be related to an irregular distribution of
the nanomaterials (as discussed in relation to the SEM images presented in Figure 4), their poor
interconnectivity, and/or the HA crystalline structure (as determined from the spectroscopic analysis,
Figures 2 and 3). Besides, the generally higher density (2.09–2.04 g·cm–3) and the higher hardness
(550–640 MPa) of the HATCNF-based composites compared to those of the HACNC ones (density:
2.04–1.9 g·cm–3 and hardness: 542–405 MPa), with a small decline only for the HATCNF40 composite,
are also in good agreement with those of the samples with a bulk structure analyzed in the previous
section. The compression strength (Figure 6c) and the elastic modulus (Figure 6d) followed a similar
trend, that is, both values were evidently higher and almost independent on the CNF content for the
HATCNF composites (186–120 MPa and 5004 ± 308 MPa for the compression strength and the elastic
modulus, respectively) compared to the HACNC ones, where they decreased to around 153–96 MPa
and 2379 ± 39MPa, respectively, with more than 30 wt % of CNC addition. Consequently, the fracture
toughness values, indicating a partial or complete break of the material, were higher for all the
HACNF-based composites and increased with the increase of CNF content from 5.4 to 6.6 MPa1/2;
compared to those of the HACNC ones with a range of 4.7–4.9 MPa1/2. The main reason, presumably,
lies in the rigidity and the high crystallinity of the CNCs compared to the semicrystalline and flexible
CNFs, as well as their interconnectivity/anchoring with the differently structured and distributed
HA particles.
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Figure 6. Mechanical properties of the corresponding nanocomposites: (a) density, (b) Vickers hardness,
(c) compression strength, (d) elastic modulus, and (e) fracture toughness. HATCNF10 and HACNC10
are the samples prepared with 10 wt % of TCNF and CNC, respectively. HATCNF20 and HACNC20
are the samples prepared with 20 wt % of TCNF and CNC, respectively. HATCNF30 and HACNC30
are the samples prepared with 30 wt % of TCNF and CNC, respectively. HATCNF40 and HACNC40
are the samples prepared with 40 wt % of TCNF and CNC, respectively.

From the point of complex mechanical properties and the requirement to mimic the function of
outer and dense cortical bone (with a mechanical strength between 100 and 230 MPa, an elastic modulus
between 15 and 25 GPa, and a fracture toughness value between 2 and 12 MPa1/2) [67], the HATCNF
composite prepared using 30 wt % of TCNF (with a compression strength of 167 ± 15 MPa, a Young’s
elastic modulus of 4978 ± 55 MPa, and a fracture toughness of 5.9 ± 1.8 MPa1/2), seems to be the most
suitable composite for bone regeneration applications.

2.3. Cytotoxicity of the Nanocomposites

The cytotoxicity testing using human bone-derived osteoblasts (hFOB) was performed on the
HA–TCNF/CNC nanocomposite powders of different compositions (10 and 40 wt %) by evaluation of
the potential cytotoxic/cytostatic response of the cells. According to the obtained viability measurement
results presented in Figure 7, the nanocomposites induced no observable negative effect on the cell
growth, as well as no zone of inhibition after 24 h of incubation in cell culture media, compared with
the pure nanocellulose (the TCNF and the CNC). It can be seen immediately that the modification using
HA with either nanocellulose type resulted in improved cell viabilities, regardless of the percentage of
the HA in the composites.

In the case of the TCNF-containing composites, the same results were also obtained for both of
the prepared dilutions. The viabilities even increased a little bit with more diluted samples (Figure 7a),
indicating the possible contact-inhibitory effect of the composites, which in larger quantities (lower
dilutions) did not promote the cell growth as much as found for the diluted samples. With a decreased
percentage of HA in the samples (e.g., in the case of HATCNF40; Figure 7a), the viabilities were also
lower, indicating that the pure TCNF was less favorable for the growth of osteoblasts in its pure
form. This observation is also in agreement with the measured viabilities for the control samples (the
pure TCNF).

Similarly, neither of the CNC-containing composites (Figure 7b) exhibited any toxic effect on
the growth of osteoblasts, at least not on the level of the cell metabolism. However, surprisingly,
the highest observed cell viability for the CNC samples was found for the base-undiluted samples,
followed by those for the diluted samples. The latter, in both the cases, was almost indistinguishable
from the control sample (the nonmodified CNC). Furthermore, contrary to the results found in the CNF
samples, changing the percentage of the HA in the samples did not influence the overall cell viability
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at all. Considering both the mentioned results in regard to the nanocomposite type, we can presume
that, in the case of CNC, the samples influenced the cell growth positively, when direct contact of cells
with the suspended material occurred. Hence, after dilution, with fewer nanocomposites particles
in the cell-culturing media, these particles did not come into contact with the cells with high rates,
diminishing this positive effect on their growth. It can be concluded that the presence of the CNC (itself
or as a composite) had a positive effect on the osteoblast growth, making it an interesting material,
regardless of modification, for further studies towards its potential usage in bone tissue engineering.
The observed positive influence of the CNC on cell growth was also in agreement with our previous
studies [66].
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Figure 7. Viability of human osteoblast cells (hFOB) after 24 h of cultivation for 24 h at 37 ◦C and
5 wt % of CO2 for the composites: TCNF-based nanocomposite powders (HATCNF10 and HATCNF40
prepared with 10 and 40 wt % of TCNF, respectively) (a) and CNC-based nanocomposite powders
(HACNC10 and HACNC40 prepared with 10 and 40 wt % of CNC, respectively) (b), relatively to the
controls (the pure TCNF and CNC). * p ≤ 0.05.

3. Conclusions

The nanocomposites were prepared by synthesizing HA with either TCNF or CNC in situ and using
eggshell-derived calcium and ammonium dihydrogen orthophosphates as phosphate precursors and a
means of ultrasonication, and they were compressed further by a uniaxial high-pressure technique.

The contents of the TCNF and the CNC were shown to influence the composite structural and
morphological properties strongly. Above all, HA formed crystallites with a crystal size that rendered
the composite interconnectivity and further influenced the composites mechanical properties. In this
sense, the composites prepared with relatively higher contents of semicrystalline and flexible TCNFs
were found to demonstrate better compression strengths, elastic moduli, and fracture toughness,
in the range of outer and dense cortical bone, than the CNC-based ones. Furthermore, regardless
of the composite composition (either the used nanocellulose forms or the weight percentage), these
composites did not induce cytotoxicity to human osteoblast cells. On the contrary, all the HA-containing
composites improved the viability of the osteoblasts when compared to the pure CNCs or TCNFs.
Based on all the above mentioned results, the prepared nanocomposites may be promising candidates
for bone tissue regeneration in load-bearing applications, such as defects in large bone augmentation or
grafts. These materials could be used either on their own or as part of other formulations, potentially
improving their mechanical properties and/or osteointegration potential.

4. Experimental

4.1. Materials and Methods

Eggshell was used as a calcium precursor; ammonium hydroxide (NH4OH), ammonium
dihydrogen orthophosphate (NH4H2PO4), and hydrogen peroxide (H2O2) were received from Fisher
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Scientific, India. The CNFs (flexible and branched fibrils with 20–50 nm in width and several hundred
micrometers in length) and the CNCs (rod-shaped particles with 5–20 nm in width and 150–200 nm in
length) made from wood pulp were purchased from the University of Maine, the Process Development
Center, USA. The TEMPO reagent, sodium bromide, sodium hypochlorite solution, ethanol (EtOH),
and other chemicals were procured from Sigma-Aldrich and used as received.

4.2. Preparation of the HA–TCNF and HA-CNC Nanocomposites

The preparation of CaO from the eggshell and its further conversion into Ca(OH)2, used as a
calcium precursor for the preparation of the HA, was presented in our previous work [68]; the detailed
preparation protocol was given in Supplementary Materials. TEMPO-mediated oxidation of the
CNF was performed as previously reported elsewhere [40,69]; the detailed procedure was given in
Supplementary Materials. In order to prepare the HA–TCNF/CNC nanocomposites with a varying
TCNF/CNC composition, the prepared solutions of the precursors were mixed with 10, 20, 30, and
40 wt % of the TCNF and CNC suspensions, respectively, followed by their ultrasonication for 10 min
to form homogeneous dispersions. The dispersed suspensions were stirred for another 10 min on a
magnetic stirrer, followed by ultrasonication for 60 min, with an interval of 10 min to avoid overheating.
The products (the HA and the HA–CNF/CNC composites) were then washed several times with
deionized water, vacuum filtered, and kept for drying overnight in an oven at 60 ◦C. The dried products
were ground in an agate mortar and pestle set to obtain fine powders, which were compressed at a
pressure of 15 kN or 764 MPa by using a uniaxial compression technique (Smitweld 1405) to form
cylindrical pellets and further characterized and studied.

The samples were labeled related to the type and the weight percentage of each component: i.e.,
HATCNF10 (10 wt % of TCNF and 90 wt % of HA), HACNC10 (10 wt % of CNC and 90 wt % of HA),
HATCNF20 (20 wt % of TCNF and 80 wt % of HA), HACNC20 (20 wt % CNC with 80 wt % HA),
HATCNF30 (30 wt % of TCNF and 70 wt % of HA), HACNC30 (30 wt % CNC and 70 wt % HA),
HATCNF40 (40 wt % of TCNF and 60 wt % of HA), and HACNC40 (40 wt % CNC and 60 wt % HA).

4.3. Characterization of the Nanocomposites

The FTIR spectra over a region of 400–4000 cm–1 and a spectral resolution of 4 cm–1 were recorded
at ambient conditions by a Perkin-Elmer spectrum one FTIR spectrometer (USA) with a Golden Gate
ATR attachment and a diamond crystal. The spectra were carried out from accumulating 25 scans and
with air spectrum subtraction performed in parallel as a background. The Spectrum 5.0.2 software
program was applied for the data analysis. All the measurements are carried out in uplicate.

The XRD analysis of the samples was performed using the D4 Endeavor diffract meter (Bruker
AXS, Karlsruhe, Germany) with a Sol-X dispersive detector. The diffraction patterns were recorded
using CuKα radiation at a voltage of 40 kV and a current of 30 mA. The range of 2θ was chosen from 5◦

to 80◦, with a step size of 0.02 and a collection time of 3 s. The average crystallite size of the synthesized
HA was estimated at 2θ of 25◦, 32◦, 39◦, and 46◦ using the Scherrer equation [68]:

t(hkl) = 0.9λ/B·cosθ(hkl), (1)

where λ is the wavelength of the monochromatic X-ray beam (λ = 1.54056 Å for CuKα radiation),
B is the full width at half maximum (FWHM) of the peak at the maximum intensity, θ(hkl) is the peak
diffraction angle and satisfies Bragg’s law for the (h k l) plane, and t(hkl) is the crystallite size.

The structure and the morphology of the samples were characterized by using a low-vacuum
scanning electron microscope (SEM) (FEI Quanta 200 3D, USDA, Washington, D.C., United States),
equipped with an energy dispersive X-ray spectrometer (EDXS) (Oxford INCA 350, Oxford, UK).
The samples were sputter-coated with gold before being examined using the backscatter (BSC) mode
and the secondary electron (SE) mode at different magnifications. High-vacuum field-emission
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SEM (FEI Sirion NC 400, USA, Lausanne, Switzerland) was used within a magnification range of
250–200,000 times.

TGA of the samples was performed under inert nitrogen conditions within a temperature
range between 25 and 1000 ◦C and at a testing rate of 10 ◦C·min−1, using a PerkinElmer Pyres 1
thermogravimetric analyzer.

The mechanical properties (density, hardness, fracture toughness, compression mechanical
strength, and compression elastic modulus) of the nancomposites were evaluated using 100 or 200
mg-weight cylindrically shaped pellets with a diameter of 5 mm, as reported in our previous study [44].
The pellets were prepared from the nanocomposite powders by compression methods under controlled
conditions (force of 15,000 N and crosshead velocity of 0.05 mm·s–1) and displacements, measured by a
tensile testing unit (TTU 2002) of the SMITWELD 1405 testing machine. The pellets with a weight
of 100 mg were used to perform the Vickers hardness and fracture toughness tests, while the pellets
with a weight of 200 mg were used to perform the compression tests. The hardness measurement was
performed by a 6 kg load applied for 20 s using a standard Vickers diamond indenter with a 136◦

angle (Shimatzu HV2000 machine, Kyoto, Japan); indentation was followed by a scanning electronic
microscope (FEI Sirion NC 400, Washington, D.C., United States, USA), where two diagonals of the
indentation were measured. The compression strength was obtained as the maximum value of the
applied stress, performed on the tensile testing unit 2002 of the SMITWELD 1405 testing machine.
Young’s modulus was determined by the compression method. The linear elastic fracture toughness
(KIc) values of the composites were calculated with the stress intensity factor ∆K, at which a thin crack
in the material began to grow, and measured in the unit of MPa·m1/2 or ksi·in1/2. Fracture toughness
was achieved on a Vickers hardness machine ZWICK by indenting the Vickers’s diamond pyramid
with an angle of 136◦ into the pellets. The model of fracture toughness was given in Supplementary
Materials (Figure S1). Depending on the nature of the composites and the appearance of the crack
(Palmquist/elliptic- or half penny-shaped), the fracture toughness was calculated by the half-penny
and Palmquist models, respectively, according to the following equations [44,70]:

KIC = 0.0089
( E

Hv

) 2
5 P

ac1/2
, (2)

KIC = 0.014
( E

Hv

)1/2 P
c3/2

, (3)

where E is the modulus (MPa), Hv is the measured hardness (MPa), P is the applied load, and c is the
radical crack length (mm). The densities of the composites were determined by weighing the mass
of each pellet and measuring their geometric parameters by a Vernier caliper. The results presented
are the mean values ± standard deviations of at least three independent measurements. Analysis of
statistical significance (p ≤ 0.05) were performed by means of a one-way analysis of variance (ANOVA)
using the SPSS software.

4.4. Cytotoxicity Testing

The cytotoxicity testing of the differently synthesized nanocomposites was performed using
human osteoblast cells (hFOB 1.19, ATCC CRL 11372, ATCC, London, UK). Approximately 30 mg
of the samples was suspended in 3 mL of the cell culturing media (Advanced Dulbecco’s modified
Eagle’s medium, ADMEM, Gibco, MA, USA), supplemented with 5 wt % of fetal bovine serum (FBS,
Gibco, USA). Before applying them to the cells, the samples were centrifuged at 1125 × g for 5 min to
remove large agglomerates and sterilized under UV light for 30 min. The hFOB cells were applied to a
P96 microtiter plate with a density of 10,000 cells per well, followed by incubation for 24 h at 34 ◦C and
with 5 wt % of CO2. Subsequently, the as-prepared samples, as well as their dilutions in the ratios
of 1:2 and 1:4 in the cell culturing media, were applied to the cells in four replicates. As the control,
suspensions of the native CNF and CNC were used. These cell–sample combinations were incubated
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for 24 h at 37 ◦C with 5 wt % of CO2, before the cells viability was evaluated via the reduction reaction
of the tetrazolium salt MTT (3(4,5 dimethylthiazolyl-2)-2,5-diphenyltetrazolium bromide) according to
Mosmann [71]

The obtained results are presented as means ± confidence intervals, calculated as ± ts/
√

x, where
t is a Student’s t-distribution, s is the standard deviation, and x is the number of measurements. The
analysis of statistical significance (p ≤ 0.05) was implemented using a one-way ANOVA test and
Microsoft Office Excel 2016 (Microsoft, USA).

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-4991/10/1/25/s1,
Figure S1: Model for fracture toughness measurement by the Vickers indentation method; Figure S2:
Representative SEM images of (a) HA, (b) HATCNF20, and (c) HACNC20 powders; Figure S3: EDX spectra of
respective nanocomposites.
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Fw: Report of zeta potential and particle size
3 messages

Nitin Potphode <potphoden@yahoo.com> Thu, Nov 30, 2017 at 20:07
Reply-to: Nitin Potphode <potphoden@yahoo.com>
To: jitesh daunde <jitesh.daunde@gmail.com>

On Thursday, November 30, 2017 1:33 PM, amol tagalpallewar <tirupati21@rediffmail.com> wrote:

Dear sir,
The test solution is dispersed in water. The instrument analyses the sample concentration and
provides 
information of intensity. The intensity of laser is checked and the sample is analyzed by using
Delsa 
Nano C. The zeta potential of given sample was found to be ............

Note: Forwarded message attached

-- Original Message --

From: "amol tagalpallewar"tirupati21@rediffmail.com
To: potphoden@yahoo.com
Subject: Report of zeta potential and particle size

Dr. Amol Tagalpallewar 
Associate Professor(Pharmaceutics)
Singhad Technical Education Society's 
Sinhgad Institute of Pharmacy
Mumbai Pune bypass, off. Smt. Kashibai Navale Hospital, Narhe Road, Narhe (Ambegaon), Pune-
411 041.Maharashtra,India.
Cell:7768994663,8888654232,
Phone:020-66831802/66831806 
Fax: 020-24699051 
Website: www.sinhgad.edu

mailto:tirupati21@rediffmail.com
mailto:tirupati21@rediffmail.com
mailto:potphoden@yahoo.com
http://www.sinhgad.edu/


Dr. Amol Tagalpallewar 
Associate Professor(Pharmaceutics)
Singhad Technical Education Society's 
Sinhgad Institute of Pharmacy
Mumbai Pune bypass, off. Smt. Kashibai Navale Hospital, Narhe Road, Narhe (Ambegaon), Pune-
411 041.Maharashtra,India.
Cell:7768994663,8888654232,
Phone:020-66831802/66831806 
Fax: 020-24699051 
Website: www.sinhgad.edu

jitesh daunde <jitesh.daunde@gmail.com> Tue, Dec 19, 2017 at 17:37
To: Nitin Potphode <potphoden@yahoo.com>

Thanking You
Jitesh A. Daunde
Department of Zoology,
Shivaji University, Kolhapur
Contact- 08484086984
  
[Quoted text hidden]

Nitin Potphode <potphoden@yahoo.com> Sun, Dec 24, 2017 at 22:40
Reply-to: Nitin Potphode <potphoden@yahoo.com>
To: jitesh daunde <jitesh.daunde@gmail.com>

Thank u
[Quoted text hidden]

http://www.sinhgad.edu/








2/10/2020 Gmail - Expert for evaluation of projects-reg

https://mail.google.com/mail/u/0?ik=a51774ca53&view=pt&search=all&permthid=thread-f%3A1655878352301745434&simpl=msg-f%3A1655878… 1/1

Manne Venkata Santha Kumar <mvdrsanthakumar@gmail.com>

Expert for evaluation of projects-reg
2 messages

Director CSR&TI_Ber <csrtiber@gmail.com> Thu, Jan 16, 2020 at 3:27 PM
To: Dr M Venkata Santhakumar <mvdrsanthakumar@gmail.com>

Sir/Madam
Dr. M.V Santha Kumar
      It’s immense pleasure to inform that your kindself has been designated
as Expert for evaluating the research project proposals and project concluded
reports in Mulberry Sericulture by Central Silk Board.

      In this context, CSRTI-Berhampore heartily welcomes you and hope that the
scientists of this premier Institute shall be privileged and benefited from your vast &
versatile experience for improving sericulture in Eastern & North-Eastern India. 

      Further, it is to inform that a nominal honorarium of Rs. 1500/- would be paid
for evaluation of the project proposal/report.   
With Kind Regards,
--------------------------
Dr. V. SIVAPRASAD
DIRECTOR
Central Sericultural Research & Training Institute,
An ISO 9001:2015 certified Institute
Central Silk Board, Govt. of India.
Berhampore - 742 101, Murshidabad, West Bengal, India.

P Please do not print this email unless it is absolutely necessary. 
Digital India – Go Green – Save Paper

Manne Venkata Santha Kumar <mvdrsanthakumar@gmail.com> Thu, Jan 16, 2020 at 7:59 PM
To: "Director, CSR&TI, Berhampore" <csrtiber@gmail.com>

Respected Sir,
 Thank You very much for the honour given to me. I feel myself fortunate. I gladly accept my inclusion in Panel of
experts for evaluating Research Project proposals and concluded Research Projects.  I will do my best.
Thanking You.
Yours faithfully,
Dr.M.V.Santha Kumar (9130023099 / 8788063988).

[Quoted text hidden]
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2/10/2020 Gmail - Re: ICSCCB Registration for Workshop on Human/Cancer Cell Culture Techniques & MTT Assay Pune, India

https://mail.google.com/mail/u/0?ik=b6b44bf58d&view=pt&search=all&permthid=thread-a%3Ar-4651303448553220354%7Cmsg-f%3A16536254… 1/1

Namrata Jadhav <namrataj919@gmail.com>

Re: ICSCCB Registration for Workshop on Human/Cancer Cell Culture
Techniques & MTT Assay Pune, India
1 message

Dr. Sheo Mohan Singh <icsccb2012@gmail.com> Sun, Dec 22, 2019 at 6:38 PM
To: Namrata Jadhav <namrataj919@gmail.com>

Dear Namrata,

We have received your application and fees for 1-Week Hands-on Workshop on Human/Cancer Cell Culture
Techniques and MTT Assay, 13-19 January 2020, at ICSSCB, Pune, India.

Your registration is confirmed for the above workshop date.

With best wishes,

Sheo
 
Dr. Sheo Mohan Singh
Director,
ICSCCB, Pune, India

On Fri, Dec 20, 2019 at 3:33 PM Namrata Jadhav <namrataj919@gmail.com> wrote:
Respected sir,
                    My name is Miss. Namrata Ajit Jadhav, Department of Zoology, Shivaji University, Kolhapur. I am
herewith sending registration documents for the workshop to be held on 13-19 Jan 2020.
                   Please find the attachment below. Thanking you.

Yours faithfully,
Miss. Namrata Ajit Jadhav
Research Scholar,
Dept. of Zoology,
Shivaji University, Kolhapur
Mob. No. 7387866089

mailto:namrataj919@gmail.com
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Manne Venkata Santha Kumar <mvdrsanthakumar@gmail.com>

Identification report
3 messages

Sunil Joshi <sunjoshi.pdbc@gmail.com> Wed, Jan 22, 2020 at 11:06 AM
To: Manne Venkata Santha Kumar <mvdrsanthakumar@gmail.com>

Dear Dr Santha Kumar,

The insect specimens sent by you for identification have been identified and identification report of the same is as
follows.

AB/1/2020: Myzus persicae ssp. nicotianae
AB/2/2020:  Myzus persicae ssp. nicotianae 
AB/3/2020: Myzus persicae
AB/4/2020: Myzus persicae
AB/5/2020: Aphis gossypii
AB/6/2020: Aphis gossypii

Kindly acknowledge receipt of this mail.

Regards,

Sunil

Dr Sunil Joshi
Principal Scientist, Head of Division (In Charge)
Division of Germplasm Collection and Characterization
ICAR-National Bureau of Agricultural Insect Resources 
Post Bag No. 2491, H.A. Farm Post
Bellary Road, Bengaluru 560 024
Karnataka, India

Please take a look at the following website:
http://www.nbair.res.in/Aphids/index.php
http://www.nbair.res.in/Coccidae/index.html

Manne Venkata Santha Kumar <mvdrsanthakumar@gmail.com> Thu, Jan 23, 2020 at 6:49 PM
To: Vinu K <vinu7244@gmail.com>

---------- Forwarded message ---------
From: Sunil Joshi <sunjoshi.pdbc@gmail.com>
Date: Wed, 22 Jan 2020, 11:14 am
Subject: Identification report
To: Manne Venkata Santha Kumar <mvdrsanthakumar@gmail.com>

Dear Dr Santha Kumar,

The insect specimens sent by you for identification have been identified and identification report of the same is as
follows.

AB/1/2020: Myzus persicae ssp. nicotianae
AB/2/2020:  Myzus persicae ssp. nicotianae 
AB/3/2020: Myzus persicae
AB/4/2020: Myzus persicae
AB/5/2020: Aphis gossypii
AB/6/2020: Aphis gossypii

Kindly acknowledge receipt of this mail.
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https://mail.google.com/mail/u/0?ik=a51774ca53&view=pt&search=all&permthid=thread-f%3A1656405980156006344&dsqt=1&simpl=msg-f%3A… 2/2

Regards,

Sunil

Dr Sunil Joshi
Principal Scientist, Head of Division (In Charge)
Division of Germplasm Collection and Characterization
ICAR-National Bureau of Agricultural Insect Resources 
Post Bag No. 2491, H.A. Farm Post
Bellary Road, Bengaluru 560 024
Karnataka, India

Please take a look at the following website:
http://www.nbair.res.in/Aphids/index.php
http://www.nbair.res.in/Coccidae/index.html

Manne Venkata Santha Kumar <mvdrsanthakumar@gmail.com> Fri, Jan 24, 2020 at 7:22 AM
To: amrutabhandare175@gmail.com

---------- Forwarded message ---------
From: Manne Venkata Santha Kumar <mvdrsanthakumar@gmail.com>
Date: Thu, 23 Jan 2020, 6:49 pm
Subject: Fwd: Identification report
To: Vinu K <vinu7244@gmail.com>

---------- Forwarded message ---------
From: Sunil Joshi <sunjoshi.pdbc@gmail.com>
Date: Wed, 22 Jan 2020, 11:14 am
Subject: Identification report
To: Manne Venkata Santha Kumar <mvdrsanthakumar@gmail.com>

Dear Dr Santha Kumar,

The insect specimens sent by you for identification have been identified and identification report of the same is as
follows.

AB/1/2020: Myzus persicae ssp. nicotianae
AB/2/2020:  Myzus persicae ssp. nicotianae 
AB/3/2020: Myzus persicae
AB/4/2020: Myzus persicae
AB/5/2020: Aphis gossypii
AB/6/2020: Aphis gossypii

Kindly acknowledge receipt of this mail.

Regards,

Sunil

Dr Sunil Joshi
Principal Scientist, Head of Division (In Charge)
Division of Germplasm Collection and Characterization
ICAR-National Bureau of Agricultural Insect Resources 
Post Bag No. 2491, H.A. Farm Post
Bellary Road, Bengaluru 560 024
Karnataka, India

Please take a look at the following website:
http://www.nbair.res.in/Aphids/index.php
http://www.nbair.res.in/Coccidae/index.html

http://www.nbair.res.in/Aphids/index.php
http://www.nbair.res.in/Coccidae/index.html
mailto:mvdrsanthakumar@gmail.com
mailto:vinu7244@gmail.com
mailto:sunjoshi.pdbc@gmail.com
mailto:mvdrsanthakumar@gmail.com
http://www.nbair.res.in/Aphids/index.php
http://www.nbair.res.in/Coccidae/index.html


A new predictor–corrector method for fractional differential
equations

Varsha Daftardar-Gejji a,⇑, Yogita Sukale a,b, Sachin Bhalekar c

a Department of Mathematics, University of Pune, Pune 411007, India
b Department of Mathematics, College of Engineering Pune, Pune 411005, India
c Department of Mathematics, Shivaji University, Kolhapur 416004, India

a r t i c l e i n f o

Keywords:
New iterative method (NIM)
Adams–Bashforth predictor corrector
method
Fractional differential equation
Caputo derivative

a b s t r a c t

We present a new predictor–corrector method to solve non-linear fractional differential
equations involving Caputo derivative. The proposed method is compared with the
fractional Adams method. Numerous illustrative examples discussed here demonstrate
that the new method is more accurate and time efficient. A detailed error analysis given
points to the higher accuracy of the new method. Furthermore the proposed method when
applied to fractional analog of chaotic system introduced by Bhalekar and Daftardar-Gejji,
unravels the underlying rich dynamics of the system.

� 2014 Elsevier Inc. All rights reserved.

1. Introduction

Fractional order differential equations (FDE) have emerged as interdisciplinary area of research in the recent years. The
non-local nature of fractional derivatives can be utilised to simulate accurately diversified natural phenomena containing
long memory [1–3]. Thus concepts in fractional calculus (FC) now are not merely sterile exercises in pure mathematics
but proven useful in a variety of problems in physical sciences ranging from particle physics [4] to biology [5,6]. Developing
suitable and well-founded numerical methods to solve FDEs is currently an active area of research. Diethelm et al. have
extended Adams–Bashforth method to numerically solve non-linear FDEs [7,8]. This approach has successfully been applied
to compute chaotic attractors of fractional order dynamical systems. The non-local nature of fractional derivatives poses dif-
ficulties in simulations involving them. Thus to develop time-efficient and computationally economical numerical methods
for integrating FDEs is thus primarily important. The currently used methods to solve FDEs numerically include Adams–
Bashforth–Moulton method and secondly frequency domain approximation. Fractional Adams method is computationally
expensive due to long memory and known to be more accurate compared to frequency domain method [11]. In this work
we modify fractional Adams method and present a new accurate and time efficient predictor–corrector approach based
on the new iterative method developed earlier by one of the present authors [12,13]. The error analysis and error bounds
have shown that this method is more accurate and time efficient compared to existing methods in the literature.

This method has been applied for numerically integrating fractional ordered dynamical systems. A fractional version of a
new chaotic system introduced by Bhalekar and Daftardar-Gejji [14,15] is investigated and its rich dynamics is studied. One
of the important question addressed is: what is the minimum effective dimension in a fractional order dynamical system for

http://dx.doi.org/10.1016/j.amc.2014.06.097
0096-3003/� 2014 Elsevier Inc. All rights reserved.
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which the system remains chaotic? The effective dimension here refers to the sum of orders of all involved derivatives. We
study commensurate order system and find lowest order at which chaos exists using numerical experiments.

The paper is organized as follows. Fractional Adams method is described in Section 2. In Section 3 new iterative method is
discussed. A new predictor corrector method is presented in Section 4 followed by the error analysis in Section 5. In Section
6, algorithm is reduced to a ¼ 1 case and corresponding predictor corrector method for ordinary differential equations is pre-
sented. Further the related stability region is depicted. Numerous illustrative examples are presented in Section 7. Solutions
obtained by fractional Adams method and new predictor corrector method are plotted and time required by both the meth-
ods are compared. It is observed that the new predictor corrector method is accurate as well as it takes much less time as
compared to the fractional Adams method. In Section 8, fractional version of the new chaotic system introduced by Bhalekar
and Daftardar-Gejji is studied. Relevant phase portraits obtained by both the methods are compared. Both methods are
shown to agree well, the new method being more time efficient. Lastly conclusions are summarized in Section 9.

2. Fractional Adams method

Consider the following initial value problem (IVP) for a > 0 [16]:

cDa
0xðtÞ ¼ f1ðt; xðtÞÞ; xðkÞð0Þ ¼ xðkÞ0 ; k ¼ 0;1;2; . . . ;m� 1; m ¼ ad e; ð2:1Þ

where cDa
0, denotes Caputo derivative which is defined as [1,2]

cDa
0xðtÞ ¼ Im�a

0 DðmÞxðtÞ:

Here the Riemann–Liouville integral Il0 (of order l > 0) is given by the following expression [1,2]

Il0 f ðtÞ ¼ 1
CðlÞ

Z t

0
ðt � sÞl�1f1ðsÞds; t > 0:

It is well known that the initial value problem (IVP) (2.1) is equivalent to the following Volterra integral equation [16];

xðtÞ ¼
Xad e�1

k¼0

xðkÞ0
tk

k
þ 1

CðaÞ

Z t

0
ðt � sÞa�1f1ðs; xðsÞÞds: ð2:2Þ

Let f1 be a continuous function which satisfies a Lipschitz condition with respect to second argument:

jf1ðt; x1Þ � f1ðt; x2Þj 6 Ljx1 � x2j; ð2:3Þ

where L is a positive constant, then the initial value problem (2.1) has a unique solution on some interval 0; T½ �.
For solving Eq. (2.2) on ½0; T�, the interval is divided into l subintervals. Let h ¼ T

l ; tn ¼ nh; n ¼ 0;1;2; . . . ; l 2 Zþ. The discret-
ized version of (2.2) is given as [7]:

xðtnþ1Þ ¼
Xad e�1

k¼0

xðkÞ0

tk
nþ1

k
þ 1

CðaÞ

Z tnþ1

0
ðtnþ1 � sÞa�1f1ðs; xðsÞÞds: ð2:4Þ

A predictor–corrector method for solving Eq. (2.2) is developed by Diethelm et al. [7,8], wherein the following product trap-
ezoidal quadrature formula has been used.

xnþ1 ¼
Xad e�1

k¼0

xðkÞ0

tk
nþ1

k
þ ha

Cðaþ 2Þ
Xnþ1

j¼0

aj;nþ1f1ðtj; xjÞ; ð2:5Þ

where

aj;nþ1 ¼
naþ1 � ðn� aÞðnþ 1Þa if j ¼ 0;

ðn� jþ 2Þaþ1 þ ðn� jÞaþ1 � 2ðn� jþ 1Þaþ1 if 1 6 j 6 n;

1 if j ¼ nþ 1:

8><
>:

Eq. (2.5) can be written as

xnþ1 ¼
Xad e�1

k¼0

xðkÞ0

tk
nþ1

k
þ ha

Cðaþ 2Þ
Xn

j¼0

aj;nþ1f1ðtj; xjÞ þ
ha

Cðaþ 2Þ f1ðtnþ1; xnþ1Þ; ð2:6Þ

where xnþ1 and xðtnþ1Þ denote approximate and exact solutions respectively. Eq. (2.6) is of the form u ¼ f þ NðuÞ, and can be
solved by a new iterative method (NIM) [12,13], details of which are presented in the following section.

V. Daftardar-Gejji et al. / Applied Mathematics and Computation 244 (2014) 158–182 159



3. New iterative method (NIM)

A variety of problems in physics, chemistry, biology and engineering can be formulated in terms of the nonlinear func-
tional equation of the form

u ¼ f þ NðuÞ; ð3:1Þ

where f is a known function and N a non-linear operator. Eq. (3.1) represents integral equations, ordinary differential equa-
tions, fractional order differential equations and so on. There are many methods to solve Eq. (3.1) such as Adomian decom-
position method, [17,18], new iterative method [12,13,20,21], Homotopy perturbation method [19] and so on. Among these
methods NIM is simple and easy to implement. It has certain advantages over other methods. Solutions obtained by this
method are in the form of rapidly converging infinite series which can be effectively approximated by calculating only first
few terms.

In this method non-linear operator N is decomposed as

NðuÞ ¼ Nðu0Þ þ ½Nðu0 þ u1Þ � Nðu0Þ� þ ½Nðu0 þ u1 þ u2Þ � Nðu0 þ u1Þ� þ � � �

Denote by G0 ¼ Nðu0Þ; Gi ¼ N
Pi

n¼0un

� �
� N

Pi�1
n¼0un

� �
; i ¼ 1;2;3; . . ..Observe that NðuÞ ¼

P1
i¼0Gi. Put u0 ¼ f , and un ¼ Gn�1; n

¼ 1;2;3; . . ..Note that

u ¼ u0 þ u1 þ u2 þ � � � ¼ f þ Nðu0Þ þ ½Nðu0 þ u1Þ � Nðu0Þ� þ � � � ¼ f þ NðuÞ:

Hence u satisfies the functional equation (3.1). In the present work NIM is used to solve Eq. (2.6). We recall the following
results pertaining to convergence on NIM.

Theorem 3.1 [13]. If N is C1 in the neighborhood of u0 and

kNðnÞðu0Þk ¼ SupfNðnÞðu0Þðh1;h2; . . . ;hnÞ : khik 6 1;1 6 i 6 ng

for any n and for some real number L > 0 and kuik 6 M < 1
e ; i ¼ 1;2; . . ., then

P1
n¼0Gn is absolutely convergent and moreover

kGnk 6 LMnen�1ðe� 1Þ.

Theorem 3.2 [13]. If N is C1 and kNðnÞðu0Þk 6 M < e�1;8n, then the series
P1

n¼0Gn is absolutely convergent.
In general,

Gn ¼
X1
in¼1

X1
in�1¼0

� � �
X1
i1¼0

N

Xn

k¼1

ik

 !
ðu0Þ Pn

j¼1

u
ij
j

ij

0
@

1
A

2
6664

3
7775:

Hence

kGnk 6 LMn
X1
in¼1

X1
in�1¼0

. . .
X1
i1¼0

Pn
j¼1

1
ij

� �
¼ LMnen�1ðe� 1Þ:

Note that

X1
n¼1

kGnk 6 LMðe� 1Þ
X1
n¼1

ðMeÞn�1
:

This implies that

X1
n¼1

kGnk 6
LMðe� 1Þ

1�Me
:

The three term approximate solution is

u0 þ u1 þ u2 ¼ u0 þ Nðu0Þ þ ½Nðu0 þ u1Þ � Nðu0Þ� ¼ f þ Nðu0 þ u1Þ:

Truncation error E ¼ Exact solution� Three term approximate solutionk k

E ¼ f þ
X1
n¼0

Gn

" #
� f þ Nðu0 þ u1Þ½ �

�����
����� ¼

X1
n¼2

Gn

�����
�����:

As kGnk 6 LMnen�1ðe� 1Þ;n ¼ 1;2; . . .,

E 6
X1
n¼2

kGnk 6 LMðe� 1Þ
X1
n¼2

ðMeÞn�1
:

160 V. Daftardar-Gejji et al. / Applied Mathematics and Computation 244 (2014) 158–182



As Me < 1,

E 6
LMðe� 1ÞðMeÞ

1�Me
:

In general for p term approximation,

Truncation error 6
LMðe� 1ÞðMeÞp�2

1�Me
:

4. New algorithm

Consider the initial value problem

cDa
0xðtÞ ¼ f1ðt; xðtÞÞ; xðkÞð0Þ ¼ xðkÞ0 ; k ¼ 0;1; . . . ; ad e � 1: ð4:1Þ

Eq. (4.1) can be discretized and written in the form of Eq. (2.6), to which NIM can be applied as follows.
Assume that information up to j ¼ n is known and we want to find xðtnþ1Þ. Comparing with Eq. (2.6) the known function in

this case is

f ¼
Xad e�1

k¼0

xk
0

tk
nþ1

k
þ ha

Cðaþ 2Þ
Xn

j¼0

aj;nþ1f1ðtj; xjÞ ð4:2Þ

and

Nðxðtnþ1ÞÞ ¼
ha

Cðaþ 2Þ f1ðtnþ1; xnþ1Þ: ð4:3Þ

In particular for 0 < a < 1,

f ¼ xð0Þ0 þ
ha

Cðaþ 2Þ
Xn

j¼0

aj;nþ1f1ðtj; xjÞ:

We apply NIM to get approximate value of x1, as follows.

x1 ¼xð0Þ0 þ
ha

Cðaþ 2Þ a0;1f1ðt0; x
ð0Þ
0 Þ þ

ha

Cðaþ 2Þ f1ðt1; x1Þ;

x1;0 ¼f ¼ xð0Þ0 þ
ha

Cðaþ 2Þ a0;1f1ðt0; x
ð0Þ
0 Þ;

x1;1 ¼Nðx1;0Þ ¼
ha

Cðaþ 2Þ f1ðt1; x1;0Þ;

x1;2 ¼Nðx1;0 þ x1;1Þ � Nðx1;0Þ:

The three term approximation of x1 � x1;0 þ x1;1 þ x1;2.
xðt2Þ; xðt3Þ; . . . can be obtained on similar lines.

4.1. New predictor–corrector formula

The three term approximation of the NIM results in the following predictor–corrector formula.

yp
nþ1 ¼

Xdae�1

k¼0

xðkÞ0

tk
nþ1

k
þ ha

Cðaþ 2Þ
Xn

j¼0

aj;nþ1f1ðtj; xjÞ;

zp
nþ1 ¼

ha

Cðaþ 2Þ f1ðtnþ1; y
p
nþ1Þ;

xc
nþ1 ¼ yp

nþ1 þ
ha

Cðaþ 2Þ f1ðtnþ1; y
p
nþ1 þ zp

nþ1Þ:

Here yp
nþ1 and zp

nþ1 are called as Predictors and xc
nþ1 is the Corrector. Here xj denotes the approximate value of solution of Eq.

(4.1) at t ¼ tj. This is known as three-step iterative method for solving nonlinear equation (4.1).
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4.2. Algorithm for system of fractional differential equations

The above numerical algorithm can be naturally generalized for solving following system [22]

cDa1
0 u1ðtÞ ¼ f1ðt;uðtÞÞ; uðk1Þ

1 ð0Þ ¼ uðk1Þ
10 ; a1 > 0; k1 ¼ 0;1;2; . . . ; da1e � 1;

cDa2
0 u2ðtÞ ¼ f2ðt;uðtÞÞ; uðk2Þ

2 ð0Þ ¼ uðk2Þ
20 ; a2 > 0; k2 ¼ 0;1;2; . . . ; da2e � 1;

..

.

cDas
0 usðtÞ ¼ fsðt;uðtÞÞ; uðksÞ

s ð0Þ ¼ uðksÞ
s0 ; as > 0; ks ¼ 0;1;2; . . . ; dase � 1:

ð4:4Þ

We apply trapezoidal quadrature formula [7] to the system (4.4) and obtain,

u1ðtnþ1Þ ¼
Xda1e�1

k1¼0

uðk1Þ
10 tk1

k1
þ ha1

Cða1 þ 2Þ
Xn

j¼0

a1;j;nþ1f1ðtj;uðtjÞÞ þ
ha1

Cða1 þ 2Þ f1ðtnþ1;uðtnþ1ÞÞ;

u2ðtnþ1Þ ¼
Xda2e�1

k2¼0

uðk2Þ
20 tk2

k2
þ ha2

Cða2 þ 2Þ
Xn

j¼0

a2;j;nþ1f2ðtj;uðtjÞÞ þ
ha2

Cða2 þ 2Þ f2ðtnþ1;uðtnþ1ÞÞ;

..

.

usðtnþ1Þ ¼
Xdase�1

ks¼0

uðksÞ
s0 tks

ks
þ has

Cðas þ 2Þ
Xn

j¼0

as;j;nþ1fsðtj;uðtjÞÞ þ
has

Cðas þ 2Þ fsðtnþ1;uðtnþ1ÞÞ;

where

ai;j;nþ1 ¼
naiþ1 � ðn� aiÞðnþ 1Þai if j ¼ 0;

ðn� jþ 2Þaiþ1 þ ðn� jÞaiþ1 � 2ðn� jþ 1Þaiþ1 if 1 6 j 6 n;

1 if j ¼ nþ 1

8><
>:

for i ¼ 1;2;3; . . . ; s. In view of NIM, we have

u1;0ðtnþ1Þ ¼
Xda1e�1

k1¼0

uðk1Þ
10 tk1

k1
þ ha1

Cða1 þ 2Þ
Xn

j¼0

a1;j;nþ1f1ðtj; uðtjÞÞ;

u2;0ðtnþ1Þ ¼
Xda2e�1

k2¼0

uðk2Þ
20 tk2

k2
þ ha2

Cða2 þ 2Þ
Xn

j¼0

a2;j;nþ1f2ðtj; uðtjÞÞ;

..

.

us;0ðtnþ1Þ ¼
Xdase�1

ks¼0

uðksÞ
s0 tks

ks
þ has

Cðas þ 2Þ
Xn

j¼0

as;j;nþ1fsðtj; uðtjÞÞ:

Note,

u1;1ðtnþ1Þ ¼ N1ðu1;0;u2;0; . . . ;us;0Þ;
u2;1ðtnþ1Þ ¼ N2ðu1;0;u2;0; . . . ;us;0Þ;

..

.

us;1ðtnþ1Þ ¼ Nsðu1;0;u2;0; . . . ;us;0Þ;

where,

N1½uðtnþ1Þ� ¼
ha1

Cða1 þ 2Þ f1ðtnþ1; uðtnþ1ÞÞ;

N2½uðtnþ1Þ� ¼
ha2

Cða2 þ 2Þ f2ðtnþ1; uðtnþ1ÞÞ;

..

.

Ns½uðtnþ1Þ� ¼
has

Cðas þ 2Þ fsðtnþ1; uðtnþ1ÞÞ:
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At kth iteration, ðk ¼ 2;3; . . . ; Þ

u1;k ¼ N1

Xk�1

i¼0

u1;i;
Xk�1

i¼0

u2;i; . . . ;
Xk�1

i¼0

us;i

 !
� N1

Xk�2

i¼0

u1;i;
Xk�2

i¼0

u2;i; . . . ;
Xk�2

i¼0

us;i

 !
;

u2;k ¼ N2

Xk�1

i¼0

u1;i;
Xk�1

i¼0

u2;i; . . . ;
Xk�1

i¼0

us;i

 !
� N2

Xk�2

i¼0

u1;i;
Xk�2

i¼0

u2;i; . . . ;
Xk�2

i¼0

us;i

 !
;

..

.

us;k ¼ Ns

Xk�1

i¼0

u1;i;
Xk�1

i¼0

u2;i; . . . ;
Xk�1

i¼0

us;i

 !
� Ns

Xk�2

i¼0

u1;i;
Xk�2

i¼0

u2;i; . . . ;
Xk�2

i¼0

us;i

 !
:

Note that

ui ¼
X1
j¼0

ui;j; i ¼ 1;2; . . . ; s

and u ¼ ðu1;u2; . . . . . . ;usÞ is a solution of the given system of fractional differential equations.

5. Error analysis of the new algorithm

We enlist below some known results which will be used further.

5.1. Preliminaries

Theorem 5.1 ([8,10]). (a) Assume that f1 2 C2½0; T�;a > 0. Define s :¼ d1ae � 1. Then there exists a function w 2 C1½0; T� and
c1; c2; . . . ; cs 2 R such that the solution xðtÞ of (IVP) (2.1) can be expressed in the form

xðtÞ ¼ wðtÞ þ
Xs

m¼1

cmtma:

(b) Assume that f1 2 C3½0; T�. Define s� :¼ d2ae � 1 and s :¼ d1ae � 1. Then there exists a function w 2 C2½0; T� and c1; c2; . . . ; cs� 2 R

and d1; d2; . . . ; ds 2 R such that the solution xðtÞ of (IVP) (2.1) can be expressed in the form

xðtÞ ¼ wðtÞ þ
Xs�
m¼1

cmtma þ
Xs

m¼1

dmt1þma:

Theorem 5.2 ([8,10]). If y 2 Cm½0; T� for some m 2 N and 0 < a < m then

cDa
0xðtÞ ¼

Xm�dae�1

l¼0

xðlþdaeÞð0Þ
Cðdae � aþ lþ 1Þ t

dae�aþl þ gðtÞ;

with some function g 2 Cm�dae½0; T�. Moreover, the ðm� daeÞ th derivative of g satisfies a Lipschitz condition of order dae � a.

Theorem 5.3 ([8,10]). Let xðtÞ 2 Cm½0; T� for some m 2 N and assume that 0 < a < m then cDa
0xðtÞ 2 C½0; T�.

Lemma 5.1 ([8,10]). Let xðtÞ 2 C2½0; T�, then there exists a constant Ca depending on a such thatZ tnþ1

0
ðtnþ1 � tÞa�1xðtÞdt � ha

aðaþ 1Þ
Xnþ1

j¼0

aj;nþ1xðtjÞ
�����

����� 6 Cakx00k1tanþ1h2
;

where aj;nþ1 are as defined in Eq. (2.5).

5.2. Main results

Now we proceed to prove the theorems regarding the error bound for the new predictor corrector method.

Theorem 5.4. Suppose the solution xðtÞ of the initial value problem (4.1) satisfies the following condition:
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Z tnþ1

0
ðtnþ1 � tÞa�1 cDa

0xðtÞdt � ha

aðaþ 1Þ
Xn

j¼0

aj;kþ1
cDa

0xðtjÞ
�����

����� 6 ctcnþ1hd

for some c P 0 and d > 0 and f1 satisfies Lipschitz condition in the second variable with Lipschitz constant L. Then for some
suitably chosen T > 0, we have

max06j6ljxðtjÞ � xjj 6 khd
;

where l ¼ T
h, and k is a positive constant. Here xðtjÞ denotes exact solution of the (IVP)(4.1) and xj denotes the approximate

solution of (IVP)(4.1) obtained by the new predictor–corrector method.

Proof. We will prove the result by virtue of mathematical induction. Suppose that the conclusion is true for j ¼ 0;1;2; . . . ; n,
then we have to prove that the inequality also holds for j ¼ nþ 1. We first consider the error of the predictor yp

nþ1.

From the assumption (2.3) we have

jf1ðtj; xðtjÞÞ � f1ðtj; xjÞj 6 LjxðtjÞ � xjj 6 Lhd
;

since by induction condition is true for j ¼ 1;2; . . . ;n and we have to prove that condition holds for j ¼ nþ 1. At ðnþ 1Þst step

jxðtnþ1Þ � yp
nþ1j ¼

1
CðaÞ

Z tnþ1

0
ðtnþ1 � tÞa�1f1ðt; xðtÞÞdt � ha

aðaþ 1Þ
Xn

j¼0

aj;nþ1f1ðtj; xjÞ
�����

�����
6

1
CðaÞ

Z tnþ1

0
ðtnþ1 � tÞa�1 cDa

0xðtÞdt � ha

aðaþ 1Þ
Xn

j¼0

aj;nþ1
cDa

0xðtjÞ
�����

�����
þ 1

CðaÞ
ha

aðaþ 1Þ
Xn

j¼0

aj;nþ1jf1ðtj; xðtjÞÞ � f1ðtj; xjÞj 6
ctc

nþ1hd

CðaÞ þ
Lhaþd

Cðaþ 2Þ
Xn

j¼0

aj;nþ1: ð5:1Þ

Note

Xn

j¼0
aj;nþ1 6

Xn

j¼0
ðn� jþ 2Þaþ1 � 2ðn� jþ 1Þaþ1 þ ðn� jÞaþ1
h i

¼
Xn

j¼0
ðn� jþ 2Þaþ1 � ðn� jþ 1Þaþ1 � ðn� jþ 1Þaþ1 þ ðn� jÞaþ1
h i

¼
Z tnþ1

0
ðtnþ2 � tÞadt �

Z tnþ1

0
ðtnþ1 � tÞadt

� 	
¼ 1

a

Z tnþ1

0
½ðtnþ1 � tÞa�0ðtÞdt ¼ 1

a
ta

nþ1 6
Ta

a
: ð5:2Þ

Hence,

jxðtnþ1Þ � yp
nþ1j 6

ctcnþ1hd

CðaÞ þ
haþdLTa

aCðaþ 2Þ :

Consider

xðtnþ1Þ � ½yp
nþ1 þ zp

nþ1�
�� �� ¼ 1

CðaÞ

Z tnþ1

0
ðtnþ1 � tÞa�1f1ðt; xðtÞÞdt � ha

Cðaþ 2Þ
Xn

j¼0

aj;nþ1f1ðtj; xjÞ �
ha

Cðaþ 2Þ f1ðtnþ1; y
p
nþ1Þ

�����
�����

6
1

CðaÞ

Z tnþ1

0
ðtnþ1 � tÞa�1f1ðt; xðtÞÞdt � ha

aðaþ 1Þ
Xnþ1

j¼0

aj;nþ1f1ðtj; xðtjÞÞ
�����

�����
(

þ ha

aðaþ 1Þ
Xn

j¼0

aj;nþ1 f1ðtj; xjÞ � f1ðtj; xðtjÞÞ
�� ��þ ha

aðaþ 1Þ f1ðtnþ1; xðtnþ1ÞÞ � f1ðtnþ1; y
p
nþ1Þ

�� ��)

6
1

CðaÞ ctc
nþ1hd þ LhaþdTa

a2ðaþ 1Þ þ
ha

aðaþ 1Þ
ctc

nþ1hd

CðaÞ þ
haþd

aCðaþ 2Þ LTa

 !" #

¼
ctcnþ1hd

CðaÞ þ
LTahaþd

aCðaþ 2Þ þ
ctc

nþ1haþd

CðaÞCðaþ 2Þ þ
LTah2aþd

aðCðaþ 2ÞÞ2
:

Using above inequality, we get
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jxðtnþ1Þ � xc
nþ1j ¼

Xad e�1

k¼0

xðkÞ0

tk
nþ1

k
þ 1

CðaÞ

Z tnþ1

0
ðtnþ1 � tÞa�1f1ðt; xðtÞÞdt � yp

nþ1 þ
ha

Cðaþ 2Þ f1ðtnþ1; y
p
nþ1 þ zp

nþ1Þ
� 	�����

�����
¼ 1

CðaÞ

Z tnþ1

0
ðtnþ1 � tÞa�1f1ðt; xðtÞÞdt � ha

Cðaþ 2Þ
Xn

j¼0

aj;nþ1f1ðtj; xjÞ þ
ha

Cðaþ 2Þ f1ðtnþ1; y
p
nþ1 þ zp

nþ1Þ
 !�����

�����
6

1
CðaÞ

Z tnþ1

0
ðtnþ1 � tÞa�1f1ðt; xðtÞÞdt � ha

aðaþ 1Þ
Xnþ1

j¼0

aj;nþ1f1ðtj; xðtjÞÞ
�����

�����
þ ha

aðaþ 1Þ
Xn

j¼0

aj;nþ1 f1ðtj; xjÞ � f1ðtj; xðtjÞÞ
�� ��þ ha

aðaþ 1Þ f1ðtnþ1; xðtnþ1ÞÞ � f1ðtnþ1; y
p
nþ1 þ zp

nþ1Þ
�� ��

6
1

CðaÞ ctc
nþ1hd þ ha

aðaþ 1Þ
LhdTa

a
þ

Lctcnþ1hd

CðaÞ þ
L2Tahaþd

Cðaþ 2Þ þ
Lctcnþ1haþd

CðaÞCðaþ 2Þ þ
L2Tah2aþd

aðCðaþ 2ÞÞ2

 !" #

¼
ctcnþ1hd

CðaÞ þ
LTahaþd

aCðaþ 2Þ þ
Lctcnþ1haþd

CðaÞCðaþ 2Þ þ
L2Tah2aþd

ðCðaþ 2ÞÞ2
þ

Lctcnþ1h2aþd

CðaÞðCðaþ 2ÞÞ2
þ L2Tah3aþd

aðCðaþ 2ÞÞ3
6 khd

;

where k is a positive constant.

Theorem 5.5. Let cDa
0xðtÞ 2 C2½0; T�; T > 0, then max06j6ljxðtjÞ � xjj ¼ Oðh2Þ.

Proof follows from Lemma 5.1 and Theorem 5.4 immediately.
Comment: For 0 < a < 1 the error estimate for the case cDa

0xðtÞ 2 C2½0; T� in the fractional Adams method [8] is of the
order h1þa, which is greater than h2. Hence new predictor–corrector method in this case gives more accuracy.

Theorem 5.6. Let a > 1 and assume that xðtÞ 2 C1þdae½0; T� for some suitable T. Then,

max06j6NjxðtjÞ � xjj ¼ Oðh1þdae�aÞ:

Proof. By Theorem 5.2 we get, cDa
0xðtÞ ¼ ctdae�a þ gðtÞ where gðtÞ 2 C1½0; T� and g0ðtÞ satisfies Lipschitz condition of order

dae � a. Now we denote v1ðtÞ ¼ ctdae�a and v2ðtÞ ¼ gðtÞ. In view of [8, Theorem 2.5 (b)] there exists constant B1 such that,

Z tnþ1

0
ðtnþ1 � tÞa�1v2ðtÞdt � ha

aðaþ 1Þ
Xn

j¼0

aj;kþ1 v2ðtjÞ
�����

����� 6 B1tanþ1hdae�aþ1
:

Also by applying [8, Theorem 2.5(c)] there exists constant B2 such that,Z tnþ1

0
ðtnþ1 � tÞa�1v1ðtÞdt � ha

aðaþ 1Þ
Xn

j¼0

aj;kþ1 v1ðtjÞ
�����

����� 6 B2ta�1
nþ1hdae�aþ1

:

Hence,Z tnþ1

0
ðtnþ1 � tÞa�1 cDa

0xðtÞdt � ha

aðaþ 1Þ
Xn

j¼0

aj;kþ1
cDa

0xðtjÞ
�����

����� 6 ½B1ta�1
nþ1 þ B2ta

nþ1�h
dae�aþ1

:

Now we apply Theorem 5.4 above to the above equation with d ¼ 1þ dae � a. As a > 1; c > 0 so error bound is OðhdÞ.
Further we formulate the hypothesis in terms of the given data and not in terms of the unknown solution. We give the

result in case of a > 1 and later discuss properties of the numerical scheme when a < 1.

Theorem 5.7. Let f1 2 C3ðGÞ and 0 < a < 1 then

max06j6NjxðtjÞ � xjj ¼
Oðh2aÞ if 0 < a < 0:5;
OðhÞ if 0:5 6 a < 1

(

and

maxtj2½�;T�jxðtjÞ � xjj ¼
Oðh1þaÞ if 0 < a < 0:5;

Oðh2�aÞ if 0:5 6 a < 1

(

for every � > 0.
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Proof. By Theorem 5.1(b) there exists w 2 C2½0; T� and c1; c2; . . . ; cs� 2 R and d1; d2; . . . ; ds 2 R such that the solution xðtÞ of
(IVP) (2.1) can be expressed in the form

xðtÞ ¼ wðtÞ þ
Xs�
m¼1

cmtma þ
Xs

m¼1

dmt1þma;

where s� :¼ d2ae � 1 and s :¼ d1ae � 1. Hence we have

cDa
0xðtÞ ¼ cDa

0wðtÞ þ
Xs�
m¼1

Cðmaþ 1Þ
Cðmaþ 1� aÞ cmtma�a þ

Xs

m¼1

Cðmaþ 2Þ
Cðmaþ 2� aÞdmt1þma�a:

Now w 2 C2½0; T� and 0 < a < 1 then by Theorem 5.2

cDa
0wðtÞ ¼

w00ð0Þt1�a

Cð2� aÞ þ gðtÞ; ð5:3Þ

where gðtÞ 2 C1½0; T� and g0ðtÞ satisfies Lipschitz condition of order ð1� aÞ 2 ð0;1Þ. Now by [8, Thm 2.5(b)] there exists posi-
tive constants Ba;1�a and Mðg;1� aÞ such that

Z tnþ1

0
ðtnþ1 � tÞa�1 cDa

0gðtÞdt � ha

aðaþ 1Þ
Xn

j¼0

aj;kþ1
cDa

0gðtjÞ
�����

����� 6 Ba;1�aMðg;1� aÞtanþ1h2�a
:

In view of [8, Thm 2.5(c)]

Z tnþ1

0
tnþ1 � tð Þa�1 w00ð0Þt1�a

Cð2� aÞ dt � ha

aðaþ 1Þ
Xn

j¼0

aj;kþ1
w00ð0Þt1�a

j

Cð2� aÞ

�����
����� 6 cTr

a;1�ata�1
nþ1h2�a

:

Using Eq. (5.3)

Z tnþ1

0
ðtnþ1 � tÞa�1 cDa

0wðtÞdt � ha

aðaþ 1Þ
Xn

j¼0

aj;kþ1
cDa

0wðtjÞ
�����

����� ð5:4Þ

6 2maxfBa;1�aMðg;1� aÞta
nþ1h2�a

; cTr
a;1�ata�1

nþ1h2�ag 6 c2ta�1
nþ1h2�a

: ð5:5Þ

Now by using [8, Thm 2.5(c)]Z tnþ1

0
ðtnþ1 � tÞa�1

Xs�
m¼2

Cðmaþ 1Þ
Cðmaþ 1� aÞ cmtma�adt � ha

aðaþ 1Þ
Xn

j¼0

aj;kþ1

Xs�
m¼2

Cðmaþ 1Þ
Cðmaþ 1� aÞ cmtma�a

j

�����
�����

6

Xs�
m¼2

Cðmaþ 1Þ
Cðmaþ 1� aÞ jcmj

Z tnþ1

0
ðtnþ1 � tÞa�1 tma�adt � ha

aðaþ 1Þ
Xn

j¼0

aj;kþ1 tma�a
j

�����
�����

6

Xs�
m¼2

Cðmaþ 1Þ
Cðmaþ 1� aÞ jcmjcTr

a;ma�ataþma�a�rm
nþ1 hrm

6 cTr
2 ta�1

nþ1h1þa
; ð5:6Þ

where, rm ¼minð2; ma� aþ 1Þ. SimilarlyZ tnþ1

0
ðtnþ1 � tÞa�1

Xs

m¼1

Cðmaþ 2Þ
Cðmaþ 2� aÞdmtma�aþ1dt � ha

aðaþ 1Þ
Xn

j¼0

aj;kþ1

Xs

m¼1

Cðmaþ 2Þ
Cðmaþ 2� aÞdmtma�aþ1

j

�����
�����

6

Xs

m¼1

Cðmaþ 2Þ
Cðmaþ 2� aÞ jdmj

Z tnþ1

0
ðtnþ1 � tÞa�1 tma�aþ1dt � ha

aðaþ 1Þ
Xn

j¼0

aj;kþ1 tma�aþ1
j

�����
�����

6

Xs

m¼1

Cðmaþ 2Þ
Cðmaþ 2� aÞ jdmjcTr

a;1þma�ataþma�aþ1�r0m
nþ1 hr0m

6 cTr
3 ta�1

nþ1h2
; ð5:7Þ

where, r0m ¼minð2;2þ ma� aÞ ¼ 2. Therefore by Eqs. (5.5)–(5.7)
Z tnþ1

0
ðtnþ1� tÞa�1 cDa

0yðtÞdt� ha

aðaþ1Þ
Xn

j¼0

aj;kþ1
cDa

0yðtjÞ
�����

�����63 maxfc2ta�1
nþ1h2�a

;cTr
2 ta�1

nþ1h1þa
;cTr

3 ta�1
nþ1h2g6 cTr

2 ta�1
nþ1

haþ1 if 0<a<0:5;
h2�a if 0:56a<1:

(

Hence the result follows using Theorem 5.4.
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Theorem 5.8. Let a > 1. Then, if f1 2 C3ðGÞ,

max06j6N xðtjÞ � xj

�� �� ¼ Oðh2Þ:

Proof. We begin by discussing the case a P 2. Then, according to the results of Miller and Feldstein [24], we find that
x 2 C2½0; T�. Thus, in view of smoothness assumption on f1 and the chain rule, cDa

0x :¼ f1ð:; xð:ÞÞ 2 C2½0; T� too, and the claim
follows by virtue of Theorem 5.5.

For the case 1 < a < 2, we want to apply Theorem 5.4 and hence we have to determine the constants c and d in its
hypothesis. In order to do so we need more precise information about the behavior of x. This information can be found in [24]
from which we derive that xðtÞ ¼ cta þWðtÞ with some c 2 R and some W 2 C2½0; T�. This implies in particular that
x 2 C1½0; T�. As in the case a > 2 above we can then deduce cDa

0x 2 C1½0; T�too. Also note that cD1þa
0 x is Lipschitz of order 1

therefore by [8, Theorem 2.5(b)] there exists a positive constant c0 such thatZ tnþ1

0
ðtnþ1 � tÞa�1 cDa

0xðtÞdt � ha

aðaþ 1Þ
Xnþ1

j¼0

aj;nþ1
cDa

0xðtjÞ
�����

����� 6 c0ta
nþ1h2

: ð5:8Þ

Further note that for by [8, Thm 2.5(c)], zðtÞ ¼ ta where 1 < a < 2Z tnþ1

0
ðtnþ1 � tÞa�1 tadt � ha

aðaþ 1Þ
Xnþ1

j¼0

aj;nþ1 taj

�����
����� 6 c00t2a�2

nþ1 h2
: ð5:9Þ

Now we will prove the result by virtue of mathematical induction. Suppose that the conclusion is true for j ¼ 0;1;2; . . . ;n,
then we have to prove that the inequality also holds for j ¼ nþ 1. We first consider the error of the predictor yp

nþ1. From the
assumption (2.3) we have

jf1ðtj; xðtjÞÞ � f1ðtj; xjÞj 6 LjxðtjÞ � xjj 6 Lh2
;

since by induction condition is true for j ¼ 1;2; . . . ;n and we have to prove that condition holds for j ¼ nþ 1. At ðnþ 1Þst step

jxðtnþ1Þ � yp
nþ1j ¼

1
CðaÞ

Z tnþ1

0
ðtnþ1 � tÞa�1f1ðt; xðtÞÞdt � ha

aðaþ 1Þ
Xn

j¼0

aj;nþ1f1ðtj; xjÞ
�����

�����
6

1
CðaÞ

Z tnþ1

0
ðtnþ1 � tÞa�1 cDa

0xðtÞdt � ha

aðaþ 1Þ
Xn

j¼0

aj;nþ1
cDa

0xðtjÞ
�����

�����
þ 1

CðaÞ
ha

aðaþ 1Þ
Xn

j¼0

aj;nþ1jf1ðtj; xðtjÞÞ � f1ðtj; xjÞj ð5:10Þ

by Eqs. (5.8) and (5.9)

6
c0ta

nþ1h2

CðaÞ þ
Lhaþ2

CðaÞaðaþ 1Þ
Xn

j¼0

aj;nþ1:

Hence,

jxðtnþ1Þ � yp
nþ1j 6

c0ta
nþ1h2

CðaÞ þ
haþ2LTa

aCðaþ 2Þ : ð5:11Þ

Consider

xðtnþ1Þ � ½yp
nþ1 þ zp

nþ1�
�� �� ¼ 1

CðaÞ

Z tnþ1

0
ðtnþ1 � tÞa�1f1ðt; xðtÞÞdt � ha

Cðaþ 2Þ
Xn

j¼0

aj;nþ1f1ðtj; xjÞ �
ha

Cðaþ 2Þ f1ðtnþ1; y
p
nþ1Þ

�����
�����

6
1

CðaÞ

Z tnþ1

0
ðtnþ1 � tÞa�1f1ðt; xðtÞÞdt � ha

aðaþ 1Þ
Xnþ1

j¼0

aj;nþ1f1ðtj; xðtjÞÞ
�����

�����
(

þ ha

aðaþ 1Þ
Xn

j¼0

aj;nþ1 f1ðtj; xjÞ � f1ðtj; xðtjÞÞ
�� ��þ ha

aðaþ 1Þ f1ðtnþ1; xðtnþ1ÞÞ � f1ðtnþ1; y
p
nþ1Þ

�� ��)

6
1

CðaÞ c0tanþ1h2 þ Lhaþ2TaL
aðaþ 1Þ þ

ha

aðaþ 1Þ
c0ta

nþ1h2

CðaÞ þ
haþ2

aCðaþ 2Þ LTa

 !" #

¼ c0ta
nþ1h2

CðaÞ þ
LTahaþ2

aCðaþ 2Þ þ
c0tanþ1haþ2

CðaÞCðaþ 2Þ þ
LTah2aþ2

aðCðaþ 2ÞÞ2
: ð5:12Þ
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Using Eq. (5.12), we get

jxðtnþ1Þ � xc
nþ1j ¼

Xad e�1

k¼0

xðkÞ0

tk
nþ1

k
þ 1

CðaÞ

Z tnþ1

0
ðtnþ1 � tÞa�1f1ðt; xðtÞÞdt � yp

nþ1 þ
ha

Cðaþ 2Þ f1ðtnþ1; y
p
nþ1 þ zp

nþ1Þ
� 	�����

�����
¼ 1

CðaÞ

Z tnþ1

0
ðtnþ1 � tÞa�1f1ðt; xðtÞÞdt � ha

Cðaþ 2Þ
Xn

j¼0

aj;nþ1f1ðtj; xjÞ þ
ha

Cðaþ 2Þ f1ðtnþ1; y
p
nþ1 þ zp

nþ1Þ
 !�����

�����
6

1
CðaÞ

Z tnþ1

0
ðtnþ1 � tÞa�1f1ðt; xðtÞÞdt � ha

aðaþ 1Þ
Xnþ1

j¼0

aj;nþ1f1ðtj; xðtjÞÞ
�����

�����
þ ha

aðaþ 1Þ
Xn

j¼0

aj;nþ1 f1ðtj; xjÞ � f1ðtj; xðtjÞÞ
�� ��þ ha

aðaþ 1Þ f1ðtnþ1; xðtnþ1ÞÞ � f1ðtnþ1; y
p
nþ1 þ zp

nþ1Þ
�� ��

6
1

CðaÞ c0tanþ1h2 þ ha

aðaþ 1Þ
Lh2Ta

a
þ Lc0ta

nþ1h2

CðaÞ þ L2Tahaþ2

Cðaþ 2Þ þ
Lc0ta

nþ1haþ2

CðaÞCðaþ 2Þ þ
L2Tah2aþ2

aðCðaþ 2ÞÞ2

 !" #

¼ c0ta
nþ1h2

CðaÞ þ
LTahaþ2

aCðaþ 2Þ þ
Lc0tanþ1haþ2

CðaÞCðaþ 2Þ þ
L2Tah2aþ2

ðCðaþ 2ÞÞ2
þ Lc0tanþ1h2aþ2

CðaÞðCðaþ 2ÞÞ2
þ LTah3aþ2

aðCðaþ 2ÞÞ3
6 k0h2

;

ð5:13Þ
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Fig. 2a. (Example 7.1) Solutions: solid line – new predictor–corrector; dashed line – exact solution; dotted line – fractional Adams method.
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Fig. 1. Stability region of the new predictor–corrector method.
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where k0 is a positive constant. Also note that c ¼min a;2a� 2f g;2a� 2 P 0 and d ¼ 2 and hence the claim follows by
Theorem 5.4.

6. New predictor–corrector formula for solving ordinary differential equations (a ¼ 1)

6.1. New algorithm for ODE

Consider the initial value problem

x0ðtÞ ¼ f1ðt; xðtÞÞ; xð0Þ ¼ x0: ð6:1Þ

IVP (6.1) is equivalent to the following integral equation:

xðtÞ ¼ x0 þ
Z t

0
f1ðs; xðsÞÞds: ð6:2Þ

For solving (6.2) on ½0; T�, the interval is divided into l subintervals. Let h ¼ T
l ; tn ¼ nh;n ¼ 0;1;2; . . . ; l 2 Zþ. The discretized

version of (6.2) is given as:

Table 1
CPU time required to solve IVP (7.1) by fractional Adams method ðT1Þ and by new predictor–corrector method ðT2Þ.

No.of steps ðT1Þ (s) ðT2Þ (s)

100 0.0624 0.0468
200 0.124801 0.093601
250 0.202801 0.124801
500 0.811205 0.436803

5 10 15 20 25
CPU time

0.005

0.010

0.015

Error

Fig. 2b. Error versus CPU time: solid line – new predictor–corrector; dashed line – fractional Adams method.

Table 2
Example 7.1 E1: Error in fractional Adams, E2: Error in new predictor–corrector, h: Step length.

h Error a ¼ 0:2 a ¼ 0:3 a ¼ 0:4 a ¼ 0:5

0:1 E1 �0:00464954 �0:0061384 �0:00590812 �0:00556109
E2 �0:00416254 �0:00571831 �0:00591036 �0:00556043

0:01 E1 �0:000229435 �0:000228264 �0:000188122 �0:000143768
E2 0:0000381203 �0:000221424 �0:000188914 �0:000143793

0:001 E1 �0:0000141668 �0:0000108593 �7:03104� 10�6 �4:2056� 10�6

E2 0:000068423 �9:49392� 10�6 �7:02175� 10�6 �4:20609� 10�6

a ¼ 0:6 a ¼ 0:7 a ¼ 0:8 a ¼ 0:9

0:1 E1 �0:00487443 �0:00396479 �0:00287403 �0:00157926
E2 �0:00487407 �0:0039647 �0:00287399 �0:00157926

0:01 E1 �0:00010385 �0:0000715422 �0:0000456169 �0:0000231546
E2 �0:000103852 �0:0000715422 �0:0000456169 �0:0000231546

0:001 E1 �2:40227� 10�6 �1:33008� 10�6 �7:04757� 10�7 �3:15051� 10�7

E2 �2:4023� 10�6 �1:33008� 10�6 �7:04757� 10�7 �3:15051� 10�7
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xðtnþ1Þ ¼ x0 þ
Z tnþ1

0
f1ðs; xðsÞÞds: ð6:3Þ

Using product trapezoidal quadrature formula (cf. Eq. (2.5)) for the case a ¼ 1,

xnþ1 ¼ x0 þ
h
2

Xnþ1

j¼0

aj;nþ1f1ðtj; xjÞ:

In case of a ¼ 1, the expressions for aj;nþ1 reduce to

a0;nþ1 ¼ n2 � ðn� 1Þðnþ 1Þ ¼ 1;

aj;nþ1 ¼ ðn� jþ 2Þ2 þ ðn� jÞ2 � 2ðn� jþ 1Þ2 ¼ 2;

where, 1 6 j 6 n. Hence the three term approximate solution of NIM yields the following predictor–corrector formula for
solving ODE Eq. (6.1)

yP
nþ1 ¼ x0 þ

h
2
½f1ðt0; x0Þ þ 2

Xn

j¼1

f1ðtj; xjÞ�;

zP
nþ1 ¼

h
2

f1ðtnþ1; yP
nþ1Þ;

0.5 1.0 1.5 2.0 2.5 3.0 3.5
x

1
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5

y

Fig. 3a. (Example 7.2) Solutions: solid line – by new predictor–corrector; dashed line – exact solution; dotted line – fractional Adams method.
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Fig. 3b. Error versus CPU time: solid line – by new predictor–corrector; dashed line – fractional Adams method.

Table 3
CPU time required to solve IVP (7.2) by fractional Adams method ðT1Þ and by new predictor–corrector method ðT2Þ.

No.of steps ðT1Þ (s) ðT2Þ (s)

200 0.140401 0.109201
300 0.280802 0.202801
400 0.499203 0.312002
500 0.795605 0.436803
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xc
nþ1 ¼ yP

nþ1 þ
h
2

f1 tnþ1; yP
nþ1 þ zP

nþ1


 �
:

6.2. Stability region

Stability analysis is important for assessing any numerical method [9]. For this purpose consider the test problem

_x ¼ kx;

yP
nþ1 ¼x0 þ

hk
2

x0 þ 2
Xn

j¼1

xj

" #
;

zP
nþ1 ¼

hk
2

yP
nþ1;

xc
nþ1 ¼yP

nþ1 þ
hk
2

yP
nþ1 þ zP

nþ1


 �
;

¼ 1þ hk
2
þ h2k2

4

 !
yP

nþ1:

Thus, the new method gives the following iteration formula for solving the test problem
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Fig. 4a. (Example 7.3) Solutions: solid line – by new predictor–corrector; dashed line – exact solution; dotted line – fractional Adams method.
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Fig. 4b. Error versus CPU time: solid line – by new predictor–corrector; dashed line – fractional Adams method.

Table 4
CPU time required to solve IVP (7.3) by fractional Adams method ðT1Þ and by new predictor–corrector method ðT2Þ.

No.of steps ðT1Þ (s) ðT2Þ (s)

200 0.140401 0.093601
300 0.296402 0.187201
400 0.514803 0.296402
500 0.795605 0.468003
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xnþ1 ¼ 1þ hk
2
þ h2k2

4

 !
1þ hk

2

� �
x0 þ kh

Xn

j¼1

xj

 !

¼ 1þ hk
2
þ h2k2

4

 !
1þ hk

2

� �
x0 þ hkþ h2k2

2
þ h3k3

4

 !Xn

j¼1

xj

¼ 1þ hkþ h2k2

2
þ h3k3

4

 !
xn:
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Fig. 6a. xy phase portrait of system (8.1) by Runge–Kutta.
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Fig. 5a. x waveform of system (8.1) by Runge–Kutta.
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Fig. 5b. x waveform of system (8.1) by new predictor–corrector.
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Hence the stability region of the method is given by the inequality

1þ hkþ h2k2

2
þ h3k3

4

�����
����� 6 1;

where k ¼ ReðkÞ þ ıImðkÞ is a complex number. The stability region is shown in Fig. 1.

7. Illustrative examples

We present below some illustrative examples. The computations are done with the help of the software Mathematica 9.
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Fig. 7a. System (8.2), a ¼ 0:88; xðtÞ waveform by new predictor–corrector.
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Fig. 7b. System (8.2), a ¼ 0:88; xðtÞ waveform by fractional Adams method.
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Fig. 6b. xy phase portrait of system (8.1) by new predictor–corrector.
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Example 7.1. Consider the following fractional order differential equation

cDa
0yðxÞ þ y4ðxÞ ¼ Cð2aþ 1Þxa

Cðaþ 1Þ �
2x2�a

Cð3� aÞ þ ðx
2a � x2Þ4; yð0Þ ¼ 0: ð7:1Þ

Exact solution of the IVP (7.1) is x2a � x2. This example is solved for a ¼ 0:75, by both the methods and, solutions are plotted
in Fig. 2(a). All the three solutions coincide in this case and it is clear that both the methods are in very good agreement. In
Fig. 2(b) error (in both methods) versus CPU time is plotted. In Table 1 CPU time required by each method as a function of
number of steps is presented.

Table 2 shows errors in fractional Adams method (E1) and in new predictor–corrector method (E2) while solving IVP (7.1)
and they are compared for different values of h and a (for t ¼ 1). It is noteworthy that E2 is always smaller than E1 in all cases.
So the new predictor–corrector method is more accurate.

Example 7.2. Consider the following fractional order differential equation

5 10 15 20
t
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10

5

y

Fig. 8a. System (8.2), a ¼ 0:88; yðtÞ waveform by new predictor–corrector.
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Fig. 8b. System (8.2), a ¼ 0:88; yðtÞ waveform by fractional Adams method.
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Fig. 9a. System (8.2), a ¼ 0:88; zðtÞ waveform by new predictor–corrector.
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cDa
0yðxÞ ¼ Cð3Þx2�a

Cð3� aÞ �
2Cð2Þx1�a

Cð2� aÞ þ ðx
2 � 2xÞ3 � y3ðxÞ; yð0Þ ¼ 0; x > 0: ð7:2Þ

The IVP (7.2) is solved for a ¼ 0:75. Exact Solution of the IVP (7.2) is x2 � 2x. Fig. 3(a) represents the solution of the
IVP (7.2) for a ¼ 0:75 obtained by new predictor–corrector method, fractional Adams method and the exact solution.
It should be noted that all the three solutions are in perfect agreement. In Fig. 3(b) error versus CPU time t is plotted.
Comment: From Fig. 3(a) and (b), it is clear that fractional Adams method and new predictor–corrector method have same
accuracy albeit the new predictor–corrector method is more time efficient (see Table 3).

Example 7.3. Consider the following fractional order differential equation [23]

cD1:5
0 yðxÞ þ y2ðxÞ ¼ Cð6Þ

Cð4:5Þ x
3:5 � 3

Cð5Þ
Cð3:5Þ x

2:5 þ 2
Cð4Þ

Cð2:5Þ x
1:5 þ ðx5 � 3x4 þ 2x3Þ2; yð0Þ ¼ 0; y0ð0Þ ¼ 0: ð7:3Þ
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Fig. 9b. System (8.2), a ¼ 0:88; zðtÞ waveform by fractional Adams method.
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Fig. 10a. System (8.2), a ¼ 0:88; xy phase portrait by new predictor–corrector.
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Fig. 10b. System (8.2), a ¼ 0:88; xy phase portrait by fractional Adams method.
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Exact Solution of Eq. (7.3) is x5 � 3x4 þ 2x3. Fig. 4(a) represents the solution of IVP (7.3) obtained by three methods viz. above
new predictor–corrector approach, fractional Adams method [7] and exact solution. In Fig. 4(b) error versus CPU time t is
plotted.

Observation: New predictor–corrector method is more time efficient than fractional Adams method (see Table 4).

8. A new chaotic system

8.1. Integer order

Bhalekar and Daftardar-Gejji have introduced a new chaotic system [14,15] which is given by the following ordinary dif-
ferential equations.
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Fig. 11a. System (8.2), a ¼ 0:88; yz phase portrait by new predictor–corrector.
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Fig. 11b. System (8.2), a ¼ 0:88; yz phase portrait by fractional Adams method.
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Fig. 12a. System (8.2), a ¼ 0:88; xz phase portrait by new predictor–corrector.
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_x ¼ xx� y2;

_y ¼ lðz� yÞ;
_z ¼ ay� bzþ xy;

ð8:1Þ

where x;l; a; b are constant parameters. This system shows two-scrolled butterfly-shaped attractor for
x ¼ �2:667;l ¼ 10; a ¼ 27:3; b ¼ 1. Initial condition is taken as ðx0; y0; z0Þ ¼ ð0;10;10Þ. Fig. 5(a) and Fig. 5(b) represent
x-waveform by Runge–Kutta method (order 4) and by new predictor–corrector method respectively. Fig. 6(a) and
Fig. 6(b) display xy phase portraits obtained by Runge–Kutta method (order 4) and by new predictor–corrector method
respectively.
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Fig. 12b. System (8.2), a ¼ 0:88; xz phase portrait by fractional Adams method.
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Fig. 13a. System (8.2), a ¼ 0:89; x waveform by new predictor–corrector.
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Fig. 13b. System (8.2), a ¼ 0:89; x waveform by fractional Adams method.
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8.2. Fractional order

A new chaotic attractor given in the article [14,15] is given by the system of fractional differential equations:

Dax ¼ xx� y2;

Day ¼ lðz� yÞ;
Daz ¼ ay� bzþ xy;

ð8:2Þ

where x;l; a; b are constant parameters. x ¼ �2:667;l ¼ 10; a ¼ 27:3; b ¼ 1. (step length h ¼ 0:02, initial condition is
ð0;10;10Þ). See the portraits for commensurate system where order of the system a is taking values 0:88;0:89.

Observation: It is observed that system shows stable orbits for a ¼ 0:88 and is chaotic for a ¼ 0:89 (see Figs. 7–18).
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Fig. 14a. System (8.2), a ¼ 0:89; y waveform by new predictor–corrector.
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Fig. 14b. System (8.2), a ¼ 0:89; y waveform by fractional Adams method.
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Fig. 15a. System (8.2), a ¼ 0:89; z waveform by new predictor–corrector.
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8.3. Time efficiency

In Table 5 we compare the CPU time required to calculate the solution for fractional order Bhalekar–Gejji system (8.2) for
a ¼ 0:89 by fractional Adams method ðT1Þ and by new predictor–corrector formula ðT2Þ. Total time (in seconds) required for
evaluation of the main loop for different values of steps n is considered.
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Fig. 15b. System (8.2), a ¼ 0:89; z waveform by fractional Adams method.
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Fig. 16a. System (8.2), a ¼ 0:89; xy phase portrait by new predictor–corrector.
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Fig. 16b. System (8.2), a ¼ 0:89; xy phase portrait by fractional Adams method.
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Fig. 17a. System (8.2), a ¼ 0:89; yz phase portrait by new predictor–corrector.
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Fig. 17b. System (8.2), a ¼ 0:89; yz phase portrait by fractional Adams method.
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Fig. 18a. System (8.2), a ¼ 0:89; xz phase portrait by new predictor–corrector.
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9. Conclusions

A new predictor–corrector method to solve fractional order differential equations is proposed and compared with the
fractional Adams method. The better accuracy and time efficiency of the proposed method is evident from detailed error
analysis and numerous illustrative examples. Numerical experiments on a new chaotic system with fractional order are car-
ried out. The minimum effective dimension calculated for the commensurate order turns out to be (2.67) by fractional
Adams method and new predictor corrector method. The phase portraits further revealed that the two methods led to sim-
ilar inferences; the new method being more time efficient.
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Abstract Textile effluents are hugely hazardous, and

comparatively less research have been focused on their

biodecolorization process optimization by single bacte-

rium. Hence, present study was intended toward statistical

optimization of textile wastewater biodecolorization by

Pseudomonas sp. SUK1 employing response surface

methodology. Effects of pH, temperature, and effluent

concentrations were analyzed, and an optimal response of

92.20 % American Dye Manufacturing Institute (ADMI)

value removal was recorded at 7.0 pH, 40 �C, and 40 % of

effluent concentration. This response was maximized to

94.08 % ADMI removal from predicted solutions. Actual

and predicted values were matching and the process was

found suitable for quadratic model. Success of response

surface methodology was validated from R2. Significant

interactions of each variable were demonstrated by

response surface plots. Bacterium reduced the heavy metals

concentration, Biological Oxygen Demand, and Chemical

Oxygen Demand values significantly. Degradation of dyes

was checked by high performance thin layer chromatog-

raphy. Effluent treatment caused the nicking of pBR322.

Up- /down- regulation of antioxidant enzymes in Allium

cepa L. confirmed the severe toxicity of effluent and also

suggested that the toxicity was significantly reduced by the

bacterial treatment.

Keywords ADMI � Biodecolorization � Pseudomonas sp.

SUK1 � Response surface methodology � Wastewater

Introduction

Colored appearance is a unique characteristic in many

industrial wastewaters including dye manufacturing, tan-

nery, plastic, paper, pulp, leather, textile industrial waste-

water, and other industrial wastes e.g., food and cosmetic

(Fu and Viraraghavan 2001). However, textile industry is

the major source of colored effluent because major chem-

ical pollutants present in textile wastes are ‘‘dyes’’, while

others include toxic heavy metals, pentachlorophenol,

chlorine bleaching, halogen carriers, carcinogenic amines,

free formaldehyde, biocides, salts, surfactants, disinfec-

tants, solvents, and softeners etc. (Correia et al. 1994).

Since 1856, over 105 different dyes have been produced

worldwide with an annual production of over 7 9 105

metric tons (Ali 2010) indicating their increased require-

ment and usage. Out of the total usage, 10 % of dyes are

released in environment in the form of effluents (Maguire

1992; Selvam et al. 2003).

Several hazardous effects of textile effluent are reported

worldwide on aquatic flora and fauna, animals, and even on

humans. Colored effluents can cause esthetic and envi-

ronmental problems by absorbing the light and by inter-

fering with aquatic biological processes (Kao et al. 2001).
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Dyes are recalcitrant, xenobiotic, highly toxic compounds,

and known as carcinogenic (Bhaskar et al. 2003) and

genotoxic when lead to exposure in the human gastroin-

testinal tract (Stiborova et al. 2002). Importantly, in Eco-

logical and Toxicological Association of the dyestuff

(ETAD) survey, over 90 % of some dyes (4,000 dyes tes-

ted) had the LD50 values greater than 2,000 mg kg-1

(Ayed et al. 2009). As a result, in recent years, government

policies have restricted these industries to discharge efflu-

ent with proper treatment. There are several methods

reported for the decolorization purpose, but biological

treatment is highly attractive for a variety of reasons

(Robinson et al. 2001; Forgacs et al. 2004). Though lot of

work has been carried out in microbial remediation and

process optimization with single dyes, comparatively less

work is done on real untreated textile effluent. In routine

practice, one does not know the dyes, their types, and

several other chemicals present in the effluent. Here,

treating such effluent is more relevant and challenging task

because combined stress generated on microbial biomass

due to several dyes and chemicals is considerably high.

Hence we aim to study the remediation of untreated,

undiluted textile effluent by using bacterium Pseudomonas

sp. SUK1.

Previous studies also lack, to great extent, the efforts to

optimize (specifically) the wastewater decolorization pro-

cesses statistically. Hence, in this study, various experi-

mental conditions have been optimized and their

interdependence on decolorization was also investigated by

Response surface methodology (RSM). And to the best of

our knowledge, this might be the first report on RSM

application specifically for single bacterium- mediated

textile wastewater decolorization; although previous stud-

ies include microbial consortium mediated effluent treat-

ment, RSM optimization for single dyes or synthetic dye

mixture, effluent treatment using single fungal strains, etc.

Materials and methods

Chemicals

All chemicals required for enzyme assays were obtained

from Sigma Aldrich. Solvents were purchased from Hi-

media Laboratories Pvt. Ltd., Mumbai, India and Sisco

Research Laboratory (SRLs), India. All chemicals used

were of the highest purity available and of analytical grade.

Effluent collection and its characterization

Effluent used in this study was obtained from local textile

industry, Ichalkaranji, India, directly from the outlet,

without its prior treatment in effluent treatment plant (10 lit

sample collected only once). It was filtered through filter

paper, autoclave sterilized, and stored at 4 �C until use for

decolorization studies without any dilution.

Effluent was characterized by biological oxygen demand

(BOD)and chemical oxygen demand (COD) (APHA 1998)

before and after dye degradation. BOD and COD values

were measured by using Hanna BOD meter and automated

COD analyzer (Spectralab CT 15, India), respectively.

Effluent was also characterized for some other parameters

like hardness, alkalinity, total solids (TS), total dissolved

solids (TDS), and total suspended solids (TSS) (APHA

1998).

Bacterium and culture conditions

Strain Pseudomonas sp. SUK1 used in this study was

previously isolated in our laboratory by Kalyani et al.

(2008) and chosen because of its decolorization capability.

Pure culture was maintained at 4 �C on nutrient agar slant

containing (g dm-3): NaCl 5.0, bacteriological peptone

10.0, yeast extract 2.0, beef extract 1.0, and agar 25.0.

Decolorization experiment

All decolorization experiments were performed in 250 cm3

Erlenmeyer flasks, at static condition. Bacterium was

grown for 24 h at 30 �C at static condition, in nutrient

broth having composition as mentioned above, except agar.

From this microbial broth, 50 cm3 grown culture was

added in the flask containing 50 cm3 textile industry

effluents (during preliminary experiments). Aliquot of

4 cm3 from this mixture was centrifuged at 6,000 rpm for

15 min to separate the cell mass, and the clear supernatant

was used to determine the decolorization activity. Decol-

orization was analyzed using American Dye Manufacturing

Institute (ADMI) 3WL tristimulus method. Transmittance

of the sample at three wavelengths (590, 540, and 438 nm)

was recorded in UV–Vis spectrophotometer (Shimadzu

UV-1800), and using these values, ADMI tristimulus val-

ues were calculated (Kurade et al. 2012). Hence, decolor-

ization was expressed in terms of ADMI removal ratio and

calculated as follows:

ADMI removal ð%Þ ¼ ADMIðt0Þ � ADMIðtÞ
ADMIðt0Þ

� 100

ðA:1Þ

in which ADMI (t0) and ADMI (t) are the initial ADMI

value (at 0 h) and the ADMI value after a particular

reaction time (t), respectively. All decolorization experi-

ments were carried out in triplicates. Abiotic controls

(without microorganism) were always included.
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Process optimization by RSM

Box-Behnken design was applied using Design-Expert

(Stat-Ease) software trial version 8.0.6.1 to our study, which

is a three-level design operated here for three variables viz.

–pH (units), temperature (�C), and effluent concentration

(%, v/v). These parameters were chosen based on the results

from preliminary experiments as the critical variables to

optimize effluent decolorization and designated as A, B, and

C. Statistical significance of the model equation and model

terms was evaluated by F test and Analysis of Variance

(ANOVA). Quality of the quadratic model equation was

expressed by determination coefficient R2 and adjusted R2.

Optimal values were obtained by solving the regression

equation, and 3D response surface and contour plots were

used for analyzing the interactive effect of each variable.

Enzyme assays

Enzyme analysis was carried in control sample immedi-

ately after addition of textile effluent to the culture broth

(0 h) and after the decolorization of effluent (24 h): both

intracellular and extracellular. Preparation of cell-free

extract and enzymatic status of various biotransformation

enzymes viz. NADH-DCIP reductase, veratryl alcohol

oxidase (VAO), laccase, tyrosinase, and azo reductase were

assessed spectrophotometrically using Shimadzu UV-1800

UV–Vis spectrophotometer as mentioned in our previous

report (Jadhav et al. 2013). Activity of NADH-DCIP

reductase was monitored by DCIP as a substrate and

NADH as a cofactor, while the enzyme activities of laccase

and VAO were determined using o-tolidine and veratryl

alcohol as a substrate, respectively. All experiments were

carried out in triplicates and the average rates were cal-

culated. Enzyme blanks were always included.

Extraction of metabolites and analytical analyses

Decolorized medium was centrifuged at 6,000 rpm for

20 min at room temperature. Supernatant obtained was used

to extract metabolites with ethyl acetate (1:1) firstly at

neutral pH (7.0), and the solvent fraction was collected

separately. Similar extraction procedure was followed at

acidic (4.0) as well as basic (10.0) pH values by readjusting

the pH of same supernatant. All solvent fractions were

mixed together and evaporated to dryness. This dried resi-

due was redissolved in small volume of HPLC grade

methanol and used for High Performance Thin Layer

Chromatography (HPTLC) analysis. For UV–Vis and

Atomic Absorbance Spectroscopic (AAS) analyses, super-

natant was used as it is (Phugare et al. 2011).

For HPTLC analysis, pre-coated TLC silica gel (60F

254) plates supplied by Merck were used. Samples

(effluent, degradation product) of amount 10 lm3 were

spotted on TLC plates using a micro syringe under N2

pressure (HPTLC Camag, Switzerland) (Phugare et al.

2011). Mobile phase used was toluene: ethyl acetate: pro-

panol (7:2:1, v/v). Plate was scanned at 254 nm and

observed under UV–chamber. Detection of metals from the

textile effluent was done by AAS. Ion content was evalu-

ated using Perkin–Elmer model 300, with a hallow cathode

lamp and a deuterium background corrector, at respective

resonance line using an air–acetylene flame.

Phytotoxicity, antioxidant enzymes, and plasmid

nicking assays

Phytotoxicity studies using Triticum aestivum and Sorghum

vulgare plant species were conducted by evaluating the

seed germination index and the length of plumule and

radicle (Phugare et al. 2011).

Antioxidant enzyme status was checked in A. cepa root

cells, (Jadhav et al. 2013) and spectrophotometric assays

were performed according to the protocol given by Achary

et al. (2008). Enzymes analyzed were catalase (CAT, E.C.

1.11.1.6), superoxide dismutase (SOD, E.C. 1.15.1.1), and

guaiacol peroxidase (GPX, E.C. 1.11.1.7).

This assay was carried out as described by Siddiqui et al.

(2011) with slight change. Plasmid pBR322 DNA (0.5 lg)

was treated with effluent and its degradation products in a

total volume of 20 lm3 for 20 h at room temperature.

D/W-treated plasmid served as negative control. After the

treatment, 2 lm3 of 59 tracking dye (40 mM EDTA,

0.05 % bromophenol blue, and 50 % (v/v) glycerol) was

added to the reaction mixtures, and they were subjected to

electrophoresis on 1 % agarose gels. Gel was run at

102 mA for 30 min and stained with ethidium bromide

(0.5 lg dm-3) for 30 min at room temperature. After

washing, the bands in the gel were visualized in a Gel-Doc

system.

Statistical analysis

Data were analyzed by ANOVA with Tukey–Kramer

multiple comparisons test (Taran et al. 2011; Jadhav et al.

2013) using Graph pad software. Readings were considered

significant when P was \0.05.

Results and discussion

Effluent characterization

Effluents from textile dying facilities are very difficult to

treat successfully because of their high compositional

variability and high color intensity (Kao et al. 2001).
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Pseudomonas sp. SUK1 has been shown to possess tre-

mendous potential for textile dye degradation. However, its

potential was estimated for the individual dye degradation

and in consortium for the effluent decolorization studies

(Kalyani et al. 2008; Jadhav et al. 2010). Here we aimed to

evaluate the textile effluent decolorization potential of this

strain individually. Textile effluent without any prior

treatment was obtained directly from the outlet of the

industry. Initial color of the effluent was showing the

absorbance maxima at 548 nm having absorbance of 0.192

units and showed the ADMI value of 985 units. Pre-

liminary characterization was done in terms of organic

load. The pH was basic i.e., 8.25, and the effluent showed

absorbance maxima at 468 nm (Table 1). Total dissolved

solids were 920 mg dm-3 and total solids concentration

estimated was 1300 mg dm-3, whereas the hardness

counted was 158 mg dm-3.

Microbial growth and decolorization experiments were

carried out in static conditions. At shaking condition,

microbial growth was higher than that of static, but there

was no highly significant difference in decolorization

capacity. Also, shaking conditions would have further

increased the cost of this treatment process.

Initial BOD and COD values were 380 and

624 mg dm-3, respectively, but after the bacterial treat-

ment, significant reduction of 47.3 and 35.9 % were

recorded, respectively for BOD and COD. As heavy metals

are often used in different textile processes, they are fre-

quently found in textile dyeing effluents (Rybicki et al.

2004) as free ionic metals or complex metals that eventu-

ally contribute to environmental concerns (Hill et al. 1993).

When the effluent in present study was tested for the pre-

sence of metals, Copper, Magnesium, Iron, Manganese,

Zinc, Chromium, Sodium, and Lead were found (Table 1).

Some of them were present in higher quantities than given

by the National Environmental Quality Standards (Phugare

et al. 2011). Sodium was found to be present in compara-

tively very higher quantity, which might be representing

the salinity of effluent, and Pb was in least concentration.

In this case also, after bacterial treatment, all the metals

were found to be reduced in concentration with Pb been

removed by highest percent.

Optimization of decolorization

In recent years, chemo metric tools have been frequently

applied to the optimization of analytical methods and RSM

is one of them. These methods offer the advantages such as

a reduction in number of experiments that need to be

executed, resulting in lower reagent consumption and

considerably less laboratory work (Ferreira et al. 2007).

RSM has been extensively used in biotechnology namely

optimization of medium composition, value-added pro-

ducts, and dye decolorization (Nyanhongo et al. 2002;

Zhang et al. 2007; Dey et al. 2012; Jalasutaram et al. 2013;

Vedaraman et al. 2013), simulated dye effluent and oil mill

effluent decolorization (Sharma et al. 2009; Neoh et al.

2013) and food process (Yann et al. 2005). However,

studies aiming the optimization of textile effluent biode-

colorization are lacking. Hence, here we have optimized

the effluent decolorization performance of bacterium by

employing RSM. Application of RSM in textile effluent

treatment process can result in improved decolorization,

reduced process variability, time, and overall costs (Tav-

ares et al. 2009). Additionally, it is also useful for the

identification and optimization of factors that influence the

experiments and further, possible synergic or antagonistic

interactions that may exist between factors can also be

studied. Furthermore, using these methods, mathematical

models can be developed that permit assessment of the

relevance, statistical significance of the affecting factor as

well as to evaluate the interactive effects between the

factors (Ferreira et al. 2007). Hence, a class of three-level

complete factorial design for the estimation of the param-

eters in a second-order model was developed by Box and

Behnken (1960), and we employed this design in our

present study. Table 2 shows the process affecting

parameters and their minus, zero, and plus levels. Response

(decolorization) was expressed in terms of % ADMI

removal value. Because being a complex mixture of dyes,

Table 1 Effluent characterization before and after decolorization

Characteristics Textile effluent

before bacterial

treatment

Textile effluent

after bacterial

treatment

pH 8.25 7.90

kmax 468 nm –

CODa 624 224

BODa 380 179

Total dissolved solids

(TDS)a
920 705

Total suspended solids

(TSS)a
380 –

Total solidsa 1300 –

Total hardness

(CaCO3)a
158 71

Cua 2.74 2.17

Mga 5.0 4.0

Fea 0.70 0.15

Mna 0.47 0.35

Zna 2.48 1.91

Cra 0.40 0.29

Pba 0.17 0.02

Naa 1532 1340

a mg dm-3
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textile effluent does not show well-defined peaks in the

visible region, hence the decolorization of mixture of dyes

was determined in terms of ADMI value. It provides a true

measurement of water color, independent of hue and thus

opens the way to a more accurate definition of wastewater

and colored mixture measurements (Kao et al. 2001). It

was calculated using the ‘Adams-Nickerson chromatic

value formula’ (Kurade et al. 2012). It is to be noted that no

biosorption occurred and the decolorization was by bacte-

rial degradation activity only. This conclusion was based

on the observations of dye desorption studies (by using

solvents methanol, chloroform, ethyl acetate and dichlo-

romethane dimethyl sulfoxide, and also using NaOH) of

the dyes on the bacterial cells before and after effluent

decolorization (where no dye was recovered from the

bacterial cell surface). And also no decolorization was

observed by the heat-killed cell suspension (Kalyani et al.

2012).

Design matrix and statistical analysis

For the RSM studies, prior knowledge regarding process

and its variables was necessary, and parameters were

chosen based on preliminary decolorization experiments.

During optimization, quadratic model was found to be

suitable for the decolorization process in this study. From

multiple regression analysis, second-order quadratic poly-

nomial equation for predicted response Y (% ADMI

removal), in terms of coded as well actual values, was

obtained as follows:

Final equation in terms of coded factors:

Y ¼ þ87:36 � 4:95 � A þ 6:31 � B � 4:61

� C � 1:98 � A � B þ 2:73 � A � C

� 2:85 � B � C � 8:43 � A2 � 4:46

� B2 � 4:36 � C2:

ðB:1Þ

Final equation in terms of actual factors:

%ADMI removal ¼ �424:75500 þ 105:37000� pH

þ 6:11175 � Temperature

þ 2:84125 � Effluent conc:

� 0:19750 � pH � Temperature

þ 0:27250 � pH � Effluent conc:

� 0:028500 � Temperature

� Effluent conc:

� 8:43000 � pH2 � 0:044550

� Temperature2 � 0:043550

� Effluent conc:2:

ðB:2Þ

Total of 17 runs were required for this Box-Behnken

design and details of this experimental design matrix is

presented in Table 2; along with actual and predicted

responses. Optimum values of the operational parameters

were obtained by solving the regression equation, analyz-

ing the 3D and contour plots, and by setting up restrictions

for the levels of the factors under study. It can be seen that

all the experimental results were in very good agreement

Table 2 Box-Behnken design matrix with variables along with actual and predicted responses

Std. Order A [pH] B [Temp.

(�C)]

C [Effl. conc.

(%)]

Actual response

(Y %)

Predicated

response (Y1 %)

Externally studentized

residual

1 6 20 50 71.10 71.14 -0.130

2 8 20 50 65.30 65.19 0.395

3 6 40 50 87.60 87.71 -0.395

4 8 40 50 73.90 73.86 0.130

5 6 30 40 87.10 86.86 0.874

6 8 30 40 71.60 71.51 0.305

7 6 30 60 72.10 72.19 -0.305

8 8 30 60 67.50 67.74 -0.874

9 7 20 40 73.80 74.00 -0.722

10 7 40 40 92.20 92.33 -0.440

11 7 20 60 70.60 70.47 0.440

12 7 40 60 77.60 77.40 0.722

13 7 30 50 86.60 87.36 -1.841

14 7 30 50 87.40 87.36 0.078

15 7 30 50 88.30 87.36 2.721

16 7 30 50 86.90 87.36 -0.956

17 7 30 50 87.60 87.36 0.473
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with predicted ones i.e., %ADMI removal values of each

experiment were matching. Maximum ADMI removal of

92.20 % was observed at pH 7.0, temperature 40 �C, and

effluent concentration 40 %. ANOVA analysis was

employed to validate the predicted quadratic model, from

which the relationship between variables and response was

studied. Table 3 shows the statistical analysis of this pro-

cess. ANOVA of the regression model suggested the high

significance of model; based on Fisher’s ‘F’ test, the ‘P’

value of model was very low (\0.0001), which is very

highly significant. F value of model should be greater than

the tabulated value of the F distribution for a certain

number of degrees of freedom at a level of significance

a = 5 % (Kousha et al. 2012). So the ‘P’ value of less than

0.05 indicates model significance at the 95 % confidence

level. Box-Cox plot is another analysis which can be used

to check the validity of the model. Only few parameters

near the optimum region can be significant, while others

might appear to be significant outside the region of opti-

mum. So the plot provides guideline for selecting the

correct power-law transformation. Present study model

showed that the minimum confidence interval value is

-0.83 and the maximum value is 2.65 (Fig. 1). The current

point of confidence interval (k = 1) is very much closer to

model design value i.e., best = 0.9. Hence, no transfor-

mation of the model was required as recommended by the

Box-Cox analysis. Major test for validating the model is

‘lack of fit’ test. This test should be non-significant; we

want the model to fit the process. ‘P’ value of 0.8875 and

‘Lack of fit F value’ of 0.21 in the present study renders

this as non-significant (Table 3).

Adequacy of the model, response prediction,

and confirmation

It is important to check the adequacy of the fitted model

before analyzing and predicting the responses. Fitted model

should give sufficient approximation to the actual test

otherwise it can lead to poor results. From Table 2, it is

evident that almost all the externally studentized residuals

lie between -2 and ?2 values with the exception of 15th

run. Because this parameter/analysis is important in check-

ing adequacy of the model, the quadric model in present

study seemed adequate. Further multiple correlation coeffi-

cients, normal probability plot, and ‘adequate precision’

were used to judge the model adequacy. Integrity of the

predicted quadratic model was investigated by determina-

tion coefficient (R2) and multiple correlation coefficients

(R). It gives goodness of the fitted model and explains the

Fig. 1 Box-Cox analysis for checking the requirement of transfor-

mation of model

Table 3 ANOVA analysis and

‘lack of fit test’ for the quadratic

model

R2 -0.9984; Pred R2 -0.9945;

Adj R-Squared -0.9964;

SD -0.53; Mean -79.25;

C.V. -0.67 %; PRESS -6.99;

Adeq. Precision -66.204
a Degrees of freedom

Source Sum of squares dfa Mean square F values P value Prob [ F

Model 1272.24 9 141.36 494.88 \0.0001 Significant

A-pH 196.02 1 196.02 686.24 \0.0001

B-Temperature 318.78 1 318.78 1116.01 \0.0001

C-Effluent conc. 170.20 1 170.20 595.85 \0.0001

AB 15.60 1 15.60 54.62 0.0002

AC 29.70 1 29.70 103.98 \0.0001

BC 32.49 1 32.49 113.74 \0.0001

A2 299.22 1 299.22 1047.53 \0.0001

B2 83.57 1 83.57 292.56 \0.0001

C2 79.86 1 79.86 279.57 \0.0001

Residual 2.00 7 0.29

Lack of fit 0.27 3 0.089 0.21 0.8875 Not significant

Pure error 1.73 4 0.43

Cor total 1274.24 16
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correlation between actual and predicted values. The value

of ‘R2’ needs to be closer to 1 and in the present process, it

was 0.9984–– demonstrating the better correlation. ‘‘Pred

R2’’ of 0.9945 is in reasonable agreement with the ‘Adjusted

R2’ of 0.9964 (Table 3). This value of ‘Adj R2’ suggested

total variation of more than 99 % for ADMI removal value

to the independent variables. Only 0.5 % variation was not

explained by fitted model. So this analysis permitted the use

of response surface for modeling the design space. Normal

probability plot ensures the normality assumption of resid-

uals. It is necessary that mean zero and unit variance should

be approximately normal with residuals. This plot lies along

a straight line because almost no residuals had the value over

2 and it fulfilled the normality assumption (Fig. 2). The

range in predicted response relative to its associated error

can be measured by adequate precision. Value of this ratio

should be greater than four (Kousha et al. 2012; Aghamo-

hammadi et al. 2007). In this study, a value of 66.204 of this

ratio suggests that the data obtained through predicted

quadratic model is reliable and can be used to navigate the

design space.

Next step in RSM is to predict the response. Contour

and 3D response surface plots were generated to examine

the interactive effect of independent variables of the pro-

cess. Figure 3a gives the interactive effect of pH and temp.

while keeping the effluent concentration constant (50 %). It

is evident that as temperature rises from 20 to 40 �C, there

was almost linear increase in % ADMI removal value of

effluent decolorization. Further increase in temperature

might have affected the enzyme system and/or cell via-

bility. Whereas, the decolorization was observed at pH

values from 6.0 to 7.5 units and it seemed to be inhibited at

further basic pH values. A maximum of approximately

90 % ADMI removal can be seen at 40 �C and pH 6.8. ‘P’

(Prob [ F) value of 0.0002 for this interaction is rendering

it quite significant (Table 3). In the next part, interactive

effect of effluent concentration and pH was investigated by

keeping the temp. constant (30 �C). Here it is clear that

with higher effluent concentrations there was decrease in

decolorization efficiency of bacterium above 45 % effluent

concentration, when the pH was varied over the range

6.0–8.0 (Fig. 3b). Region of maximum % ADMI removal

efficiency was at pH 6.7 and effluent concentration 45 %.

At higher concentrations of effluent, there might be toxic

effects to the bacterium or cell number is low to utilize

these much higher concentrations rendering the overall

decolorization rate slow with respect to the tested time

(24 h). Further at constant pH of 7.0, interactive effect of

temperature against effluent concentration was studied

(Fig. 3c). More than 90 % of ADMI removal can be seen at

temp. 40 �C and low effluent concentration (40 %) which

came out during experimental design matrix. It can be said

that lower effluent concentrations were required to achieve

the significant decolorization. And at higher temperature of

40 �C, there might be increased activity of enzymes or

cells may be optimally permeable to intracellular uptake of

dye/s and thereby subsequent decolorization of dyes by

enzymes. The intracellular uptake and degradation of the

dyes is a very commonly found phenomena in the

microbes.

Another beauty of RSM is that software generates the

possible combinations of experimental variables where

further maximum response can be accomplished. Accord-

ingly we selected few such experiments and performed in

triplicates, so as to validate and confirm the adequacy of

fitted model. In these confirmatory experiments also, the

actual values were very close to the predicted response

values (Table 4). These experiments also confirmed the

predicted responses. Because in all these tested combina-

tions, pH of near neutral value, temp. of near 40 �C and

lower effluent concentrations (around 40 %) were proved

to be optimum. The response (% ADMI removal) was

maximized to 94.08 % from experimental combination

of—pH 6.6, temp. 38.44 �C and effluent concentration

42.66 %

Enzymatic and analytical analysis

Various biotransformation enzymes were analyzed for their

role in decolorization of textile effluent. As evident from

Table 5, intracellular activities of laccase, VAO, NADH-

DCIP reductase and significantly in tyrosinase were found

to be induced after decolorization of textile effluent. A

significant increase in the extracellular activities of NADH-

DCIP reductase, tyrosinase, laccase, and particularly in

VAO was also observed after decolorization. It can be

concluded that the presence of these enzymes was neces-

sary for the decolorization of colored effluent or their co-

ordinate action which ultimately lead to the decolorization

Fig. 2 Normal probability plot of residuals
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and degradation of various dyes present in effluent. These

enzymes are now very well established in dye decoloriza-

tion (Jadhav et al. 2013). Activity of azo reductase was

absent in both enzyme samples. Here, it is difficult to

predict whether there was any azo dye present in the

effluent or not because laccase has been previously shown

to remove the azo bond by Pereira et al. (2009) and we

have found laccase activity in this study.

Decolorization of textile effluent was confirmed with

UV–Vis spectroscopy (Fig. 4). HPTLC analysis was

conducted to confirm the biodegradation of dyes present in

this colored effluent. In this study, fluorescent TLC plate

was loaded with samples, developed using mobile phase-

propanol: toluene: ethyl acetate (1:7:2). Figure 5a repre-

sents the plate observed under UV chamber at 366 nm. It is

easily visible that bands obtained in the control sample

(lane ‘a’) were not same as in the metabolite sample (lane

‘b’). Major bands corresponding to the dyes, were either

vanished or biotransformed into compounds with altered Rf

values. These outcomes were further supported by 3D

Fig. 3 Interactive effect of each variable. a Temp.–pH b Effluent conc.–pH c Effluent conc.–temp
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graph obtained in the software (Fig. 5b), in which tracks

were scanned in visible range i.e., at 530 nm. Multiple

peaks in control were lost in the metabolite sample where

no major peak appeared which can be responsible for

colored product. From these studies, it can be concluded

that the dye molecules present in effluent were biodegraded

or biotransformed that lead to the decolorization.

Toxic effects of effluent

Here toxicity was estimated using three different toxicity

assays to evaluate the success of this bioremediation pro-

cess. Because we found that there might be biotransfor-

mation of some dyes and biotransformation may not

always be necessarily beneficial. So it was imperative to

check the toxicity of metabolites formed after decoloriza-

tion of effluent.

Phytotoxicity and antioxidant enzyme analysis

Phytotoxicity studies using plant seedlings have been used

widely because these offer most simple, compatible, and

inexpensive approach to test out the toxic effects of pol-

lutants, though mainly for dyes (Lin and Xing 2007;

Kalyani et al. 2008; Kumar et al. 2013). We used this assay

with Triticum aestivum and Sorghum vulgare which

occupies the major place of diet in India. Indication of

toxic effects of effluent with respect to plumule and radicle

length and germination (%) of seeds were visible from

phytotoxicity studies (Table 6). Significant differences can

be seen in effluent treatment. While all the values of the

metabolite-treated samples were very close to that of the

water-treated samples (control), it gives clear idea about

the less toxic nature of metabolites as compared to effluent

(Table 6).

Antioxidant enzyme analyses are important in evaluat-

ing the production of reactive oxygen species or indirectly

oxidative stress because these form the defense mechanism

of plants against stress. A. Cepa was chosen here because it

is a major dietory component, its soft roots which makes

the enzyme isolation and also its assay protocols are well

established. We tested SOD, CAT, and GPX enzymes in A.

Cepa root cells treated with water, effluent, and metabolites

separately. Selection of enzymes was based on the fact that

Fig. 4 UV–Vis spectroscopy analysis of textile effluent before and

after its decolorization

Table 4 Confirmatory experiments for Box-Behnken design matrix

model validation and confirmation

Solution pH Temp. Effluent

conc.

Actual

response

(% Y)

Predicted

response

(% Y1)

1 6.53 36.58 45.95 92.46 93.09

2 6.85 37.80 40.61 93.12 93.30

3 6.60 38.44 42.66 94.08 94.41

Table 5 Enzyme activities in Pseudomonas sp. SUK1 in control (0 time) and after treatment (24 h)

Enzyme Intracellular Extracellular

Before decolorization After decolorization Before decolorization After decolorization

VAOa 1.161 ± 0.055 1.241 ± 0.040 0.821 ± 0.078 1.320 ± 0.123**

Laccasea 0.135 ± 0.021 0.141 ± 0.043 0.137 ± 0.092 0.241 ± 0.032**

NADH-DCIP reductaseb 321.6 ± 2.561 408.5 ± 5.51*** 210.2 ± 3.92 259.26 ± 2.09**

Tyrosinasea 245.0 ± 31.83 709.8 ± 25.5*** 502.9 ± 21.32 832.0 ± 21.3***

Azoreductasec ND ND ND ND

Values are mean of three experiments, (±) SD. Significantly different from control (before decolorization) at ** P \ 0.01, *** P \ 0.001 by

One-way analysis of variance (ANOVA) with Tukey–Kramer comparison test

ND Not detected
a Units mg-1 protein min-1

b lg of DCIP reduced mg-1 protein min-1

c lmol of methyl red reduced mg-1 protein min-1

Application of response surface methodology

123



they are well known for their important role in reducing the

toxic levels of reactive oxygen species, which ultimately

demonstrates the stress. Induction in activity of CAT and

inhibition of activities of SOD and GPX were observed in

effluent-treated samples, while these activities were found

close to that of control values in case of metabolite-treated

sample (Table 7). Achary et al. (2008) has suggested that

the interplay of these enzymes can be considered as a

response to the oxidative stress. The efficient role of an

antioxidant in detoxifying or scavenging reactive oxygen

species depends on the type of species in which it occurs,

intensity of a stress, and also the growth stage at which a

plant is exposed to stress (Ashraf 2009). From these results,

it is evocative that there was generation of reactive oxygen

species in response to effluent-mediated stress due to which

there was up- /down- regulation of antioxidant enzymes

occurred.

In vitro plasmid nicking assay

This assay also offers easy and quick method of assessing

the toxicity. So, in this study, we tested the effect of

effluent on plasmid DNA in an in vitro assay. Plasmid

DNA was treated with metabolites and effluent separately

along with untreated plasmid and plasmid treated with

D/W served as controls. Figure 6 gives the electrophoretic

band pattern of plasmid pBR322 under these treatments

and reveals the highly toxic nature of textile effluent used

in this study. Three bands corresponding to the open cir-

cular (OC), linear (L), and super coiled (SC) were observed

in control (lane ‘a’, without any treatment). This pattern

was very much similar in case of metabolite treatment

(lane ‘c’). Hence, a less toxic nature of metabolites was

confirmed. While there was almost complete degradation

of plasmid DNA after effluent treatment, a smear of band is

observable that traveled a greater distance than control and

metabolite. This toxicity was higher than reported in earlier

reports of wastewaters (Siddiqui et al. 2011; Tabreza and

Ahmad 2011). In those reports, single band of plasmid

DNA was converted to OC, L, and SC or further degra-

dation of one of these bands was found occurred. While

effluent in our present study seemed to possess more toxic

effects as the extent of denaturation of DNA was higher in

its case.

Conclusions

RSM was applied successfully to optimize the bioremedi-

ation process for textile wastewater. It can result in

Fig. 5 HPTLC analysis. a Fluorescent plate observed at 366 nm. Arrows suggest the probable major dye bands b 3D graph after scanning of

plate at 530 nm

Table 6 Phytotoxicity study of the effluent and its degradation

product

Parameter ? Plants; Germination Plumule (cm) Radical (cm)

Triticum aestivum

Control 90 11.2 ± 1.62 6.01 ± 0.31

Effluent 40 5.12 ± 2.02*** 3.53 ± 0.24*

Metabolite 70 8.93 ± 1.64 5.43 ± 0.73

Sorghum vulgare

Control 80 7.87 ± 1.32 5.63 ± 0.61

Effluent 30 4.03 ± 0.89* 2.41 ± 0.21**

Metabolite 60 7.42 ± 0.93 4.28 ± 0.54

Values are mean of three experiments, SEM (±), significantly different from the

control (seeds germinated in water) at * P \ 0.05, ** P \ 0.01 and *** P\0.001

by One-way analysis of variance (ANOVA) with Tukey–Kramer comparison test
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improved decolorization, reduced process variability, time,

and overall cost. With these studies, model response can be

predicted at any given conditions of variables. These

optimized conditions will be beneficial for industry-level

treatment of textile wastewater by Pseudomonas sp. SUK1.

However, further large scale studies are required to check

the feasibility of process. Analytical analysis provided the

confirmation that decolorization was due to biodegradation

and/or biotransformation of dyes. Toxicity analysis proved

the lethalness of effluent. Its less toxic nature after bacterial

treatment confirmed the accomplishment of bioremediation

process. Present study marks the bacterial potential for the

bioremediation of real textile waste waters and suggests

that bioremediation is a feasible approach. In the present

context of this huge textile industrialization, which is

ultimately leading to the environmental pollution, biore-

mediation approach should be employed for the restoration

of polluted environments. Hence, it becomes further nec-

essary to receive the efforts to take this approach to the

application level. This study can have the future perspec-

tives of pilot-scale application.
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a b s t r a c t

The optimization studies for production of chitinase were carried out by response surface methodology
(RSM) based on statistics experimental design using three substrates, which were wheat, rice and
red gram bran. 24 full factorial central composite design was applied to evaluate optimal combinations of
variables. These variables were chitin concentration, initial moisture content, inoculum level, and incu-
bation time. The results of second order polynomial showed that all four variables had significant effect on
chitinase production. Maximum chitinase activity was recorded for wheat bran (2443.23 U g�1) than rice
(1216.65 U g�1) and red gram bran (961.32 U g�1). An overall 3-fold increase in chitinase activity was
achieved using optimized strategies of RSM. Growth of the fungus on all bran particles have been visu-
alized by scanning electron microscopy. These results indicated the potential of Penicillium ochrochloron
for economical production of chitinase using agricultural residues. TLC and HPLC analysis of colloidal
chitin hydrolysate with partially purified chitinases revealed that the major reaction product was
monomeric GlcNAc indicating the potential of these enzymes for efficient production of GlcNAc.

� 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Chitin is a high molecular weight polymer of N-acetyl-D-
glucosamine (NAG) units linked by b-D-(1e4) linkage, with 1000e
3000 units (Lower, 1984). Chitinase (E.C. 3.2.1.14) is a glycosyl hy-
drolase, which catalyzes the degradation of chitin polymer
(Henrissat and Bairoch, 1993). This class of enzymes has important
roles in biological control of pests and diseases, such as growth
promoting factors in food and feed, medicine, waste management,
sweeteners, and in industries (Aloise et al., 1996). In spite of such
industrial, environmental, and biological significance, the high cost
of the enzyme together with low activity and stability of available
purified chitinases restrict its commercial utilization (Suresh and
Chandrasekaran, 1998).

Solid substrate fermentation (SSF) has recently gained impor-
tance for the production of microbial enzymes due to several eco-
nomic advantages over conventional submerged fermentation
(Viniegra-Gonzalez et al., 2003). Research for the selection of suit-
able substrates for SSF has been mainly centered on agro-industrial

residues due to their potential advantages for filamentous fungi,
which are capable of penetrating into the hardest of these solid
substrates (Ramachandran et al., 2004). SSF provides an environ-
ment friendly approach because out of total available agricultural
waste, only a fraction is used as animal feed. The remaining waste is
disposed off by incineration, which causes a highly detrimental
impact on the environment (Kumar and Kanwar, 2012). Uptil now
different types of chitinous substrates have been reported for pro-
duction of chitinase include fungal cell walls, (Gupta et al., 1995),
crab, and shrimp shells (Suresh and Chandrasekaran, 1998; Chang
et al., 2003; Matsumoto et al., 2004) and agricultural residues
(Dahiya et al., 2005; Kumar et al., 2012).

Response surface methodology (RSM), a collection of mathe-
matical and statistical techniques for building empirical models, is
gaining importance for optimizing conditions for the production of
industrially important products (Chen et al., 2005). Classical
method of medium optimization is time consuming, laborious and
expensive. In addition, it fails to determine the combined effect of
different factors. Hence, researchers are encouraged to apply sta-
tistical experimental approaches, which provide a great amount of
information based on only a small number of experiments (Aghaie
et al., 2012).
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N-Acetyl-D-glucosamine (NAG), the monomer of chitin, is a
valuable pharmacological agent. N-acetyleD glucosamine is more
suitable than glucosamine for oral administration, because of its
sweet taste (Sashiwa et al., 2002). Generally, GlcNAc is produced by
acid hydrolysis of chitin, a process that is mainly performed in
concentrated acid at (high temperature) high temperature. This
procedure, however, has some problems such as high cost; low
yield (below 65%) and acidic wastes (Jamialahmadi et al., 2011).
Moreover, GlcN from shellfish may not be suitable for people with
shellfish allergies (Deng et al., 2006). Furthermore, the cost and
stability of these enzymes are tremendous challenges, which
cannot be ignored when employing them in enzymatic hydrolysis.
Due to increasing demand of GlcNAc in various fields, a
fermentation-based production process have been employed that
uses filamentous fungi (Hsieh et al., 2007; Sitanggang et al., 2010).

P. ochrochloron has several advantages over previously studied
bacteria and fungi such as efficient chitinase production and ability
to grow on various substrates. As chitinase has remarkable appli-
cations in various fields, large scale production is necessary. SSF
seems to be the low cost and prospective alternative for large-scale
production of microbial metabolites. Hence, present study is
intended to optimize chitinase production by Penicillium ochro-
chloron in SSF system using three different agricultural wastes, such
as wheat, rice and red gram bran, by employing RSM as well as
growth of P. ochrochloron on these substrates, which was observed
using scanning electron microscopy.

2. Materials and methods

2.1. Microorganism and substrate preparation

P. ochrochloronMTCC 517 was obtained fromMTCC, Chandigarh,
India. Itwasmaintained onpotato dextrose agar (PDA)medium. The
spores on a fully sporulated slant were dispersed in 10 ml of 0.1%
Tween-80 solution by dislodging them with a sterile loop under
aseptic conditions and used as inoculum after adjusting the desired
spore count (2�107 spore’s ml�1). Abundantly available substrates,
wheat bran, rice bran and red gram bran, were obtained from local
market in Kolhapur city. All substrates were washed with distilled
water followed by hot water and then dried overnight at 60 �C.

2.2. Experimental design

The software ‘Design Expert’ (Version 8.0.7.1 Stat-Ease Inc.
Minneapolis, USA) was used to generate the central composite
experimental design and to analyze the experimental data. Initially,
different experiments were carried out by conventional ‘one factor
at a time’ method for optimizing the physico-chemical parameters
for the production of chitinase using wheat, rice and red gram bran.

Further, the central level values were selected based on the results
of these experiments. Four important variables, namely, chitin
concentration, initial moisture level, inoculum size and incubation
time were selected for studying combined interactions among
these variables. A central composite design of 24 was used to
optimize chitinase production in solid state fermentation.

Central composite design consisted of 1) A complete 2K factorial
design, where the factor levels were coded to the usual �1, þ1
value. This was called the factorial portion of the design and no
center points. 2) Two axial points on the axis of the design variable
at a distance of � a from the design center. This was called the axial
portion of the design. Total number of design points was thus equal
to, a¼ [2k]1/4. Thus K¼ 4a¼ 2 x4/4 a¼ 2. A CCD with six star points
(a ¼ 2) and six replicates at the center point (no 6) with a total
number of experiments (N), N ¼ 30 (Montgomery, 1997).

The second order polynomial coefficients were calculated and
analyzed using the “Design Expert” software. The predicted
response could be calculated from the second-degree polynomials,
as shown in Eq. (1), which includes all interaction terms.

Y ¼ b0 þ
X

biiXi þ
X

biiX
2
i þ

X
biiXiXj (1)

Where Y stands for chitinase production, b0 is the offset term, bi, bii
and bij represent coefficient of the linear effect, coefficient of
quadratic effect, and coefficient ijth interaction effect, respectively.
Xi, Xj are input variables that influence the response variable Y, and
bi is ith linear coefficient.

For this investigation, chitin concentration, initial moisture
level, inoculum size, and incubation time were the independent
variables in a series of chitinase production experiments. The coded
values of the low and high levels of each independent variable
selected for chitinase production are mentioned in Table 1.

2.3. Solid state fermentation

For all experimental designs, fermentations were carried out in
250 ml Erlenmeyer flasks. Solid media for chitinase production
were prepared by 5 g of bran and 0.75 g of chitin. The media were
moistened with distilled water. pH of the bran was adjusted to 7.0
with 1N HCl or NaOH. SSF was carried out at 30 �C. All the moldy
brans were extracted with 0.1% tween-80 on a gyratory shaker for
30 min and centrifuged at 6000� g for 10 min and the supernatant
was used for the enzyme assay.

2.4. Enzyme assay

Chitinase enzyme assay was carried out with colloidal chitin as a
substrate. The assay mixture contained 1 ml 0.5% colloidal chitin,
0.5ml sodium phosphate buffer (25mM, pH 7.0) and 0.5ml enzyme

Table 1
Experimental range and levels of independent variables.

Coded factors Variables Substrates Range studied Levels of variables

-a �1 0 1 a

A Chitin (g) Wheat bran
Rice bran
Red gram bran

0.5e1.0 0.25 0.5 0.75 1.0 1.25

B Initial moisture content (%) Wheat bran
Rice bran
Red gram bran

60e80 50 60 70 80 90

C Inoculum level (ml) Wheat bran
Rice bran
Red gram bran

1e2 0.5 1.0 1.5 2.0 2.5

D Incubation time (hrs) Wheat bran
Rice bran
Red gram bran

72e120 48 72 96 120 144
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solution, which was incubated for 1 h at 40 �C (Waghmare and
Ghosh, 2010). The reducing sugar released during the reaction was
quantified by using N-acetyl-b-D-glucosamine standards with
concentrations ranging from 100 to 1000 mg ml�1 by the dinitro
salicylic acid (DNSA) method (Miller, 1959). One unit of enzyme
activity was defined as the amount of enzyme required to release
1 mmol of reducing sugar fromcolloidal chitin per hour and reported
in terms of chitinase activity per gram initial dry substrate (U g�1).

2.5. Analysis of hydrolyzed product

To obtain the partially purified enzyme, the culture supernatant
was centrifuged at 2795� g for 20min to obtain a cell-freemedium.
This cell-free mediumwas then precipitated with 70% acetone. The
precipitate was collected by centrifuging themixture at 7155� g for
30 min, 4 �C and redissolved in 25 mM sodium phosphate buffer
(pH-7.0) and dialyzed against the same buffer.

The enzyme was incubated with colloidal chitin at 40 �C. At
every 1-h interval, aliquots of the reaction mixture were analyzed
by TLC on HPTLC plates (Silica gel 60F254, Merck, Germany).
Analysis was carried out using 26:14:7:2 ethyl acetateeiso-
propanolewaterepyridine as the mobile phase, and the products

were detected by spraying with anilineediphenylamine reagent.
The same reaction mixture and standard N-acetyl-D-glucosamine
were applied on high performance liquid chromatography (HPLC)
KYATECH C18 column (JASCO HPLC-DAD (4.6 � 250 mm). Analysis
was carried out by HPLC using acetonitrile: water (70:30 v/v) as a
mobile phase at a flow rate of 1.0 ml min�1 in an isocratic elution
mode (Waghmare and Ghosh, 2010). Before delivering the mobile
phase in to the system, it was degassed and filtered through
0.20 mm syringe filter. Injection volumewas 20 ml and the detection
was performed at 215 nm. It would be judged whether hydrolytic
product of fermentation is N-acetyl-D-glucosamine after comparing
the corresponding chromatographs of TLC and HPLC.

2.6. Scanning electron microscopy

Growth of P. ochrochloron on wheat, rice, and red gram bran
particles was observed using an electron microscope (JEOL JSM
6360, Japan). Sample preparation was done according to method of
Galabova et al. (1996). The fermented sample (96 h) was adequately
dried and mounted on a brass stud followed by a mild gold coating
(100 �A) and subjected to electron microscopy at an accelerating
voltage of 10 kV.

Table 2
Experimental plan of the designwith the observed and predicted response for the solid state fermentation of P. ochrochloron chitinase using wheat, rice, and red gram bran as a
substrate.

Run Chitin (gm) Moisture
content (%)

Inoculum
level (ml)

Incubation
time (hrs)

Wheat bran Rice bran Red gram bran

Observed Predicted Observed Predicted Observed Predicted

1 0.5 60 1 72 507.94 514.0392 730.85 726.0946 427.8 430.1963
2 1 60 1 72 1195.11 1174.767 672 668.9575 572.1 563.94
3 0.5 80 1 72 872.72 839.4567 624.26 635.5625 590.2 583.6733
4 1 80 1 72 2048.26 2074.549 586.14 574.8779 735.15 733.3296
5 0.5 60 2 72 1154.32 1137.367 701.02 690.3258 533.85 529.51
6 1 60 2 72 947.1 946.6092 866.94 869.1363 621.14 625.1163
7 0.5 80 2 72 318.29 310.8842 526.72 535.2013 645.95 635.4546
8 1 80 2 72 713.04 694.4917 713.64 710.4642 741.52 746.9733
9 0.5 60 1 120 182.2 180.455 372.92 379.4575 265.3 264.9433
10 1 60 1 120 504.29 522.6875 286.47 273.3529 512.25 517.2896
11 0.5 80 1 120 480.52 492.0025 476.29 469.4579 376.19 366.7579
12 1 80 1 120 1411.94 1408.6 345.75 359.8058 625.58 635.0167
13 0.5 60 2 120 1248.15 1232.853 312.85 319.4763 346.83 343.1946
14 1 60 2 120 710.63 723.6 457.26 449.3192 545.78 557.4033
15 0.5 80 2 120 392.45 392.5 338.48 344.8842 384.22 397.4767
16 1 80 2 120 452.72 457.6125 471.06 471.1796 635.45 627.5979
17 0.25 70 1.5 96 356.15 380.0158 570.19 561.0179 231.35 240.7371
18 1.25 70 1.5 96 1120.42 1105.856 619.73 630.1763 613.63 604.6021
19 0.75 50 1.5 96 1017.33 1021.361 498.26 509.7179 653.41 649.9588
20 0.75 90 1.5 96 1075.52 1080.791 451.23 441.0463 869.82 873.6304
21 0.75 70 0.5 96 545.16 538.7208 315.29 318.2096 262.96 267.4921
22 0.75 70 2.5 96 195.32 211.0608 395.46 393.8146 363.56 359.3871
23 0.75 70 1.5 48 1364.29 1391.948 980.52 985.3579 774.3 783.8788
24 0.75 70 1.5 144 839.84 821.4842 403 399.4363 508.47 499.2504
25 0.75 70 1.5 96 2410.9 2410.715 1190.9 1190.82 927.77 927.4467
26 0.75 70 1.5 96 2410.75 2410.715 1190.93 1190.82 926.98 927.4467
27 0.75 70 1.5 96 2410.68 2410.715 1190.63 1190.82 927.37 927.4467
28 0.75 70 1.5 96 2410.52 2410.715 1190.75 1190.82 927.6 927.4467
29 0.75 70 1.5 96 2410.81 2410.715 1190.82 1190.82 927.56 927.4467
30 0.75 70 1.5 96 2410.63 2410.715 1190.89 1190.82 927.4 927.4467

Table 3
Final model equations in terms of coded levels.

1. Wheat bran
Chitinase activity ¼ 2410.715 þ 181.46 � A þ 14.8575 � B � 81.915 � C � 142.616 � D þ 143.5913 � A � B � 212.871 � A � C � 79.6238 � A � D � 287.975 � B � C

� 3.4675 � B � D þ 107.2675 � C � D � 416.945 � A2 � 339.91 � B2 � 508.956 � C2 � 326 � D2

2. Rice bran
Chitinase activity ¼ 1190.82 þ 17.28958 � A � 17.1679 � B þ 18.90125 � C � 146.48 � D � 0.88687 � A � B þ 58.98688 � A � C � 12.2419 � A � D

� 16.1481 � B � C þ 45.13313 � B � D � 6.05313 � C � D � 148.806 � A2 � 178.859 � B2 � 208.702 � C2 � 124.606 � D2

3. Red gram bran
Chitinase activity¼ 907.4467þ 90.96625� Aþ 55.91792� Bþ 22.97375� C� 71.1571� Dþ 3.978125� A� B� 9.53438� A� Cþ 29.65063� A�De 11.8831� B� C

� 12.9156 � B � D e 5.26563 � C � D e 126.194 � A2 e 41.413 � B2 � 153.502 � C2 � 71.4705 � D2

Where A ¼ chitin conc. B ¼ initial moisture content C ¼ Inoculum level D ¼ Incubation time.
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3. Results and discussion

3.1. Different agro-residues as substrate for SSF

P. ochrochloronMTCC 517 has been reported earlier for chitinase
production in submerged fermentation (Patil et al., 2013). SSF has
been a goodwayof utilizing agriculturalwastes as a substrate. In SSF
process, the solid substrate not only supplies the nutrients for the

production of enzymes but also serve as anchorage for microbial
cells (Susana and Angeles, 2006). All the agricultural wastes used in
this study supported the growth and enzyme production. Wheat
bran was shown to be superior over other two substrates. Wheat
bran has been themost widely chosen substrate in SSF, which is due
to its excellent mechanical properties (structure retention and lack
of particle agglomeration) in addition to its nutritional value that
stimulates the fungal sporulation (El-Sayed, 2009).

Table 4
Analysis of variance (ANOVA) table for quadratic model of chitinase production.

Substrate Sum of
squares

Degree
of freedom

Mean
square

Model
F-value

Pure error Adequate
precision

Wheat bran 16,954,122 14 1,211,009 2996.173 0.0909 156.884
Rice bran 2,858,121 14 204,151.5 1950.075 0.3667 126.810
Red gram bran 1,417,741 14 101,267.2 1174.65 0.0644 104.594

Fig. 1. Three-dimensional response surface curve showing the effect of interactions of (A) initial moisture content and chitin, (B) incubation time and chitin, (C) inoculum level and
chitin (D) inoculum level and initial moisture content, (E) incubation time and initial moisture content, (F) incubation time and inoculum level in solid state fermentation of
P. ochrochloron chitinase using wheat bran.
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3.2. Experimental design

The parameters that had the maximum influence on chitinase
productionwere identified by ‘one factor-at-a-time approach’ (data
not shown), and interactions of four selected variables, mentioned
in previous section, were studied using RSM (CCD).

Design matrix and predicted response of 30 experiments for
wheat, rice and red gram bran are presented in Table 2. The sta-
tistical significance of the second order model equations (Table 3)
were checked by ANOVA. From the analysis, it was evident that the
model was highly significant, as observed from significant model F-
value (Table 4). The coefficient of determination (R2) of polynomial
model was 0.9996 for wheat, 0.9994 for rice and 0.9990 for red
gram bran. R2 value provided a measure of extent of variability in
the observed response values that can be explained by the exper-
imental factors and their interactions. It implied that the sample
variation of 99.96% (wheat), 99.94% (rice) and 99.90% (red gram) for
chitinase production was attributed to the independent variables.

The R2 value was always between 0 and 1, and closer the R2 value
was to 1, stronger themodel. Adequate precisionmeasures signal to
noise ratio, a ratio greater than 4 is desirable. The precision of
156.88 (wheat), 126.81 (rice) and 104.594 (red gram bran) for chi-
tinase production was an adequate signal, thus the model could be
used to navigate the design space.

3.3. Effect of parameters

To investigate the interaction between the two parameters by
keeping the third parameter at zero level, three-dimensional sur-
face plots and the contour plots were analyzed. These three-
dimensional plots, for the interaction of tested variables, are
given in Figs. 1e3. Shapes of the contour plots, circular or elliptical,
indicated if the mutual interactions between the variables were
significant or not. A circular contour plot indicated that in-
teractions between the corresponding variables were negligible.
An elliptical nature of the contour plots indicated that interactions

Fig. 2. Three-dimensional response surface curve showing the effect of interactions of (A) initial moisture content and chitin, (B) incubation time and chitin, (C) inoculum level and
chitin (D) inoculum level and initial moisture content, (E) incubation time and initial moisture content, (F) incubation time and inoculum level in solid state fermentation of
P. ochrochloron chitinase using rice bran.
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between the corresponding variables were significant (Muralidhar
et al., 2001).

Fig. 1 represents the combined effect of chitin, initial moisture
content, inoculum level, and incubation time on chitinase produc-
tion usingwheat bran as a substrate. Optimumconcentrations of the
respective components were obtained from coordinates of the
central point within the highest contour level. From 3D response
surface plots and the corresponding contour plots, itwas convenient
to understand the interaction between each independent variable
pair and theoptimalvaluesof the independentvariables. The surface
plots were plotted for a constant chitin concentration (0.75 g),
moisture content (70%), inoculum level (1.5 mle3 � 107), and in-
cubation time (96 h). The surface plots showed higher contour cor-
responding to 2443.71 U g�1. The maximum chitinase activity was
found, approximately, at chitin concentration 0.7e0.8 g, 70e73%
moisture content, 1.4e1.6 ml inoculum level, and 86e96 h incuba-
tion time.

The combined effect of chitin concentration, initial moisture
content, inoculum level, and incubation time on chitinase produc-
tion using rice bran and red gram bran are shown in Figs. 2 and 3. By
keeping optimumconcentration of variables, chitin 0.7e0.8 g, initial
moisture content 70e75%, inoculum level 1.4e1.5 ml, and incuba-
tion time 86e96 h, chitinase activitywas found to be 1216.659 U g�1

and 961.326 U g�1 for rice and red gram bran, respectively.
Usually in SSF, optimum moisture content for growth and sub-

strate utilizationwas found to vary between 40 and 70%, depending
on the organism and substrate for cultivation (Pandey, 1992). Op-
timum moisture content in this SSF was found to be 70.54% for
wheat, 70.27% for rice, and 73.83% for red gram bran. The
requirement of these initial moisture content (%) was agreeable
with earlier studies (Konstantinos et al., 2003), who reported that
initial moisture level of 65% was found to be optimum for pro-
duction of N-acetyl D-glucosaminidase (23.6 U g�1) by Fusarium
oxysporum F3. Nampoothiri et al. (2004) reported that an initial

Fig. 3. Three-dimensional response surface curve showing the effect of interactions of (A) initial moisture content and chitin, (B) incubation time and chitin, (C) inoculum level and
chitin (D) inoculum level and initial moisture content, (E) incubation time and initial moisture content, (F) incubation time and inoculum level in solid state fermentation of
P. ochrochloron chitinase using red gram bran. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

N.S. Patil, J.P. Jadhav / International Biodeterioration & Biodegradation 91 (2014) 9e1714



moisture content of 65.7% provided the best conditions for pro-
duction of chitinase by Trichoderma harzianum with maximum
chitinase yield of 3.18 U g�1 after 96 h at 30 �C. Prakash Bhanu et al.
(2008) reported that moisture content of 22.34% was optimum for
production of Metarhizium anisopliae conidiospores, when rice was
used as a substrate in SSF.

In SSF, moisture content had great impact on enzyme produc-
tion. Higher moisture level caused decreased porosity, altered bran
particle structure, lowered oxygen transfer and enhanced forma-
tion of aerial mycelia, while lower moisture level decreased the
solubility of the solid substrate, lowered the degree of swelling and
produced higher water tension (Pandey and Radhakrishnan, 1992).

P. ochrochloron showed maximum chitinase activity when
grown onwheat, rice, and red gram bran in combinationwith chitin
concentration .Chitinase activity was found to be increased with
increase in chitin concentration but after optimum level, it was
decreased. The probable reason could be the production of end
products might repress chitinase activity.

It is important to provide optimum inoculum level in fermen-
tation. The total biomass production on the solid medium depen-
ded on the inoculum size (Pandey,1994). An increase in the number
of spores in the inoculum ensured a rapid proliferation and biomass
synthesis. However after a certain limit, competition for the nu-
trients resulted in decreased metabolic activity of the organism.
With optimum inoculum size for the enzyme production, therewas
a balance between proliferating biomass and availability of nutri-
ents that supported production of enzyme (Matsumoto et al., 2004).

Growth rate and enzyme production pattern were generally
dependent on the duration of fermentation time. In case of all three
substrates, after 96 h, the production started to decrease as the
growth of the organism might had reached a stage, from which it
could no longer balance its steady growth with the availability of
nutrient resources. Chitinase production by fungal culture generally
had been found to be atmaximumbetween 72 and 96 h. A literature
survey revealed that maximum enzyme titers had been obtained in
72e96 h from filamentous fungi grown in SSF using agro industrial
residues (Suresh and Chandrasekaran, 1999; Nampoothiri et al.,
2004).

Various agricultural residues, such as wheat bran and rice bran
were used for SSF of chitinase. Although red gram bran has not been
used for chitinase production other than alkaline protease pro-
duction (Divakar et al., 2006), the present study contributes the use
of red gram bran in SSF. P. ochrochloron showed the maximum
chitinase activity on wheat (2443.23 U g�1), rice (1216.65 U g�1),
and red gram bran (961.32 U g�1) after 96 h. Literature review
revealed that 248 U g�1 was observed after 5 days of incubation in
SSF on prawn waste (Suresh and Chandrasekaran, 1998) while
Beauveria bassiana produced 23.6 U g�1 of N-acetyl D-glucosami-
nidase activity after 12 days of incubation onwheat bran and chitin
(Konstantinos et al., 2003).

3.4. Validation of the model

Validation was carried out under conditions predicted by the
model (Table 5). The predicted chitinase production with these
values was found to be 2443.23 U g�1, 1216.65 U g�1 and

961.32 U g�1 for wheat, rice and red gram bran, respectively. The
actual production obtained was 2462.72 U g�1 (wheat),
1228.54 U g�1 (rice) and 956.20 U g�1 (red gram bran). The close
correlation was seen between the experimental and predicted
values, which validated the model. In addition, the increased chi-
tinase production was observed with the parameters optimized
using RSM than the initially used conditions.

3.5. Analysis of hydrolyzed product

Colloidal chitin was incubated with partially purified fermented
sample for 3 h and end products were analyzed by TLC. It can be
noted from Fig. 4 that after 1e3 h incubation, the end product
produced predominantly was GlcNAc. HPLC analysis also showed
similar results. At 2 h incubation, a peak corresponding to GlcN was
observed in the chromatogram. With incubation time increasing
(3 h), the production of GlcN also increased, as was evident by the
increase in peak area of the chromatogram. TLC and HPLC data
analysis confirmed GlcNAc is the final product. The production of
N-acetyl-d-glucosamine (GlcNAc) by enzymatic hydrolysis was re-
ported earlier. Sashiwa et al. (2002) reported the production of

Fig. 4. TLC analysis of hydrolyzed products. The partially purified fermented sample
was incubated with colloidal chitin and the hydrolyzed product was analyzed by TLC
using anilineediphenylamine as the visualizing reagent (1: standard N-acetylglucos-
amine GlcNAc, 2: N, N-diacetyl chitobiose (GlcNAc)2, 3, 4, 5: Hydrolyzed product
formed after 1, 2, 3 h incubation respectively).

Table 5
Optimized solid-state fermentation variables for the solid state fermentation of chitinase production using different substrates.

Substrates Chitin (gm) Initial moisture
content (%)

Inoculum
level (ml)

Incubation
time (hrs)

Predicted
response

Observed
response

Wheat bran 0.77 70.54 1.43 93.40 2443.23 2462.72
Rice bran 0.78 70.27 1.54 90.81 1216.65 1228.54
Red gram bran 0.76 73.83 1.45 88.21 961.32 965.20
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Fig. 5. HPLC chromatograms of hydrolyzed products in SSF. The chitinase was incubated with colloidal chitin and the hydrolyzed products were detected by monitoring absorbance
at 215 nm from 1 to 3 h by HPLC.

Fig. 6. Scanning electron micrographs showing growth of P. ochrochloron on (A) Control of non fermented sample (B) fermented wheat, (C) fermented rice and (D) fermented red
gram bran.
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GlcNAc from chitin by using crude enzymes obtained from Aero-
monas hydrophila H-2330. Similar result was also reported by
Jamialahmadi et al. (2011) from Aeromonas sp. PTCC 1691.

3.6. Scanning electron microscopy

Scanning electron micrographs of growth of P. ochrochloron on
wheat, rice and red gram bran particles (Fig. 5) showed penetration
of fungus into the respective substrates and mycelial invasions
together with spore formation. The appearance of thick fungus
growth was observed visually after 96 h of incubation Fig. 6.

The physico-chemical properties and nutritional complexity of
different substrates had significant effect on the growth and
morphology of this fungus (Suresh et al., 2011). SEM studies
showed that in the micrograph of fermented wheat and rice sub-
strate, typical hyphal morphology, mycelial invasion and spore
formation have been observed while in case of fermented gram
bran substrate, the hyphae are very thin. The hyphal mode of
growth gave a major advantage to filamentous fungi over unicel-
lular microorganisms in the colonization of solid substrates and for
the utilization of available nutrients. The hyphal mode of growth
also gave the filamentous fungi the power to enter into the solid
substrates (Raimbault, 1998).

4. Conclusion

Considering the immense potential of P. ochrochloron chitinase,
optimization and enhancement of economic production of chiti-
nase was significant. Statistically based design of RSM was proved
to be a valuable tool for optimization of process parameters. A
highly significant quadratic polynomial equation obtained by cen-
tral composite design was very useful for determining interactive
effect of process parameters that had significant effects on chitinase
production in SSF. Use of abundant, easily available and inexpensive
agricultural residues, such as wheat, rice and red gram bran, made
the production of chitinase economically feasible. TLC and HPLC
analysis revealed that the chitinolytic enzyme preparations from
P. ochrochloron produced monomeric GlcNAc as the major end
product suggesting their potential commercial application. P.
ochrochloron MTCC 517 was able to produce high titers of chitinase
both in submerged and solid state fermentation indicating that this
could be a promising organism for commercial chitinase produc-
tion in future.
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a b s t r a c t

In vitro grown Petunia grandiflora and Gaillardia grandiflora plantlets showed 76 percent and 62 percent
American Dye Manufacturers Institute value (color) removal from a simulated dyes mixture within 36 h
respectively whereas their consortium gave 94 percent decolorization. P. grandiflora, G. grandiflora and
their consortium could reduce BOD by 44 percent, 31 percent and, 69 percent and COD by 58 percent, 37
percent and 73 percent respectively. Individually, root cells of P. grandiflora showed 74 and 24 percent
induction in the activities of veratryl alcohol oxidase and laccase respectively; whereas G. grandiflora root
cells showed 379 percent, 142 percent and 77 percent induction in the activities of tyrosinase, riboflavin
reductase and lignin peroxidase respectively. In the consortium set, entirely a different enzymatic pattern
was observed, where P. grandiflora root cells showed 231 percent, 12 percent and 65 percent induction in
the activities of veratryl alcohol oxidase, laccase and 2, 6-dichlorophenol-indophenol reductase
respectively, while G. grandiflora root cells gave 300 percent, 160 percent, 79 percent and 55 percent
inductions in the activities of lignin peroxidase, riboflavin reductase, tyrosinase and laccase respectively.
Because of the synergistic effect of the enzymes from both the plants, the consortium was found to be
more effective for the degradation of dyes from the mixture. Preferential dye removal was confirmed by
analyzing metabolites of treated dye mixture using UV–vis spectroscopy, FTIR and biotransformation was
visualized using HPTLC. Metabolites formed after the degradation of dyes revealed the reduced
cytogenotoxicity on Allium cepa roots cells when compared with untreated dye mixture solution.
Phytotoxicity study exhibited the less toxic nature of the metabolites.

& 2014 Elsevier Inc. All rights reserved.

1. Introduction

Research and development in phytoremediation of recalcitrant
xenobiotic has gained awareness since a last few years. Textile
dyes are one of the most important and toxic classes of xenobiotic
compounds. They have been proved to be highly toxic to fishes like
Daphnia magna (Bae and Freeman, 2005). Mutagenicity of various
dyes like Disperse Blue 373, Disperse Orange 37 and Disperse
Violet 93, components of a Black Dye and their metabolites with

aromatic amine rings has been also documented by Oliveira et al.
(2007). Frog Xenopus laevis embryo teratogenesis assay has
employed to demonstrate the toxicity and teratogenity of six
commercial textile dyes namely Astrazon Blue FGRL, Remazol
Red RR, Astrazon Red FBL, Cibacron Blue FN-R, Cibacron Red FN-
3 G and Remazol Turquoise Blue G-A (Birhanli and Ozmen, 2005).
It has been earlier shown that complex structure of Aminoazo-
benzene dye and their derivatives may cause mutagenesis leading
to cancer (Garg et al., 2002). A xanthene class of dye, Erythrosine,
widely used as colorant in textiles, drugs, cosmetics and foods is
highly toxic and imparts various toxic properties such being
allergent, DNA damaging, carcinogenic, neurotoxic and xenoestro-
genic for humans and other animals (Mittal et al., 2006). The
spraying of a textile paint chemical has caused pulmonary diseases
called as Ardystil syndrome to many sprayers leading to deaths in
Spain and Algeria (Hoet et al., 1999).

Phytoremediation, use of appropriate plants for environmental
cleanup, is emerging as a real green technology nowadays (Dietz and
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Schnoor, 2001). This solar energy driven method is cost effective and
efficient eco-remediation strategy for industrial wastewater, ground-
water, and brown fields contaminated with xenobiotic pollutants like
heavy metals, hydrocarbons, chemicals, dyes, explosives (Vanek et al.,
2003; Roy et al., 2005; Atagana, 2010; Kagalkar et al., 2010). So far,
several plants such as Aster amellus, Portulaca grandiflora, Salsola
vermiculata, Glandularia pulchella, Sesuvium portulacastrum, Petunia
grandiflora have already been explored for their ability to degrade
structurally different textile dyes (Bestani et al., 2008; Khandare et al.,
2011a, 2011b; Kabra et al., 2011a, 2011b; Patil et al., 2011; Watharkar
et al., 2013b). Remediation of textile dyes like Acid Orange 7, Direct
Red 5B, Brilliant Blue R, Remazol Red, sulphonated anthraquinone and
acid dye has been independently conducted by using some plants
namely Thymus valgaris, Tagetes patula, Rheum rabarbarum (rhubarb),
Rheum hydroplantarum and Brassica rapa (Zheng and Shetty ,2000;
Aubert and Schwitzguebel, 2004; Kulshrestha and Husain, 2007; Patil
et al., 2009). Plant bacterial synergistic strategy was successfully
explored for the development of bioreactors to treat textile waste-
water (Kabra et al., 2013; Khandare et al., 2013). A set of enzymes
namely LiP, veratryl alcohol oxidase, laccase, tyrosinase, DCIP reduc-
tase, riboflavin reductase and azo reductase from plants and various
microbes has been proposed to play the major role in the degradation
of textile dyes. These enzymes in purified forms have been tested for
degradation of different textile dyes (Govindwar and Kagalkar, 2010).
A very little information is available on phytoremediation by com-
bined plants cultivation. Cheema et al. (2010) have performed the
degradation of phenanthrene and pyrene in spiked soil by using single
and combined cultivation of plants tall fescue, ryegrass, alfalfa, and
rape seed. Kabra et al. (2011b) have observed the differential degrada-
tion of Remazol Orange 3 R dye by individual plant species of A.
amellus and G. pulchella and their consortium proving the greater
synergistic efficacy.

The present work was aimed to achieve an efficient degrada-
tion of a simulated mixture of structurally different dyes and to
verify the actual role of model plants by using in vitro plantlets of
P. grandiflora, G. grandiflora and their consortium. Both the plants
are ornamental herbs which are cosmopolitan in distribution.
They have a fibrous root system making them appropriate candi-
dates for phytoremediation. Cultivation of these ornaments is not
hazardous for environment rather beneficial for phytoremediation
technologies because of their aesthetical and commercial value.

2. Materials and methods

2.1. Chemicals and dyes

Hydrogen peroxide, Tartaric acid, NADPH, 2, 6-dichlorophenol-indophenol
disodium salt (DCIP), n-propanol and catechol were purchased from Sisco Research
Laboratories, Mumbai and Maharashtra, India. 2, 20-Azino-bis (3-ethylbenzothiazo-
line) 6-sulfonic acid (ABTS) was purchased from Sigma-Aldrich (St Louis, MO, 140
USA). MS basal medium, clarigel and phytohormone like Indole butyric acid (IBA)
was bought from Hi-Media, India. All chemicals of the highest purity and analytical
grade were used. The dyes were obtained from Mahesh dye processors,
Ichalkaranji, India.

2.2. Screening and selection of plant materials

A number of common garden plants were screened initially for decolorization
of dyes. Based on the performance of dyes decolorization by all the tested plants, P.
grandiflora and G. grandiflora were selected for further study. These are fast
growing; non edible plants with beautiful flowers, available in large amount during
months of August to March of the year. Nursery grown plants were collected from
Sajeev nursery, Kolhapur to carry out initial screening experiments. Seeds were
collected from local shop, Kolhapur to obtain tissue cultured plants of P. grandiflora
and G. grandiflora.

2.3. Tissue culture conditions for development of the plants

Seed culture method was used as per the earlier report (Watharkar et al.,
2013a). To obtain massive root system, P. grandiflora were subcultured on fresh MS
liquid media (Murashige and Skoog, 1962) with IBA. G. grandiflora showed a good
rooting on plain full strength liquid MS media. These tissue cultured plants were
used for further experimentations.

2.4. Decolorization experiments

Decolorization experiments were carried out individually for each textile dye
namely Brilliant Blue G, Direct Blue GLL, Rubin GFL, Scarlet RR, and Brown 3 REL.
The first tube (150�15 mm2) was kept as abiotic control. In second and third tubes,
two plantlets of P. grandiflora and G. grandiflora were exposed to 10 mL of dye
solution, independently. Fourth tube contained one plantlet of each P. grandiflora
and G. grandiflora in 10 mL of dye solution, it was called as consortium PG. Biotic
controls were also kept. All the experiments were performed in triplicates.
Absorbances of all the dyes were measured separately after every 6 h by removing
a 0.5 mL of solution at their corresponding absorbance wavelength maxima and
percent decolorization was calculated (Watharkar et al., 2013a).

2.5. Color removal and characterization of a mixture of dyes samples by P. grandiflora,
G. grandiflora and consortium PG

The simulated mixture of dyes at a concentration of 50 mg L�1 was prepared
taking 10 mg of each of the following structurally different textile dyes like Brilliant
Blue G, Direct Blue GLL, Rubin GFL, Scarlet RR, and Brown 3 REL. Decolorization of
the dye mixture was monitored by using in vitro grown cultures P. grandiflora and G.
grandiflora and their consortium in the experimental apparatus similar to that
mentioned in Section 2.4 (Fig. A.1).

As the mixture of dyes has no particular color hence, it is expressed in terms of
ADMI (American Dye Manufactures Institute) values. The transmittances of abiotic
and test samples were measured by removing 0.5 mL of dye solution after 36 h at
multicolored wavelength viz. 590 nm, 540 nm and 438 nm. Percentage ADMI
removal was calculated as:

% ADMI removal¼ Initial ADMI ðt0Þ–Final ADMI ðtÞ
InitialADMI ðt0Þ

� 100

where, to be the 0 h value and t is the value at 36 h.
The samples of mixture of dyes were collected before and after treatment by P.

grandiflora and G. grandiflora and consortium PG and characterization was done by
BOD and COD by using earlier known methods (APHA, 1998).

2.6. Preparation of cell free extract and enzyme assay

Roots of the plants were incised from the shoot structure, weighed, finely
chopped and then smashed in mortar and pestle in presence of 50 mM potassium
phosphate buffer (pH 7.4) and the roots pest was homogenized. Then it was
subjected for centrifugation at 8481 g for 15 min at 4 1C to obtain cell free extract in
supernatant as intracellular enzyme source. The protein content of all the samples
was calculated by Lowry0s method (Lowry et al., 1951).

All enzyme assays for test samples and biotic control samples were performed
in triplicate set at 30 1C with reference blanks that contained all components
excluding the enzyme. For investigating activity of following enzymes, their
subsequent standard protocols were used. Lignin peroxidase, veratryl alcohol
oxidase, tyrosinase, laccase, DCIP reductase, azo reductase and riboflavin reductase
were assayed spectrophotometrically in cell free extract of test as well as in the
control. Lignin peroxidase activity was estimated by monitoring the formation of
propanaldehyde at 300 nm in a reaction mixture of 2.5 mL containing 100 mM
n-propanol, 250 mM tartaric acid, 10 mM H2O2 (Jadhav et al., 2007). Tyrosinase
activity was calculated at 495 nm by observing the formation of catechol quinone
in a reaction mixture (2.0 mL) containing 0.01% catechol in 100 mM potassium
phosphate buffer (pH 6.8) (Kalme et al., 2007). Veratryl alcohol was the substrate to
determine veratryl alcohol oxidase activity. The reaction mixture of 2 mL consisted
4 mM veratryl alcohol, in 0.05 M citrate phosphate buffer having pH 3.0, and 0.2 mL
of enzyme. Oxidation of the substrate at room temperature was monitored by an
increase in absorbance at 310 nm due to the formation of veratraldehyde
(Bourbonnais and Paice, 1988). Riboflavin reductase [NAD(P)H: Flavin oxidoreduc-
tase] reaction rates were calculated by using a molar extinction coefficient of
6.3 M�1 cm�1 (Kurade et al., 2012). Laccase activity was measured in a reaction
mixture of 2 mL containing 10% ABTS in 0.1 M acetate buffer (pH 4.9), and induction
in optical density was monitored at 420 nm (Tamboli et al., 2010). DCIP reductase
activity was estimated by monitored reduction of 2, 6-dichlorophenon-indophenol
at 620 nm and assumed the extinction coefficient as 19 mM cm�1. The reaction
mixture (5.0 mL) contained 50 mM substrate (DCIP) in 50 mM potassium phos-
phate buffer (pH 7.4) and 0.1 mL enzyme, from which, 2.0 mL reaction mixture was
assayed at 620 nm by freshly prepared addition of 50 mM NADH (Salokhe and
Govindwar, 1999).
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2.7. Extraction and detection of biotransformation metabolites of mixture of dyes

The decolorized solution was mixed with equal volumes ethyl acetate in a
separating funnel and extraction and collection of organic phase was done. The
extract was evaporated in vacuum over anhydrous Na2SO4 and dried. The solid
residues formed were dissolved in a small volume of HPLC grade methanol and
samples were utilized for analytical study. Extraction was also conducted from the
abiotic control sample.

Decolorization of all the dyes was supervised by UV–vis spectrometric
analysis using supernatants, whereas pattern of phytotransformation was
observed using HPTLC and FTIR. HPTLC analysis was done by using HPTLC system
(CAMAG, Switzerland). Predevelopment of stationary phase HPTLC silica gel 60
F254 (Merck, Germany) was carried out by analytical grade methanol. The pre
developed HPTLC plate was subjected to dry at 120 1C for 20 min, cooled to room
temperature, and equilibrated with the relative humidity of the instrumentation
laboratory. 10 mL of untreated and treated mixture of dyes sample obtained after
every 12 h by tissue cultured plants of P. grandiflora, G. grandiflora and consortium
PG, were loaded on pre-coated HPTLC plates (Lichrospher silica gel plate 60, size
6�10 cm2, Merck, Germany) as bands by spray-on technique (nitrogen as spray
gas) and TLC sample loading instrument (CAMAG LINOMAT 5). The bands
(12 mm) were applied at 10 mm from the lower edge of the plate with first
application position at 20 mm from left edge of the plate and 5 mm apart from
each other. HPTLC plate was kept in pre saturated twin-trough chamber
(10�20 cm2) for the development of dyes and ethyl acetate extracted metabolites
(products); with 10 mL of standardized developing solvent system of toluene:
propanol: methanol: acetone: acetic acid (8: 0.5: 0.5: 0.5: 0.5 v/v). After devel-
opment, scanning was executed in the absorbance mode with slit dimension of
5�0.45 mm2, scanning distance 5–85 mm2, at 254 nm, using deuterium lamp by
using TLC scanner. The results were examined by using HPTLC Win CATS
1.4.4.6337 software (Waghmode et al., 2011). The samples which were used for
HPTLC were evaporated and dried residues were obtained and used for FTIR
(Perkin Elmer, Spectrum one B; Shelton, WA). All the dried samples were mixed
with spectroscopically pure KBr in the ratio of 5:95, pellets were fixed in sample
holder, and the analyses were performed (Lade et al., 2012). The change in
functional group peak profiles of mixture of dyes was characterized by FTIR and
compared with the control sample. The FTIR analysis was conducted in the mid-IR
region of 400–4000 cm�1 with 16 scan speed.

2.8. Toxicity analysis

2.8.1. Cytotoxicity and genotoxicity analysis
A. cepa bulbs with uniform size and shape were put in water initially for

development of roots. The bulbs thus arranged were classified in to five sets at
2772 1C. Roots were exposed to untreated mixture of dyes sample and metabolites
of treated mixture of dyes sample by P. grandiflora, G. grandiflora and consortium PG
separately whereas root exposed to plain water was kept as control. After exposure,
the bulbs were thoroughly washed under running tap water and subjected for
further cytogenotoxicity studies (Jadhav et al., 2011).

2.8.2. Comet assay (single cell gel electrophoresis)
Comet assay was performed by using 50 randomly selected nuclei of apical root

meristem cells of A. cepa exposed to untreated and treated mixture of dyes sample
and were observed using a compound microscope (Phugare et al., 2011a, 2011b). A
computerized image analysis system (Cometversion1.5) was employed to assess %
DNA in head (%H), % DNA in tail (%T) and tail length (TL).

2.8.3. Phytotoxicity
Solutions of untreated and treated mixture of dyes sample at a concentration of

2 g L�1 were prepared in distilled water and were implemented for the toxicity
testing on seeds of Sorghum vulgare and Phaseolus mungo at room temperature. The
viable seeds were sowed in autoclaved sand and every day addition of 5 mL
distilled water (as a control) and solutions prepared from untreated dye mixture
sample as well as treated samples by P. grandiflora, G. grandiflora and consortium
PG. The shoot lengths (plumule) and root lengths (radicle) were measured; seed
germination percentage was estimated after 7 days (Supplementary data).

2.9. Statistical analysis

The one way analysis of variance (ANOVA) with Tukey–kramer comparisons
test was utilized for data analysis.

3. Results and discussions

3.1. Decolorization of dyes by P. grandiflora, G. grandiflora
and consortium PG

The initial decolorization experiments for dyes Brilliant Blue G,
Direct Blue GLL, Rubin GFL, Scarlet RR, and Brown 3 REL were
carried out by using in vitro grown plantlets of P. grandiflora,
G. grandiflora and their consortium. Brown 3 REL was decolorized
up to 81, 79 and 96% by P. grandiflora, G. grandiflora and con-
sortium PG respectively within 36 h. Direct Blue GLL was decolor-
ized up to 78, 72 and 91% within 48 h when treated by
P. grandiflora, G. grandiflora and consortium PG respectively. Out
of all the dyes, Brilliant Blue G was rapidly decolorized up to 94%
within just 24 h while Rubin GFL was slowly removed and took
60 h for 95% decolorization by consortium PG. Dye Scarlet RR was
moderately decolorized in 40 h at extent of 76, 62 and 89% by P.
grandiflora, G. grandiflora and consortium PG respectively (Table
A.1). After carrying of initial experiment, it was cleared that the
consortium PG was more efficient than individual plants. The
consortium set contained enzymes from both the plants and
therefore must have acted synergistically resulting in better
decolorization performance. A consortium of nursery grown A.
amellus and G. pulchella also gave faster degradation of Remeazol
Orange 3R as compared to individual plants (Kabra et al., 2011b).

3.2. Analysis of color removal and characterization in case of mixture
of dyes

It is difficult to recognize the exact color of a dye mixture
because of their chemical composition. Therefore, true color values
i.e. ADMI values was used to determine color removal of mixture
of five synthetic dyes treated by P. grandiflora, G. grandiflora and
consortium PG respectively. In this study, consortium PG showed
better capacity to reduce ADMI values up to 94 percent but
individually, P. grandiflora and G. grandiflora could reduce the
ADMI values by 76 percent and 62 percent respectively at 36 h.
P. grandiflora, G. grandiflora and consortium PG reduced the BOD
by 44 percent, 31 percent and, 69 percent and COD by 58 percent,
37 percent and 73 percent respectively within 36 h indicating
superior phytoremediation efficacy of consortium PG.

3.3. Enzyme analysis

Phytoremediation involves accumulation or degradation and
mineralization of contaminants by the enzymatic defense systems
of plants, the plant peroxidase are well known to degrade textile
dyes (Carias et al., 2007). Enzymes like lignin peroxidase; tyrosi-
nase, veratryl alcohol oxidase, laccase; NADH-DCIP reductase,
riboflavin reductase and azo reductase have been used successfully
for dye decolorization studies and have shown evident induction
in their activities in the root cells of Typhonium flagelliforme,
Tagetes patula, during the degradation of Brilliant Blue R, Reactive
Blue 160 (Kagalkar et al., 2010, Patil and Jadhav, 2013).

In the current study, the enzyme activities in roots of individual
in vitro grown plantlets of P. grandiflora, G. grandiflora and con-
sortium PG were estimated while exposed to mixture of dye (test)
and distilled water (biotic control) respectively. P. grandiflora
showed a significant induction in the activities of veratryl alcohol
oxidase (74 percent) and laccase (24 percent). Interestingly,
P. grandiflora in consortium PG showed more induction than that
of individual plant in the enzyme activities veratryl alcohol oxidase
(231 percent) and laccase (12 percent) with one more enzyme
activity induction viz. NADH-DCIP reductase which showed 65
percent induction in the activity. In case of G. grandiflora, enzyme
activities of tyrosinase (379 percent), riboflavin reductase (142
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percent) and lignin peroxidase (77 percent) were significantly
induced. While surprisingly again, G. grandiflora in consortium PG
showed increased percentage in the activities of lignin peroxidase
(300 percent), riboflavin reductase (160 percent), tyrosinase (79
percent) and laccase which was absent in the individual culture
showed 55% induction revealing their probable role in the degra-
dation of mixture of dye (Table 1). All the enzymes from individual
plants were present together in the consortium with two more
newly induced enzymes and therefore the consortium could more
efficiently degrade the dye mixture than the individual plants.
Differential metabolic pathways of Remazol Orange 3R degradation
due to induction of different set of enzymes in domesticated A.
amellus and G. pulchella plants as well in their consortium was
observed, the consortium was found to show induced enhanced
activities of enzymes as compared to individual plants (Kabra et al.,
2011b). It has been earlier reported that the intermediate metabo-
lites produced by enzymes from one could act as substrates or
redox mediators for the enzyme catalyzed breakdown by other
plants (Kabra et al., 2013; Khandare et al., 2013) therefore leading
to better degradation and treatment of the textile dyes.

3.4. Analysis of the metabolites

In this study, HPTLC profile (Fig. 1A) exhibited the progressive
pattern of degradation of untreated and treated mixture of dyes.
The untreated dye mixture (sample a) containing dyes Brilliant
Blue G, Direct Blue GLL, Rubin GFL, Scarlet RR, Brown 3 REL (Lane
a) indicated 5 major peaks with different Rf values of 0.9, 0.8, 0.7,
0.6, 0.4 with different absorbances respectively. Brilliant Blue G got
most rapidly decolorized within 12 h as it could be the first
priority as substrate to plant enzymes, while Rubin GFL band
remained most persistent till 48 h, this could because of its
complex chemical structures but it was found to be disappearing
due to the synergistic action of enzymes from both the plants
(Fig. 1A). Eventually, the chromatophoric group from Rubin GFL
can be seen to be removed at 60 h. In dye mixture, metabolites or
intermediate compounds of one of the dyes formed after one of
the plants enzymatic action might have played a role of redox
mediator for the other enzymes from other plant which finally
caused faster substrate utilization by the oxido-reductive enzymes
(Kurade et al., 2011). HPTLC results also approved the combined

Table 1
Enzyme activities in roots of in vitro P. grandiflora Juss. and in G. grandiflora plantlets at 0 h and 36 h of mixture of dye addition.

Enzymes Enzyme activity of individual plants at in vitro condition Enzyme activity of plants in Consortium PG at in vitro condition

P. grandiflora G. grandiflora P. grandiflora G. grandiflora

0 h 36 h 0 h 36 h 0 h 36 h 0 h 36 h

LiPa 0.1370.01 0.1070.01 0.2670.03 0.4670.04nn 0.1470.01 0.1170.01 0.1270.01 0.4870.04nn

VAOa 0.2770.03 0.4770.04nn NA NA 0.1670.01 0.5370.04nnn NA NA
Laccasea 0.1770.13 0.2170.03nn 0.2670.03 0.2470.02 1.5170.20 1.6970.26n 1.4070.15 2.1770.30nn

Tyrosinasea 26497218 708788 3975.10 1845743nnn 57367483 29557195 24037106 42897347nnn

DCIP reductaseb 129.40727.41 102.63717.60 62.2723.31 50.37713.70 204.56753.42 337.31767.23nn 253.03757.60 225.76725.90
RbfRc 5.4070.91 4.7670.48 4.4170.50 10.6670.80nnn 7.1270.87 5.8370.52 2.8970.30 7.5270.60nnn

Values are a mean of three experiments7standard error of mean (SEM), significantly different from control (0 h) at ***Po0.001, **Po0.01 and *Po0.05 by one-way ANOVA
with Tukey Kramer comparison test. Where, LiP: Lignin peroxidase; VAO: Veratryl alcohol oxidase; RbfR: Riboflavin reductase.

a Activity in units min�1 mg�1.
b mg of DCIP reduced min�1 mg protein�1.
c mg of Riboflavin reduced min�1 mg protein�1, NA: No activity.

Fig. 1. (A) HPTLC profile of (a) untreated mixture of dyes at 0 h and, treated samples by (b) P. grandiflora, (c) G. grandiflora and (d) consortium PG from 12 h to 60 h showing
dyes removal. (B) 3-D graph of mixture of dyes after scanning at 254 nm during treatment from 0 h to 60 h by P. grandiflora, G. grandiflora and consortium PG.
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enzymatic system of two plants in consortium is more efficient to
decolorize mixture of dyes than individual plants.

FTIR spectral comparison between sample of untreated mixture
of dye, sample prepared from treated dye mixture by individual
plants P. grandiflora and G. grandiflora as well as their consortium
PG after 60 h of decolorization experiments confirmed the biode-
gradation and biotransformation of the mixture of dyes into
different metabolites. FTIR spectrum of the untreated mixture of
dye samples showed the presence of different peaks at
3078.17 cm�1 for N–H stretching, Peaks at 2926.26 cm�1 stand
for C–H stretching, peak at 1740.32 cm�1 represents C¼O stretch-
ing, while the peak at 896.43 and 830.71 cm�1 represents C–H
deformation. The peak at 1040.87, 1194.80 and 1339.29 cm�1

showed S¼O stretching. A peak at 3078.17 and 2088.60 cm�1

represents N–H stretching and NH3
þstretching respectively while

1643.09 cm�1 represents NH3
þ deformation. The peaks at 1515.83

and 1452.51 cm�1 reveal N¼O stretching, whereas a peak
2249.38 cm�1 represents C�N stretching. Azo bond N¼N was
detected by peak at 1595.92 cm�1 while, presence of halides i.e.
C¼Cl bond observed by peaks at 749.26 and 682.14 cm�1 (Fig. 2A).
All these peaks seen in the dye mixture were found to be
vanishing after its degradation. The peaks of treated dye mixture
sample by P. grandiflora (sample B) have been shown in (Fig. 2B).
The FTIR spectrum of the sample b after degradation showed some
new peaks such as at 3437.97 cm�1 represents NH2 stretching and
a peak at 2920.20 and 2851.25 cm�1 represents C–H stretching,
the peak at 1567.63 cm�1 represents C¼O stretching. The peak at
1381.11 and 1627.88 cm�1 represents CH3 deformations and NH3

þ

deformation respectively. The peak at 1464.06 and 1040.13 cm�1

represents N¼O stretching and S¼O stretching, peak
1248.02 cm�1 represents C–N vibration, peak 535.97 cm�1 also
denotes the presence of C–Cl (Fig. 2B). The peaks of treated dye
mixture sample by G. grandiflora (sample C) have been shown the
partial role of this plant in disappearance of some peaks from the
parent dye mixture (Fig. 2C). The FTIR spectrum of the sample c
after partial remediation showed some new peaks such as at
2359.17 and 1560.31 cm�1 represents NHþ stretching and NH

deformations respectively while, peaks at 2918.63 and
2850.34 cm�1 represents C–H stretching. The peak at
1771.13 cm�1 represents C¼O stretching while 1628.60 and
1267.01 cm�1 represents C¼N stretching and C–N vibration. The
peak at 944.50 cm�1 represents CH deformations. The peak at
1465.46 and 1381.61 cm�1 represents N¼O stretching and S¼O
stretching, peak 712.84 cm�1 shows the presence of chloride
(Fig. 2C). The peaks of treated dye mixture sample by consortium
PG (sample D) have been exhibited the combined and efficient role
of two different plants species than that of individual one in
complete disappearance of all peaks from the parent dye mixture
(Fig. 2D). The FTIR spectrum of the sample d after complete
decolorization supports the transformation of dye mixture into
new metabolites revealing some new peaks such as at 3477.10 and
1563.96 cm�1 represents NHþ stretching and NH deformations
respectively while, peaks at 1626.65 cm�1 represents NH3

þ defor-
mation. Peaks at 2956.35 and 2918.89 cm�1 represents C–H
stretching. The peak at 1769.17 cm�1 represents C¼O stretching
while the peak at 973.43, 838.29 and 724.23 cm�1 represents CH
deformations while peak at 1377.90 cm�1 represents CH3 defor-
mation. The peak at 1462.87 and 1039.72 cm�1 represents N¼O
stretching and S¼O stretching, peak 553.22 cm�1 shows the
presence of halide (Fig. 2D). The difference in FTIR spectra of
untreated and treated mixture of dye solution endorse the con-
firmation of decolorization and phytodegradation of the dye
mixture in to different metabolites.

3.5. Toxicity study

3.5.1. Cytogenotoxicity
A study of ecosystem bio monitoring indicates that the cyto-

genotoxicity can occur due to induction or reduction in the mitotic
index (MI) (Phugare et al., 2011a, 2011b). Cytogenetic observations
reveal the strong genotoxic effects of dye mixture solution
(50 mg L�1) on the mitotic cell of A. cepa, while compared with
the mitotic indexes for observed cells from treated samples and
control distilled water. The control showed the MI of 8.6%, while

Fig. 2. FTIR spectral analysis of (A) untreated mixture of dyes at 0 h and treated samples by (B) P. grandiflora (C) G. grandiflora and (D) consortium PG at 60.
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cells exposed to untreated and treated dye mixture sample formed
by the individual cultures of P. grandiflora, G. grandiflora and their
consortium PG showed the MI of 14.4, 10.5, 10.2 and 9.8%
respectively. A few earlier reports assume that increase or
decrease in mitotic index of meristematic cells of A. cepa might
be a reliable strategy to verify the presence of cytotoxic com-
pounds in the nature (Carita and Marin-Morales, 2008). MI
induction can also occur by uncontrolled proliferation of meriste-
matic cells of A. cepa leading to tumor formation which is
destructive to cells (Achary et al., 2008). This study explores the
adverse effects of dyes on chromosomes and cell division causing
increase in MI. The statistical scrutiny of the genotoxicity tests
discloses that the percentage of atypical mitotic cells caused by
untreated dye solution was considerably dissimilar from that of
the control and treated samples with individual plants and
consortium PG (Tables 2 and 3). An increase in the frequency of
altered cells was visualized which might have occurred due to an
impact of the dyes mixture on proteins of the spindle apparatus.
Interestingly, the remediated sample by consortium PG exhibited
the mitotic index nearly similar to that of control. Untreated dye
sample caused alteration in early prophase cells such as disinte-
grated prophase; binucleated cells with micronuclei in addition to
alterations in anaphase cells, such as sticky anaphases, presence of
sticky metaphase, laggard chromosomes were observed (Fig. A.2).
The increase in number and frequency of chromosome aberrations
percentage in Allium root tip meristem exhibits strong genotoxic
effects even at less concentration of the dye (Table 3). The
metabolites formed after treatment of dye mixture by consortium
PG were notably responsible for a significant decrease of the
percentage of total aberrant mitotic cells than that of treated

sample by individual plants (Tables 2 and 3) and hence, approve
the enhanced phytotransformation potential of combined system
of two different plants.

3.5.2. Comet assay
The comet assay was carried out to check the percentage DNA

damage by the untreated and treated dye mixture sample by
individual plants of P. grandiflora, G. grandiflora and their con-
sortium PG. The alkaline method of the comet assay is relatively
skillful, universal and time saving method for identifying DNA
damage at individual cells (Achary et al., 2008). This study
confirms the high susceptibility of isolated nuclei from A. cepa
meristem exposed to the dye sample in electric field due to their
naked condition, leakage in nuclear membrane from which ele-
vated content of DNA with decreased package of the DNA in
proliferation. The comet parameters observed were percentage of
head DNA (% of DNA in head of comet), percentage of tail DNA (%
of DNA in comet tail), tail length (μm) and tail movement. ANOVA
test suggested a significant difference for the parameters mea-
sured. Untreated textile dye mixture sample induced an �4.6, 14.8
and 18.3 fold increase in the percent tail DNA, tail length and in
tail moment while sample of treated dye mixture by consortium
PG showed merely �1.5, 1.6 and 1.6 fold increase respectively over
control (Table A.2). However, % head DNA from the mitotic cells
exposed to untreated dye mixture sample were observed to be
highly decreased when compared with the control. Interestingly,
treated dye mixture metabolite samples by consortium PG endorse
its less toxic nature than that of individual plants by causing less
DNA damage in isolated nuclei approximating control (Fig. A.3).

Table 2
Effect of untreated and treated effluent on root length, mitotic index, number and frequency of micronuclei and chromosome breaks obtained for the Allium cepa tests.

Analysis Sample

D/W Mixture of dyes P. grandiflora G. grandiflora Consortium PG

RL (cm) 6.370.43 5.170.45n 5.870.41 5.370.20 6.170.32
MI (%) 8.670.61 14.471.50n 10.570.80 10.270.92 9.870.73
MN 1 4 1 1 1
CB 1 1 1 2 1
TA 2 5 2 3 2
TCA 5113 5210 4787 5018 4950
Frequency of TA 0.03970.01 0.09570.05n 0.04170.02 0.05970.03 0.04070.02

Values are a mean of three experiments7standard error of mean (SEM), significantly different from control (0 h) at nPo0.05 by one-way ANOVA with Tukey Kramer
comparison test.
2000 mg L�1; RL—Root length, MI—Mitotic index, MN—Micronuclei, CB—chromosomal breaks, TCA—total no of cells analyzed, TA—Total no of alteration.

Table 3
Effect of untreated and treated (biodegraded) mixture of dye solution on number and frequency of chromosome aberrations obtained for the Allium cepa tests.

Analysis Sample

D/W Mixture of dyes P. grandiflora G. grandiflora Consortium PG

AB 0 0 0 0 0
ML 1 4 1 2 1
LC 0 7 1 0 1
BC 1 17 2 4 1
VC 1 5 1 1 1
TCA 3 33 5 7 4
TMO 536 570 470 498 510
Frequency of TCA 0.5570.43 5.7871.81nn 1.0670.72 1.4070.91 0.7870.50

nnValues are mean of three experiments, standard deviation (7), significantly different from the control (roots meristem germinated in water) nnPo0.01, by One-way
analysis of variance (ANOVA) with Tukey Kramer multiple comparison test.
AB- Anaphase with bridge, LC—Laggard chromosome, BC—Binucleated cells, ML—Metaphase with loss, TMO—Total mitotic observed cells, TCA—total no. of cells with
alterations.
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3.5.3. Phytotoxicity study
The untreated synthetic solution of dyes mixture inhibited

shoots and roots length of plants P. mungo and S. vulgare when
compared to metabolite solution obtained from the treated dye
mixture by individual plants of P. grandiflora, G. grandiflora and
their consortium after decolorization (Table A.3). Synthetic dye
mixture solution showed 50% inhibition of germination of
P. mungo and S. vulgare seeds whereas all the metabolite solutions
obtained after the treatment of dye mixture by individual plants
and their consortium PG showed reduced toxicity inhibiting the
germination of P. mungo up to only 10%. The metabolite solutions
from treated dye mixture by P. grandiflora, G. grandiflora and
consortium PG showed 20 percent, 30 percent and 10 percent
inhibition of germination of S. vulgare seeds respectively confirm-
ing less toxic nature of the metabolites. The length of the radicle
and plumule were reduced for plantlets grown in the dye mixture
solution contrasting to those cultivated in distilled water and
metabolites solution. This indicates the toxic influence of the dyes
mixture and the non toxicity of the metabolites obtained after
phytoremediation.

4. Conclusions

Plant–plant consortial phytoremediation is a capable green
technology than the use of individual plant systems for the
treatment of toxic pollutants like textile dyes. This work discovers
the efficacy of P. grandiflora and G. grandiflora individually as well
as in consortium to decolorize a simulated mixture of dyes to
remarkable levels through their collectively activated enzymatic
machineries. The use of such plants would be very esthetically
gratifying, commercial, ecofriendly and energy saving real tech-
nology for the treatment of textile dyes. Plant–plant consortium
strategy can also be applied for the in situ treatment of textile
wastes in constructed wetland.

Acknowledgments

Anuprita D. Watharkar wishes to thank University Grant
Commission, New Delhi, India for providing Rajiv Gandhi National
Fellowship. Prof. Jyoti P. Jadhav is thankful to the Department of
Biotechnology, New Delhi, India for providing funds under the
Inter Disciplinary Program for Life Science project.

Appendix A. Supporting information

Supplementary data associated with this article can be found in
the online version at http://dx.doi.org/10.1016/j.ecoenv.2014.01.
033.

References

Achary, V., Jena, S., Panda, K., Panda, B., 2008. Aluminum induced oxidative stress
and DNA damage in root cells of Allium cepa L. Ecotoxicol. Environ. Saf. 70,
300–310.

APHA, 1998. Standard Methods for the Examination of Water and Wastewater.
American Public Health Association, Washington, DC, USA.

Atagana, H., 2010. Bioremediation of co-contamination of crude oil and heavy
metals in soil by phytoremediation using Chromolaena odorata (L) King and H.E.
Robinson. Water Air Soil Pollut. 215, 261–271.

Aubert, S., Schwitzguebel, J., 2004. Screening of plant species for the phytotreat-
ment of wastewater containing sulphonated anthraquinones. Water Res. 38,
3569–3575.

Bae, J., Freeman, H., 2005. Aquatic toxicity evaluation of copper complexed direct
dyes to the Daphnia magna. Dyes Pigm. 73, 126–132.

Birhanli, A., Ozmen, M., 2005. Evaluation of the toxicity and teratogenity of six
commercial textile dyes using the frog embryo teratogenesis assay–Xenopus.
Drug Chem. Toxicol. 1, 51–65.

Bestani, B., Benderdouche, N., Benstaali, B., Belhakem, M., Addou, A., 2008.
Methylene blue and iodine adsorption on to an activated desert plant.
Bioresour. Technol. 99, 8441–8444.

Bourbonnais, R., Paice, M., 1988. Veratryl alcohol oxidases from the lignin-
degrading basidiomycete Pleurotus sajor-caju. Biochem. J. 255, 445–450.

Carias, C., Novais, J., Martins-Dias, S., 2007. Phragmites australis peroxidases role in
the degradation of an azo dye. Water Sci. Technol. 56, 263–269.

Carita, R., Marin-Morales, M., 2008. Induction of chromosome aberrations in the
Allium cepa test system caused by the exposure of seeds to industrial effluents
contaminated with azo dyes. Chemosphere 72, 722–725.

Cheema, S., Khan, M., Shen, C., Tang, X., Farooq, M., Chen, L., Zhanga, C., Chen, Y.,
2010. Degradation of phenanthrene and pyrene in spiked soils by single and
combined plants cultivation. J. Hazard. Mater. 177, 384–389.

Dietz, A., Schnoor, J., 2001. Advances in phytoremediation. Environ. Health
Perspect. 109, 163–168.

Garg, A., Bhat, K., Bock, C., 2002. Mutagenicity of aminoazobenzene dyes and
related structures: a QSAR/QPAR investigation. Dyes Pigm. 55, 35–52.

Govindwar, S., Kagalkar, A., 2010. Phytoremediation technologies for the removal of
textile dyes: An overview and future prospectus. Nova Science Publishers Inc,
New York, USA.

Hoet, P., Gilissen, L., Leyva, M., Nemery, B., 1999. In vitro cytotoxicity of textile
paints components linked to the ‘Ardystil Syndrome’. Toxicol. Sci. 52, 209–216.

Jadhav, J., Parshetti, G., Kalme, S., Govindwar, S., 2007. Decolourization of azo dye
methyl red by Saccharomyces cerevisiae MTCC 463. Chemosphere 68, 394–400.

Jadhav, S., Phugare, S., Patil, P., Jadhav, J., 2011. Biochemical degradation pathway of
textile dye Remazol red and subsequent toxicological evaluation by cytotoxi-
city, genotoxicity and oxidative stress studies. Int. Biodeter. Biodeg. 65,
733–743.

Kabra, A., Khandare, R., Kurade, M., Govindwar, S., 2011a. Phytoremediation of a
sulphonated azo dye Green HE4B by Glandularia pulchella (Sweet) Tronc. (Moss
VerbenA). Environ. Sci. Pollut. Res. 18, 1360–1373.

Kabra, A., Khandare, R., Waghmode, T., Govindwar, S., 2011b. Differential fate of
metabolism of a sulfonated azo dye Remazol Orange 3R by plants Aster amellus
Linn., Glandularia pulchella (Sweet) Tronc. and their consortium. J. Hazad.
Mater. 190, 424–431.

Kabra, A., Khandare, R., Govindwar, S., 2013. Development of a bioreactor for
remediation of textile effluent and dye mixture: a plant-bacterial synergistic
strategy. Water Res. 47, 1035–1048.

Kagalkar, A., Jagtap, U., Jadhav, J., Govindwar, S., Bapat, V., 2010. Studies on
phytoremediation potentiality of Typhonium flagelliforme for the degradation
of Brilliant Blue R. Planta 232, 271–285.

Kalme, S., Parshetti, G., Jadhav, S., Govindwar, S., 2007. Biodegradation of
benzidine-based dyes Direct Blue 6 by Pseudomonas desmolyticum NCIM 2112.
Bioresour. Technol. 98, 1405–1410.

Khandare, R., Kabra, A., Kurade, M., Govindwar, S., 2011a. Phytoremediation
potential of Portulaca grandiflora Hook. (Moss-Rose) in degrading a sulfonated
diazo reactive dye Navy Blue HE2R (Reactive Blue 172). Bioresour. Technol. 102,
6774–6777.

Khandare, R., Kabra, A., Tamboli, D., Govindwar, S., 2011b. The role of Aster amellus
Linn. in the degradation of a sulfonated azo dye Remazol red: a phytoremedia-
tion strategy. Chemosphere 82, 1147–1154.

Khandare, R., Kabra, A., Kadam, A., Govindwar, S., 2013. Treatment of dye containing
wastewaters by a developed lab scale phytoreactor and enhancement of its
efficacy by bacterial augmentation. Int. Biodeter. Biodeg. 78, 89–97.

Kulshrestha, Y., Husain, Q., 2007. Decolorization and degradation of acid dyes
mediated by salt fractionated turnip (Brassica rapa) peroxidases. Toxicol.
Environ. Chem. 89, 255–267.

Kurade, M., Waghmode, T., Govindwar, S., 2011. Preferential biodegradation of
structurally dissimilar dyes from a mixture by Brevibacillus laterosporus. J.
Hazard. Mater. 192, 1746–1755.

Kurade, M., Waghmode, T., Kagalkar, A., Govindwar, S., 2012. Decolorization of
textile industry effluent containing disperses dye Scarlet RR by a newly
developed bacterial-yeast consortium BL-GG. Chem. Eng. J. 18, 33–41.

Lade, H., Waghmode, T., Kadam, A., Govindwar, S., 2012. Enhanced biodegradation
and detoxification of disperse azo dye Rubine GFL and textile industry effluent
by defined fungal-bacterial consortium. Int. Biodeter. Biodegr. 72, 94–107.

Lowry, O., Rosebrough, N., Farr, A., Randall, R., 1951. Protein measurement with the
folin phenol reagent. J. Biol. Chem. 193, 265–275.

Mittal, A., Mittal, J., Kurup, L., Singh, A., 2006. Process development for the removal
and recovery of hazardous dye Erythrosine fromwastewater by waste materials-
bottom ash and de-oiled soya as adsorbents. J. Hazard. Mater. 138, 95–105.

Murashige, T., Skoog, F., 1962. A revised medium for rapid growth and bioassays
with tobacco tissue culture. Physiol. Plant 15, 473–497.

Oliveira, D., Carneiro, P., Sakagami, M., Zanoni, V., Umbuzeiro, G., 2007. Chemical
characterization of a dye processing plant effluent—identification of the
mutagenic components. Mutat. Res. 626, 135–142.

Patil, A., Lokhande, V., Suprasanna, P., Bapat, V., Jadhav, J., 2011. Sesuvium
portulacastrum (L.) L.: a potential halophyte for the degradation of toxic textile
dye Green HE4B. Planta 235, 1051–1063.

Patil, A., Jadhav, J., 2013. Evaluation of phytoremediation potential of Tagetes patula
L. for the degradation of textile dye Reactive Blue 160 and assessment of the
toxicity of degraded metabolites by cytogenotoxicity. Chemosphere 92,
225–232.

Patil, P., Desai, N., Govindwar, S., Jadhav, J., Bapat, V., 2009. Degradation analysis of
Reactive Red 198 by hairy roots of Tagetes patula L. (MarigolD). Planta 230,
725–735.

A.D. Watharkar, J.P. Jadhav / Ecotoxicology and Environmental Safety 103 (2014) 1–8 7



Phugare, S., Kalyani, D., Surwase, S., Jadhav, J., 2011a. Ecofriendly degradation,
decolorization and detoxification of textile effluent by a developed bacterial
consortium. Ecotox. Environ. Saf. 74, 1288–1296.

Phugare, S., Kalyani, D., Patil, A., Jadhav, J., 2011b. Textile dye degradation by
bacterial consortium and subsequent toxicological analysis of dye and dye
metabolites using cytotoxicity, genotoxicity and oxidative stress studies. J.
Hazard. Mater. 186, 713–723.

Roy, S., Labelle, S., Mehta, P., Mihoc, A., Fortin, N., Masson, C., Leblanc, R.,
Chateauneuf, G., Sura, C., Gallipeau, C., Olsen, C., Delisle, S., Labrecque, M.,
Greer, C., 2005. Phytoremediation of heavy metal and PAH-contaminated
brown field sites. Plant Soil 272, 277–290.

Salokhe, M., Govindwar, S., 1999. Effect of carbon source on the biotransformation
enzymes in Serratia marcescens. World J. Microbiol. Biotechnol. 15, 229–232.

Tamboli, D., Kagalkar, A., Jadhav, M., Jadhav, J., Govindwar, S., 2010. Production of
polyhydroxyhexadecanoic acid by using waste biomass of Sphingobacterium sp.
ATM generated after degradation of textile dye Direct Red 5B. Bioresour.
Technol. 101, 2421–2427.

Vanek, T., Nepovima, A., Podlipna, R., Zeman, S., Vagner, M., 2003. Phytoremedia-
tion of selected explosives. Water Air Soil Pollut. 3, 259–267.

Waghmode, T., Kurade, M., Khandare, R., Govindwar, S., 2011. A sequential aerobic/
microaerophilic decolorization of sulfonated mono azo dye Golden Yellow HER
by microbial consortium GG-BL. Int. Biodeter. Biodeg. 65, 1024–1034.

Watharkar, A., Khandare, R., Kamble, A., Mulla, A., Govindwar, S., Jadhav, J., 2013a.
Phytoremediation potential of Petunia grandiflora Juss., an ornamental plant to
degrade a disperse, disulfonated triphenylmethane textile dye Brilliant Blue G.
Environ. Sci. Pollut. Res. 20, 939–949.

Watharkar, A., Rane, N., Patil, S., Khandare, R., Jadhav, J., 2013b. Enhanced
phytotransformation of Navy Blue RX dye by Petunia grandiflora Juss. With
augmentation of rhizospheric Bacillus pumilus strain PgJ and subsequent
toxicity analysis. Bioresour. Technol. 142, 246–254.

Zheng, Z., Shetty, K., 2000. Azo dye-mediated regulation of total phenolics and
peroxidase activity in Thyme (Thymus vulgaris L.) and Rosemary (Rosmarinus
officinalis L.) clonal lines. J. Agric. Food Chem. 48, 932–937.

A.D. Watharkar, J.P. Jadhav / Ecotoxicology and Environmental Safety 103 (2014) 1–88



International Journal of Biological Macromolecules 65  (2014) 163–166

Contents lists available at ScienceDirect

International  Journal  of Biological  Macromolecules

j  ourna l  h  o mepa ge: www.elsev ier .com/ locate / i jb iomac

Evaluation  of  crocin  and  curcumin  affinity  on  mushroom  tyrosinase
using  surface  plasmon  resonance

Sushama  Patil a, Sistla Srinivasb, Jyoti  Jadhava,c,∗

a Department of Biotechnology, Shivaji University, Kolhapur 416004, India
b GE Healthcare Life Sciences, John F Welch Technology Centre, EPIP, Phase 2, Whitefield Road, Bangalore 560048, India
c Department of Biochemistry, Shivaji University, Kolhapur 416004, India

a  r  t  i c  l  e  i  n f o

Article history:
Received 8  October 2013
Received in revised form 8 January 2014
Accepted 13 January 2014
Available online 18  January 2014

Keywords:
Binding kinetics
Mushroom tyrosinase
Surface plasmon resonance

a  b  s  t  r a  c t

Tyrosinase  inhibitors  have potential applications  in the  cosmetics  and  food industries  for  preventing
browning  reactions  and also  as  therapeutic  drugs for  neurodegenerative  diseases  such  as Parkinson’s.
In  this  article, crocin and curcumin were  evaluated  as mushroom tyrosinase inhibitors.  Results  showed
that,  both  compounds  strongly  inhibited the  diphenolase  activity  than monophenolase. The IC50 values  for
diphenolase  activity were estimated  to be  0.11  mM  and  0.18 mM  for  crocin and curcumin  respectively.  The
binding kinetics of crocin and curcumin  was  studied  with  mushroom  tyrosinase  using surface plasmon
resonance (SPR).  Tyrosinase  was immobilized  on the  gold surface of a  Biacore  sensor chip  through  amine
coupling.  Binding  of inhibitors  was analyzed  by  SPR  without  the  need  to further  modify  the  surface or  the
use of other  reagents.  The binding  constant KD (M) for mushroom  tyrosinase  obtained  was 1.21  × 10−4 M
for  crocin  and  1.64  × 10−4 M for  curcumin, while showing  a higher affinity for  L-DOPA  1.95  ×  10−8 M, a
substrate for  tyrosinase (positive  control).  The study reveals the  SPR  sensor’s ability  to detect binding of
the  inhibitors.

© 2014  Elsevier B.V.  All  rights  reserved.

1. Introduction

Tyrosinase (E.C. 1.14.18.1) is a  ubiquitous enzyme involved in
pigmentation and is  widely distributed in plant, fungi and animals.
It plays a  major role in hydroxylation of monophenols and conver-
sion of o-diphenols to the corresponding o-quiniones [1].  Therefore,
tyrosinases have a  great potential for development in the fields
of food, medicine, agricultural industries as well as analytical and
environmental purposes [2].

Products from tyrosinase activity can cause deleterious effects,
those associated with browning reactions in  fruits, vegetables and
black spotting of shrimp and lobsters. However, abnormal accu-
mulation of melanin product is  responsible for hyperpigmentation
which includes melasma, senile lentigines; it would lead to a  seri-
ous aesthetic problem, also dermatological disorders such as age
spots and freckles [3].  Thus, it is a  major problem in the food indus-
try and one of the main causes of quality loss during post harvest
handling, processing and also responsible for many skin disorders
[4].

As a result, tyrosinase inhibitors have become increasingly
important in  food industry as well as the medical and cosmetic
products due to their ability to decrease the hyperpigmentation

∗ Corresponding author at: Department of Biotechnology, Shivaji University,
Vidyanagar, Kolhapur 416004, India. Tel.: +91 231 2609365; fax: +91 231 1691533.

E-mail addresses: jpjbiochem@gmail.com, profjpjadhav@gmail.com (J.  Jadhav).

resulting from enzyme action [4–7].  Until now, large numbers
of natural and synthetic tyrosinase inhibitors were screened for
effective tyrosinase inhibition [8–10].  But, some of their individ-
ual activities are not potent enough to be considered for practical
use, following safety regulations for food and cosmetic products
[3].  Recently, number of potent tyrosinase inhibitors from various
sources such as, from the roots of Artocarpus heterophyllus (Artoin-
donesianin F), components from a desugared sugar cane extract,
synthetic inhibitors like azo-resveratrol and azo-oxyresveratrol,
resveratrol analogues, arctigenin from Fructus arctii and azastilbene
analogues, from pomegranate fruit peel, benzaldehyde thiosemi-
carbazones, curcumin-like diarylpentanoid analogues, hesperetin
inhibition kinetics by integrated computational simulation study
have been reported [11–20].

Surface plasmon resonance (SPR) with coupling chemistries for
enzyme immobilization on the sensor surface facilitates detec-
tion and screening of inhibitors [21].  SPR is an optical technique
that reports changes in refractive index based on alterations
occurring in the dielectric medium within 500 nm from a  metal
gold surface [22].  SPR makes possible real-time, label-free detec-
tion of biomolecular binding events such as ligand–receptor
coupling, antibody–antigen interactions, and protein–DNA inter-
actions. Detection of tyrosinase inhibitors using SPR has been
reported recently [23,24].

In this study, affinity of crocin and curcumin towards mushroom
tyrosinase was  detected directly by SPR using surface-immobilized
tyrosinase. Change in refractive index indicates binding of

0141-8130/$ – see front matter © 2014 Elsevier B.V. All  rights reserved.
http://dx.doi.org/10.1016/j.ijbiomac.2014.01.028
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tyrosinase inhibitors (crocin and curcumin) at different concen-
trations were monitored by  SPR. The sensor was able to detect
both inhibitors and corresponding binding affinity constants were
generated after the analysis. This approach could be used to eval-
uate the binding of other tyrosinase inhibitors. It can be  used for
other proteins which undergo conformational changes on binding
of small molecules.

2. Materials and methods

2.1. Chemicals and reagents

Sensor Chips Series S CM5, N-ethyl-N′-(dimethylaminopropyl)-
carbodiimide (EDC), N-hydroxysuccinimide (NHS), ethanolamine
HCl, as well as sampling vials, and caps were obtained from GE
Healthcare Life Sciences, Uppsala, Sweden. Mushroom tyrosinase,
crocin and curcumin were purchased from Sigma (St. Louis, MO,
USA), whereas L-3, 4 dihydroxyphenylalanine (l-DOPA), l-tyrosine
from Himedia, India. All  other chemicals were of highest purity and
analytical grade. Milli Q  (Milipore) water was used for preparing
buffers and reagents.

2.2. Enzyme activity assay

2.2.1. Diphenolase activity assay
Diphenolase activity of mushroom tyrosinase was  performed

using L-DOPA as substrate by measuring the dopachrome
accumulation at 475 nm (εdopachrome =  3400 M−1 cm−1) [4].  The
reaction media (3 ml)  contained 0.5 mM L-DOPA in  50 mM
Na2HPO4–NaH2PO4 buffer (pH 6.8); a  portion of 100 �l of enzyme
(20 �g)  was used for the activity assay. The reaction was  carried
out at a constant temperature of 30 ◦C using Shimadzu UV visible
spectrophotometer.

2.2.2. Inhibition of tyrosinase activity
Inhibitory activity assay was measured according to the method

of [25],  with minor modifications. The crocin and curcumin were
first dissolved in 10% DMSO and incubated with 20 �l of mush-
room tyrosinase (3130 U/mg) in  50 mM sodium phosphate buffer,
pH 6.8. The reaction mixture was incubated for 10 min. Then, 40 �l
of 0.5 mM L-DOPA in  50 mM sodium phosphate buffer pH 6.8 was
added. The final concentration of DMSO in the reaction mixture
was 3.3%. The amount of dopachrome in the mixture was deter-
mined by  the optical density at 475 nm using Shimadzu UV visible
spectrophotometer. Kojic acid is  used as positive control agent. The
inhibitory percentage of tyrosinase was calculated as follows:

% inhibition = 100[A  − B] − [C  − D]
[A  − B]

A is the OD at 475 nm without test substance; B is  the OD
at 475 nm without test substance and tyrosinase; C is the OD at
475 nm with test substance; D is  OD at 475 nm with test substance
without tyrosinase.

The extent of inhibition by the addition of sample was expressed
as percentage necessary for 50% inhibition (IC50).

2.3. Surface plasmon resonance (SPR) studies

SPR interaction analyses were performed using a Biacore T  200
optical biosensor (GE Healthcare Life Sciences, Bangalore, India).
SPR measurements were carried out in phosphate buffer saline
(PBS), from analyte stock solutions, working solutions were diluted
in PBS prior to flowing them on the sensor surface. Data were
collected with the Biacore control software. Experiments were per-
formed by  monitoring the refractive index changes as a  function
of time under constant flow conditions. The relative amount of

inhibitor bound to the tyrosinase was  determined by measuring
the net increase of refractive index over time compared with that
of running buffer alone. There is  an inline subtraction of refer-
ence surface during the run. This change is  usually reported in
response units (RU). The surface was washed with PBS (running
buffer) between each concentration.

Mushroom tyrosinase dissolved (50 �g/ml) in  0.1  M sodium
acetate buffer pH 4.5 was immobilized to a  CM5  chip using amine
coupling. Using a  flow rate of 10 �l/min, the surface of  flow
cell was activated for 7 min  using a  1:1 mixture of 100 mM N-
ethyl-N′-(dimethylaminopropyl)-carbodiimide (EDC) and 100 mM
N-hydroxysuccinimide (NHS) (both dissolved in  water), and sub-
sequently tyrosinase was injected for 7 min, and residual activated
carboxy methyl groups on the surface were blocked by a  7  min
injection of 1 M ethanolamine, pH 8.5. A total of 3594 (RU) of
tyrosinase were immobilized. For this study, flow cell 3 was blank
immobilized (without protein) for using as a reference.

To analyze interactions of L-DOPA, curcumin, and crocin with
immobilized tyrosinase, compounds were dissolved in  10 mM  PBS
pH 7.4 containing 0.005% P20 and were injected. The same buffer
was used as the running buffer. Flow rate was maintained constant
throughout the kinetics experiment (45 �L/min), contact time and
dissociation time was  kept at 120 s. Regeneration was carried out
with 10 mM glycine pH 2.5 for 30 s.  Experiments were performed
with various concentrations of L-DOPA or  crocin or curcumin from
12.5 �M to 200 �M respectively. The data analysis was done with
T200 evaluation software ver 2.0 and data was fit to  1:1 binding or
two state binding.

3. Results and discussion

Melanin formation is the main cause of enzymatic browning
in plants, fruits and human skin. It  is  known that biosynthe-
sis of melanin leads to undesirable changes in colour; flavour
and nutritive values of plant derived foods and beverages. There-
fore, tyrosinase inhibitors have become increasingly important in
cosmetic, food and pharmaceutical products in relation to hyper-
pigmentation [26]. Edible mushroom is considered as a  clean,
enriched, and cheap source of tyrosinase.

In  the present study, the inhibition studies and binding kinetics
of crocin and curcumin compounds on  mushroom tyrosinase activ-
ity has been evaluated. Generally, crocin compounds are natural
carotenoids found in flowers (Crocus sativus).  The methanol extract
of Crocus sativus showed anti-tyrosinase activity and antioxidant
activity [27,28].  But the binding kinetics of particular compound
in Crocus sativus (crocin) was  not yet studied. Also curcumin is
the principal curcuminoid of the popular Indian spice turmeric.
The antioxidant and anti-tyrosinase activity of  curcumin analogues
were studied using spectral methods [29].

Inhibition studies showed that crocin and curcumin are the very
effective inhibitors of diphenolase activity of mushroom tyrosinase.
The low IC50 value of crocin (0.11 mM) and curcumin (0.18 mM)
(Fig. 1)  reveals that the compound is more potent than kojic acid
(IC50 59.72 mM)  [30]. Kojic acid is a  competitive inhibitor of  the
monophenolase activity and a mixed inhibitor for diphenolase
activity. It  is  also reported to chelate copper in the active site
[10].  In  turn, crocin-1, the constituents of the Crocus sativus exhib-
ited more potent inhibitory activity with IC50 140 �M [27].  Also,
tyrosinase inhibitory activity was  reported by synthesized cur-
cumin analogues [31].  Most of the inhibitors were reported to
inhibit the diphenolase activity of mushroom tyrosinase compared
to monophenolase. Similarly, in  this study both inhibitors showed
considerable inhibition of monophenolase activity.

The interaction kinetics between mushroom tyrosinase and var-
ious compounds L-DOPA, curcumin and crocin was  studied by
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Fig. 1. Effect of crocin and curcumin concentrations on the diphenolase activity of
mushroom tyrosinase using L-DOPA as a substrate. The reaction media contained
0.5  mM of substrate in a final concentration of 0.05 M phosphate buffer, pH 6.8.

Table 1
Interaction kinetics of mushroom tyrosinase with crocin, curcumin and L-DOPA fit
to  1:1 model.

Sl. No ka (1/Ms) kd (1/s) KD (M)

Crocin 40.42 0.00488 1.21E−04
Curcumin 82.17 0.01345 1.64E−04
L-DOPA 9.99E+04 0.001951 1.95E−08

Biacore. The study showed that crocin and curcumin have a  low
binding affinity towards mushroom tyrosinase with potencies com-
pared with IC50 values. The data at different concentrations was fit
to 1:1 equation and shown in  Table 1.  Crocin and curcumin show
a low affinity for tyrosinase with KD values of 1.21 ×  10−4 M and
1.64 × 10−4 M respectively (Table 1). As shown in  the table, tyrosi-
nase has a higher affinity for its known substrate L-DOPA with KD of
1.95 × 10−8 M.  Crocin and curcumin bind with low affinity perhaps
due to  their perturbing effect on the copper residues present at the
active site of tyrosinase.

The binding kinetics (Fig. 2)  for crocin (A) and curcumin (B) with
1:1 fit clearly indicates almost similar association and dissociation
rate constant which indicates a  similar mode of inhibition. The two
states fit for both the inhibitors shows conformational changes as
evident form the kinetic data as shown in Table 2.  There is a  slower
binding phase indicated by ka1 kd1 and a  very rapid phase with and
ka2 kd2.  However, L-DOPA, a  substrate for tyrosinase used in  this
experiment as a positive control, has higher rates of association
and dissociation and a  higher equilibrium dissociation constant as
evident from Fig. 3. L-DOPA clearly does not show a  two state mode
of binding as indicated by poor fit.

Several tyrosinase inhibitors were reported earlier to  decrease
hyperpigmentation resulting from the enzyme action. Most of
the tyrosinase inhibitors were mono, di and trihydroxyl phe-
nols, flavonoids, and peptides [8,26]. The reported inhibitor for
mushroom tyrosinase is the diester, formed from the disaccharide

Table 2
Interaction kinetics of mushroom tyrosinase with crocin, curcumin and L-DOPA fit
to  two state model.

Sl. No ka1 (1/Ms) kd1 (1/s) Ka2 (1/s) Kd2 (1/s) KD (M)

Crocin 120.5 0.08385 0.01129 0.002313 1.23 × 10−4

Curcumin 163.7 0.08086 0.01131 0.01012 2.3 ×  10−4

L-DOPA No fit No fit No fit No fit Not calculated

Fig. 2. Binding sensogram for (A) crocin and (B) curcumin interaction with immo-
bilized mushroom tyrosinase.

gentibiose and the dicarboxylic acid crocetin and curcuminoid of
the  popular Indian spice turmeric.

The results seem to indicate that the sensor is detecting changes
in protein rather than mass binding of inhibitor. In support of this
view, there have been a few recent reports suggesting that alter-
ations in conformation of proteins bound on the surface can be
detected by SPR [32–34].  Direct detection of low-molecular-weight
analytes by SPR has been reported for binding of Ca2+ ions to  trans-
glutaminase [35] and sulfonamide inhibitors to carbonic anhydrase

Fig. 3. Interaction of L-DOPA with immobilized tyrosinase.
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[36]. The present study demonstrates for the first time the direct
detection of tyrosinase inhibitor binding by  an SPR sensor. The abil-
ity of this sensor to  detect binding of tyrosinase inhibitors at various
concentrations showed that it can also be used for the screening
of new tyrosinase inhibitors. In addition, the sensor was relatively
simple to  make and did not require the use of antibodies to  detect
the small size inhibitors. Moreover, by immobilizing other enzymes
or cell receptors of interest on the SPR sensor surface, their response
on exposure to inhibitors and ligands can also be assessed, resulting
in the development of new biosensors rather tyrosinase biosensor
to study various application of tyrosinase in  concerned areas.

4. Conclusion

In conclusion, crocin and curcumin had potent anti-tyrosinase
activity, spectroscopic analysis with IC50 values showed strong
diphenolase inhibition. The binding studies reveals that, crocin and
curcumin show a  low affinity for mushroom tyrosinase with KD val-
ues of 1.21 × 10−4 M and 1.64 × 10−4 M  respectively. Therefore, this
enzyme-based biosensor has the potential to  be used in the detec-
tion and screening of new inhibitor drug candidates. Inhibitors may
therefore have good potential as antibrowning agents to  be applied
in food industries as well as in  cosmetics. The sensors can be used
for high-throughput screening of potential pharmaceutical drug
candidates.
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Abstract  

Aims: Protoplast fusion between Aspergillus oryzae and Trichoderma harzianum and application 

of fusant in degradation of shellfish waste. 

Methods and Results: The filamentous chitinolytic fungal strains Aspergillus oryzae NCIM 

1272 and Trichoderma harzianum NCIM 1185 were selected as parents for protoplast fusion. 

Viable protoplasts were released from fungal mycelium using enzyme cocktail containing 5 mg 

mL-1 lysing enzymes from T. harzianum, 0.06 mg mL-1 β-glucuronidase from H. pomatia and 1 

mg mL-1 purified P. ochrochloron chitinase in 0.8 M sorbitol as an osmotic stabilizer. 

Intergeneric protoplast fusion was carried out using 60 % polyethylene glycol as a fusogen. At 

optimum conditions, the regeneration frequency of the fused protoplasts on colloidal chitin 

medium and fusion frequency were calculated. Fusant showed higher rate of growth pattern, 

chitinase activity and protein content than parents. Fusant formation was confirmed by 

morphological markers viz., colony morphology and spore size and denaturation gradient gel 

electrophoresis (DGGE). 

Conclusions: The present study revealed protoplast fusion between Aspergillus oryzae and 

Trichoderma harzianum significantly enhanced chitinase activity which ultimately provides 

potential strain for degradation of shellfish waste. Consistency in the molecular characterization 

results using DGGE is the major outcome of present study which can be emerged as a 

fundamental step in fusant identification. 

Significance and Impact of the Study: Now it is need to provide attention over effective chitin 

degradation in order to manage shrimp processing issues. In this aspect, ability of fusant to 

degrade shellfish waste efficiently in short incubation time revealed discovery of potential strain 

in the reclamation of seafood processing crustacean bio-waste.  
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Keywords: Protoplast fusion, intergeneric hybrid, Aspergillus oryzae, Trichoderma harzianum, 

chitinase, DGGE (denaturing gradient gel electrophoresis)  

 

1. Introduction 

Chitin is a high molecular weight linear homopolymer of β- 1, 4 linked N-acetyl-D-

glucosamine (Lower 1984). It is found in insects as a major component of the cuticle, the 

peritrophic membrane and also as a protective sleeve, and in gut lining of many insects (Kramer 

and Koga 1986). It also constitutes the structural polysaccharide of fungal cell walls and the 

outer shell of crustaceans, nematodes, etc. (Wang et al. 2001). Chitin and its derivatives have 

great economical value because of their biological activities and their escalating demand in 

industrial applications. Main commercial sources of chitin are shells of crustaceans such as 

shrimps, crabs, lobsters and krill that are available in large quantities by the shellfish processing 

(Wassila et al. 2013). 

 

In India 60,000 ± 80,000 tonnes of chitinous wastes are produced annually. Shellfish 

processing industries faced severe problems in disposing off the formidable quantity of shellfish 

solid wastes (Nirmala 1991). However, despite small quantity used for the extraction of chitin 

most of these valuable byproducts are discarded by ocean dumping or incineration. Moreover, 

chemical method of extraction of chitin involves deproteinization and demineralization which 

are expensive and not ecofriendly techniques (Wassila et al. 2013). Therefore, attention must be 

paid to overcome this problem and discover effective, economic method of chitin utilization in 

order to manage shrimp processing waste. Bioconversion of waste by microbial chitinase (E.C. 

3.2.1.14) which has potential of catalyzing the enzymatic degradation of chitin polymer is 
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probably the most cost effective and environment friendly procedure for waste utilization (Healy 

et al. 1994). 

Protoplast fusion is an important tool in strain improvement for bringing genetic 

recombination and developing hybrid strains in filamentous fungi (Lalithakumari 2000). It is 

used to produce interspecific or even intergeneric hybrids. It has become an important tool of 

gene manipulation because it breakdown the barriers to genetic exchange imposed by 

conventional mating systems. Protoplast fusion technique has a great potential for genetic 

analysis and for strain improvement. It is particularly useful for industrially useful 

microorganisms (Murlidhar and Panda 2000). These techniques have been widely used for 

enhanced yield in conversion of cellulose to ethanol (Knowles et al. 1987), strain improvement 

for alcohol fermentation (Lima et al. 1995), citric acid producing strains of Aspergillus niger 

(Kirimura et al. 1986). Moreover, this technique is an important tool for the genetic manipulation 

of industrially important fungi. Ogawa et al. (1989) reported enhanced cellulase production in 

Trichoderma reesei by inter-specific protoplast fusion while Prabavathy et al. (2006) reported 

increase in chitinase production and biocontrol activity in Trichoderma harzianum by self fusion 

of protoplasts but not much work has been focused for application of chitinase in shellfish waste 

degradation using this technique.  

 

Recently, the development of molecular techniques has created new possibilities for the selection 

and genetic improvement of livestocks (Godrat et al. 2005). Nearly all RAPD markers are 

dominant, i.e. it is not possible to distinguish whether a DNA segment is amplified from a locus 

that is heterozygous or homozygous. Co dominant RAPD markers, observed as different-sized 

DNA segments amplified from the same locus, are detected only rarely. Thus, the RAPD 
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technique is notoriously laboratory dependent and not reproducible. Mismatches between the 

primer and the template concentration may result in the total absence of PCR product as well as 

in a merely decreased amount of the product. Thus, the RAPD results can be difficult to interpret 

(Senthil Kumar and Gurusubramanian 2011). On the other hand, denaturing gradient gel 

electrophoresis (DGGE) is an electrophoresis technique to identify single base changes in 

segment of DNA. DGGE separates PCR amplicons according to their nucleotides composition 

and reveals microbial community dynamics in both environmental and pure cultures population 

studies (Muyzer et al. 1993; Muyzer and Smalla, 1998). DGGE could allow considerable savings 

of time and treatment costs. 

The protoplast isolation, regeneration have been reported for different fungi in literature, 

however, not much work has been focused on intraspecific and intrageneric protoplast fusion in 

filamentous fungi. Also, all the reports on strain improvement for high yields of titers of 

chitinase are by mutation and no reports are available in this regard by exploiting protoplast 

fusion system. This prompted us to develop an intergeneric fusant of Aspergillus oryzae and 

Trichoderma harzianum using protoplast fusion technology. In addition molecular 

characterization of fusant identification was done by DGGE (Denaturating gradient gel 

electrophoresis) and approach of fusant was focused for degradation of crab shell waste. 

 

Materials and methods  

Chemicals and enzymes  

Chitin and polyethylene glycol were purchased from Sigma (St Louis, MO). Other chemicals 

used were highest purity and analytical grade. P. ochrochloron MTCC 517 was obtained from 

MTCC, Chandigarh, Trichoderma harzianum NCIM 1185, Aspergillus oryzae NCIM 1272, were 
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procured from NCIM, Pune. Colloidal chitin was prepared from commercial chitin by the 

method of Hsu and Lockwood (1975).  

 

Screening for chitinase production 

The organism was tested for chitinase activity on colloidal chitin agar (composition g L-

1): NaNO3 (3), K2HPO4 (1), KCl (0.5), MgSO4.7H2O (0.5), FeSO4 (0.01), agar (25) and colloidal 

chitin (20), pH 7.0) at 30°C by the method of Kenji et al. (1998). Qualitative and quantitative 

screening for extracellular chitinase resulted in selecting Trichoderma harzianum and 

Aspergillus oryzae strain for protoplast fusion programme. The parental strains were cultured on 

czapek dox agar medium and maintained on potato dextrose agar medium. 

 

Protoplast formation 

Protoplast formation was carried out according to method of Kitamoto et al. (2000) with 

slight modifications. The spore suspensions (1×106 spore’s mL-1) from both fungi have been 

inoculated into potato dextrose broth (pH 6.0). The flasks were incubated on a rotary shaker at 

120 rpm for 48 h at 30 oC. After incubation, mycelia were harvested by filtration through cheese 

cloth and collected by centrifugation at (1000×g, 5 min) and washed twice with distilled water. 

Protoplasting was performed using 50 mg wet mycelia in 5.0 ml of 25 mM sodium phosphate 

buffer, pH 7.0. For protoplast generation, enzyme cocktail containing 5 mg mL-1 lysing enzymes 

from T. harzianum, 0.06 mg mL-1 β-glucuronidase from H. pomatia and 1 mg mL-1 purified P. 

ochrochloron chitinase (Patil et al. 2013) and osmotic stabilizer 0.8 M sorbitol; were incubated at 

37 °C on a rotary shaker (120 rpm) and protoplast release was examined under light microscope. 

After 2 h, the protoplasts preparation was filtered through sterile cotton wad and centrifuged at 
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100 rpm for 10 min. The supernatant was discarded and the sedimented protoplasts were 

suspended immediately in buffered-osmotic stabilizer solution. Protoplast yield (protoplasts mL-

1) was determined by using a Neubauer haemocytometer (Marienfeld). 

 

Protoplast fusion  

Fusion of protoplasts of Trichoderma harzianum and Aspergillus oryzae was carried out 

by the method of Stasz et al. (1988) with slight modification. Polyethylene glycol (PEG) 

prepared in STC buffer (0.8 M Sorbitol; 10 mM Tris–HCl; 10 mM CaCl2, pH 6.5) was used as 

fusogen. One mL of protoplast suspension from each parents were mixed with equal volume of 

PEG solution (6000, 60 %) and the fusion mixture was incubated at 30 °C. After 10 min, the 

mixture was diluted with 1 mL of STC buffer. The PEG in the fusion mixture was washed away, 

using STC buffer and the fused protoplasts were collected by centrifugation at 100 rpm for 10 

min, suspended in STC buffer and plated on 2 % colloidal chitin agar (CCA) selective medium 

containing (g L-1) colloidal chitin (5.0), NaNO3(2.0), K2HPO4 (1.0), KCl (0.5), MgSO4 (0.5), 

FeSO4 (0.01), sucrose (0.8 M), agar (15) distilled water 1000 ml at pH 7.0. The plates were 

incubated at 25 °C and the protoplast regeneration and development of colonies were observed. 

The regenerated protoplasts were transferred to PDA slants. Nuclear staining of fused protoplasts 

has been performed using aceto-orcein stain (Bos and Slakhorst 1981). 

 

Markers for fusant identification 

Colony morphology, spore size were used as fusant markers. DGGE analysis was 

performed using molecular marker of ITS region for fusant identification. The genomic DNA of 

parent 1, 2 and fusant was extracted according to the method described by Prabha et al. (2013). 
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NrITS region were first amplified using the primer pairs ITS1 forward and ITS2 reverse 

according to White et al. (1990). All reactions were carried out in a 50 μL reaction mixture 

containing 1X PCR buffer, 1 pM, 1 nM of dNTPs, 2 mM MgSO4, 1 unit Taq DNA polymerase, 

0.25 pM of forward and reverse primers and 2 μL of template DNA. The thermocycling program 

was as follows: initial denaturation at 95 oC for 5 min, 35 cycles of 95 oC for 15 s, 50 oC for 15 s, 

and 72 oC for 15 s, followed by 10 min final extension at 72 oC. PCR product was then check on 

2 % agarose gel. Successfully amplified products were then purified using GenEluteTM PCR 

clean-up kit (Sigma) as per manufacture instruction. 

For DGGE analysis, a nested PCR was performed in a total volume of 50 μL, each with 2 

μL of purified PCR product from the previous reaction as template DNA. Amplification was 

performed using the forward primer ITS1-GC clamped 

(CGCCCGCCGCGCCCCGCGCCCGGCCCGCCGCCGCGGCCGC) and reverse primer ITS2 

(GCTGCGTTCTTCATCGATGC). Nested PCR reaction were performed at higher stringency 

(increasing temperature by 4 °C and decreasing cycles to 30). The cycling scheme was as 

follows: 5 min denaturation at 94 oC, followed by 35 cycles of 1 min denaturation at 94 oC, 1 

min annealing at 58 oC for ITS1-GC primer or 62 oC for ITS2-GC primer, 1 min extension at 72 

oC with a final extension step at 72 oC. PCR products were analyzed by electrophoresis in a 2 % 

(w/v) agarose gel. 

Amplified product was purified and denaturing gradient gel electrophoresis (DGGE) of 

concentrated product was performed using Decode Universal Mutation Detection System 

(BioRad). Samples were loaded onto 8 % (w/v) polyacrylamide gels (37.5:1, acrylamide: 

bisacrylamide) in 1× TAE buffer with a denaturing gradient ranging from 20 %  to 80 % , 
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denaturant run at 60 oC, 100 V for 12 hr (Joshi et al. 2013). Gel was stained using SYBR gold 

and visualized on UVITEC gel documentation system. 

 

Estimation of protein and chitinase activity in the culture filtrates 

Above stated medium in screening was used for the production of chitinase. Parents and 

fusants (2 × 107 spores mL-1) were inoculated in flasks containing medium that has colloidal 

chitin as sole source of carbon and incubated in an orbital shaker at 40 °C and 120 rpm for 72 h. 

After 72 hrs, the cultures were harvested, filtered through Whatman No. 1 filter paper and 

centrifuged at 8161× g at 4 °C. The cell free culture filtrates of parent and fusants were used as 

enzyme sources for chitinase assay. 

Chitinase enzyme assay was carried out with colloidal chitin as a substrate. The assay 

mixture contained 1 ml 0.5 % colloidal chitin, 0.5 ml sodium phosphate buffer (25 mM, pH 7.0) 

and 0.5 ml enzyme solution, which was incubated for 1h at 40 °C (Waghmare and Ghosh 2010). 

The reducing sugar released during the reaction was quantified by using N-acetyl-β-D-

glucosamine standards with concentrations ranging from 100 to 1,000 μg mL−1 by DNS method 

(Miller 1959). One unit of enzyme activity was defined as the amount of enzyme required to 

release 1 μmol of reducing sugar from colloidal chitin per minute. The protein content was 

estimated by Lowry et al. (1951) using bovine serum albumin as standard protein. 

 

Decomposition of crab shell waste by parent and fusant  

Fresh crab shell chitin waste (CSCW) containing head and shell was obtained from local 

marine food supplier market. It was washed twice with tap water in order to remove the dirt. The 

washed CSCW chips were dried at 60 °C for 24 h in a hot air oven, milled with an electric 

wearing blender and sieved through mesh sieve. The CSCW powder was used for further process 
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without any further demineralization or deproteinization. To test the degradation of CSCW 

parents and fusant strain were cultured with degradation media containing 0.1 % (w/v) of CSCW 

powder with vigorous agitation at 40 °C. 

The percentage degradation of CSCW was determined by considering the dry weight of 

substrate remaining in the culture broth at the end of experiment. The results were expressed as 

percentage of the initial weight (considered as 100 %) and calculated by comparison between the 

dry weight of residual substrate before and after hydrolysis (Cortezi et al. 2008). 

 

Results  

Effect of enzyme concentration for protoplast formation 

Penicillium ochrochloron MTCC 517 has been reported earlier for chitinase production 

in submerged (Patil et al. 2013) and solid state fermentation (Patil et al. 2014). Enzyme cocktail 

posse’s immense potential to digest the cell wall of various fungi and production of large number 

of protoplasts. It was observed that lysing enzyme β-glucuronidase was not much effective in the 

release of protoplasts, when used individually. Combination of the enzyme cocktail with 5 mg 

mL-1 lysing enzymes from T. harzianum, 0.06 mg mL-1 β-glucuronidase from H. pomatia in 

combination with 1 mg mL-1 purified P. ochrochloron chitinase, lysed the cell wall components 

efficiently and yielded high amounts of protoplasts. The amount of protoplasts obtained after 

enzymatic treatment were 5.2 × 107 and   1 × 106   for   Aspergillus oryzae and Trichoderma 

harzianum respectively. 

Effect of osmotic stabilizers 

In order to identify the best osmotic stabilizers, we used different osmotic stabilizers at 0.8 M 

concentration. Among them, 0.8 M sorbitol was found to be optimal for release of protoplasts 

from both T. harzianum and A. oryzae (data not shown). 
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Effect of incubation time 

The maximum yields of protoplasts were reached after 2 h incubation, but the number 

decreased above 3 h due to bursting and prolonged incubation caused lysis of protoplasts. Empty 

hyphal segments were detected after protoplasts were released into surrounding medium through 

openings in the cell wall. Protoplasts released after 1 hr of incubation from partially digested 

mycelia and large size protoplasts have been obtained after 2 hr of incubation (Fig 1). 

 

Effect of PEG concentration during protoplast fusion 

The effect of PEG concentration on protoplast fusion was studied with various 

concentrations of PEG (30–70 % v/v) with a uniform concentration of 10 mM CaCl2. The 

present study revealed that incubation mixture containing 10 mM CaCl2 and 10 mM Tris - HCl 

buffer with 1 ml of PEG (60 %) was favorable for the development of fusant (Table 1). When 

PEG solution was added to the protoplasts, they were attracted with each other. Later, the plasma 

membrane at the place of contact dissolved and protoplasmic contents fused together. Finally, 

the fusion protoplasts became single oval shaped structures (Fig 2). Nuclear staining showed 

presence of two nuclei in fused protoplasts (Fig 3). The present study revealed that incubation 

mixture containing 10 mM CaCl2, 0.8 M sorbitol and 10 mM Tris – HCl buffer with 1 ml of PEG 

(60 %) was favorable for the development of fusant. 

 

Selection of fusants 

The fused protoplasts were plated on 2 % colloidal chitin medium for fusant selection. 

Fused protoplasts grew very fast than parental strains. Similar observations have been made by 

Prabavathy et al. (2006) in Trichoderma harzianum.  
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The parental colonies of T. harzianum were pure white in color while A. oryzae parental 

colonies were greenish in color. The fusant colonies were greenish white in color (Fig 4). Spore 

size was considered by Mrinalini (1997) to select fusants of Trichoderma sp. The sizes of the 

conidiospores were 4.96 um, 5.12 um and 5.84 um (diam.) in A. oryzae, T. harzianum and fusant 

respectively. 

In the present study, DGGE has been focused as a molecular tool for identification of 

fusant. After extraction of DNA from parents and fusant, ITS was amplified using ITS1 and 

ITS2 primers, which were subsequently analyzed by denaturing gradient gel electrophoresis 

(DGGE). PCR amplification of the extracted DNA from parents and fusant showed single 

amplification product of 300 bps on 2 % agarose gel (Fig 5A). In DGGE analysis single band 

were observed in the case of both parents but at different position. On the other hand, in fusant 

sample two bands were observed and their respective position confirms the fusion process (Fig 

5B).  

Estimation of protein and chitinase activity in the culture filtrates 

In addition to growth pattern, fusant showed enhanced production of extracellular 

chitinase and protein content (Table 2). High protein content was observed in fusant than in 

parent. Similarly, in case of chitinase production appreciable increase in chitinase activity was 

observed in fusant than in parent.  

The formed fusant by protoplast fusion shows the productivity of chitinase maximum 

upto four subcultures in 6 months thereafter slight decrease in activity was observed. 

Decomposition of crab shell waste by parent and fusant  

Highly chitinolytic fusant strain was used for degradation of crab shell waste. The fusant 

was able to degrade 0.1 % CSCW at about 92 % in 4 days (Fig 6). 
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Discussion 

A lot of work needs to be done on strain improvement of different fungi by protoplast 

fusion for increasing the production of industrially important enzymes. With a view of strain 

improvement, the present study is aimed at developing an intergeneric fusant between slow 

growing high chitinase producing fungus Trichoderma harzianum and fast growing high 

chitinase producing fungus Aspergillus oryzae. 

Osmotic stabilizers are one of the important parameters for high yield of protoplasts. 

Osmotic stabilizers play an important role in the release and maintenance of the integrity of the 

protoplast (Mukherjee and Sengupta 1988).  Chang et al. (1985) and Savitha et al. (2010) have 

reported that 0.6 M KCl served as the best osmotic stabilizer for Trichoderma sp. and 

Rhizoctonia solani. Tashpulatov et al. (1991) have reported that 0.4 M NaCl and 0.7 M mannitol 

were effective in protoplast yield from T. harzianum. 

 

The molecular weight of PEG is critical to the fusion frequency and in most of the studies PEG 

chain length of 4000 or 6000 was used (Revathi and Lalithakumari 1993). 40 % PEG was 

reported as optimum for interspecific fusion of protoplasts between T. harzianum and 

Trichoderma longibrachiatum (Mrinalini and Lalithakumari 1998) and the concentration 

between 40 % and 60 % was suitable for protoplasts fusion in different fungi (Hashiba and 

Yamada 1984). The higher frequency of regeneration from fungal protoplasts is not only the 

foundation of fungi genetic manipulation and improvement but also a good experimental system 

for the study of gene expression and molecular studies (Xuanwei et al. 2008). Fused protoplasts 

grew very fast than parental strains. Similar observations have been made by Prabavathy et al. in 

Trichoderma harzianum. 
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The higher frequency of regeneration from fungal protoplasts is not only the foundation 

of fungal genetic manipulation and improvement but also a good experimental system for the 

study of gene expression and molecular studies (Xuanwei et al. 2008). Reversion and 

regeneration of protoplasts to normal mycelia is important. 

Colony morphology has been used to identify interspecific and intergeneric fusion 

products especially if the species differ greatly in colony morphology (Mrinalini 1997). 

Protoplast fusion may have resulted in genetic interaction at the metabolic level, giving rise to 

the pigment variation in hybrid colonies. The modification or stimulation of pigment production 

during protoplast hybridization has been observed in other species of fungi also (Kevei and 

Peberdy 1977; Raymond et al. 1986). 

Random amplified polymorphic DNA (RAPD) and restriction fragment length 

polymorphism (RFLP) techniques have been used for protoplast fusant identification. 

Mycologists are working on new techniques of polymerase chain reaction with primers specific 

for fungi followed by either terminal restriction fragment length polymorphism analysis (T-

RFLP) or DGGE (Nikolcheva and Barlocher 2003a). DGGE, however, can distinguish 

differences in sequences down to one nucleotide (Barlocher, 2010). By using DGGE, gene 

diversity can more accurately be visualized rather than simply relying on gene size as is the case 

with traditional agarose gel electrophoresis (Nikolcheva and Barlocher 2003b). From present 

study, it was found that DDGE analysis is a method that enables confirmation of protoplast 

fusion.  

Considering the pattern of CSCW degradation literature survey revealed that 

Streptomyces rimosus was also effective in shrimp shell decomposition 38.2 % after 14 days 

(Brzezinska et al. 2013) while Hoang et al. (2010) studied the degradation of shrimp shells by 
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Streptomyces sp TH-11 in 21 days. Wang et al. (2001) reported microbial reclamation of 

shellfish wastes for the production of chitinases where they prepared shrimp and crab shell 

powder by boiling and crushing shellfish processing waste which was used as a substrate for 

chitinolytic microorganisms. Moreover, ability of fusant to degrade CSCW efficiently  than 

parent in short incubation time revealed foundation of hybrid strain by protoplast fusion 

technique in the reclamation of seafood processing crustacean bio-waste.  

Enormous efforts are being invested by investigators in harnessing new species of 

microorganisms as well as different bioprocesses for economic enzyme production. In this 

aspect, protoplast fusion technique provides way of strain improvement programme. With 

enormous significance of protoplast fusion technique in gene manipulation, it is possible to 

develop superior hybrid strains in fungi that lack sexual reproduction capability. 
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Figure captions 

Figure 1. Microscopic observation (400×) of hyphae and released protoplasts.  

(A) Parent hyphae of Aspergillus oryzae, (B) Parent hyphae of Trichoderma harzianum, (C,D) 

Release of protoplasts after digestion of hyphal tip by the action of chitinase, (E) Single 

protoplasts.  

Figure 2. Intrageneric protoplast fusion between Aspergillus oryzae and Trichoderma 

harzianum. (A) Close contact and formation of pair of protoplasts with each other, (B) Rupture 

of membranes of fusing protoplasts, (C) Complete rupture of membranes and fusion of 

protoplasts.  

Figure 3. Nuclear staining of fused protoplasts.  

Figure 4. Regeneration of protoplasts.  

(A) Aspergillus oryzae. (B) Trichoderma harzianum, (C) fused protoplasts on 2 % colloidal 

chitin agar.  

Figure 5. PCR amplification (A) and DGGE analysis (B) of Aspergillus oryzae (1), Trichoderma 

harzianum (2) and fusant (3).  

Figure 6. Degradation of CSCW by Aspergillus oryzae and Trichoderma harzianum and fusant. 
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Tables 

 

 

Table 1 Effect of polyethylene glycol concentration on protoplast fusion. 

PEG concentration (%)  Fusion frequency (%) 

30 0.15 ±0.09 

40 0.34±0.04 

50 0.52±0.10 

60 0.75±0.06 

70 0.61±0.08 

                                 Values are mean of three replicates ± standard deviation 

 

 

 

 

Table 2 Chitinase activity and protein content in culture filtrates of parents and fusant 

 Trichoderma harzianum Aspergillus oryzae Fusant 
Chitinase activity (U /mL) 
  

20 ± 0.06 13.63±0.02 64 ±0.01 

Protein content (µg /mL ) 15± 0.08 27 ± 0.001 60 ±0.05 
 

Each value represents the mean ± standard error values (n=3) 
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Abstract Textile industry is the major source of colored

effluents constituting a number of complex dyes affecting

terrestrial and aquatic ecosystems which necessitates their

removal from environment. Bioremediation offers an

inexpensive and eco-friendly approach hence, Pseudomo-

nas sp. SUK 1, which is already known for its potential in

degradation of individual dyes is used to degrade synthetic

dye mixture of eight structurally different dyes. The bac-

terium was capable to remove 94.3 % American Dye

Manufacturing Institute value of dyes mixture, within 24 h

under static condition at pH 7 and 30 �C temperature. The

results from the batch experiments revealed the ability of

the tested bacterium to remove the synthetic dye mixture

after repeated exposure. Induction in the activities of var-

ious biotransformation enzymes like laccase, veratryl

alcohol oxidase, nicotinamide adenine dinucleotide-2,

6-dichlorophenol-indophenol reductase and tyrosinase was

observed, indicating the significant role of these enzymes

in biodegradation. After treatment significant decrease in

chemical oxygen demand and biological oxygen demand

was observed. The biotransformation of synthetic dye

mixture was confirmed by UV–Vis spectroscopy, high

performance liquid chromatography and Fourier transform

infrared spectroscopy analyses of samples before and after

decolorization. The toxicity analysis of degraded metabo-

lites formed after biotransformation was carried out on

Triticum aestivum, Phaseolus mungo and Sorghum vulgare

crop plants with respect to germination ability, shoot and

root length analysis. However oxidative stress study was

carried out on Allium cepa L. proved that degraded

metabolites were less toxic. Thus biodegradation of com-

plex synthetic dye mixture to non-toxic metabolites using

Pseudomonas sp. SUK 1 would be a better option for

biological treatment of textile effluents.

Keywords Biodegradation � Enzyme assay �
Oxidative stress � Phytotoxicity � Synthetic dye mixture

Introduction

The revolutionary research in 18th century gave birth to

synthetic dyes which proved to be a breakthrough in dyeing

and textile processing. However, increased use of dyes in

textile industries has resulted into severe problems of water

pollution due to effluents, contaminated with dyestuffs.

Throughout the world annual consumption of dyes is

around 7 9 104 tones and out of which 50 % of dyes are

lost in processing and manufacturing units [1]. Dyes are

designed to be chemically stable thus they introduce

potential danger of bioaccumulation that eventually affects

human beings by transport through the food chain. Due to

discharge of colored effluents into natural water bodies, the

sunlight penetration is decreased which reduces both pho-

tosynthetic activity and dissolved oxygen concentration [2]

and disturbs ecology of water. Structural changes in red

and white blood cells of fishes were recorded due to stress

caused by such eco-toxic effluents [3]. Toxic effects of
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textile dyes are not only limited to aquatic flora and fauna

but there are some reports which are indicative of transport

of dyes through food chain. Contamination of hot chilli,

baked foods and other spices with azo dyes [4] which are

known as carcinogenic [5] and genotoxic [6] in nature

leading to exposure in the human gastrointestinal tract.

Increased amount of such effluents and their hazards gen-

erated a need to concentrate upon the proper waste man-

agement tasks.

Several physico-chemical decolorization methods have

been developed during past two decades which are still

being used as routine practice in textile industries [7, 8].

These methods have major disadvantages as they are

highly expensive, coupled with formation of sludge and

emission of toxic substances which result into secondary

pollution [9, 10]. Therefore, cost-effective and eco-friendly

methods were required to treat the effluents before their

discharge into water bodies. Biological treatment fulfills

these requirements along with several other attractive

benefits [11, 12]. Thus microbial decolorization has

received much attention due to the ability of microbes to

survive under extreme conditions and its cost-effectiveness

[13]. Recently, several reports showed that microorganisms

have ability, not only to decolorize dyes but also to

detoxify them [14–16]. Thus currently an extensive

research work is carried out to find out optimal microbial

biomass which is versatile and capable of treatment of

large volume of effluents [17]. Many studies are focused on

decolorization of single textile dye. However, the effluent

released from textile industry contains mixture of different

dyes thus there is a need to study the capability of single

microorganism to degrade variety of dyes.

Present study is focused on decolorization and biodegra-

dation of a synthetic dye mixture (SDM) by using the bacterial

strain Pseudomonas sp. SUK 1. Furthermore, not only the

effects of various physico-chemical parameters (temperature,

pH and SDM concentrations) on degradation capability were

studied but also the role of enzymes in decolorization of SDM

was determined. Various analytical techniques such as UV–

Vis spectroscopy, high performance liquid chromatography

(HPLC) and Fourier transform infrared spectroscopy (FTIR)

were used to confirm the degradation of dyes present in SDM.

Additionally chemical oxygen demand (COD), biological

oxygen demand (BOD) and toxic nature of SDM before and

after dye decolorization was determined.

Material and Methods

Chemicals and Textile Dyestuffs

All chemicals required were of analytical grade and

obtained from Sigma Aldrich. Solvents were purchased

from Hi-media Laboratories Pvt. Ltd., Mumbai, India and

Sisco Research Laboratory (SRLs), India. The textile dyes

viz. Remazol Orange 3R, Scarlet RR, Brown 3REL,

Golden yellow HER, Remazol Red, Cotton Blue, Ama-

ranth and Orange 2RX were obtained from textile indus-

tries in Ichalkaranji, India.

Media Preparation and Maintenance of Microorganism

The strain Pseudomonas sp. SUK 1 procured from

Department of Biochemistry, Shivaji University, Kolhapur

was chosen for the study because of its high efficiency in

dye decolorization. The pure culture was maintained on

nutrient agar slants at 4 �C. The decolorizing medium

consists of peptone 5 g, NaCl 5 g, yeast extract 1.5 g and

vegetable extract 1.5 g per liter of distilled water and has

pH 7.4 ± 0.2. Prior to addition of SDM the medium was

sterilized by autoclaving at 121 �C and 15 lb pressure for

20 min.

SDM Decolorization

The degradation ability of microorganism towards various

dyes was evaluated and dyes showing better decolorization

(Remazol Orange 3R, Scarlet RR, Brown 3REL, Golden

yellow HER, Remazol Red, Cotton Blue, Amaranth,

Orange 2RX) were selected for the preparation of SDM.

The stock dye mixture of 2,400 mg l-1 concentration was

prepared by adding 15 mg of each of these dyes in 50 ml

distilled water. The concentration of SDM in the nutrient

media was 80 mg l-1 during the study. Decolorization of

SDM was monitored using American Dye Manufacturing

Institute (ADMI) 3WL tristimulus method reported earlier

by Waghmode et al. [18]. Abiotic controls (with died cells

and without cells) were always included.

COD and BOD of SDM

The BOD and COD [19] was measured before and after

SDM degradation by using Hanna BOD meter and auto-

mated COD analyzer (Spectralab CT 15, India)

respectively.

Effect of Various Physico-chemical Parameters

The 24 h grown culture broth of Pseudomonas sp. SUK 1

in the nutrient medium at 30 �C, under static condition was

used to study effect of physico-chemical parameters. The

SDM was added into culture broth and kept at static and

shaking (120 rpm) conditions. The decolorization activity

was recorded in both conditions. Effect of variable pH (4,

5, 6, 7, 8, 9 and 10) on the decolorization performance was

studied. The pH of media was adjusted with the help of
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0.1 M NaOH and 0.1 N HCl by using pH meter (Thermo

scientific, Eutech instruments model-pHTestr20) prior to

addition of SDM. Similarly the effect of various tempera-

tures (10, 20, 30, 40 and 50 �C) on the decolorization

performance was studied. Culture flasks were kept at

respective temperatures for 30 min before SDM addition to

attain the temperature and after SDM addition, incubation

was continued at respective temperatures. Effect of initial

SDM concentrations (26.6–133 mg l-1) on the decolor-

ization performance was studied.

Effect of Fed Batch Culture

A fixed concentration of SDM (80 mg l-1) was added into

the 24 h grown culture of Pseudomonas sp. SUK 1. After

decolorization, again fixed concentration of SDM was

added continuously into the decolorized broth (without

further addition of supplement) until the microorganism

loses its decolorization ability.

Enzyme Assays

The 24 h grown culture of Pseudomonas sp. SUK 1 was

centrifuged at 6,786 g for 25 min at 4 �C. Supernatant was

used as the source of extracellular enzymes. The biomass

of microorganism was separately resuspended in 50 mM

potassium phosphate buffer (pH 7.4) and homogenized,

which results into cell rupture. It was sonicated (sonics-

vibracell ultrasonic processor, 7 strokes of 30 S each for

30 min interval based on 40 amplitude output) at 4 �C.

This sample was further centrifuged (4 �C, at 6786 g for

25 min) and used as a source of intracellular enzymes.

Similar procedure was used to quantify the enzyme activ-

ities after SDM decolorization. The extracellular (cell free

broth) and intracellular (cell extract) activities of dye

degrading enzymes such as laccase, veratryl alcohol oxi-

dase (VAO) [20] and tyrosinase [21] were assayed at room

temperature (25 ± 2 �C). Laccase activity was monitored

with o-tolidine (50 mM) in a 2.1 ml reaction mixture

containing 1.8 ml buffer (acetate buffer, 0.1 M and pH

4.8), 0.2 ml o-tolidine and 0.2 ml enzyme. For VAO assay,

the 2 ml reaction mixture contained 4 mM veratryl alcohol

in 0.05 M citrate phosphate buffer, pH 3 and 0.2 ml

enzyme to start the reaction. For tyrosinase assay the 3 ml

reaction mixture contained 50 mM of catechol and 2.1 mM

of ascorbic acid in 50 mM potassium phosphate buffer (pH

6.5) equilibrated at 25 �C. The DA265 nm was monitored

until constant and then 0.1 ml of the supernatant from the

reaction mixture was added. The formation of o-benzo-

quinone and dehydro-ascorbic acid and decrease in optical

density was measured at 265 nm. One unit of tyrosinase

activity was equal to a DA265 nm of 0.001 per min at pH

6.5 at 25 �C in a 3 ml reaction mixture containing L-

catechol and L-ascorbic acid. The nicotinamide adenine

dinucleotide-2, 6-dichlorophenol-indophenol (NADH–

DCIP) reductase activity was assayed by modifying earlier

reported method [22]. DCIP reduction was monitored at

590 nm and calculated using an extinction coefficient of

0.019 lM-1 cm-1. The reaction mixture (5 ml) prepared

contained 25 lM substrate (DCIP) in 50 mM potassium

phosphate buffer (pH 7.4) and 0.1 ml enzyme. From this,

2 ml reaction mixture was assayed at 590 nm by addition

of 250 lM NADH. All the enzyme assays were run in

triplicates.

SDM Biodegradation Analysis

SDM decolorization was monitored after 24 h by taking

UV–Vis spectrophotometer (Shimadzu UV-1800 Spectro-

photometer, Tokyo, Japan) wavelength scan (400–800 nm).

The metabolites formed after decolorization of SDM were

extracted with two different solvent systems which were

ethyl acetate: toluene and dichloromethane: acetonitrile at

1:1 proportion, dried, dissolved in HPLC grade methanol

and used for HPLC and FTIR analysis [18].

Toxicological Studies

The phytotoxicity study was carried out using Phaseolus

mungo, Sorghum vulgare and Triticum aestivum seeds at

room temperature by watering 5 ml of dye solution

(1,200 ppm) and its formed metabolites (1,200 ppm)

obtained after degradation. Control set was carried out

using distilled water (daily 5 ml watering) at the same

time. Germination (%) and length of shoot and root was

recorded after 7 days. Germination % was calculated by

following formula as:

Germination ð%Þ ¼ No: of seeds germinated

No: of seeds sowed
� 100

The oxidative stress, with respect to antioxidant enzymes

and lipid peroxidation, was studied in the bulbs of A. cepa.

The bulbs were cleaned and exposed to water for the

development of the roots. These roots developed bulbs which

were then grouped into three sets as (a) control (distilled

water treatment), (b) treated with SDM and (c) treated with

metabolites obtained after SDM degradation [23]. The bulbs

in each case were exposed to the respective treatment for

72 h. Antioxidant enzymes namely catalase (CAT, E.C.

1.11.1.6), superoxide dismutase (SOD, E.C. 1.15.1.1) and

guaiacol peroxidase (GPX, E.C. 1.11.1.7) were analyzed by

spectrophotometric measurements, using the procedure

reported earlier [24]. Lipid peroxidation was measured by

the method reported earlier [24], with slight modification.

Briefly, samples prepared from different target species as

described above were homogenized in 4 ml reaction mixture
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containing 20 % (w/v) trichloroacetic acid (TCA) and 0.5 %

(w/v) thiobarbituric acid (TBA). The homogenate was

incubated at 95 �C for 30 min. The reaction was stopped

by placing the homogenate in ice. Afterwards homogenate

was centrifuged at 8,378 g for 15 min, followed by

measurement of absorbance of resulting supernatant at 532

and 600 nm. The nonspecific absorbance at 600 nm was

subtracted from the absorbance at 532 nm. The

concentration of malonyldialdehyde (MDA) was

calculated using an extinction coefficient (e = 155 mM-1

cm-1) and expressed in nmol g-1 FW.

Statistical Analysis

Data was analyzed by one-way analysis of variance

(ANOVA) and Turkey-Kramer Multiple Comparison Test.

Level of significance was studied at P value 0.5.

Results and Discussion

Decolorization of SDM

After screening various textile dyes, the SDM of eight

structurally different dyes as Remazol Orange 3R, Scarlet

RR, Brown 3REL, Golden Yellow HER, Remazol Red,

Cotton Blue, Amaranth, Orange 2RX was prepared and

taken for further study. The decolorization of dye mixture

was determined in terms of the ADMI value [25]. The

ADMI value provides an accurate measurement of water

color, independent of hue thus used in effluent and dye

mixture decolorization study [26]. There was no significant

decolorization of SDM in abiotic control (without cells). It

was also notable that there was no adsorption of dyes on

heat killed cells which indicates that only bacterial action

was responsible for the decolorization of SDM.

Effect of physico-chemical parameters (static; shaking

condition, pH, temperature and initial SDM

concentration) on decolorization

Bacterium showed 84 and 8.90 % ADMI removal at static

and shaking (120 rpm) conditions respectively after 24 h of

incubation which suggests that under the static condition

Pseudomonas sp. SUK 1 shows enhanced decolorization of

SDM than in shaking condition. Similar results were

observed in early reported studies with bacterial strains such

as P. desmolyticum and S. marcescens which show better

decolorization of dye under static condition than the shak-

ing condition [27, 28]. In the presence of shaking condition

only oxidative enzymatic system is present, however under

the static anoxic condition synchronized action of oxidative

as well as reductive enzymatic systems work for efficient

decolorization of dyes [29]. The maximum decolorization

was observed at the pH 7.0 (Fig. 1), however slight acidic

and basic shift of pH affected the percent ADMI removal

capacity of the bacterium steeply. However, maximum

94.3 % ADMI removal was recorded at temperature 30 �C

(Fig. 2). Maximum potential of Pseudomonas sp. to

decolorize Malachite green, Fast green, Brilliant green,

Congo red and Methylene blue [30] and Red BLI [31] was

noticed at 30 �C. Higher ADMI removal is achieved using

Pseudomonas sp. SUK 1 than previous reports on SDM

[18]. Optimum pH, temperature for decolorization is 7 and

30 �C respectively which are easy to maintain at static

condition for large scale treatment.

Different concentrations of the mixture were treated by

Pseudomonas sp. SUK 1 to prove its degradation potential.

With increasing initial SDM concentrations as 26.6, 53.2,

80 and 106 mg l-1 time required was observed to be

increased respectively (Fig. 3). Increasing concentrations

of SDM repressed the % ADMI removal and also

decreased the decolorization rate. The % ADMI removal
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was strongly inhibited at 133 mg l-1 dye in the medium.

The increased dye concentrations might be inhibitory to the

bacterial enzyme system as it was observed in previous

study [20]. Reduction of color removal capacity of bacteria

due to increasing dye concentrations has been reported

earlier [32, 33].

Effect of Fed Batch Process

Consecutive 4 cycles of dye decolorization were studied by

the repeated additions of SDM (80 mg l-1) in the medium.

It showed the effective dye decolorization during these

cycles. The time required for the decolorization was

increased steadily. The decolorization occurred for first

cycle within 24 h and after that the subsequent cycles

required 30, 34 and 44 h respectively (Fig. 4). Similar

observations have been recorded previously for decolor-

ization of reactive dyes [34, 35]. It might be due to

decreased number of viable cells and exhaustion of nutri-

ents, in the medium. Thus, Pseudomonas sp. SUK 1 shows

the ability to decolorize repeated addition of SDM. It can

decolorize different types of dyes at the same time and at

several times, which is noteworthy for its commercial

applications.

BOD and COD Reduction

Generally textile wastewater has higher BOD and COD

values because of complex and recalcitrant nature of dyes

present in it. Efficient treatment of textile wastewater is

essential to decrease the BOD and COD values [36]. Ini-

tially recorded BOD of SDM containing microbial broth

was 700 mg l-1, which was reduced considerably to

500 mg l-1. Observed COD reduction of 25 % showed

partial mineralization of SDM. Considerable amount of

reduction in BOD and COD was recorded after 24 h of

microbial treatment.

Enzymatic Analysis

Enzymatic studies (Table 1) indicated the differences

between the enzyme activities present in the control and in

sample obtained after decolorization. Intracellular activi-

ties of laccase, NADH–DCIP reductase, VAO and tyrosi-

nase were present in the control cells. A significant

increase in the activities of NADH–DCIP reductase,

tyrosinase and laccase were observed in the cells obtained

after decolorization. In extracellular samples activities of

laccase, NADH–DCIP reductase and VAO were found to

be induced. It can be presumed that the major mechanism

of decolorization in the cells is mostly because of the

biotransformation enzymes viz. laccase, VAO, NADH–

DCIP reductase and tyrosinase. The relative contributions

of different biotransformation enzymes in decolorization of

dyes may be different for different microorganisms [37].

The induction of NADH–DCIP reductase, laccase, VAO

and tyrosinase enzymes showed their predominant role in

the decolorization process. This supports the earlier

observations of Kalme et al. [38]. The enzyme activity

without adding SDM after reaction was reduced which may

be due to limited availability of nutrients, cells entering in

death phase or enzyme turnover.

SDM Biodegradation Analyses

UV–Vis Spectral Analysis

UV–Vis analysis (400–800 nm) of supernatants obtained

after treatment of SDM with Pseudomonas sp. SUK 1 for
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24 h showed the decolorization and decrease in dye con-

centration (Fig. 5). Initially due to the presence of dyes in

control SDM UV–Vis spectrum showed higher absorbance

at kmax 510 nm but after the microbial treatment absor-

bance was significantly decreased.

High Performance Liquid Chromatography (HPLC)

Analysis

The HPLC analysis of the control SDM showed retention

time of 1.923, 2.117, 3.005, 2.883, 3.279 3.436 and

4.406 min (Fig. 6a), whereas metabolite sample obtained

after the biodegradation of dyes present in SDM (after

24 h) showed complete different profile. The retention time

of metabolites was found to be 2.466, 2.649, 3.251, 3.805

and 5.515 min which was different from the control sample

(Fig. 6b). Thus significant variations in the retention time

before and after microbial treatment was observed. This

confirmed the biodegradation of different dyes present in

the mixture into different metabolites.

FTIR Analysis

FTIR analysis was carried out to detect the presence of

various functional groups in SDM which are transformed

or removed after treatment by Pseudomonas sp. SUK 1

(Fig. 7). FTIR spectrum of the SDM showed the peaks at

3,232.80, 2964.69, 2887.53, 2349.38, 1666.55, 673.18,

1575.97 and 1408.08 cm-1 which suggest the presence

of free or bonded O–H stretching or N–H trans stretching,

–CH3 stretching, C–H stretching, NH3
? stretching, C–S

stretching, C–S stretching, C–S stretching and S=O

stretching or C–OH deformation respectively. The FTIR

spectrum of metabolites obtained after degradation of the

SDM showed the peaks at 3261.74, 2949.26, 1442.80,

2351.30, 1680.05, 1535.39, 1267.27 and 690.54 cm-1

which suggest the presence of O–H stretching, –CH3

stretching, –CH3 stretching, NH?, C=C stretching, C=N

stretching, conjugated C–O–C stretching and C–S stretch-

ing. Metabolites obtained after decolorization of SDM by

Pseudomonas sp. SUK 1 showed differential FTIR spec-

trum than control SDM suggests the biodegradation of

SDM. Similar analysis of biodegradation of dyes using

FTIR has been reported earlier [36].

Toxicity Study

Phytotoxicity Study of SDM and its Degradation Product

Despite the fact that untreated dyeing effluents may cause

the serious environmental and health hazards, they are

being disposed off in water bodies and this water is used

for the agriculture purpose. Thus, assessment of phyto-

toxicity of the SDM before and after degradation becomes

necessary. Phytotoxicity studies on the germination of

Table 1 Enzyme activities in control (0 h), decolorized state (after 24 h) and without SDM (24 h)

Enzyme Intracellular Extracellular

Before

decolorization (0 h)

After decolorization

(24 h)

Without SDM

(24 h)

Before

decolorization (0 h)

After decolorization

(24 h)

Without SDM

(24 h)

Laccasea 0.14 ± 0.02 5.09 ± 0.03** 0.05 ± 0.02 0.14 ± 0.08 0.24 ± 0.03* 0.04 ± 0.02

VAOa 1.16 ± 0.06 1.17 ± 0.03 0.29 ± 0.02 0.82 ± 0.08 1.21 ± 0.11* 0.31 ± 0.04

Tyrosinasea 245 ± 31.8 553 ± 20.5** 92.3 ± 12.2 503 ± 21.3 532 ± 21.3 108 ± 17.1

NADH–DCIP reductaseb 322 ± 2.56 452 ± 3.61*** 114 ± 1.63 210 ± 3.92 292 ± 6.09** 48.2 ± 2.03

a Units mg-1 protein min-1

b lg of DCIP reduced mg-1 protein min-1

Values are mean of three experiments (±) SD. Significantly different from control (before decolorization) at * P \ 0.05, ** P \ 0.01, ***

P \ 0.001 by one-way analysis of variance (ANOVA) with Tukey–Kramer comparison test
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plant seeds Triticum aestivum (Wheat), Sorghum vulgare

(Jowar) and Phaseolus mungo (Green gram), which are

important plants in Indian agriculture, were studied. The

relative sensitivities towards the SDM and its degradation

products in relation to these plant seeds are presented in

Table 2. Phytotoxicity study with Sorghum vulgare, Triti-

cum aestivum and Phaseolus mungo seeds treated with

metabolites formed after SDM degradation showed 60, 70

and 80 % germination rate respectively which is (ca. 40 %)

higher than germination rate of respective seeds treated

with SDM. Significant growth in the plumule and radical

was recorded in all plant seeds treated with metabolites as

compared to the SDM treated seeds. This study indicates

that the toxicity of SDM was reduced after its treatment

with Pseudomonas sp. SUK 1.

Oxidative Stress Studies and Lipid Peroxidation Assay

Analysis of antioxidant enzyme activities (SOD, CAT and

GPX) and lipid peroxidation from the root cells of A. cepa

exposed to SDM and its degradation products was carried

out. Achary et al. [24] have studied the antioxidant

enzymes during the toxicity of Al in A. cepa root cells.

According to them up/down regulation of these enzymes

can be taken as indication of oxidative stress. In this study

SDM treated samples showed increase in CAT activity as

compared to CAT activity in water treated roots (control).

SDM might be leading to generate H2O2 radicals in high

amount and it can be efficiently scavenged by CAT. On the

other hand activities of SOD and GPX enzymes decreased

in the SDM treated samples as compared to control. This

might be because, SDM could not generate the substrate for

them. Also the H2O2 in the presence of catalytic iron ions

might have inactivated SOD [39]. In all the three cases

enzyme activity values of metabolite treated samples were

close to the control values indicating their less toxic nature

(Table 3).

Oxidative stress subsequently accompanies with lipid

peroxidation. It was observed that the level of lipid per-

oxidation was increased in SDM treated root sample and

the biodegraded metabolite treated sample which showed

almost similar level of LiP with respect to control which

defines reduction in the toxicity. Lipid peroxidation chain

reaction is a strong indicative of generation of oxidative

stress. Thus it can be concluded that textile dyes induce

oxidative stress on plants.

Fig. 6 HPLC elution profile of

the synthetic dye mixture before

(a) and after its decolorization

(b)

Synthetic Dye Mixture Decolorization by Pseudomonas sp. SUK 1 1065

123



Fig. 7 FTIR spectra of

synthetic dye mixture (a) and

metabolites extracted after 24 h

(b)

Table 2 Phytotoxicity study of

synthetic dye mixture and its

degradation product

a Water treated sample
b 1,200 ppm

Values are mean of three

experiments, SEM (±),

significantly different from the

control (seeds germinated in

water) at * P \ 0.05, **

P \ 0.01 and *** P \ 0.001 by

one-way analysis of variance

(ANOVA) with Tukey–Kramer

comparison test

Plants Parameter

Germination Plumule (cm) Radical (cm)

Triticum aestivum

Controla 80 12.2 ± 1.62 6.01 ± 0.31

SDMb 30** 3.66 ± 0.32*** 3.53 ± 0.24*

Metaboliteb 70 9.03 ± 1.64 5.43 ± 0.73

Sorghum vulgare

Controla 80 5.93 ± 0.32 5.33 ± 0.61

SDMb 30** 3 ± 0.89** 1.66 ± 0.21**

Metaboliteb 60 4.33 ± 0.43 4.28 ± 0.54

Phaseolus mungo

Controla 100 11.5 ± 0.81 3.86 ± 0.21

SDMb 30*** 7.76 ± 0.76** 1.86 ± 0.11*

Metaboliteb 80 9.91 ± 1.15 2.95 ± 0.43
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Conclusion

In conclusion, Pseudomonas sp. SUK 1 possesses high

decolorization efficiency, reusability and stability for

SDM. The maximum 94.3 % ADMI removal obtained after

24 h at pH 7 and temperature 30 �C under static condition

which is easy to obtain for large scale treatment of textile

waste. The observed COD reduction was 25 % and

reduction in BOD was recorded more than 28 % within

24 h. The decolorization and degradation of SDM by

Pseudomonas sp. SUK 1 might be because of activity of

laccase, VAO, NADH–DCIP reductase and tyrosinase. The

analytical study confirms biodegradation into different

products. The phytotoxicity and oxidative stress study

suggests that these products are less toxic in nature and

toxicity of SDM is drastically reduced. Thus the bacterium

is suitable for industrial application and further study can

be focused on designing a bioreactor and immobilization of

these cells which will scale up the process and reduce the

disruption of cells.
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Abstract
The conversion of the enzymatic hydrolysate of shellfish chitin to single-cell protein was investigated. The end-

product of chitin hydrolysis by Penicillium ochrochloron chitinase was mainly N-acetyl-D-glucosamine, its further 
utilization as a substrate for SCP production using Yerrowia lipolytica NCIM 3450 has been studied. The 2% chitin 
hydrolysate was found to be optimal for SCP production. A biomass of 9.4 g/l, total protein and nucleic acid content 
of the biomass was 65% and 2.9%, respectively. Fish diets were formulated to replace fishmeal partially by single 
cell protein from Yerrowia lipolytica using chitin hydrolysate in diets of Lepidocephalus thermalis for a period of 2 
weeks. Control diet and three experimental diets were prepared to replace 25%, 50% and 75% of fish meal using 
SCP. The result indicated 50% yeast SCP diet gave the better growth response in Lepidocephalus thermalis than 
other formulations.

Single Cell Protein Production Using Penicillium ochrochloron Chitinase 
and Its Evaluation in Fish Meal Formulations
Nilambari S Patil and Jyoti P Jadhav*

Department of Biotechnology, Shivaji University, Kolhapur, India

Keywords: Lepidocephalus thermalis; Penicillium ochrochloron;
Single cell protein; Yerrowia lipolytica

Introduction
Chitin, a poly-β-1, 4-N-acetylglucosamine, is an abundant 

renewable natural resource after cellulose. It constitutes as the structural 
polysaccharide of fungal cell walls and the outer shell of crustaceans, 
nematodes [1]. To date, the major source of industrial chitin comes 
from the wastes of marine food production, mainly crustacean shells, 
e.g. shrimp, crab or krill shells [2]. Crustacean shell waste consists 
mainly of 30–40% protein, 30–50% calcium carbonate, and 20–30% 
chitin [3].

In recent years, there has been a constant increase in the exploitation 
of fish resources and estimated quantity used for human consumption 
(105.6 million tons) is globally 75% of the worldwide fish production. 
The remaining 25% of the catch (34.8 million tons) are considered as 
wastes [4]. Seafood waste is one of the byproducts of shellfish processing 
industries. The industries are faced severe problems in disposing of the 
formidable quantity of chitinous shellfish solid wastes [5]. 

The conventional method of seafood processing includes chitin 
disposal by ocean dumping, incineration and land filling. However, 
factors such as cost of transportation and environmental pollution 
have prompted the search for alternative disposal methods. The 
chemical treatments also create waste disposal problems, because 
neutralization and detoxification of the discharged waste water are 
necessary [5,6]. Bioconversion is an effective way of reprocessing of 
waste material into useful value added products for the agricultural 
sector. The biotechnological potential of agro-industrial residues has 
been described earlier but there is hardly any such reference available 
on seafood processing wastes.

Aquaculture is a fast-growing industry, currently providing 
>30% of the fish used for human consumption [7]. Aquafeeds is 
being used extensively in aquaculture as a major source of protein in 
formulated feeds. Because of rising prices and scarce availability, there 
is a need to replace fish meal partially or completely with single cell 
protein to bring down the cost of the fish feed. Considerable interest 
has focused on developing new fish feed in which the inclusion of 
fish meal is reduced by adding alternative sources of protein [7].The 
shellfish industries facing the waste disposal problem. Crab wastes 
have chitin concentrations of 13-15% [10]. Utilization of chitinous 

waste for single cell protein production and its use in aquaculture feed 
is a widely acceptable alternative [8,9]. It serves the dual purpose of 
solving the problems of environmental degradation arising from waste 
accumulation and providing a good protein source for fish diets.

Penicillium ochrochloron MTCC 517 is a potent producer of 
chitinolytic enzymes [10,11]. This paper concerns the enzymatic 
hydrolysis of chitin with P. ochrochloron culture filtrate and further 
utilization of the chitin hydrolysate for SCP production using 
Yerrowia lipolytica NCIM 3450. Also utilization of SCP in the diet of 
Lepidocephalus thermalis has been carried out.

Materials and Methods
Microorganism and screening for SCP production

Penicillium ochrochloron MTCC 517 was obtained from MTCC, 
Chandigarh, India. It was maintained on Potato Dextrose Agar (PDA) 
medium. Yerrowia lipolytica NCIM 3450, Yerrowia lipolytica NCIM 
3472, Saccharomyces cerevisiae NCIM 3283, Saccharomyces cerevisiae 
NCIM 3284 yeast strains were used in this study, were procured from 
National Collection for Industrial Microorganisms (NCIM), Pune 
and maintained on YPD medium consisting of 1% yeast extract, 2% 
peptone, and 2% glucose.

Single cell protein production

Production was performed according to the method of Vyas and 
Deshpande [6].The Yerrowia lipolytica NCIM 3450 used for SCP was 
grown in a medium containing (g/l): glucose, 10; yeast extract, 3.0; 
peptone, 5.0. After 24 h of incubation at 28°C under shaking conditions 
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(200 rpm), harvested cells were washed twice with distilled water. 
Using 2% acid swollen chitin as a substrate, hydrolysis was carried out 
at 40°C for 96 h on a rotator shaker as per the method of Patil et al. [10]. 
The chitin hydrolyzate obtained was supplemented with 0.67% yeast 
nitrogen base and inoculated with 2×108 cells of yeast. Yeast cells were 
calculated by using a Neubauer haemocytometer (Marienfeld). Cells 
harvested after 48 h of growth under shaking conditions at 30°C were 
studied for SCP parameters. The biomass yield, protein and nucleic 
acid content of Yerrowia lipolytica NCIM 3450 were determined by the 
methods described by Levine and Cooney [12].

Experimental design

Four rectangular glass tanks of about 5-litre capacity were used for 
the study. These were filled with water and covered with a chicken mesh. 
The tanks were all connected to aerators and the water was regularly 
aerated. Fishes (Lepidocephalus thermalis) were purchased from a local 
fish food supplier in Kolhapur city. They were stocked in the tanks at 
the rate of 8 fishes per tank and allowed to acclimate for a period of two 
weeks. During this period, dead fish were removed and the remaining 
fish were then redistributed at the rate of 5 fish per tank. During this 
period of acclimatization the fishes were trained to accept feed and fed 
with the control diet at 1.5% of their body weight twice daily at 10.00 h 
and 16.00 h. Four food diets were formulated according to Al-Hafedh 
and Alam [13] and designated (A0, A1, A2, and A3) (Table 1). Water in 
all the tanks was changed on alternate day throughout the experiment. 
The fish was weighed in grams (g) on weighing balance and growth 
performance data was recorded. 

Proximate analysis of feed 

Analyses of dry matter (1100 C, 24 hrs), Crude protein Kjeldahl 
method (crude protein=6.25×Kjeldahl nitrogen), crude fat (methanol-
chloroform extraction) in the diets were performed according to 
standard laboratory procedures [14]. 

Determination of growth parameters

Growth parameters were calculated from the initial and final 
weights; dry feed during the experiment using the following formulae:

1. Relative weight gain was calculated using following formula [15].

Relative weight gain (RWG)=(Final weight-Initial weight)/Initial 
weight

2. Growth rate (g/fish/day)=(Final weight-Initial weight)/
experiment days

Statistical analysis

Data obtained were expressed as the mean ± SD and analyzed 
statistically using (GraphPad InStat version 3.00, GraphPad Software, 
San Diego California, USA).

Results and Discussion
Selection of yeast for Single Cell Protein (SCP) Production

It was performed according to the method of Revah–Moiseev et al. 
[9]. Briefly, Yerrowia lipolytica NCIM 3450, Yerrowia lipolytica NCIM 
3472, Saccharomyces cerevisiae NCIM 3283, Saccharomyces cerevisiae 
NCIM 3284 yeast strains were screened on solid medium containing 
chitin hydrolyzate with a yeast nitrogen source for rapid utilization of 
N-acetylglucosamine. Among them, Yerrowia lipolytica NCIM 3450 
was found to be the best one. 

Effect of chitin hydrolysate on SCP production

Hydrolysis of chitin to N-acetylglucosamine has been performed 
at 40°C for 96 h using Penicillium ochrochloron MTCC chitinase [10]. 
Figure 1 shows the biomass of Yerrowia lipolytica produced in the 
presence of chitin hydrolyzate obtained from enzymatic hydrolysis of 
colloidal chitin from chitinases of P. ochrochloron.

N-acetylglucosamine could be easily metabolized by the Y. 
lipolytica thus giving higher biomass yield (0.94 gm/100 ml). It was 
found that the biomass yield of yeast increased as the concentration of 
chitin hydrolysate increased in the medium. The 2% chitin hydrolysate 
was seen to be optimal for SCP production, as beyond which there was 
no increase in SCP production (Figure 1).

Evaluation of parameters for single cell protein production

Partial conversion of the raw material into yeast biomass (SCP) 
is useful because of the high nutritional quality of the yeasts. The 
advantages of microbial protein are high productivity, a high proportion 
of cell mass as protein, a good profile of desirable amino acids, 
good performance in feeding livestock and no toxic or carcinogenic 
compounds [16].

The criteria used for the evaluation of SCP production include 
growth yield, total protein and nucleic acid contents. Our results show 
that Yerrowia lipolytica is a better substitute than Pichia kudriavzevii 
and Saccharomyces cerevisiae NCIM 3052 as its protein content is 
higher (65% as compared to 61% and 45% respectively) and the 
nucleic acid content is lower (2.9% as compared to 3.1% and 8-11% 
respectively), which are the criteria preferred for SCP [6]. Nucleic 
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Figure 1: Effect of chitin hydrolysate on SCP production.

Ingredients A0 A1 A2 A3

Fish meal 34 25.5 17 8.5
Single cell protein 0.00 11.6 23.2 34.8
Wheat bran 25 28.9 31.8 32.7
Wheat flour 9 9 9 9
Corn starch 26.5 19.5 13.5 9.5
Cod liver oil 1.5 1.5 1.5 1.5
Vitamins1 2 2 2 2
Minerals2 2 2 2 2

Vitamin mix1 (g/kg mix): vit A (500000 IU/g), 1.5; 1.5; vit E (500 W/g), 6; vit K, 0.25; 
thiamin, 0.75; riboflavin, 1.5; pyridoxine, 0.75; nicotinic acid, 8.75; vit C, 25; folic 
acid, 0.25; vit B2 (1 g/kg), 2.5; inositol, 50; biotin (2%), 6.25; calcium pantothenate, 
2.5; choline (50%). 200.
Mineral mix2 (g/kg mix): calcium carbonate, 215; magnesium hydroxide,124; KCl, 
90; fenic citrate, 20; KI, 0.4; NaCl, 40; Calcium Hydrogen Phosphate (CaHPO4), 
500; copper sulfate, 3; zinc sulfate, 4; cobalt sulfate, 0.2; manganese sulfate, 3.

Table 1: Formulations of the experiment diets (g/100g dry weight).
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acids are very essential in the body; however Daramwal and Gaur 
[17] stated, foods with high nucleic acid content are unfit for human 
consumption. According to Protein Advisory Groups (PAG) of the 
United Nations, safe daily intake is estimated to be approximately 4 g 
of which 2 g can be derived from SCP [18].This indicates that quantities 
of protein and nucleic acid reported are acceptable values if consumed. 
Vyas and Deshpande [6] reported the production of SCP using chitin 
hydrolysate from the culture filtrate of Serratia marcescens. Revah et 
al. [9] have carried out saccharification of shell fish waste chitin and 
obtained SCP of Pichia kudriavzevii using the hydrolysate.

The sustainability of SCP for food industry is dependent on its 
composition since its nutritional value depends upon the pattern and 
concentration of essential amino acids [19]. The content of amino acids 
determines the proteins nutritive value. Y. lipolytica possesses the same 
general pattern of amino acids [20] as compared to the typical yeast 
[21]. The results of the study indicate that P. ochrochloron chitinase 
hydrolyzes chitin to NAG with high efficiency. Yerrowia lipolytica 
NCIM 3450 is appropriate yeast for bioconversion of chitin hydrolysate 
into single cell protein.

Experimental fish and determination of growth parameters 

Lepidocephalus thermalis (Cobitis thermalis) is the one of the fish 
species produced in freshwater river system in India.

Table 2 describes nutrient analysis in control and experimental 
diets. The protein content of the diets was 32.83%; fat content ranged 
from 5.34% to 6.12% and dry matter ranged from 96 to 97%. Growth 
performance of fish is important parameter during feed trials. The 
growth parameters studied are listed in Table 3. 

Out of the five diets tested, maximum growth of fish was observed 
in the A2 diet. It was clearly showed that test diet showed significantly 
better growth than control diet. The result of present work was 
supported by that of Mahnken et al. [22] who evaluated yeast as a 
substitute for fishmeal in Oregon Moist Pellet (OMP) for Oncorhynchus 
kisutch and Salmo gairdneri and observed that alkane yeast was an 
acceptable partial substitute for fishmeal in the rainbow trout diets. Al-
Hafedh and Alam [13] reported that yeast SCP can replace up to 50% of 
fishmeal in juvenile Nile tilapia diets. Davies and Wareham [23] which 
showed that up to 40% fishmeal could be replaced by an industrial 
single cell protein without a significant reduction in growth. 

In diets for Lepidocephalus thermalis, fishmeal could be replaced 
successfully with 50% yeast SCP. Fish feed technologists can use this 
protein source in fishmeal formulations. A major obstacle in the 
aquaculture industry is to ensure supply of high-quality fish feed. Aqua 
feeds have high protein content and this tends to increase the price 
of production, especially with the high inclusion level of fish meal. 

It has thus become imperative to search out for cheaper alternative 
protein sources to fish meal. Shellfish wastes generated from shellfish 
processing industries contains chitin as major component which 
accumulate in environment in considerable amount and creating 
pollution. Penicillium ochrochloron chitinase has ability to hydrolyse 
chitin into N-acetyl-D-glucosamine. Its further utilization as a substrate 
for SCP production using yeast serves the dual role in reduction of 
environmental pollution and providing a good protein source for 
fish diets. Further studies are needed to find out effects of yeast SCP 
substitution fishmeal on other fish species. 
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Abstract  27 

Tyrosinase inhibitors have been used as whitening or antihyperpigment agents because of their 28 

ability to suppress dermal-melanin production.  In this present study, screening and kinetic evaluation 29 

of various small molecules was studied on mushroom tyrosinase (MT) using surface plasmon 30 

resonance. The binding constant KD (M) values obtained for tannic acid, phloroglucinol, saffron, 31 

catechol and pyrogallol are 1.213 × 10-4, 7.136 × 10-5, 3.111 × 10-5, 1.557 × 10-5 and 7.981 × 10-6 M 
32 

respectively. Pyrogallol has been found to display high affinity for MT whereas catechol, saffron and 33 

phloroglucinol have been found to bind with low affinity. MT shows considerable changes in the 34 

secondary structure in presence of inhibitors. The study reveals the Biacore/SPR sensor’s ability for 35 

rapid identification and characterization of inhibitors for MT.  Methodology described here can be used 36 

to rapidly screen and optimize various leads compounds for other enzymes and elucidate structure 37 

function inter-relationships between various enzymes. 38 

Keywords: Mushroom tyrosinase, inhibitors, surface plasmon resonance 39 

 40 

41 
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 42 

Introduction 43 

Tyrosinase (EC1.14.18.1), a multifunctional copper-containing oxygenase, is widely distributed 44 

in nature. It catalyzes the hydroxylation of a monophenol and the conversion of o-diphenols to the 45 

corresponding o-quinones1. These quinones are highly reactive compounds that can polymerize 46 

spontaneously to form melanin. Products formed as a result of tyrosinase activity are precursors for 47 

skin pigmentation, defense and protective mechanisms in plants and fungi, and leads to pigmentation in 48 

flowers2-6. These precursors from tyrosinase activity may also lead to deleterious effects like browning 49 

reactions in fruits and vegetables and black spotting of shrimp and lobsters7, 8. Various inhibitors of 50 

mushroom tyrosinase are reported such as, aromatic aldehydes9, 10 acids11, tropolone12 and kojic acid13.  51 

 Changes in tyrosinase activity can be measured using conventional spectrophotometric 52 

methods by detection of the substrate turnover at different wavelengths14-16.  The most accepted dye 53 

based or tracer based assays are Besthorn's hydrazone17, 18 cysteine19 or proline20. Many electrochemical 54 

methods are based on measurement of oxygen consumption21 or product formation is reported in the 55 

literature22-26. However these assays will produce much false positive identification of compounds as 56 

they are color based or dye based reactions. Identification and characterization of lead compounds by 57 

SPR is a very rapid and promising alternative.  58 

Surface plasmon resonance (SPR) with coupling chemistries for enzyme immobilization on the 59 

sensor surface facilitates detection and screening of various inhibitors27.  SPR is an optical technique 60 

that analyses changes in refractive index based on alterations occurring in the dielectric medium within 61 

500 nm from a metal gold surface28. SPR makes possible real-time, label-free detection of biomolecular 62 

binding events such as ligand–receptor coupling, antibody–antigen interactions, and protein–DNA 63 

interactions. Detection of tyrosinase inhibitors using SPR has been reported recently29, 30. In this present 64 

study, screening of small molecules as inhibitors of mushroom tyrosinase was studied by using SPR.  65 
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Material and methods 66 

Chemicals and reagents 67 

Sensor chips CM5, N-ethyl-N’-(dimethylaminopropyl)-carbodiimide (EDC), N-68 

hydroxysuccinimide (NHS), ethanolamine HCl, sampling vials, were obtained from GE Healthcare Life 69 

Sciences, Uppsala, Sweden. Mushroom tyrosinase was purchased from Sigma chemical company (St. 70 

Louis, MO, USA). All other chemicals were from Himedia India Pvt ltd, India with highest purity and 71 

analytical grade. Milli Q (Milipore, USA) water was used for preparing buffers and reagents. 72 

Enzyme activity assay 73 

Monophenolase and diphenolase activities of mushroom tyrosinase was performed using L-74 

Tyrosine and L-DOPA respectively by measuring the dopachrome accumulation at 475 nm (ε 75 

dopachrome = 3400 M−1 cm−1)31, 32 before immobilization on chip surface.  76 

Surface plasmon resonance (SPR) studies 77 

SPR interaction analyses were performed using a Biacore X100 optical biosensor (GE 78 

Healthcare Life Sciences, Bangalore, India).  SPR measurements were carried out in phosphate buffer 79 

saline [0.1 M phosphate buffer with 27 mM KCl and 1.37 M NaCl 0.005 % polysorbate 20 pH 7.4], and 80 

stock solutions were diluted in the same buffer. Data was collected with the Biacore control software 81 

version 2.0.  Experiments were performed by monitoring the refractive index changes as a function of 82 

time under constant flow rate of 30 µl/min. The relative amount of inhibitor bound to the tyrosinase 83 

was determined by measuring the net increase in refractive index over time compared to control 84 

running buffer. There is an inline subtraction of reference surface during the run. This change is usually 85 

reported in response units (RU).  86 

Enzyme immobilization 87 
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Mushroom tyrosinase dissolved (50 µg ml-1) in 0.1 M sodium acetate buffer pH 4.5 was 88 

immobilized to a CM5 chip using amine coupling.  Using a flow rate of 10 µl min-1, the surface of flow 89 

cell was activated for 7 min using a 1:1 mixture of 100 mM N-ethyl-N’-(dimethylaminopropyl)-90 

carbodiimide (EDC) and 100 mM N-hydroxysuccinimide (NHS) (both dissolved in water), and 91 

subsequently tyrosinase was injected for 7 min, and residual activated carboxy methyl groups on the 92 

surface were blocked by a 7 min injection of 1M ethanolamine, pH 8.5. A total of 2353 (RU) of 93 

tyrosinase was immobilized. The activity of enzyme after immobilization was confirmed by plotting RI 94 

(RU) response against concentration of substrate (L-DOPA and L-tyrosine).  95 

Screening of different small molecules 96 

For this study, one of the flow cell was blank immobilized (without protein) for using as a 97 

reference. Different analytes like, monohydroxy, dihydroxy and trihydroxy phenols were screened 98 

against mushroom tyrosinase. Flow rate was maintained constant throughout the binding (10 µl/min) 99 

and kinetics experiment (30 µl/min), contact time and dissociation time was kept at 120 s. Regeneration 100 

was carried out with 10 mM glycine HCl pH 2.5 for 30 s and at 30 µl/min. Kinetics was performed with 101 

various concentrations of compounds (12.5 µM to 200 µM) in a single cycle kinetics33, 34 or multi-cycle 102 

kinetics mode. The data analysis was done with Biacore X100 evaluation software ver 2.0.1 and data 103 

was fit to 1:1 binding model or two state fit. 104 

Circular dichroism (CD) spectroscopy  105 

The CD spectra were recorded on a Jasco J-815 CD Spectropolarimeter to give the content of 106 

regularly secondary structure in mushroom tyrosinase. Protein solutions 0.05 mg ml-1 was prepared in 107 

the 0.1 mM PBS buffer at pH 6.8. Scans were performed at 20 °C using 0.1 cm path length quartz 108 

cuvette with 8 sec differential integration time at a scan rate of 50 nm min-1.  The protein solutions of 109 

0.05 mg ml-1 were incubated with and without pyrogallol, phloroglucinol, tannic acid, saffron and 110 
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catechol at concentration of 200 µM for 15 min and were used to obtain the spectra. All spectra were 111 

collected in a triplicate from 200 to 280 nm and a background corrected against buffer blank. The 112 

results were expressed as molar ellipticity (◦cm2 dmol-1) based on a mean amino acid residue weight 113 

(MRW) of mushroom tyrosinase. The molar ellipticity was determined as [θ obs] = (100 × (MRW) × 114 

θobs/cl), where θ is the observed ellipticity in degrees at a given wavelength, c is the protein 115 

concentration in mg/ml and l is the length of the light path in cm35. 116 

Result and discussion 117 

It has been recently discovered that various dermatological disorders such as age spots and 118 

freckles are caused due to hyperpigmentation1. Hyperpigmentation in human skin and enzymatic 119 

browning in fruits are not desirable36.  Thus, hyperpigmentation becomes a major problem in the food 120 

industry and one of the main causes of quality loss during post harvest handling and processing31.  The 121 

regulation of melanin synthesis via the inhibition of tyrosinase is a current area of research in the 122 

context of preventing hyperpigmentation37. As a result, tyrosinase inhibitors have become increasingly 123 

important in food, medical and cosmetic industries38, 39. 124 

Various tyrosinase-based biosensors have been developed in the past few years22-26.  Using 125 

these sensors, the detection of the large group of phenolic compounds as tyrosinase inhibitors was 126 

possible. However, low sensitivity is one of their major drawbacks40. In the present paper, the affinity 127 

and binding kinetics of various small molecules towards mushroom tyrosinase using surface plasmon 128 

resonance has been evaluated. In addition, this sensor has ability to detect the number of different 129 

inhibitors of enzyme in a single run with high sensitivity and accuracy. Label free interactions are more 130 

sensitive and less error prone compared with the conventional spectroscopic methods which are based 131 

on the color formation.  132 
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The screening results showed that the affinity towards mushroom tyrosinase varies from 133 

molecule to molecule which is clearly observed from Figure 1.  Many compounds showed high affinity 134 

for tyrosinase but possess low stability. Low stability compounds were found to display a higher 135 

dissociation rate. Based on binding studies various small molecules like catechol, pyrogallol, saffron, 136 

tannic acid and phloroglucinol were selected further for affinity and kinetic analysis against mushroom 137 

tyrosinase. This study shows that pyrogallol has a higher binding affinity for mushroom tyrosinase with 138 

KD values of 7.981 ×10-6 M.  The data with different concentrations was fit to two state equation and 139 

shown in the Table 1. Pyrogallol has higher rates of association and dissociation and a higher 140 

equilibrium dissociation constant as evident from Figure 2. Pyrogallol is trihydroxy phenol: it perhaps 141 

binds more rapidly as compared to L-DOPA and L-tyrosine which are dihydroxy and monohydroxy 142 

phenols, respectively. Order of tyrosinase action on phenolic substrates follows the order monohydroxy 143 

˃ dihydroxy ˃ trihydroxy phenols. The KD value for L-DOPA was reported by us before32. L-DOPA 144 

was also run between inhibitors during the kinetic runs to ascertain the activity of tyrosinase. The 145 

activity of enzyme after immobilization was proportional with increasing concentration of L-DOPA 146 

and L-tyrosine (Figure 3) which confirmed the stability and reactivity of mushroom tyrosinase after 147 

immobilization. Pyrogallol was reported as suicide inhibitor of tyrosinase and predicted to bind with 148 

high affinity41.  The low affinity of catechol (1.557 ×10-5 M) (Figure 4) compared to pyrogallol may be 149 

due to catechol follows ‘cresolase presentation’. Catechol being oxidized to form a product able to 150 

undergo deprotonation and reductive elimination, resulting in inactivation of the enzyme through the 151 

formation of copper at the active site. However, since the OH groups are equivalent, the probability of 152 

catalysis and inactivation increases in case of pyrogallol (trihydroxy phenol) and catechol (o-153 

diphenol)42. Catechol showed fast association and slow dissociation time as it is a substrate for 154 

tyrosinase (Table 1).  155 
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Saffron, phloroglucinol and tannic acid have a low binding affinity towards mushroom 156 

tyrosinase with KD values of 3.111 ×10-5, 7.136 ×10-5 and 1.213 ×10-4 M, respectively (Table 1). Also 157 

these three compounds showed slow association and fast dissociation in comparison with pyrogallol 158 

and catechol (Table 1). The binding kinetics for saffron (Figure 5), phloroglucinol (Figure 6) and tannic 159 

acid (Figure 7) with 1:1 fit clearly indicate almost similar association and dissociation rate constants 160 

which perhaps suggests a similar mode of inhibition. The key component in saffron is crocin, is 161 

reported as a potent inhibitors of the tyrosinase32. Also, phloroglucinol (IC50 ˃ 300 µM) and tannic acid 162 

are reported as inhibitors of mushroom tyrosinase43, 44. Inhibition of tannic acid is a reversible reaction. 163 

In order to understand the, structural changes of the mushroom tyrosinase in the presence of 164 

inhibitors was studied by CD spectroscopy technique. As illustrated in Figure 8, results in significant 165 

differences in the secondary structure of the native enzyme and mushroom tyrosinase in presence of 166 

inhibitors. CD studies also confirm secondary structural changes analyzed using SPR. The % changes 167 

in alpha helix in presence of inhibitors have been given (Table 2). 168 

A number of tyrosinase inhibitors have earlier been reported to decrease hyperpigmentation 169 

resulting from the enzyme action.  Most of these tyrosinase inhibitors were mono, di and trihydroxyl 170 

phenols, flavonoids, and peptides36, 45.  These reported activators and inhibitors are phenols and other 171 

common cosmetic ingredients well studied on mushroom tyrosinase. 172 

Biacore sensor has the ability to detect changes in protein conformation in addition to binding 173 

of inhibitors.  Direct detection of low molecular-weight analytes by SPR has been reported for binding 174 

of Ca2+ ions to transglutaminase46 and sulfonamide inhibitors to carbonic anhydrase47. The present 175 

study demonstrates for the first time direct detection of tyrosinase inhibitors binding using an SPR 176 

sensor. The study proves the ability of this sensor to screen the binding ability of different types of 177 

inhibitors towards mushroom tyrosinase at various concentrations and also to be used for the screening 178 
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of new tyrosinase inhibitors.  In addition, the sensor was relatively simple to make and did not require 179 

the use of antibodies to detect small size inhibitors employed in the study. Once the enzyme is 180 

immobilized on the sensor surface it will be useful for a long time through proper storage. Moreover, 181 

by immobilizing other enzymes or cell receptors of interest on the SPR sensor surface, their response 182 

on exposure to inhibitors and ligands can also be assessed, resulting in the development of novel and 183 

rapidly sensing biosensors. Other, undesirable properties relate more to how the target and ligand 184 

interact. One such mechanism, recently described by McGovern et al.48, 49 involves the formation of 185 

ligands into aggregates of 30-400 nm in diameter. These aggregates were proposed to inhibit either by 186 

absorption onto the surface of enzymes or by incorporating enzymes within them. Inhibitors acting in 187 

this manner were termed “promiscuous” inhibitors, as they appeared to inhibit a number of unrelated 188 

enzymes, although it is likely that there are other mechanisms by which compounds may inhibit 189 

numerous enzymes. McGovern et al. 48, 49 identified and characterized a number of these “promiscuous” 190 

inhibitors by testing for properties that distinguished them from classical 1:1 reversible inhibitors. 191 

In conclusion, pyrogallol, catechol, saffron and phloroglucinol and tannic acid had anti-192 

tyrosinase activity, but showed difference in their binding affinity for the tyrosinase. Therefore, this 193 

enzyme-based biosensor has the potential to be used in the detection and screening of new inhibitor 194 

drug candidates. Another advantage is that label free interactions are more sensitive compared with the 195 

spectroscopic methods. Inhibitors may therefore have good potential as antibrowning agents to be 196 

applied in food industries as well as in cosmetics. The sensors can be used for high-throughput 197 

screening of potential pharmaceutical drug candidates. 198 

Acknowledgements 199 

 200 

BSR meritorious fellowship to Ms. Sushama A. Patil from UGC, New Delhi, India is gratefully 201 

acknowledged. Prof. Jyoti Jadhav wishes to thank Interdisciplinary Programme for Life Sciences 202 

Page 9 of 29

ACS Paragon Plus Environment

Journal of Agricultural and Food Chemistry



10 

 

sponsored by Department of Biotechnology Government of India under DBT-IPLS programme.  All 203 

the authors would like to thank Maharashtra State Govt. for Golden Jubilee funding. The authors are 204 

thankful to IIT- Mumbai for CD spectroscopy facility. 205 

 206 

Conflict of interest: The authors have declared no conflict of interest. 207 

 208 

 209 

 210 

 211 

 212 

 213 

 214 

 215 

 216 

 217 

 218 

 219 

 220 

 221 

 222 

 223 

 224 

 225 

Page 10 of 29

ACS Paragon Plus Environment

Journal of Agricultural and Food Chemistry



11 

 

References 226 

(1) Yan, Q.; Cao, R.; Yi, W.; Chen, Z.; Wen, H.; Ma, L.; Song, H. Inhibitory effects of 5-benzylidene   227 

barbiturate derivatives on mushroom tyrosinase and their antibacterial activities. Euro. J. Med. 228 

Chem. 2009, 44, 4235–43. 229 

(2) Ando, H.; Kondoh, H.; Ichihashi, M.; Hearing, V. J. Approaches to identify inhibitors of melanin 230 

biosynthesis via quality control of tyrosinase. J Invest. Dermatol. 2007, 127, 751-61. 231 

(3) Mayer, A. M. Polyphenol oxidases in plants and fungi: Going places? Phytochem. 2006, 67, 2318-232 

31. 233 

(4) Selinheimo,  E.; NiEidhin, D.; Steffenson, C.; Nielson, J.; Lomascolo, A.; Halaouli, S.; Record, E.; 234 

O’Beirne, D.; Buchert, J.; Kruus, K. Comparison of the characteristics of fungal and plant 235 

tyrosinases. J Biotechnol. 2007, 130, 471-80. 236 

(5) Gandia-Herrero, F.; Escribano, J.; Garcia-Carmona, F. Betaxanthins as substrates for tyrosinase: An 237 

approach to the role of tyrosinase in the biosynthetic pathway of betalains. Plant Physiol. 2005, 238 

138, 421-32. 239 

(6) Yoruk, R.; Marshall, M. Physicochemical properties and function of plant polyphenol oxidase: A 240 

review. J Food Biochem. 2003, 27, 361-422. 241 

(7) Walker, J. R. L.; Ferrar, P. H. The control of enzymatic browning in foods. Chem. Indust. 1999, 16 242 

836-39. 243 

(8) Kim, J.; Marshall, M. R.; Wei, C. Polyphenoloxidase. In Sea Food Enzymes, Haard, N.F.; Simpson, 244 

B.K.; Eds., Marcel Dekker: New York, NY, USA. 2000, 271-315. 245 

(9) Huang, X. H.; Chen, Q. X.; Wang, Q.; Song, K. K.; Wang, J.; Sha, L. Inhibition of the activity of 246 

mushroom tyrosinase by alkylbenzoic acids. Food Chem. 2006a, 94, 1–6. 247 

Page 11 of 29

ACS Paragon Plus Environment

Journal of Agricultural and Food Chemistry



12 

 

(10) Huang, X. H.; Chen, Q. X.; You, M. S.; Wang, Q.; Song, K. K.; Wang, J. Inhibitory effects of 248 

fluorobenzaldehydes on the activity of mushroom tyrosinase. J of Enz. Inhibition and Med. 249 

Chem. 2006b, 21, 413–18. 250 

(11) Wang, Q.; Shi, Y.; Song, K. K.; Guo, H. Y.;  Qiu, L.; Chen, Q. X. Inhibitory effects of 4–251 

halobenzoic acids on the diphenolase and monophenolase activity of mushroom tyrosinase. The 252 

Prot. J. 2004, 23, 303–08. 253 

(12) Espin, J. C.; Wichers, H. J. Slow-binding inhibition of mushroom (Agaricus bisporus) tyrosinase 254 

isoforms by tropolone. J of Agri. and Food Chem. 1999, 47, 2638–44. 255 

(13) Lee, Y. S.; Park, J. H.; Kim, M. H.; Seo, S.H.; Kim, H. J. Synthesis of tyrosinase inhibitory kojic 256 

acid derivative. Archiv der Pharmazie. 2006, 339, 111–14. 257 

(14) Jacobson, G. M.; Iskandar, R.; Jacobsohn, M. K. Activity of mushroom tyrosinase on catechol and 258 

on a catechol estrogen in an organic solvent. Biochim. Biophys. Acta. 1993, 1202, 317-24. 259 

(15) Fling, M.; Horowitz, N. H.; Heinemann, S. F. The isolation and properties of crystalline tyrosinase 260 

from Neurospora. J Biol. Chem. 1963, 238, 2045-53. 261 

(16) Waite, J. H. Calculating extinction coefficients for enzymatically produced o-quinones. Anal. 262 

Biochem. 1976, 75, 211-18. 263 

(17) Sussman, A. S. A comparison of the properties of two forms of tyrosinase from Neurospora 264 

crassa. Arch. Biochem. Biophys. 1961, 95, 407-415. 265 

(18) Pfifferi, P. G. Baldassari, L. A spectrophotometric method for the determination of the catecholase 266 

activity of tyrosinase by Besthorn's hydrazone. Anal. Biochem. 1973, 52, 325-35. 267 

(19) Gauillard, F.; Richard-Forget, F.; Nicolas, J. New spectrophotometric assay for polyphenol 268 

oxidase activity. Anal. Biochem. 1993, 215, 59-65. 269 

Page 12 of 29

ACS Paragon Plus Environment

Journal of Agricultural and Food Chemistry



13 

 

(20) Rezepecki, L. M.; Waite, J. H. A chromogenic assay for catecholoxidases based on the addition of 270 

L-proline to quinones. Anal. Biochem. 1989, 179, 375-81. 271 

(21) Mayer, A. M.; Harel, E.; Ben-Shaul, R. Assay of catechol oxidsase-a critical comparison of 272 

methods. Phytochem. 1966, 5, 783-89. 273 

(22) Hu, X.; Leng, Z. Determination of cyanide using a tyrosinase amperometric biosensor with 274 

catechol as substrate. Analyst. 1995, 120, 1555-57. 275 

(23) Besombes, J. L.; Cosnier, S.; LabbeÂ, P.; Reverdy, G. A biosensor as warning device for the 276 

detection of cyanide, chlorophenols, atrazine and carbamate pesticides. Anal. Chim. Acta. 1995, 277 

311, 255-63. 278 

(24) Macholan, L. Phenol-sensitive enzyme electrode with substrate cycling for quantification of 279 

certain inhibitory aromatic acids and thio compounds. Collect. Czech. Chem. Comm. 1990, 55, 280 

2152-60. 281 

(25) Hasebe, Y.; Oshima, K.; Takise, O.; Uchiyama, S. Chemically amplified kojic acid responses of 282 

tyrosinase-based biosensor, based on inhibitory effect to substrate recycling driven by 283 

tyrosinase and L-ascorbic acid. Talanta. 1995, 42, 2079-85. 284 

(26) Wang, J.; Nascimento, V. B.; Kane, S. A.; Rogers, K.; Smyth, M. R.; Angenes, L. Screen-printed 285 

tyrosinase-containing electrodes for the biosensing of enzyme inhibitors. Talanta. 1996, 43, 286 

1903-07. 287 

(27) Milkani, E.; Christopher, R.; Lambert, W.; Grant, M. G. Direct detection of acetylcholinesterase 288 

inhibitor binding with an enzyme-based surface plasmon resonance sensor. Anal. Biochem. 289 

2011, 408, 212–19. 290 

(28) Homola, J.; Yee, S. S.; Gauglitz, G. Surface plasmon resonance sensors: review. Sensors and 291 

Actuators B. 1999, 54, 3–15. 292 

Page 13 of 29

ACS Paragon Plus Environment

Journal of Agricultural and Food Chemistry



14 

 

(29) Germanas, J. P.; Wang, S.; Miner, A.; Hao, W.; Ready, J. M. Discovery of small-molecule 293 

inhibitors of tyrosinase. Bioorganic and Med. Chem. Lett. 2007, 17, 6871–75. 294 

(30) Lee, H. Y.; Park, S. B. Surface modification for small-molecule microarrays and its application to 295 

the discovery of a tyrosinase inhibitor. Mol. BioSyst. 2011, 7, 304–10. 296 

(31) Shi, Y.; Chen, Q.; Qin, W.; Song, K.K.; Qiu, L. Inhibitory effects of cinnamic acid and its 297 

derivatives on the diphenolase activity of mushroom (Agaricus bisporus) tyrosinase. Food 298 

Chem. 2005, 92, 707–12. 299 

(32) Patil, S.A.; Sistla, S.; Jadhav, J. P. Evaluation of crocin and curcumin affinity on mushroom 300 

tyrosinase using surface plasmon resonance. Biol. Macromol. 2014, 65, 163– 66. 301 

(33) Karlsson R.; Katsamba, P. S.; Nordin, H.; Pol, E.; Myszka, D. G. Analyzing a kinetic titration 302 

series using affinity biosensors. Anal. Biochem. 2006, 349, 136–47. 303 

(34) William, P.; Carmelo, D. P. Simulated single-cycle kinetics improves the design of surface 304 

plasmon resonance assays. Talanta. 2013, 114, 211–16. 305 

(35) Yang, J.T.; Wu, C.S.; Martinez, H.M. Calculation of protein conformation from 306 

circular dichroism. Meth. Enzymol., 1986, 130, 208-69. 307 

(36) Kima, Y.; Uyamab, H. Tyrosinase inhibitors from natural and synthetic sources: structure, 308 

inhibition mechanism and perspective for the future. Cellular Mol. Life Sci. 2005, 62, 1707–23. 309 

(37) Li, Z.; Huachen, L.; Yu, X.; Hu, Y.; Song, K.; Wangzhou, X.; Chen, Q. Inhibition kinetics of 310 

chlorobenzaldehyde thiosemicarbazones on mushroom tyrosinase. J of Agri. Food Chem. 2010, 311 

58, 12537-40. 312 

(38) Fenoll, L.; Rodríguez-López, J.; García-Sevilla, F.; García-Ruiz, P.; Varón, R.; García-Cánovas, F. 313 

Analysis and interpretation of the action mechanism of mushroom tyrosinase on monophenols 314 

Page 14 of 29

ACS Paragon Plus Environment

Journal of Agricultural and Food Chemistry



15 

 

and diphenols generating highly unstable o-quinones.  Biochim. Biophys. Acta. 2001, 1548, 1–315 

22. 316 

(39) Han, P.; Chen, C.; Zhang, C.; Song, K.; Zhou, H.; Chen, Q. Inhibitory effects of 4-chlorosalicylic 317 

acid on mushroom tyrosinase and its antimicrobial activities. Food Chem. 2008, 107, 797-803. 318 

(40) Streffera, K.; Kaatzb, H.; Bauera, C. G.; Makowera, A.; Schulmeisterc, T.; Schellera, F. W.; 319 

Peterb, M. G., Wollenbergera, U. Application of a sensitive catechol detector for determination 320 

of tyrosinase inhibitors. Anal. Chimica. Acta. 1998, 362, 81-90. 321 

(41) Munoz-Munoz, J. L.; Garcia-Molina, F.; Garcia-Ruiz, P. A.; Molina-Alarcon, M.; Tudela, J.; 322 

Garcia-Canovas, F.; Rodriguez-Lopez, J. N. Phenolic substrates and suicide inactivation of 323 

tyrosinase: kinetics and mechanism. Biochem. J. 2008, 416, 413–40. 324 

(42) Munoz-Munoz, J. L.; Garcia-Molina, F.; Varon, R.; Garcia-Ruız, P. A.; Tudela, J.; Garcia-325 

Canovas, F.; Rodrıguez-Lopez, J. N. Suicide inactivation of the diphenolase and 326 

monophenolase activities of tyrosinase. IUBMB Life. 2010, 62, 539–47. 327 

(43) Yoon, N. Y.; Eom, T. K.; Kim, M. M.; Kim, S. K. Inhibitory effect of phlorotannins isolated from 328 

Ecklonia cava on mushroom tyrosinase activity and melanin formation in mouse B16 f 10 329 

melanoma cells. J Agric Food Chem. 2009, 57, 4124-29. 330 

(44) Xin, Q. L.; Hao, H.; Qingxi, C. The inhibitory effect on mushroom tyrosinase by tannic acid.  J of 331 

Xiaman Uni. Nat. sci. 2005, 44, 839-842. 332 

(45) Song, Y. H. Why tyrosinase for treatment of melanoma. Lancet. 1997, 350, 82-83. 333 

(46) Gestwicki, J. E.; Hsieh, H. V.; Pitner, J. B. Using receptor conformational change to detect low 334 

molecular weight analytes by surface plasmon resonance. Anal. Chem. 2001, 73, 5732–37. 335 

(47) Myszka, D. G. Analysis of small-molecule interactions using Biacore S51 technology. Anal. 336 

Biochem. 2004, 329, 316–23. 337 

Page 15 of 29

ACS Paragon Plus Environment

Journal of Agricultural and Food Chemistry



16 

 

(48) McGovern, S. L.; Caselli, E.; Grigorieff, N.; Shoichet, B. K. A common mechanism underlying 338 

promiscuous inhibitors from virtual and high-throughput screening. J. Med Chem. 2002, 45, 339 

1712-22. 340 

(49) McGovern, S. L.; Shoichet, B. K. Kinase inhibitors: Not just for kinases anymore. J. Med. Chem. 341 

2003, 46, 1478-83. 342 

 343 

 344 

 345 

 346 

 347 

 348 

 349 

 350 

 351 

 352 

 353 

 354 

 355 

 356 

 357 

 358 

 359 

 360 

Page 16 of 29

ACS Paragon Plus Environment

Journal of Agricultural and Food Chemistry



17 

 

Figure captions 361 

Figure 1 Binding sensogram of various compounds towards immobilized mushroom tyrosinase (2353 362 

RU), enzyme concentration was 50 µg ml-1 in 0.1 M sodium acetate buffer pH 4.5. Increasing 363 

concentration for each compound (125 µM, 250 µM, and 500 µM) were injected simultaneously 364 

over surface of immobilized enzyme and the total cycles ranges from 1 to 101 are as buffer (1-5), 365 

followed by L-DOPA, catechol, L-tyrosine, phloroglucinol, ABTS, o-toludine, caffic acid, 366 

gallic acid, guaiacol, syringaldehyde, pyrogallol, p-hydroxybenzoic acid, orcine, tannic acid, 367 

resorcinol, saffron, veratrol, vertryl alcohol, o-dianisidine  hydroquinone, curcumin, glutathione,  368 

o-cresol,  p-cresol,  NaCl,  sodium azide,  ascorbic acid,  kojic acid,  thioglycolic acid,  2, 6 369 

dimethoxybenzoic acid,  m-cresol, crocin etc (respective 3 cycles for each analyte). Flow rate 370 

was maintained constant throughout the binding (10 µl/min).  371 

Figure 2 Binding sensogram for pyrogallol interaction with immobilized mushroom tyrosinase       372 

Increasing concentration of pyrogallol from 6.25, 12.5, 25, 50 and 100 µM were injected over 373 

the enzyme surface. Flow rate (30 µl/min) contact time and dissociation time was kept at 120 s. 374 

Regeneration was carried out with 10 mM glycine HCl pH 2.5 for 30 s and at 30 µl/min. The 375 

data analysis was done with Biacore X100 evaluation software ver 2.0.1 and data was fit to two 376 

state. 377 

Figure 3 The activity of enzyme after immobilization was confirmed by plotting RI (RU) response 378 

against concentration of substrate for L-DOPA (--♦--) and L-tyrosine (--■--).   379 

Figure 4 Binding sensogram for catechol interaction with immobilized mushroom tyrosinase. 380 

Increasing concentration of catechol from 12.5, 25, 50, 100 and 200 µM were injected over the 381 

enzyme surface. Flow rate (30 µl/min) contact time and dissociation time was kept at 120 s. 382 

Regeneration was carried out with 10 mM glycine HCl pH 2.5 for 30 s and at 30 µl/min. The 383 
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data analysis was done with Biacore X100 evaluation software ver 2.0.1 and data was fit to two 384 

state. 385 

Figure 5 Binding sensogram for saffron interaction with immobilized mushroom tyrosinase. Increasing 386 

concentration of Saffron from 12.5, 25, 50, 100 and 200 µM were injected over the enzyme 387 

surface. Flow rate (30 µl/min) contact time and dissociation time was kept at 120 s. 388 

Regeneration was carried out with 10 mM glycine HCl pH 2.5 for 30 s and at 30 µl/min. The 389 

data analysis was done with Biacore X100 evaluation software ver 2.0.1 and data was fit to two 390 

state.  The resulting equilibrium dissociation constants are reported in Table 1. 391 

Figure 6 Binding sensogram for phloroglucinol interaction with immobilized mushroom tyrosinase. 392 

Increasing concentration of Phloroglucinol from 12.5, 25, 50, 100 and 200 µM were injected 393 

over the enzyme surface. Flow rate (30 µl/min) contact time and dissociation time was kept at 394 

120 s. Regeneration was carried out with 10 mM glycine HCl pH 2.5 for 30 s and at 30 µl/min. 395 

The data analysis was done with Biacore X100 evaluation software ver 2.0.1 and data was fit to 396 

two state.  The resulting equilibrium dissociation constants are reported in Table 1. 397 

Figure 7 Binding sensogram for tannic acid interaction with immobilized mushroom tyrosinase. 398 

Increasing concentration of Tannic acid from 6.25, 12.5, 25, 50 and 100 µM were injected over 399 

the enzyme surface. Flow rate (30 µl/min) contact time and dissociation time was kept at 120 s. 400 

Regeneration was carried out with 10 mM glycine HCl pH 2.5 for 30 s and at 30 µl/min. The 401 

data analysis was done with Biacore X100 evaluation software ver 2.0.1 and data was fit to two 402 

state.  The resulting equilibrium dissociation constants are reported in Table 1. 403 

Figure 8 CD spectrum of mushroom tyrosinase without (     ) and with pyrogallol (     ), phloroglucinol  404 

            (      ), tannic acid (     ), saffron (     ) and catechol (      ) at 200 µm concentration each. 405 

406 
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Tables 480 

Table 1 Interaction kinetics of mushroom tyrosinase with different inhibitors fit to two state model 481 

using Biacore evaluation software 482 

 483 

 484 

 485 

 486 

 487 

 488 

 489 

 490 

 491 

 492 

 493 

 494 

Standard error values were calculated from three measurements for each analyte by software itself 495 

496 

Inhibitor  ka1(1/Ms) kd1(1/s) Ka2(1/s) Kd2(1/s) KD (M) 

Tannic acid 397.4±21 0.08624 

±0.0033 

8.708×10-4 

±4.1×10-5 

0.001103 

±6.7×10-5 

1.213×10-4±0.8 

Phloroglucinol 4321±41 0.3582±0.019 5.208×10-4 

±5.2×10-4 

0.003219 

±7.5×10-5 

7.136×10-5±2 

Saffron 2.774×104 

±3.2×103 

0.9011±0.089 0.003694 

±0.0024 

0.08329±0.031 3.111×10-5±0.3 

Catechol 1.248×104 

±1.1×103 

0.3185±0.015 4.848×10-4 

±2.6×10-5 

7.589× 10-4 

±6.3×10-5 

1.557×10-5±0.4 

Pyrogallol 297.2 ±7.5 0.02551 

±7.8×10-4 

0.005049 

±8.2×10-5 

5.176×10-4 

±5.18×10-5 

7.981×10-6±2 
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 497 

Table 2 Changes in secondary structure of MT in presence of inhibitors 498 

 499 

 500 

  501 

502 Inhibitors Pyrogallol Phloroglucinol Tannic acid Saffron Catechol 

Wave 

length 

(nm) 

208 222 208 222 208 222 208 222 208 222 

% changes  21.97
±4.3 

23.13
±4.16 

78.03 
±14.82 

147 
±29.4 

60.41 
±10.26 

124.17
±24.83 

9.63 
±1.15 

92.57 
±16.6 

73.87 
±14.03 

15.08
±2.41 
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Abstract 3,4-Dihydroxy L-phenylalanine (L-DOPA) is considered a potent drug for the treatment of Parkinson disease.

Physical and nutritional parameters where optimized by using Yarrowia lipolytica-NCIM 3450 to accomplished the highest

production of L-DOPA. Screenings of critical components were completed by using a Plackett–Burman design, while

further optimization was carried out using the Box–Behnken design. The optimized factor levels predicted by the model

were pH 6.1, 1.659 g L-1 yeast extract, 1.491 g L-1
L-tyrosine and 0.0290 g L-1 CuSO4. The predicted yield of L-DOPA

with these levels was 1.319 g L-1, while actual yield obtained was 1.273 g L-1. The statistical analysis revealed that

model is significant with F value 19.55 and R2 value 0.9514. This process resulted in a 3.594-fold increase in the yield of L-

DOPA. L-DOPA was confirmed by HPTLC and HPLC analysis. Thus, Yarrowia lipolytica-NCIM 3450 has potential to be

a new source for the production of L-DOPA.

Keywords L-DOPA � L-tyrosine � RSM � Yarrowia lipolytica

1 Introduction

Parkinson’s disease affects individuals worldwide, with the

incidence increasing sharply with age to about 200–250 per

20 million in those over 60 years old. L-DOPA (3,4-dihy-

droxy phenyl L-alanine) is the drug of choice in the treat-

ment of Parkinson’s disease and for controlling the changes

in enzymes of energy metabolism in Myocardium follow-

ing neurogenic injury [1]. L-DOPA is produced from

L-tyrosine by one-step oxidation reaction by which is

catalyzed by enzyme tyrosinase [2, 3]. Tyrosinases (EC

1.14.1.18.1) are widely distributed in Nature and have been

purified to homogeneity from both microbial and plant

sources [4].

About 250 tons of L-DOPA is now supplied per year

with trade names Dopar, Larodopar, Sinemet, [5, 6]. As the

demand for L-DOPA is high, its production by various

biological sources is highly relevant [7]. L-DOPA have

been produced earlier by several biological sources that

include Erwinia herbicola [8], Aspergillus oryzae [9],

Yarrowia lipolytica NRRL-143 [10], Bacillus sp. JPJ [11]

and Brevundimonas sp. SGJ [12], Acremonium rutilum [13]

and Egyptian halophilic black yeast [14]. In addition, plant

sources, such as cell suspension cultures of banana and

Portulaca grandiflora, have also been reported for L-DOPA

production [15, 16]. The seeds of M. pruriens [17],

M. monosperma [18] have been used for L-DOPA pro-

duction. Most of the L-DOPA sold commercially is

chemically synthesized that involves eight reaction steps.

Chemical synthesis of L-DOPA is a time-consuming pro-

cess which involves several chemicals that are extremely
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costly and requires catalysts that are not ecofriendly

[13, 19]. In contrast to chemical production, biotechno-

logical production of L-DOPA by microorganisms is

environmental friendly and enables an enhanced product

under simple process conditions [8].

The optimization of fermentation conditions, particu-

larly physical and nutritional parameters are of primary

importance in the development of any fermentation process

owing to their impact on the economy and practicability of

the process [20]. Classical method have some disadvan-

tages like more time consumption, laborious process and

high cost, in addition to this, it fails to determine the

combined effect of different factors. Thus researchers are

encouraged to apply statistical approaches such as

‘response surface methodology’ (RSM), which provide a

great amount of information based on only a small number

of experiments [21, 22]. In the present study Plackett–

Burman design and Box–Behnken design of the RSM were

used to optimize the medium compositions and cultivation

conditions for the highest L-DOPA production by using

Y. lipolytica-NCIM 3450.

2 Results and Discussion

2.1 Plackett–Burman Design for Screening of Critical

Factors

Statistical analysis using a Plackett–Burman design implies

that pH (X1), yeast extract (X3), L-tyrosine (X7), and

CuSO4 (X8) were significantly affected the L-DOPA pro-

duction. The remaining components were found to be

insignificant. The ‘Pareto chart’ (Fig. 1) showed that value

of L-tyrosine (X7) was above the ‘Bonferroni Limit’, this

indicates it is certainly significant. Also the values of pH

(X1), yeast extract (X3), L-tyrosine (X7), and CuSO4 (X8)

were above the t value limit that implies that these factors

are possibly significant. While the remaining factors were

below the t-value limit which indicates their insignificance

[23]. Statistical analysis of the responses was performed, as

shown in Table 1. The model F value of 31.7145 implies

that the model is significant. The values of ‘‘prob [ F’’ less

than 0.05 indicate model terms are significant. ‘‘Adeq

Precision’’ measures the signal-to-noise ratio, with a ratio

greater than 4 regarded as desirable [23]. The ‘‘Adeq Pre-

cision’’ ratio of 9.007 obtained in this study indicates an

adequate signal. Thus, this model can be used to navigate

the design space. Statistical analysis showed that it is not

possible to evaluate the relationship between significant

independent variables and the response by a first-order

equation. Thus, the first-order model is not appropriate to

predict the response; hence the further investigation could

be conducted through a second-order model.

2.2 Box–Behnken Design

Further optimization of the factors that found to be sig-

nificant from the Plackett–Burman design were carried out

which included pH (X1), yeast extract (X3), L-tyrosine (X7),

and CuSO4 (X8). The results obtained were submitted to

ANOVA using the Design expert software and results were

presented in Table 2 (version 8.0, Stat-Ease Inc. USA), and

the regression model equation was given as:

L-DOPA ¼1:31 � 0:077X1 þ 0:18 X3 þ 0:19 X7

þ 0:15X8 � 0:17 X1X3 � 0:21 X1X7

� 0:11 X1X8 þ 0:071 X3X7 þ 0:089 X3X8

þ 0:13X7X8 � 0:54 X2
1 � 0:32 X2

3

� 0:25 X2
7 � 0:28 X2

8

ð1Þ

Fig. 1 Pareto chart showing significant effects of factors above the

‘Bonferroni Limit’ and ‘t-value Limit’ and insignificant effect of the

factors below the ‘Bonferroni Limit’ and ‘t-value Limit’ X1 (pH), X2

(temperature), X3 (yeast extract), X4 (peptone), X5 (beef extract), X6

(sucrose), X7 (L-tyrosine), X8 (CuSO4), X9 (MgSO4), X10 (K2HPO4),

and X11 (Thiamine)

Table 1 Statistical analysis of the model by Plackett–Burman design

for L-DOPA production

Source Sum of

Squares

df Mean

square

F value P value

Prob [ F

Model 0.101625 4 0.025406 31.7145 0.0001*

X1-pH 0.008427 1 0.008427 10.51935 0.0142*

X3-yeast extract 0.01068 1 0.01068 13.33216 0.0082*

X7-L-tyrosine 0.072075 1 0.072075 89.97058 \0.0001*

X8-CuSO4 0.010443 1 0.010443 13.0359 0.0086*

Residual 0.02175 7 0.02175

Cor total 0.005608 12

P \ 0.05, * Significant P value
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where X1 is pH, X3 is yeast extract, X7 is L-tyrosine, and X8

is CuSO4. The ANOVA of the quadratic regression model

(Table 2) demonstrated that Eq. (1) is a highly significant

model (P = 0.001). The model F value of 19.55 implies

that the model was significant. The goodness of fit of the

model was checked using the determination coefficient

(R2). In this case, the value of the R2 was 0.9514. The

value of the adjusted determination coefficient (Adj

R2 = 0.9027) was in reasonable agreement with the Pred

R2 (0.7409). The lack-of-fit value (0.1203) for this model

was not significant relative to the pure error, which was

good to fit the model. ‘‘Adeq Precision’’ measures the

signal-to-noise ratio [23]. The ‘‘Adeq Precision’’ ratio of

30.520 obtained in this study indicates an adequate signal.

Thus, this model can be used to navigate the design space.

2.3 Three-Dimensional (3D) Response Surface Curves

3D graphs were generated for the pair wise combination of

the four factors while keeping the other two at their opti-

mum levels for L-DOPA production. The graphs are given

here to highlight the roles played by various factors in the

final yield of L-DOPA. The response surface plot (Fig. 2a)

of the interaction of pH and yeast extract indicates that

interaction of these components significantly affected the

production of L-DOPA. The higher and lower levels of

these components affect the L-DOPA yield drastically

while mid-levels provide a maximum yield. The interaction

between pH and yeast extract was found to significant

because acidic and alkaline pH results in lower L-DOPA

yields might be because of inhibited tyrosinase activity and

cell viability. Also at alkaline pH, less L-DOPA yield

resulted due to the conversion of L-DOPA into further

metabolites like dopaquinone and melanin [9]. Previous

reports shows that Egyptian Black Yeast produced

L-DOPA at 10 pH [14], while Y. lipolytica NRRL-143 and

A. oryzae shows the L-DOPA production at acidic condi-

tion; 3.5 and 5.4 respectively [9, 10].

The response surface curve (Fig. 2b) of the interaction

between pH and L-tyrosine showed that L-DOPA produc-

tion was drastically affected by the levels of these factors.

The higher and lower concentrations of both factors

resulted in lesser L-DOPA yield. The interaction between

pH and L-tyrosine was found to highly significant because

its solubility is decreases at neutral and alkaline conditions

while L-tyrosine soluble at acidic conditions [11, 24]. The

higher concentration of L-tyrosine inhibited the L-DOPA

production due to its decreased solubility [10, 25].

The interaction between pH and CuSO4 less signifi-

cantly affect the yield of L-DOPA. The statistical analysis

showed the insignificant P value (0.806) for this interaction

(Fig. 2c; Table 2). In addition, the interaction between

yeast extract and L-tyrosine (Fig. 2d) found to be insig-

nificant. The effect of the interaction between yeast extract

and CuSO4 (Fig. 2e) indicates that the L-DOPA yield was

not highly altered by changes in the concentration of both

media components. The shape of the response surface

curve and statistical analysis (Table 2) indicate that highly

insignificant interaction occurred between these factors.

The response surface curve of L-tyrosine and CuSO4

(Fig. 2f) showed a positive effect on L-DOPA production

because the tyrosinase involved in the conversion of

L-tyrosine to L-DOPA is a copper-containing enzyme [26].

The use of CuSO4 in the media for L-DOPA production by

A. rutilum has been reported earlier [13].

2.4 Validation of the Experimental Model

Validation was carried out under conditions predicted by

the model. The optimized levels predicted by the model

were pH 6.1, 1.659 g L-1 yeast extract, 1.491 g L-1

L-tyrosine and 0.0290 g L-1 CuSO4. The predicted yield of

L-DOPA with these concentrations was 1.319 g L-1, while

the actual yield obtained was 1.273 g L-1. A close corre-

lation between the experimental and predicted values was

observed, which validates this model.

Table 2 Analysis of variance (ANOVA) for the fitted quadratic

polynomial model of L-DOPA production

Source Sum of

Squares

df Mean

Square

F value P value

Prob [ F

Model 4.067057 14 0.290504 19.55822 \0.0001*

X1-pH 0.070994 1 0.070994 4.779684 0.0463*

X3-Yeast

extract

0.392047 1 0.392047 26.39459 0.0002*

X7-L-tyrosin 0.45202 1 0.45202 30.4323 \0.0001*

X8-CuSO4 0.262552 1 0.262552 17.67635 0.0009*

X1 X3 0.110889 1 0.110889 7.465614 0.0162*

X1 X7 0.178929 1 0.178929 12.04641 0.0037*

X1 X8 0.05267 1 0.05267 3.54603 0.0806

X3 X7 0.020306 1 0.020306 1.36712 0.2618

X3 X8 0.032041 1 0.032041 2.157164 0.1640

X7 X8 0.069696 1 0.069696 4.692291 0.0480*

X1
2 1.897243 1 1.897243 127.7321 \0.0001*

X3
2 0.667645 1 0.667645 44.9493 \0.0001*

X7
2 0.408899 1 0.408899 27.52919 0.0001*

X8
2 0.514278 1 0.514278 34.6238 \0.0001*

Residual 0.207946 14 0.014853

Lack of fit 0.186523 10 0.018652 3.482636 0.1203

Pure error 0.021423 4 5.3558

Cor total 4.275003 28

P \ 0.05, * Significant P value
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Fig. 2 Three-dimensional response surface curve showing the effect of interactions of a pH and yeast extract b pH and L-tyrosine c pH and

CuSO4 d yeast extract and L-tyrosine e yeast extract and CuSO4 f L-tyrosine and CuSO4
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2.5 L-DOPA Yield and Tyrosinase Activity

The L-DOPA production before and after optimization is

depicted in Fig. 3, which indicates that in the medium

before optimization, L-DOPA production started after the

6th hour with a yield of 0.0261 g L-1, gradually increased

to 0.387 g L-1 at the 24th hour, and then decreased to

0.307 g L-1 at the 30th hour. In contrast, in the medium

optimized by RSM, L-DOPA production started at the 6th

hour with a yield of 0.218 g L-1, gradually increased to

1.391 g L-1 at the 24th hour, and finally decreased to

0.794 g L-1 at the 30th hour. The decrease in the L-DOPA

yield after the 18th hour was due to the conversion of

L-DOPA to further metabolites, such as dopaquinone and

melanin [10, 11]. Thus, the medium optimization by RSM

resulted in a 3.594-fold increase in the L-DOPA yield

over the yield before optimization. The literature survey

revealed that single and multiple stage cell suspension

cultures of M. pruriens have been reported to yield

0.028 g L-1
L-DOPA within 15 and 30 days, respectively

[17]. P. grandiflora has been reported to produce

0.488 g L-1 of L-DOPA at the 16th hour [16]; A. rutilum

produced 0.89 g L-1
L-DOPA, whereas Egyptian black

yeast yielded 0.064 g L-1 [13, 14]. Thus Y. lipolytica-

NCIM 3450 in the present study produced the highest yield

of L-DOPA (1.273 g L-1). The Y. lipolytica-NCIM 3450

reported here produced maximum L-DOPA and has several

advantages over the plant, fungal, and bacterial sources

used earlier, such as a short incubation period, efficient

production, and requirement of simple medium compo-

nents. The L-DOPA produced previously by bacterial

sources like E. herbicola used pyrocatechol as substrate,

which is a toxic phenolic compound, and required poly-

acrylamide gel, which is an expensive chemical [8, 11].

Thus, the present study contributes to the optimization of

the nutritional requirements that will be most useful for

large-scale production of L-DOPA using Y. lipolytica-

NCIM 3450. The highest tyrosinase activity was found to

be 2738 U mg-1. On the other hand, some pycnoporus

species P. sanguineus, Edible mushroom, bacteria Ther-

momicrobium roseum and yeast Y. lipolytica NRRL-143

have Specific activity 30, 21.92, 2.49 and 1.55 U mg-1

respectively [10, 27–29].

2.6 Analysis of L-DOPA by HPTLC and HPLC

The HPTLC peak profile and the HPTLC plate (Electronic

supplementary material Fig. S1) of the cell-free broth

showed a distinct peak and band at the RF 0.24, which was

identical to standard L-DOPA (0.23). These results pri-

marily confirmed the L-DOPA production in the medium.

The HPLC elution profile of standard L-DOPA showed a

peak at the retention time 2.723 min (Electronic supple-

mentary material Fig. S2), while the HPLC elution profile

of the broth after incubation showed a prominent peak at

the retention time 2.721 min. This analysis confirmed the

production of L-DOPA.

3 Experimental Section

3.1 Chemicals, Strain and L-DOPA Production

L-tyrosine and L-DOPA were purchased from Sigma-

Aldrich (St Louis, MO, USA) and all other chemicals were

obtained from Himedia (India). The strain Y. lipolytica-

NCIM 3450 was purchased from National Collection of

Industrial Microorganism (NCIM), Pune, India. The med-

ium for the cultivation of the Y. lipolytica strain composed

of 1 g L-1 yeast extract, 0.5 g L-1 peptone, 0.5 g L-1

glucose and 1 g L-1
L-tyrosine at pH 7. The stock cultures

of yeast strain were maintained routinely on this medium

and stored at 4 �C until used. L-DOPA production was

carried out in 250 mL Erlenmeyer flask containing medium

mentioned earlier. These flasks were kept in an incubator

shaker at 30 �C and 120 rpm for 24 h. L-DOPA was

assayed in cell free broth which was obtained after

centrifugation at 5000 rpm. The optimization of L-DOPA

production was carried out by using Plackett–Burman

design and RSM.

3.2 Screening of the Critical Factors Using a Plackett–

Burman Design

Plackett–Burman design, an efficient technique for medium

component optimization, was used to pick factors that sig-

nificantly influenced L-DOPA production and insignificant

ones were eliminated in order to obtain a smaller, more

manageable set of factors. The factors affecting the yield of

Fig. 3 L-DOPA production before and after optimization by RSM
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L-DOPA were selected by screening various carbon sources,

nitrogen sources, mineral salts and physical factors such as pH

and temperature. In addition, some of these variables were

selected from the primary literature review [13, 14]. A total of

11 process parameters, including X1 (pH), X2 (Temperature),

X3 (Yeast extract), X4 (Peptone), X5 (Beef extract),

X6(Sucrose), X7 (L-tyrosine), X8 (CuSO4), X9(MgSO4), X10

(K2HPO4), X11(Thiamine) were added at two levels: low (-1)

and high (?1). The low and high levels of these factors were

taken as pH (5 and 7), temperature (20 �C and 50 �C). While

levels of media components were (g L-1): yeast extract (0.5

and 2.5), peptone (0.5 and 2.5), beef extract (0.5 and 2.5),

sucrose (0.5 and 2.5), L-tyrosine (0.5 and 2.5), CuSO4 (0.01

and 0.05), MgSO4 (0.001 and 0.005), K2HPO4 (0.5 and 2.5)

and thiamine (0.001 and 0.005). The full experimental plan

with L-DOPA yield is presented in Electronic supplementary

material Table S1. The statistical significance of the first-order

model was identified using Fisher’s test for analysis of vari-

ance (ANOVA) by Design expert software (version 8.0, Stat-

Ease Inc. USA). Moreover, the multiple correlation coeffi-

cients (R2) were used to express the fit of this first model.

3.3 Optimization by Box–Behnken Design

Based on the results of Plackett–Burman experiments,

critical factors were further optimized. The variables each

at levels with three replicates at the centre points [23, 30]

was used to fit a polynomial model. The experimental plan

with L-DOPA yield for Box–Behnken design is given in

Electronic supplementary material Table S2. A multiple

regression analysis of the data was carried out to define the

response in terms of the independent variables. Response

surface graphs were obtained to understand the effect of the

variables, individually and in combination, and to deter-

mine their optimum levels for maximum L-DOPA pro-

duction by using Design expert software (version 8.0, Stat-

Ease Inc. USA). All trials were performed in triplicate, and

the average L-DOPA yield was used as response Y.

3.4 L-DOPA Production and Tyrosinase Activity

After validation of the experiment using the optimum

process parameters generated by the Design Expert soft-

ware, the L-DOPA production was observed in the medium

before optimization and after optimization. The L-DOPA

production was observed at 6-h of time intervals for up to

24 h. The tyrosinase activity was observed at optimum

incubation period.

3.5 Analysis of L-DOPA by HPTLC and HPLC

High-performance thin-layer chromatography (HPTLC)

analysis of the cell-free broth was performed using a

HPTLC system (CAMAG, Switzerland). The conditions

used for HPTLC were similar to those in the previously

described method [12]. High-performance liquid chroma-

tography (HPLC) analysis of the cell-free broth was carried

out (Waters model no. 2690) on a C18 column

(4.6 mm 9 250 mm, Symmetry) using methanol as mobile

phase, with a flow rate of 1 mL min-1 for 10 min and a

UV detector at 280 nm. The standard L-DOPA and cell-

free broth were prepared in HPLC-grade water and injected

into the HPLC column [11, 13].

3.6 L-DOPA and Tyrosinase Assay

L-DOPA produced in the broth was determined according to

Arnow’s method [25]. The tyrosinase activity was deter-

mined by the previously described method [10, 12, 31]. The

protein content in the cell free broth was determined using

Lowry’s method [32].

4 Conclusion

Thus, statistical method not only helped in locating the

optimum levels of the most significant factors considered

with minimum resources and time but also proved to be

useful and satisfactory in this process-optimizing exercise.

The optimization of vital nutritional parameters by using

RSM significantly enhanced the yield of L-DOPA as

proved its feasibility of the process for large scale pro-

duction by Y. lipolytica-NCIM 3450. So the Y. lipolytica-

NCIM 3450 can be a potential source for L-DOPA

production.
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24. V. Lagunas-Muñoz, N. Cabrera-Valladares, F. Bolı́var, G. Gos-

set, A. Martı́nez, J. Appl. Microbiol. 101, 1002–1008 (2006)

25. E. Arnow, J. Biochem. 118, 531–537 (1937)

26. H. Claus, H. Decker, Appl. Microbiol. 29, 3–14 (2006)

27. S. Halaouli, Mi Asther, K. Kruus, L. Guo, M. Hamdi, J.-C.

Sigoillot, M. Asther, A. Lomascolo, J. Appl. Microbiol. 98,

332–343 (2005)

28. H. Kamahldin, R. Ferdous, A. Ali, S. Shahrzad, Iran. J. Biotech-

nol. 2, 189–194 (2004)

29. H. Kwang, P. Min, S. Sang, T. Yong, H. Sung, Biotechnol. Appl.

Biochem. 31, 113–118 (2000)

30. G. Box, D. Behnken, Technometrics 2, 455–475 (1960)

31. C. Kandaswami, C.J. Vaidyanathan, Biological Chem. 249,

4035–4039 (1973)

32. O. Lowry, N. Rosbrough, A. Farr, R. Randall, J. Biol. Chem. 193,

265–275 (1951)

Factors Affecting Bioconversion of L-Tyrosine to L-DOPA 147

123



Cytotaxonomical Studies on Three Varieties of 
Amorphophallus commutatus (Araceae)  

Endemic to the Western Ghats

Avinash Ramchandra Gholave1*, Jyoti Prafulla Jadhav2  
and Shrirang Ramchandra Yadav1

1 Angiosperm Taxonomy Laboratory, Department of Botany, Shivaji University,  
Kolhapur-416004, Maharashtra, India

2 Department of Biotechnology, Shivaji University,  
Kolhapur-416004, Maharashtra, India

Received February 12, 2014; accepted May 25, 2014

Summary The genus Amorphophallus Blume ex Decne. is represented by 18 species and seven 
varieties in India out of which 11 species and three varieties are endemic to the country. The present 
paper provides a comparative account of morphology and karyology of recently described three 
varieties, viz. Amorphophallus commutatus var. anmodensis Sivad. & Jaleel, A. commutatus var. 
anshiensis Punekar et al. and A. commutatus var. wayanadensis Sivad. & Jaleel. The somatic 
chromosome number 2n = 26 is reported for all the three taxa.

Key words Aroid, Karyotype, India, Morphology.

The genus Amorphophallus Blume ex Decne. has about 200 species distributed in tropical 
Africa, Madagascar, tropical and subtropical Asia, the Malay Archipelago, Melanesia and Australia 
(Mayo et al. 1997). In India, the genus is represented by three sections, viz. Candarum Engl., 
Conophallus (Schott) Engl. and Rhaphiophallus (Schott) Engl. Amorphophallus sect. Conophallus 
is the largest section in the genus consisting of about 57 species and nine varieties (Engler 1911) of 
which 4 species [A. bulbifer (Roxb.) Blume, A. commutatus (Schott) Engl., A. longistylus Kurz ex 
Hook. and A. muelleri Blume] and six varieties [A. bulbifer var. atroviridimaculata Engl., A. 
bulbifer var. marmoratus Engl., A. bulbifer var. tuberuliger (Schott) Engl., A. commutatus var. 
anmodensis Sivad. & Jaleel, A. commutatus var. anshiensis Punekar et al. and A. commutatus var. 
wayanadensis Sivad. & Jaleel] occur in India. The genus Amorphophallus is divided into 21 
groups/sections on the basis of molecular evidences (Ittenbach 1997, Van der Ham et al. 1998). 
According to Grob et al. (2002) the Indian species, A. commutatus belongs to an African section 
Engleri. The section Engleri is characterized by globose or disciform tubers, more or less clearly 
constricted spathe, twisted limb, spadix as long as or much longer than spathe and variable pollen.

Amorphophallus commutatus is a widespread species in the Western Ghats. Recently, three 
varieties of the species have been described (Sivadasan and Jaleel 2002, Punekar and 
Lakshminarsimhan 2011). The varieties have been distinguished on the basis of peduncle length, 
ovary and spathe characters (Table 1). However, no cytological studies have been performed so far 
on these varieties. In this backdrop, the present paper attempts to analyze the cytological variations 
of these varieties, if any.

© 2014 The Japan Mendel Society Cytologia 79(3): 359–363

* Corresponding author, e-mail: agholave@gmail.com
DOI: 10.1508/cytologia.79.359
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Materials and methods

The materials for the present investigation were collected from wild resources of Western Ghats 
(Table 1). For mitotic studies, root tips obtained from tubers were used after pretreatment with 
aqueous saturated solution of paradichlorobenzene at 8–10°C for 6 to 7 h. These were hydrolyzed in 
1 N HCL and stained and squashed with 2% propionic-orcein. Suitable metaphase plates with good 
spreading of chromosomes were photographed with a Nikon Coolpix 4500 digital camera at ×1000 
magnification. The karyotype was described by following the nomenclature of Levan et al. (1964). 
Chromosome type was determined by the centromeric index as: short arm×100/total length of the 
chromosome. Homologous chromosomes were paired by length and centromeric index. The relative 
length of a chromosome was estimated from the mean of the total length of the chromosome and 
standard deviation was calculated for mean values.

Results

Amorphophallus commutatus var. anmodensis, A. commutatus var. anshiensis, A. commutatus 
var. wayanadensis showed the somatic count 2n=26. The longest (9.40±1.91 μm) and the shortest 
chromosome pairs (3.68±0.45 μm) were observed in A. commutatus var. anmodensis and A. 
commutatus var. waynadensis respectively. All three varieties exhibited the same karyotype formula 
of 4sm+22m. As far as Stebbins (1971) karyotype asymmetry classes are concerned, A. commutatus 
var. anshiensis and A. commutatus var. anmodensis fell in 4a category while 3b category was found 
for A. commutatus var. wayanadensis. The data for karyotypic analysis are presented in Tables 2–4. 
The total haploid chromosome length (TCL) in A. commutatus var. anmodensis was found to be the 
highest (82.44±15.57 μm), while the lowest value (70.78±7.61 μm) was reported for A. commutatus 
var. wayanadensis. Amorphophallus commutatus var. anshiensis had a TCL value (81.51±14.82 μm) 
very close to A. commutatus var. anmodensis.

Table 1.   Comparative account of morphological and cytological characters of three varieties of 
Amorphophallus commutatus from the Western Ghats of India.

Sr. 
No.

Taxon
Peduncle 

height  
(cm)

Ovary Spathe
Karyotype 

formula

Stebbins 
asymmetry 

classes
Distribution

Latitude and 
longitude

Voucher 
specimens

1. A. commutatus  
var. commutatus

15–170 Sub-globose Spathe tube at the 
base verrucose with 
silvery hairs within

– – Maharashtra, 
Karnataka  
(*Jog fall),  
Kerala

N18°03.443 
E074°37.998

ARG-19

2. A. commutatus  
var. anmodensis

8–10 Sub-globose Spathe tube slightly 
purplish and 
verrucose with 
unicellular hairs at the 
base within

4sm+22m 4a Goa  
(*Anmod 
Ghats)

N15°2541.17 
E74°2245.03

ARG-21

3. A. commutatus  
var. anshiensis

3.5–10 Oblate-
depressed 
globose

Spathe tube at the 
base with numerous 
white or light pink 
rounded warts

4sm+22m 4a Karnataka 
(*Anshi  
Ghats)

N14°5927.95 
E74°2212.32

ARG-22

4. A. commutatus  
var. wayanadensis

65–90 Sub-globose Spathe tube verrucose 
within rounded 
bumps within

4sm+22m 3b Kerala, 
Maharashtra 
(*Mulshi)

N18°28.604 
E073°29.258

ARG-20

* Locality of present collection, – values not known.
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Table 2. Karyological analysis of Amorphophallus commutatus var. anmodensis.

Chromosome 
pair

Length of 
long arm  

(l) μm

Length of 
short arm  

(s) μm

Total length 
μm c = l+s d = l-s Arm ratio 

r = l/s

Centromeric 
index  

i = s/c×100

Centromeric 
position

I 4.98±0.95 4.42±0.98 9.40±1.91 0.56 1.14 46.90 m
II 4.44±0.77 3.96±0.77 8.41±1.52 0.48 1.13 47.06 m
III 4.00±0.69 3.24±0.70 7.24±1.33 0.76 1.25 44.63 m
IV 3.85±0.75 3.09±0.66 6.94±1.31 0.76 1.26 44.52 m
V 3.65±0.80 3.02±0.50 6.67±1.30 0.63 1.20 45.50 m
VI 3.53±0.64 2.96±0.62 6.49±1.24 0.57 1.20 45.47 m
VII 3.55±0.66 2.64±0.65 6.20±1.20 0.91 1.39 42.46 m
VIII 3.34±0.60 2.59±0.59 5.94±1.14 0.75 1.31 43.55 m
IX 3.44±0.64 2.24±0.45 5.68±1.04 1.20 1.55 39.45 m
X 3.25±0.55 2.14±0.41 5.40±0.91 1.11 1.53 39.66 m
XI 3.28±0.56 1.83±0.45 5.11±0.89 1.46 1.86 35.58 sm
XII 2.88±0.52 1.88±0.50 4.76±0.96 1.00 1.58 39.19 m
XIII 2.71±0.58 1.50±0.35 4.21±0.83 1.21 1.85 35.75 sm

Table 3. Karyological analysis of Amorphophallus commutatus var. anshiensis.

Chromosome 
pair

Length of  
long arm  

(l) μm

Length of  
short arm  

(s) μm

Total length 
μm c = l+s d = l-s Arm ratio  

r = l/s

Centromeric 
index  

i = s/c×100

Centromeric 
position

I 4.48 ±0.93 4.15±0.91 8.63±1.82 0.34 1.08 48.02 m
II 4.06±0.74 3.73±0.87 7.79±1.50 0.34 1.11 47.68 m
III 4.12±0.86 3.06±0.90 7.18±1.67 1.07 1.42 42.00 m
IV 3.92±0.68 3.18±0.62 7.10±1.22 0.73 1.24 44.78 m
V 3.77±0.76 3.02±0.48 6.78±1.19 0.75 1.25 44.62 m
VI 3.73±0.95 2.68±0.69 6.41±1.38 1.05 1.44 42.05 m
VII 3.54±0.62 2.64±0.77 6.18±1.22 0.90 1.41 42.22 m
VIII 3.56±0.64 2.58±0.54 6.13±0.98 0.98 1.41 42.04 m
IX 3.41±0.61 2.39±0.46 5.80±0.99 1.03 1.45 41.12 m
X 3.50±0.61 1.91±0.36 5.40±0.86 1.59 1.87 35.29 sm
XI 3.16±0.65 1.99±0.32 5.15±0.68 1.17 1.63 38.93 m
XII 2.83±0.36 1.97±0.42 4.79±0.69 0.86 1.48 40.79 m
XIII 2.62±0.46 1.55±0.38 4.17±0.61 1.07 1.77 37.14 sm

Table 4. Karyological analysis of Amorphophallus commutatus var. wayanadensis.

Chromosome 
pair

Length of  
long arm  

(l) μm

Length of  
short arm  

(s) μm

Total length 
μm c = l+s d = 1-s Arm ratio  

r = l/s

Centromeric 
index  

i = s/c×100

Centromeric 
position

I 4.02±0.44 3.71±0.34 7.73±0.77 0.31 1.08 48.06 m
II 3.68±0.44 3.12±0.42 6.80±0.78 0.56 1.19 45.84 m
III 3.38±0.32 2.90±0.38 6.28±0.68 0.48 1.17 46.14 m
IV 3.25±0.43 2.78±0.26 6.04±0.58 0.47 1.17 46.20 m
V 3.12±0.31 2.72±0.23 5.84±0.51 0.40 1.15 46.63 m
VI 2.97±0.30 2.57±0.31 5.54±0.58 0.40 1.16 46.34 m
VII 3.14±0.58 2.21±0.33 5.35±0.63 0.92 1.45 41.59 m
VIII 3.01±0.37 2.11±0.36 5.12±0.66 0.91 1.45 41.04 m
IX 2.96±0.56 2.03±0.22 4.99±0.64 0.92 1.46 41.09 m
X 2.99±0.38 1.78±0.32 4.78±0.49 1.21 1.73 37.33 sm
XI 2.75±0.36 1.75±0.21 4.50±0.40 1.00 1.60 38.96 m
XII 2.55±0.32 1.58±0.26 4.13±0.42 0.97 1.65 38.28 m
XIII 2.52±0.37 1.16±0.16 3.68±0.45 1.36 2.19 31.68 sm
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Discussion

The species analyzed here showed the base number x = 13, which is the most common base 
number for the genus Amorphophallus. Chauhan and Brandham (1985) in their study on 
chromosome and DNA variation in Amorphophallus has also reported x = 13 as the base number for 
the species of the section Conophallus, viz. A. bulbifer (2n = 39), A. commutatus (2n = 26), and A. 
muelleri (2n = 39). The present investigation reports somatic chromosome number 2n = 26 for all the 
three varieties (A. commutatus var. anmodensis, A. commutatus var. anshiensis and A. commutatus 
var. wayanadensis). This reveals that the three varieties do not differ in their chromosome numbers. 
However, they differ in some cytological parameters like chromosome length, TCL value etc.

Amorphophallus commutatus var. commutatus is very similar to A. commutatus var. anmodensis 
but differs only in verrucose spathe with silvery hairs as against non-silvery hairs in the latter variety. 
On the basis of chromosome morphology also, these two varieties seems to be closely related. The 

Fig. 1.   (a, d, g) Amorphophallus commutatus var. anmodensis a: spadix, d: mitotic metaphase, g: karyogram; 
(b, e, h) A. commutatus var. anshiensis b: spadix, e: mitotic metaphase, h: karyogram; (c, f, i) A. 
commutatus var. wayanadensis c: spadix, f: mitotic metaphase, i: karyogram. Scale bar = 5 μm.
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length of the longest and shortest pairs of chromosome for A. commutatus var. commutatus as 
reported by Chauhan and Brandham (1985) is 9.3 μm and 4.2 μm, respectively. This comes very near 
to the present values of the longest (9.4±1.91 μm) and the shortest (4.21±0.83 μm) chromosomes of 
A. commutatus var. anmodensis. Hence, both the varieties do not differ much in their cytology and 
form a varietal pair. Another varietal pair comprised Amorphophallus commutatus var. anshiensis 
and A. commutatus var. wayanadensis. These two varieties are morphologically very close to each 
other than each is to any other variety. They only differ in their spathe tube. In the former, the spathe 
tube is verrucose with white or pink rounded warts, while in the latter, the verrucose spathe tube 
has rounded bumps. In addition to being morphologically close, these varieties show similarity in 
their chromosome morphology. In Amorphophallus commutatus var. anshiensis the length of the 
longest and shortest pairs was 8.63±1.82 μm and 4.17±0.61 μm respectively, while A. commutatus 
var. wayanadensis had slightly lower values for the longest (7.73±0.77 μm) and the shortest 
chromosome pairs (3.68±0.45 μm). It can be concluded that varieties of Amorphophallus commutatus 
can be segregated in two varietal pairs. The first pair is formed by Amorphophallus commutatus 
var. commutatus and A. commutatus var. anmodensis, while A. commutatus var. anshiensis and A. 
commutatus var. wayanadensis form a second pair. The varietal status for all the taxa 
(Amorphophallus commutatus var. commutatus, A. commutatus var. anmodensis, A. commutatus var. 
anshiensis and A. commutatus var. wayanadensis) is justified and supported by karyomorphology.
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Research Highlights 

• A phytoreactor was developed and augmented with immobilized bacteria  

• This consortium showed enhanced treatment than the individual species 

• Oxido-reductases from P. crinitum and B. pumilus could decolorize the effluent 

• Characterization of effluent samples endorsed the efficacy of consortial strategy 

• Toxicity studies revealed the less toxic nature of the consortium treated effluent  
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Abstract 

A static hydroponic bioreactor using nursery grown plants of Pogonatherum crinitum along 

with immobilized Bacillus pumilus cells was developed for the treatment of textile 

wastewater. Independent reactors with plants and immobilized cells were also kept for 

performance and efficacy evaluation. The effluent samples characterized before and after 

their treatment showed that the plant-bacterial consortium reactor was found to be more 

efficient than those of individual plant and bacterium reactors. COD, BOD, ADMI, 

conductivity, turbidity, TDS and TSS of the textile effluent was found to be reduced by 78, 

70, 93, 4, 90, 13 and 70 % respectively within 12 d by the consortial set. HPTLC analysis 

revealed the transformation of the textile effluent to new products. The phytotoxicity study on 

Phaeseolus mungo and Sorghum vulgare seeds showed reduced toxicity of treated effluents. 

The animal toxicity study performed on Etheostoma olmstedi fishes showed the toxic nature 

of untreated effluent giving extreme stress to fishes leading to death. Histology of fish gills 

exposed to treated effluent was found to be less affected. The oxidative stress related 

enzymes like superoxide dismutase and catalase were found to show decreased activities and 

less lipid peroxidation in fishes exposed to treated effluent.  

 

Key words: Phytoremediation; Decolorization; Pogonatherum crinitum; Phytoreactor; 

Etheostoma olmstedi; Oxidative stress 
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1. Introduction 

Real textile effluents are a complex mixture of organic, inorganic, elemental, 

polymeric products, acids, base, salts, mordants, fasteners, and detergents predominated by a 

variety of dyes and coloring agents. The toxicity of dyes and textile effluents is becoming a 

major threat confronting the modern world as these xenobiotic compounds pollute our 

valuable water resources [1]. Presence of these dye stuffs in the water bodies decreases the 

penetration of sunlight which reduces the photosynthetic activity, dissolved oxygen 

concentration, water quality and depicts toxic effects on the aquatic flora and fauna [2]. The 

textile wastewaters containing mixture of dyes generally have high BOD, COD, TOC, 

suspended, and dissolved solids and other toxic chemical compounds. The colored 

wastewaters released by textile dye processors are not only difficult to treat but also very 

toxic to all biological forms including humans.  

Textile dyes have been proved to be highly toxic to crustaceans like Daphnia magna 

[3]. Some of the reactive dyes were found to show an increased rate of bladder cancer in dye 

manufacturing industry workers [4]. Textile paint chemical sprays have been reported to 

cause a pulmonary disease called ‘Ardystil syndrome’ to many sprayers leading to deaths in 

Spain and Algeria [5]. The complex structure of aminoazobenzene dyes and their derivatives 

are able to cause mutations leading to cancer [6]. The studies on Salmonella bacterium and 

human HepG2 cell line revealed the mutagenic nature of Disperse Blue 291 dye [7, 8]. 

Malachite Green dye and its metabolite leucomalachite green have also been reported as toxic 

and persistent in two human cell lines causing hypertrophy and vacuolization followed by 

necrosis and cirrhosis in hepatocytes of freshwater catfish, Heteropneustes fossilis [9]. The 

concentrated textile effluents have been found to significantly reduce the red blood cells 

count in Swiss albino rats [10]. These are just a few examples of toxicity of textile dyes and 



Page 7 of 29

Acc
ep

te
d 

M
an

us
cr

ip
t

7 
 

many more are yet to be found out. Therefore, it becomes very essential to treat textile 

effluents before their release into the environmental sink.  

The modern methods like bio and phytoremediation for textile effluent treatment 

discourage the employment of physicochemical methods owing to their shortcomings like 

secondary pollution, cost and efficacies. In biological methods, the use of bacteria, fungi or 

other combinatorial systems are difficult to be monitored when in situ administration of the 

pollutant is concerned. Phytoremediation has immerged as a famous, cost effective and 

ecofriendly treatment method for the treatment of textile wastewaters. Common garden plants 

like Tagetes patula, Aster amellus, Glandullaria pulchella, Sesuvium portulacastrum and 

Petunia grandiflora were shown to have tremendous dye degradation potential [11-14]. The 

bacterial assisted phytoremediation as recently proposed as a more efficient process also have 

in situ applicability [15-17]. In this study, a static hydroponic phytoreactor was developed 

using Pogonatherum crinitum grass and augmented with immobilized Bacillus pumilus cells 

for enhancement of efficacy. The bacterium is a natural inhabitant of root zone and therefore 

can easily survive on exudates released by plants. After the treatment process, the toxicity 

and risk assessment of untreated and treated real textile effluent on Etheostoma olmstedi fish 

was performed. 

2. Materials and methods 

2.1. Chemicals, dyes and plant material 

2, 2’Azino-bis 3-ethylbenzothiazoline 6-sulfonic acid (ABTS) was obtained from 

Sigma Aldrich (St Louis, MO, USA). 2, 6-dichlorophenol indophenol sodium salt was 

obtained from Sisco Research Laboratories, India. Ethyl acetate, Toluene, Acetone, 

Methanol, hydrogen peroxide and sodium chloride were obtained from Qualigens Fine 

Chemicals, Mumbai, India. Lichrospher silica plate and N, N-dimethylformamide was 

purchased from Merck Pvt. Ltd. India.  
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P. crinitum was selected for this study after initial screening of many garden plants. 

The plant commonly known as bamboo grass is a rhizomatous, soft grass from Poaceae 

family. It is a perennial with tiny, clustered bamboo like stalks, covered with the sea green, 

slim leaf blades. This plant being a grass can vegetative propagates. Moreover, an immense 

and fibrous root system of the plant makes it an appropriate candidate for phytoremediation.  

2.2. Immobilization of Bacillus pumilus Strain PgJ cells 

The Bacillus pumilus Strain PgJ cells have been shown to posses’ siginificant dye 

degrading potential [19]. The bacterial culture was obtained in nutrient broth at 30 °C and 

was harvested at 24 h of growth. The cells were then homogenously mixed with 2 % sodium 

alginate solution and were added drop wise to 0.2 M CaCl2 solution. The formed beads 

(approximately each of 3 mm in diameter) were kept for 2 h in the same solution to acquire 

proper entrapment and bead shapes. The synthesized beads were stored at 4 °C till the 

experiment. 

2.3. Development of static hydroponic phytoreactor using Pogonatherum crinitum augmented 

with immobilized Bacillus pumilus Strain PgJ 

The hydroponic system was developed by using plastic crates (46.6 cm length, 29.4 cm 

width and 18.3 cm heights) which were filled with real textile effluent. P. crinitum plants 

were uprooted and the adhering soil was washed off. The plants were carefully placed in the 

holes made on a thermocol sheet (50 cm length, 32 cm width and 2.5 cm height); one plant 

was carefully placed in each hole. The light weighted thermocol sheet provided a soft 

substratum to all the plants and held them firmly without causing any mechanical injuries. 

For making the plants withstand in holes, each plant was supported by small thermocol pieces 

of 2.5 x 2.5 cm sizes on four of its sides. This assembly was then put on the plastic crate with 

effluent in such a manner that the roots were exposed to the effluent whereas the shoot 

system was above the crate. For experimental setup, four crates were kept viz. a) real textile 
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effluent b) 1 kg of immobilized Bacillus pumilus strain PgJ in real textile effluent c) Twelve  

plants of P. crinitum in real textile effluent d) Six plants of P. crinitum in consortium with 0.5 

kg immobilized Bacillus pumilus strain PgJ in real textile effluent (Fig. 1). Every bioreactor 

was provided with two outlets for sample collection. The wastewater was made to retain 

static in vicinity of roots of plants and immobilized bacterial cells. The volume of textile 

effluent was 25 litres in each crate at the beginning of the experiment. A 100 ml sample was 

collected from each reactor after every 24 h for measurement of ADMI values to monitor the 

extent of decolorization of effluent. After spectrophotometric ADMI measurement the 

collected samples were immediately returned back to the respective crates to maintain the 

standard volume. The experiment lasted for 12 days. The treated effluent samples were 

characterized before and after the treatment.   

2.4. Color removal and characterization of textile effluent samples by P. crinitum, 

immobilized B. pumilus and consortial reactors 

True color values were determined in case of textile effluent by using the American Dye 

Manufacturers’ Institute (ADMI 3WL; New York, USA) tristimulus filter method [14]. This 

textile effluent was allowed to treat with different phytoreactors independently. The ADMI 

values of textile effluent were measured throughout the experiment at an interval of 24 h. The 

ADMI removal ratio was calculated based on initial and final ADMI as: 

                                      Initial ADMI – Final ADMI 

Decolorization % =   ---------------------------------------   x 100 

                                                 Initial ADMI  

The BOD, COD of untreated and treated effluent solutions by different bioreactors 

were determined by using standard procedures [18].  
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Conductivity of the samples was determined using (EQUIP TRONICS: Model No. EQ-

660A) Conductivity meter. While, the samples were taken in the nephelometer tube one by 

one and the scale reading was noted [18]. The turbidity of the solution was calculated as: 

Turbidity (NTU) = Nephelometer reading × 4  

2.5.  Preparation of cell free extract and enzyme assay 

The cell free extracts of the enzymes were prepared by using earlier reported method by 

Watharkar et al.  [19]. Protein content of all the samples was calculated by Lowry’s method 

[20].  

All enzyme assays for test samples and biotic control samples were performed in 

triplicate set at 30oC with reference blanks that contained all components excluding the 

enzyme. Lignin peroxidase activity was estimated by monitoring the formation of 

propanaldehyde at 300 nm [21]. Tyrosinase activity was calculated at 495 nm by observing 

the formation of catechol quinone in a reaction mixture [22]. Veratryl alcohol oxidase was 

the substrate to determine veratryl alcohol oxidase activity as per an earlier report [23]. 

Riboflavin reductase assay was performed as per the report of Kurade et al. [24]. Laccase 

activity in a reaction mixture of 2 mL containing 10% ABTS was monitored at 420 nm [17]. 

DCIP reductase activity was estimated by the reduction of DCIP at 620 nm [25]. 

2.6.  Extraction and detection of biotransformation metabolites of textile effluent  

The extraction and sample preparation of the textile effluent and its metabolites was 

carried out as per the earlier reports of Watharkar et al. [19, 26]. 

During treatment of real textile effluent by static hydroponic bioreactor, 2 µL sample of 

untreated and treated samples by Pogonatherum crinitum, Bacillus pumilus and their 

consortium were loaded on pre-coated fluorescent HPTLC blue plate (5×10 cm) as bands by 

TLC sample loading machines. HPTLC was performed as per the report of Kurade et al. [24] 

and the plate was run on solvent system of methanol: Toluene: Ethyl acetate (8: 2: 2 v/v). 
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After development scanning was performed in the absorbance mode with slit dimension of 

5×0.45 mm, scanning distance 5–85 mm, at 254 nm using deuterium lamp by using TLC 

scanner. The results were analyzed by using HPTLC Win CATS 1.4.4.6337 software 

developed by CAMAG Muttenz⁄Switzerland. 

2.7. Toxicity studies 

2.7.1.  Phytotoxicity 

The phytotoxicity study was carried out using Sorghum vulgare and Phaseolus mungo 

seeds at room temperature by watering 5 mL of untreated and treated effluent solutions. 

Control sets were kept using distilled water and the sets were watered with 5 mL solution 

daily. Length of shoots and roots were measured after 7 d and germination % was calculated. 

2.7.2. Histological and oxidative stress studies on tessellated darter fish  

Living darter fish (E. olmstedi) were purchased from local fish market of Kolhapur, 

India and were kept in declorinated tap water for acclimatization purpose for a week prior to 

toxicity studies. The fresh weight of the model fish was approximately 0.5 g and length was 4 

cm. Tessellated darter fishes were exposed to untreated and treated effluent independently, 

and after 48 h of exposure, gills biopsies of fishes from every bioreactor were collected and 

stained using hematoxylin, eosin and Masson’s trichrome techniques to obtain micrographs 

and results were analyzed [27].   

The oxidative stress studies on tessellated darter fish were performed after 48 h 

exposure to tap water, untreated and treated effluent independently, and status of 

antioxidative enzymes was estimated. Samples (5 L) of tap water, untreated effluent, treated 

effluent by B. pumillus, P. crinitum and consortial systems were taken separately in five 

different containers and ten fishes were exposed to each sample, independently. Superoxide 
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dismutase, catalase and lipid peroxidation (LPO) assays were performed using whole fishes 

except fins as per the earlier reported method [28].  

2.8.  Statistical analysis 

Data was analyzed by one-way analysis of variance (ANOVA) and Tukey-Kramer 

Multiple Comparison Test. 

3. Results and discussions 

3.1.  Analysis of color removal and characterization in case of mixture of dyes  

The consortium hydroponic system showed an enhanced reduction of BOD and COD 

and ADMI of textile effluent than those of hydroponic systems with individual species 

demonstrating its capability as a phytotechnology tool. The plant bacterial systems have 

earlier been shown to have greater efficacy when compared to their individual reactors [16, 

17]. In this study, P. crinitum exhibited the potential to treat and remove a number of dyes 

from dye solution and wastewater. This ornamental sturdy grass also adds aesthetical values 

to the system. It also has greater biomass and therefore can be a good candidate plant for 

phytoremediation strategies. 

COD, BOD, ADMI, conductivity, turbidity, TDS and TSS of the textile effluent was 

found to be notably decreased in case of effluent treated with plant-bacterium consortium by 

78, 70, 93, 4, 90, 13 and 70 % respectively within 12 d. Effluent treated by B. pumilus 

showed 42, 31, 66, 0.34, 14, 9 and 36 % reductions, respectively. While effluent treated by 

individual P. crinitum plants gave 59, 54, 74, 0.60, 44, 11 and 7 % respective reductions after 

12 d (Table 1).  Immobilized bacteria can also be used to increase the efficacy of earlier 

reported phyto-tunnel [8] like systems and can be employed for treatment of real textile 

effluents. The bacterial assisted phytoremediation has earlier been shown in vitro but this 

study provides a pilot scale demonstration by using immobilized bacterial cells. A pilot scale 
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vertical flow constructed wetland having Phragmites australis plants was found to reduce the 

COD of Acid Orange dye solution at a concentration of 100 mg L-1 up to 90 and 76 % with 

and without aeration respectively with in 6 d [29]. In another study, a phyto-tunnel reactor 

developed by using plants of Portulaca grandiflora was also found to decrease the COD, 

BOD and TOC of a real textile effluent up to 57, 57 and 45 % within 96 h [1]. These studies 

show, varying efficiencies of the reactors and the plants based on their enzymatic 

involvements, plants used and other factors like hydraulics and pollutant loads. In the earlier 

proposed subsurface flow reactors [16, 17] the bacterial cells were shown to be directly added 

to soil which could also provide substrates for the growth of pathogenic microbes. Therefore, 

entrapped and immobilized cells were used in this study. The treatment time taken by 

proposed reactor might seem longer but was found to be efficacious.  

3.2. Enzymatic analysis 

 It has been proved earlier that enhanced phytoremediation of real textile effluent can 

be achieved by plant-bacterium synergistic strategies as different set of enzymatic 

machineries from plant and bacteria work together in consortial systems [16, 17]. P. crinitum 

also showed significant induction in enzymes activities of riboflavin reductase (4005%), 

tyrosinase (647 %) while enzymes like laccase (197 %), DCIP reductase (147 %), veratryl 

alcohol oxidase (99 %) and lignin peroxidase (71 %) were induced moderately indicating 

their possible role in the degradation of textile effluent. Whereas, B. pumilus exhibited 

notable induction in tyrosinase (526 %) and laccase (413 %) along with other enzymes like 

DCIP reductase (240 %), lignin peroxidase (184 %), veratryl alcohol oxidase (171 %) and 

riboflavin reductase (131 %). Interestingly, bacterium showed induction in the azo reductase 

(51 %) activity which was not exhibited by the plant (Table 2). The in vitro plant-bacterial 

consortial studies on Zinnia angustifolia-Exiguobacterium aesturii [15], Glandullaria 

pulchella-Pseudomonas monteilii and Portulaca grandiflora-Pseudomonas putida [30] have 
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revealed an enhanced performance of dye decolorization because of the synergistic action of 

enzymes from plants and bacteria. A similar consortial strategy was employed in this work 

and enhanced biodegradation of the effluent was achieved.  

3.3. Analysis of the metabolites 

HPTLC plate image at 254 nm (Fig. 2A) shows the pattern of degradation. The 

chromatic groups of dye stuff in effluent were removed and effluent was biodegraded into 

different metabolites. The HPTLC profile at 254 nm (Fig. 2B) shows change in Rf value of 

the real textile effluent after treatment. The untreated dye effluent (Lane d) shows four 

different peaks at Rf value of 0.27, 0.51, 0.57 and 0.83 with an absorbance of 11.5, 108.4, 

469.7 and 235.6 AU. After treatment with B. pumilus entrapped beads of alginate (lane a), 

these band/peak disappeared and new bands with different Rf values (0.55, 0.62, 0.71 and 

0.83) with absorbance of 38.8, 182.5, 39.3, 119 AU, were respectively obtained revealing that 

some of the dyes still remained untreated. The treated effluent by plants’ reactor (Lane b), 

showed four different bands at the Rf of 0.53, 0.56, 0.63 and 0.83 with an absorbance of 27.2, 

28.7, 158.4 and 180.6 AU, respectively. While, the plant-bacterial consortium (lane c) proved 

to be the best in the treatment and the treated effluent showed the presence at four different 

bands at the Rf of 0.54, 0.64, 0.72 and 0.83, respectively with an absorbance of 23.1, 95.30, 

14.2 and 133.5 AU revealing the highest removal of dyes from the effluent. During the 

treatment of textile effluent, intermediate compounds of dyes formed after the plants 

enzymatic action often behave as redox mediators for the other enzymes from bacteria or vice 

versa resulting in to rapid substrate utilization [24, 26]. The dyes in mixtures and effluents 

were found to undergo preferential degradation by Aster amellus and Glandularia pulchella 

plants under similar conditions [31]. HPTLC analyses of simulated dye mixtures have earlier 

revealed the disappearances and/or transformations of parent dyes to different metabolites by 

plants as well as bacteria [1, 16, 17, 24]. HPTLC results in this study, endorse that the 
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treatment of effluent by consortial system was more efficient than those of individual plant 

and microbial hydroponic reactors.  

3.4. Toxicity analysis 

3.4.1. Phytotoxicity 

 The complex and concentrated untreated effluent showed inhibitory effects on shoot 

and root lengths when compared to treated effluent with plant-bacterium consortium 

hydroponic system. Untreated effluent showed 30 and 40 % germination of S. vulgare and P. 

mungo respectively whereas treated effluent by hydroponic bioreactor with plant-bacterium 

consortium showed highest 90 and 100 % germination of S. vulgare and P. mungo 

respectively (Table 3). The lengths of the radicles and plumules were also found to be 

reduced for plantlets grown in the real textile effluent unlike to those cultivated in distilled 

water and treated effluent. This indicates the toxic influence of the real effluent and the 

reduced toxicity of the metabolites. 

3.4.2. Histological study and oxidative stress studies on tessellated darter fish of Etheostoma 

olmstedi (tessellated darter fish)  

All the fishes exposed to real textile effluent were found dead within 48 h of effluent 

exposure, while those in the tap water, and treated effluent samples could easily 

survive. This observation revealed the toxic nature of untreated textile effluent. 

Histology study was carried out to investigate the reason behind fish death. A gill is 

the vital organ which regulates respiration and osmoregulation in fish. It actually 

comes in contact with water and hence it was selected for histology study. Severe 

destruction and versatile damage patterns in gills were observed in fish exposed to 

untreated effluent while compared to those in tap water. While fishes exposed to 

treated effluent exhibited less extent of damage patterns than that of fish in untreated 

effluent (Fig. 3). The gills of the fishes in tap water were found to show normal 
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histology (Fig. 3a) while fish gills exposed to untreated and treated effluent revealed 

various of damage patterns such as hyperplasia with severe fusion of the lamellae (Fig. 

3b) due to chemical or physical irritation. Hyperplasia generally affects gaseous 

exchange and respiration leading to suffocation of fish. Hypertrophy evident by loss of 

the normal structure of the gills, and gill filaments were found to have inflammation 

showing abnormal size of the epithelial cells (Fig. 3c). Fig.3d shows hypertrophy in 

gills filaments with fusion and bloody cephalic cells formation at head of the filament. 

Hemorrhage due to broken capillaries within gill filaments with desquamation 

(detachment of the epithelium in tissue) of lamella leading to vasocongestion was 

found to occur in the gills along with bloody cephalic cells formation (Fig. 3e) while 

Fig. 3f is exhibiting the normal gill lamellae endorsing the very less toxic nature of 

consortial treated effluent.  The gills may become vulnerable to bacterial and fungal 

disease as a result of poor water quality, stress or parasites finally leading to death. 

Bernet et al. have monitored the histological alterations in fish Salmo trutta due to 

wastewater showing a number of alterations and destructions in native shape [32].  

Darter fishes have the potential to defend reactive oxygen species (ROS) by 

synthesizing different types of antioxidative enzymes like SOD and CAT. ROS are free 

radicals that are atoms or groups of atoms having at least one unpaired electron such as 

superoxide anion O2 and hydroxyl radical (OH---) [28]. Significant inductions in antioxidant 

enzymes activities in fishes exposed to untreated real effluent were such as SOD (368 %), 

CAT (1112 %), LPO (1266 %), when compared with fishes in tap water (Table 4). Fishes 

from consortium reactor exhibited less toxic nature of the treated effluent with very less 

induction in antioxidant enzymes such as SOD (5 %), CAT (465 %) and LPO (509 %). While 

fishes from independent plant and bacterium reactors showed considerable inductions in the 

activities of SOD, CAT and LPO showing 9, 794, 980 %, and 33, 1043, and 1088 % 
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respectively. The untreated textile effluent affected the antioxidant defense and caused 

elevated lipid peroxidation in fishes exposed to it than those exposed to treated effluent. The 

elevated CAT activities in the darter fish in effluent may be in response to degrade and 

detoxify H2O2 which is produced by SOD activity.  

Conclusions 

A phytoreactor using the plants of P. crinitum was developed for the degradation of real 

textile effluents and its efficacy was enhanced successfully by augmentation with 

immobilized B. pumilus cells. The consortial system was found to be more efficient when 

compared to individual reactors of plants and bacteria. Synergistically, the plant-bacterial 

system could decrease the COD and BOD to harmless levels. The treated effluent was found 

to show nontoxic effects on the seed germination of P. mungo and S. vulgare. The animal 

toxicity tests on tessellated darter fish also revealed the less toxic nature of the treated 

effluent.  
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Figure captions: 

Fig. 1 Schematic presentation of the developed phytoreactor with immobilized Bacillus 

pumilus strain PgJ augmentation, [B] Fibrous and dense roots of P. crinitum and [C] 

samples from different reactors viz. I) untreated effluent and treated effluent in 

reactors with II) bacteria, III) plants and IV) consortium 

Fig. 2 [A] HPTLC profile of untreated real textile effluent and treated sample at 12 d 

showing biotransformation at 254 nm and [B] 3-D graph of treated sample by a) 

Bacillus pumilus strain PgJ b) P. grandiflora, c) Plant-bacterium consortium and d) 

untreated real textile effluent after scanning at 254 nm 

Fig. 3 Representative micrographs of histological sections of tessellated darter gills after 48 h 

exposure to water (a) normal gills structure, real textile effluent to observe damage 

patterns viz. (b) hyperplasia of the epithelial cells with the severe fusion of the 

lamellae, (c) hypertrophy of epithelium of the gill, (d) hypertrophy in gill filaments 

with fusion of filaments and bloody cephalic cells formation at head of filament, (e) 

hemorrhage between gill filaments with desquamation of lamella and bloody cephalic 

cells  formation at head of filament and consortially treated sample (f) showing normal 

gill lamellae endorsing the less toxic nature of effluents after treatment. 
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Table 1. Characterization of textile effluent before and after treatment by independent 

reactors with, immobilized bacterial cells, plants and their consortium. 

 

 

 

 

Parameter Real textile 

Effluent 

Treated 

effluent by  B. 

pumilus Strain 

PgJ 

Treated 

effluent by  

P. crinitum 

Treated effluent 

by  

Plant+Bacterium 

consortium 

COD (mg L-1) 1090 630 445 240 

BOD (mg L-1) 141 97 65 42 

ADMI value 2423 829 626 169 

Conductivity  

(µS cm-1) 

1152 1148 1145 1104 

Turbidity (NTU) 13.5 11.6 7.6 1.3 

TDS (mg L-1) 0.765 0.693 0.685 0.667 

TSS (mg L-1) 1004 640 930 300 
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Table 2. Enzyme activities in the roots of Pogonatherum crinitum and in Bacillus pumilus 

Strain PgJ at 0 d and 12 d of effluent exposure. 

Pogonatherum crinitum Bacillus pumilus strain PgJ Enzymes  

0th  day 12th day 0th  day 12th day 

Lignin Peroxidasea  3.90± 0.1 6.70± 0.3* 0.192± 0.01 0.540± 0.04** 

Tyrosinase a  4.91± 0.5 36.71± 0.7*** 259.72± 65.12 1628.2± 184.4*** 

VAO a 2.47± 0.4 4.91± 0.32* 0.287± 0.03 0.762± 0.05** 

Laccasea  3.66± 0.02 10.87± 0.3** 0.82± 0.06 4.21± 0.5*** 

DCIP reductaseb  1004.6± 84.6 2473± 164.1** 121.72± 33.42 415.45± 79.32** 

Azo reductase c NA NA 43.47± 7.53 65.21± 19.84* 

Riboflavin reductase d 1.90± 0.01 78.23± 29.4*** 29.54± 4.28 67.13± 23.17* 

 

Values are a mean of three experiments ± SEM. Significantly different from control (0day) at 

***P< 0.001, **P< 0.01 and * P< 0.05 by one-way ANOVA with Tukey Kramer comparison 

test. aActivity in units min-1 mg-1, bµg of DCIP reduced min-1 mg protein-1, cµg of Azo dye 

reduced min-1 mg protein-1 , dµg of Riboflavin reduced min-1 mg protein-1,  and NA: No 

activity . 
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Table 3. Phytotoxicity studies of untreated and treated effluent by treatment by independent reactors with, immobilized bacterial cells, plants 

and their consortium. 

Sorghum vulgare Phaseolus mungo Parameters  

A B C D E A B C D E 

Germination (%) 100 30 60 50 90 100 40 70 70 100 

Plumule (cm) 8.40± 

0.2 

3.24± 

0.07** 

5.92± 

0.61$ 

4.32± 

0.24$ 

7.62± 

0.02$$ 

14.45± 

0.32 

4.80± 

0.06*** 

8.17± 

0.05$ 

6.29± 

0.02$ 

12.2± 

0.01$$$ 

Radicle (cm) 5.73± 

0.12 

1.68± 

0.04*** 

3.52± 

0.05$ 

2.89± 

0.08$ 

4.38± 

0.06$$$ 

6.20± 

0.16 

2.30± 

0.04** 

4.38± 

0.12$ 

3.67± 

0.04$ 

5.18± 

0.02$ 

 

A) Water (B) untreated effluent (C) treated effluent by Pogonatherum crinitum (D) treated effluent by Bacillus pumilus Strain PgJ (E) treated 

effluent by plant-bacterium consortium. Values are a mean of three experiments ± SEM. Root and shoot lengths of plants grown in untreated 

effluent are significantly different from that of plants grown in distilled water by *P < 0.1, **P < 0.01, *** P < 0.001. Root and shoot lengths of 

plants grown in the extracted metabolites of treated effluent are also significantly different from that of plants grown in untreated effluent 

samples by $P<0.1,$$P<0.01,$$$P<0.001.
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Table 4.  Effect of untreated and treated real textile effluent on antioxidative enzymes in 
Etheostoma olmstedi (tessellated darter fish) after 24 h 

Etheostoma olmstedi (tessellated darter fish) exposed to Toxicity  studies 

Tap water 

(control) 

Untreated 

textile 

effluent 

Treated 

effluent with 

B. pumilus   

Treated 

effluent with 

P. crinitum 

Treated 

effluent 

with  

consortium 

aSOD activity  5.52± 0.34 25.88± 6.56* 7.32± 2.1$ 6.03± 0.8$ 5.82± 0.03$$ 

bCAT activity  17.32± 2.2 210± 57.3** 198± 42.7$ 155± 18.4$ 98± 9.2$$ 

cLipid peroxidation  2.24± 0.01 30.6± 8.8* 26.6± 5.5$ 24.2± 4.9$ 13.66± 2.2$$ 

 

The values are means of three experiments, and SEM (±) calculated by one-way analysis of 

variance (ANOVA) test with the Tukey–Kramer multiple comparison tests. SOD, CAT, LPO 

activity status of fish in untreated effluent are significantly different from that of in tap water by 

*P<0.01 and ** P<0.001. SOD, CAT, LPO activity status of fish in the treated effluent are also 

significantly different from that of in untreated effluent samples by $P<0.1 and $$P<0.01. 

 

a50 % inhibition of the NBT photoreduction rate (U mg−1 protein) 

bnmol of H2O2 utilized  (U mg−1 protein) 

cnmol MDA min−1 mL−1 homogenate 
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Abstract Penicillium ochrochloron MTCC 517 is a potent producer of chitinolytic enzymes. Novo-

zyme 234, traditional enzyme cocktail for protoplast generation is not available in the market. So,

new enzyme cocktail is prepared for protoplast formation from various filamentous fungi which

consists of 5 mg ml�1 lysing enzymes from Trichoderma harzianum, 0.06 mg ml�1 b-glucuronidase
from Helix pomatia and 1 mg ml�1 P. ochrochloron chitinase. The greatest number of protoplasts

could be produced from most of the fungi in 0.8 M sorbitol and by incubation for about 2 h at

37 �C, but the number was decreased by incubation for more than 3 h. About twice as many pro-

toplasts were produced from different species of fungi by involvement of P. ochrochloron chitinase

than with combined commercial enzymes.
ª 2014 The Authors. Production and hosting by Elsevier B.V. on behalf of King Saud University. This is an

open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).

1. Introduction

Fungal protoplasts have recently become an effective experi-
mental tool and an important technique with an increasing

number of applications in pure and applied biological research

(Peberdy and Ferenczy, 1985). Strain improvement pro-
grammes facilitate the production of potential strains with
desirable properties by protoplast fusion of industrially impor-

tant fungi. Fusion and transformation systems depend on the
yield and speed of protoplast formation (Hamlyn et al., 1981).

In recent years, efforts are taken by researchers for improv-

ing the methods for protoplast formation from mycelial cells
for fungal genetic study. For every fungus, concentration of
enzymes and osmotic stabilizers must be estimated properly

in order to obtain maximum yield of protoplasts without
affecting their viability. The efficient transfer of genetic mate-
rial is based on the formation of stable and viable protoplasts
(Xuanwei et al., 2008). Various treatments for protoplast
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preparation have been developed by the use of combinations
of commercial enzymes.

Furthermore, most of these studies used Novozyme 234;

however, this enzymatic complex is not commercially avail-
able. Henceforth, the present study is undertaken to investigate
new enzyme cocktail for production and regeneration of pro-

toplasts from different filamentous fungi. Various conditions
were optimized along with the effect of various enzyme con-
centrations and osmotic stabilizers to enhance protoplast yield.

2. Materials and methods

2.1. Microorganisms

Penicillium ochrochloron MTCC 517 was obtained from

MTCC, Chandigarh, India. The deuteromycotina strains;
Aspergillus sojae NCIM 1198, Trichoderma harzianum NCIM
1185, Aspergillus oryzae NCIM 1272, Rhizopus oligosporus
NCIM 1215 and Neurospora crassa NCIM 870 belonging to

ascomycotina were procured from NCIM, Pune.

2.2. Chemicals and enzymes

The cell-wall-lytic enzyme, chitinase from P. ochrochloron used
for the study was purified in author’s laboratory (Patil et al.,
2013). Elaborately, acetone precipitation of a culture filtrate

of P. ochrochloron MTCC 517 followed by dialysis and
DEAE–cellulose ion exchange chromatography. Other
enzymes used were lysing enzymes from T. harzianum and b-
glucuronidase from Helix pomatia (Sigma, St. Louis, MO).
Other chemicals used were of highest purity and analytical
grade.

2.3. Protoplast formation

Protoplast formation was carried out according to the method
of Yutaka et al. (1988) with slight modifications. The spore sus-

pensions from different species of fungi have been inoculated
into 100 ml medium containing 20% potato infusion and 2%
dextrose having pH 6.0. The flasks were incubated on a rotary

shaker at 120 rpm for 24–72 h at 30 �C. After incubation, myce-
lia were harvested by filtration through cheese cloth and col-
lected by centrifugation at 1000 · g for 15 min and washed

twice with distilled water. Protoplasting was performed using
50 mg wet mycelia in 1.0 ml of 25 mM sodium phosphate buf-
fer, pH 7.0. Enzyme preparation of P. ochrochloron was added
at different concentrations and with different osmotic stabiliz-

ers (0.8 M) such as mannitol, sorbitol, KCl and sucrose; after
that mycelium suspensions were incubated at 37 �C on a rotary
shaker (120 rpm). Commercial lytic enzymes from T. harzianum

and b-glucuronidase from H. pomatia were also tested alone
and in combination with P. ochrochloron chitinase for their
capability of releasing protoplasts from different fungi.

Protoplast yield (protoplasts ml�1) was determined by using a
Neubauer haemocytometer (Marienfeld).

2.4. Protoplast regeneration

The crude protoplast suspension was filtered through a
glass funnel and centrifuged at 1000 · g for 5 min. 100 ll of

protoplast suspension was spread on the regeneration medium
containing 0.1% peptone, 0.1% KH2PO4, 0.03% MgSO4. 7
H2O, 0.05% yeast extract and 0.8 M sucrose and incubated at

25 �C. The incubated plate was observed for mycelia develop-
ment and spore formation. Regeneration frequency of protop-
lasts has been calculated as the ratio of number of protoplasts

regenerated to the number of protoplasts plated in the regener-
ation medium. Regeneration in liquid phase was checked by
suspending aliquots of protoplasts in the regeneration medium

and observed under microscope at different intervals.

3. Results and discussion

3.1. Protoplast formation from various fungi

P. ochrochloron enzyme possesses immense potential to digest
the cell wall of various fungi and production of large number
of protoplasts. Among the fungi tested, the highest production
of protoplasts has been obtained fromN. crassa species of asco-

mycotina. The yield of fungi belonging to zygomycotina and
deuteromycotina varied depending on species which is probably
due to variability in the degree of digestibility in the cell walls of

mycelia. In addition digestibility was varied among fungal spe-
cies belonging to same subdivision (Yutaka et al., 1988). Cell
wall ofN. crassa, A. sojae and A. oryzae was easily digested fol-

lowed by R. oligosporus and T. harzianum.

3.2. Effect of osmotic stabilizers

Protoplasts were released from various fungi using lytic
enzyme preparation from P. ochrochloron. Protoplasting has
been performed as mentioned earlier in 0.8 M sorbitol and
enzyme preparation was added to a final concentration of

1.0 mg ml�1. Osmotic stabilizers are one of the important
parameters for release and high yield of protoplasts. They sup-
port the protoplasts from being lysed. Besides sorbitol, various

other osmotic stabilizers were tested, all at 0.8 M concentra-
tion. In sorbitol, good results of protoplast formation were
observed as compared to mannitol, sucrose and KCl (Fig. 1).

Several other osmotic stabilizers like sucrose (Kim et al.,
2000), magnesium sulphate (Gupta et al., 1997) and mannitol
(Wakabayashi et al., 1985) had been successfully used for max-
imum protoplast yield in fungi.

3.3. Effect of incubation time

The maximum yields of protoplasts were reached after 2 h

incubation, but the number decreased above 3 h due to burst-
ing and prolonged incubation caused lysis of protoplasts. Pro-
toplasts released after 1 h of incubation from partially digested

mycelia and large size protoplasts have been obtained after 2 h
of incubation (Fig. 1). These results seem to be in accord with
preparations of cell-wall-lytic enzymes from T. harzianum

(Yutaka et al., 1988) and Trichoderma koningii UC174 (Liu
and Zhu, 2000).

3.4. Effect of enzyme concentration

During incubation with P. ochrochloron chitinase at concentra-

tions of 0.25–2.0 mg ml�1, discrepancies in the yield of proto-
plast formation were observed (data not shown). The initial
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rate of protoplast formation and the yields of protoplasts from
various fungi were increased by the addition of an increasing
concentration of the enzyme, but were not improved over
1.0 mg ml�1 which is probably due to high concentrations

resulting in the lysis of protoplasts soon after their appearance.
Effectiveness of commercial preparations of lytic enzymes

in releasing protoplasts from fungi was investigated. Lytic

enzyme mixture from T. harzianum and b-glucuronidase from
H. pomatia gave good yields of protoplasts from various fungi.
Nevertheless, the yield of protoplasts obtained with the P.

ochrochloron enzyme when used in combination with the above
mentioned commercial enzymes was about 2 times than alone
commercial enzymes (Table 1). Enzyme cocktail containing

5 mg ml�1 lysing enzymes from T. harzianum, 0.06 mg ml�1

b-glucuronidase from H. pomatia and 1 mg ml�1 P. ochrochlo-
ron chitinase has been used in the present study for generation
of protoplasts from various fungi.

Chitin and b-glucan are the major components of fungal
cell wall and chitinases and b-1,3glucanase have been known
to lyse the fungal cell wall. P. ochrochloron MTCC 517 has
been reported earlier for b-1,3glucanase (Jadhav et al., 2006)

and chitinase activity (Patil et al., 2013). The addition of chiti-
nase to the lytic enzyme systems is not uncommon and has
been shown to be necessary for hydrolysis of the cell walls of

many organisms (Skujins et al., 1965; Liu and Zhu, 2000).
Bekker et al. (2009) reported that the cocktail consists of lysing
enzymes from T. harzianum, chitinase from Streptomyces gris-

eus and b-glucuronidase from H. pomatia for production of
protoplasts from Aspergillus niger. Considering the chitinase
activity of S. griseus (0.15 U ml�1) used in above enzyme cock-

tail is significantly lower than P. ochrochloron (61 U ml�1). In
this aspect, use of P. ochrochloron chitinase in combination
with commercial enzymes would be superior in generation of
protoplasts from various fungi.

Figure 1 (A) Parent hyphae. (B) Arrow indicated digested mycelia. (C) Release of protoplasts from mycelia. (D) Protoplasts (400·
magnification).

Table 1 Comparison of production of protoplasts using commercial enzyme and in combination with P. ochrochloron chitinase.

Fungal strain Lysing enzymes from

Trichoderma harzianum+

b-glucuronidase from Helix pomatia

Lysing enzymes from Trichoderma

harzianum +b-glucuronidase
from Helix pomatia+ 1 mg ml�1

P. ochrochloron chitinase

Neurospora crassa NCIM 870 0.7 · 108 2 · 108

Aspergillus sojae NCIM 1198 4.3 · 106 7.8 · 107

Aspergillus oryzae NCIM 1212 3.6 · 106 5.2 · 107

Rhizopus oligosporus NCIM 1215 0.2 · 105 2 · 106

Trichoderma harzianum NCIM 1185 8.0 · 105 1 · 106
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3.5. Regeneration of protoplasts

The higher frequency of regeneration from fungal protoplasts
is not only the foundation of fungi genetic manipulation and
improvement but also a good experimental system for the
study of gene expression and molecular studies (Xuanwei

et al., 2008). Successful reversion and regeneration of protop-
lasts to normal mycelia are important. The regeneration of
protoplasts was observed in terms of morphological changes

detected after 2 h. The protoplasts put forth bud like struc-
tures, which developed into germ tubes. These germ tubes later
formed hyphal cells (Fig. 2) Lalithakumari (2000) reported

similar patterns of hyphal regeneration (including a third type
of a germ tube like hypha germinating from the protoplasts) in
several filamentous fungi.

Among the different osmotic stabilizers used in the regener-

ation medium, regeneration frequency has been observed bet-
ter with sucrose and it was found to be maximum for A. oryzae
(Table 2). Protoplast regeneration provides a relative measure

of the effects of enzyme treatment on cell viability. Protoplasts
that lack the ability to regenerate presumably either lack nuclei
or were damaged at some point during or after the enzyme

treatment (Rui, 1993).

4. Conclusion

The present study provides major finding purified chitinase
from P. ochrochloron MTCC 517 having tremendous activity
suitable for digestion of cell wall and protoplast formation

from various fungi. P. ochrochloron chitinase can be used in
enzyme cocktail in combination with commercial enzyme to
obtain obstacle yield of protoplasts. It also provides intuition
into conditions that control the formation and regeneration

of protoplasts. Considering yield and regeneration capacity
of protoplasts different fungal strains would definitely provide
basis for protoplast fusion and strain improvement studies.
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Abstract: The aim of the present study was to investigate the textile effluent degrading potential of an isolated bacterial
consortium PMB11. The consortium had the capacity to decolourize various textile dyes and textile effluent. Ninety-
one percent textile effluent decolourization was observed within 120 hours. The physiochemical characterization of textile
effluent indicates reduction in the total hardness (CaCO3), fluorides, chlorides, sulphate, chemical oxygen demand, and
biochemical oxygen demand of textile effluent after treatment with consortium PMB11. Induction in the activities of NADH-
dichlorophenolindophenol reductase, azoreductase, and aminopyrine N-demethylase was observed after decolourization,
which indicates involvement of these enzymes in the decolourization and degradation process. The biodegradation of dyes
from effluent was confirmed using various analytical techniques, such as UV-Vis spectroscopy, Fourier transform infrared
spectroscopy, gas chromatography – mass spectroscopy, and HPLC. A phytotoxicity study was performed to confirm the
less toxic nature of the degradation metabolites than the effluent.

Key words: textile effluent; decolourization; biodegradation; azoreductase; phytotoxicity.

Abbreviations: BOD, biochemical oxygen demand; COD, chemical oxygen demand; DCIP, dichlorophenolindophenol;
FTIR, Fourier transform infrared spectroscopy; GC-MS, gas chromatography – mass spectroscopy, NADH, nicotinamide
adenine dinucleotide reduced disodium salt; TDS, total dissolved solids; TSS, total suspended solids.

Introduction

The world’s ever-increasing population and its progres-
sive adoption of an industrial-based lifestyle have led
to an obvious increased anthropogenic impact on the
biosphere. During textile production, hazardous com-
pounds are released at the various stages of operation
in an effort to improve human standards of living and
fashion. Their unplanned infringement into the environ-
ment is a great paradox, and it can reverse the stan-
dards of living by negative impact on the environment
(Asamudo et al. 2005).
About 3,000 azo dyes are used in various indus-

tries, such as paper, food, cosmetics, and pharmaceuti-
cals (Pan et al. 2012). Over 7 × 105 metric tons are pro-
duced annually worldwide (Ali 2010). The textile indus-
try has led to increased volumes of textile wastewater,
which causes environmental problems. Textile wastewa-
ter is a complex mixture of several polluting substances,
including heavy metals, bleaching agents, fibres, and

various types of dyes and dyestuffs (Correia et al. 1994).
It can percolate and pollute underground water; pollu-
tants cannot be restricted within specific boundaries
where they are discharged (Asamudo et al. 2005). This
alters the pH, increases the biochemical oxygen demand
(BOD) and chemical oxygen demand (COD), and gives
rivers intense colourations (Olukanni et al. 2006).
Dyes of different structures are often used in the

textile processing industry, and therefore, the effluents
from the industry are markedly variable in composi-
tion (Kalyani et al. 2009). The difficulties encountered
in wastewater treatment resulting from dyeing opera-
tions lie in the wide variability of the dyes used and
in the excessive colour of the effluents (Machado et
al. 2006). The characteristic structure of dye, and par-
ticularly reactive dye, is very complex and difficult to
degrade or eliminate (Cronk & Fennessey 2001) from
textile wastewater. Reactive dye can dissolve in water
as it is a highly soluble compound, and the resultant
change in the water colour is unattractive to the pub-
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lic. Colour can be the conditional indicator of the need
to reduce dye in wastewater to an acceptable level since
a very small amount of dye in water (10–50 mg/L) leads
to reduction in sunlight penetration, which causes de-
crease in photosynthetic activity and dissolved oxygen,
water transparency, and gas solubility of water bodies
(Alexander 1994).
The contamination of dye in public streams may

present a risk to humans because of the aquatic living
organisms like fish that can accumulate dye into tissues
and affect the food web (Nilratnisakorn et al. 2007).
Azo dyes have been shown to be mutagenic to the hu-
man hepatoma cell line, where frame shift mutation was
observed (Ferraz et al. 2011a,b).
Various methods including adsorption, chemical

precipitation and flocculation, photolysis, chemical oxi-
dation and reduction, electrochemical treatment, and
ion pair extraction have been used to depollute dye
wastewater (Wang et al. 2009). All these chemical
or physico-chemical methods possess significant differ-
ences in colour removal results, volume capability, oper-
ating speeds, and capital costs (Forgacs et al. 2004). As
available alternative, biological processes have received
increasing interest owing to their low cost, effectiveness,
ability to produce low sludge, and environmental benig-
nity (Jadhav et al. 2010a,b). Biological processes have
the potential to convert or degrade pollutants as water,
carbon dioxide, and various salts of inorganic nature
(Dhanve et al. 2009).
The economic removal of textile wastewater is an

important problem since waste discharge is being en-
forced by authorities. Many textile plants are in ru-
ral areas, and municipal treatment cost payments are
pretty high; hence it may be economical to build a waste
treatment plant on site. Thus, in spite of all the present
wastewater treatment methods, biological methods are
simple to use and low in cost. Various available reports
conclude that microbial systems not only decolourize
and degrade but also detoxify the dyes, are eco-friendly
and cost-competitive alternative to the chemical decom-
position processes (Rajaguru et al. 2000; Adedayo et al.
2004; Patil et al. 2008; Kayani et al. 2009; Dawkar et
al. 2010; Kabra et al. 2011; Surwase et al. 2012; Kadam
et al. 2013).
The isolation of potent species and thereby degra-

dation is one of the interests in the biological aspect of
effluents treatment (Jadhav et al. 2010a,b). Recently,
a number of studies have focused on the biodegrada-
tion of dye in wastewater. A wide variety of microbial
consortia have been reported to be capable of decolour-
izing a wide range of dyes (Patil et al. 2008; Jadhav
et al. 2010a; Kadam et al. 2011; Kurade et al. 2012;
Waghmode et al. 2012).
The utilization of microbial consortia offers consid-

erable advantages over the use of pure cultures in the
degradation of synthetic dyes (Junnarkar et al. 2006;
Patil et al. 2010). Different strains may attack dye
molecule at different positions or may use decompo-
sition products produced by another strain for further
decomposition (Patil et al. 2008). There is still a need

for research to unravel the potential of various microbes
for the rehabilitation of our natural resources.
An assessment of the ecological impact of the en-

vironmental pollutants on plant populations is of great
importance as plants are important commercial prod-
ucts and are consumed by humans. Moreover, plants
may be used as biosensors of toxicity of environmental
pollutants. Toxicity assays are routinely used to eval-
uate the toxic potential of chemicals in the environ-
ment. Also, this test can be performed without requir-
ing lengthy and expensive methods of concentration for
the detection of toxicants in water. Therefore, the tox-
icity potential of textile effluent before and after de-
colourization was studied by assessing phytotoxicity.
In the present study, we have focused our atten-

tion on the decolourization and degradation of textile
effluent. The effluent has λmax of 410 nm. The article re-
ports studies on decolourization by individual bacterial
strains as well as by consortium PMB11. Enzymes in-
volved in the action of effluent dyes were also assayed.
Moreover, the dye from the effluent was not only re-
moved, but also degraded into different metabolites.

Material and methods

Dyes and chemicals
Textile effluent was obtained from the local textile in-
dustry Ichalkaranji Kolhapur, India. The 2,2’-azino-bis(3-
ethylbenzothiazoline-6-sulphonic acid) was obtained from
Sigma Aldrich (USA). Tartaric acid was obtained from
BDH Chemicals, India. Nicotinamide adenine dinucleotide
reduced disodium salt (NADH), n-propanol, catechol, and
ethyl acetate were obtained from SRL Chemicals, India.

Decolourization experiments
Textile effluent has a maximum absorbance of 410 nm. All
the decolourization experiments were performed in tripli-
cates in 250 mL Erlenmeyer flask containing 100 mL efflu-
ent. The 24-h grown cultures of Bacillus odysseyi SUK3,
Morganella morganii SUK5, Proteus sp. SUK7, and consor-
tium were used for decolourization and degradation studies.
The individual bacterial strains and consortium (5% v/v)
were separately added to 100 mL effluent, and the flasks
were incubated at 30◦C for 24 h. After decolourization (120
h), aliquots (3 mL) of the sample were withdrawn and cen-
trifuged at 10,000 × g for 20 min to separate the bacterial
cell mass. The absorbance of the supernatant was measured
at respective wavelengths, and the percentage decolouriza-
tion was calculated by using formula [(A – B)/A] × 100,
where A and B are the initial and the final absorbance, re-
spectively.

Characterization of textile effluent
The effluent samples before and after decolourization were
analyzed for pH, total dissolved solids (TDS), total sus-
pended solids (TSS), BOD, and COD. The characteristics of
effluent, like fluoride, chloride, iron, calcium, sulphate con-
tent, and hardness were analyzed using a water analysis kit
from HiMedia Laboratories, Mumbai.

Determination of pH
The pH of the effluent samples before and after decolouriza-
tion was checked by using pH meter from Toshniwal, Ajmer,
India.
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Determination of TSS
About 20 mL of effluent sample before and after decolour-
ization was filtered through Whatmann filter paper, and the
filter paper was dried at 103◦C in a hot air oven and cooled
in a desiccator. The weight of the paper before filtration was
also recorded and calculated using the formula:

total suspended solids (mg/L) = (Wf –Wi) × 1000 / volume
of sample (mL),

where Wf is the final weight of the filter paper after filtration
and drying of the effluent and Wi is the initial weight of the
filter paper.

Determination of TDS
An evaporating dish of 50 mL capacity was washed, dried at
103◦C in hot air oven, cooled in a desiccator, and the weight
was recorded (W1). Effluent sample (20 mL) was filtered in
an evaporating dish and allowed to evaporate in a hot air
oven at 180◦C. The evaporating dish was cooled in a desic-
cator when all the water in the sample was evaporated and
the final weight of the evaporating dish (W2) was recorded.
The total dissolved solids were calculated using the formula:

total dissolved solids (mg/L) = (W2 – W1) × 1000 / V,

where V is the volume of the sample in mL.

Determination of COD and BOD
The COD of the samples was determined at different time
intervals. The COD was determined using a procedure re-
ported earlier by Patil et al. (2012). The BOD was measured
using Spectralab model-EM2 system (Thane, India), follow-
ing the instructions of the manufacturer.

Preparation of cell-free extract
The bacterial cells grown in the nutrient broth at 30◦C for
24 h were considered as control. The cell-free extract was
prepared by using the earlier reported procedure (Patil et
al. 2012). A similar procedure was used to quantify enzyme
activities during effluent decolourization. One unit of the
enzyme activity was defined as a change in absorbance unit
per min per mg protein.

Enzyme assays
Enzymes were assayed spectrophotometrically, where the
reference blank contained all components except the en-
zyme. Lignin peroxidase activity was determined by mon-
itoring the formation of propanaldehyde at 300 nm in a
reaction mixture of 2.5 mL (pH 3.5) containing 100 mM n-
propanol, 250 mM tartaric acid, 10 mM H2O2, according
to the procedure by Shanmugamet al. (1999). Laccase and
tyrosinase activities were measured by a modified method
of Patil et al. (2008). NADH-dichlorophenolindophenol
(DCIP) reductase activity was determined using a proce-
dure reported earlier by Salokhe & Govindwar (1999), and
reduction was calculated using the extinction coefficient of
19 mM/cm. Aminopyrine N-demethylase activity was deter-
mined by the procedure reported by Jadhav & Govindwar
(2006). All enzyme assays were performed in triplicate.

Analytical techniques
Metabolites produced after the biodegradation of the
textile-effluent-containing dye were extracted with equal
volumes of ethyl acetate. The extract was dried over anhy-
drous Na2SO4 and evaporated to dryness in the rotary evap-
orator. The obtained residue was dissolved in the HPLC-
grade methanol and used for analytical studies. UV-Vis

Fig. 1. Decolourization of effluent by individual bacterial strains
and consortium PMB11.

spectral analysis was carried out using Hitachi UV-Vis spec-
trophotometer (UV 2800, USA), and changes in its ab-
sorption spectrum (400-800) were recorded. HPLC analysis
was performed in an isocratic Waters 2690 system, USA,
equipped with a dual absorbance detector, using C18 col-
umn (4.6 × 250 mm) and HPLC-grade methanol as a mo-
bile phase. Fourier transform infrared spectroscopy (FTIR)
analysis of biodegraded effluent was carried out using Perkin
Elmer 783 Spectrophotometer in the mid-IR region of 400–
4000 cm−1 with 16 scan speed. The samples were mixed
with spectroscopically pure KBr, pellets formed were fixed
in a sample holder, and the analysis was carried out.

Toxicity study
The extracted metabolites obtained after the biodegrada-
tion of textile effluent were dried and dissolved in water to
form the final concentration range 1000 mg/L for phyto-
toxicity studies. The phytotoxicity study was carried out
(at room temperature) using Sorghum vulgare and Pheseo-
lus mungo (10 seeds of each), by adding separately a 5 mL
sample of textile effluent and biodegradation metabolites
per day. Control set was carried out using plain water at
the same time. The length of plumule (shoot), radicle (root),
and germination (%) was recorded after 7 days.

Statistical analysis
Data were analyzed by one-way analysis of variance
(ANOVA) with Tukey-Kramer multiple comparisons test.

Result and discussion

Decolourization of effluent
The effluent was decolourized by individual bacterial
strains as well as consortium PMB11 (Fig. 1). Within
120 h, more decolourization of textile effluent was seen
by consortium PMB11 (91%), while B. odysseyi SUK3,
M. morganii SUK5 and Proteus sp. SUK7 decolourized
the effluent to 67%, 72% and 84%, respectively. When
these three bacterial cultures were mixed and inocu-
lated together into the effluent, decolourization was ob-
served in high percentage as compared with individual
bacterial strains. As the catabolic activities of microor-
ganisms in mixed consortium complement each other,
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Table 1. Physicochemical characterization of textile effluent before and after treatment (120 h) with consortium PMB11.

Characteristics NEQS values Before treatmentb After treatmentb

pH 6–10 8.1 7.9
CODa 400 9860 2120
BODa 250 880 220
TDSa 3500 8756 7920
TSSa 400 1089 –
Total hardnessa – 689 421
Fluoridesa 10 12.0 6.5
Chloridesa 1000 1254 521
Sulphatea 1000 1123 534
Irona 2 1.7 1.7

a The values are in mg/L. Total hardness, CaCO3; TDS, total dissolved solids; TSS, total suspended solids; NEQS, national environ-
mental quality standards.
b Before treatment – textile effluent before treatment; after treatment – textile effluent after treatment with consortium.

Fig. 2. UV-Vis spectral analysis of effluent (—) 0 h, after
decolourization by consortium PMB11 (· · ·), Bacillus odysseyi
SUK3 ( ), Morganella morganii SUK5 (�), and Proteus sp.
SUK7(�).

syntrophic interactions present in the mixed commu-
nities can obviously lead to complete decolourization
of azo dyes. These results suggest a synergistic role of
bacterial species in effluent decolourization.

Characterization of textile effluent
The characterization of effluent was performed and re-
sults are summarized in Table 1. The effluent is well
characterized by calculating its COD and BOD. When
both the BOD and COD values of textile effluent be-
fore and after degradation by consortium were tested,
it was found that the values of COD were decreased
(2120 mg/L) when compared with the COD value of
control effluent (9860 mg/L). The BOD value in the
treated effluent sample was observed lower as compared
with control effluent. Along with the biodegradation
by consortium PMB11, the concentration of hardness,
TDS, TSS, sulphate, fluorides, chlorides, etc., was found
to be lowered in the treated effluent sample in compar-
ison with the control effluent. The consortium PMB11
may also be applied for the actual dye effluent treat-
ment.

UV-Vis spectral analysis
The dye effluent showed a maximum absorbance of
410 nm, which was decreased in the absorbance of
samples withdrawn after decolourization (Fig. 2). In
the spectrophotometric analysis, major visible light ab-
sorbance peak would completely disappear, or a new
peak would appear when the dye was removed because
of biodegradation. The disappearance of absorbance
maxima in effluent spectra indicates the removal of
colour from effluent by consortium PMB11 as well as
individual bacterial strains.

FTIR analysis
The FTIR spectral comparison between the effluent
control sample and test samples obtained after de-
colourization confirmed the biodegradation of the dye
into different metabolites by consortium PMB11 as well
as individual strains (Fig. 3a). The FTIR spectrum of
the dye effluent showed the presence of different peaks
at 3446 cm−1 for NH stretching of amides, at 2343
cm−1 for C-NH stretching of charged amino acids, and
at 2094 cm−1 representing alkyne compound. A peak
at 1633 cm−1 represents the NN stretch of azo com-
pound; it confirmed the tested effluent had azo dyes.
Peaks at 1431 and 1124 cm−1 indicated CH stretching
of alkanes and CH deformation of substituted benzene,
respectively. After decolourization, displayed peaks at
2929, 2632 and 1915 cm−1 indicated the CH stretching
of alkanes, CH stretching of alkenes and NH stretch-
ing, respectively. Peak at 1695 cm−1 may represent
CO stretching of α − β unsaturated alkanes, while the
peaks at 1425 and 1209 cm−1 indicated CH deforma-
tion of ketone or esters and skeletal structure of alka-
nes or tertiary butyl, respectively. As the samples ob-
tained after decolourization of effluent lack the peak at
1633.76 cm−1 present in the spectrum of the effluent as
control sample, it indicated the breaking of azo bond
during the biotransformation process.
The FTIR spectrum of the test sample that was of

the metabolites formed after decolourization by indi-
vidual bacterial strains (Fig. 3b) showed peaks at 2915
and 1431 cm−1 for the CH stretching and deforma-
tion of alkanes, respectively. Peak at 1683 cm−1 showed
CO stretch of conjugated polyene aldehyde and peak at
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Table 2. Induced state enzyme activities in effluent decolourization.a

Enzyme Bacillus odysseyi SUK3 Morganella morganii SUK5 Proteus sp. SUK7 Consortium PMB11

Lignin peroxidaseb 0.094 ± 0.009 0.27 ± 0.02** 0.014 ± 0.002 0.20 ± 0.032**
Laccaseb 0.053 ± 0.01** 0.03 ± 0.001** 0.059 ± 0.056** 0.047 ± 0.014
Tyrosinaseb 0.005 ± 0.001 0.004 ± 0.001** 0.002 ± 0.001 0.014 ± 0.005
DCIP reductasec 1.15 ± 0.008** 0.49 ± 0.01 1.072 ± 0.008 3.69 ± 0.14**
ANDd 14.75 ± 0.001** 15.07 ± 0.003 12.56 ± 0.019** 70.32 ± 0.032**
Azoreductasee 0.312 ± 0.001 0.948 ± 0.001 0.628 ± 0.001 1.05 ± 0.006**

a Values are mean of three experiments ± SEM. Significantly different from control cells at **P < 0.01 by One-way (ANOVA) with
Tukey-Kramer comparison test.
b Enzyme unit per mg protein per minute.
c µg DCIP reduced per mg protein per minute.
d AND, AminopyrineN-demethylation; n moles of formaldehyde liberated per mg protein.
e µM of Methyl red reduced per mg of protein per minute.

Fig. 3. (a) FTIR spectrum of effluent and degradation metabolites
by consortium PMB11. (b) FTIR spectrum of effluent degrada-
tion metabolites by individual bacterial strains.

1199 cm−1 for ester. All these four peaks were common
in the FTIR spectrum of the degradation metabolites,
formed by B. odysseyi SUK3, M. morganii SUK5 and
Proteus sp. SUK7. These results indicated the effluent
degradation might be in the similar manner by individ-
ual bacterial strains but different from the consortium
degradation.

HPLC analysis
In the HPLC analysis of the control sample, effluent

exhibited a major peak at retention time 6.282 min
and minor peaks at 6.282 and 8.773 min. These peaks at
different retention times indicated the presence of one
or more than one dye present in the effluent, while the
analysis of the test sample containing products after
the degradation of the effluent by consortium PMB11
showed peaks at 6.709, 7.110, and 7.860 min (Fig. 4a).
Metabolites extracted after the degradation of effluent
by individual strains showed the presence of peaks at
different retention times (Fig. 4b,c,d). The metabolites
formed after the degradation of effluent by B. odysseyi
SUK3 showed a peak of 8.065 mins, by M. morganii
SUK5 peaks of 6.643 and 7.256 min, and by Proteus
sp. SUK7 those of 6.763 and 7.003 min.

Enzymatic analysis
The various enzyme activities demonstrated involve-
ment of various oxidatives as well as reductive enzymes
during the decolourization process. The induction of
various enzymes during decolourization gives additional
insight into the decolourization mechanism and sup-
ports also the active role of microorganisms in the
biodegradation process. Enzyme activities during de-
colourization of effluent by individual bacterial strains
as well as by the consortium PMB11 are summarized
in Table 2.
Lignin peroxidase, laccase, tyrosinase, NADH-

DCIP reductase, azoreductase, and aminopyrine N-
demethylase were found to be present in the control
cells. After decolourization, a significant increase in the
activity of lignin peroxidase in M. morganii SUK5 and
in consortium PMB11 was observed. The induced ac-
tivity of aminopyrine N-demethylase was found in the
B. odysseyi SUK3, Proteus sp. SUK7, and consortium
PMB11 as well as significantly induced laccase in all the
bacterial cells except those in the consortium PMB11.
The activity of tyrosinase was found only in M. mor-
ganii SUK5. The activity of the NADH-DCIP reduc-
tase was induced in B. odysseyi SUK3 and consortium
PMB11 after decolourization. The induction in the ac-
tivity of the enzymes was found to be variable in the
individual strains as well as in their consortium. The
collective action of all of these enzymes might be the
key to the efficacy of consortium. The role of enzymes
such as laccase, DCIP reductase, and azoreductase in
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Table 3. Phytotoxicity studies.a

Phaseolus mungo Triticum aestivum
Parameters

Water Effluent Metabolites Water Effluent Metabolites

Germination (%) 100 50 100 100 40 100
Plumule (cm) 7.4 ± 0.80 3.1 ± 0.16 6.21 ± 0.18** 3.7 ± 0.74 2.17 ± 0.10 3.14 ± 0.17**
Radicle (cm) 3.16 ± 0.24 2.4 ± 0.09 2.89 ± 0.13** 11.12 ± 0.58 6.8 ± 0.15 8.27 ± 0.29**

a Data were analyzed by One-way (ANOVA) test and mentioned values are the mean of ten germinated seeds of three sets ± SEM.
Seeds germinated in degradation products are significantly different from the seeds germinated in effluent at **P < 0.01 when compared
by Tukey-Kramer multiple comparison test.

Fig. 4. HPLC elution profile of effluent and its degradation metabolites by consortium PMB11 (a), and individual bacterial strains
(b–d).

dye decolourization has been well documented (Jadhav
& Govindwar 2006; Telke et al. 2009; Jadhav et al. 2009,
2010b). The collective enzyme activities of mixed mi-
crobial cultures are far better for dye decolourization as
compared with individual strains (Saratale et al. 2009;
Jadhav et al. 2010a,b).

Phytotoxicity study
The disposal of the untreated dyeing effluent without
any treatment in water bodies causes serious environ-
mental and health hazards. Thus, it was of prime in-
terest to assess the phytotoxicity of the effluent and its

extracted metabolites after effluent treatment.
The germination of the Phaseolus mungo and

Triticum aestivum seeds was observed to the level
of 50% and 40%, respectively, with effluent treat-
ment; also, its degradation metabolites and plain water
showed 100% seed germination (Table 3). The mean of
plumule length and radicle length of P. mungo were
7.4 ± 0.8 and 3.16 ± 0.24 cm, respectively, and in
the case of T. aestivum they were 3.7 ± 0.74 and
11.12 ± 0.58 cm, respectively, in water as a control.
The lengths of plumule and radicle were more sig-
nificantly affected by effluent than by its degradation
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metabolites. It showed that the mean of plumule length
and radicle length of P. mungo was 3.1 ± 0.16 and
2.4 ± 0.09 cm, respectively, and in the case of T. aes-
tivum they were 2.17 ± 0.1 and 6.8 ± 0.15 cm, re-
spectively. In contrast, when treated with degrada-
tion metabolites of effluent, plumule length and radi-
cle length were found in P. mungo to be 6.21 ± 0.18
and 2.89 ± 0.13 cm, respectively, whereas they were
3.14 ± 0.17 and 8.27 ± 0.29 cm, respectively, in T. aes-
tivum, with 100% germination.
Both the plumule and radicle lengths were signifi-

cantly affected by effluent. In contrast, the plumule and
radicle lengths of Phaseolus and Triticum were scarcely
and not significantly affected when treated with degra-
dation metabolites of effluent. It might becaused by
high concentration of TDS, TSS, COD, BOD, hardness,
dye, etc., in effluent rather than in the treated effluent.
Hence, this study revealed that biodegradation of ef-
fluent by bacterial consortium PMB11 resulted in the
effluent that was not only degraded but also detoxified.

Conclusions
The consortium PMB11, developed in this study,
showed a significant efficiency in the colour removal
from the effluent. It was composed of Bacillus odysseyi
SUK3, Morganella morganii SUK5 and Proteus sp.
SUK7. The bacterial consortium was able to degrade
dye from effluent with a significant decolourization rate
relative to individual strains. This enhanced effect of
the consortium PMB11 was due to the coordinated
metabolic interactions of individual strains. The signifi-
cant induction in oxido-reductive enzymes at the intra-
cellular location in consortium PMB11 compared with
pure cultures showed a difference in the metabolic ac-
tions during the degradation of dye-containing effluent.
The consortium PMB11 has the capacity to reduce the
TDS, TSS, hardness, BOD, COD, iron, sulphate, flu-
orides, and chlorides. The toxicity of the textile dyes
effluent on plant sources was further studied by ex-
amining the germination of the Phaseolus mungo and
Triticum aestivum plant seeds, which are common in
Indian agriculture. Nevertheless, the potential of the
consortium PMB11 needs to be demonstrated for its
application in treatment textile effluent in an actual in-
dustry site on a large scale using the appropriate biore-
actor systems and furthermore treated effluent use for
irrigation purposes.
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Significance of Penicillium ochrochloron chitinase as a biocontrol agent
against pest Helicoverpa armigera
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� Penicillium ochrochloron MTCC 517 chitinase as a biocontrol agent against Helicoverpa armigera.
� Antifeedant and growth inhibition activity against Helicoverpa armigera.
� Changes in mean body weights of treated group fed on leaves treated with 2000 U mL�1 of chitinase.
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a b s t r a c t

Penicillium ochrochloron chitinase purified by DEAE-cellulose ion exchange chromatography was evaluat-
ed for its antifeedant and growth inhibitory activities against Helicoverpa armigera at different concentra-
tions of 2000, 1000, 500, 250 and 100 U mL�1.

It reduced the successful pupation and increased larval and pupal mortality, adult emergence in a
dosage-dependent manner when applied topically. The highest mortalities were recorded for groups
treated with 2000 U mL�1 chitinase activity. The studies showed P. ochrochloron chitinase can affect
the growth of H. armigera larvae. Since this insect pest species has developed resistance and resurgence
to chemical insecticides, only alternate is the usage of enzyme-based pesticide formulations as an envi-
ronmentally friendly pest management tool.

� 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Pod borer, Helicoverpa armigera (Lepidoptera: Noctuidae) is a
polyphagous pest, that infects important crops like cotton, tomato,
sunflower, pigeon pea, chickpea, okra and corn throughout the
world. It was recorded feeding on 181 plant species belonging to
47 botanical families in the Indian subcontinent (Manjunath
et al., 1989). Initially, larvae feed on tender leaves, and thereafter
when on legumes, they bore into the pods and feed within them.
A single larva can destroy 30–40 pods before pupation. The total
annual losses of agricultural production caused by this pest alone
are estimated for 29.2% in chickpea, Cicer arietinum L. (Fabales:
Fabaceae) in India, where it has 7–8 generations per year (Fitt,
1989). According to Lammers and MacLeod (2007), the worldwide
annual costs for controlling this pest, along with yield losses, reach

US$ 5 billion. In India and China, 50% of pesticides in agriculture
are used for controlling this pest.

Thirty percent of all pesticides used worldwide directed against
H. armigera resulted in high levels of insecticide resistance in this
pest. The use of Bacillus thuringiensis (Bt) either in the form of for-
mulation and transgenic plant may lead to develop resistance in
insect in a short period of time, since many insect pests have devel-
oped resistance to Bt-like chemical pesticides (Udamale et al.,
2013).

For the control of this pest, a variety of methods such as physi-
cal methods, chemical pesticides and biological methods based on
microorganisms are employed. Majority of the farmers still heavily
relies on synthetic chemicals to control these pests. Hazardous
implications of these insecticides and their residue at various trop-
ic levels have also caused incalculable damage to every aspect of
the environment, globally (Manjunath et al., 1989). Furthermore,
chemical control of H. armigera insect is not effective, because it
has developed high levels of resistance to oraganochlorides,
organophosphates, and pyrethroids (Heckel et al., 1997). The adap-
tation and detoxification mechanism in H. armigera increases its

http://dx.doi.org/10.1016/j.chemosphere.2015.01.038
0045-6535/� 2015 Elsevier Ltd. All rights reserved.
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resistance to nonhost plants, making this pest difficult to manage
in the field (Bauer, 1995).

The frequent use of systemic insecticides to manage insect pests
leads to a destabilization of ecosystem and enhanced resistance to
insecticides in pests (Kranthi et al., 2001), suggesting a clear need
for alternatives. Biopesticides provide an alternative to synthetic
pesticides because of low toxicity to humans, low environmental
pollution, and other advantages (Liu et al., 2000).

In insects, chitin is a significant component of the cuticle. It con-
stitutes part of the exoskeleton, and partially lines along internal
organs, including the digestive tract; in addition it is a structural
component of the peritrophic membrane that covers the midgut
(Peters, 1992). Chitinase is used by insects to degrade the struc-
tural polysaccharide ‘chitin’ during the molting process (Zhang
et al., 2002). Chitinase is very important in the biological control
of insects (Reguera and Leschine, 2001) and plant pathogenic fungi
(El-Tarabily, 2003). In insects, chitinases are involved in molting
and digestion processes. Cuticle in insects is the target site of chiti-
nolytic enzymes and its damage affects survival (Hegedus et al.,
2009). Alterations of the peritrophic membrane disturb its selec-
tive permeability properties resulting in nutritional imbalances,
by affecting food acquisition, water retention or excretion and
digestion (Peters, 1992).

Some entomopathogenic fungi such as Metarhizium anisopliae,
Beauveria bassiana, Nomuraea rileyi are capable of producing multi-
ple extracellular degradative enzymes, including chitinolytic and
proteolytic enzymes that help the pathogens to penetrate the bar-
riers and expedite infection (El-Sayed et al., 1989). As these
enzymes degrade chitin, it might be speculated that if applied on
to the insect, or injected into the gut of insect larvae, it can cause
significant damage to the peritrophic membrane structure which
will result in the larvae being unable to feed and consequently
leads to death (Binod et al., 2007). It is possible to employ chitinase
as a potential agent to be included in the spraying type of biologi-
cal control formulations. Considering this approach the present
study focuses on possible development of an enzyme-based bio-
control agent against Helicoverpa larvae.

2. Materials and methods

2.1. Maintenance of larvae

Larvae of H. armigera were collected from the field of Kolhapur
district, Maharashtra, India. The collected H. armigera larvae were
reared individually in a plastic container and cultured at room
temperature (27 ± 2 �C), 12: 12 (L: D) h of light. Third instar larvae
were used for antifeeding trials and fifth instar larvae for growth
inhibition studies.

2.2. Enzyme production

Chitinase from Penicillium ochrochloron used for the study was
purified in the author’s laboratory (Patil et al., 2013). Elaborately,
acetone precipitation of a culture filtrates of P. ochrochloron MTCC
517 followed by dialysis and DEAE-cellulose ion exchange chro-
matography. The enzyme (2360 U mg�1 protein) was concentrated
to powder by lyophilization. Upon a requirement the powder was
reconstituted with 25 mM sodium phosphate buffer (pH 7.0) to
obtain the required enzyme concentrations.

2.3. Antifeedant trials

Antifeedant trials were performed according to the method of
Binod et al. (2007). The efficacy of purified chitinase as an antifee-
dant was tested by feeding larvae with chick pea leaves coated

with an enzyme. Discs of known dimensions were made from
chickpea leaves and were dipped in the enzyme preparation
(2000 U mL�1chitinase activity) for 1 min. The discs were spread
on paper and air dried before being fed to the larvae. Leaf discs
similarly treated with distilled water was used as a control.
Healthy third instar larvae of similar weight were taken for the
experiment. Each experimental group consisted of 10 larvae,
starved for 12 h and then fed with enzyme-coated leaves. Feeding
with treated leaves was continued for 5 d, after which normal feed-
ing was resumed. The weight of larvae was measured daily and
observations regarding the general health of larvae, pupation and
mortality were performed till the 12th day. Leaf weight was mea-
sured before and after feeding every day until normal feeding was
resumed. The rate of feeding was measured by noting the leaf
weight consumed by the larvae.

2.4. Growth inhibition studies

In the bioassay experiment for growth inhibition, lyophilized
preparations of purified enzyme were used. The lyophilized pow-
der was diluted in 25 mM sodium phosphate buffer (pH 7.0) to
obtain final chitinase activities of 2000, 1000, 500, 250 and
100 U mL�1. Five microlitres of each preparation were applied topi-
cally on the thorax back of the fifth instar larvae using a micropip-
ette. Five microlitres of distilled water served as control. In case of
dip method, larvae were dipped in the enzyme preparation for 5 s
and then transferred to the respective clean plastic container. Topi-
cal application was continued for 4 d, after which the larvae were
left undisturbed. The weights of larvae were measured daily and
observations regarding the health of larvae; changes in body
weight, pupation, and death were performed until the 17th day.

2.5. Statistical analysis

Three independent experiments were performed to check the
reproducibility of results. Data obtained were expressed as the
mean ± SD and analyzed statistically using (GraphPad InStat ver-
sion 3.00, GraphPad Software, San Diego California, USA). Antifee-
dant and growth inhibition activities were analyzed using one way
ANOVA with Tukey–Kramer multiple comparisons test. Readings
were considered significant when P < 0.05.

3. Results

3.1. Effect on larval feeding rate in antifeedant trials

The purified chitinase, when used for coating the leaves resulted
in a lesser consumption of feed by the larvae. At 2000 U mL�1 chiti-
nase concentration, larval feeding was lower than the control.

3.2. Effect on the larval growth rate in antifeedant trials

Data presented in Fig. 1 show changes in mean body weights of
the treated group fed on leaves treated with 2000 U mL�1 of chiti-
nase. Until day 7, the groups fed with chitinase showed a retarded
growth rate compared with the control. While in control, growth as
indicated by increased body weight. Feeding on chitinase-treated
leaves might have led to the destruction of peritrophic membrane
which ultimately leads the larvae being not able to feed well and
result in slow growth rate (Binod et al., 2007).

3.3. Effect on pupation in growth inhibition studies

Assay of growth inhibition was performed by dip method and
topical application. Both methods supported the experiment. As a
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result of topical application of enzyme on the thorax back of the
larvae, the percentage of pupation in larvae decreased in propor-
tion to the concentration of chitinase. Fig. 2 represents the mor-
tality of larvae (A), abnormal pupa (B) and abnormal adult
emergence (C) compared to that of control. Pupation had started
from day 3 onwards and reached the maximum by day 5. The low-
est pupation percentage was recorded for larvae treated with
2000 U mL�1 chitinase. While at the remaining concentrations; it
was observed that as the enzyme dose was increased number of
pupae decreased. Highest pupation efficiency of 100% was
obtained in the control and 100 U mL�1 concentration of chitinase.
The experimental group treated with this concentration showed an

onset of pupation even at day 3. So it can be concluded that at this
concentration, though the larvae progress through pupation quick-
ly because of stress, the pupae are not properly formed and finally
die (Binod et al., 2007).

3.4. Effect on the larval growth rate in growth inhibition studies

The effect of treatment on larval development was represented
as the percentage of successful pupation at the end of the experi-
ment. Successful pupation was defined as the formation of healthy
pupae which can be developed into normal adults at the end of the
test period. The percentage of successful pupation was calculated
in terms of healthy pupae. At 2000 U ml�1 concentration only
20% of successful pupation was noted (Fig. 3). It was observed that
chitinase affects successful pupation in H. armigera.

Mortality of larvae or pupae because of the treatment was mea-
sured on the 17th day. Formation of lesser number of pupae was
proportionate to the concentration of chitinase used. On day 17,
the percentage of larval or pupal mortality was measured as pre-
sented in Fig. 4. The highest mortalities (80%) were recorded for
groups treated with 2000 U mL�1, whereas the control and the
lowest chitinase concentration (100 U mL�1) showed nearly 10%
mortality. The groups treated with 1000 U mL�1 chitinase showed
a mortality rate of 50%.

4. Discussion

Chitinases are enzymes (EC 3.2.1.14) with a specific hydrolytic
activity directed toward chitin. Enzymatic cleavages generally
occur randomly at internal locations over the entire length of the

Fig. 1. Changes in mean body weights of treated group fed on leaves treated with
2000 U mL�1 of chitinase. Data are presented as mean of three replicates ± standard
deviations and significantly different from treatment with control at P < 0.001 by
one-way analysis of variance (ANOVA) with Tukey–Kramer comparison test.

Fig. 2. Mortality of larvae (A), abnormal pupa (B) and abnormal adult emergence (C) compared to that of control.
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polymer. The final products from chitinase catalysis are soluble,
low molecular mass multimers of GlcNAc, such as chitotetraose,
chitotriose, and chitobiose, with the smallest oligosaccharides
being predominant (Kramer and Koga, 1986). Chitinases have been
receiving an increased attention due to their role in the biocontrol
of fungal phytopathogens and harmful insects (Mathivanan et al.,
1998) and important role in mosquito control and plant defense
systems against chitin-containing pathogens (Mendonsa et al.,
1996).

Due to the importance of chitinolytic enzymes in the insect,
nematode, and fungal growth and development, they are receiving
attention in regard to their development as biopesticides. Consid-
erable interest in the physical, chemical, kinetic and biocidal prop-
erties of chitinases have been stimulated by their possible
involvement as defense agents against chitinous pathogenic or
pestiferous organisms such as fungi and insects. In this sense, the
peritrophic membrane and exoskeleton of insects act as physico-
chemical barriers to environmental hazards and predators
(Bollar, 1987). Entomopathogenic fungi apparently are capable of
producing multiple extracellular enzymes, including chitinolytic
and proteolytic enzymes that help to penetrate the cuticle and
facilitate infection (El-Sayed et al., 1989).

Reports are available for the degradation of insect gut peritrophic
membrane by chitinase. Perforation of peritrophic membranes
occurred in vivo after Spodoptera fifth instar larvae were fed on a
diet containing recombinant ChiAII, a recombinant endochitinase
encoded by Serratia marcescens (Regev et al., 1996).Leaves excised
from chitinase-positive and negative transgenic tobacco plants
expressing the Manduca sexta chitinase were fed to first instar larvae
of the tobacco budworm, Heliothis virescens (Ding et al., 1998). After

3 weeks, the total mass of larvae recovered from chitinase-negative
leaves were nearly six fold higher than the mass of larvae surviving
on chitinase-positive leaves. Larvae reared on plants lacking the
Manduca chitinase gene consumed substantially more leaf tissue
than did larvae feeding on plants expressing the gene. Overall, mor-
tality was greater for larvae grown on chitinase-positive plants.

Microbial chitinases have been used in mixing experiments to
increase the potency of entomopathogenic micro-organisms. A
chitinase mixture from Streptomyces albidoflavus containing three
endochitinases, two 1, 4-b-D-chitobiosidases (exochitinase) and
one glucosaminidase, with ability to degrade chitin. In addition,
the mixture affected the growth, development and survival of the
budworm H. virescens, the looper Trichoplusia ni, the whitefly Bemi-
sia argentifolii, the potato aphid Myzus persicae, and the coffee berry
borer Hypothenemus hampei (Broadway et al., 1998). Gongora et al.
(2001) cloned the coding sequences of two enzymes of the S. albid-
oflavus mixture: an endochitinase and a chitibiosidase (exochiti-
nase) (Broadway and Harman, 2000) and transformed tomato
plants (Lycopersicon esculentum) with these genes. The plants
showed an effect on the growth and development of T. ni larvae
by consistently decreasing the growth rate of the insect and alter-
ing the chitin of the intestinal peritrophic membrane; thereby
increasing the permeability of the membrane.

Bacterial chitinolytic enzymes have been used to enhance the
activity of microbial insecticides, including B. thuringiensis and a
baculovirus. Larvae of the spruce budworm, Choristoneura fumifer-
ana, died more rapidly when exposed to chitinase-Bt mixtures than
when exposed to the enzyme or bacterium alone (Smirnoff, 1974).
The mortality of gypsy moth (Lymantriadispar) larvae was
enhanced when chitinase was mixed with Bt relative to a treat-
ment with Bt alone. The toxic effect was correlated positively with
enzyme levels. Crude chitinase preparation from Bacillus circulans
enhanced the toxicity of Bt kurstaki toward diamond back moth
larvae (Kramer and Muthukrishnan, 1997). The larvicidal activity
of a nuclear polyhedrosis virus toward gypsy moth larvae was
increased fivefold when it was co-administered with bacterial
chitinase (Shapiro et al., 1987). In that case, chitinases were sup-
posed to cause perforations in the gut peritrophic membrane,
facilitating entry of the pathogens into the hemocoel of susceptible
insects.

The present studies conducted for testing the efficacy of fungal
chitinase as a biocontrol agent against the insect pest. H. armigera
have shown that the enzyme is capable of affecting the growth and
metamorphosis of the larvae; when use as an antifeedant and
applied topically and dip method. It is evident that at the specific
concentrations tested, P. ochrochloron chitinase can promote mor-
tality of larvae and pupa. It can be postulated that the adults
emerging from chitinase-treated larvae may be abnormal and inca-
pable of normal life. It might enable the use of P. ochrochloron chiti-
nase sprays combined with other pesticide formulations to
facilitate faster rate of mortality of larvae.
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Biodegradation of Acetamiprid by Isolated Bacterial
Strain Rhodococcus sp. BCH2 and Toxicological
Analysis of Its Metabolites in Silkworm (Bombax mori)

An acetamiprid degrading bacterial strain that showed confluent growth on a minimal
medium containing acetamiprid was isolated by enrichment technique, from the soil
contaminated with pesticide. The 16S rRNA gene sequence was used for identification
and further the strain was designated as Rhodococcus sp. BCH2 based on BLAST results.
The biodegradation of acetamiprid was studied using Rhodococcus sp. BCH2, followed by
toxicological evaluation of pesticide and its biodegradation metabolites. Acetamiprid
was found to be degraded via formation of N-amidoamide derivative, 1-(6-chloropyridin-
3yl)-N-methylmethanamine (m/z ¼ 156) and 6-chloronicotinic acid (m/z ¼ 157). Toxico-
logical analysis was performed with respect to genotoxicity, antioxidant enzymes, lipid
peroxidation, and protein oxidation using silkworm (Bombax mori) as a model animal.
The studies showed that, the parent compound exerts more toxic effect than its
biodegradation metabolites. Rhodococcus sp. BCH2 was a good candidate for faster and
effective biodegradation of acetamiprid.
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1 Introduction
Neonicotinoid insecticides are one of the most important commer-
cial insecticides used worldwide. They are systemic broad-spectrum
insecticides and act as a contact or stomach poison against sucking
insect pests, such as aphids, whiteflies, leaf- and plant-hoppers,
thrips, some micro-lepidoptera, and a number of coleopteran pests
[1, 2]. Their superior physicochemical properties render them to be
applicable for a wide range of techniques, including foliar, seed
treatment, soil drench, and stem application [1, 3]. Highly insect
specific action of neonicotinic compounds made them popular
amongst all other insecticides and now used in higher quantities
throughout the world. Extensive application of such neonicotinoids
has put forth the major problem that lead to exertion of extreme
toxic effects on non-target economical insects like honeybees and
silkworms. In recent years, many problems have appeared in

silkworm, Bombax mori, rearing as a result of pesticide applications
to field crops, especially whenmulberry trees grow next to field crops
[4]. The studies focusing on the effect of insecticides on B. mori dealing
with toxicity, retardation of growth and development, fecundity,
mortality, food utilization, and economic parameters has been
reported previously [5].
The extensive application of any of the chemical compound

eventually leads to the detrimental effects on environment. Several
attempts were made previously for biodegradation of such

neonicotinic compounds using various microbial species, Stenotro-
phomonas maltophilia [6], Pseudomonas sp. 1G [7], S. maltophilia CGMCC
1.1788 [1], Leifsonia sp. [8], Rhodotorula mucilaginosa strain IM-2 [2]. The
degradation of acetamiprid is reported previously via N-demethyla-
tion reaction [1]. Similarly, conversion of acetamiprid to various
metabolites using yeast R. mucilaginosa strain IM-2 is also reported
recently [2].
The aim of present study was to isolate potent bacterial strain

capable of degrading acetamiprid. Acetamiprid degradation ability of
isolate was checked under various experimental conditions.
Biodegradation of acetamiprid was confirmed using HPLC, GC–MS,
and FTIR analysis. Toxicity of neonicotinoids to non-target economic
insect is the issue of concern nowadays. Hence, an attempt is made in
the present study to elucidate toxicological effects of acetamiprid
and its metabolites produced after biodegradation, using economical
insect silkworm. Till date there very few reports are available, which
are focusing the harmful effect of pesticides to economical insects
like silkworms. Hence, the present study brings valuable information
regarding acetamiprid biodegradation potential of Rhodococcus sp.
BCH2 and toxicological nature of acetamiprid and its biodegraded
metabolites.

2 Materials and methods

2.1 Chemicals

Riboflavin, NBT (nitro-blue tetrazolium) and tricholoroacetic acid
were purchased from Hi-Media Laboratories, Mumbai. Acetamiprid
sample was obtained from IRTL (Insecticide and Residue Testing
Laboratory) Pune, with a purity of 99.5%.
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2.2 Isolation, identification and phylogenetic
analysis

The bacterial strains were isolated by enrichment of acetamiprid
contaminated agricultural soil and further screened for acetamiprid
degradation, using a previously reported protocol [9]. The enrichment
cultures were prepared in 100 mL MSM broth supplemented with
100 mg/L of acetamiprid and 2 g pesticide contaminated soil. The
enrichment flasks were sub-cultured at 5-day interval to get enriched
microbial culture, free of soil, following a previous report [9]. The
potent bacterial isolate obtained through enriched cultures was
subjected to 16S rRNA gene sequence analysis for identification.
Molecular identification of the sequence was carried out at
professional molecular biology laboratory, (Chromous Biotech,
Bangalore, India) followed by deposition to GenBank. The �1.4 kb
rDNA fragment was amplified using high-fidelity PCR polymerase
using universal primers (forward primer: 50-AGAGTRTGATCMTYGCT-
WAC-30 and reverse primer 50 -CGYTAMCTTWTTACGRCT-30) [10]. The
blast analysis of nucleotide sequence (1437 bp) of Rhodococcus sp.
BCH2 was performed at NCBI server [9] for phylogenic analysis. The
evolutionary relationship was established using neighbor-joining
technique [11]. The bootstrap test (1000 replicates) clusters associated
taxa and the percentage of replicate trees was shown next to the
branches in phylogenetic tree [12]. The MEGA4 package was used for

construction of phylogenetic tree [13].

2.3 Culture maintenance and media

The isolate was maintained routinely on nutrient agar containing:
5 g/L NaCl, 10 g/L bacteriological peptone, 2 g/L yeast extract, 1 g/L
beef extract, 15 g/L and agar, stored at 4°C until used as a
stock culture. Biodegradation studies were performed after pre-
culturing the organism from stock culture in full strength MSM
having composition: 6 g/L Na2HPO4, 5 g/L NaCl, 3 g/L K2HPO4, 0.1 g/L
MgSO4, 2 g/L NH4Cl, 5 g/L glucose at 30 � 2°C and neutral pH
for 24 h.

2.4 Biodegradation experiments

The biodegradation experiments were carried out in 100 mL of full
strength MSM broth containing 24-h grown culture of Rhodococcus
strain BCH2 (prepared by addition of 5 mL precultured inoculums in
minimal salt medium from stock culture), as reported earlier [9]. For
the biodegradation experiments broths were supplemented with
50 mg/L of acetamiprid unless otherwise state. The experiments were
conducted at 30°C, neutral pH and static conditions unless otherwise
stated. During the experiment, samples fractions (3 mL) were
collected after each 24 h interval followed by centrifugation
(10 000 � g for 10 min). The supernatant obtained was further
tested for residual pesticide concentration by HPLC analysis after
solvent extraction as reported earlier [7].

2.5 Effect of various physicochemical conditions
on biodegradation

To study the effect of various temperatures on the acetamiprid
biodegradation, flasks were prepared as described above and
incubated at various temperatures viz. 10, 20, 30, 40, and 50°C.
Residual pesticide concentration was estimated at regular intervals.
Similarly, pH effect on acetamiprid biodegradation was tested by

adjusting initial pH of the culture medium to 3, 5, 7, 9, and 11
followed by biodegradation analysis at regular time intervals. Effect
of increasing concentration of acetamiprid on biodegradation
capacity of Rhodococcus strain BCH2 was studied by addition of 50,
100, 150, 200, 250 mg/L of acetamiprid separately in 24 h grown
culture broths. The biodegradation was measured at regular time
interval. Abiotic controls were always included. Effect of different
carbon and nitrogen sources on degradation rate was assayed by
supplementing MSM with various carbon and nitrogen sources at
0.5% concentration. Glucose, mannitol, sucrose, starch, sodium
citrate, peptone, yeast extract, urea, ammonium chloride, and
ammonium acetate were used in this experiment.

2.6 Analytical studies

After acetamiprid biodegradation, metabolites were extracted with
dichloromethane followed by two extraction cycles with chloro-
form–acetonitrile under alkaline conditions. Finally, concentrated
HCl was added to the separated aqueous fraction, followed by
extraction with chloroform–acetonitrile as above. The combined
extracts were dried by evaporation and finally dissolved in 0.5 mL
of methanol (HPLC grade) and subsequently used for analytical
studies, as per earlier report [9]. Pesticide biodegradation was
evaluated using various analytical techniques reported previously
[9, 10] as, UV–Vis spectral analysis, FTIR, HPLC, and GC–MS. HPLC
analysis was executed by isocratic elution on C18 column (Waters
System 2690), using acetonitrile as mobile phase. The flow rate was
maintained at 1.0 mL/min. UV–Vis spectral scan was performed
using Hitachi UV 2800 to determine absorption spectrum changes
during acetamiprid biodegradation. The changes and shifts of
various functional groups of acetamiprid and its metabolites during
biodegradation were noted using FTIR analysis in the region of 400–
4000/cm (Shimadzu 8400S). The metabolite identification was done

using GC–MS analysis (Shimadzu Model QP2010). Initially the
temperature of column was maintained at 80°C for 2 min, followed
by a linear increase at 15°C/min to 210°C thereafter with 10°C/min
increase up to 240°C and detained for 2 min, and lastly risen up
to 280°C at a rate of 5°C/min and held for 10 min. Injection port
was maintained at 270°C, whereas interface temperature was kept
at 280°C [9]. The carrier gas used was helium at the flow rate of
1.0 mL/min [9].

2.7 Silkworm toxicity assay

Freshly hatched larvae of B. mori (collar gold race) were cultured until
the IVth molt. The larvae were fed with leaves of Morus alba (M5
variety), andmaintained in an experimental chamber as per standard
rearing protocol [14]. Technical grade samples of acetamiprid (99.5%)
were used for preparation of stock solutions. For preparing the stock
solution 10, 20, 30 mg of 99.5% pure insecticide sample were
dissolved in 100 mL distilled water. Further, working solution was
prepared by diluting the above stock solution to get final
concentrations of 1, 2, and 3 mg/L. After the IVth molt, silkworms
of identical size and age were divided into six batches, with 10 larvae
in each batch. The experimental chambers were maintained at 24°C
with 75 � 5% relative humidity [14]. Mulberry leaves were dipped in
working solutions of the insecticide for 5–10 min, then removed
followed by complete water evaporation before feeding to
silkworms [15]. Further, same feeding protocol was followed four
times a day until spinning.
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2.8 Preparation of tissue extract and measurement
of protein content

The larvae fed with mulberry leaves exposed to various concen-
trations of acetamiprid and metabolites extracted after biodegrada-
tion of acetamiprid (test), as well as water (control) were used for the
evaluation of antioxidant enzyme status. The whole midgut was
excised from larvae in ice-cold buffer (Phosphate buffer saline, pH 7.4)
solution. The contents were homogenized gently in themortar pestle
under cold conditions at 4°C. The supernatant was collected by
centrifugation (10 000 � g at 4°C) of homogenate and used as source
of enzymes. The soluble protein content was determined according to
the lowery method with bovine serum albumin as the standard [16].

2.9 Oxidative stress analysis

Super oxide dismutase activity was measured using previously
reported protocol [17, 18]. Activity of SOD was expressed as the
quantity of enzyme required for 50% inhibition of photoreduction
rate of NBT, and the results were noted as U/mg [9]. Catalase activity
wasmeasured usingH2O2 as a substrate, as described earlier [9, 17, 18].
Catalase activity was expressed as amount of enzyme required for
consumption of half of H2O2 within 100 s at room temperature [9].
Oxidative modification of lipids and protein (Lipid peroxidation and

protein oxidation) was assayed as reported earlier [17].

2.10 Genotoxicity analysis (Comet assay)

At the end of the exposure period (48 h), two larvae were selected
randomly from each group of ten. The larval hemocytes were taken
with a cut through one of the prolegs. From each larva, 0.5 mL
hemocytes was washed and centrifuged for 5 min at 1189 � g and
4°C [19]. The pellet was transferred to tubes and suspended with
1 mL PBS (pH 7.4). Comet assay was performed by the procedure
reported earlier [17, 20] Staining was performed using silver staining
method reported earlier [17]. The software Comet version 1.5 was
used for measurement of % DNA damage (%T) and tail length (TL).

2.11 Statistical analysis

Statistical analysis was performed using ANOVA with Tukey–Kramer
multiple comparison analysis [9]. The results were average of three
experiments.

3 Results

3.1 Microorganism used, molecular sequence and
evolutionary studies

The acetamiprid degrading bacterial isolate was isolated by
enrichment of pesticide-contaminated soil. The isolate was further
identified by 16S rRNA gene sequence analysis. The identified
nucleotide sequence showed maximum similarity to Rhodococcus
genus and hence the strain was designated as Rhodococcus sp. BCH2.
The sequence of Rhodococcus sp. BCH2 was submitted to GenBank
(accession number GU327664). Figure 1 illustrates phylogenetic
relationship of Rhodococcus sp. BCH2 with other species of this genus
that were found in GenBank database. The accession numbers of
different species are shown in parentheses [9]. The results of
homology relationship indicated that Rhodococcus sp. BCH2 showed

maximum similarity (99%) with other species as Rhodococcus globerulus
strain DSM 4954 (NR_026184) and Rhodococcus coprophilus strain CUB
687 (NR_029206) in the phylogenetic branch (Fig. 1).

3.2 Biodegradation experiment

Biodegradation of acetamiprid was primarily optimized in acetami-
prid containing MSM broth (full strength), as well as nitrogen
limiting or carbon limiting MSM broth. Rhodococcus sp. BCH2
exhibited the highest acetamiprid biodegradability in the MSM
broth (full strength); therefore, MSM broth was selected as the
medium for further study. Degradation of acetamiprid was expressed
with respect to percentage decrease in its concentration after
microbial treatment using HPLC analysis, as per earlier report [9]. The
time course of biodegradation of acetamiprid showed that Rhodo-
coccus sp. BCH2 degraded 84.65% acetamiprid in 8 days. Abiotic loss of
acetamiprid was not observed in control flask. Further, ethyl acetate
extracted residual cell mass showed no evidence of acetamiprid

absorption over cell surface, indicating depletion of acetamiprid was
not mere biosorption.

3.3 Effect of physico-chemical conditions on
biodegradation

Biodegradation of acetamiprid was evaluated under different pH and
temperature conditions. Effect of pH showed that, pH 7 was found to
be optimum for degradation (85.65%) whereas an acidic pH of 3 and 5
showed 23 and 35% degradation, respectively. The pH in the alkaline
range, 9 and 11, showed 31 and 19% degradation, respectively (Fig. 2).
Similarly, temperature studies showed that maximum degradation
achieved when temperature was 35°C. The rise or fall in temperature
from 35°C, reduces the biodegradation ability of Rhodococcus sp.
BCH2, which concludes the organism is optimum in mesophilic
habitat (Fig. 2). The degradation rate at 20°C was 40%, whereas at
55°C it was 27%. The temperature and pH studies conclude that the

Figure 1. Phylogenetic analysis of 16S rRNA gene sequence of
Rhodococcus sp. BCH2. The percentages at the nodes indicate the
levels of bootstrap support based on neighbor-joining analyses of 1000
replicates. Brackets represent sequence accession numbers.
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change in temperature and pH significantly alter the biodegradation
performance of the strain.
The effect of initial pesticide concentration on biodegradation is an

important parameter to reveal the correlation between the cell
biomass and biodegradation rate. Here, we have studied the
acetamiprid biodegradation by taking initial acetamiprid concentra-
tion from 50 to 250 mg/L. The increased pesticide concentration

eventually affected the growth and retarded the biodegradation rate.
The biodegradation ratewas 85% for 50 mg/L concentration, whereas;
degradation rate was reduced to 14% at 250 mg/L of acetamiprid
concentration (Fig. 2).
Carbon and nitrogen sources were found to alter acetamiprid

degradation rate significantly (Fig. 2). Amongst the tested carbon and
nitrogen sources, yeast extract served optimum carbon as well as
nitrogen source showing 87% of degradation. On the other hand
when citric acid was used as the carbon source, degradation was
completely suppressed. Amongst the nitrogen sources, sodium
nitrate showed noteworthy inhibition of acetamiprid degradation
and it was noted to be 40% (Fig. 2).

3.4 Biodegradation analysis

Biodegradation of acetamiprid was analyzed using various analytical
techniques. The UV–vis absorption spectra were found to be changed
significantly during various time intervals, indicating the depletion
of the acetamiprid from the broth (Fig. 3). The change in the spectrum
of compared to the standard acetamiprid indicates degradation of
acetamiprid. The 6th and 8th day spectrum showed formation of a
new peak at 320 nm, indicating that depletion of peak is not by
biosorption but by its degradation to different metabolites the
removal of acetamiprid. The standard spectrum of 6-chloronicotinic
acid and the newly formed peak on 6th and 8th day showed similar
absorption maxima of 320 nm, which indicates the formation of
6-chloronicotinic acid on 6th and 8th day (Fig. 3).

HPLC analysis of the acetamiprid before and after microbial
treatment confirmed the biodegradation of the pesticide in to
different metabolites. Figure 4 shows the HPLC elution profiles of
standard acetamiprid, standard 6-chloronicotinic acid and the
biodegradation metabolites extracted at different time intervals.
Acetamiprid and 6-choloronicotnic acid showed the peaks at 2.9 and
2.7 min, respectively. The biodegradation metabolites extracted at

2nd, 4th, 6th, and 8th showed the different peak pattern with altered
retention time compare to standard acetamiprid. The samples
extracted on 6th and 8th day showed the formation of new peak at
retention time 2.7 min, indicating the conversion of acetamiprid to
6-choloronicotnic acid. In addition, two more peaks were appeared

Figure 2. Effect of physico-chemical parameters on
acetamiprid degradation effect of (a) pH and tempera-
ture, (b) pesticide concentration, (c) carbon source, and
(d) nitrogen source.

0

0.5

1

1.5

2

2.5

200 250 300 350 400

Wavelength (nm)

Ab
so

rb
an

ce

Acetamiprid 2 nd day spectrum
4 th day spectrum 6 th day spectrum
8 th day spectrum 6-chloronicotinic acid

Figure 3. UV–Vis spectra of acetamiprid, 6-chloronicotnic acid and
biodegradation metabolites.
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having retention time 2.6 and 3.1 min. The overall observation from
the HPLC analysis collectively concludes the biodegradation of
acetamiprid in to different metabolites by the action of Rhodococcus
sp. BCH2.

The FTIR analysis confirmed the significant difference in the
peak pattern of control acetamiprid and its biodegradation
metabolites (Fig. 5). FTIR spectrum of acetamiprid showed peaks
at, 3062.10/cm for presence of pyridine ring, 2812.31/cm for C–H
stretching of methyl amines, 1564.32/cm for nitroso compounds.

Alternatively, the spectrum of the metabolites obtained after
biodegradation on 8th day showed significantly different peak
pattern with disappearance of few peaks and formation new ones.
The metabolites showed peaks at, 3186.51/cm for O–H stretching

of R-COOH, bonded OH of 6-chloronicotinic acid, 1631.83/cm for
NH–CO–NH stretching of urea compounds, 1533.46/cm for amide
groups with NH deformation.
The metabolites produced during the acetamiprid biodegradation

were analyzed through GC–MS analysis. The gas chromatogram of

Figure 4. HPLC elution profile of standard acetamiprid (a), standard 6-chloronocotinic acid (b), extracted metabolites on day 2 (c), day 4 (d), day 6 (e), and
day 8 (f).

Figure 5. FTIR analysis of acetamiprid and its
biodegradation metabolites.

300 S. S. Phugare and J. P. Jadhav

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.clean-journal.com Clean – Soil, Air, Water 2015, 43 (2), 296–304



degraded acetamiprid revealed the formation of new peaks.
Furthermore, obtained mass fragmentation and m/z values were
used for prediction of proposed structures of metabolites generated
after biodegradation (Fig. 6). Acetamiprid biodegradation pathway
has been proposed by GC–MS analysis (Fig. 6). Various metabolites
formed during the biodegradation of acetamiprid includes; N-
amidoamide derivative, 1-(6-chloropyridin-3yl)-N-methylmethan-
amine (m/z ¼ 156) and 6-chloronicotinic acid (m/z ¼ 157).

3.5 Toxicological analysis

Physiological analysis of the silkworm as a function of silk gland
weight, midgut weight, and total length of the silkworm was
performed. Table 1 reveals that total growth of the body was retarded
in case of the silkworms fed with the acetamiprid treated leaves with
loss of nervous coordination. From the table, it is clear that the
worms fed with acetamiprid treated leaves showed retarded growth,
especially of silk glands. The silk gland is the organ of the silkworm
that plays a key role in silk synthesis. Toxic nature of the acetamiprid
will ultimately affect silk synthesis.

The DNA damage in larval hemocytes was measured using comet
assay for prediction of genotoxic nature of acetamiprid and its
metabolites. The hemocytes were collected (after 48 h treatment)
from the silkworm fed with mulberry leaves exposed to the various
acetamiprid concentrations and then subjected to comet assay,
followed by measurement of %T (% DNA present in tail) and TL in mm
(Tab. 2), as reported previously [9]. Significant difference was
noted in case of observed parameters compared to control. Results
of the present study conclude, the DNAmolecules are migrated away
from nucleus as result of damage to nuclear membrane. The
migration of DNA is higher in the cells of silkworm exposed to the
acetamiprid. Alternatively, the DNA migration was not much in the
cells of silkworm exposed to biodegradation metabolites. From this
study, it can be concluded that microbial treatment favors
degradation as well as toxicity reduction of acetamiprid.
Oxidative stress studiesmainly associated with level of antioxidant

enzymes; SOD and CAT are core amongst them. SOD and CAT are well
studied in case of silkworm B. mori. Spectrophotometric assays
revealed the induction of CAT and SOD in the midgut, after exposure
to acetamiprid (Tab. 3). Conversely, induction in case of test samples

Figure 6. Proposed pathway of acetamiprid biodegradation using Rhodococcus sp. BCH2.

Acetamiprid Biodegradation by Rhodococcus sp. BCH2 301

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.clean-journal.com Clean – Soil, Air, Water 2015, 43 (2), 296–304



(fed with leaves exposed to biodegraded metabolites) was compara-
tively less.
Oxidative modification of proteins and lipids are well-recognized

parameters for toxicity assessment of chemical compound. Table 3
gives an idea of effect of acetamiprid and its biodegradation
metabolites on lipid peroxidation (MDA formation) in silkworm B.
mori. Oxidatively modified proteins were detected for protein
oxidation analysis. Protein oxidation was prominent in case of

larvae fed with mulberry leaves treated with acetamiprid while it
seems to be lowered in case of larvae fed with mulberry leaves
exposed to the biodegraded metabolites (Tab. 3).

4 Discussion
The neonicotinoids are a new insecticide class, which include the
commercial products imidacloprid, acetamiprid, nitenpyram, and

Table 1. Physical analysis of the silkworms fed with mulberry leaves treated with acetamiprid, biodegradation metabolites of acetamiprid and water
(control)

Parameter Control Silkworms fed with treated mulberry leaves

Acetamiprid (ppm) Biodegradation metabolites (ppm)

1 2 3 1 2 3

Body length (cm) Initial 2.2 2.1 2.5 2.4 2.3 2.1 2.5
Final 4.7 3.3 3.1 2.9 4.0 3.9 3.8

Silk gland weight
(mg)

212.43 � 2.4 96.87 � 1.5�� 75.88 � 1.8�� 60.43 � 1.3�� 176.33 � 2.5�� 154.65 � 3.1�� 149.76 � 2.9��

Midgut weight (mg)
(after feeding 48 h)

200.67 � 1.7 131.67 � 1.2�� 117.33 � 2.7�� 103.33 � 1.5�� 192.00 � 1.7 186.33� � 2.1 173.00 � 3.2��

The values are mean of three experiments and SEM (�) is significantly different from the control cells at �p < 0.01 and ��p < 0.001 by one-way
analysis of variance (ANOVA) test with Tukey–Kramer multiple comparison test.

Table 2. Detection DNA damage in the hemocytes of silkworm fed with mulberry leaves exposed to acetamiprid and its degraded metabolites
produced after bacterial treatment using Comet assay

Parameter analyzed Control Silkworms fed with treated mulberry leaves

Acetamiprid (ppm) Biodegradation metabolites (ppm)

1 2 3 1 2 3

TL (mm) Mean � SD 36.00 � 4.04 54.33 � 1.04�� 65.33 � 1.34�� 78.66 � 1.24�� 44.66 � 1.77� 50.33 � 1.54� 1.33 � 1.87�
%T Mean � SD 48.58 � 3.10 77.00 � 1.74�� 83.66 � 1.23�� 96.67 � 1.64�� 55.87 � 1.95 57.87 � 1.38� 64.67 � 1.59�

The values are mean of three experiments and SEM (�) is significantly different from the control cells at �p < 0.01 and ��p < 0.001 by one-way
analysis of variance (ANOVA) test with Tukey–Kramer multiple comparison test.

Table 3. Analysis of antioxidant enzyme activities (SOD and CAT), lipid peroxidation, and protein oxidation in the midgut of silkworm fed with
mulberry leaves exposed to acetamiprid and its degraded metabolites produced after bacterial treatment

Parameter analyzed Control Silkworms fed with treated mulberry leaves

Acetamiprid (ppm) Biodegradation metabolites (ppm)

1 2 3 1 2 3

SOD activity (inhibition
of NBT reduction by
50%)/mg protein/h

6.701 � 1.20 14.56 � 2.02� 18.50 � 1.0�� 22.74 � 1.54�� 6.701 � 1.20 9.43 � 1.44 13.40 � 1.50�

CAT activity (nmol of
H2O2 utilized)/mg
protein

29.49 � 0.93 35.45 � 2.42 42.57 � 1.2�� 56.54 � 1.24�� 28.98 � 2.50 32.54 � 1.45 39.54 � 1.63��

Protein oxidation
(carbonyl content
in nmol/mg protein)

5.7 � 1.23 7.02 � 0.88 8.60 � 1.5�� 9.53 � 1.4�� 6.73 � 1.40 6.79 � 1.01 6.99 � 0.97

Lipid peroxidation
(MDA nmol/g FW)

0.68 � 0.20 0.99 � 0.45� 1.52 � 0.8�� 1.76 � 0.6�� 0.77 � 0.52 0.91 � 0.34� 0.98 � 0.20�

The values are mean of three experiments and SEM (�) is significantly different from the control cells at �p < 0.01 and ��p < 0.001 by one-way
analysis of variance (ANOVA) test with Tukey–Kramer multiple comparison test.
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thiamethoxam and are important to agriculture because of their
activity against sucking insects and some heteroptera, coleoptera and
lepidoptera [21, 22]. Due to the less toxicity to the mammals use of
neonicotinoids is increasing day-by-day [23, 24], which resulted the
serious problem to the non target economical insects like honeybees
and silkworms. Hence, nowadays remediation of such compounds is of
prime concern and many of the researchers are focusing on the
degradation and mineralization of these compounds by different
methods, including physico-chemical and biologicalmethods [1, 2, 25].
The endeavor of present study was to evaluate the use of a

biological treatment with the aid of isolated bacterial culture for
pesticide biodegradation. Till date, very few bacterial species have
been reported for acetamiprid degradation [1, 2]. Here, we report that
Rhodococcus sp. BCH2 could able to degrade acetamiprid up to 85%
within 8 days, which is significantly higher and faster as compared to
the reported bacterial strains for acetamiprid degradation. Recently,
Dai et al. reported use of yeast R. mucilaginosa strain IM-2 for
biotransformation of the acetamiprid and the yeast was found to
degrade 93% of acetamiprid after 14 days of incubation. The yeast
transformed the acetamiprid to the metabolite IM 1-3 [2]. Similarly,
the biotransformation of the acetamiprid to IM 2-1 by the action
of S. maltophilia CGMCC 1.1788 was reported earlier [1]. Present
study reports degradation of acetamirpid via the formation of
N-amidoamide derivative, 1-(6-chloropyridin-3yl)-N-methylmethan-
amine and 6-chloronictinic acid metabolites. Biochemical degrada-
tion pathway of acetamiprid was proposed earlier in case of yeast
R. mucilaginosa strain IM-2 [2]. However, analytical studies showed that
themetabolites predicted earlier and themetabolites obtained in the
present study are significantly different, hence present study brings
new insights for acetamiprid biotransformation.
The optimization of physico-chemical parameters for acetamiprid

biodegradation revealed that pH 7 and temperature 35°C was
optimum for degradation. Overall, the optimization of pH and

temperature is important for many microbial degradation experi-
ments. Such optimization studies for biodegradation of dimethoate
by Brevundimonas sp. MCM B-427 has been previously reported [26].
Studies with the increasing acetamiprid concentration revealed that
the rate of biodegradation was found to be reduced. The higher
concentration might exert the toxic effect on to the cells and
ultimately on to the enzyme systems, hence, it results in to decreased
biodegradation. Similar experiments were reported earlier to study
the effect of initial dye concentration in case of biodegradation
studies of dye using various microbial systems [27].
The growth of the microorganisms mainly depends up on the

nutrient availability in the growth habitat. All the metabolic
activities of the microbes are regulated through the nutrient status
of the medium. Sometimes under starvation, microbes switch on the
alternative metabolic pathways to utilize the available material as
food source on contrary sometimes readily available nutrient sources
hampers alternative metabolic activity of the cells. On the other
hand, sometimes additional carbon and nitrogen sources might act
as a stimulator for subsidiary metabolic activity. Effect of addition of
external carbon and nitrogen sources on biodegradation of chemicals
were studied previously by many researchers [28, 29]. Figure 2 gives
clear idea about effect of carbon as well as nitrogen sources on the
degradation ability of the strain was reduced which might be due to
suppression of acetamiprid utilizing machinery of Rhodococcus sp.
BCH2. Complete inhibition of degradation rate in presence of citric
acid might be associated with inhibition of microbial enzymes under
extreme acidic conditions. On the contrary, yeast extract was found

to stimulate biodegradation, which might be due to the induction of
pesticide degrading enzymes in presence of yeast extract.
HPLC analysis of the acetamiprid before and after microbial

treatment confirmed the biodegradation of the pesticide in to
different metabolites. Comparison of standard spectrum (UV–vis and
HPLC peaks) of acetamiprid and 6-chloronicotinic acid with the
spectrum of biodegradation metabolites confirms the degradation of
acetamiprid to 6-chloronicotinic acid. The observations obtained
through HPLC and UV–vis analysis are better supported by the results
of FTIR and GC–MS analysis.
The neonicotinic compounds are less toxic to the mammals due to

their specific action. On the other hand, they are moderately toxic to
the insects. Due to the action of neonicotinoids, target as well as non-
target insects get affected. The acetamiprid exerts strong toxic effect
on the silkworms and the physiological retardation of silkworms is
shown in Tab. 1. Hence, present study provides important finding
regarding the toxicological nature of acetamiprid and its biodegra-
dation metabolites on silkworms. The comet assay (alkaline version)
is renowned method for detection genotoxicity of a compound and
proved to be useful for biomonitering of the environmental
pollutants [20]. Acetamiprid exerts strong genotoxic effect on the
silkworms compared to its biodegradationmetabolites. Furthermore,
toxicity of acetamiprid was evaluated by studying the antioxidant
enzymes. Dose dependent induction was noted in midgut CAT and
SOD after exposure to acetamiprid (Tab. 3). Oxidative stress
development in the thymic cells of mice, followed by altered
antioxidant enzyme status was reported after exposure to pesticides
like malathion and lindane [30]. Lipid peroxidation and protein
oxidation are well known biomarkers for toxicity analysis of
chemical compound. The acetamiprid was found increase the rate
of lipid peroxidation whereas in case of metabolites produced after
microbial treatment peroxidation rate was comparatively less
(Tab. 3). Similarly, elevated oxidative modification of proteins was

noted in case of larvae fed with acetamiprid treated leaves, while in
case of larvae fed with metabolites treated leaves (obtained after
biodegradation) rate seems to be lowered (Tab. 3). Raised values of
oxidatively modified lipids indicate generation of reactive oxygen
intermediates (ROS) as a response to pesticide, further leading to cell
apoptosis [9]. Development of oxidative stress and ROS are reported to
be triggers of cell apoptosis [9, 31]. Induction of lipid peroxidation in
fish by endosulfan, [32] and cypermethrin [5] was reported previously.
Similar observations were reported earlier in acephate-exposed
earthworms [9].
The present study brings valuable information regarding acet-

amiprid biodegradation potential of Rhodococcus sp. BCH2 and the
strain was found to be a good candidate for faster and effective
biodegradation of acetamiprid. The biodegradation studies coupled
with toxicological analysis concluded that the pesticide was trans-
formed to the metabolites that were relatively less toxic to the
silkworms.
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Abstract Pressmud is a byproduct of sugar industry.

Currently it is used both as a soil reclamation agent and soil

conditioner. Repeated use of pressmud makes soil highly

alkaline and decreases the soil quality, which is adversely

affecting the growth of agricultural crops. Thus, the

objective of the present study is to evaluate changes in

physico-chemical and phyto-chemical parameters of soil

and chilli plant, Capsicum annum after treating with the

pressmud, which is enriched with feather degraded product

(FDP) and humus. The results showed that the plant

amended with a dose of 5 % of pressmud and 5 % FDP

supplied as a foliar spray in the soil at an interval of 5 days

had promising growth and growth-related parameters, such

as proteins, carbohydrates, amino acids and chlorophyll

contents. Fertility of the soil was also increased. Therefore

the application of this organic amendment could promote

and improve the agro-ecosystem, and also represent an

effective strategy for a sustainable solution to the problem

of feather disposal.

Keywords Chilli plant � Humus �
Feather degraded product (FDP) � Pressmud �
Sugar industry

Introduction

India ranks second in agricultural industries globally with

more than 400 sugar industries. Indian sugarcane industry

produces several byproducts of immense potential value,

which includes pressmud (filter cake), molasses and spent

wash, out of these pressmud is generated during clarifica-

tion of sugarcane juice. Approximately 36–40 kg of

pressmud is obtained after crushing a ton of sugarcane [1].

Pressmud is a fibrous, odiferous, mildly corrosive and

biodegradable organic waste that is rich in organic matters,

like organic carbon, sugars, proteins, macro (N, P, and K)

and micro (Zn, Fe, Mg, Mn, Cu etc.) nutrients, and

microbial flora [2]. Though it is nutritionally rich, its use in

agriculture as compost is very low due to its odor, trans-

portation cost, and fear that its application may lead to

crust formation, pH variation and pollution of soil [3].

Conventional composting of pressmud takes about

6 months and has less nutritive value and compact nature.

Similarly a byproduct of poultry is feather waste, which is

made up of keratin protein (90 %) and generated in millions

of tons annually [4]. The feather waste upon biodegradation

by Chryseobacterium sp RBT produces peptides and several

amino acids, like glycine, alanine, serine, cysteine, valine

and macro and micro elements, which can be a good source

of organic nitrogen [5]. An opportunity exists for the

development of new nitrogen-rich organic amendments that

will serve the dual purpose of improving plant growth and

stimulating microbial activity in the soil, beneficial to

enhance the quality of the pressmud [6]. Therefore, the

protein rich concentrate of feather waste generated from

poultry farm,which acts as a semi slow released fertilizer [7],

can be used for organic farming.

The enrichment of pressmud with other organic wastes

like humus or chicken feather degradation products (FDP)
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can increase the nutritional value of pressmud within a

short period of time and then it could be more beneficial

than pressmud alone as manure. According to Deashmukh

et al. [8] conversion of raw pressmud into enriched press-

mud compost through composting process increased the

available nutrient content like, N, P and K. The application

of enriched pressmud compost increased soil properties

instead of raw pressmud.

The aim of the present study was to determine the

physico-chemical parameters of the pressmud and enrich

its quality by using FDP and humus as organic supplement.

Similarly, impact of these combinations on growth and

biochemical analysis of chilli plant was evaluated. As the

pressmud compost increases availability of nutrients in

soil, therefore, the soil was also tested in the present study.

Material and Methods

The laboratory experiment for chilli plantation was con-

ducted in the winter of 2012–2013 in the open space of

Environmental Science Department, Shivaji University,

Kolhapur, Maharashtra, India in natural conditions, where

the plantlets were 30-days old and 12–15 cm in height, and

were purchased from a local nursery in Kalamba area,

Kolhapur.

The experiment was planned to determine the effect of

pressmud enriched by FDP and humus on following sets of

parameters, (1) phyto-chemical growth and quality

parameters, like chlorophyll content, protein content, and

amino acids content etc. of chilli plant and (2) physico-

chemical parameters of soil before plantation and after

harvest of the crop.

The experiment was arranged in small pots with three

replicates. The pot size was 25 cm (length) 9 15 cm

(height). Total five treatments including control were

employed.

The data of physico-chemical and phyto-chemical

parameters were recorded accordingly at appropriate time

of above treatments.

Collection of Pressmud, Chicken Feather

and Humus

Pressmud was collected from Kumbhi Kasari S.S.K. situ-

ated at about 12 km west of Kolhapur city having its

crushing capacity 3500 TCD Distillery of 45000 LPD.

Chicken feathers were obtained from waste near local

poultry processing unit, from Kolhapur, India. Feathers

were washed in running tap water to remove debris and

rinsed with distilled water and sun dried.

In humus preparation, the kitchen waste was mixed with

soil in 2:1 ratio and allowed to decompose for 2 weeks in a

shallow pit. After 2 weeks, the waste was converted into

dark crumbly mass that was used as humus.

Formation of FDP

Biodegradation of feathers was carried out by the isolated

microorganism, Chrysobacterium sp RBT, by using min-

eral salt medium containing 100 ml sterilized basal salt

medium (BSM) having composition (g l-1) of KH2PO4 (4),

Na2HPO4 (6), NaCl (5), MgSO4 (0.1) and feathers (10).

After incubation, the complete feather degradation was

observed within 30 h. This degraded broth contained pep-

tides and amino acids [5].

Chilli Plantation in Controlled Conditions

The chilli plantlets, of variety named Jyoti, were planted in

the pots during winter season (November) of 2012–2013 in

the open space of Environmental Science Department,

Shivaji University, Kolhapur (Maharashtra, India) under

natural conditions. Five different treatments that were

employed are as follows, (1) control with no inoculum (S0),

(2) 80 % soil mixed with 20 % pressmud (S1), (3) 90 %

soil mixed with 10 % pressmud (S2), (4) 90 % soil mixed

with 5 % pressmud and 5 % humus (S3), and (5) 90 % soil

mixed with 5 % pressmud and sprayed with 5 % FDP (S4).

Each treatment had three replicates. The experimental units

were arranged in completely randomized design.

Analysis of Physico-chemical Parameters

of Pressmud and Soil

The pressmud and soil were analyzed for pH and moisture

content [9], organic carbon content [10], organic matter

[11], available phosphorus [12], total nitrogen [13], cal-

cium [14] and magnesium [15], exchangeable sodium [16]

and potassium [17]. Similarly, the soluble protein [18],

total sugar content [19], reducing sugar [20] and amino

acids [21] were also evaluated.

Analysis of Phyto-chemical Parameters of Chilli

Plant

The biochemical characteristics of vegetative part were

determined in terms of their chlorophyll content [22], total

phenolics [23], total flavonoids [24], protein [18], carbo-

hydrates [19], amino acid [21], proline, tryptophan [25,

26], and indol acetic acid [27].

Data Analysis

All the experiments were carried out in triplicate and data

were analyzed using a one-way analysis of variance

P. R. Bhosale et al.
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(ANOVA) with the Tukey–Kramer multiple comparison

test using the Graph pad software.

Results and Discussion

Initial Physico-chemical Parameters of Soil

and Other Combinations Before Plantation

The analysis of the studied soil is given in Table 1, which

showed that most of the physico-chemical properties of the

soil have been positively changed by application of different

combinations of pressmud.Application of pressmudalone has

shown an increase in soil pH, as the pressmud is alkaline in

nature. Other combinations have been able to minimize the

alkalinity of pressmud, as shown in Table 1. The optimumpH

range for most plants is 6–7.5, however, some plants have

adapted to thrive at pH values outside this range [28]. Simi-

larly, the determined moisture content was 14 ± 0.011 %,

whereas that of pressmud was 24 ± 0.008 %. The moisture

contents of other combinations are shown in Table 1. The

readings showed that elevated levels of pressmud in the soil

increased moisture content. Similarly, the organic matter in

soil was 6.6 ± 0.013 % and that of pressmud was

19.6 ± 0.014 %. The organic matter content of remaining

combinations is shown in Table 1. Also, the macronutrient

contents of the pressmud and other combinations were found

to be more as compared to that of the soil alone. Calcium,

magnesium and sodium were found in higher amounts in the

pressmud (Table 1).

Carbon content was evaluated and found to be higher in the

pressmud. The results of carbon content of soil, pressmud and

their combinations are given in Table 1. It was also shown

that soil containing pressmud had higher percentage of

organic carbon. Due to high organic content, i.e. organic

carbon and organic matter, pressmud can serve as better

source of organic nutrients [29]. Chemically pressmud is a

rich source of organic matter, organic carbon, sugar, protein,

enzymes, macronutrients, micronutrients and microbes [30].

The organic matter increases water and nutrient holding

capacity, improves surface stability, aeration and water pen-

etration by altering the soil structure [31]. However, the dis-

advantages of pressmud appear when it is freshly applied to

the soil directly from the factory. It has the tendency to burn

the plants as the result of the rapid decomposition, which

liberates heat and ammonia in high concentrations [32]. The

simplest and appropriate application of recycled feather

wastes is a low cost soil amendment that provides organic

matter, and it is an important elector of biologically active and

productive soils [33]. Therefore, it is necessary to enrich the

quality of pressmud by using FDP and humus as organic

supplement. Similarly, impact of these combinations on

growth and biochemical parameters of chilli plants, and

analysis of soil nutrients for the plants fertilitywere evaluated.

Organic manure or biofertillizer produced from FDP plays a

key role in increasing the desired soil properties and exerts a

beneficial effect on all soil characteristics [34].

Effect of Various Combinations of Pressmud,

Humus and FDP on Physico-chemical Parameters

of Soil

In the pot experiments, results were observed after

3 months of plantation. They are mentioned in Table 2.

Table 1 Analysis of the soil and various combinations at the initiation of pot experiment, before plantation

Sr. no Parameters S0 S1 S2 S3 S4

1 pH 7.15 ± 0.028 7.30 ± 0.023 7.22 ± 0.026 7.20 ± 0.014 7.22 ± 0.020

2 Moisture content 14 ± 0.011 24 ± 0.008 19 ± 0.008 17 ± 0.012 23 ± 0.009

3 Carbon 2.67 ± 0.031 6.42 ± 0.062 4.57 ± 0.028 3.78 ± 0.090 5.80 ± 0.080

4 Organic matter 6.6 ± 0.013 19.6 ± 0.014 12.4 ± 0.006 11.4 ± 0.017 12.6 ± 0.033

5 Available phosphorus 0.41 ± 0.006 0.65 ± 0.001 0.54 ± 0.005 0.48 ± 0.002 0.50 ± 0.005

6 Total nitrogen 0.10 ± 0.007 0.36 ± 0.003 0.24 ± 0.001 0.15 ± 0.005 0.20 ± 0.001

7 Total calcium 0.12 ± 0.004 0.26 ± 0.001 0.28 ± 0.004 0.17 ± 0.002 0.17 ± 0.004

8 Total magnesium 0.08 ± 0.002 0.19 ± 0.004 0.12 ± 0.002 0.05 ± 0.001 0.12 ± 0.002

9 Total sodium 0.054 ± 0. 010 0.007 ± 0.004 0.006 ± 0.002 0.005 ± 0.003 0.006 ± 0.002

10 Total potassium 0.15 ± 0.080 0.21 ± 0.075 0.18 ± 0.057 0.26 ± 0.032 0.18 ± 0.057

11 Protein content 0.077 ± 0.003 0.65 ± 0.005 0.32 ± 0.006 0.22 ± 0.008 0.32 ± 0.006

12 Total sugar content 0.064 ± 0.007 0.564 ± 0.002 0.248 ± 0.006 0.168 ± 0.004 0.248 ± 0.006

13 Reducing sugar 0.052 ± 0.003 0.122 ± 0.004 0.072 ± 0.005 0.052 ± 0.003 0.072 ± 0.005

14 Amino acid 0.019 ± 0.001 0.089 ± 0.003 0.059 ± 0.002 0.029 ± 0.003 0.059 ± 0.002

The values represent mean of triplicates, and SEM (±) is significantly different from the control cells by one way analysis of variance (ANOVA)

test with the Turkeye–Kramer multiple comparison test. S0: control; S1: 80 % soil and 20 % pressmud; S2: 90 % soil and 10 % pressmud; S3:

90 % soil, 5 % pressmud and 5 % humus; S4: 90 % soil, 5 % pressmud and 5 % FDP
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Changes in pH

The S0 showed no change in pH. The pH of soil in S1 and

S2 were 7.94 ± 0.023 and 7.81 ± 0.026, respectively,

while soil pH values in S3 and S4 were 7.15 ± 0.014 and

7.12 ± 0.020, respectively. Pressmud-containing samples

had alkaline pH, plants might have had faced difficulties in

uptake of nutrients and thus showed reduced growth as

compared to the plants that were grown in soil alone.

Enrichment of pressmud with humus or FDP helps in

maintaining the pH around 7, which is favorable for proper

growth of plants. The pressmud also provides nutrients and

amino acids as a growth enhancer.

Changes in Moisture Content

Among all the treatments S3 showed higher percentage of

moisture content i.e. 43 ± 0.014 % as compared to other

treatments. Humus has high moisture content, which

favored photosynthesis and transpiration [35]. So plants in

humus-containing soil showed greater height and leaf

number than plants in soil alone. Humus can hold the

equivalent of 80–90 % of its weight in moisture, and

therefore increases the soil’s capacity to withstand drought

conditions [36].

Changes in Organic Carbon and Organic Matter

In general, percentage of organic carbon and organic

matter increased significantly with change in treatment.

The organic carbon and organic matter of control soil (S0)

were 2.99 ± 0.048 and 6.2 ± 0.021 %, respectively.

Among all the treatments S1 and S4 showed superior effect

as compared to S2 and S3. Maximum organic carbon and

organic matter were recorded in treatment S1 followed by

S4, organic carbon being 7.39 ± 0.014, 7.03 ± 0.042 %

and organic matter 16.6 ± 0.092, 13.6 ± 0.014 %,

respectively, whereas S2 and S3 showed 5.82 ± 0.057,

5.98 ± 0.066 % organic carbon and 11.4 ± 0.017,

12.8 ± 0.020 % organic matter, respectively. The content

of organic carbon had increased with application of

pressmud, humus and FDP, as this combination had high

concentration of organic carbon. The maximum growth of

plants was observed in treated soil than plants grown in the

plain soil. Organic carbon plays an important role in pro-

viding plant nutrients, enhancing cation exchange capacity,

improving soil aggregation and water retention, and sup-

porting biological activity of soil [37]. According to

Soleimanzadeh and Ghooshchi [38] feathers are also a

good source of soil organic matter, which plays a key role

in maintaining soil fertility and productivity.

Changes in Nitrogen Content

Pressmud, enriched with humus and FDP, was found to

have significant effect on nitrogen content of soil. Unlike

carbon content, nitrogen was increased gradually (Table 2).

Among all the treatments, S4 showed maximum nitrogen

content of 0.33 ± 0.002 % followed by S3 (0.25 ±

0.004 %), whereas S1 and S2 showed 0.19 ± 0.003 and

0.17 ± 0.004 %, respectively. Nitrogen is one of the key

nutrients in the soil. Increase in available soil nitrogen, on

Table 2 Analysis of the soil and various combinations at the end of the pot experiment, 3 months after the plantation

Sr. No Parameters S0 S1 S2 S3 S4

1 pH 7.18 ± 0.016 7.94 ± 0.021 7.81 ± 0.023 7.15 ± 0.026 7.12 ± 0.030

2 Moisture 14 ± 0.011 39 ± 0.008 35 ± 0.013 43 ± 0.014 36 ± 0.098

3 Carbon 2.99 ± 0.048 7.39 ± 0.014 5.82 ± 0.057 5.98 ± 0.066 7.03 ± 0.042

4 Organic matter 6.2 ± 0.021 16.6 ± 0.092 11.4 ± 0.017 12.8 ± 0.020 13.6 ± 0.014

5 Available phosphorus 0.39 ± 0.001 0.52 ± 0.008 0.43 ± 0.005 0.57 ± 0.002 0.58 ± 0.003

6 Total nitrogen 0.07 ± 0.001 0.19 ± 0.003 0.17 ± 0.004 0.25 ± 0.004 0.33 ± 0.002

7 Total calcium 0.1 ± 0.004 0.19 ± 0.001 0.16 ± 0.003 0.19 ± 0.002 0.26 ± 0.002

8 Total magnesium 0.02 ± 0.001 0.09 ± 0.008 0.06 ± 0.001 0.06 ± 0.002 0.13 ± 0.002

9 Total sodium 0.052 ± 0.140 0.056 ± 0.230 0.052 ± 0.150 0.051 ± 0.410 0.054 ± 0.570

10 Total potassium 0.10 ± 0.121 0.13 ± 0.080 0.12 ± 0.031 0.14 ± 0.072 0.17 ± 0.110

11 Protein content 0.064 ± 0.006 0.31 ± 0.005 0.12 ± 0.001 0.23 ± 0.002 0.37 ± 0.004

12 Total sugar content 0.048 ± 0.008 0.40 ± 0.003 0.22 ± 0.008 0.14 ± 0.012 0.24 ± 0.014

13 Reducing sugar 0.022 ± 0.003 0.082 ± 0.002 0.042 ± 0.003 0.032 ± 0.001 0.052 ± 0.004

14 Amino acid 0.019 ± 0.001 0.059 ± 0.022 0.029 ± 0.002 0.039 ± 0.003 0.059 ± 0.003

The values represent mean of triplicates, and SEM (±) is significantly different from the control cells by one way analysis of variance (ANOVA)

test with the Turkeye–Kramer multiple comparison test. S0: control; S1: 80 % soil and 20 % pressmud; S2: 90 % soil and 10 % pressmud; S3:

90 % soil, 5 % pressmud and 5 % humus; S4:90 % soil, 5 % pressmud and 5 % FDP
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account of this FDP application, indicated that the nitrogen

present in pressmud was readily available for plant nutri-

tion. Amino acids present in FDP also acted as nitrogen

source. Therefore, feather waste generated from poultry

can act as nitrogen rich source that serve the dual purpose

of improving plant growth and intensifying microbial

activity in soil [39].

Changes in Phosphorus (P) and Potassium (K)

Phosphorus and potassium are essential elements for plant

growth and development as they not only improve level of

nutrition of the soil, but also improve the quality of crop

[40]. Among all the treatments S4 was found to have

0.58 ± 0.003 % more phosphorus and 0.17 ± 0.110 %

more potassium than control S0, 0.39 ± 0.001 % (P) and

0.10 ± 0.121 % (K). The other treatment S3 showed

0.57 ± 0.002 % (P) and 0.14 ± 0.072 %(K) followed by

S1 and S2, which showed 0.52 ± 0.008, 0.43 ± 0.005 %

(P) and 0.12 ± 0.031, 0.14 ± 0.072 % (K), respectively. It

was found that there is significant increase in phosphorus

and potassium contents of soil with application of press-

mud, humus and FDP. Pressmud and FDP have high

amounts of phosphorus than soil. In initial analysis of soil,

phosphorus content was higher while after growth of plants

it was reduced. This indicates that plants had utilized

phosphorus for their metabolism.

Changes in Calcium and Magnesium Content

Every plant needs calcium to grow. It is an important

constituent of cell wall. Without an adequate amount of

calcium, plants experience a variety of problems like

necrosis or stunted growth. Pressmud and FDP have higher

amount of Ca??, which would be helpful for plant growth.

The soil treated with pressmud and FDP i.e. S1, S3 and S4
respectively showed significant amount of Ca content i.e.

0.19 ± 0.001, 0.19 ± 0.002 and 0.26 ± 0.002 %, while S2
and S0 showed 0.16 ± 0.003 and 0.1 ± 0.004 %, respec-

tively. Pressmud is rich in Mg content but due to alkaline

conditions plants fail to uptake appropriate amount of

magnesium but when pressmud was enriched with humus

or FDP, its pH came down, which would help in proper

uptake of magnesium by plants. As magnesium content

increased consequently chlorophyll content increased. The

treatments S4 and S1 show higher percentage of magnesium

content i.e. 0.13 ± 0.002 and 0.09 ± 0.008 %, respec-

tively. Magnesium is the central element of the chlorophyll

molecule, which is vital for photosynthesis. It is a co-factor

and a constituent of many enzymes [41]. Conclusively, the

addition of FDP hydrolysate the major and minor nutrient

constituents in the soil like N, P, K, C, Mg, Ca and Na were

changed favorably for plant growth [42].

Changes in Biochemical Parameters

Generally pressmud shows 3.02 % protein content. In

Table 1 pure soil shows 0.077 % protein content while in

other combinations, S1, S2, S3 and S4, the soil showed

0.65 ± 0.005, 0.32 ± 0.006, 0.22 ± 0.008 and

0.32 ± 0.006 % protein content, respectively. Along with

protein, the percentages of sugar and amino acids in the

soil also increased due to addition of the pressmud, since it

is rich in proteins, sugars and amino acids. After 3 months

protein, total sugar and amino acid content of S3 and S4
combinations showed better results as compared to other

combinations. According to Sinha and Pant [43] the bio-

stimulating effect of the keratin hydrolysates is associated

with its formulation, as the protein waste materials might

be digested into soluble proteins, peptides and free amino

acids. This indicated that FDP is good source of nutrient for

plant growth as feathers are rich in proteins (90 %), which

were solubilized into peptides and amino acids using

microbial keratinase [6].

Effect of Various Treatments on Phyto-chemical

Parameters of Chilli Plant

Estimation of Chlorophyll Content

Chlorophyll is vital for photosynthesis, which allows plants

to absorb energy from light [44]. Figure 1 shows that

chlorophyll contents of chilli plant grown in S4 and S3 were

0.74 ± 0.08 and 0.56 ± 0.05 mg g-1, respectively,

whereas other combinations such as S1, S2, and S0 showed

less chlorophyll content. According to Neals [45], forma-

tion of chlorophyll molecule is dependent on nutrients like

N, Mg, S, Ca, Fe, Mn, as well as Zn available to the plants.

These metals are present in good amount in FDP and in

humus. Supplementing plants with these might have

enhanced the chlorophyll content. Higher concentration of

Fig. 1 Effect of selected doses on the chlorophyll content of chilli

plant. Data shown as mean ± SEM, n = 3, S0 control; S1 80 % soil

and 20 % pressmud; S2 90 % soil and 10 % pressmud; S3 90 % soil,

5 % pressmud and 5 % humus; S4 90 % soil, 5 % pressmud and 5 %

FDP
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chlorophyll favors the synthesis of carbohydrates and other

compounds, which have a positive effect on fruit yield

[46].

Estimation of Protein, Carbohydrates and Amino Acids

Figure 2 shows the effect of doses of pressmud, humus and

FDP on the protein, carbohydrate and amino acid contents

of chilli plant. It was observed that protein content of chilli

plant grown in S4 was 2.19 ± 0.63 mg g-1, subsequently

protein contents of chilli plant grown in S3, S0 and S2
combinations were 2.04 ± 0.30, 1.97 ± 0.56 and

1.92 ± 0.34 mg g-1, respectively. The protein content was

slightly less in plants that were grown in S1, which was

1.897 ± 0.24 mg g-1. Proteins act as important macro

molecules that participate in every aspect of plant growth

and development. Proteins are involved in processes such

as catalyzing chemical reactions, facilitating membrane

transport, intracellular structure and energy generating

reaction, which involves electron transport. Plants contain

low levels of proteins due to the large amount of structural

carbohydrate that compose most of the plant structure [47].

Protein contents were higher in plants that were grown in

S4. The carbohydrate content was more in plants grown in

S4, which was 4.3 ± 0.023 mg g-1, followed by S2 com-

bination and quite alike in only S1, S3 and S0 combinations,

which are 3.7 ± 0.045, 3.6 ± 0.37 and 3.4 ± 0.047,

3.4 ± 0.062 mg g-1, respectively. Carbohydrates play an

important role in plant growth, development and stress

response. The level and quality of carbohydrates depend on

species, organ, growth conditions and many other param-

eters, but globally it reflects the balance among photo-

synthesis and growth. In addition total plant biomass and,

as a result, yield in case of many crops largely depend on

photosynthetic carbon fixation and carbohydrate

metabolism [48]. Similarly, amino acid content was found

to be elevated in plants that were grown in S4 and it was

1.77 ± 0.11 mg g-1. Chilli plants grown in other combi-

nations, such as S3, S0, S2, S1, showed amino acid contents

as 1.57 ± 0.09, 1.37 ± 0.13, 1.41 ± 0.023 and

1.21 ± 0.18 mg g-1, respectively. Amino acids are

organic nitrogen compounds, traditionally characterized as

precursors and constituents of proteins [49]. Also it is

important for growth regulation and as modulators of

growth and cell differentiation, which possibly affect

general metabolism and consequently morphogenesis [50].

Moreover, amino acids play vital role in the induction and

development of maximum number of multiple shoots [51].

Estimation of Tryptophan and Indole Acetic Acid (IAA)

Content

Figure 3 shows the tryptophan and indole acetic acid (IAA)

contents of chilli plants grown in different combinations. It

was pragmatic that tryptophan content was greater in plants

that were grown in S4 (8.4 ± 0.02 mg g-1), than S3 (5.4 ±

0.04 mg g-1), followed by S0 (5.4 ± 0.052 mg g-1), S2
(4.9 ± 0.014 mg g-1) and S1 (4.9 ± 0.038 mg g-1).

Tryptophan is a precursor of phytohormones auxin and

cytokinin [52]. Elevated levels of tryptophan in plants

might be helpful in synthesis of phytohormones, which

results in higher growth of plants. IAA contents were

observed to be higher in the plants grown in S3 and S4 in

addition to S1 combination, which were 1.20 ± 0.35,

1.15 ± 0.28, and 1.0 ± 0.05 mg g-1, respectively, while

0.95 ± 0.46 mg g-1 in S0 and S2. Since one of the most

frequently studied amino acid is tryptophan, and a pre-

cursor of IAA synthesis, high levels of tryptophan pro-

motes higher synthesis of IAA (auxin), which results in

higher growth of plants [53].

Fig. 2 Effect of selected doses on the protein, carbohydrate and

amino acid content of chilli plant. Data shown as mean ± SEM,

n = 3, S0 control, S1 80 % soil and 20 % pressmud, S2 90 % soil and

10 % pressmud, S3 90 % soil, 5 % pressmud and 5 % humus, S4 90 %

soil, 5 % pressmud and 5 % FDP

Fig. 3 Effect of selected doses on the tryptophan and indole acetic

acid content of chilli plant. Data shown as mean ± SEM, n = 3, S0
control, S1 80 % soil and 20 % pressmud, S290 % soil and 10 %

pressmud, S3 90 % soil, 5 % pressmud and 5 % humus, S4 90 % soil,

5 % pressmud and 5 % FDP
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Estimation of Phenolics and Flavonoids Content

Polyphenols constitute the majority of plant secondary

metabolites and dietary antioxidants [54]. These are

broadly distributed in the plant kingdom and considered as

the most potent natural antioxidants [55]. Recently, the

natural antioxidants in fruits and vegetables have drawn the

attention of food scientists, nutrition specialists and con-

sumers, as they reduce the risk of chronic diseases and

promote human health [56]. Figure 4 shows the polyphe-

nolic content of chilli plants grown in different samples. It

was observed that phenolic compounds were found slightly

greater in plants that were grown in S1 combination

(2.92 ± 0.025 mg g-1) followed by S2 combination

(2.74 ± 0.075 mg g-1) and were found comparatively less

in S3 and S4 combinations, which were 2.41 ± 0.029 and

2.05 ± 0.045 mg g-1, respectively. S0 showed

2.77 ± 0.034 mg g-1 of phenolic content. Phenolic com-

pounds are generally involved in plant adaptation to envi-

ronmental stress conditions. These compounds have a

number of beneficial health properties related to their

potent antioxidant activity and they also have hepato-pro-

tective, hypoglycemic and antiviral activities [57]. Flavo-

noids are commonly known for their antioxidant activity

[58]. Flavonoid content was found more in plants grown in

S4 and S3 combinations, whereas in other combinations it

was similar to that of plain soil. The flavonoid content of

chilli plant grown in S4 was recorded as

1.33 ± 0.025 mg g-1, while flavonoids contents of chilli

plants grown in other combinations, such as S0, S1, S2 and

S3, were recorded as 0.95 ± 0.029, 0.98 ± 0.041,

0.98 ± 0.45 and 0.10 ± 0.05 mg g-1, respectively. Fla-

vonoids are the most important plant pigments for flower

coloration. In higher plants, they are involved in UV fil-

tration, symbiotic nitrogen fixation and floral pigmentation.

They may act as a chemical messenger or physiological

regulators [59]. Thus, the study suggests that the addition

of FDP improves phenolics as well as flavonoid levels.

Estimation of Proline Content

The impact of selected doses of pressmud, humus and FDP

on proline content of chilli plant is shown in Fig. 5. The

proline content was higher in plants grown in S1
(0.150 ± 0.005 mg g-1) and S2 (0.168 ± 0.007 mg g-1),

and lesser in S3 (0.093 ± 0.015 mg g-1) and S4 combi-

nations (0.085 ± 0.008 mg g-1) as compared to S0
(0.145 ± 0.022 mg g-1). Proline is produced in stress

conditions and plays an osmo-protective role in physio-

logical responses, enabling the plants to tolerate the

adverse effects of abiotic stress in a better way [60].

Effect of Pressmud Improved with Humus and FDP

on Morphology and Growth of Chilli Plant

The chilli plants treated with different combinations of

pressmud and FDP showed variations in their height,

number of leaves, number of fruits as well as fruit length.

The plants treated with FDP i.e. S4 showed maximum

height 32.4 ± 0.124 cm and number of leaves

47.6 ± 0.013 per plant, as well as it showed

5.29 ± 0.021 cm of fruit length and 28.5 ± 0.043 of

number of fruits per plants. S3 combination also showed

increase in height, number of leaves, fruit length and

number of fruits followed by S0 and S2 combinations.

Stunted growth and less number of leaves were observed in

higher dose of pressmud, therefore results of Table 3

showed that application of FDP significantly enhanced the

growth and yield of chilli plants. According to Gurav and

Jadhav [6], 20 % of FDP can be used as nontoxic, eco-

friendly biofertilizer to promote the growth of plants and

also as a soil conditioner. Commonly, keratinous wastes,

rich in protein and amino acids, are suggested to serve as

fertilizers providing organic matter and reducing the use of

Fig. 4 Effect of selected doses on the phenolics and flavonoids

content of chilli plant. Data shown as mean ± SEM, n = 3, S0:

control; S1 80 % soil and 20 % pressmud, S2 90 % soil and 10 %

pressmud, S3 90 % soil, 5 % pressmud and 5 % humus, S4 90 % soil,

5 % pressmud and 5 % FDP

Fig. 5 Effect of selected doses on the proline content of chilli plant.

Data shown as mean ± SEM, n = 3, S0 control, S1 80 % soil and

20 % pressmud; S2 90 % soil and 10 % pressmud, S3 90 % soil, 5 %

pressmud and 5 % humus, S4 90 % soil, 5 % pressmud and 5 % FDP
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fungicides through increase the plant resistance against

pathogenic organisms [34]. Authors assured that addition

of hydrolysate to the plants improved quantitative and

qualitative characteristics of plant and regulated the major

and minor nutrients to favorable concentrations [42], which

help to enhance the growth and yield of plant.

Conclusion

The outcome of the present study revealed that pressmud

alone when applied to soil as manure increases the pH of

soil, resulting in rise in the alkalinity of soil. Consequently

even if pressmud contains high amount of nutrients, plants

are unable to uptake these nutrients due to alkaline con-

ditions resulting in poor growth of the plants. Enrichment

of pressmud with other organic wastes, like humus and

FDP, helps in maintaining pH around 7, which is optimum

for proper growth of plants. The enrichment also provides

macronutrients and amino acids as growth enhancers.

Humus and FDP further add nutrients and increase the

moisture content of soil, which help in promoting growth

of the plants. The results of present study indicate that

enrichment of pressmud with FDP and humus increases

soil fertility. It is also found that the pressmud with FDP

gives better results. This organic manure combination can

recycle the waste poultry feathers into a value added pro-

duct like a biofertilizer and soil conditioner. The

researchers have a better scope to study the similar

experiments at field level to confirm these results.
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Abstract Mucuna is a well-known medicinal and

food plant widely exploited for its seed pods and

leaves in many tropical countries. The drug L-3,

4-dihydroxyphenylalanine (L-DOPA) extracted from

seeds of Mucuna plant has been commonly used in the

treatment of Parkinson’s disease. In the present study,

a new species of Mucuna, M. sanjappae Aitawade et

Yadav from north-Western Ghats of India, has been

analyzed for the presence of L-DOPA and a reason-

able level of this drug (7.3 %) was detected. The

necessary biochemical characterization of the seeds

extract of this plant showed nutritional and anti-

nutritional components. Simultaneously, moisture,

ash, dietary fiber, calorific value, nitrate and mineral

contents of seeds were also determined. This new plant

species will be a potential candidate for extraction of

L-DOPA and will be a good addition to the existing

natural sources of anti-Parkinson’s drug since demand

for L-DOPA is continuously escalating.

Keywords L-DOPA � Mucuna sanjappae �
Parkinson’s disease

Introduction

The genus Mucuna Adans. belongs to the family

Leguminosae and comprises about 100 species dis-

tributed throughout the tropical and subtropical

regions of the world. It has been subdivided into two

subgenera, Mucuna and Stizolobium P. Browne,

however; nine species and three varieties have been

reported from India (Wilmot-Dear 1986, 1991).

Additionally, one variety of M. pruriens named as

M. pruriens (L.) DC. var. thekkadiensis Thot. et Ravi

Kumar from Kerala state of India has also been

documented (Thothathri and Ravikumar 1997) and at

present, in India, ten species and four varieties have

been reported. In another studies, specifically under-

taken on Western Ghats flora of India, this genus is

represented by five species and four varieties (Sharma

et al. 1984; Kothari 2001; Nayar et al. 2006).

Mucuna is considered as a plant of prime signifi-

cance having broad uses and multifarious advantages.

This wondrous ayurvedic herb is known by many

names, including sea beans, buffalo beans, dopa bean,

cowitch, kapikachu and atmagupta. The main medic-

inal benefits come from the seeds, but the roots have

also been used. M. pachylobia (Piper et Tracy) Rock is

grown as a vegetable for its young pods and seeds in
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India. The wild species of Mucuna like M. pruriens

var. pruriens (Wall. ex Weight) Baker ex Burck and

M. pruriens var. hirsuta (Wight et Arn.) Wilmot-Dear

are being cultivated in India and Brazil as a cover and

green manure crop. In Nigeria and Cameroon, it is

planted near houses to prevent snakes while some

species of Mucuna are also cultivated as ornamental

plants. (Hanelt 2001).

The genus Mucuna contains a non-protein amino

acid L-3, 4-dihydroxyphenylalanine (L-DOPA) which

is used as a drug for the treatment of Parkinson’s

disease (PD) (Yadav et al. 2013). PD also known as

‘‘Shaking Palsy’’ is a second most common neurode-

generative disorder caused by a progressive degener-

ation of nigrostriatal dopaminergic neurons and

characterized by a slowness of movement, muscular

stiffness, rigidity, tremor, poor posture, imbalance and

sensory-motor integration deficits (Inamdar et al.

2013; Yadav et al. 2013). L-DOPA is the drug widely

used for the treatment of PD. Dopamine cannot pass

through blood brain barrier but L-DOPA, a precursor

of dopamine, passes through it and gives symptomatic

relief from the disease. Chemical as well as numerous

microbial sources has been attempted for the synthesis

of L-DOPA (Surwase et al. 2012; Krishnaveni et al.

2009; Ali et al. 2007; Ali and Haq 2006). However,

more than 1,000 species in 135 plant families have

been screened for the presence of L-DOPA

(Daxenbichler et al. 1971). The genus Mucuna was

found to contain the maximum level of L-DOPA and

M. pruriens has been profitably exploited for the

extraction of this drug since long time. The plants have

several advantages over the microbial and chemically

synthesized L-DOPA viz.; it is natural, inexpensive

source and provides additional benefits like antioxidant

properties to reduce oxidative stress produced during

PD. However, as the demand for L-DOPA is constantly

increasing, it is a need of time to exploration and

exploitation of other species of Mucuna for this anti-

Parkinson’s drug. M. sanjappae is newly described,

neglected and underutilized species from north-

Western Ghats, India (Aitawade and Yadav 2012).

M. sanjappae is a woody perennial twine having

stem up to 15–20 m long and slender branches. Leaves

are up to 45 cm long, pinnately trifoliate with longi-

tudinal ridges and all leaflets at lower surface with

dense uniform silky-shiny hairs. Inflorescence is a

raceme 40–45 cm long and flowers are in bundles of 3

arising on a fleshy pad with whitish brown hairs. Small

globular glands are present on lateral sides near base of

the calyx. A single pod contains 5–6 brown and black

seeds. This plant is distributed in Maharashtra state of

India, specifically in Durgawadi and Junnar areas of

Pune district (Fig. 1). The local names of M. sanjappae

are khaj khujali and kavach beej. We have focused our

efforts on this plant for the presence of L-DOPA and to

develop it as an added source for mining of this

valuable drug. Additionally, nutraceuticals studies for

understanding nutritional and anti-nutritional factors

(ANF) have been carried out in the present work.

Materials and methods

Collection of material

The M. sanjappae pods were collected from the Junner

area of Pune, Maharashtra, India and brought to the

laboratory. The seeds were removed from the pods and

stored at room temperature in polyethylene bag

(25 ± 2 �C) until use. The seeds were grinded in

mechanical grinder to make fine powder, which was

used for further experiments.

HPLC quantification of L-DOPA

Sample preparation for the quantification of L-DOPA

using High Performance Liquid Chromatography

(HPLC) was carried out as described by Upadhyay

et al. (2012). Briefly, 50 mg powder was dissolved in

15 ml 0.1 N aqueous HCL and sonicated for 20 min.

After sonication, the volume was made up to 50 ml

with 0.1 N aqueous HCL and filtered through 0.45 lm

membrane filter. HPLC analysis was carried out

(Waters model no. 2690) on C 18 column (symmetry,

4.6 mm 9 250 mm) by using methanol as a mobile

phase with a flow rate of 1 ml min-1 for 10 min and

UV detector at 280 nm. 10 ll of standard L-DOPA

and sample was injected in HPLC column.

Biochemical analysis

Sample preparation

A 100 mg seed powder was crushed in 5 ml distilled

water (D/W) using mortar and pestle and then

centrifuged at 6,000 rpm for 10 min, the supernatant

was decanted and again procedure was repeated for
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residue. The supernatant were pulled together and

diluted to a known volume by D/W. This sample was

used for different analysis.

Nutritional factors analysis

Total ash was determined by the method of AOAC

(2000). Ash percent was calculated by the formula,

Ash% ¼Weight of ashed sample

=Weight of sample taken� 100

Total solid was determined by deducting percent

moisture from hundred as described by James (1995).

%total solids ¼ 100�%moisture

Crude fiber content of the seed was determined

according to AOAC (1990) method.

The protein content was determined using Lowry’s

method (Lowry et al. 1951). 1 ml aliquot was added

with 3 ml of Lowry C and incubated for 15 min at

room temperature. After the addition of Folin-phenol

reagent, tubes were incubated for 30 min. The absor-

bance was measured at 660 nm using a double-beam

UV–visible spectrophotometer (Shimadzu UV-1800,

Kyoto, Japan).

The carbohydrate content was determined using

Anthrone reagent method (Trevelyan et al. 1952).

1 ml aliquot was added with 5 ml Anthrone reagent

and incubated in the boiling water bath for 8 min. The

absorbance was measured at 620 nm.

Crude fat was determined by Mojonnier method

(James 1995). The fat content was determined gravimet-

rically after extraction with diethyl ether and petroleum

ether from an ammonia alcoholic solution of the sample.

About 10 g of sample was taken into a Mojonnier tube.

The extraction was repeated thrice using a mixture of

5 ml ethanol, 25 ml diethyl ether and 25 ml petroleum

ether and adding the extraction to the distillation flask.

After the distillation of solvent, flask was dried for 1 h at

100 �C and reweighed. The percentage fat content of the

sample was calculated by the following formula,

%fat ¼W2 �W1=Weight of sample� 100=1

where, W1 = Weight of evaporating dish,

W2 = Weight of sample ? weight of evaporating dish

Gross energy of the samples was calculated from

data obtained on proximate analysis employing the

formula established by Carpenter and Clegg (1956).

The seed flour of M. sanjappae was made sugar free

using 80 % ethanol and then starch extracted by

perchloric acid reagent as has been described by

McCready et al. (1950). Starch in the extract was

determined colorimetrically at 630 nm. The concentra-

tion of starch was calculated in mg of glucose 9 0.9.

Vitamin C content was determined by the method

as described by Nino and Shah (1986). The spectro-

photometrically absorbance was measured at 540 nm.

The flavonoids content was determined according

to the method by Chang et al. (2002). In brief, 1 ml

sample was mixed with 1.5 ml methanol, 0.1 ml of

aluminium chloride (10 %) and 0.1 ml of potassium

acetate (1 M). Total volume was adjusted to 4.5 ml by

the addition of 2.8 ml of D/W. Reaction mixture then

incubated for 30 min at room temperature and absor-

bance was measured at 415 nm. This was compared to

the standard curve of quercetin concentrations and

expressed as milligram of quercetin equivalents per

gram (mg QUE g-1) of dry weight.

The proanthocyanidin content was evaluated by the

method of Sun et al. (1998). The sample solution

(0.5 ml) was mixed with 3 ml of vanillin (4 %) and

1.5 ml of conc. HCl. After incubation for 15 min, the

absorbance was measured at 490 nm and proanthocy-

anidin content was calculated as catechin equivalents

per gram (mg CAE g-1) of dry weight.

Anti-nutritional factors determination

The phenolic content of M. sanjappae seeds was

determined spectrophotometrically according to the

method described by Singleton and Rossi (1965).

Appropriate volumes of the sample extract (1 ml) was

oxidized with 1.8 ml of Folin-Ciocalteu reagent. After

5 min incubation at 25 �C, the reaction was neutral-

ized by adding 1.2 ml of 15 % sodium carbonate

solution and allowed to stand for 90 min at room

temperature. The absorbance was measured at

765 nm. Total phenolics value is expressed in terms

of mg of gallic acid equivalent per gram (mg GAE g -1)

of dry mass.

Tannin was determined by the Folin-Denis color-

imetric method described by Kirk and Sawyer (1998).

5 ml supernatant was mixed with 1 ml Folin-Ciocal-

teu reagent and 2.5 ml saturated sodium carbonate.

The volume was made up to 50 ml and incubated at

28 �C for 90 min at room temperature. The colour

intensity was measured at 760 nm.
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The phytic acid content was determined according

to the method described by Gao et al. (2007). 1 ml

sample was added with 1 ml of Wade reagent (0.03 %

FeCl3.6 H2O and 0.3 % sulfosalicylic acid in D/W).

Solution was vertexes for 5 s and centrifuged for

10 min. Supernatant was used for the measurement of

absorbance at 500 nm.

Saponin was quantified by the method described by

Harborne (1973) using formula,

%Saponin ¼W2 �W1=Weight of sample� 100=1

where, W1 = Weight of evaporating dish,

W2 = Weight of sample ? weight of evaporating dish.

Nitrate and mineral determination

The nitrate content of M. sanjappae seeds was

determined by the method of Cataldo et al. (1975).

For the mineral quantification purpose, ash of seed

flour (1–2 g) was made on a bunsen flame for 20 min

and subjected to dry-ashing in well cleaned porcelain

crucibles at 550 �C in a muffle furnace. The resulting

grayish-white residue was dissolved in 5 ml of HNO3/

HCl (1:1) solution while heating on a hot plate at the

boiling temperature of the solution until brown fumes

disappeared. To the residue, in each crucible, 5 ml of

deionised water was added and the mixture heated

until a colourless solution was obtained. The resulting

mineral solution in each crucible was filtered through a

Whatman No. 42 filter paper and transferred into a

100 ml volumetric flask. The volume was adjusted up

to the mark by D/W. The metals were determined

using a Perkin–Elmer 8650 atomic absorption spec-

trophotometer. Phosphorus content of the digest was

determined colorimetrically, according to the method

described by Nahapetian and Bassiri (1975). KH2PO4

was used as the standard (Table 3).

Results and discussion

L-DOPA quantification

The HPLC quantification of L-DOPA confirmed the

high quantity of L-DOPA (7.3 %) in M. sanjappae seed

(Fig. 2). The present demonstration of the satisfactory

level of L-DOPA in the new species of Mucuna is a

significant finding and will be an additional source of

drug for treating Parkinson’s patient. Excessive exploi-

tation of natural plant wealth for medicinal drugs is a

continuous process practiced on a global level creating

dearth of precious plant products. Although M. pruriens

is a widely used source for the treatment of PD, to fulfill

excessive need of this drug, seeds of M. pruriens may

not be sufficient to execute the requirement appropri-

ately. In this context, M. sanjappae which is a neglected

plant species will be an additional resource for the

treatment of PD. Some other species of Mucuna like M.

birdwoodiana (Tutcher), M. andreana (Micheli) and M.

holtonii (Kuntze) Mold. have been reported to contain a

higher level of L-DOPA (9.1, 6.3–8.9 and 6.13–7.5 %

respectively) (Ingle 2003). Hence, M. sanjappae can be

added to this elite group of Mucuna species.

Nutritional analysis

Chao et al. (2012) have postulated that dietary supple-

ments may reduce the side effects of current treatments

or enhance the bioavailability of L-DOPA during PD

treatment. Hence, the nutritional analysis of M. san-

jappae seeds was carried out (Table 1). The composi-

tion of seed showed ash 5.2 ± 0.4 %, total solid

91.31 % and fiber 7.8 ± 0.07 %. As it is an established

fact that fibers help to maintain the health of gastroin-

testinal tract, the moderate amount of dietary fibers

enhances the nutritional value of the seeds. The protein

content of seed was 5.43 ± 0.18 % which is much

lower than M. pruriens var. utilis (301 g/kg) as

described earlier by Siddhuraju and Becker (2005). A

study pertaining to carbohydrate analysis showed the

presence of relatively high levels of it (78.18 ± 2.4 %).

The calorific value of seed was 383 kcal. M. sanjappae

seed has a low level of starch (3.32 ± 0.43 %).

Phenolics and flavonoids are natural antioxidant

substances capable of scavenging free superoxide

radicals, reducing the risk of cancer and protecting

biological system against the harmful effects of

oxidative processes (Saxena et al. 2012). The flavo-

noids have been also reported for their anti-Parkin-

son’s activity on 6-OHDA-induced experimental

Parkinsonism (Mu et al. 2009). The high content of

flavonoids (184.16 ± 3.05 mg QAE g-1) in M. san-

jappae seed might be beneficial for reducing oxidative

stress and related disorders like diabetes and Parkin-

sonism. M. sanjappae seed showed proanthocyanidin

1.59 ± 0.04 %. Proanthocyanidin are oligomeric or

polymeric compounds composed of flavan-3-ol
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subunits and known to have antioxidant, antimicro-

bial, antiallergic and antihypertensive activity. (Rosch

et al. 2004).

Vitamin C has many health effective functions by

preventing disorders like diabetes, cataracts, stroke

heart diseases, cancer etc. (Iqbal et al. 2004).

Vitamin C was found to enhance absorption of

L-DOPA in elderly patients with PD (Nagayama

2004). The M. sanjappae seed showed 0.48 ±

0.007 % vitamin C which is insufficient to fulfill

the daily requirement of body but can be consider as

a supplementary source.

Fig. 1 Mucuna sanjappae.

a Plants in natural habit.

b Inflorescence, c Mature

fruits. d Seeds
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Anti-nutritional factors analysis

Anti-nutritional compounds like phenolics, tannin,

phytic acid and saponin are well-known to interfere

with protein and carbohydrate digestion as well as

mineral bioavailability (Osman and Gassem 2013).

Legume seed contains ANF which causes poor

protein digestibility; reduces food intake and nutri-

ent availability as well as induces hepatoxic and

neurotoxic effects. (Esenwah and Ikenebomey

2008). So, quantitative analysis of ANF is most

important parameter during the study of plant based

drugs and food. Quantification of anti-nutritional

components in M. sanjappae seed is shown in

Table 2. Though phenolics are considered as an

ANF, it has wide spectrum of antioxidant activity

which may be responsible for curing diseases

generated due to oxidative stress (Saxena et al.

2012). The content of total free phenolics of

investigated seed samples was found to be low

(2.58 ± 0.08 mg GAE g-1) when compared with M.

pruriens var. utilis (3.1–4.9 %) (Vadivel and Janar-

dhanan 2000). The M. sanjappae seeds contained

high amount of phytic acid (22.46 ± 0.11 %).

While, M. pruriens var. utilis showed 9.5 ± 0.5 %

(Vadivel and Janardhanan 2000) of phytic acid, this

is much lower than plant under study. The tannin

Fig. 2 HPLC analysis of M. sanjappae seeds for L-DOPA. A HPLC profile of standard L-DOPA. B HPLC profile of M. sanjappae seeds

Table 1 Analysis of M. sanjappae seeds for nutritional factors

Sr. no. Components Content

1. Gross energy (kcal) 383.0

2. Ash (%) 5.2 ± 0.4 %

3. Total solid (%)* 91.31

4. Crude fiber (%) 7.8 ± 0.07

5. Crude protein (%) 5.43 ± 0.18

6. Total carbohydrate (%) 78.18 ± 2.4

7. Crude fat (%) 5.40 ± 0.35

8. Starch (%) 3.32 ± 0.43

9. Vitamin C (%) 0.48 ± 0.007

10. Total flavonoids (mg QAE g-1) 18.41 ± 0.30

11. Proanthocyanidin (mg CAE g-1) 1.59 ± 0.04

* The moisture content of M. sanjappae seed was 8.69 %

Total solid was calculated by the formula % total solids = 100 -

% moisture
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and saponin content were 0.458 ± 0.02 and

1.9 ± 0.1 % respectively.

Nitrate and mineral determination

Nitrate, represented by NO3
-, is a vital component in

living system because; it is the readily assimilated

form of nitrogen by plants. It is beneficial for plants as

an essential plant nutrient, in immune system and to

produce seed. The M. sanjappae seed showed less

nitrate content (0.06 %).

Minerals are inorganic substances required for the

body to work properly, for growth, development and

maintenance of the health. The mineral content of M.

sanjappae seeds revealed high potassium content with

moderate amount nitrogen, phosphorus, calcium,

sulphur and sodium but magnesium was not detected.

The trace elements boron, zinc, iron, molybdenum

were detected at PPM level (Table 3).

Conclusion

The natural plant wealth is embodied with wonderful

and amazing plants having wide applications in

several significant products useful to human welfare.

Utilization of plant derived components is extensively

spread and increasing considerably in both traditional

and modern medicines. In this circumstance, Mucuna

species are considered as plants of prime significance

having broad uses and multifarious advantages. The

observations made in the present study showed that,

M. sanjappae is a rich source of anti-Parkinson’s drug

L-DOPA with good nutritional value. Although M.

sanjappae contains a high level of L-DOPA, it is a

wild plant hence needed to cultivate on a large scale to

obtain the drug in a sufficient quantity for wider

utilization. This will ease the burden on M. pruriens

for L-DOPA extraction since numerous studies have

been conducted on M. pruriens for exploiting its

immense therapeutic properties (Kasture et al. 2013).

Further, studies are necessary to exploit this plant for

its other desirable characters. In this direction, the

present work could be a foundation to assist future

endeavors.
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a b s t r a c t

Gastrointestinal tract of Giant African snail, Achatina fulica was investigated as a source for isolation of
cellulose degrading bacteria. The cellulose degrading bacteria from different gastrointestinal tract re-
gions such as esophagus, crop, stomach, intestine and rectum were enriched in carboxymethyl cellulose
and identified. Thirty two cellulose degrading bacteria belonging to two major phyla namely Proteo-
bacteria and Firmicutes were enriched, isolated and identified by 16S rDNA amplification and
sequencing. Based on plate based assay, 18 of these isolates displayed cellulase activity and were iden-
tified as the members of Bacillus, Achromobacter, Ochrobactrum and Klebsiella. Among the 18 isolates, 5
isolates with high activity were further studied for various enzyme activities such as endoglucanase,
exoglucanase and xylanase on different lignocellulosic substrates. Isolate identified as Ochrobactrum sp.
K38 exhibited the highest CMCase activity (501.75 IU/ml extract) after 14 days of incubation. The highest
avicelase activity (3116.92 IU/ml extract) was shown by Bacillus subtilis Cf60 on Filter paper as substrate
after 10 days of incubation whereas all other isolates showed a low xylanase activity on all tested
substrates except filter paper. The present study demonstrates the utility of snail gut as a rich source for
isolation of cellulose degrading bacteria that can have many industrial applications.

© 2014 Elsevier Ltd. All rights reserved.

Introduction

Interest in bioenergy has been sharply increasing from the onset
of 21st century due to the necessity of sustainable economies and
clean environments (Lynd et al., 1991, 2008; Sun and Scharf, 2010).
Moreover drawbacks of fossil fuels like global warming and non-
renewability are motivating research into optimizing new sus-
tainable sources of energy from biological origin (Stern, 2006;
Vert�es et al., 2006; Escobar et al., 2009). Currently, the second
generation biofuels such as bioethanol, biodiesel, bio-hydrogen and
methane etc., are increasingly been produced from lignocellulosic
wastes (LCW) rather than from energy crops such as Jatropha,
Switchgrass, hybrid Poplar and Willow. This is because of the
foodefuel conflicts related to energy crops (Mtui, 2009).

Furthermore, the idea of producing biofuels from bio-wastes comes
naturally as a promising alternative solution for problems related to
much-feared energy crisis, waste disposal management problems
and will thus be helpful in the upliftment of the rural population.

In nature, lignocellulosic (LC) biomass is degraded with the
cooperation of many microorganisms, mainly including diverse
fungal and bacterial genera producing a variety of cellulolytic and
hemi-cellulolytic enzymes under aerobic and anaerobic conditions
(Kumar et al., 2008). Over the years, cellulase-producing bacteria
have been isolated from a wide variety of sources such as com-
posting plants, decaying plant material from forestry or agricultural
waste, the feces of ruminants, soils and organic matter (Lynd et al.,
1991) and guts of animals etc.

Herbivorous animals lack the capacity to degrade down ligno-
cellulose themselves and instead rely upon the gut microbial
community having this repertoire. The invasive Giant African Snail
(GAS), Achatina fulica is one of such animals which specifically feed
on lignocellulosic plant material. A. fulica is most destructive pest,
ranked 2nd among the 100 worst alien invasive species (Anon.,
2013). Despite the economic and ecological importance of snails
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in general, and A. fulica in particular, little is known about the di-
versity and community structure of cellulolytic bacteria in its
Gastro-Intestinal (GI) tract. In addition, not much is known about
the potential role of bacteria in cellulose digestion in Snail's GI tract.

Therefore, in the present study, we investigated the different GI
regions of the GAS as potential source for the isolation of cellulo-
lytic bacteria. Members of cellulolytic bacterial communities from
different GI regions were enriched in Carboxy Methyl Cellulose
(CMC), grown and then identified by 16S rDNA amplification and
sequencing. Further, the potential of five promising isolates to
degrade various commercially available substrates such as CMC,
Avicel, Xylan, filter paper and agro-residues such as grass straw and
wheat husk were tested.

Materials and methods

Dissection of snails and enrichment of cellulolytic bacteria

Adult snails (n ¼ 3) in active state were collected from the
premises of Govt. Polytechnic College Pune, Maharashtra, India and
immediately brought to the laboratory prior to dissection. The
shells were broken opened carefully with the bone cutter and the
animals were surface sterilized with 70% ethanol (v/v) under sterile
conditions in a laminar air flow. Animals were then aseptically
dissected with sterile forceps to remove the whole guts. The whole
GI tracts (n ¼ 3) were divided into different gut regions such as
esophagus, crop, stomach, intestine and rectum. Each GI region
(n ¼ 3) was then suspended in 2 ml of sterile Phosphate Buffer
Saline (PBS) solution and homogenized. One milliliter of GI region
homogenate was aseptically inoculated in enrichment culture flask
containing 10 ml of Berg Minimal Salt medium (BMS) which
comprised of NaNO3, 2 g; K2HPO4, 0.5 g; MgSO4$7H2O, 0.02 g;
MnSO4$7H2O, 0.02 g; FeSO4$7H2O, 0.02 g; CaCl2$2H2O, 5 g per liter
of solution supplemented with 0.5% CMC. The inoculated medium
was then agitated on a shaker at 120 rpm, 37 �C for 2 days. After two
days, 1 ml of the culture of each regionwas sub-cultivated to 9ml of
fresh BMS medium with 0.5% (w/v) CMC and remaining 9 ml cul-
ture was used to monitor the progress of enrichment by enumer-
ation of total viable count (TVC), isolation and identification of
bacteria. This procedure of sampling, sub-cultivation, enumeration
of TVC was continued for two weeks.

Enumeration of total viable count and isolation of cellulolytic
bacteria

From the 9 ml of culture remained after sub-cultivation, 100 ml
was serially diluted up to 10�8 and 100 ml of each dilution was
spread on BMS agar plates supplemented with 0.5% (w/v) CMC.
Plates were incubated at 37 �C for 48e72 h and then observed for
bacterial growth and enumeration of TVC. Based on visual inspec-
tion of colony morphologies such as color, shape, elevation, margin
2e3 colonies with similar morphology were picked and transferred
to BMS agar medium with CMC as well as Luria Bertani (LB) Agar
media. Each colony was made into pure culture by repeated
streaking, then codified and preserved for further use.

Identification and phylogenetic analysis

The isolates were grown overnight in LB broth at 37 �C and then
DNA from each isolate was extracted by using the HipurA™ 96
Bacterial Genomic DNA purification Kit MB505-250 PR (HiMedia
Pvt Ltd, Mumbai, India). For amplification 16S rRNA gene, PCR was
performed with the bacteria-specific primer pair 27F (50-
AGAGTTTGATYMTGGCTCAG-30) and 907R (50-CCGTCAATTCMTTT-
GAGTTT-30) (Weisburg et al., 1991). The 50 ml PCR reaction consisted

of 4 ml (10 ng/ml) of template DNA, 5 ml of Taq buffer (Bangalore
Genei, India), 0.2 mmol/l dNTPs (Bangalore Genei, India), 10 pmol of
each of primers, and 0.5 U of Taq polymerase (Bangalore Genei,
India). The PCR conditions consisted of initial denaturation at 95 �C
for 5 min, 35 amplification cycles of primary denaturation at 94 �C
for 1 min, annealing at 55 �C for 1 min and extension at 72 �C for
1 min, and a final extension step at 72 �C of 7 min. All PCR reactions
were carried out in triplicates and products were checked for size
and purity on 1% (w/v) agarose gels.

The sequencing of 16S rDNA amplicon of each isolate was per-
formed using the ABI Big-Dye version 3.1 sequencing kit as per the
manufacturer's instructions, and using 27F and 907R primers. The
generated sequences were analyzed using ChromasPro software
(http://www.technelysium.com.au/ChromasPro.html). The se-
quences representing each isolate were compared with NCBI
database using BLASTN with GenBank (http://www.ncbi.nlm.nih.
gov) and the closest matches to bacterial isolates were obtained.
For phylogenetic analysis, multiple sequence alignments of 16S
rRNA gene sequences were performed with ClustalX (Thompson
et al., 1997) and were edited manually using DAMBE (Xia and Xie,
2001) to obtain an unambiguous sequence alignment. A bootstrap
Neighbor Joining (NJ) method was used for the construction of
phylogenetic trees using MEGA 5.0 program (Tamura et al., 2011).

Nucleotide accession numbers

The 16S rDNA sequences generated from bacterial isolates have
been deposited to NCBI database under accession numbers
KJ669189eKJ669218.

Screening of cellulolytic activity of bacterial isolates

Screening for the cellulolytic activity of isolates was carried out
by using plate base technique. All the bacterial isolates obtained
from enriched cultures were patched and grown (patch size not
more than 0.5 mm) on BMS Agar plates supplemented with 0.5%
CMC (w/v). After an incubation of 48e72 h at 37 �C and proper
growth of patched isolates, the plates were flooded with 5 ml of
Gram's Iodine (Kasana et al., 2008) for 5 min. The excess stain was
drained and plates were observed for zone of clearance around the
colonies hereafter referred as “Halos”. Based on the diameter of
halos (cm), cellulolytic activities of isolates were identified as low
(0.5e1.9), medium (2.0e3.9) and high (above �4). Cellulose-
degrading potential of the positive isolates was also semi-
quantitatively estimated by calculating hydrolysis capacity (HC),
that is, the ratio of the diameter of zone of clearance to the diameter
of colony (Hendricks et al., 1995). The isolates showing higher ac-
tivities were preserved and selected for further studies.

Enzyme assays

The cellulolytic potential of promising isolates was tested by
estimating various enzyme activities such as endoglucanase, exo-
glucanase and Xylanase. To accomplish this, isolates were grown on
commercially available cellulosic substrates such as CMC, Avicel,
Xylan; alkali treated agro residues viz., Grass straw, Wheat husk,
filter paper and then activities were estimated. Isolates were
cultured in BMS liquid medium with 0.5% (w/v) cellulosic sub-
strates, agitated at 120 rpm, 37 �C for 14 days. To optimize optimum
incubation period and monitor how enzymes activity varies over
the incubation period of 14 days, sampling was done on every
alternate day by taking small aliquotes of cultures (~5ml). Aliquotes
were centrifuged at 10,000 rpm for 10 min at RT and supernatants
were used for estimation of enzyme activities. Endoglucanase
(CMCase) activity was determined according to the method
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described by Nitisinprasert and Temmes (1991), with few modifi-
cations using a reaction mixture containing 1 ml of enzyme solu-
tion with 1 ml of 1% CMC in sodium citrate buffer (pH 5.4) and
incubated at 50 �C for 15 min. Exoglucanase (avicelase) activity was
assayed by following the Nitisinprasert and Temmes (1991)
method. In this assay method, the reaction mixture containing
250 ml enzyme extract with 250 ml of 1% avicel cellulose in sodium
citrate buffer (pH 5.4) was incubated at 40 �C for 2 h. The reaction
was terminated by addition of 750 ml of 3, 5-dinitrosalicylic acid
(DNSA) reagent. Extensive care was taken during this assay to
prevent the avicel from mixing with the enzyme extract after
centrifugation. In these tests, reducing sugars were estimated
spectrophotometrically at 540 nm with DNSA (Miller, 1959)
method, using glucose as standard (Kumar et al., 2008). Xylanase
activity was determined according to Nitisinprasert and Temmes
(1991), using a reaction mixture containing 250 ml of enzyme so-
lution appropriately diluted in sodium citrate buffer (pH 5.4) with
250 ml of aqueous suspension of 1% (w/v) xylan at 50 �C for 10 min.
The reaction was terminated by adding 750 ml of DNSA reagent and
heating in boiling water bath for 5 min. The amount of reducing
sugars released was determined using D-xylose as standard.

Enzyme activity was determined in international units (IU)
where 1 IU of activity is defined as the amount of enzyme required
to liberate 1 mmol of glucose equivalent per min under the assay
conditions. The remaining supernatant was used for the estimation
of proteins by Lowry method (Lowry, 1990). A standard curve was
generated using solutions containing 10 mg/ml Bovine Serum Al-
bumin (BSA). Absorbances were measured in triplicate at 660 nm
after 30 min of incubation at room temperature.

Results

Determination of TVC, isolation and identification of cellulolytic
bacteria

The progress of enrichment over the incubation period of two
weeks wasmonitored by estimating the TVC on every alternate day.
The determination of TVC in enrichment cultures from all GI re-
gions under study indicated that TVC increased up to the 8th day
and then decreased slightly. Except in crop, TVCs in cultures from
all other GI regions under study were highest on 8th day; whereas
highest bacterial load (20.8 � 109 CFU/ml) in culture from crop was
observed on the 12th day of incubation (Fig. S1).

Initially, a total of 114 isolates were purified and obtained from
enriched cultures of all GI regions under study. Subsequently, based
on size, color and morphology, 22 isolates were removed due to
similar size, color andmorphological characteristics. Thus, from the
entire GI regions, total 92 isolates were obtained, Maximum 23
isolates from esophagus followed by 19 isolates each from intestine
and crop, 18 isolates from rectum and 13 isolates from stomach
were obtained (Table 1).

Based on 16S rDNA amplification and sequencing, many isolates
were found common among different GI regions. Two third (56) of
the total number of isolates obtained were the members of Gamma
proteobacteria while Firmicutes accounted for 1/9 (12) of the total
number of isolates from the GI tract. Alpha (1) and Beta-proteo-
bacteria (1) were represented by single genus each such as Ochro-
bactrum and Achromobacter respectively. The members of
Gammaproteobacteria identified included the species of genera
Klebsiella, Enterobacter, and Shigella, which are usually found in soil,
plants, and the intestines of animals (Park et al., 2007). The mem-
bers of Klebsiella (35.86%), Enterobacter (23%), un-cultured bacte-
rium clone (19%) and Bacillus (12%) dominated the entire gut with
33, 21, 18 and 11 isolates, respectively (Fig. S2).

Screening for cellulolytic activity

Although all bacteria were isolated from cultures enriched in
CMC, not all of them showed cellulolytic activity when tested using
plate based assay. The plate based screening (Fig. 1) indicated that
32 (34.78%) isolates showed cellulolytic activity amongst which 18,
2 and 12 isolates exhibited low, medium and maximum cellulolytic
activities respectively (Table 1). Isolates from only two GI regions
such as rectum and intestine displayed highest activity. In com-
parison to other GI regions, rectum was found to harbor highest
load of cellulolytic bacteria among which 50% showed highest ac-
tivity. Only 13% of isolates from esophagus were found with either
moderate or lowest activities. The hydrolytic capacity which is a
measure of the ratio of diameter of zone of clearance to the colony
diameter ranged from 1.4 to 17 (Fig. S3) among all cellulolytic iso-
lates, with 59.3% of the isolates showing high CMC-degrading ac-
tivity (ratio � 3). This demonstrated that multiple bacterial isolates
from the snail gut possess the ability to produce CMCase. The
cellulolytic activity of the isolates from crop and stomach was
relatively poor. This pattern of activity shown by the isolates from
different regions showed a positive correlation with the physiology
of digestion indicating that the digestion of the ingested material
occurs mainly in the hindgut region of the GI tract.

The phylogenetic analysis of cellulolytic isolates and their
closest related strains from the GenBank indicated that the cellu-
lolytic bacteria were the members of two major phyla namely Fir-
micutes and the Proteobacteria (Fig. 2). However, cellulolytic
members of Proteobacteria exhibited low or medium cellulolytic
activity as compared to members of Firmicutes. Among the Pro-
teobacteria, isolates showing closest database matches to Ochro-
bactrum sp. K38 and Achromobacter xylosidanswere the only strains
that showed highest activity. Besides these two isolates with high
cellulolytic potential, four Bacillus subtilis strains also showed high
cellulolytic potential when tested using cellulose agar plate based
assay. Therefore, based on plate base assay, four isolates identified
as strains of B. subtilis namely B. subtilis AN5, B. subtilis EHFS1,
B. subtilis Cf60, B. subtilis A2 and one Ochrobactrum sp. K38 were
chosen for further various cellulolytic enzyme assays.

Table 1
Distribution and cellulolytic activity of bacterial isolates enriched and grown from different regions of GI tract.

Gut region Total no. of
isolates

No. showing
activity & (%)

No. showing highest
activity & (%)

No. showing medium
activity & (%)

No. showing lowest
activity & (%)

No. showing no
activity & (%)

Esophagus 23 3 (13.04) 0 2 (8.69) 1 (4.34) 20 (86.96)
Crop 19 6 (31.58) 0 0 6 (31.57) 13 (68.42)
Stomach 13 5 (38.46) 0 0 5 (38.46) 8 (61.54)
Intestine 19 5 (26.32) 3 (15.78) 0 2 (10.52) 14 (73.68)
Rectum 18 13 (72.22) 9 (50) 0 4 (22.22) 5 (27.78)

Total 92 32 (34.78) 12 (13.04) 2 (2.17) 18 (19.56) 60 (65.22)

Values are represented as no. of isolates followed by percentage of total no. of isolates in parenthesis.
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Cellulolytic enzyme assays

Endoglucanase activity
To study the lignocellulolytic potential of selected five isolates,

their various enzyme activities on different substrates were stud-
ied. To achieve this, the selected isolates were grown for 14 days on
CMC, various agro-residues such as grass straw, wheat husk, filter
paper and activities were determined on every alternate day. Using
CMC as substrate, all tested isolates except B. subtilis A2 showed
increased endoglucanase activity over the period of 14 days. Among
the isolates tested, B. subtilis EHFS1 was estimated with maximum
activity of 230.86 IU/ml extract after 12 days of incubation. The
endoglucanase activities shown by remaining isolatesweremore or
less in similar range (Fig. 3A).

On Grass straw, filter paper and wheat husk as substrate,
Ochrobactrum sp. K38 produced maximum endoglucanase activity
than other four studied B. subtilis strains. Ochrobactrum sp. K38
produced highest endoglucanase activities of 502.75 IU/ml extract
(14th day), and 347.65 IU/ml extract (4th day) 112.68 IU/ml (6th
day) on grass straw, wheat husk, and filter paper respectively
(Fig. 3BeD). Although the pattern of endoglucanase activity was
similar on Grass straw and filter paper as substrate, the level of
endoglucanase activity was more on grass straw than filter paper
(Fig. 3B and D). When wheat husk as substrate was used, Ochro-
bactrum sp. K38 was noted with highest endoglucanase activity of
347.65 IU/ml extract on fourth day which suddenly decreased on
sixth day (Fig. 3C).

Exoglucanase activity
The highest (2628.65 IU/ml extract) and lowest (200.57 IU/ml

extract) exoglucanase activities were revealed by B. subtilis AN5
after 12 and 8 days of incubation respectively (Fig. 4A) while rest of
the isolates showed a moderate exoglucanase activity when grown
on Avicel as substrate. When all substrates testedwere compared, it
was found that highest (3777.61 IU/ml extract) exoglucanase ac-
tivity was produced on filter paper by B. subtilis AN5 on 10th day of
incubation (Fig. 4AeD). This was 1.43 fold higher than activity on

Avicel substrate by the same isolate. Moreover, the overall exo-
glucanase activity was 7 fold higher than the highest endogluca-
nase activity recorded. In case of wheat husk, maximum 2406.31
IU/ml extract exoglucanase activity was produced by Ochrobactrum
sp. K38 after 14 days of incubation (Fig. 4C).

On grass straw, B. subtilis EHFS1, B. subtilis Cf60, B. subtilis A2 and
Ochrobactrum sp. K38 showed similar pattern of increased exo-
glucanase activity over the period of 14 dayswhereas B. subtilis AN5
was estimated with slight increase in activity on fourth day and
then activity decreased till last day of incubation (Fig. 4B). B. subtilis
Cf60 was determined with maximum (1838.77 IU/ml extract)
exoglucanase activity among the isolates on 10th day of incubation.

Xylanase activity
On xylan as substrate, the highest xylanase activity was

exhibited by B. subtilis AN5 on the 2nd day and then slightly
decreased over the incubation period of 14 days, whereas all other
tested isolates showed slight increase in activity (Fig. 5A). Likewise
on grass straw and wheat husk, all isolates showed a slight increase
in xylanase activity from first to 14th day of incubation. Maximum
82.03 IU/ml extract xylanase activity was produced by Ochrobac-
trum sp. K38 using grass straw on 14th day, whereas B. subtilis AN5
showed a highest activity (60.22IU/ml extract) on wheat husk after
4 days of incubation (Fig. 5B and C). However, on filter paper, only
Ochrobactrum sp. K38was able to produce xylanase activity that too
displayed a decreasing trend with a maximum activity of 24.23 IU/
ml extract on 4th day of incubation. The overall xylanase activity
produced by all tested isolates on all substrates used was compar-
atively lower than endo- and exo-glucanase activities.

Discussion

The GAS, A. fulica, is known to feed primarily on vascular plants
(Rauth and Barker, 2002) and plant materials with high protein and
calcium contents (Iglesias and Castillejo, 1994; Chevalier et al.,
2003). This snail also participates, with other soil invertebrates, in
the decomposition of leaf litter (Hatziioannou et al., 1994).

Fig. 1. Plate based cellulolytic activity screening of isolates. A: Isolates patched and grown on CMC agar plate (before activity staining); B: isolates showing zones of clearance
around the colonies after activity staining with Gram's Iodine solution.
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Consequently, a large set of cellulose degrading bacteria might
inhabit the GI tract of this snail. Recently, we found that different
regions of GI tract of this snail harbor high bacterial diversity
(Pawar et al., 2012). Also recent metagenomic analysis of micro-
biota of crop of this snail revealed an abundance of sequences

coding for oligosaccharide-degrading enzymes and many novel
cellulase and hemicellulase coding sequences (Cardoso et al., 2012).
None of these reports revealed the composition and community
structure of cellulose degrading bacteria. The cellulolytic bacterial
community structure in the gut of GAS is not known yet. Keeping
this in view, we investigated the composition and community
structure of cellulolytic bacteria in GI tract of this snail. To accom-
plish this, cellulolytic bacterial community was enriched using CMC
as cellulosic substrate and characterized. Since different GI regions
such as esophagus, crop, stomach, intestine and rectum are the
specialized compartments with specialized function, we hypothe-
sized that each of these regions might be harboring unique set of
cellulolytic bacteria. To test this hypothesis, the cellulolytic bacteria
were enriched, isolated and identified from each of these GI regions
separately and compared. In congruence with our previous obser-
vations (Pawar et al., 2012), cellulolytic members in the GI tract of
GASwere dominated bymembers of Proteobacteria and Firmicutes.
It was interesting to note that cellulolytic members of Tenericutes
were not isolated in this study. Interestingly, bacteria with high
cellulolytic potential were isolated only from intestine and rectum
(Table 1). The low abundance of cellulolytic bacteria in GI regions
such as stomach can be attributed to the digestive physiology and
pH milieu of the stomach. As reported by Misra and Shrivastava
(1994), the pH in stomach of gastropod molluscs is more acidic
than other GI tract regions. Moreover, digestion in stomach is car-
ried out by enzymes produced by digestive glands or gastric cecae.
The absence or low abundance of cellulolytic members in stomach
may be as a result of acidic environment and extracellular enzy-
matic digestion.

The significant outcome of our study is the isolation and iden-
tification of B. subtilis strains with high lignocellulolytic potentials
from the GI tract of GAS. Moreover our study indicates that these
isolates possess various extracellular enzyme activities and have
significant potential to degrade various lignocellulosic substrates.
When five isolates with high cellulolytic potential obtained in this
study were tested for their capabilities to degrade various ligno-
cellulosic substrates, it was observed that theywere able to degrade
all the tested substrates to varying extend. In comparison, these
tested isolates degraded agro residue based substrates such as grass
straw, wheat husk and filter paper more efficiently than commer-
cially available cellulosic substrates such as CMC, Avicel and Xylan.
Most of these tested isolates produced maximum endoglucanase,
exoglucanase and xylanase activities when grown on agro residues
like grass straw, filter paper and wheat husk respectively. Bacillus
strains have been widely reported as predominant aerobic cellu-
lolytic species isolated from soils and waste sites with high cellu-
lose content (Ulrich and Wirth, 1999; Pourcher et al., 2001). Many
previous studies have also indicated that B. subtilis shows prom-
ising potential for the production of several bio-based products
from lignocellulosic feedstock, since, unlike many other currently
used industrial microbes, it naturally imports and metabolizes
cellobiose and C5 sugars (Tobisch et al., 1997; Stülke and Hillen,
2000). Hitherto B. subtilis has been largely studied for its tremen-
dous industrial and other biotechnological interests. But most of
those strains were isolated from sources (€Oztürk et al., 2008; Sarker
et al., 2010) other than from invertebrate gut. B. subtilis is also
known to have multicellulase-carrying minicellulosomes due to
which it has been extensively exploited in conversion of lignocel-
lulosic biomass into bio products viz. bioethanol, biohydrogen etc.
Moreover, Bacillus strains are known for their ability to enter into
resting states (spores) and are good producers of secondary me-
tabolites such as antibiotics (Lynd et al., 2002). These strategies
could provide themwith an additional advantage over competitors
under aestivation and conditions of slow growth on cellulosic
substrates.

Fig. 2. Phylogenetic tree of the 16S rRNA gene from cellulolytic bacterial isolates and
their closest related strains from the GenBank. The tree was generated by using the
Neighbor Joining method with Kimura 2 parameter distances in MEGA 5.0 software.
Numbers at nodes indicate percent bootstrap values calculated based on 1000 repli-
cates. Activity of each isolate in parenthesis is denoted as: þ, low activity; þþ, medium
activity and þþþ, high activity given besides.
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Gastropods have not been the main focus of recent prospecting
studies targeting the cellulolytic bacteria due to the initial suc-
cesses with the insect families, most notably termites (Tokuda and
Watanabe, 2007) and beetles (Cazemier et al., 1997, 2003).

However, our findings suggest that the isolates obtained in this
study possess higher cellulolytic activities than the isolates from
the guts of these insect. In comparison, the endoglucanase activity
of our isolates was found many fold higher than the activity of

Fig. 3. Endoglucanase activity of tested isolates on various lignocellulosic substrates (A: CMC, B: Grass straw, C: Wheat Husk, D: Filter paper). Values are means ± SD (n ¼ 3).

Fig. 4. Exoglucanase activity of tested isolates on various lignocellulosic substrates (A: Avicel, B: Grass straw, C: Wheat Husk, D: Filter paper). Values are means ± SD (n ¼ 3).
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Bacillus sp. (Cho et al., 2010), Pseudoxanthomonas sp., Micro-
bacterium sp. (Okeke and Lu, 2011) and Promicromonospora pach-
nodae (Cazemier et al., 2003) isolated from the gut of termite
Reticulitermes speratus, scarab beetle Pachnodamarginata and forest
litter soil respectively. Similarly, avicelase activity exhibited by our
isolates was higher than avicelase activity by Serratia sp., Chrys-
eobacterium sp., and Bacillus sp. isolated from the gut of termite
R. speratus (Cho et al., 2010).

Although, cellulolytic bacteria have been isolated from many
resources, the present study is the first report to have evaluated the
A. fulica's GI tract as a source for isolation of lignocellulolytic bac-
teria. The evaluation of cellulolytic potential of isolates using plate
based and various enzyme assay have shown that these isolates
indeed posses cellulolytic potentials and may have good applica-
tions for production of various lignocellulolytic enzymes for biofuel
industry. However, we attempted the isolation by employing the
enrichment technique that used CMC as cellulosic substrates. In
order to reveal the complete potential of GI tract of GAS as a source
for isolation of lignocellulolytic bacteria, further studies would be
needed to know the effects on enrichment by using various
lignocellulosic substrates. Also, for the present study, snails in
active state were collected from only one location in one season.
The effects of physiological states of snail such as active and aes-
tivating, season of collection and collection sites on enrichment,
isolation and identification would need to be revealed. In the view
of fact that B. subtilis has multicellulase-carrying minicellulosomes,
our future research will focus on purification, identification and
analysis of such multicellulase-carrying minicellulosomes from the
B. subtilis strains and Ochrobactrum sp. K38 obtained in this study.
In conclusion, we have demonstrated that different GI tract regions
of GAS can serve as a good source for isolation of lignocellulolytic
bacteria that can be used for purification of various cellulolytic
enzymes for bioethanol industry.
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a  b  s  t  r a  c t

Laccases  have a  great potential for  use in industrial  and  biotechnological  applications.  It  has  affinity
towards  phenolics  and finds  major applications  in the  field of bioremediation.  Here, Surface  Plasmon
Resonance  (SPR)  as  a  biosensor  with  immobilized  laccase  on  chip  surface  has  been studied.  Laccase  was
immobilized  by  thiol coupling  method and  compounds  containing  increasing number  of  hydroxyl groups
were analyzed  for their  binding affinity at  various  concentrations in millimolar range.  The small molecules
like phloroglucinol  (1.532  ×  10−8 M),  crocin  (3.204  ×  10−3 M), ascorbic acid  (8.331  × 10−8 M),  kojic  acid
(6.411 × 10−7 M) and  saffron (3.466  ×  10−7 M) were  studied  and  respective  KD values are  obtained.  The
results  were  also confirmed by  inhibition assay  and IC50 values  were  calculated.  All  these  molecules
showed  different  affinity towards  laccase  in terms  of KD values. This  method may  be  useful  for  prelim-
inary  screening and characterization  of small  molecules  as laccase  substrates,  inhibitors  or  modulators
of  activity. This  method will be  useful for  rapid  screening of phenolics  in waste water  because  of high
sensitivity.

©  2015  Elsevier Inc.  All rights  reserved.

1. Introduction

Laccase is  belonging to the polyphenol oxidase family found in
plant, fungi and bacteria with copper atoms in  the catalytic cen-
ter. Phenolic substrates such as ortho-and para-diphenol, aromatic
compounds with hydroxyl and amine groups are [1] oxidized by
laccase. It catalyzes the oxidation of organic substrates of broad
range such as phenols concomitantly reducing molecular oxygen
to water. Because of various functions and broad substrate speci-
ficity, laccase can be  utilized in  industrial processes like, textile
dye bleaching, paper and pulp industry, phenolics removal, efflu-
ent detoxification, and many other processes [2,3].  In addition, it
is used in cosmetics as deodorants, other products such as tooth-
paste, mouthwash, detergent, soap, and diapers [4–11] also, in
food industry for wine stabilization [12],  stabilization of fruit juices
[13–15],  in  dough and/or baked products to increase strength of
gluten structures [13,16,17],  in pharmaceutical industry in anes-
thetics, anti-inflammatory drugs, also in  antibiotics and sedatives
[18–21],in nanobiotechnology, as nanoparticles based biosensors

∗ Corresponding author at: Department of Biochemistry and Biotechnology, Shiv-
aji University, Kolhapur 416004, India.

E-mail address: jpjbiochem@gmail.com (J.P. Jadhav).

and in  biosensors for determination of glucose, aromatic amines
and phenolic compounds [22–28].

Many reports are available on immobilization of  laccase as it
can be easily reused and have longer stability compared to free
enzyme. Moreover, immobilization of the biocatalyst can reduce
the enzyme loss and facilitate their use in  continuous processes,
such as bioreactors [29–32].  Successful immobilization of  laccases
were carried out on support materials such as Eupergit® C [33],
mesoporous silica spheres which are magnetically separable [34],
gold nanoporous particles [35], mesostructured cellular foams [36],
fumed silica nanoparticles [37],  platinum surface [38–40] etc. Lac-
case, due to its broad substrate range has wide applications in
biosensor technology for the detection of phenolics [41].  Immo-
bilized laccase enzyme was used as biosensor for determination
of phenolic acids in human plasma [42],  phenols such as cate-
chols detection in tea [43],  phenolic compounds in  wine, lignin
and phenolic residues in  wastewaters [44],  detection, oxidation
and removal of phenolic compounds from wastewater [45,46,33],
determination of catecholamine from plasma and urine samples
[47].  Reported conventional methods are available for successful
immobilization of laccase using electrode surfaces. To avoid these
labor-intensive methods Surface Plasmon Resonance with immo-
bilized laccase is studied.

http://dx.doi.org/10.1016/j.enzmictec.2015.09.002
0141-0229/© 2015 Elsevier Inc. All  rights reserved.
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SPR with different coupling chemistries for immobilization of
enzyme facilitates interaction of small molecules and their bind-
ing affinity. SPR is optical technique analyzes label-free, real-time
detection of binding of biomolecules such as coupling of ligand and
receptor, interactions between antigen-antibody and DNA-protein
[48].  As a  biosensor, SPR has been used in  various studies, for detec-
tion of bacteria causing water born diseases [49], interaction of
nitric oxide synthase I and calmodulin to  the CaM-binding site [50]
etc. In present study, affinity of ascorbic acid, phloroglucinol, kojic
acid, saffron and crocin towards fungal laccase was detected by
SPR using surface-immobilized laccase. Change in refractive index
indicates binding of analyte to  the immobilized ligand at differ-
ent concentrations [48].  The corresponding binding constants were
generated after affinity screening analysis. These results were also
confirmed by  inhibition assay. This is the first report evaluating
the binding and affinity studies of immobilized laccase using SPR
towards various compounds. This approach might be helpful for
the detection and affinity of various bioactive phenolics from waste
generated from beer, wine and fruit juice industrial waste.

2. Material and methods

2.1. Chemicals

Sensor Chips CM5, N-ethyl-N-(dimethylaminopropyl)-
carbodiimide (EDC), N-hydroxysuccinimide (NHS), ethanolamine
HCl, vials, and caps were obtained from GE Healthcare Life Sci-
ences, Uppsala, Sweden. Saffron, crocin, Trametes versicolor laccase
and ABTS, were purchased from Sigma (St. Louis, MO,  USA) and
ascorbic acid, phloroglucinol and kojic acid were obtained from
Himedia, Mumbai, India. All  other chemicals used in study were of
highest purity and analytical grade. Milli Q (Milipore) water was
used for preparing buffers and reagents.

2.2. Enzyme activity

2.2.1. Laccase activity assay
Laccase activity of T. versicolor was determined by  oxidation of

2,2′-azino-bis(3 ethylbenzthiazoline-6-sulfonic acid) (ABTS) as a
substrate. The reaction mixture containing 10% ABTS and 100 mM
sodium acetate buffer (pH 4.8) [51].  The reaction was  started
with the addition of enzyme solution. The oxidation of substrate
was monitored at 420 nm (�420 =  36,000 M−1 cm−1). One unit of
enzyme activity was defined as the amount of enzyme oxidizing
1 �M of ABTS per min. The reaction was carried out at 30 ◦C using
Shimadzu UV visible spectrophotometer.

2.2.2. Inhibition of laccase activity
Inhibitory activity assay was carried out as same as for standard

laccase assay. Ascorbic acid, kojic acid, phloroglucinol, saffron and
crocin were first dissolved in  deionised water and incubated with
0.2 ml of fungal laccase (1 mg/ml) in 100 mM sodium acetate buffer,
pH 4.8. The reaction was incubated for 90 s. Then, absorbance of
each mixture was determined by the optical density at respective
wavelength using Shimadzu UV visible spectrophotometer. ABTS is

Table 1
Binding affinity (KD)  and IC50values of compounds from SPR and spectrophotometric
method.

Compound name KD values IC50 values

Ascorbic acid 8.331 ×  10−8 M 34.66 ± 4.16 �M
Kojic  acid 6.411 ×  10−7 M 10.33 ± 3.5 �M
Phloroglucinol 1.532 ×  10−8 M 0.266 ± 0.06 �M
Saffron 3.466 ×  10−7 M 0.19 ± 0.05 �M
Crocin 3.204 ×  10−3 M 0.17 ± 0.05 �M

Data is  presented as mean of three replicates with standard deviation (±).

a  positive control. The inhibitory percentage of laccase was calcu-
lated as follows:

%inhibition = Abs.  of test  compounds  [Final −  Initial]
Abs.  of ABTS[Final − Initial]

× 100

The extent of inhibition by the addition of test compound was
expressed as percentage necessary for 50% inhibition (IC50).

2.3. Surface Plasmon Resonance (SPR) studies

SPR interaction studies were performed using a  Biacore T200
optical biosensor (GE Healthcare Life Sciences, Bangalore, India).
The phosphate buffer saline (PBS) was used to carry out surface
sensitive SPR measurements. Working solutions were diluted from
analytes stock solutions, in PBS buffer before use on the sensor
surface. Data were collected with the Biacore control software.
Changes in the refractive index as a  function of time were mon-
itored under constant flow conditions [52]. The relative amount of
analytes bound to the laccase was determined by measuring the
net increase of refractive index over time compared with that of
running buffer alone. There is  an inline subtraction of reference
surface during the run which is  reported in  response units (RU).
The surface, between each increasing concentration of  analytes was
washed with PBS (running buffer).

Fungal laccase dissolved (1 mg/ml) in 10 mM sodium acetate
buffer pH 5.0 was  immobilized on CM5  chip by  thiol coupling.
The surface of flow cell was activated for 7 min  using a 1:1 mix-
ture of 100 mM N-ethyl-N-(dimethylaminopropyl)-carbodiimide
(EDC) and 100 mM N-hydroxysuccinimide (NHS) (both dissolved
in water) with a  flow rate of 10 �l/min and subsequently laccase
was injected for 7 min, and the surface holding residual activated
carboxy methyl groups were blocked by a  7  min  injection of 1 M
ethanolamine, pH 8.5. A total of 326 (RU) of laccase were immo-
bilized. For this study, flow cell was  blank immobilized (without
protein) for using as a  reference.

To analyze interactions of saffron, ascorbic acid, phloroglucinol,
kojic acid and crocin with immobilized laccase, compounds were
dissolved in 10 mM  PBS pH 7.4 except crocin pH 8.5 containing
0.005% P20 and were injected. Experiments were performed in sin-
gle cycle kinetics mode with higher concentrations in millimolar
range of ascorbic acid (5.7, 2.85, 1.42, 0.712, 0.356), phlorogluci-
nol (8, 4, 2, 1,  0.5), kojic acid (3.5, 1.75, 0.87, 0.437, 0.218), saffron
(60, 30, 15, 7.5, 3.75), and crocin (1, 0.5, 0,  25, 0.125, 0.0625). The
same buffer was  used as the running buffer (Tables 1 and 2). Flow
rate was  maintained constant throughout the kinetics experiment
(10 �l/min), contact time and dissociation time was kept at 180 s

Table 2
Interaction kinetics of T. versicolor laccase of analytes with two state fit model.

Analytes ka1 (1/Ms) Kd1 (1/s) Ka2 (1/s) kd2 (1/s) KD (M)

Phloroglucinol 7885 ± 8.6E +  2  0.07135 ± 0.0053 0.001841 ± 9.0E − 5 3.122 × 10−6 ± 1.8E − 5 1.532 ×  10−8 M
Kojic acid 3.145 × 104 ± 4.0E + 4 0.02356 ± 0.018 7.451 ×  10−4 ±  0.0016 0.004417 ± 0.0039 6.411 ×  10−7 M
Saffron 4.532 × 104 ± 6.5E + 4 0.09320 ± 0.012 8.655 ×  10−5 ±  2.2E − 5 1.755 × 10−5 ± 1.8E − 4 3.466 ×  10−7 M
Ascorbic acid 1.881 × 105 ± 1.3E + 5 0.01813 ± 0.0068 5.697 ×  10−4 ±  4.9E − 4 0.003641 ± 0.0017 8.331 ×  10−8 M
Crocin 154.2 ± 15 0.6043 ± 0.025 2.052 ×  10−4 ± 1.9E − 5 9.191 × 10−4 ± 1.5E − 4 3.204 × 10−3 M



112 S.V. Surwase et al. /  Enzyme and Microbial Technology 82 (2016) 110–114

and 200 s respectively. Regeneration was carried out for 30 s with
10 mM glycine pH 2.0 at 30 �l/min [53].  The data analysis was  done
with T200 evaluation software ver. 2.0 and was fit to two state
binding [54].

3. Results and discussion

Laccase has a great potential for industrial and biotechnological
applications. It has ability to metabolize phenolic compounds in  the
field of bioremediation [55,56].  A number of immobilized laccase
biosensors have been developed and studied for the determina-
tions of phenolics [24,25,33,41–47,57–63]. All  reported biosensors
consist of an electrode for immobilization of laccase enzyme which
showed stability for one to  two months only. Therefore in this study
we have used SPR as a biosensor for immobilization of laccase on
chip surface which can be used for hundreds of times without los-
ing enzyme biological activity under proper maintenance. Here the
chip surface was used for detection of binding affinity with different
small molecules by  thiol coupling method. SPR is  a  real time, label
free, quick method compared with others reported in  the literature
because SPR has the ability to detect several compounds within a
short time [33,45] and with great sensitivity and reproducibility.
Laccase with broad substrate specificity towards various phenolics
was studied using electrode surfaces as laccase biosensor for detec-
tion, monitoring and oxidation of phenolic compounds [39,25,46].
The affinity of phenolics towards immobilized laccase and their
detection will develop new approaches for characterization of
bioactive phenolics binding to  laccase. In this study, compounds
were chosen with increasing number of hydroxyl groups in  their
structure as laccase has affinity towards mono, di,  and tri hydroxyl
phenols. Also these compounds are important in pharmaceutical
and food industry for their use as antioxidants, coloring and flavor-
ing agents, indicators of food quality, as anticancer agent etc.

In the present study, the steady state affinity constants (KD) fol-
lowed by binding affinity (Fig. 1) of compounds were evaluated
with SPR. For very small compounds it is very difficult to esti-
mate kinetics as on/off rates are very fast. The studied compounds
showed affinity towards immobilized laccase (T. versicolor).  Laccase
showed binding constants (KD)  for ascorbic acid (8.331 ×  10−8 M),
kojic acid (6.411 × 10−7 M),  phloroglucinol (1.532 ×  10−8 M),  crocin
(3.204 ×  10−3 M)  and saffron (3.466 ×  10−7 M).  All these molecules
showed higher affinity towards laccase except crocin. This indi-
cates that laccase oxidizes above compounds with characteristics
similar to p-diphenol. Laccase activity reduces by oxidizing these
compounds which was confirmed by calculating percentage inhi-
bition and their IC50 values. The IC50 value of ascorbic acid and kojic
acid was observed 34.66 �M and10.33 �M respectively (Fig. 2). It
has been reported in literature that fungal laccase oxidize ascor-
bic acid [64]. T. versicolor laccase [42] was used to determine the
phenolic acid including ascorbic acid present in blood plasma. In
food industry, laccase was used in  monitoring ascorbic acid [13] as
it is a relevant indicator of food quality. Acting as an antioxidant
due to action of polyphenols, ascorbic acid can improve the color
and palatability of food products. While IC50 value for kojic acid
reported by Refs. [65] and [66] was 0.13 �M and 175 �M respec-
tively. The IC50 value of phloroglucinol was 0.26 �M (Fig. 3). T.
versicolor laccase with slow oxidation rate showed stability in  the
presence of phloroglucinol [67].  Phloroglucinol with more number
of hydroxyl groups on the aromatic ring can aid in decoloriza-
tion of indigo carmine as efficient laccase mediators due to which
its phenoxy radicals make them more stable [68].  IC50 value for
crocin was 0.17 �M and saffron 0.19 �M (Fig. 3). Ascorbic acid, kojic
acid and phloroglucinol are well studied compounds with laccase
enzyme. Crocin is  a  well known inhibitor of monophenolase activity
of polyphenol oxidase (PPO) and also found to be inhibiting diphe-

Fig. 1. Binding sensorgrams of phloroglucinol, kojic acid, saffron, ascorbic acid and
crocin with immobilized laccase.

nolase laccase enzyme. As the compounds described above have
applications in  the food and pharmaceutical industry, it might be
advantageous to investigate them using SPR. The biosensor was
thus successful in  revealing binding of the compounds with immo-
bilized laccase in a  very easy manner without using any labeling
step. The present study demonstrates for the first time the detection
of phenolics and their oxidation by immobilized laccase showing
their affinity constants with SPR.
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4. Conclusions

Here we can conclude that, SPR is a label free, real time method
used for detection of phenolics. SPR based biosensor with immo-
bilized laccase showed binding affinity constants which were
confirmed by  enzyme inhibition assay of laccase. The proposed
method is  very simple and has potential applications for the devel-
opment of SPR biosensors related characterization of inhibitors
and modulators of laccase activity. Detection of various pheno-
lics present in  fruit juices, wine, analysis of lignin in wastewater
and to check the levels of tannins at different stages of tea pro-
duction, determination of neurological transmitters in  plasma and
urine samples will be taken up in our  later studies.
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ABSTRACT 

Objective: The aim of current work was to assess the total phenolic content (TPC), total flavonoid content (TFC), phenolic compounds and 
antioxidant properties of different extracts of four Cheilanthes sp.: Cheilanthes farinosa (Forssk.) Kaulf., Cheilanthes anceps Sw., Cheilanthes tenuifolia 
(Burm.f.) Sw., and Cheilanthes albomarginata Clarke. which is collected from Northern Western Ghats of India. 

Methods: Analysis of the scavenging activity using 1, 1-diphenyl-2-picrylhydrazyl (DPPH), ferric reducing power assays and N, N-dimethyl-p-
phenylendiamine (DMPD) radical cation decolorization assay.  

Results: Cheilanthes sp.whole plant with rhizome was analyzed for total flavonoids content (TFC) and phenolic content (TPC). The ethyl alcohol and 
water are the best solvents for the extracting phenols and flavonoids from the Cheilanthes sp.whole plant with rhizome (CSWPR).The antioxidant 
activities of Cheilanthes sp. whole plant with rhizome extracts were a positive correlation between total flavonoids and phenolic content capacity 
and observed DPPH radical scavenging activity based on these results, the result signifies that the potentiality Cheilanthes sp. whole plant with 
rhizome is one of the natural sources of antioxidant compounds.  

Conclusion: We have reported in this study the Cheilanthes species from whole plant with rhizome powder possess good antioxidant properties as 
well as their potential antioxidant capacity against DPPH radical, ferric reducing power and DMPD radical. Cheilanthes species whole plant with 
rhizome is a rich source of Phytochemicals including total antioxidant and phenolic compounds and it offers to the development of value-added 
products from Cheilanthes species whole plants so enhance today's opportunities in nutraceuticals and food applications for Human Health. 

Keywords: Antioxidant activity; DMPD radical; DPPH radical; Total flavonoids content; Total phenolic content. 

 

 

INTRODUCTION 

Since ancient times fern have been used by mankind as food and 
medicine[1] Ferns mainly belong to the bioactive components of 
phenolic, flavonoid, alkaloid and terpenoids families [2]The potent 
antioxidants have been demonstrated Flavonoids and other phenolic 
compounds [3] Hence, one of ferns functional properties of that are 
pertinent to human health and  their antioxidant activities[4] The 
antioxidants supports from the capacity damaging oxidative stress, 
which is a conclusion of an imbalance between creation of Reactive 
Oxygen Species (ROS) and the antioxidant defense body. The 
protective system of antioxidants possesses a Living cells which 
prevents excessive formation and make able the inactivation of 
ROS[5]  The evidence indicates a role of growing amount of reactive 
oxygen species (ROS)  such as peroxyl radicals , hydroxyl radical , 
superoxide anion  and singlet oxygen in the different degenerative 
diseases such as cancer, cardiovascular diseases, Alzheimer’s disease 
and Parkinson’s disease and  pathophysiology of aging (Davies, 
2000; Fenkel & Holbrook, 2000) Antioxidants stabilize or deactivate 
free radicals,  They frequently  attack targets in biological cells[6] 
Essential antioxidative mechanism has an Human body and mostly 
the biological functions such as the anti-carcinogenic, antimutagenic, 
and anti-aging responses originate from this property.[7,8,9] 
Antioxidant properties have been investigated from number of 
medicinal plants and antioxidants are the naturally form of raw 
extracts and their chemical constituents and they are very affective 
to prevent the destructive processes caused by oxidative stress. 
Despite numerous advantages, recently interest in naturally 
occurring antioxidants has considerably increased for use in food,  

 

cosmetic and pharmaceutical products, because they possess 
multifacetedness in their multitude and magnitude of activity and 
provide enormous scope in correcting imbalance [10,11]. The 
purpose of this study was to investigate the antioxidant potentials of 
Cheilanthes sp.whole plant with rhizome. The antioxidant properties 
of CSWPR extracts were tested for their total antioxidants capacity 
with 3-different methods. 

MATERIALS AND METHODS 

Plant Material 

Plant materials of four Cheilanthes species were obtained from 
different localities of Northern Western Ghats of India (Cheilanthes 
farinosa (Forssk.) Kaulf. — Molem locality, GPS: 150 22l09ll N′,740 12l 
44ll E; Cheilanthes anceps Sw.— Mahabaleshwar locality, GPS: 170 55l  

31ll N,730  39l 45ll E; Cheilanthes tenuifolia(Burm.f.) Sw. —
Gaganbawada locality, GPS: 16031l  58llN′,730  49l 5ll E; Cheilanthes 
albomarginata Clarke.— Amboli locality, GPS: 150 57l  42ll N,730  59l 
48ll E;).Specimens were authentically identified with help of Dr. 
Manisha kale (Associate Professor Department of Botany, Jaysingpur 
College Jaysingpur, Maharashtra, India. The Whole Plant with 
rhizome of Cheilanthes sp. was collected from Northern Western 
Ghats, Maharashtra, India. The Cheilanthes species were cleaned and 
separated into dry powder form. The CSWPR was stored in a freezer 
(−20°C) until further analysis.[30] 

Chemicals 

Entire chemicals and solvents were of analytical grade and 
purchased from  Native suppliers., 1, 1-diphenyl-2-picrylhydrazyl 
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(DPPH), Folin-Ciocalteu reagent, Ascorbic acid, aluminum trichloride 
,potassium phosphate (monobasic and dibasic), ferric chloride, 
sodium carbonate, 2,4,6-tripyridyls- triazine (TPTZ) and 
trichloroacetic acid were obtained from Sigma Chemical Co., USA. N, 
N-dimethyl-p-phenylendiamine (DMPD) was buying from Fluka 
(Schweiz, Switzerland). Methanol (HPLC grade) and Glacial acetic 
acid (HPLC grade) were obtained from Merck Trolox. (6- Hydroxy 
2,5,7,8 tetramethyl chroman 2-carboxylic acid) was acquired from 
Aldrich Chemical Co, USA. 

Extractions  

CSWPR Dried, ground plant extracts were obtained by 
homogenizing. The CSWPR in four different solvents (acetone, 
methanol, ethanol, and water) keeping CSWPR to solvent ratio of 
1:10. Extraction was carried out on an orbital shaker for 24 h at 
room temperatures. The homogenates were centrifuged at 15,000 
rpm at 4°C for 10 min and the supernatants were recovered and 
stored at −20°C. 

Determination of Total Phenolic Content (TPC) 

The total phenolic content in the Whole Plant with rhizome of 
Cheilanthes species (CSWPR) extracts was determined 
spectrophotometrically utilizing the Folin-Ciocalteu method. A 
portion of a total amount of a solution of 125μl extract mixed with 
1.8 ml of Folin Ciocalteu reagent and which is distilled water diluted 
10-fold with previously. Before adding 1.2 ml of 15% sodium 
Carbonate solution in distilled water the solution was allowed to 
stand at 25°C for 5 min and absorbance was measured at 765 nm 
using a spectrophotometer. After 90 min at room temperature, this 
was compared as expressed mg of Gallic acid equivalents per g (mg 
GAE g−1) of dry powder to standard curve of gallic acid 
concentrations. [12]. 

Determination of Total Flavonoids Content (TFC) 

The colorimetric method was measured by Total flavonoid contents 
of all four extracts [13]. Cheilanthes species extracts (0.5 ml) were 
mixed with methanol (1.5 ml), to which 10% aluminum chloride (0.1 
ml), 1 M potassium acetate (0.1 ml) and distilled water (2.8 ml) were 
added. The solution was vortexed, allowed to stand for 30 min at 
room temperature. The UV–vis spectroscopic analysis using an 
absorbance of reaction mixture was measured at 415 nm (Hitachi U-
2800; Hitachi, Tokyo, Japan). According to the standard curve 
prepared for rutin and the concentration of flavonoids was reported 
as mg of rutin equivalents per g (mg RE g−1) of sample was 
quantified the total flavonoids content. 

DPPH Radical Scavenging Activity 

Potential of Antioxidant activity of the Cheilanthes species extracts 
was evaluated by 1, 1-diphenyl-2-picrylhydrazyl (DPPH) assay [12] 
with some modifications. In short, the prepared by stock reagent 
solution was dissolving 24 mg of DPPH in 100 ml methanol as well 
as kept stored at −20°C until use. The  obtained by working solution 
was mixing  of stock solution 10 ml with 45 ml methanol and using a 
spectrophotometer  obtain an absorbance value of 1.1±0.02 at 517 
nm. Allowed to react with 3 ml of DPPH solution with the different 
concentrations of Cheilanthes farinosa extracts. The vigorously 
shaken was mixture simultaneously kept at room temperature for 
30 min in the dark. The spectrophotometrically measured mixture 
was at 517 nm. Extract was also analyzed without added control 
sample and the grades were produced as radical scavenging activity 
(% RSA). 

% RSA = (A control – A sample) ×100 = A control  
Here, A = absorbance at 517 nm. 

By plotting the percentage (%) of free radical scavenging activity of 
ascorbic acid against its concentration then arranged a standard 
curve. The expressed closing results of mg ascorbic acid as equal 
antioxidant capacity in 1 g of sample (mg AEAC g−1). 

FRAP (Ferric Reducing/Antioxidant Power) Assay 

The Ferric Reducing/Antioxidant Power assay was completed by 
Benzie and Strain as before described [14] with certain 

modifications. For a moment the employed Ferric 
Reducing/Antioxidant Power reagent produced by mixing 300 mM 
acetate buffer (pH 3.6) 10 mM 2, 4, 6-tripyridyl-s-triazine (TPTZ) in 
40 mM HCL and 20 mM FeCl3· 6H2O in 10:1:1 ratio earlier to use 
then heated to 37°C in water bath for 10 min. Cheilanthes species 
extracts were permissible to react with 2.7 ml of the Ferric 
Reducing/Antioxidant Power reagent of several concentrations (1–5 
mg/ml). The reaction mixture was made up to 3 ml of closing 
volume with distilled water. The kept reaction mixture was left in 
dark for 30 min. The colored product readings are taken at 593 nm 
(ferrous tripyridyltriazine complex). The output was expressed as 
mM Trolox equivalent g−1 Sample of dry weight. 

DMPD (N, N-dimethyl-p-phenylendiamine) Assay 

This assay is created on the principle of reduction of the purple 
radical cation DMPD+ (N, N-dimethyl-phenylendiamine). Dissolving 
209 mg DMPD in 10 ml distilled water was arranged by A 100 mM 
DMPD solution. 100 ml 0.1 M acetate buffer (pH 5.25) was added to 
one ml of this solution. The purple radical cation DMPD+ resulted in 
adding 0.2 ml of a 0.05 M ferric chloride solution, which was 
measured at equilibrated to an absorbance of 0.900±0.100 and 505 
nm.  

Up to 12 h The DMPD radical cation was stable. 50 μl antioxidant 
solutions and 1 μl of DMPD+ solution were mixed 10 min at 25°C 
endlessly. This solution was occupied at 505 nm after mixing of the 
absorbance [15]. The potential of antioxidative was evaluated the 
four Constituents as display for the DPPH assay. 

Statistical Analysis 

In this study, Three analyses of every sample were made and all 
experiment was carried out in triplicate i. e. (n=3).The obtained data 
were calculated from the mean value and standard deviation. 
Determined by linear regression analysis of obtained RSA (Microsoft 
Excel programmer for Windows XP) wherever values signifying the 
concentration of examined extracts that cause 50% of inhibition 
(IC50). 

RESULTS AND DISCUSSION 

Total Phenolic Content (TPC) 

The Total Phenolic Content (TPC) amount of determined in different 
solvent extracts of Cheilanthes species is shown in Table 1 and 2. In 
phenolic compounds extracting results discovered that ethanol was 
the best solvent for followed by water, methanol, and acetone. Total 
phenolics (0.44 mg GAE g−1) of Cheilanthes species contained 
amounts. There are time to time variations in the TPC of the 
different plants and some ferns and mangrove plants Antioxidant 
Capacity and Phenol Content reported from different authors in 
Mangrove Infoline Database as well as Fern Ethnomedicinal plant 
database [16, 27, 28and 29]. Due to the complex nature of these 
groups of compounds the methods of extraction and analysis [17]. It 
was shown that the plants phenolic content of are influenced by 
extrinsic (agronomic, environmental, handling and storage) factors 
and a number of intrinsic (genus, species, cultivar) [18, 19]. 

Total Flavonoids Content (TFC) 

Flavonoids are naturally present in mostly plants and flavonoid is a 

group of polyphenolic compounds. They constitute most of the 

yellow, red and blue colors in the fruit [20]. Currently wide studied 

as components flavonoids from the plants and fruits that has the 

capacity to provide multiple benefits of health. Clinical studies and 

Epidemiological have provided evidence of a capacity role for 

flavonoids in lowering the risk of cardiovascular diseases, free 

radical coronary heart disease prevention, osteoporosis, scavenging 

capacity, and neurodegenerative diseases [21, 22]. The amount of 

TFC in different solvent extracts of CSWPR is shown in Table 2. The 

results discovered that extract capacity of flavonoids was also 

affected by the solvent used. Extracting flavonoid compounds from 

the water are the best solvent for (0.28 mg of RE g−1). The methanol, 

ethanol and acetone were not good solvents for extraction of 

flavonoids from CSWPR Extract. Because of the flavonoids solubility 
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changed during growing process, the flavonoids widely held from 

under CSWPR were methanol soluble as well as the flavonoids from 

over CSWPR were water soluble [23].  

 

Table 1 Total phenolic contents for the studied extracts of four species Cheilanthes. 

 

Sr.No Plant  Parts Solvent Total phenolics (mg GAE/g) 
C. farinosa C.anceps C. tenuifolia C. albomarginata  

1 Whole Plant with 
Rhizome 

Water  0.24±0.016 0.28±0.014 0.22±0.016 0.26±0.013 

2 Methanol 0.44±0.012 0.32±0.018 0.42±0.014 0.38±0.016 

3 Ethanol 0.22±0.013 0.26±0.016 0.28±0.012 0.24±0.012 
4 Acetone 0.24±0.013 0.22±0.012 0.26±0.013 0.24±0.014 

 

Table 2 Total flavonoids contents for the studied extracts of four species Cheilanthes. 

 

Sr.No Plant  Parts   Solvent Total flavonoids (mg RE/g) 
C. farinosa C.anceps C. tenuifolia C.albomarginata  

1 Whole Plant 
with Rhizome 

Water  0.22±0.013 0.24±0.016 0.22±0.019 0.18±0.019 

2 Methanol 0.24±0.017 0.22±0.012 0.23±0.013 0.18±0.019 

3 Ethanol 0.26±0.019 0.32±0.013 0.24±0.017 0.22±0.017 
4 Acetone 0.18±0.019 0.26±0.013 0.22±0.019 0.24±0.019 

 
Radical Scavenging Activity on 1, 

1-diphenyl-2-picrylhydrazyl (DPPH) Radical 

The quantification of free radical scavenging activity is used by the 
DPPH method in worldwide, foreign to biological system and in vitro 
[22]. Antioxidant activity is unique mechanisms to investigate the 
scavenging result on proton radicals. In the recent  study, the total 
antioxidant capacity investigation was measured as the compounds 
of cumulative ability existing in the sample to scavenge stable 
organic free radicals as well as  deep violet color, using the DPPH 
reaction  which gave the maximum absorbance within 515– 528 nm 
range,. The antioxidant occurrence in the sample leads to 
disappearance of DPPH radical chromogens, which can be noticed 
spectrophotometrically at 517 nm. Type of solvents and Light, pH, 
Oxygen, are methods sensitive to used [23]. Extracts of CSWPR of all 
are the radical scavenging effects denoted in Fig. 1. 

 

 

Fig.1 DPPH radical scavenging activity of different CSWPR extra
cts, data expressed in mean ± SD, n=3 

Entire extracts assessed were able to reduce the stable, purple 
colored DPPH· radical reaching 50% of reduction. The maximum as 
well as minimum IC50 value for methanolic extract 0.4 mg/ml and 0.7 
mg/ml. It has been showed that flavonoids and phenolic compounds 
are present in the plants and responsible for essentially antioxidant 
activity [24].The methanolic and water Extracts of CSWPR evidenced 
their capacity as an antioxidant from the above results. 

FRAP (Ferric Reducing/Antioxidant Power) Assay 

The Ferric Reducing/Antioxidant Power assay is very beneficial for 
routine analysis and one of the most simple, rapid, inexpensive tests. 

The direct test of total antioxidant power of a sample is developed 
for Ferric Reducing/Antioxidant Power assay. The antioxidant 
activities of CSWPR extracts using FRAP assay are shown in Fig. 2 

 

 

Fig.2 FRAP assay of different CFWP extracts, data expressed in 
mean ± SD, n=3 

and arranged were diverse concentrations (1–5 mg/ml). The CSWPR 
extracts increased with increasing in concentration (1–5 mg/ml) of 
ferric reducing power. The CSWPR  extract (5 mg/ml) higher ability 
showed  to reduce Fe3+ to Fe2+, 1.7 mM TEAC g−1 for methanolic 
and 1.4 mM TEAC g−1 for water extract. The methanol soluble factor 
is commonly responsible for reducing potential of the Extracts. The 
radical scavenging capacity of plant dry powder decreased with 
increasing growth status [23]. The essential role in determining the 
antioxidant properties which played a phenolic Phytochemicals 
exhibited redox properties [25]. Hence the ability of reducing 
extracts was strongly correlated with the phenolic and flavonoid 
content. 

DMPD (N, N-dimethyl-p-phenylendiamine) Assay 

Several benefits of the N, N-dimethyl-p-phenylendiamine i.e.DMPD 
assay has as high stability of the end point, cost effective and fewer 
cumbersome rapid reaction times. DMPD is transformed to stable 
and colored DMPD radical cation (DMPD·+, absorption maxima 505 
nm) in the occurrence of an oxidant solution (ferric chloride) at 
acidic pH. The sample capable to transfer a hydrogen atom to 
DMPD·+ and caused discoloration, which was proportional to their 
concentration of the present in antioxidant compounds [26]. 
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Antioxidant activity (% RSA) of the diverse CSWPR extracts the Data 
in Fig. 3 showed and all the extracts demonstrated antioxidant 
activity and clearly indicated that Results in Fig. 3 and it was 
quantity dependent  methanol > ethanol > water > acetone. The 
CSWPR extracts of concentrations that cause 50% inhibition (IC50) 
were as follows: 3.43 mg/ml for methanolic extract, 3.6 mg/ml for 
ethanolic extract and 3.9 mg/ml for water extract. All extracts of 
CFWP exhibited that was experimental lower free radical scavenging 
activity than the standard ascorbic acid. 

 

 

Fig. 3 DMPD radical scavenging activity of different CFWP 
extracts, data expressed in mean ± SD, n=3 

CONCLUSION 

In the current study, the Cheilanthes species from whole plant with 
rhizome powder extracts found strong antioxidant activity. The 
CSWPR extracts might be attributed to their free radical scavenging 
activity in the antioxidant mechanisms. The flavonoid and phenolic 
compounds appeared in addition, to be responsible for the 
antioxidant activity of CSWPR extracts. Here the results presented 
on the basis of Cheilanthes species from whole plant with rhizome 
powder possess good antioxidant properties. Potential of the total 
antioxidant capacity of Plants, vegetables and other fruit products 
and due to the multifaceted nature of Phytochemicals could not be 
performed accurately by any single method. We have stated in this 
study, their potential antioxidant capacity against DPPH radical, 
ferric reducing power and DMPD radical. The Cheilanthes species 
whole plant with rhizome is a rich source of phytochemicals as well 
as phenolic compounds and deals to the development of value-added 
products from Cheilanthes species whole plants with rhizome so 
enhance today’s opportunities in nutraceuticals and food 
applications for Human Health. 
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Abstract In black feathers, melanin is embedded in ker-

atin matrix that makes feather more resistance to the

microbial degradation. Chryseobacterium sp. RBT previ-

ously isolated from the poultry waste disposable site

revealed strong sulfitolytic and keratinolytic activities.

Maximum keratinase activity was observed at 48 h

(89.12 U ml-1) showed 83 % of native black feather

degradation. The concentration of free sulfhydryl groups

released during degradation was 0.648 9 10-4 M (12 h),

2.144 9 10-4 M (96 h), and however, declined on prolong

incubation to 1.752 9 10-4 M (120 h). Melanin was

released in the degradation medium after microbial

exploitation of black feather. After purification, melanin

was dark brown colored powder insoluble in water, 5 M

HCL, ethanol, methanol, benzene, chloroform, and ace-

tone; whereas, soluble in KOH and NaOH. On exposure to

oxidizing and reducing reagents feather melanin showed

decolorization, while formed a brown precipitate when

reacted with FeCl3. The spectroscopic characterization of

isolated melanin demonstrated absorption at infra-red

region. Similarly, UV–visible scan confirmed that increase

in the wavelength progressively declined the absorbance of

pigment. The crude keratinase enzyme (2 % v/v) produced

during degradation showed complete dehairing of goat skin

within 20 h.

Keywords 5,50-Dithio-bis-(2-nitrobenzoicacid) �
Chryseobacterium � Dehairing � Keratinase � Melanin

Introduction

In birds, feather pigmentation mainly depends on the

components, such as keratin and melanin, having different

refractive indexes. Melanin is widely distributed in plants,

animals, and some microbes, although it has been not

assigned any specific role in the growth and development

but to enhance their survival and competitiveness (Alois

and Michael 1986). Chemically melanin was a dark col-

ored, negatively charged, and high molecular weight

heterogeneous polymer which was insoluble in most of the

aqueous or organic solvents (Nicolaus et al. 1964; Crippa

et al. 1989). Melanin is embedded in the b-keratin matrix

arranged in a complex array of feather barbules (Durrer

1986). Besides pigmentation, melanin provides structural

rigidity to feathers by cross-linking with proteins and

making them more resistant against feather feeding

microorganisms and ecto-parasites (Burtt 1986; Goldstein

et al. 2004; Gunderson et al. 2008). Wilson et al. (2007) in

their study with archaeological contexts found that micro-

bial activity degraded only keratin without affecting the

melanin. Similarly, Goldstein et al. (2004) and Gunderson

et al. (2008) demonstrated the degradation of melanized

feathers using Bacillus licheniformi and B. licheniformi

OWU 138B and concluded that melanized feathers where

unable to biodegrade.

Keratins are the highly specialized fibrous proteins

ubiquitous in animals. Feather contains about 90 % ker-

atin protein rich in disulfide bridges which are responsible

for making feathers more resistant against common pro-

teases, such as trypsin, pepsin, and papain, thus reduces
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the degradation process in nature (Onifade et al. 1998).

However, some biological entities, such as insects

(clothes moth larvae, carpet beetles, and chewing lice)

and microorganisms (eucarya, bacteria, and archaea), can

exploit the keratins. Microbes produce keratinases enzyme

to breakdown the keratin and utilize it as a source of

carbon, nitrogen, sulfur, and energy for its growth and

development (Noval and Nickerson 1959). Previously,

Lysobacter NCIMB 9497 (Allpress et al. 2002), Mi-

crobacterium sp. (Thys et al. 2004), Xanthomonas mal-

tophilia (de Toni et al. 2002), Stenotrophomonas sp.

(Yamamura et al. 2002), Chryseobacterium indologenes

TKU014 (Wang et al. 2008), and Serratia sp. HPC 1383

(Khardenavis et al. 2009) were reported as keratin

degraders.

Several researchers had isolated genus Chryseobac-

terium from the poultry carcasses and believed that this

bacteria might have been originated from the poultry itself

or from the slaughterhouse environment (Hang’ombe et al.

1999). Beer et al. (2005) stated that most of the Chry-

seobacterium were isolated from the raw chicken portion

or whole bird at different stages of meat processing. Van-

damme et al. (1994) have stated that genus Chryseobac-

terium was closely associated with strong proteolytic

activity.

Therefore, in present study, previously isolated Chry-

seobacterium sp. RBT was demonstrated for the degrada-

tion of melanin containing native feathers that cannot be

degraded by normal microbial flora. This was the first

report signifying highest degradation of native black

feather within short span of time. The biodegradation

efficiency was analyzed by quantifying the keratinase

enzyme, soluble protein, amino acid, and free sulfhydryl

groups in the medium. During black feather degradation

melanin embedded in the feather matrix was released in the

medium. This melanin was purified and characterized

which has many industrial appplications. Whereas, the

crude keratinase enzyme was applied for ecofriendly

dehairing of goat skin.

Materials and methods

Chemicals, black feathers, and goat skin

Standard melanin (synthetic) and 5,50-dithio-bis (2-ni-

trobenzoic acid) were purchased from Sigma-Aldrich,

USA. Keratin powder, bovine serum albumin, sodium

hydroxide, hydrogen peroxide, ferric chloride, sodium

hypochlorite, and potassium hydroxide were obtained from

Himedia, India. Solvents, such as ethanol, methanol,

chloroform, acetone, benzene, and phenol were procured

from Sisco Research Laboratory (SRL), India. All the

chemicals and reagents used were of the highest purity and

analytical grade. Black feathers of slaughtered domestic

fowl (Gallus gallus domesticus) collected from central

chicken market, Kolhapur, India were washed, dried, and

stored for further studies. Whereas, goat (Capra hircus-

Osmanabadi breed) skin was obtained from the local meat

market in Kolhapur, India.

Microorganism and maintenance

The Chryseobacterium sp. RBT (genebank accession

number GU481093) used in this study was previously

isolated from the poultry waste contaminated site. Bacterial

culture was routinely subculture and maintained on keratin

agar containing (g l-1): Na2HPO4 (6.0), KH2PO4 (3), NaCl

(5), MgSO4 (0.1), keratin powder (1), and agar (25) as a

solidifying agent (Gurav and Jadhav 2013a).

Biodegradation of black feathers

The black feather degradation experiment was carried out

in basic salt medium (BSM) having composition (g l-1):

Na2HPO4 (6.0), KH2PO4 (3.0), NaCl (5.0), MgSO4 (0.1),

and native black feathers (10). This medium was inoculated

with 0.1 % (v/v) of Chryseobacterium sp. RBT culture

having absorbance 0.92 at 660 nm and incubated on the

orbital shaker (140 rpm) at 37 �C (Gurav and Jadhav

2013a). The degradation rate was assessed by pulling ali-

quots at different time intervals to analyze the keratinase

activity, free sulfhydryl groups, soluble proteins, and

amino acids.

Keratinase assay

The keratinase activity was determined using pure keratin

powder as a substrate (Gurav and Jadhav 2013a). In brief,

1 ml of crude enzyme diluted in tris–HCl buffer and 1 ml

substrate (0.1 % keratin powder) was incubated at 37 �C
for 10 min. The reaction was terminated by adding 2 ml of

0.5 M trichloro acetic acid (TCA). This reaction mixture

was centrifuged, and the absorbance was detected at

280 nm (UV-1800, Shimadzu, Japan). The enzyme control

was treated in the same way except the TCA and was added

before incubation. One unit (U ml-1) of keratinase activity

was defined as an increase in corrected absorbance by

0.001 units at 280 nm with control min-1 (Cai et al. 2008)

and calculated using formula:

U ¼ 4 � n� A280= 0:01 � 10ð Þ;

where n, dilution rate; 4, final reaction volume; 10, incu-

bation time (min).
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Quantification of free sulfhydryl groups

The quantification of free sulfhydryl groups released during

feather degradation was executed using 5,50-dithio-bis-(2-

nitrobenzoic acid), also known as DTNB or Ellman’s

reagent (Ellman 1959). Sulfhydryl groups in the degrada-

tion medium reacted with DTNB and produced a mixture

of disulfide and 2-nitro-5-thiobenzoic acid (TNB) which

was yellow-colored product measured at 412 nm. In brief,

200 ll of cell-free supernatant was added to 2.5 ml of

reaction buffer (0.1 M sodium phosphate, pH 8.0, con-

taining 1 mM EDTA) and 50 ll of DTNB solution

(4 mg ml-1). This reaction mixture was incubated at room

temperature for 15 min and absorbance was recorded at

412 nm (UV-1800, Shimadzu, Japan). Blank was prepared

by adding 2.7 ml of reaction buffer and 50 ll of DTNB

solution. The free sulfhydryl concentration was calculated

using the following formula.

Molar absorptivity (E) is defined as follows:

E ¼ A=bc;

where A is the absorbance; b is the path length in cen-

timeters; c is the concentration in M l-1 (=M).

Solving for concentration gave the following formula:

c ¼ A=bE:

The reported molar extinction coefficient of TNB in

0.1 M phosphate, pH 8.0, 1 mM EDTA was

E = 14,150 M-1 cm-1 at 412 nm.

Detection of soluble protein and amino acids

Soluble protein content of degradation medium was

determined by folin-phenol method using BSA as standard

(Lowry et al. 1951). Similarly, the amino acids were

quantified by ninhydrin method using leucine as standard

(Moore and Stein 1957).

Percentage degradation of feather biomass

The percentage degradation of black feathers was deter-

mined on the basis of cell-free dry weight of the residual

feathers in the culture broth at the end of experiment

(Cortezi et al. 2008).

Separation and purification of the melanin pigment

Melanin released in the feather degradation medium was

filtered through the mesh to separate them from the undi-

gested feathers. The filtrate contained the cell biomass and

melanin was further centrifuged, and the resulted pellet was

dissolved in NaOH to make the pH 12 and incubated at

room temperature for 60 min. This mixture was then

acidified by adding HCl to precipitate the pigment by

decreasing the pH level to three (Sajjan et al. 2010; Sur-

wase et al. 2013). After centrifugation, a dark blackish

brown precipitate of crude melano-protein obtained was

washed 4–5 times with doubled distilled water. This brown

amorphous material was re-dissolved in 0.1 M NaOH and

deproteinised with 20 % chloroform, and subsequently, the

dark brown layer was then separated and re-precipitated

with the acid. The obtained pellet was repeatedly washed

with methanol and ethanol and was finally lyophilized.

Chemical and spectroscopic characterizations were per-

formed with reference to the synthetic standard melanin

(Sigma, USA) (Surwase et al. 2013).

Characterization of purified pigment

Qualitative chemical analysis

Chemical analysis of the purified pigment was done in

parallel to the standard melanin. The pigment solubility

was checked in distilled water, ethanol, methanol, chloro-

form, acetone, benzene, NaOH, and KOH. Similarly, the

specific qualitative tests for melanin were performed using

H2O2, FeCl3, and NaOCl (Sajjan et al. 2010).

Spectral analysis

The purified pigment and standard melanin were dissolved

in 0.1 M NaOH, and the UV–visible adsorption spectra

were recorded between 220 and 800 nm (Shimadzu, Japan)

using 0.1 M NaOH as blank. The purified feather melanin

and standard melanin spectrum were plotted as optical

density of compound against the wavelength (Surwase

et al. 2013).

FT-IR study

Fourier transform infra-red spectroscopy (Perkin Elmer,

Spectrum 100, USA) of the isolated pigment with reference

to the standard melanin was done in the mid IR region of

400–4000 cm-1 with 16 scan speed. The pellet was pre-

pared using spectroscopic grade KBr (10:90), and analysis

was carried out and the changes in % transmission at dif-

ferent wavelengths were recorded (Sajjan et al. 2010).

Enzymatic leather processing

The Chryseobacterium sp. RBT produced keratinase

enzyme during black feather degradation was applied on

goat skin to check the dehairing ability. Crude keratinase

2.0 % (v/v) was applied on clean goat skin placed in tris–

HCl buffer (50 mM, pH 8.6) and kept at 37 �C (Gurav and

Jadhav 2013a). The enzyme treated skin samples were
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washed thoroughly under tap water and visually observed

for the dehairing, and data was recorded in the form of

photographs and time required for skin dehairing.

Statistical analysis

The data was analyzed by the one-way analysis of variance

(ANOVA) with the Tukey–Kramer multiple comparisons

test.

Results and discussion

Degradation of melanin containing feathers

In the present study, Chryseobacterium sp. RBT hydro-

lyzed the native black feathers of Gallus gallus domesticus

and utilized it as sole source of carbon, nitrogen, and

energy. The native black feathers were degraded (83 %)

within 48 h, by releasing melanin embedded in the feather

matrix (Fig. 1). Initially, the keratinase enzyme activity

was observed at 12 h (21.9 U ml-1) and was highest at

48 h (89.12 ml-1). However, further incubation until 120 h

(16.20 U ml-1) significantly declined the keratinase

activity (Fig. 2). During the degradation process, an

increase in the pH from 7.5 to 8.8 was observed. This

tendency of medium alkalinity was attributed due to the

deamination reactions leading to release of ammonia from

protein, peptides, and amino acids. Such increase in pH

during feather degradation is the important indication of

high keratinolytic potential of the microorganisms (Riffel

et al. 2003). Similarly, our previous study on poultry

feather degradation using Chryseobacterium sp. RBT

showed maximum keratinase activity at pH 8.6 (Gurav and

Jadhav 2013a). On the other hand, medium alkalization

may have facilitated the release of melanin embedded in

the feather matrix, as it has been well documented by many

authors that melanin pigment was likely to be solubilized at

alkaline pH.

Determination of free sulphydryl groups

Loss in the feather biomass was used as a primary and most

reliable indicator for microbial keratinolytic abilities

(Korniłłowicz-Kowalska 1997). However, other important

indicators, such as peptides, amino acids, ammonia, sulf-

hydryl groups, sulfate excretion, keratinase activity, and

medium alkalinisation, are also crucial to study the keratin

degradation (Korniłłowicz-Kowalska 1997). Free sulfhy-

dryl groups released during feather degradation were ana-

lyzed at different time intervals using 5,50-dithio-bis (2-

nitrobenzoic acid) (DTNB). DTNB reagent has high

specificity for –SH groups at neutral pH, high molar

extinction coefficient, and short reaction time. The con-

centration of free sulfhydryl groups in degradation medium

was 0.648 9 10-4 and 2.144 9 10-4 M at 12 and 96 h,

respectively. However, further incubation until 120 h

reduced the content to 1.752 9 10-4 M (Fig. 3).

The cross-linking of protein chains by several disulphide

bonds is the most distinctive character of keratins. Such

bonding makes the keratin molecule more resistant to

mechanical and enzymatic degradation. Many pathways

were proposed to explain the microbial breakdown of

keratin molecules amongst them one was cleavage of

disulfide bonds prior to the proteolytic breakdown. This

cleavage of the disulphide bond was carried out by sulfi-

tolytic activities, which was determined by detecting free

sulfhydryl groups in the culture media; these results were

in agreement with the study of Onifade et al. (1998). The

sulfitolytic cleavage of cystine was carried out by means of

Fig. 1 Degradation of native black feathers by releasing of melanin

embedded in the feather matrix. ‘Control’ without inoculum and ‘C.

RBT’ inoculated with Chryseobacterium sp. RBT (48 h)
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excess sulfite released by the microbial cells and was

previously studied in filamentous keratinolytic fungi and

actinomycetes; however, this pathway was also detected in

bacterial degradation (Laba et al. 2015). Such disulphide

bonds cleavage during microbial degradation was previ-

ously described in Streptomyces pactum (Böckle et al.

1995). Thus, in the present study, Chryseobacterium sp.

RBT possesses a strong disulphide-bond breaking ability.

Quantifying the peptides and amino acids

The Chryseobacterium sp. RBT produces the keratinase

enzyme responsible for the degradation of feather keratin

into peptides and amino acids. Liberating the protein and

amino acid during degradation served as a crucial indicator

in feather keratin degradation. The highest soluble protein

content was observed at 48 h (2.98 mg ml-1), whereas

further incubation until 120 h declined the content to

1.14 mg ml-1 (Fig. 4). Similarly, the concentration of free

amino acids was evaluated and was enhanced with time;

this may be due to the peptides continued to breakdown

into amino acids. The maximum free amino acids content

was 3.24 mg ml-1 at 84 h of incubation (Fig. 4). A good

correlation between protein, amino acids content, and

feather biomass was observed during degradation.

In general, feather degrading microorganisms can either

digest keratin through secretion of keratinases or otherwise

grow directly on the feathers (Ruiz-Rodrı́guez et al. 2009).

Microbial degradation of the feather biomass results into

the hydrolysate rich in peptides, amino acids, and minerals,

such as nitrogen, phosphorus, potassium, calcium, mag-

nesium, iron, manganese, zinc, and copper (Gurav and

Jadhav 2013b). Soil and foliar application of this feather

hydrolysate to banana cultivation created a promising

approach for nourishing the soil and also stimulated the

production of banana fruits rich in health beneficial com-

pounds, such as antioxidants (Gurav and Jadhav 2013b).

Characterization of feather melanin

On purification obtained blackish brown colored pigment

was insoluble in water, 5 M HCL, ethanol, methanol,

benzene, chloroform, acetone, and soluble in KOH and

NaOH. Whereas pigment showed decolorization after

reacting with the oxidizing and reducing reagents, such as

NaOCl and H2O2. Similarly, pigment produced a brown

precipitate when reacted with FeCl3. All the results were

compared and found identical with the synthetic standard

melanin (Sigma).

Spectroscopic analysis of the pigment

The UV–visible absorption spectrum of synthetic and

purified feather melanin is described in Fig. 5. The
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absorption was highest in UV region at 200–300 nm, but

significantly declined towards the visible region, which

was the characteristic property of melanin. This phe-

nomenon was due to the presence of very complex con-

jugated arrangement in the melanin. A linear relationship

between log absorbance and wavelength from 400 to

800 nm was observed, which was one of the most impor-

tant criteria in melanin characterization. Such distinctive

straight line with negative slope was demonstrated earlier

in melanin produced by microorganisms (Sajjan et al.

2010; Surwase et al. 2013).

The FT-IR spectroscopy was preferred for additional

characterization of the feather pigment. FT-IR was the

most revealing, well-resolved, and non-destructive method,

providing information on functional groups and detailed

structural analysis (Sajjan et al. 2010; Surwase et al. 2013).

The IR spectrum of feather melanin and standard melanin

showed high degree of similarity with each other (Fig. 6).

This characteristic property of the IR spectrum of melanin

pigment was analogous with many earlier reports.

The obtained feather melanin could be used as an

ingredient in photo protective creams, sunscreen lotions,

bioinsecticidal preparations, removal of the heavy metals

found in the environment, and protective against reactive

oxygen and reactive nitrogen species (Sajjan et al. 2010;

Surwase et al. 2013).

Leather dehairing

The crude keratinase enzyme after applying on goat skin

showed effective dehairing within 20 h (Fig. 7). Mechan-

ical forces were not needed in enzymatic treated skin to

remove the hair. However, the untreated goat skin showed

intact hair with no hair releasing signs even by plucking

with the forceps.

Currently, lime and sodium sulphide is widely applied

for dehairing of the skin however; such chemicals are

hazardous to humans and the environment (Malathi and

Chakraborty 1991). In the enzymatic dehairing process, a

selective breakdown of keratin tissue in hair follicle was

observed which releases the intact hair without affecting

the tensile strength of leather and the removed hair can be

further used for vale addition (Macedo et al. 2005).

Conclusion

Chryseobacterium sp. RBT degraded the native black

feathers within short span of time liberating melanin

embedded in the feathers matrix. This bacterium exhibited

both keratinolytic as well as sulfitolysis activities that

facilitated the breakdown of protein and di-sulphide bonds

in keratin. The isolated feather melanin showed similar

physical and chemical properties with synthetic melanin

which could be exploited for many industrial applications.

Whereas the crude keratinase enzyme could be employed

as an effective and ecofriendly alternative in leather pro-

cessing. Results of this research work can guide and lead to

the anticipated path for biotechnological interventions to

produce the value added products from the waste feather

biomass.
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ABSTRACT

Objective: To investigate L-3, 4-dihydroxyphenylalanine (L-dopa, anti-Parkinson drug),
anti-inflammatory activity, proximate nutritional composition and antioxidant potential of
Mucuna macrocarpa (M. macrocarpa) beans.
Methods: L-dopa content was determined and quantified by high performance thin layer
chromatography and reversed phase high-performance liquid chromatography (RP-
HPLC) methods. Anti-inflammatory activity was performed by in vitro protein denatur-
ation inhibition and human red blood cell membrane stabilisation activity. Proximate
composition and elemental analysis were also investigated. The antioxidant potential
(2,2-diphenyl-1-picrylhydrazyl, N-N-dimethyl-phenylenediamine and ferric-reducing
antioxidant power) of M. macrocarpa beans were evaluated by using different extrac-
tion solvents. The RP-HPLC analysis also quantified significant phenolics such as gallic
acid, tannic acid, p-hydroxybenzoic acid and p-coumaric acid.
Results: RP-HPLC quantification revealed that M. macrocarpa beans contain a high
level of L-dopa [(115.41 ± 0.985) mg/g] which was the highest among the Mucuna
species from Indian sub-continent. Water extract of seed powder showed strong anti-
inflammatory and antioxidant potential. Proximate composition of M. macrocarpa
beans revealed numerous nutritional and anti-nutritional components. RP-HPLC analysis
of major phenolics such as tannic acid (43.795 mg/g), gallic acid (0.864 mg/g), p-cou-
maric acid (0.364 mg/g) and p-hydroxybenzoic acid (0.036 mg/g) quantified successfully
from M. macrocarpa beans respectively.
Conclusions: This study suggests that M. macrocarpa is a potential source of L-dopa
with promising anti-inflammatory, antioxidant and nutritional benefits.

1. Introduction

Parkinson's disease is the second most neurological disorder
occurs after the Alzheimer's disease [1]. Degeneration of

dopaminergic neurons and Lewy body's formation in the
substantia nigra pars compacta region of the brain are the
main hallmark of Parkinson's disease [2]. Some factors have a
critical role in the development of Parkinson's disease like age,
genetics, exposure to an excess of iron, pesticides, fungicides
and toxins [3]. Mechanism of dopaminergic cell degeneration
involves microglial activation, excitotoxicity, oxidative stress,
neuroinflammation and mitochondrial dysfunction which
ultimately leads to apoptosis [4].

L-3, 4-dihydroxyphenylalanine (L-dopa) is the principal drug
used for the management of Parkinson's disease at earlier stages
of disease progression. There are several sources of L-dopa
(synthetic and biological). Plants are the most popularly used
source to treat Parkinson's disease due to their advantage of
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comprising several other metabolites including phenolics, fla-
vonoids and alkaloids which assist treatment through various
pathways [5]. Mucuna pruriens (M. pruriens), a well-known
species from genus Mucuna is commercialised for L-dopa
extraction and has been successfully exploited for the Parkin-
son's disease management [6]. Genus Mucuna comprises nine
species and four varieties throughout India [7]. Unfortunately,
most of the species have been remained neglected for their
investigation regarding their valuable properties. As
Parkinson's disease occurrence is continuously rising, the
demand of L-dopa is also increasing concurrently. Hence, the
finding of novel potential L-dopa sources is of great importance.

Inflammation is a crucial function of the immune system to
resist microbial infections and to provoke anti-inflammatory
molecules. Several chronic disorders such as Alzheimer dis-
ease and Parkinson's disease happen due to long-term neuro-
inflammation [8]. For the treatment of inflammatory disorders,
various drugs are available in the market. However, long-term
use of these drugs may lead to immunodeficiency and gastro-
intestinal disorder [9]. In this direction, investigation of new anti-
inflammatory molecules with potential for the alleviation of
inflammation is an essential task. Plants are the excellent source
of polyphenols, terpenoids, anthocyanidins, carotenoids, flavo-
noids, glucosinolates, isoflavonoids, and phytoestrogens. These
molecules have health beneficial effects through antioxidant and
anti-inflammatory mechanism [10].

Free radicals produced in cellular metabolism lead to the
pathogenesis of Parkinson's disease by producing reactive ox-
ygen and nitrogen species [11]. Brain cells are highly vulnerable
to oxidative stress because of polyunsaturated fatty acids in the
cell membrane, poor catalase, superoxide dismutase and
glutathione peroxidase activity and higher content of iron
generating free radicals [12]. Researches on animal models of
Parkinson's disease, cell culture, postmortem brain tissue and
the investigation of human genetics demonstrates the
contributions of oxidative stress and mitochondrial
dysfunction in Parkinson's disease development [13]. Free
radicals generate oxidative stress which leads to cell
impairment and destruction [14]. To reduce the oxidative
stress, supplementation of external antioxidant is required.
Several secondary metabolites such as phenolics, flavonoids,
alkaloids derived from plants show superfluous antioxidant
potential [15]. In Indian system of Ayurveda, various
medicinal plants with surplus antioxidant activity have been
reported and extensively used for the management of
neurodegenerative diseases [16].

Mucuna macrocarpa (M. macrocarpa) is a species predom-
inately found in Taiwan and Southeastern Asia including India
and China [17]. It is a large and woody climber, up to 70 m long
stem, 20–25 cm in diameter, trifoliate leaves and 5–25 cm long
inflorescences. Pods are woody, linear straight or slightly curved
(40–42 cm long) having 9–13 seeds per pod. Seeds are flattened
round and brown with hard seed coat and an average weight of
5–7 g [17]. Recently, anti-leukaemic, antioxidant and
antimicrobial properties of M. macrocarpa bark and root
extract have been reported [18]. However, M. macrocarpa seed
has remained uninvestigated for its enormous medicinal and
nutritional properties. Hence, the present study attempted to
evaluate L-dopa content, proximate nutritional composition,
anti-inflammatory and antioxidant potential of M. macrocarpa
beans.

2. Materials and methods

2.1. Standard chemicals and reagents

The chemicals, standard and reagents used in the present
work were of analytical and high performance liquid chroma-
tography grade. 2, 2-diphenyl-1-picrylhydrazyl (DPPH), 2, 4, 6-
tripyridyl-s-triazine, N-N-dimethyl-phenylenediamine (DMPD),
ammonium acetate, and acetonitrile were purchased from Sigma
(St. Louis, MO, USA). Ferric chloride and other chemicals were
procured from S.D. Fine Chemicals Ltd. (Mumbai, India) and
Himedia (Mumbai, India). The reference standards for phenolics
viz., gallic acid, tannic acid, 3, 4-dihydroxybenzoic acid, p-
coumaric acid, vanillic acid and ferulic acid were purchased
from Himedia (Mumbai, India).

2.2. Collection of plant material

The M. macrocarpa seeds were collected from Darjeeling,
West Bengal, India. Herbarium of plant material maintained at
the Botany Department, Shivaji University, Kolhapur (Voucher
No.-Swaroopsingh 030 SUK). The M. macrocarpa seeds were
grinded (after removing seed coat) in a mechanical grinder to
obtain fine powder and stored at −20 �C refrigerator for further
analysis.

2.3. Qualitative and quantitative analysis of L-dopa

Qualitative and quantitative investigation of L-dopa was
conducted according to the method described by Rathod et al.
[19]. Shortly, 50 mg of M. macrocarpa powder was mixed with
15 mL 0.1 N aqueous HCl and mixture then sonicated for
20 min. Further, the volume was adjusted to 50 mL with
0.1 N HCl. The sample was then filtered through 0.45 mm
nylon filter (Axiva filters). The filtered sample was used for
the qualitative analysis by using high-performance thin layer
chromatography (HPTLC) (E. Merck, Darmstadt, Germany).
The sample was spotted on the silica-coated aluminium sheet
(10 cm × 10 cm with 0.2 mm thickness) using a Camag Linomat
V automatic sample spotter (Muttenz, Switzerland). n-butanol,
acetic acid and water were used as mobile phase at 4:1:1 pro-
portion [20]. Thin layer plates scanning was done at 280 nm with
the help of Camag thin layer scanner Ⅲ.

Reverse phase high-performance liquid chromatography (RP-
HPLC) analysis was performed by Shimadzu prominence unit
with degasser DGU-20A 5R, low-pressure quaternary pump LC
20 AD and SPD-M20A as a photo diode array detector. Water,
methanol and acetonitrile (5:3:2) containing 0.2% triethylamine
used as mobile phase having pH 3.3 [19]. A total of 20 mL
volume was used for the injection. Nova-Pak C18 column
(4 mm, 4.6 mm × 250 mm) from water (Milford, USA) was used
for the chromatographic separation.

2.4. In vitro anti-inflammatory activity

Sample preparation was carried out by adding
100 mg M. macrocarpa seed powder in 10 mL distilled water,
extracted in mortar petal and centrifuged at 10 000 rpm for
10 min. The supernatant was collected and calculated the
effective yield. Further, the supernatant was kept in the refrig-
erator until further analysis.

Chetan Aware et al./Asian Pac J Trop Biomed 2017; 7(12): 1097–11061098



2.4.1. Bovine serum albumin (BSA) anti-denaturation
assay

BSA protein anti-denaturation assay was performed accord-
ing to the method described by Grant et al. [21] with minor
changes. In brief, 1 mL of extracted samples of
M. macrocarpa bean with different concentrations was
allowed to react with 1 mL of BSA solution (1% BSA in
50 mM Tris buffer, pH 6.5). Diclofenac was used as a
standard anti-denaturating drug with various concentrations.
The reaction mixture was kept at room temperature for 20 min
for the incubation and then kept to 64 �C in water bath for 5–
10 m till mixture got turbid. After cooling, the absorbance of the
reaction mixture was recorded at 660 nm by spectrophotometer
to measure the turbidity. Distilled water was used as a control.
The experiment was conducted in triplicate number for statistical
analysis. The percentage of protein denaturation inhibition was
calculated as follows:

% denaturation inhibition =
Acontrol −Asample

Acontrol
× 100

where, AControl stands for absorbance of the control and ASample

stands for absorbance of the sample.

2.4.2. Human red blood cell membrane stabilisation test
Freshly collected 10 mL of human blood sample was

centrifuged at 3 000 rpm for 10 min to obtain packed red blood
cells. The collected red blood cells were then washed for three
times with equal volume of normal saline by centrifugation at
3 000 rpm for 10 min. The collected human red blood cell
membranes were measured and re-constituted with normal saline
to obtain 10% v/v suspension [22].

The hypotonicity induced haemolysis of human red blood
cell membrane was performed according to Bhurat et al. [23]. In
short, the reaction solution consists of 2 mL hypo saline, 1 mL
0.15 M phosphate buffer (pH 7.4), 1 mL M. macrocarpa extract
(200 mg–600 mg/mL) in an isosaline and 0.5 mL 10%
reconstituted human red blood cell. Distilled water was used
to prepare control instead of hypo saline. The mixture then
was kept at room temperature for 30 min and centrifugation
was carried out at 3 000 rpm for 20 min. The supernatant was
collected and used to measure the haemoglobin content at
560 nm by a spectrophotometer. Aspirin was used as a
standard drug.

Percentage of stabilization = 100−
Atest

Acontrol
× 100

where, Atest stands for absorbance of test and Acontrol stands for
absorbance of control.

2.5. Biochemical analysis

2.5.1. Sample preparation
M. macrocarpa seed powder (200 mg) was added with

10 mL D/W and kept on rotator shaker for 3 h at room tem-
perature and extracted using mortar and pestle. Then centrifu-
gation was carried out at 8 000 rpm for 15 min, the supernatant
was collected and sediment re-extracted. After the 2–3 times
centrifugation, supernatant collected altogether and kept in the
refrigerator for further biochemical analysis.

2.5.2. Nutritional and anti-nutritional parameters
analysis

The prepared sample was used for the analysis of various
nutritional and anti-nutritional parameters. Total ash content of
M. macrocarpa seed powder was analysed by the Association of
Official Agricultural Chemists method [24]. Total solid was
determined as described by James [25]. Crude fibre content of
the beans was calculated according to Association of Official
Agricultural Chemists method [26]. Protein and carbohydrate
content was estimated by using Lowry's method [27] and
Anthrone method [28]. The fat content of the sample was
estimated by extracting sample in diethyl and petroleum ether
solution and results were expressed in percentage of fat
according to the method described by James [25]. The energy
content of the sample was determined according to the formula
described by Carpenter et al. [29] with considering proximate
analysis data. Starch content of the seed flour was estimated by
McCready et al. method [30]; in short, the powder was treated
with 80% ethanol and perchloric acid was added to extract the
starch. The proanthocyanidin content was estimated according
to a method of Sun et al. [31] and results were expressed as
catechin equivalents per gram (mg CAE/g) of dry weight.

Tannin and phytic acid content of the seed was quantified by
the Folin-Denis colorimetric [32] and Gao et al. method [33].
Total saponin was determined according to a method of
Harborne et al. [34].

2.5.3. Mineral determination
Mineral quantification of seed powder was carried out by

preparing ash of seed flour using Bunsen flame for 20 min. The
prepared ash was kept in cleaned porcelain crucibles at 550 �C in
a muffle furnace to analyse the metal content of the sample by
using atomic absorption spectrophotometer (Perkin–Elmer
8650). The phosphorus content of the digested sample was
estimated according to by Nahapetian and Bassiri method [35].

2.6. Total phenolic content, total flavonoids content and
antioxidant potential

M. macrocarpa seed powder was extracted in four different
extracting solvents (water, methanol, ethanol and acetone) at the
concentration of 1 mg/mL. Samples were prepared using
shaking at (120 ± 2) rpm for 2 h and sonicated for 10 min in a
sonication bath. The extracted sample then was centrifuged at
10 000 rpm for 15 min and the supernatant was collected. The
centrifugation procedure was repeated twice. The supernatant
was pulled together, and effective yield of respective sample
was calculated and diluted to known concentration for further
study.

2.6.1. Total phenolics content and flavonoids content
The total phenolics content of M. macrocarpa seed powder

was quantified spectrophotometrically according to a method of
Singleton and Rossi [36]. Gallic acid was used as standard and
results were expressed per gram (mg GAE/g) of dry weight.
The flavonoids content was determined by the method of
Chang et al. [37]. Total flavonoids content was calculated by
comparing quercetin as a standard and results were expressed
as milligram of quercetin equivalent to per gram of dry powder.
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2.6.2. Antioxidant activity study
Radical scavenging activity of different solvent extracted

M. macrocarpa seed powder samples was estimated by DPPH
[38], DMPD [39] and ferric-reducing antioxidant power (FRAP)
[40] assay. DPPH and DMPD activity was expressed in terms of
percent radical scavenging activity, whereas, FRAP activity in
terms of optical density at 593 nm.

2.7. RP-HPLC-DAD determination of phenolic acids

Sample preparation for the quantification of phenolics was
done by continuous shaking with constant stirring for (110 ± 2)
rpm at room temperature [(25 ± 2) �C]; methanol was used as a
solvent for the extraction. The extracted sample was then passed
through 0.45 mm nylon filter (Axiva filters), the final volume
was adjusted with methanol and stored in the amber vial at 4 �C
until RP-HPLC analysis. A solvent system consisting of water,
acetonitrile and glacial acetic acid in the 90:5:5 proportion [41]

and 20 mL was used as injection volume. The flow rate of
mobile phase was 1 mL/min with 15 min run time and
280 nm was used as absorbance channel.

2.8. Statistical analysis

All experimental analysis was performed in triplicates and
results were calculated as a mean ± SD value. The data were
statistically analyzed by GraphPad Prism 5 software using
Dunnett multiple range test to check the significant differences
among the mean values.

3. Results

3.1. Qualitative and quantitative analysis of L-dopa

The qualitative (HPTLC) (Figure 1) and quantitative (HPLC)
analysis of L-dopa from M. macrocarpa beans were carried out.
The qualitative HPTLC evaluation confirmed L-dopa content in
the seed sample. RP-HPLC quantification revealed that

M. macrocarpa beans contain a high level of L-dopa
[(115.410 ± 0.985) mg/g] (Figure 2).

3.2. In vitro anti-inflammatory potential

In the present research, M. macrocarpa seed powder showed
strong protein anti-denaturation activity. Albumin denaturation
inhibition activity of M. macrocarpa sample at various con-
centrations has been shown in Table 1. M. macrocarpa water
extract showed strong inhibition of protein denaturation
(90.13% ± 6.25%) at 500 mg/mL concentration, whereas, stan-
dard drug diclofenac showed (98.35% ± 5.12%) inhibition at
500 mg concentration. M. macrocarpa seed powder was also
examined on the human red blood cell membrane stabilisation
activity and showed excellent anti-inflammatory activity in a
concentration-dependent manner (Table 1). The M. macrocarpa
bean showed maximum membrane stabilisation activity
(59.53% ± 4.23%) at 500 mg/mL concentration. However,
aspirin was used as a standard drug and showed
(62.35% ± 1.35%) activity for the same concentration.

3.3. Biochemical analysis

3.3.1. Nutritional and anti-nutritional factors analysis
Proximate composition of M. macrocarpa beans revealed

numerous nutritional and anti-nutritional components. The
composition of seed showed ash (23.0 ± 4.5) mg/g, total solid
(957.5 ± 11.6) mg/g and fibre (74.8 ± 2.8) mg/g. The total
protein content of M. macrocarpa seed was (90.7 ± 2.8) mg/g. It
was observed that M. macrocarpa seed contains a moderate
level of total carbohydrate (123.0 ± 8.2) mg/g. The total calorific
value of seed was 95.56 kcal. The crude fat and starch contents
were (11.20 ± 1.27) and (29.00 ± 2.61) mg/g respectively. The
M. macrocarpa seed showed (36.0 ± 4.7) mg/g of proantho-
cyanidin. M. macrocarpa bean also revealed major anti-
nutritional factors. Seed powder showed (97.2 ± 6.4) mg/g of
phytic acid, (136.60 ± 27.12) mg/g of tannin and (47.2 ± 5.8)
mg/g of saponin level. The mineral analysis of M. macrocarpa

Figure 1. HPTLC analysis of M. macrocarpa seeds for L-dopa.
HPTLC chromatograms. (a) Std L-DOPA; (b) M. macrocarpa seed sample (n = 3).
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beans explored high calcium and sodium level. The content of
nitrogen, phosphorus, potassium, sulphur, and magnesium was
in moderate level. The trace elements iron, boron, copper,
manganese, zinc, iron, molybdenum were also recorded at a
lesser concentration (Table 2).

3.4. Total phenolics and total flavonoids content

In the present research work, total phenolics content and total
flavonoids content were evaluated from M. macrocarpa beans
by using four different solvents (Table 3). The M. macrocarpa

water extract showed higher phenolic and flavonoids content
viz., (103.030 ± 1.122) mg GAE/g and (129.166 7 ± 0.956 0) mg
CHE/g, while M. macrocarpa methanol extract showed
(87.060 ± 0.695) mg GAE/g and (139.166 7 ± 1.238 0) mg
CHE/g respectively.

3.5. Antioxidant potential

3.5.1. DPPH free radical scavenging activity
The DPPH radical scavenging activity of differentially

extracted M. macrocarpa seed was carried out in comparison

Figure 2. HPLC analysis of M. macrocarpa seeds for L-dopa.
(a) HPLC profile of standard (L-dopa); (b) HPLC profile of M. macrocarpa seeds (n = 3).

Table 1

Human red blood cell membrane stabilisation activity and heat induced BSA anti-denaturation activity of M. macrocarpa seed (mean ± SD) (n = 3).

Concentration (mg) Aspirina M. macrocarpaa DCFb M. macrocarpaIb

100 42.62 ± 3.60 32.33 ± 3.85 66.11 ± 5.53 61.23 ± 4.23
200 49.56 ± 1.34 44.25 ± 4.76 77.77 ± 4.56 72.68 ± 5.21
300 54.25 ± 4.23 48.04 ± 3.76 88.47 ± 6.21 81.87 ± 5.89
400 58.21 ± 2.78 52.76 ± 2.49 95.82 ± 6.45 85.40 ± 4.84
500 62.35 ± 1.35 59.53 ± 4.23 98.35 ± 5.12 90.13 ± 6.25

a % Human red blood cell membrane stabilisation activity. b % inhibition of protein denaturation.
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with ascorbic acid as an internal standard. Increase in antioxi-
dant activity with a simultaneous increase in sample concen-
tration was observed. M. macrocarpa water extract showed
(18.92% ± 1.86%) activity at 10 mg concentration and

(89.46% ± 1.76%) at 50 mg (Table 4). DPPH radical scavenging
activity of M. macrocarpa methanol extract was ranged from
(16.03% ± 1.86%) to (86.04% ± 3.61%) respectively for the
lower and higher concentration of sample under study.
M. macrocarpa ethanol extract showed (14.11% ± 0.93%) to
(78.04% ± 3.95%) while M. macrocarpa acetone extract con-
tains low DPPH radical scavenging activity (8.69% ± 0.90%) to
(45.46% ± 2.84%). The ascorbic acid showed (23.13% ± 1.97%)
and (97.65% ± 3.52%) activity at the 20 mM and 100 mM
concentration respectively. The order of DPPH radical scav-
enging activity for the different solvents was water > methanol
> ethanol > acetone.

3.5.2. DMPD radical scavenging activity
The DMPD radical scavenging potential of M. macrocarpa

seed powder using different solvents has been depicted in
Table 6. M. macrocarpa water extract showed (8.98% ± 1.05%)
activity at 20 mg concentration while (44.84% ± 3.10%) at
100 mg. M. macrocarpa methanol extract showed
(8.30% ± 0.32%) activity at 20 mg and (40.23% ± 2.80%) at
250 mg concentration. M. macrocarpa ethanol extract and
M. macrocarpa acetone extract showed negligible DMPD
radical scavenging activity. The ascorbic acid showed (10.02 ±
1.02)% and (51.34 ± 2.81)% activity at 50 mM and 250 mM
concentration respectively. The trend of DMPD radical scav-
enging activity for the different solvents was
water > methanol > ethanol > acetone (Table 5).

3.5.3. FRAP activity
Table 6 represents ferric reducing antioxidant potential of

M. macrocarpa beans in form of absorbance values. In the
present study, M. macrocarpa methanol extract showed good

Table 2

Minerals content of M. macrocarpa seed.

Parameters Analysis

Nitrogen % 0.22
Phosphorous % 0.19
Potassium % 0.17
Calcium % 3.50
Magnesium % 0.14
Sulphur % 0.18
Sodium % 8.75
Zinc PPM 131.89
Ferrous PPM �1.00
Copper PPM 91.00
Manganese PPM 209.97
Molybdenum PPM 1 133.70
Boron PPM 4.87

Table 3

Total phenolics (mg GAE/g) and total flavonoids (mg CHE/g) content of

M. macrocarpa seed (mean ± SD) (n = 3).

Solvents Phenolics (mg GAE/g) Flavonoids (mg CHE/g)

MMWE 103.03 ± 1.12 129.16 ± 0.95
MMME 87.06 ± 0.69 139.16 ± 1.23
MMEE 66.96 ± 0.95 91.66 ± 1.02
MMAE 14.84 ± 0.68 14.66 ± 0.48

MMWE: M. macrocarpa seed water extract; MMME: M. macrocarpa
seed methanol extract; MMEE: M. macrocarpa seed ethanol extract;
MMAE: M. macrocarpa seed acetone extract.

Table 4

DPPH radical scavenging activity of M. macrocarpa in percentage (%) (mean ± SD, n = 3).

Concentration (mg) Std. Ascorbic acid Water Methanol Ethanol Acetone

10 23.13 ± 1.97 18.92 ± 1.86 16.03 ± 1.86 14.11 ± 0.93 8.69 ± 0.90
20 41.42 ± 1.84 34.12 ± 1.16 30.29 ± 1.93 25.96 ± 2.13 14.56 ± 0.73
30 64.88 ± 1.90 55.01 ± 1.93 52.63 ± 2.05 45.92 ± 2.92 26.45 ± 2.10
40 86.85 ± 2.52 68.56 ± 1.61 65.01 ± 3.14 60.88 ± 2.88 33.47 ± 2.31
50 97.65 ± 3.52 89.46 ± 1.76 86.04 ± 3.61 78.04 ± 3.95 45.46 ± 2.84

Table 6

FRAP assay of M. macrocarpa expressed in OD at 593 nm (mean ± SD, n = 3).

Concentration (mg) Std. Ascorbic acid Water Methanol Ethanol Acetone

10 0.70 ± 0.11 0.49 ± 0.05 0.51 ± 0.06 0.40 ± 0.02 0.18 ± 0.02
20 1.06 ± 0.08 0.91 ± 0.05 0.90 ± 0.08 0.80 ± 0.09 0.24 ± 0.09
30 1.60 ± 0.07 1.43 ± 0.07 1.30 ± 0.04 1.22 ± 0.07 0.42 ± 0.08
40 1.90 ± 0.11 1.61 ± 0.10 1.71 ± 0.09 1.51 ± 0.08 0.72 ± 0.07
50 2.37 ± 0.09 1.67 ± 0.14 2.05 ± 0.08 1.60 ± 0.07 1.07 ± 0.10

Table 5

DMPD radical scavenging activity of M. macrocarpa in percentage (%) (mean ± SD, n = 3).

Concentration (mg) Std. Ascorbic acid Water Methanol Ethanol Acetone

20 10.02 ± 1.02 8.98 ± 1.05 8.30 ± 0.32 4.74 ± 0.55 2.67 ± 0.19
40 17.47 ± 1.64 13.03 ± 1.86 12.04 ± 1.15 7.090 ± 1.161 4.29 ± 1.03
60 29.49 ± 2.10 24.43 ± 2.10 21.00 ± 1.64 11.28 ± 1.88 7.02 ± 0.68
80 42.38 ± 2.40 36.14 ± 2.53 28.48 ± 2.11 12.81 ± 1.30 10.74 ± 1.25
100 51.34 ± 2.81 44.84 ± 3.12 40.23 ± 2.80 15.45 ± 1.71 13.24 ± 1.00
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ferric reducing capacity viz., (0.51 ± 0.06) OD at 10 mg
concentration while (2.05 ± 0.08) OD at 50 mg. The ascorbic
acid showed (0.70 ± 0.11) OD and (2.37 ± 0.09) activity at
the 10 mg and 50 mg concentration respectively. The order
of FRAP activity for the different solvents was
methanol > water > ethanol > acetone.

3.6. Quantitative RP-HPLC analysis of major phenolic
compounds

Quantitative analysis of major phenolics from
M. macrocarpa beans was carried out with a comparison of the
standard RP-HPLC chromatographic profile. RP-HPLC revealed
that M. macrocarpa bean contains tannic acid (43.795 mg/g),
gallic acid (0.864 mg/g), p-coumaric acid (0.364 mg/g) and p-
hydroxybenzoic acid (0.036 mg/g) (Figure 3).

4. Discussion

L-dopa is important molecule used for the synthesis of the
neurotransmitter dopamine and acts as a prime drug for the

symptomatic management of Parkinson's disease. Synthetic L-
dopa causes several secondary complications after prolonged use
for the treatment [42]. Hence, research is being focused on the
natural sources of L-dopa with special emphasis on herbal
medicines. The plants have the advantage that, despite specific
drug content, it also shows additional properties like
antioxidant activity, anti-inflammatory property which may
reduce the adverse effects of the synthetic counterpart. RP-
HPLC quantification proved that M. macrocarpa beans
contain (115.410 ± 0.985) mg/g of L-dopa which is the highest
among theMucuna species from Indian sub-continent. The well-
known species of Mucuna, M. pruriens contain 12.5–91.6 mg/g
of L-dopa [6] whereas, species of Mucuna like M. pruriens var.
utilis and Mucuna sanjappae contains 12.5–91.6 mg/g [6] and
73 mg/g respectively [7]. The RP-HPLC revealed the higher
content of L-dopa inM. macrocarpa beans which accelerate their
exploitation for the management of Parkinson's disease.

Neurodegenerative disease such as Alzheimer disease and
Parkinson's disease are caused due to prolong neuroinflammation
[8]. In the animals, most of the inflammatory reaction happens due
to secretion of lysosomal enzymes and denaturation of protein

Figure 3. HPLC chromatogram for analysis of phenolics in M. macrocarpa seed powder.
(a) HPLC profile of standard phenolics compounds P-1.062 (tannic acid), P-1.36 (gallic acid), P-3.245 (p-hydroxybenzoic acid), P-4.083 (vanillic acid), P-
7.18 (p-coumaric acid), P-9.601 (ferulic acid), (b) HPLC profile of M. macrocarpa seed powder extract showing tannic acid, gallic acid, p-hydroxybenzoic
acid and p-coumaric acid (n = 3).
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which causes a variety of impairments in surrounding tissues [22].
Several synthetic drugs show dose-dependent activity for inhibi-
tion of protein denaturation [43]. However, long-term use of these
drugs may lead to several secondary complications [9]. Herbal
drugs usually contain a variety of bioactive compounds which
show strong anti-inflammatory and antioxidant potential. Some
of these biomolecules can penetrate the blood–brain barrier and
can be deployed for the use of central nervous system related
neuroinflammatory disorders [44]. The findings of this study
indicate that M. macrocarpa beans have excellent anti-
inflammatory activity. M. macrocarpa beans show strong inhi-
bition of protein denaturation with maximum membrane stabili-
sation activity.

Proximate composition of M. macrocarpa beans revealed
numerous nutritional and anti-nutritional factors. It was observed
that M. macrocarpa seed contains a moderate level of total
carbohydrate and lower level of protein and energy as compared
to M. pruriens var. utilis and Mucuna sanjappae [7].
M. macrocarpa beans also showed the excellent content of
proanthocyanidin which is well-known for antimicrobial, anti-
allergic, antihypertensive and antioxidant activity [45]. Anti-
nutritional factors are the components found in the leguminous
seeds having a negative role in the digestion of protein, carbo-
hydrates and minerals [7]. Therefore, determination of anti-
nutritional factors is an essential feature for the consideration
of leguminous seeds for food or medicinal purpose.
M. macrocarpa seed has a moderate level of phytic acid and
saponin, whereas, high level of tannin was observed. According
to some previous reports, anti-nutritional factors also exert
beneficiary effects on the treatment of different diseases through
diverse molecular pathways. For instance, iron-induced oxida-
tive stress has a critical role in Parkinson's disease generation [12]

and phytic acid acts as natural iron chelators reducing the
adverse effect of iron accumulation in the brain [46]. Saponins
are well known anti-cancer agents whereas tannin is used as
an anti-inflammatory molecule for the inhibition of tissue
swelling [47].

Phenolic and flavonoid compounds are the major secondary
metabolites having strong therapeutic perspective [48]. Plant
phenolics and flavonoids prevent heart disease, reduce
inflammation, lower the incidence of cancers and diabetes,
reduce rates of mutagenesis in human cells and prevents
neurodegenerative disease like Alzheimer and Parkinson's
disease [49]. Measurement of these secondary metabolites
using single extraction solvent may not give a precise
conclusion. Hence, in the investigation, we evaluated several
phytocomponents using four different solvents. The
M. macrocarpa water extract and M. macrocarpa methanol
extract showed higher phenolic and flavonoids, whereas,
M. macrocarpa ethanol extract and M. macrocarpa acetone
extract showed a low level of phenolics and flavonoids
extraction capacity. It was explored that, total phenolics
content and total flavonoids content were significantly affected
by the extracting solvents. The order of total phenolics
content extraction for the different solvents was
water > methanol > ethanol > acetone. The finding in work
revealed that M. macrocarpa seed powder has significant
levels of phenolics and flavonoids as compared to M. pruriens
var. utilis [50] which may react with free radicals to recover
oxidative stress-induced cell damage. The present work also
has shown that M. macrocarpa seed powder has enormous
levels of phenolics and flavonoids as compared to M. pruriens

var. utilis [50], which may react with free radicals to release
oxidative stress.

Oxidative stress has been evidenced for the pathogenesis of
several disorders [51]. The imbalance between the bodily
antioxidant system and generated oxidants creates oxidative
stress ultimately resulting in different disorder including
neurological disorders [52]. To surmount such cases, we have to
rely on external sources such as herbal drugs and food-based
sources of antioxidants [53]. M. macrocarpa seed powder extract
showed excellent in vitro antioxidant potential by DPPH free
radical scavenging activity, DMPD radical scavenging activity
and FRAP activity. M. macrocarpa water extract and
M. macrocarpa methanol extract showed significant reduction
of DPPH radicals into DPPH-H molecule by hydrogen-donating
antioxidant potential. The order of DPPH radical
scavenging activity for the different solvents was
water > methanol > ethanol > acetone respectively. In DMPD
radical scavenging activity, the hydrogen ions are transferred from
the antioxidant molecules to stabilise the free radical and DMPD
solution is decolorised [7]. The DMPD radical scavenging
potential of M. macrocarpa seed powder was explored with
different solvents. Water and methanol extract showed excellent
radical scavenging activity as compared to ethanol and acetone.
The order of DMPD radical scavenging activity for the different
solvents was water > methanol > ethanol > acetone. FRAP
results revealed that the M. macrocarpa methanol extract has
good potential of reducing ferric radicals than other solvent
extracts. The order of FRAP activity for the different solvents
was methanol > water > ethanol > acetone. The excellent
antioxidant potential of M. macrocarpa beans suggests its
possible use to cure oxidative stress-related disorders including
Parkinson's disease.

Plants contain numerous phytocomponents such as poly-
phenols, flavonoids and terpenoids which have the antioxidant
and anti-inflammatory potential [10]. RP-HPLC analysis showed
the presence of major phenolics such as tannic acid, gallic acid,
p-coumaric acid and p-hydroxybenzoic acid in M. macrocarpa
beans. Tannic acid has an enormous role in biological activities
and used for the treatment of cancer, neuroinflammation, and
several microbial and oxidative stress-related disorders [54].
Gallic acid plays a significant role in anti-Parkinson's disease
and anti-amyloid fibril formation activity [55]. p-
hydroxybenzoic acid is mostly used as preservatives in food
and beverage industries [56], whereas, p-coumaric acid has
application in aromatic and cosmetic products [57].

As compared to commonly usedM. pruriens,M. macrocarpa
possesses a higher level of anti-Parkinson drug L-dopa with
essential secondary metabolites. As Parkinson's disease cases are
increasing continually, there are tremendous scopes for
exploring M. macrocarpa for effective management of Parkin-
son and other oxidative stress-related disorders. It will also ease
the burden created by commonly used Mucuna species.

In conclusion, in recent years, genus Mucuna has gained
more attentions for the research because of its strong medicinal
and food potential. There is an increasing demand of L-dopa for
the Parkinson's disease treatment which is creating a burden on
the commonly used Mucuna species (M. pruriens). Hence,
exploitation of underutilised Mucuna species like
M. macrocarpa is a need of time. This study proves
M. macrocarpa as a potential source of L-dopa with promising
anti-inflammatory and antioxidant activity. The present study
also motivates its conservation and improvement by advanced
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biotechnological tools, as it is endemic and threatened by
increasing urbanisation. Further research is needed to explore
this plant for anti-Parkinson's disease and other oxidative stress-
related disease combating properties.
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Abstract Plastid DNA markers sequencing and DNA fin-

gerprinting approacheswere used and compared for resolving

molecular phylogeny of closely related, previously unex-

plored Amorphophallus species of India. The utility of indi-

vidual plastid markers namely rbcL, matK, trnH–psbA,

trnLC–trnLD, their combined dataset and two fingerprinting

techniques viz. RAPD and ISSR were tested for their efficacy

to resolves Amorphophallus species into three sections

specific clades namely Rhaphiophallus, Conophallus and

Amorphophallus. In the present study, sequences of these four

plastid DNA regions as well as RAPD and ISSR profiles of 16

Amorphophallus species together with six varieties of two

species were generated and analyzed. Maximum likelihood

and Bayesian Inference based construction of phylogenetic

trees indicated that among the four plastidDNA regions tested

individually and their combined dataset, rbcLwas found best

suited for resolving closely related Amorphophallus species

into section specific clades.When analyzed individually, rbcL

exhibited better discrimination ability thanmatK, trnH–psbA,

trnLC–trnLD and combination of all four tested plastid

markers. Among two fingerprinting techniques used, the res-

olution of Amorphophallus species using RAPD was better

than ISSR and combination of RAPD ?ISSR and in congru-

ence with resolution based on rbcL.

Keywords Amorphophallus � Molecular phylogeny � DNA
finger printing � rbcL � matK � Maximum likelihood �
Bayesian inference

Introduction

Genus Amorphophallus Blume ex Decne belongs to the

family Araceae and comprises of perennial herbaceous

plants that are mainly adapted to grow in the shady and

mountainous areas. This genus is represented by 200 spe-

cies distributed in the tropical Africa, Madagascar, tropical

and subtropical Asia, the Malay Archipelago, Melanesia

and Australia (Mayo et al. 1997). The genus has economic

potential as starch and other carbohydrate yielding plants.

Some of the species are used as food and vegetables while

others have ornamental potentials. With the merger of

Amorphophallus sect. synantherias into section Rhaphio-

phallus (Sivadasan 1989), the genus at present has 10

sections, of which 3 sections viz. Candarum Engl.,

Conophallus (Schott) Engl. and Rhaphiophallus (Schott)

Engl. are represented in India. Recently section Candarum

has been revised and renamed as section Amorphophallus

(Jaleel et al. 2014). In India, these sections are represented

by 18 species and 7 varieties of which 12 species and 3

varieties are endemic to the country. Identification and

discrimination of Amorphophallus species is difficult due

to closely related morphological characters. Because of the

timing of emergence of inflorescences and their relatively

short active period of existence, the taxonomic
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identification of Amorphophallus species becomes difficult.

Moreover, close similarity of morphological characters of

the leaves of many Amorphophallus species makes their

identification with vegetative specimens difficult or

impossible (Jaleel et al. 2011).

Previously, several studies investigated the phylogenetic

relationships within the genus Amorphophallus. Recently,

Grob et al. (2002, 2004) used molecular data for phylo-

genetic reconstruction and attempted to interpret morpho-

logical character evolution in Amorphophallus based on a

combined nuclear and plastid phylogeny. This study based

on matK and trnL intron sequences indicated that Amor-

phophallus can be divided into five well supported clades

(Grob et al. 2002). Also, Sedayu et al. (2010) studied the

morphological character evolution of Amorphophallus

based on a combined phylogenetic analysis of trnL, rbcL

and LEAFY second intron sequences. Three major clades

were identified which reflected the biogeographical distri-

bution of Amorphophallus and some of the clades were

supported by morphological characters. The study con-

ducted by Grob et al. (2002) included only three Amor-

phophallus species from India namely A. commutatus, A.

margaritifer and A. smithsonianus whereas the study by

Sedayu et al. (2010) included six species from India

namely A. commutatus, A. hirsutus, A. hohenackeri, A.

konkanensis, A. longiconnectivus and A. margaritifer. The

molecular phylogeny of remaining Amorphophallus spe-

cies from India is still not known.

It is generally agreed that a multilocus approach based

on plastid (‘chloroplast’) data is currently the most effec-

tive strategy for species identification and species recog-

nition in plants (Chase et al. 2005, 2007a, b; Kress et al.

2005, Kress and Erickson 2007; Newmaster et al.

2006, 2008; Cowan et al. 2006). Beside multilocus DNA

barcoding approach, molecular marker based fingerprinting

techniques can also be used to study the similarity of

genome of the different species distributed in same geo-

logical area (Kumar et al. 2008). Molecular markers such

as randomly amplified polymorphic DNA (RAPD) and

Inter Simple Sequence Repeats (ISSR) have been suc-

cessfully utilized for phylogenetic studies of many plant

species (Fang et al. 1997; Joshi et al. 2000; Rajesh et al.

2003; Arnau et al. 2003).

In this report, we reconstructed the molecular phylogeny

of Amorphophallus species from India using four different

plastid gene regions sequences viz. rbcL, matK, trnH–

psbA, trnLC–trnLD and two fingerprinting markers namely

RAPD and ISSR. Molecular phylogeny was reconstructed

to infer species relationship and to test if molecular phy-

logeny resolves Amorphophallus species into three section

specific clades namely Rhaphiophallus, Conophallus and

Amorphophallus. We evaluated the sequences of these

plastid gene regions individually as well as their combined

data for reconstruction of phylogenetic trees using for

maximum likelihood (ML) and Bayesian Inference (BI)

analyses and compared their efficacies with RAPD and

ISSR. The objective of the present study was to assess if

the resolution of closely related Amorphophallus species of

India into three sections is also supported by molecular

phylogeny. This was achieved by using (1) multi-locus

plastid gene regions sequencing approach (2) DNA fin-

gerprinting method, and (3) and comparing the perfor-

mance of both approaches.

Materials and methods

Sampling

Tubers or plantlets of 16 Amorphophallus species together

with six varieties of two species were initially collected from

different locations in India andmaintained in Lead Botanical

Garden of Department of Botany, Shivaji University, Kol-

hapur, India. Our specimen included ten species from section

Rhaphiophallus, four species together with four varieties of

Amorphophallus commutatus from section Conophallus,

two species together with two varieties of Amorphophallus

paeoniifolius from section Amorphophallus, and Sauroma-

tum venosum as an out-group (Table 1). Specimens were

taxonomically identified by studying floral characters

(Fig. 1), using basic floras, monographs; papers and

herbarium were submitted at Dept. of Botany, Shivaji

University, Kolhapur (SUK), India.

DNA extraction, PCR amplification and sequencing

Total genomic DNA from each species under study was

isolated from approximately 0.5 g of fresh leaf material

using CTAB method (Doyle and Doyle 1987). The

extracted DNAs were checked for their purity on agarose

gel (1%) and quantified spectrophotometrically. Prior to

PCR amplification of barcoding, RAPD and ISSR markers,

working stock (20 ng/ll) of each of genomic DNA was

prepared and used. The PCR amplifications of various

barcode regions were performed with optimized annealing

temperatures (Ta) depending upon the primers used

(Table 2). DNA was amplified in 50 ll reaction mixtures

containing 2U of high fidelity Taq DNA polymerase

(Merck Bioscience Pvt. Ltd, Bangalore, India) with 1 X

Buffer A, 2.5 mM MgCl2 (Merck Bioscience Pvt. Ltd,

Bangalore, India), 400 lM dNTPs, 400 lM of each primer

and, 40 ng of template DNA. PCR conditions were as

follows: initial denaturation at 96 �C for 5 min., followed

by 35 cycles of denaturation at 96 �C for 1 min., annealing

at optimized temperature for 1 min, extension at 72 �C for

1 min, and final extension at 72 �C for 10 min. Successful
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amplification was checked on 1% agarose gel, amplified

products were purified using PCR purification Kit (Sigma

Aldrich, India). Purified PCR products were sequenced

bidirectionally on ABI’s 35009L genetic analyzer using a

BigDye Terminator v3.1 cycle sequencing kit (Invitrogen,

Carlsbad, USA) using standard conditions.

Phylogenetic reconstructions and analyses

Sequences were analyzed, edited and assembled using

ChromasPro software (http://www.technelysium.com.au/

ChromasPro.html). For phylogenetic analysis, multiple

sequence alignments of sequences were performed with

ClustalW (Thompson et al. 1994) and edited manually

using DAMBE (Xia and Xie, 2001) to obtain an unam-

biguous sequence alignment. For the analyses of combined

datasets, sequences were concatenated using DAMBE.

Interspecific genetic divergences was calculated using

Kimura 2-Parameter (K2P) distances in MEGA 5.0 fol-

lowing the instruction of the CBOL for distance calcula-

tions (Tamura et al. 2011).

Maximum likelihood (ML) analyses for individual and

combined datasets of rbcL, matK, trnH–psbA, trnLC–

trnLD were carried out in RAxML (Stamatakis,

2006, 2014) using the application raxmlGUI 1.5b1(Silve-

stro and Michalak, 2011). The clade support was estimated

using ML ? rapid bootstrap with 1000 replicates based on

a maximum likelihood analysis with the model

GTRGAMMA using RAxML version 8.0.0 (Stamatakis

2014).

Bayesian inference (BI) of phylogeny using Monte

Carlo Markov chains (Yang and Rannala, 1997) was per-

formed with MrBayes v. 3.2 (Ronquist et al. 2012). Indi-

vidual and combined datasets of rbcL, matK, trnH–psbA,

trnLC–trnLD were tested for the appropriate model of

nucleotide evolution with MrModelTest 2.3 (Nylander,

2004). The optimal model was implemented according to

the Akaike information criterion and then implemented for

the analyses (Posada and Buckley 2004). In BI analyses,

1,000,000 generations of two independent Monte Carlo

Markov chains with equal rates until convergence was

achieved, implemented as ‘stoprule’ when average devia-

tion of split frequencies was below 0.01, were carried out.

Trees were sampled every 100 generations and initial 10%

trees before stationarity were discarded as burn-in (set to

0.1). Plot of the generation versus log probability was

generated by giving the ‘‘sump’’ command and used for

estimation of stationarity of the analyses. Convergence

between runs was reported by MrBayes using ‘‘mcmcdi-

agn’’ command. The majority-rule consensus trees with

posterior probabilities (PP) values were constructed using

remaining trees. PP values between 0.8 and 0.89 were

considered as moderate support whereas PP values over 0.9

were considered as high support.

Table 1 Collection localities and sections of Amorphophallus species and varieties

Sr. no. Name of species Vouchers specimens Sections Locality

1 A. commutatus var. commutatus ARG-19 Conophallus Amba, Maharashtra, India.

2 A. commutatus var. anmodensis ARG-21 Conophallus Anmod Ghat, Goa, India

3 A. commutatus var. wayanadensis ARG-20 Conophallus Mulshi, Maharashtra, India

4 A. commutatus var. anshiensis ARG-22 Conophallus Anshi National Park, Karnataka, India

5 A. bulbifer ARG-18 Conophallus Jog fall, Karnataka, India

6 A. hirsutus ARG-35 Amorphophallus Andaman Island, India

7 A. oncophyllus ARG-36 Conophallus Andaman Island, India

8 A. konkanensis ARG-12 Rhaphiophallus Belgaum, Karnataka, India

9 A. hohenackeri ARG-16 Rhaphiophallus Kaddan pedika, Kerala, India

10 A. margaritifer ARG-8 Rhaphiophallus Parasnath, Jharkhand, India

11 Amorphophallus species ARG-24 Rhaphiophallus Gondia, Maharashtra, India

12 A. paeoniifolius var. campanulatus ARG-34 Amorphophallus Botanical Garden. Shivaji Uinversity, India

13 A. paeoniifolius var. paeoniifolius ARG-37 Amorphophallus Botanical Garden. Shivaji Uinversity, India

14 A. bhandarensis ARG-38 Rhaphiophallus Bhandara, Tumsar, Maharashtra, India

15 A. bonaccordensis ARG-13 Rhaphiophallus Bonaccord, Kerala, India

16 A. longiconnectivus ARG-3 Rhaphiophallus Khandva, Madhya Pradesh, India

17 A. mysorensis ARG-33 Rhaphiophallus Billigirirangan Hills., Karnataka, India

18 A. nicolsonianus ARG-15 Conophallus Bonaccord, Kerala, India

19 A. smithsonianus ARG-14 Rhaphiophallus Bonaccord, Kerala, India

20 A. sylvaticus ARG-40 Rhaphiophallus Pillathikkuppam, Tamil Nadu, India.

21 Sauromatum venosum ARG-39 Outgroup Botanical Garden. Shivaji Uinversity, India
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Nucleotide accession numbers

Sequences generated in this study have been submitted to

NCBI’s GeneBank under following accession numbers.

rbcL: KM093835–KM093855, matK: KM113324–

KM113344, psbA–trnH: KM113366–KM113372, trnLC–

D: KM113345–KM113365.

RAPD and ISSR analyses

Initially, a total of 25 decamer RAPD primers from Ban-

galore Genei Kit (Merck Bioscience Pvt. Ltd, Bangalore,

India) and 50 ISSR primers (UBC primer set No. 9,

University of British Columbia, Canada) were screened for

RAPD and ISSR analyses respectively. In order to select

ISSR primers that could give good amplification and suit-

able annealing temperatures, a preliminary screening was

carried out using gradient annealing temperatures (Ta). The

PCR amplification reaction (25 ll) consisted of 40 ng of

DNA, 1X PCR buffer A (10 mM Tris pH 9.0, 50 mM KCl,

1.5 mM MgCl2), 100 lM of each of the four dNTPs,

0.4 lM of RAPD or ISSR primer and 1U of Taq DNA

polymerase (Merck Bioscience Pvt. Ltd, Bangalore, India).

PCR amplifications were performed in C1000 Touch

Thermal Cycler (Biorad, India) with an initial denaturation

at 94 �C for 3 min followed by 45 cycles at 94 �C for 45 s,

36 �C for 30 s and 72 �C for 2 min with a final extension at

72 �C for 7 min. Regardless of the marker system used, all

the PCR amplifications included a negative control (no

DNA) to avoid erroneous interpretations. The amplified

PCR products were separated on 1.8% agarose gel in 1X

TAE buffer by electrophoresis at 100 V for 3 h., stained

with ethidium bromide and documented on G:Box gel

imaging system (Syngene Bioimaging Pvt. Ltd, India). To

ensure reproducibility, DNA amplified profiles with ISSR

and RAPD markers were tested for repeatability at least

thrice. This was done by repeating the PCR reactions on

two different thermal cyclers. The generated band profiles

were considered reproducible and scorable only after

observing and comparing them in three separate amplifi-

cations for each primer. Only clear and intense bands were

considered and scored while faint bands were not scored

for the analysis.

Statistical analysis

For each primer, the presence (1) or absence (0) of poly-

morphic bands in each species profile was scored using

GeneTool image analysis software (Syngene Bioimaging

Pvt. Ltd, India) and set in a binary matrix. Genetic simi-

larities were calculated using Jaccard similarity coefficient

for RAPD and ISSR polymorphisms individually as well as

together. The Mantel test of significance was determined to

measure the goodness of fit between the similarity matrices

Table 2 List of primer pairs and polymerase chain reaction (PCR) annealing temperatures of candidate barcodes markers used

Locus Primer name Sequence Annealing temperature References

rbcL rbcL 1F ATGTCACCACAAACAGAAAC 46 Fay et al. (1998)

rbcL 724R TCGCATGTACCTGCAGTAGC

rbcL aF ATGTCACCACAAACAGAGACTAAAGC 48 Levin et al. (2003), Kress et al. (2009)

rbcL aR GTAAAATCAAGTCCACCRCG

matK mat K 390 CGATCTATTCATTCAATATTC 48 Cuénoud et al. (2002)

matK 1326 TCTAGCACACGAAAGTCGAAGT

matK F ACCCAGTCCATCTGGAAATCTTGGTTC 50 Fofana et al. (1997)

matK R CGTACAGTACTTTTGTGTTTACGAG

ITS ITS 8F AACAAGGTTTCCGTAGGTGA 58 Wen and Zimmer (1996)

ITS 9R TATGCTTAAAYTCAGCGGGT

ITS 10F CGAACACGTTACAATACCG 55

ITS 11R ACCACTTGTCGTGACGTCC

trnLC–trnLD trnL C CGAAATCGGTAGACGCTACG 48.5 Taberlet et al. (1991)

trnL D GGGGATAGAGGGACTTGAAC

trnH–psbA psbA GTTATGCATGAACGTAATGCTC 55 Sang et al. (1997)

trnH CGCGCATGGTGGATTCACAATCC Tate and Simpson (2003)

bFig. 1 Kinds of inflorescence/flower in 16 Amorphophallus species

and six varieties of India included in this study: A. commutatus var.

commutatus (a) A. commutatus var. anmodensis (b), A. commutatus
var. wayanadensis (c), A. commutatus var. anshiensis (d), A. bulbifer
(e), A. hirsutus (f), A. oncophyllus (g), A. konkanensis (h), A.

hohenackeri (i), A. margaritifer (j), Amorphophallus species (k), A.
paeoniifolius var. campanulatus (l), A. paeoniifolius var. paeoniifolius
(m), A. bhandarensis (n), A. bonaccordensis (o), A. longiconnectivus
(p), A. mysorensis (q), A. nicolsonianus (r), A. smithsonianus (s), A.
sylvaticus (t), Sauromatum venosum-outgroup (u)
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produced with the two marker systems. Dendrograms were

constructed using the un-weighted pair-group method with

an arithmetic average (UPGMA) using the NTSYS PC

version 2.11 (Applied Biostatistics Inc, Setauket, USA).

Results

PCR amplification and sequence analyses

To evaluate the utility of different plastid DNA markers for

assessing the phylogenetic relationships among the Amor-

phophallus species of India, we initially tested different

plastid regions such as rbcL, matK, trnH–psbA, trnLC–

trnLD, rpoB and rpoC and nuclear locus ITS. The effi-

ciency of PCR amplification of ITS, rpoB and rpoC were

less than 40% (Data not shown), therefore were not used

further. The most successful PCR rate (100%) was

observed for rbcL, matK, trnH–psbA, trnLC–trnLD. Except

trnH-psbA, substantial sequence length differences were

not detected in these three markers and PCR products were

sequenced without complications.

For individual marker regions, aligned sequence lengths

was 524 for rbcL, 724 for matK, 144 for trnH–psbA, and

529 for trnLC–trnLD (Table 3). Among the four loci ana-

lyzed, rbcL was found most conserved (93.12%) in

Amorphophallus species and trnH-psbA was least con-

served (22.22%). Locus trnH-psbA was also noted with

highest percentage of Parsimony Informative (PI, 66.66%)

characters and maximum mean interspecific K2P distance

(0.58). When sequence of all four studied loci were con-

catenated, it resulted aligned length of 2014 bp with

65.59% conserved sites, 11.71% PI characters and inter-

specific K2P distance of 0.05.

Maximum likelihood analyses

The majority rule consensus trees with bootstrap support

values resulting from the ML analyses based on rbcL,

matK, trnH–psbA, trnLC–trnLD and combined dataset are

shown in Fig. 2 and Supplementary Figure S1. The ML

analysis based on rbcL marker resolved tested taxa in three

strongly supported section specific clades I (BS 100%),

clade II (BS 99%) and clade III (BS 93%) (Fig. 2a). In

clade I, resolved topology strongly (BS 100%) supported

the monophyly of all three tested members of section

Amorphophallus. Clade II comprised of monophyletic

group of four tested varieties of A. commutatus of section

Conophallus (BS 94%) whereas remaining two members

namely A. bulbifer and A. oncophyllus were sister (BS

100%) to clade III. In Clade III, seven of the eleven species

of section Rhaphiophallus were resolved as monophyletic

with 99% BS and remaining four were resolved either as

paraphyletic or polyphyletic (Fig. 2a).

Section specific clades were not resolved in ML tree

based on matK markers and tree was highly polytomous

with low bootstrap supports (Fig. S1a). ML tree based on

trnH–psbA resolved the taxa in two clades and the

topologies in both of these clades were polytomic and none

resolved tested taxa into the section specific clades

(Fig. S1b). Clade I was strongly supported with BS 100%

and comprised of all of the tested species of sections

Conophallus and Amorphophallus, whereas poorly sup-

ported (BS 41%) clade II comprised of species of section

Rhaphiophallus. The members of section Amorphophallus

were found embedded in the clade I that was composed of

most of the members of section Conophallus. The mono-

phyly of tested section was not supported in both these

clades. The topology of ML tree based on trnLC–trnLD

was similar to that obtained in ML tree based on matK.

Although species were resolved in two clades, they were

polytomy and none of these clades was section specific

(Fig. S1c).

Similar to resolutions and tree topologies resulted from

ML analysis of individual markers, resolutions and tree

topology resulted from combined data was not in congru-

ence with the rbcL. Unlike on the rbcL phylogeny, the

resolution of relationships among Amorphophallus species

Table 3 Properties of the four plastid DNA loci and their combinations (the outgroup sequence is not included in the calculation)

Locci and their combinations Align

length (bp)

No. of

variable sites

No. of

conserved sites

No. of par-

informative sites

No. of

singleton sites

Mean interspecific

K2P distance

rbcL 524 27 (5.15) 488 (93.12) 13 (2.48) 14 (2.67) 0.011 (0.002–0.034)

matK 724 201 (27.76) 455 (62.84) 68 (9.39) 122 (16.85) 0.046 (0.018–0.097)

trnH–psbA 144 110 (76.38) 32 (22.22) 96 (66.66) 14 (9.72) 0.585 (0.069–1.153)

trnLC–trnLD 529 101 (19.09) 378 (71.45) 59 (11.15) 42 (7.93) 0.069 (0.003–0.126)

rbcL ? matK ? trnH–

psbA ? trnLC–trnLD

2014 437 (21.69) 1321 (65.59) 236 (11.71) 190 (9.43) 0.051 (0.009–0.067)

Figures in the parenthesis for no. of variable sites, no. of conserved sites and no. of Parsimony informative sites indicate the percentage of aligned

length; Figures in the paranthesis for Mean K2P interspecific distance indicate range of K2P interspecific distance in 16 Amorphophallus species

and six varieties
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based on combined data were poor. None of the two clades

supported monophyly of tested sections and none resolved

species into section specific clades. In clade II (BS 90%),

five of the ten members of section Rhaphiophallus formed

an unresolved polytomy together with members of section

Conophallus whereas remaining members formed clade I

(Fig. 2b).

BI analysis

The Bayesian 50% majority rule consensus trees with

posterior probability values resulting from the BI analyses

based on individual marker and their combined dataset are

shown in Fig. 3 and Supplementary Figure S3.

When we carried out BI analysis, resolution of the

species relationship and tree topology based on rbcL were

similar to that obtained in ML analysis (Figs. 2a, 3a). Like

ML analysis, BI analysis also resolved tested taxa into in

three section specific clades viz. clade I, II and III that were

strongly supported with higher posterior probabilities (PP

1, 1, and 0.9 respectively) (Fig. 3a). The clade I comprised

of all three tested members of section Amorphophallus and

their monophyly was strongly supported (PP 1). Clade II

comprised of four tested varieties of A. commutatus of

section Conophallus as monophyletic group with strong

support (PP 1). Remaining two members of section

Conophallus namely A. bulbifer and A. oncophyllus were

embedded in clade III as sister to monophyletic group of

seven of the ten species of section Rhaphiophallus (PP 1)

(Fig. 3a).

The species resolutions and tree topologies in BI trees

based on matK was better than ML tree and resolved tested

species into three clades that were in congruence with ML

and BI trees based on rbcL (Figs. S2a, 2a, 3a). The BI

analysis of trnH–psbA and trnLC–trnLD were also similar

to those obtained in ML trees (Fig. S2 b, c, Fig. S1 b, c). In

BI trees of these three markers, section specific, mono-

phyletic clades were not resolved and showed high poly-

tomy with low supports of posterior probabilities.

When BI analysis was performed for the combined

dataset of all four tested markers, species resolution and

tree topology were comparable and in congruence with ML

tree of combined dataset. Similar to ML tree, BI tree also

resolved tested taxa in two clades (Fig. 3b). Major Clade I

(PP 1) comprised of most of the species of all three section

while minor clade II (PP 1) comprised of five species of

section Rhaphiophallus. Similar to ML tree, section

specific monophyly of tested species was not supported in

either of these two clades and none resolved species into

section specific clades (Fig. 3b).

Fig. 2 Maximum likelihood majority rule consensus trees (RAxML)

showing the relationships among Amorphophallus species of India

based on a rbcL sequences and b combined dataset of rbcL, matK,

TrnH–psbA and TrnL C–D sequences. ML bootstrap values are shown

next to the node
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Resolution based on DNA fingerprinting approaches

Resolution based on RAPD

To study the suitability of fingerprinting techniques for

resolving molecular phylogeny of Amorphophallus species,

we initially screened 25 decamer RAPD primers and 50

ISSR primers. Out of 25 RAPD primers tested, nine primers

produced amplification products all of which revealed

polymorphic fingerprint patterns in tested Amorphophallus

species. These nine RAPD primers produced a total of 162

reproducible and scorable bands, 126 (77%) were poly-

morphic with an average of 14 polymorphic bands per

primer. The total number of bands per amplification varied

from 13 to 23 in the molecular size range of 77–1507 bp.

Maximum 23 bands were produced by primer RPi 4

whereas maximum 18 polymorphic bands were produced

by RPi 1 and RPi 4. Using RAPD, the percentage of poly-

morphism ranged from 64.79% (RPi 6) to 85% (RPi 2) with

an average polymorphism of 77.30% per primer (Table 4).

The genetic similarity based on Jaccard coefficients

among 16 Amorphophallus species and six varieties was

used to construct a dendrogram (Fig. 4) by UPGMA

method. The genetic distance among the Amorphophallus

species ranged from 0.11 to 0.84. The dendrogram clus-

tered 16 Amorphophallus species and six varieties into

clusters that were in congruent with the morphological

characters. All of the three species and four varieties A.

commutatus of section Conophallus were clustered toge-

ther. However, this resolved group of Conophallus also

contained A. sylvaticus, a member of Rhaphiophallus,

whereas eight of the remaining nine species of Rhaphio-

phallus were clustered together in two groups. With the

exception of A. hirsutus that was clustered with species of

section Rhaphiophallus, remaining two varieties of A.

paeoniifolius of section Amorphophallus were also found

clustered together (Fig. 4).

Resolution based on ISSR

Of the 50 ISSR primers screened, 16 primers resulted

amplification of which ten primers generated polymorphic

banding patterns. Out of 101 bands (10.1 per primer), 86

were polymorphic indicating an average of 8.6 polymorphic

bands per primer. With tested ISSR primers, the number of

bands amplified per primer ranged from eight (UBC 4) to 14

(UBC 3 and 36) with band size between 170 bp and 3.2 kb.

The percentage of polymorphism ranged from 57.14%

(UBC 3) to 87.50% (UBC 4) with an average polymorphism

of 76.59% across the Amorphophallus species studied. The

genetic distance based on Jaccard coefficients ranged from

0.15 to 0.71. UPGMA dendrogram based on ISSR profile

Fig. 3 The Bayesian 50% majority rule consensus trees showing the

relationships among Amorphophallus species of India based on a rbcL
sequences and b combined dataset of rbcL, matK, TrnH–psbA and

TrnL C–D sequences. The Bayesian posterior probability values are

shown next to the node
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did not resolve Amorphophallus species into section

specific clusters congruent with the sections proposed by

Sivadasan (1989) (Fig. S3). This clearly indicated that the

DNA based marker ISSR alone is not suitable for resolution

of Amorphophallus species.

Resolution based on combined data of RAPD and ISSR

The NJ analysis and UPGMA dendrogram of the combined

126 RAPD and 86 ISSR bands for 16 species six varieties

clustered together all of the three species of section of

Amorphophallus while 9 of the ten species of section

Rhaphiophallus were also clustered together. The species

of section Conophallus did not clustered together (Fig. S4).

The resolution based on combined data of RAPD and ISSR

also could not resolve Amorphophallus species completely

into three proposed section. In comparison, the resolution

based on combined data of RAPD and ISSR was better

than the ISSR alone but not better that RAPD alone.

Discussion

In the present study, the molecular phylogeny of Amor-

phophallus species of India was reconstructed using plastid

gene regions’ sequences and two DNA fingerprinting

markers namely RAPD and ISSR. We tested the perfor-

mances of sequences of four plant loci viz. rbcL, matK,

trnH–psbA, trnLC–trnLD for the resolution of Amor-

phophallus species into three Indian sections namely

Rhaphiophallus, Conophallus, and Amorphophallus. In

addition, the utility of two DNA finger printing techniques

namely RAPD and ISSR for species resolution was also

tested. Our study included most of the previously unex-

plored species of Amorphophallus occurring in India.

Because of rare and endangered status of some of Amor-

phophallus species, we could not include multiple specimen

and accessions. For the selection of suitable locus regions,

criteria of efficiency of reproducible amplification and ease

of sequencing were applied. The efficiency of PCR ampli-

fication, which is an important index to evaluate the candi-

date barcode, was determined to select the suitable candidate

barcoding marker. In comparison to rbcL, matK, trnH–psbA

and trnLC–trnLD, the efficiency of PCR amplification of

ITS, rpoB and rpoC was low (\40%), therefore were not

used further. Unlike two barcode markers namely matK and

rbcL that have already been established and recommended

for plant barcoding (CBOL 2009), the use of ITS2 is still

debated for its potential use as a DNA barcode in different

plant groups. In our study, the use of ITS specific primers

was consistently resulting lower amplification efficiency

and amplification of multiple bands.

Table 4 RAPD and ISSR primers and their characteristics

No Name Annealing

temperature used (Ta)

No. of Bands Band size (bp) No. of polymorphic

bands

% polymorphism

RAPD

1 RPi 1 38.0 22 119–1507 18 81.18

2 RPi 2 39.0 20 85–660 17 85.00

3 RPi 3 38.5 21 85–117 17 80.95

4 RPi 4 38.0 23 313–1082 18 78.36

5 RPi 5 40.0 16 530–1340 13 81.25

6 RPi 6 39.0 17 450–920 11 64.79

7 RPi 7 40.0 13 480–1340 10 76.92

8 RPi 9 38.5 14 77–682 11 78.57

9 RPi 10 38.0 16 80–387 11 68.75

ISSR

1 UBC 2 44.6 11 170–2900 9 81.81

2 UBC 3 44.6 14 340–2050 8 57.14

3 UBC 4 44.6 8 300–1950 7 87.50

4 UBC 5 49.2 10 450–2370 8 80.00

5 UBC 6 49.2 9 250–3010 7 77.77

6 UBC 18 59.8 12 300–1810 9 75.00

7 UBC 22 55.0 13 1060–2240 10 76.92

8 UBC 26 60.0 13 200–3200 11 84.61

9 UBC 27 60.0 9 600–1790 6 66.66

10 UBC 36 59.8 14 470–2740 11 78.57
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Despite of our attempts to amplify other barcode

regions, successful amplifications were achieved only for

rbcL, matK, trnH–psbA and trnLC–trnLD. For these loci,

amplification and sequencing success was 100%. Among

the tested markers, substantial difference in the length of

amplified product was not observed for rbcL, matK and

trnLC–trnLD, however, despite of 100% amplification

efficiency of trnH–psbA, the length of amplified product

varied in the range of 140–200 bp. Similar variation in

amplified length of trnH–psbA was demonstrated in Um-

belliferae and in Araliaceae (Degtjareva et al. 2012). The

ease of amplification of rbcL and matK in Amorphophallus

species was congruent with those reported by Grob et al.

(2002, 2004) and Sedayu et al. (2010). The performance of

these four loci was analyzed individually as well as in

combinations of four loci.

Locus rbcL as one of the core plant plastid barcode

regions has been recommended as universal and was found

easy to be sequenced and aligned in group of plants such as

ferns, mosses and angiosperms (Hasebe et al. 1995; Hol-

lingsworth et al. 2009; Liu et al. 2011). Despites of some

doubts in few plant groups about the universality and

applicability, another plastid coding region matK has also

been recommended as one of the core plant barcode by

CBOL (Cuénoud et al. 2002; Chase et al. 2007a, b). In the

view of universality and applicability of rbcL and matK, we

anticipated good resolution of phylogeny of Amor-

phophallus species using these two barcode markers.

However, in our study, rbcL as a single locus was found

most conserved than other three loci analyzed. It also

contained low percentages of PI sites, singleton sites and

lowest interspecific K2P distance. Similar observation

Fig. 4 Species dendrogram of

16 Amorphophallus species and

six varieties based on 126

polymorphic bands from RAPD

profile
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wherein rbcL possessed very low inter-specific variation in

closely related species was made by few workers (New-

master et al. 2008; Kress et al. 2005). Among four loci

tested, rbcL was found most suitable for resolving Amor-

phophallus species than matK, trnH–psbA and trnLC–

trnLD. Surprisingly, in the order of their efficacy for res-

olution of tested species, the performance of small inter-

genic spacer region trnH–psbA was found better suited than

widely used plastid barcode marker matK. trnH–psbA was

also noted with the highest percentage of variable sites, PI

sites, interspecific K2P distance. Using matK and trnLC–

trnLD, tree topology and relationships among the Amor-

phophallus species in ML and BI trees were not fully

resolved. In comparison to ML and BI trees based on matK,

trnH–psbA and trnLC–trnLD, the ML and BI trees based

on rbcL clearly resolved Amorphophallus species into three

clades which were strongly supported with boorstrap,

posterior probabilities values and morphological charac-

ters. As expected, four tested varieties of A. commutatus of

section Conophallus were resolved as monophyletic in ML

and BI tress based on rbcL. Two members of Conophallus

namely A. oncophyllus and A. bulbifer always grouped

together as monophyletic with strong support and mor-

phological characters. Also the species of section Amor-

phophallus namely A. hirsutus and two varieties of A.

paeoniifolius namely var. paeoniifolius and campanulatus

were recovered as monophyletic with strong support and

morphological characters.

The monophyly of species of sections Rhaphiophallus,

Conophallus and Amorphophallus was not fully supported

and section specific clades were not recovered when ML

and BI analyses were performed on combined datasets as

well. In comparison, the efficacy and performance of rbcL

alone was found better than matK, trnH–psbA and trnLC–

trnLD and combined dataset for species resolution and

recovery of section specific clades. The lower efficacy and

poor performances of matK, trnH–psbA and trnLC–trnLD

was also reflected in efficacy and performances of com-

bined dataset.

In the view of our observation that individual locci

matK, trnH–psbA and trnLC–trnLD were not able to

resolve Amorphophallus species into clades supported by

morphological characters, we further carried out ML and

BI analyses on concatenated sequences of various combi-

nations of two and three loci and found that their perfor-

mances and efficiencies were also poor in terms of

complete resolution and recovery of tested taxa into section

specific clades (Data not shown). The Indian section

Rhaphiophallus was founded by Engler and it is still in use

(Grob et al. 2002). In our analysis, the species forming the

clade of Rhaphiophallus were supported by morphological

characters such the presence of stipitate spadix that con-

tains staminodes between the female and the male zone,

large stigma and undifferentiated spathe, whereas the

species forming clade of Conophallus were supported by

characters like globose or disciform tuber, with globose or

rhizomatus offsets, spadix longer than spathe. Species

forming clade of Amorphophallus had globose or depressed

tuber with distinct annular root-scar, highly variable

appendix and psilate pollen.

In previous analysis by Grob et al. (2002), two species

namely A. smithsonianus and A. margaritifer of Rhaphio-

phallus section were not placed together. In congruence

with this observation, we also observed that these two

species were also not placed together, instead they were

found polyphyletic in most of our ML and BI analyses.

Based on these results, our study demonstrates and rec-

ommends that rbcL should also be considered better suited

locus for resolving molecular phylogeny of closely related

species of genus Amorphophallus of India. In terms of the

resolving power, trnH-psbA had ranked second to rbcL and

was found polymorphic, consequently suitable for resolv-

ing closely related Amorphophallus species. However,

none of these tested loci completely resolved Amor-

phophallus species into Rhaphiophallus, Conophallus, and

Amorphophallus section specific clades. The use of matK,

trnH–psbA and trnLC–D as a single locus and multi-locus

marker approach based on combination of two and three

loci were not much suitable for resolution.

Recently, several workers have used RAPD and ISSR

markers for the study of phylogeny and species discrimi-

nation. RAPD was successfully used for the study of

relationships among Verbascum species (Muazaz et al.

2014) and combination of ISSR and RAPD was used to

study genetic relationships in Coffea and Indian Psilanthus

species (Kumar et al. 2008). In the view of these reports,

we have also accessed the utility of RAPD and ISSR for

resolving the phylogeny of Amorphophallus species. Since

RAPD markers are known to suffer from a lack of repro-

ducibility, we checked the consistency of the elec-

trophoretic patterns and the polymorphism detected by

repeating every PCR reaction twice on two different ther-

mal cyclers. Phylogenetic dendrogarm based on RAPD

profile clustered together all of the species of section

Conophallus and species of section Rhaphiophallus were

grouped in two clusters. In our study, to resolve the phy-

logeny of Amorphophallus species using DNA finger-

printing technique, RAPD alone performed better than

ISSR and combination of RAPD and ISSR, but was not

better than plastid gene region sequencing and analysis

approach. In comparison, plastid gene region sequencing

approach using rbcL was found most suitable for resolving

molecular phylogeny and relationship among the Amor-

phophallus species of India.

Earlier studies of molecular phylogeny of Amor-

phophallus species by Grob et al. (2002, 2004) and Sedayu
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et al. (2010) included only five Amorphophallus species

each from India. Our study differs from these two reports in

having studied most of the previously unexplored Indian

species. Moreover, as plastid gene region sequencing

approach, we have compared the performance of single and

combinations of four barcode loci for resolution of phy-

logeny. In addition, the utility and performance of ISSR

and RAPD fingerprinting technique has also been com-

pared with plastid DNA region sequencing approach.
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Till date, drugs that have been used to manage Parkinson’s disease (PD) have only
shown symptomatic relief with several adverse effects besides their inability to prevent
neurodegeneration. Neuroinflammation plays an important role in the advancement of
PD and can be targeted for its effective treatment. Researchers have suggested that
herbal plants exhibiting the anti-inflammatory and anti-oxidant properties are therefore
beneficial to human health. Conventionally, Mucuna pruriens (Mp) seeds are used
for maintaining male virility in India. Reportedly, Mp is used as a rejuvenator drug
having neuroprotective property. Our study aimed to investigate effects of aqueous
extract of Mp (100 mg/kgbwt) on neuroinflammation, orally administered to mice
intoxicated with 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) as well as the
molecular mechanism involved in the progression of PD. In this study, we have
observed significant behavioral abnormalities beside decreased antioxidant defense in
MPTP intoxicated mice. We have also observed significant increase in inflammatory
parameters like Glial Fibrillary Acidic Protein, Inducible Nitric Oxide Synthase, Intercellular
Cell Adhesion Molecule, and Tumor Necrosis Factor alpha in substantia nigra pars
compacta (SNpc) of parkinsonian mice, while Mp treatment has notably reduced these
inflammatory parameters. Mp also inhibited the MPTP induced activation of NF-κB and
promoted pAkt1 activity which further prevented the apoptosis of the dopaminergic
neurons. Moreover, Mp exhibited significant antioxidant defense by inhibiting the
lipid peroxidation and nitrite level, and by improving catalase activity and enhancing
GSH level in nigrostriatal region of mouse brain. Mp also recovered the behavioral
abnormalities in MPTP treated mice. Additionally, Mp treatment considerably increased
the immunoreactivity of Tyrosine Hydroxylase and Dopamine Transporter in SNpc of
parkinsonian mice. Our high performance liquid chromatography analysis of the Mp
seed extract have shown L-DOPA, gallic acid, phytic acid, quercetin, and catechin
equivalents as the major components which might cause neuroprotection in PD mice.
Our result suggested that Mp extract treatment containing L-DOPA and a mixture of
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rich novel phytochemicals significantly alleviates the MPTP induced neurotoxicity by
NF-κB and pAkt pathway. The findings observed thereby indicate that Mp extract have
suggestively ameliorated MPTP induced neuroinflammation, restored the biochemical
and behavioral abnormalities in PD mouse and thus provided a scientific basis for its
traditional claim.

Keywords: Parkinson’s disease, neuroinflammation, Mucuna pruriens, tyrosine hydroxylase, MPTP (1-methyl-4-
phenyl-1,2,3,6-tetrahydropyridine), substantia nigra

INTRODUCTION

After Alzheimer’s disease (AD), Parkinson’s disease
(PD) is considered to be the most common progressive
neurodegenerative disease. PD is basically characterized by the
loss of dopaminergic neurons in substantia nigra pars compacta
(SNpc) and reduced level of dopamine (DA) within the striatum
(ST) (Siderowf and Stern, 2003; Yadav et al., 2013, 2014; Rai
et al., 2016). Among non-motor symptoms, cognitive decline
appears the major one in the case of PD (Aarsland et al., 2017).
Dopaminergic neuronal degradation, formation of inclusions
called Lewy bodies and activation of glial cells are the hallmark
of PD pathogenesis in brain. While the etiopathogenesis of PD
still not fully known, it is identified to go worse on exposure
to environmental neurotoxins such as MPTP, Paraquat (PQ),
and several others (Bové et al., 2005; Khan et al., 2013; Yadav
et al., 2013). In humans and primates, MPTP which is a potent
inhibitor of mitochondrial complex-1 of electron transport chain
creates parkinsonian characteristic, and in mice, it recapitulates
dopaminergic degenerations via nigrostriatal pathway. For
that reason, in animal models of PD, MPTP is extensively
used to study and explore the molecular events responsible for
dopaminergic neuronal degeneration and to check the efficacy
of several neuroprotective agents (Jackson-Lewis et al., 2012).
Biomolecules such as lipids, proteins, and DNA are damaged
by reactive oxygen species (ROS) and reactive nitrogen species
(RNS), by-products of which were observed in the SN and
striatum of human PD post-mortem brains (Dexter et al., 1994;
Khan et al., 2013). The oxidation of lipid and proteins can thus
lead to loss of membrane integrity, enzyme inactivation leading
to cell death in neurodegenerative disorders (Hald and Lotharius,
2005).

Previous literature suggests that in PD, prolonged
neuroinflammation plays an important role during degeneration
of neurons (Hirsch and Hunot, 2009; Joglar et al., 2009; Khan
et al., 2013). Inflammatory response during neurodegeneration
has not yet been thoroughly investigated. Proinflammatory
mediators such as cytokines/chemokines, enzymes like
cyclooxygenase-2 (COX-2) and inducible nitric oxide synthase
(iNOS) are produced by glial (astroglial and microglial)
cells in response to extracellular insult to dopaminergic
neurons (Khan et al., 2013). In addition, nuclear transcription
factor-κB (NF-κB) plays a central role in the PD pathogenesis
by inducing the expression of tumor necrosis factor-alpha
(TNF-α) and interleukin-1 beta (IL-1β) via oxidative stress
mediated neurodegeneration (Hald and Lotharius, 2005).
These cytokines and enzymes could cause neuronal death

by the cytotoxic mechanism. Previous literature has also
suggested that anti-inflammatory drugs significantly inhibit
the neuroinflammatory processes and ultimately protect
dopaminergic neuronal loss in different parkinsonian models
(Choi et al., 2005; Jin et al., 2005).

In spite of important evidences in learning the pathobiology
of neurodegeneration, various efforts to expand and advance
successful treatment strategies are being done (Brotchie and
Jenner, 2011) with minimal translational results. With this
background, there has been a lot of focus on the herbal
mediated neuroprotection of PD with special emphasis on the
anti-oxidative and anti-inflammatory activities of these herbal
plants and their derivatives. Recently, Kim et al. (2015) suggested
that Ligusticum officinale exhibits potent anti-inflammatory
activity via NF-κB/IκB-α and MAPK pathway. Pycnogenol,
extracted from Pinus maritima bark also protects dopaminergic
neuron in MPTP induced neuroinflammation (Khan et al., 2013).

In Indian system of medicine, Mucuna pruriens (Mp)
is the most accepted drug. A number of reports have
recommended that it exhibits various pharmacological properties
like analgesic, anti-inflammatory, anti-neoplastic, anti-epileptic,
and anti-microbial activities (Sathiyanarayanan and Arulmozhi,
2007; Adepoju and Odubena, 2009; Yadav et al., 2013). Mp
has been found to be rich in bioactive compounds such as
tannins, alkaloids, phenolics compounds, and flavonoids (Duke,
1995). Diabetes, atherosclerosis, rheumatoid arthritis, nervous
disorders, and Parkinsonism are certain diseases that have
been found to be effectively managed by free-radical mediated
disease management property of Mp seeds (Bhaskar et al., 2011).
Moreover, our high performance liquid chromatography (HPLC)
data has shown the presence of different phytochemicals such as
proanthocyanidin, tannin, gallic acid, quercetin, and phytic acid
in the aqueous seed extract of Mp. The anti-neuroinflammatory
activity of Mp might be due to the presence of these active
constituents. Also, other phytochemicals can act in combination
for exploring its synergistic effect. Recently, Uchegbu et al.
(2016), have suggested the anti-inflammatory activity of Mp by
administering the doses of 10 and 50 mg/kgbwt in carrageenan
and formalin induced acute and chronic paw edema respectively.
They compared the anti-inflammatory activity of Mp with
diclofenac potassium as a standard anti-inflammatory drug. At
the doses of 10 and 50 mg/kg, Mp showed an inhibition % of 9.8
and 47.8 and 6.6 and 38.8 respectively against their corresponding
carrageenan and formalin induced acute paw edema (Uchegbu
et al., 2016). Additionally, Yadav et al. (2017) showed that Mp
seed extract (100 mg/kg bwt) has improved the neurobehavioral
activity by reducing the oxidative stress in nigrostriatal tissue
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effectively by mitigating the iNOS expression levels in Paraquat
(PQ) induced parkinsonian mouse model. Mp contains L-DOPA
and ursolic acid which has potent anti-parkinsonian property
(Rai et al., 2016; Yadav et al., 2016). There is very little literature
which shows the anti-inflammatory activity of Mp in PD. With all
the background information, in the present study, we have chosen
Mp seed extract in MPTP induced Parkinsonian mouse model to
explore its potent anti-neuroinflammatory activity.

MATERIALS AND METHODS

Reagents and Antibodies
Acetic acid, disodium hydrogen phosphate, reduced glutathione
(GSH), reduced nicotinamide adenine dinucleotide phosphate
(NADPH), Potassium chloride, Ammonum chloride, Sodium
dihydrogen phosphate, and Bovine Serum Albumin (BSA) were
procured from Sisco Research Laboratories (SRL; Mumbai,
India). 1-Methyl-4-phenyl-1,2,3,6-tetra hydropyridine (MPTP),
Normal Goat Serum (NGS) from Sigma–Aldrich (St. Louis, MO,
United States). Protein estimation kit by Bradford GeNeiTM,
hydrogen peroxide (H2O2), and potassium dichromate were
purchased from Merck (Darmstadt, Germany), Sodim dodecyl
sulfate (SDS), Thiobarbituric acid (TBA), Griess reagent and
DABCO were procured from HiMedia (Mumbai, India).
Sodium nitrite and Paraformaldehyde were purchased from
Lobachemie, India. Primary antibodies for TH (SC-25269), iNOS
(SC-651), Glial Fibrillary Acidic Protein (GFAP) (SC-33673) and
Intercellular Cell Adhesion Molecule (ICAM) (SC-8439) were
procured from Santa Cruz, Biotechnology (Santa Cruz, CA,
United States) and the primary antibodies for TNF-α (ab1793),
NF-κB (ab16502), DAT (ab111468), and pAkt1 (ab81283) were
purchased from Abcam Life Science, Biogenuix Medsystems, Pvt.
Ltd. (New Delhi, India), secondary fluorescent tagged antibodies
for IHCCy2-conjugated and cy3-conjugated were procured from
Merck Millipore and Chemicon respectively.

Experimental Animals
Eight to ten weeks old male mice (Swiss Albino mice, 25–30 g)
were purchased from animal research facility of Banaras Hindu
University, Varanasi, India. Before starting the experiment,
animals were made to adapt the laboratory conditions for about a
week under standard laboratory conditions by keeping light and
dark cycles of 12 h. Mice were fed with standard rodent food
purchased from market and water ad libitum. Experiments were
done in between 12:00 noon to 03:00 pm. The investigational
protocol for animals on which the test was carried out, was
approved by the Animal Ethics Committee of Banaras Hindu
University, Varanasi, India.

Plant Extracts Preparation
Mp seed powder was purchased from the Ayurveda Pharmacy,
Institute of Medical Sciences, Banaras Hindu University,
Varanasi, India. Mp seed extract was prepared by the method
of Uhegbu et al. (2005) in which distilled water was used as the
solvent. 20 g of Mp seed powder was taken and soaked in 200 ml
of autoclaved distilled water. The solution was stirred for about

6 min and left overnight for proper mixing. Next day, the solution
was filtered by using filter paper (Whatman No. A-1) and the
extract were allowed to dry in rotary vacuum evaporator under
reduced pressure and temperature (below 40◦C).

RP-HPLC Quantitative Analysis of
L-DOPA and Phytochemicals
L-DOPA was quantified in Mp seeds using reverse phase high
performance liquid chromatography (RP-HPLC) involved with
diode array detection. Samples were prepared as described
by Rathod and Patel (2014) with minor modifications. One
gram powder of Mp seed was extracted using autoclaved
doubled distilled water: 0.1 M HCl (70:30) for 30 min on
rotary shaker (120 rpm) and sonicated for 5 min. Then
sample was evaporated, dissolved in distilled water and
filtered through 0.45 µm nylon filter (Axiva filters). RP-HPLC
analysis was performed by Shimadzu prominence equipped
with degasser DGU-20A 5R, photo diode array detector
SPD- M20 A and low pressure quaternary pump LC 20 AD.
Chromatographic separation was achieved using a Waters,
Nova-Pak C18 column (4 µm, 4.6 mm × 250 mm). The
commercially available synthetic L-DOPA (Himedia) was taken
as a standard.

Total phenolics content of Mp seeds has been determined
spectrophotometrically (Singleton and Rossi, 1965). The sample
was mixed with 1.8 ml of Folin–Ciocalteu reagent and incubated
for 5 min at 25◦C with 1.2 ml of 15% sodium carbonate solution
for neutralization of reaction and further kept for 90 min at room
temperature. The absorbance was taken at 765 nm. Result was
noted in terms of mg of gallic acid equivalent per gram (mg GAE
g−1) of dry mass.

Total flavonoids were quantified according to the method by
Chang et al. (2002). In brief, 1 ml aqueous extract of Mp seed
was added to 1.5 ml distilled water, 0.1 ml of aluminum chloride
(10%) and 0.1 ml of potassium acetate (1 M). The total volume
was made up to 4.5 ml by adding distilled water. Incubation was
carried out for 30 min at room temperature and absorbance was
recorded at 415 nm. Expression of flavonoids level was done as
milligram of quercetin equivalents per gram (mg QUE g−1) of
dry weight.

Evaluation of proanthocyanidin was done as described by
Sun et al. (1998). The 0.5 ml sample was mixed with 3 ml
of 4% vanillin and 1.5 ml of concentration HCl. Reaction
mixture was incubated for 15 min and absorbance was taken at
490 nm. Content of Proanthocyanidin was expressed as catechin
equivalents per gram (mg CAE g-1) of dry weight.

As described by Kirk and Sawyer (1998), Tannin level was
measured with the help of Folin–Denis colorimetric method. 5 ml
Mp seed extract was mixed with 1 ml Folin–Ciocalteu reagent
and 2.5 ml saturated sodium carbonate. The solution was further
incubated for 90 min at 28◦C after the final volume was made up
to 50 ml. The color intensity was measured at 760 nm.

The content of phytic acid was estimated according to the
method of Gao et al. (2007). In short, 1 ml of Mp seed extract was
added with 1 ml volume of Wade reagent (0.03% FeCl3.6 H2O
and 0.3% sulfosalicylic acid in D/W). Vortexing of the solution
was done for 5 s and then it was put to centrifugation for about
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10 min. Absorbance of supernatant was taken at 500 nm using
UV-spectrophotometer.

Experimental Design
The first group, i.e., control (n = 6) was treated with normal saline
(i.p.). MPTP (30 mg/kg body weight) was prepared by dissolving
it in 0.9% saline. The mice were injected (i.p.) twice with MPTP
(30 mg/kg body weight) within 16 h of interval to induce PD to
the second group (n = 6) (Yadav et al., 2014). The third group
(n = 6) was first given two injections (i.p.) of MPTP (30 mg/kg
body weight) within 16 h of interval and then daily orally treated
with Mp seed aqueous extract (100 mg/kg body weight) from next
day till 21 days after second MPTP injection.

Group I: Mice (n = 6) were given intraperitoneal (i.p.)
injections of saline (0.9%), this served as control.

Group II: Mice (n = 6) were administered i.p. injections of
MPTP (30 mg/kg body wt.), twice within 16 h interval.

Group III: Mice (n = 6) were first intoxicated (i.p.) with MPTP
(30 mg/kg body wt.), twice within 16 h interval and from the
next day they were orally treated with aqueous seed extract of Mp
(100 mg/kg body wt.) daily for 21 days.

Neurobehavioral Studies
Rotarod Test
In Rotarod test, prior to experiment, group animals were trained
for 3 successive days at a fixed speed (5 rpm) and the time
was noted after the mice fall up to a maximum of 5 min. The
experiment was repeated four times for each animal; finally
average time was calculated as described previously (Manna et al.,
2006). The same procedure was repeated once the treatment was
completed and the time taken by the mice to fall was noted down.

Hanging Test
In this test, mice were placed on a horizontal grid and allowed
to have grip on it. This grid was then made upside down so
that mouse hangs downward, gripping on it, until they lose their
control and fall down. The experiment was repeated three times,
and the hanging time was noted for each group (Mohanasundari
et al., 2006).

Narrow Beam Walking Test
Motor coordination in mice was assessed using this test. Animals
from each group were trained to move on stationary wooden
narrow flat beam (1 cm) which was positioned at a height of
100 cm above the floor (L 100 cm×W 1 cm). Then according to
Pisa, time spent in walking from one end of the beam to another
was noted and the procedure was repeated thrice for each group’s
animals (Pisa, 1998).

Sample Preparation for Biochemical
Studies
After completion of experiment, the animals were sacrificed by
cervical decapitation from each groups (n = 3), the collection of
nigrostriatal tissue was done individually and they were further
homogenized in KCl buffer (Tris-HCl 10 mM, NaCl 140 mM, KCl
300 mM, ethylenediaminetetraacetic acid 1 mM, Triton-X 100
0.5%) at pH 8.0 complemented with phosphatase and protease

inhibitor. Centrifugation of the tissue homogenates was done
at 12,000 g at a temperature of 4◦C for about 20 min for the
estimation of antioxidant enzymes and different biochemical
parameters.

Biochemical Test
Catalase and Nitrite Test
In accordance with the decomposition of hydrogen peroxide,
the Catalase activity was estimated (Kumar et al., 2010). Briefly
10% w/v tissue homogenate was added in phosphate buffer
pH-7, distilled water, hydrogen peroxide (0.02 M) and incubated
at room temperature for 1 min then potassium dichromate and
acetic acid (1:3) solution was added and solution was allowed to
boil for 15 min in boiling water bath and absorbance was taken at
570 nm. The activity of enzyme was measured in nmoles/min/mg
protein.

By using standard procedure, Nitrite level was estimated in the
supernatant (Granger et al., 1996). Supernatant of 10% w/v tissue
homogenate was taken and ammonum chloride (0.7 mM) mixed
with Griess reagent (0.1% N-naphthyl ethylenediamine and 1%
sulfanilamide in 2.5% phosphoric acid) was added. The solution
was allowed to stand at 37◦C for 30 min, and the supernatant was
then taken out to record the absorbance at 540 nm. By using the
standard curve for sodium nitrite (10–100 µM), the total content
of nitrite was calculated in terms of µmoles/mL.

Lipid Peroxidation and GSH Test
Estimation of Lipid peroxidation was done in the same way
as described previously (Ohkawa et al., 1979) with fewer
modifications in the nigrostriatal tissue of the mouse brain.
Briefly, for measuring the concentration of malondialdehyde
(MDA), a reaction mixture containing 10% tissue homogenate
(0.1 mL) was added in 10% SDS solution (0.1 mL) and was
kept at room temperature for 5 min. After that, 20% acetic acid
(0.6 mL) was added and the solution was incubated 2–5 min.
At last 0.8% Thio-barbituric acid TBA (0.6 mL) was added and
the solution was kept in a boiling water bath for 1 h. The
reaction mixture was then allowed to cool, centrifugation was
done and absorbance of the supernatant was taken at 532 nm
against control. Expression of LPO levels was done as nano moles
MDA/mg protein. Glutathione reductase (GSH) level in the brain
homogenate was measured by the method described previously
(Moron et al., 1979) and reported as µM GSH/mg tissue.

Immunofluorescence Staining of TH,
NF-κB, TNF-α, DAT, iNOS, GFAP, ICAM,
and pAkt1 in SNpc
In the SNpc of brain, Immunofluorescence staining of TH,
NF-κB, TNF-α, DAT, iNOS, GFAP, ICAM, and pAkt1 in SNpc
was performed (Gorbatyuk et al., 2008). Mice were anesthetized
with pentobarbital and the perfusion was done with 4%
paraformaldehyde and the brains were post-fixed and collected.
Using a cryomicrotome, the brain was cut in 25 µ thick coronal
sections at the SN level (Leica, Wetzlar, Germany). Washing of
the sections were done twice with 0.01 M PBS at pH 7.4 and then
they were allowed to incubate with blocking reagent (10% normal

Frontiers in Aging Neuroscience | www.frontiersin.org 4 December 2017 | Volume 9 | Article 421



fnagi-09-00421 December 15, 2017 Time: 16:51 # 5

Rai et al. Mucuna pruriens Reduces PD Neuroinflammation

FIGURE 1 | High performance liquid chromatography (HPLC) analysis of M. pruriens seeds for L-DOPA. HPLC profile of standard L-DOPA (A). HPLC profile of
M. pruriens seed extract (B).

goat serum in PBS, 0.3% Triton-X 100) for 1 h. Incubation of
the sections with primary antibodies at 1:1000 dilutions was
done with the polyclonal anti-mouse against TH, polyclonal
anti-rabbit against NF-κB p65, monoclonal anti-mouse against
TNF-α, polyclonal anti-rabbit against DAT, polyclonal anti-rabbit
against iNOS, monoclonal anti-mouse against GFAP, monoclonal
anti-mouse against ICAM, and monoclonal anti-rabbit against
pAkt1 for 16 h at 4◦C. The washing of the sections was again
done five times in PBST and they were further incubated
with Cy2-conjugated (Ex max 492 nm and Em max 510 nm)
donkey anti-mouse and cy3-conjugated secondary antibodies
(Ex max 550 nm and Em max 570 nm) donkey anti-rabbit
in 1% BSA blocking solution for 1 h at Room Temperature.
Washing of the sections was again done for three times and
then mounted using mounting media, fluoro shield (Sigma–
Aldrich). The images of the sections were taken with the help
of fluorescent microscope Nikon (Thermo Fisher Scientific).
Immunofluorescence was analyzed by Image J software (NIH,
United States) and reported in mean integrated fluorescent value
(IFV).

Statistical Analysis
Statistical analysis of differences between means of groups was
determined by one way ANOVA followed by Student-Newman–
Keuls post hoc test using GraphPad Prism 7.0 software. A p< 0.05
was considered statistically significant.

RESULTS

L-DOPA and Phytochemicals Content
Reverse phase high performance liquid chromatography analysis
showed as compared to standard L-DOPA (Figure 1A),
65 mg g−1 of L-DOPA present in the aqueous extract of Mp seed
(Figure 1B). Mp showed 38.9 ± 1.6 mg per gram of gallic acid
equivalent (mg GAE g−1) of phenolics and 54.14 ± 3.05 mg per
gm of quercetin equivalent (mg QAE g−1). The Mp seed showed
25.71 ± 4.13 mg per gram of catechin equivalents (mg CAE
g−1) proanthocyanidin level. Mp also showed 8.2± 0.15 mg g−1

of tannin level. Mp seed contain 6.72 ± 0.11 mg g−1 phytic
acid.

Behavioral Studies
Effect of Mp on Behavioral Recovery
The result shows that the time taken by the MPTP treated
mice for which it remained on the rotarod was significantly
reduced (p < 0.001) compared to control. Whereas, when
MPTP treated mice were treated with Mp, mice stayed on
the rotarod significantly longer than MPTP mice (p < 0.05)
(Figure 2A).

Our findings suggested that, in MPTP-treated mice, the
time of gripping and hanging was significantly poorer
(p < 0.001) as compared to control mice. When MPTP
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FIGURE 2 | Effect of Mp extract on behavioral parameters. (A) MPTP PD mice showed significantly reduced time of walking and staying on rotarod as compared to
CONT group, which has been significantly improved on Mp supplementation to PD mice in comparison with untreated PD mice. (B) Hanging test showed significant
improvement in Mp treated group compared to MPTP treated group. MPTP group mice fall early as compared to CONT group. (C) Narrow beam walking time was
significantly increased in the MPTP treated mice in comparison with control group while Mp treatment declines the narrow beam walking time as compared to MPTP
induced PD mouse (∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001, n = 6). ns, non-significant.

mice were treated with Mp, the hanging time was increased
(p < 0.001) when compared with MPTP treated mice
(Figure 2B).

Result shows that in MPTP treated mice narrow beam walking
time was increased (p < 0.001) as compared to CONT mice.
When MPTP mice were treated with Mp the narrow beam walk
time was decreased (p < 0.001) as compared to MPTP mice
(Figure 2C).

Biochemical Studies
Effect of Mp on Catalase and Nitrite
We observed that MPTP injection significantly decrease the
activity of CAT (p < 0.001) and increase the nitrite (p < 0.001)
content in MPTP-injected mice when compared to CONT
group. However, Mp treatment (MPTP+Mp) increased the
activity of catalase (p < 0.01) (Figure 3A) and decreased nitrite
level (p < 0.01) (Figure 3B) as compared to MPTP-treated
group.

Effect of Mp on MDA and GSH Content
When compared to CONT group, the mice intoxicated
with MPTP showed a significant increment (p < 0.001) in
lipid peroxidation product, known as MDA. Conversely,
MPTP administration caused a significant decline in GSH
(p < 0.001) levels when compared with CONT group. Mp
treatment (MPTP+Mp) significantly attenuated (p < 0.001) the
rise in MDA level (Figure 3C) and improved (p < 0.05)
the GSH levels (Figure 3D) compared to the MPTP
group.

Effect of Mp on the Expression of TH,
NF-κB, TNF-α, DAT, iNOS, GFAP, ICAM,
and pAkt1 in SNpc
We have observed an increased in NF-κB (p < 0.05), TNF-α
(p < 0.01), iNOS (p < 0.01), ICAM (p < 0.01), and GFAP
(p < 0.01) positive cells expression in the MPTP treated
mice as compared to CONT group. After Mp treatment
(MPTP+Mp), a decrease in NF-κB (p < 0.05) (Figure 4A),
TNF-α (p < 0.01) (Figure 4B), iNOS (p < 0.01) (Figure 4C),
ICAM (p < 0.01) (Figure 4D), and GFAP (p < 0.05)
(Figure 5A) expression was observed as compared to MPTP-
treated mice. We also found decreased expression of pAkt1
positive cells (p < 0.01, Supplementary Figure S1) and DAT
positive dopaminergic neurons (p < 0.05) as compared to
control while Mp treatment (MPTP+Mp) significantly increased
the expression of pAkt1 (p < 0.05) (Figure 5B) and DAT
(p < 0.05) (Figure 5C) as compared to MPTP treated groups.
A reduced (p < 0.05) level of TH positive dopaminergic neurons
was seen in response to MPTP injection while comparing to
the CONT group. However, following treatment with Mp in
MPTP-administered mice, an increase in TH level (p < 0.05)
(Figure 5D) was observed when compared to MPTP-treated
mice.

Effect of Mp on the Nuclear
Translocation of NF-κB in SNpc
We have observed that in MPTP injected mice, the nuclear
translocation of NF-κB has occurred (Figure 6B) when compared
with the control group (Figure 6A). Whereas, Mp treatment
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(Figure 6C) has significantly inhibited this nuclear translocation
of NF-κB as compared to MPTP treated mice.

DISCUSSION

In this study we demonstrate that Mp, an aqueous extract
containing L-DOPA and a mixture of rich novel phytochemicals
protect nigrostriatal degeneration of dopaminergic neurons
by alleviating oxidative stress and neuroinflammation in PD
mouse model. Dopaminergic neurons can be protected by
neuroinflammation linked inhibition of iNOS, GFAP, ICAM
as well as NF-κB activation and its responsive genes TNF-α.
Protective effect of Mp on dopaminergic neurons suggest that
it is an efficient herbal agent in PD research, corroborating
previous studies (Yadav et al., 2013, 2014, 2017; Olson and
Gendelman, 2016). From several decades there is a lot of
focus on Mp’s anti-parkinsonian activity specifically related to
its anti-oxidative and metal chelating activity (Tharakan et al.,
2007; Dhanasekaran et al., 2008; Yadav et al., 2013). Other
than showing the anti-parkinsonian activity, Mp extract has
also shown therapeutic potential in protecting against stroke
and ischemia (Nayak et al., 2017). Mp extracts thus due to
the presence of dopamine and 5-HT (5-hydroxytryptamine) has
the potential to be an anti-cataleptic and antiepileptic drug
(Champatisingh et al., 2011). Ginkgo Biloba extract 761 (EGb
761) is a well-defined mixture containing flavonoids (24%)
and terpenoids (6%) and is patented (Rojas et al., 2009). This
extract having the antioxidant and anti-apoptotic properties
has the potential to show neuroprotection as it can help in
the regulation of MAO. Phytomix-40 (PM-40) is a certified
parapharmaceutical comprises extract from 40 plants including
ginseng, eleutherococcus, Rhodiola rosea etc., which helps in
improving hormonal, antioxidant and immune system of body.
Administration of PM-40 along with standard anti- Parkinson’s
drugs improves Parkinson’s symptoms and helps in decreasing
negative activation of immune system which occurs during
standard anti-Parkinson’s therapy alone (Bocharov et al., 2010).
Anti-Parkinson’s activities of flavonoids have been also reported
on 6-OHDA-induced experimental Parkinsonism in vivo and
in vitro (Mu et al., 2009). Phenolics and flavonoids are important
class of natural antioxidant substances having potential of
scavenging free radicals, ultimately reducing the risk of oxidative
stress related disorders including cancer and PD (Saxena et al.,
2012; Patil et al., 2015). Recently, Cilia et al. (2017) have reported
that 12.5–17.5 mg/kg Mp seed powder shows neuroprotective
activity in PD patient with a more favorable tolerability profile.

The neuroprotective role of Mp in other neurodegenerative
diseases such as AD and Multiple Sclerosis has not yet been
investigated.

In this paper, we have reported the potential anti-
neuroinflammatory activity of Mp in MPTP induced
parkinsonian mouse model via NF-κB and Akt pathway.

Natural compounds containing flavonoids, phytochemicals
having antioxidative and anti-inflammatory activities are
neuroprotective in neurodegenerative diseases (Parkinson’s
disease, 2012). Past studies potentially exhibiting that orally

FIGURE 3 | Estimation of CAT, Nitrite, MDA, and GSH in nigrostriatal region of
mice. MPTP injected mice showed significant decrease in CAT activity and
GSH level and increase in Nitrite and MDA level as compared to control
(CONT) group. While Mp treatment in MPTP group significantly increase the
level of CAT (A), decrease in the level of nitrite (B) and MDA (C), increase in
the level of GSH (D). Values are expressed as mean ± SEM (∗p < 0.05,
∗∗p < 0.01, ∗∗∗p < 0.001, n = 3). ns, non-significant; MDA, malondialdehyde;
GSH, glutathione; CAT, catalase; SEM, standard error of mean.

administered Mp reaches to the brain in adequate quantity
to protect the dopaminergic neurons in PD (Katzenschlager
et al., 2004; Yadav et al., 2013, 2014, 2017). To investigate the
supplementary outcome of the drugs, oral route has been utilized
as an efficient way of administration as it is the feasible and
efficient way for drug delivery.

This study has demonstrated that in mice, MPTP intoxication
creates behavioral impairment which is tested by rotarod, grip
strength, and narrow beam walking test. Mp was found to
significantly improve the motor deficits in parkinsonian mice.
Our behavioral findings are in agreement with the earlier reports
(Yadav et al., 2013, 2014).

Researchers have suggested that MPTP intoxication
generates ROS and RNS which induces oxidative stress and
neuroinflammation associated nigrostriatal degeneration of
dopaminergic neurons (Yokoyama et al., 2008; Chung et al.,
2011; More et al., 2013). Despite of the fact that, PQ poorly
crosses the BBB, the patients died of PQ intoxication has been
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FIGURE 4 | Immunofluorescence expression of NF-κB, TNF-α, iNOS, and ICAM in SNpc. of CONT, MPTP, and MPTP+Mp mice by using Image J Software at 20x
magnification. The MPTP intoxicated PD mice showed significantly enhanced expression level of NF-κB (A), TNF-α (B), iNOS (C), and ICAM (D) positive cells as
compared to control. On Mp supplementation in PD mice showed significantly alleviated expression level of NF-κB, TNF-α, iNOS, and ICAM positive cells as
compared to MPTP mice. Values are expressed as mean ± SEM of integrated fluorescent value (IFV) (∗p < 0.05, ∗∗p < 0.01, n = 3). ns, non-significant; TNF-α,
tumor necrosis factor alpha; iNOS, inducible nitric oxide synthase; ICAM, intercellular adhesion molecule 1; SNpc, substantia nigra pars compacta.

detected with significant damage to the brain (Bové et al.,
2005). MPTP intoxication has helped in mimicking most of the
parkinsonian symptoms which can help us in understanding PD
(Meredith and Rademacher, 2011). MPTP induced Parkinsonian
Mouse models have been most widely used. MPTP, being
lipophilic in nature crosses the BBB easily and binds mainly in
astrocyte lysosomes, where it is converted to its toxic metabolite,
the 1-methyl-4-phenylpyridinium (MPP+) ion (Meredith and
Rademacher, 2011). However, central dopaminergic neurons
were not damaged upon systemic administration of MPP+ as it
is unable to cross the BBB due to its charge. But, much of the
DAergic nigrostriatal pathway was destroyed by direct infusion
into the brain. MPP+ is selectively taken by the dopaminergic
neurons because it is an excellent substrate for the dopamine
transporter (DAT) (Meredith and Rademacher, 2011). So we
have used MPTP induced mouse model instead of PQ.

Similarly, this study clearly shows that MPTP intoxication
produces neuroinflammation induced ROS and RNS
overproduction, whereas Mp reduces this ROS and RNS

accumulation and downstream proceedings of this cascade. It
is well-established that inflammation is the downstream event
of oxidative stress. This might be suggested that Mp uses its
antioxidative and anti-inflammatory activities to inhibit these
oxidative and inflammatory loads. In PD, dopaminergic neurons
possess reduced antioxidant ability which makes dopaminergic
neurons more susceptible to oxidative stress, as exhibited by the
low level of intracellular reduced glutathione. Reduced GSH is
one of the main factors responsible for the antioxidant defense,
which scavenges free radicals generated in brain tissue (Dringen,
2000). In this study, MPTP injection produces free radicals
which creates oxidative damage and is eventually responsible for
reduced GSH level along with decreased activity of antioxidant
enzyme catalase, while it has also increased the level of lipid
peroxidation. This finding in MPTP treated mice is consistent
with earlier reports (Cheng et al., 2008; Khan et al., 2010; Lee
et al., 2011; Yadav et al., 2013, 2014). Following MPTP injections,
treatment with Mp reduced the oxidative injury by decreasing
the MDA level along with restoration of GSH level and catalase
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FIGURE 5 | Immunofluorescence expression of GFAP, pAkt1, DAT, and TH in SNpc. of CONT, MPTP, and MPTP+Mp mice by using Image J Software at 20x
magnification. The MPTP intoxicated PD mice showed significantly enhanced expression level of GFAP positive cells (A) as compared to control, while on Mp
supplementation in PD mice showed significantly alleviated expression level of GFAP positive cells as compared to MPTP mice. On the contrary immunofluorescence
staining of pAkt1 positive cells were reduced in MPTP treated mice (B) while Mp treatment substantially enhanced the expression of pAkt1. Similarly, DAT (C) and TH
(D) positive dopaminergic neurons expression were reduced in MPTP treated mice while Mp treatment in MPTP treated mice significantly enhanced the expression
of DAT and TH. Values are expressed as mean ± SEM of IFV (∗p < 0.05, ∗∗p < 0.01, n = 3). ns, non-significant; GFAP, glial fibrillary acidic protein; DAT, dopamine
transporter; TH, tyrosine hydroxylase.

activity in the nigrostriatum. Recent findings have suggested that
oxygen free radical and nitric oxide (NO) play a major role in
stress mediated neurodegeneration. In addition, peroxynitrite
is formed when NO react with superoxide, which then induces
nitration of tyrosine to produce hydroxyl radicals. Therefore,
NO along with peroxynitrite may adversely affect neuronal cell
death in SN (Yokoyama et al., 2008). Our result exhibits that
nitrite level was significantly reduced after Mp treatment which
further protected the dopaminergic neurons from NO mediated
neurodegeneration, corroborating previous studies (Yokoyama
et al., 2008; Yadav et al., 2014).

During the pathogenesis of PD, activation of the glial
cells is considered to be a rapid cellular response leading
to neuroinflammation (Ghosh et al., 2007; Gordon et al.,
2012; Hirsch et al., 2012). Upregulation in the expression
of iNOS, ICAM GFAP, TNF-α, and NF-κB after MPTP
administration signifies the process of glial activation. Different
studies have suggested the presence of activated glial cells
in SN and striatum of PD brains (Hirsch et al., 2003;

Ouchi et al., 2009). Activation of Glial cells results in NF-κB
activation which further triggers the upregulation and release of
proinflammatory enzymes iNOS, and proinflammatory cytokine
TNF-α in PD (Kim and Joh, 2006; Mosley et al., 2006).
Studies done previously suggested that inhibition of glial
activation by using some inhibitors prevents MPTP-induced
neurotoxicity (Wu et al., 2003; Chung et al., 2011). In our
study, inflammatory response due to glial cell activation and
dopaminergic neuronal loss is suppressed on treatment with Mp.
During neuroinflammation, redox sensitive transcription factor,
e.g., NF-κB can be initiated by nitric oxide, ROS and RNS.
NF-κB shows activity during neurodegeneration by regulating
the expression of different proinflammatory mediators. NF-κB
is kept in inhibited form, bounded to inhibitory protein IκB, in
the cytoplasm to prevent its nuclear translocation necessary for
transcriptional activity. NF-κB regulated transcription of certain
proinflammatory genes such as TNF-α, IL-1β, COX-2, enzyme
like iNOS, and adhesion molecules (ICAM) occurs only when IκB
undergoes phosphorylation and proteolytic degradation resulting
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FIGURE 6 | Effect of Mp on the nuclear translocation of NF-κB in SNpc with 40x magnifications after staining. In substantia nigra (SN) as compared to control group
(A), nuclear translocation of NF-κB positive cells were increased in MPTP treated group (B) while Mp treatment inhibits this nuclear translocation of NF-κB (C).

in translocation of free NF-κB to the nucleus, where it binds to
target DNA elements (gene promoters containing κB binding
sites) (Shen et al., 2010). Also, MPTP leads to impairment of
the mitochondrial function in PD (Acuna-Castroviejo et al.,
2011). As the activity of mitochondrial enzyme complex get
inhibited, generation of superoxide anions occurs, which further
helps in the process of neuroinflammation by up-regulating
NF-κB activation. Thus, it can be suggested that drugs, which
can be used in inhibiting the generation of ROS, can be used
as neuroprotective agents to protect from the neurotoxin such
as MPTP. In this study, Mp has significantly inhibited the
production of ROS as well as the activation and translocation
of NF-κB. Aqueous extract of Mp treatment improved the
normal expression levels of iNOS and GFAP in MPTP treated
animals (Yadav et al., 2014). Our aqueous extract of Mp also
shows the similar activity as it improved the normal expression
levels of iNOS, GFAP, ICAM, and TNF-α in SNpc of MPTP
treated animals. Thus, antioxidative and anti-inflammatory drugs
can be used effectively as therapeutic agents in the case of
neurodegenerative diseases (Jin et al., 2005).

Akt activation helps in the survival of different types of
cells including various neuronal types, as reported through
various in vitro studies. Furthermore, Akt promotes the survival
of different neurons by mediating the functions of different
neurotrophic factors (Dudek et al., 1997; Crowder and Freeman,
1998; Brunet et al., 2001; Orike et al., 2001; Downward,
2004; Duronio, 2008). Death of cultured neurons occurs when
interference with activation of Akt occurs, while, transfection

with a constitutively active form of the kinase promotes the
survival of neurons in the absence of any other support.
Although studies about the Akt signaling is less in the case
of survival of non-stressed neurons in vivo, it has been more
studied in post-natal substantia nigra (SN), the brain area
of high relevance in the case of PD (Ries et al., 2009).
Dopaminergic neurons numbers get reduced in SN and incidence
of apoptotic neurons was doubled due to a dominant negative
form of Akt delivered by adeno-associated virus. On the other
hand, developmental neuron death in the SN was reduced
by transduction of a constitutively active form of Akt. The
maintenance of the survival of dopaminergic neurons in SN
under basal conditions has been highlighted by these significant
findings. Phosphorylation of Akt at Ser473 (Malagelada et al.,
2008; Timmons et al., 2009) and Thr308 (Malagelada et al., 2008)
is considerably decreased in dopaminergic SN neurons of PD
patients when compared with non-PD patients as indicated by
the Immunostaining of post-mortem brains. A drop in total
Akt staining in such neurons from PD patients was also seen
(Timmons et al., 2009). Significantly, in the Ries et al. (2009)
study cited above, reduction in number of individual TH+ fibers
correlated with decreased density of TH+ fiber staining in the
striatum was seen in the dominant-negative Akt mice model.
Our result shows that MPTP inhibits the activation of pAkt1
in the SNpc while Mp treatment overcomes this inhibition,
in accordance with the above citation. So, Mp treatment
also suggests a possible neuroprotective pathway mediated by
pAkt1.
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Thus anti-inflammatory pathway especially NF-κB and Akt
pathway plays a major role in PD treatment. As MPTP is
converted to its active form MPP+ inside the astroglial cells,
then it is taken by dopaminergic neuron through transporter
of dopamine, i.e., DAT (Kostic et al., 1996). These transporters
get damaged during MPP+ uptake process as number of DAT
get reduced in the SN, after MPTP administration (Jakowec
et al., 2004). Accordingly, our data also shows that DAT
immunoreactivity was reduced in MPTP group while it is
considerably improved in Mp treated group. The rate-limiting
enzyme in the production of DA, i.e., TH is the marker for
the dopaminergic neuron survival. Previous studies explore that
TH immunoreactivity was decreased gradually in SN of mice
after MPTP treatment. Their findings give important evidence
about MPTP-induced neurodegeneration (Kurosaki et al., 2003;
Ghosh et al., 2007). The immunohistochemical expression of TH
in SNpc region indicates the protective action of Mp in MPTP
injected parkinsonian mice, seen in the previous studies too
(Kurosaki et al., 2003; Yadav et al., 2014).

The pathophysiology of different diseases such as gout,
muscular pain, cancer, arthritis, and other vascular diseases have
been seen to be associated with inflammation. Inflammatory
symptoms are being treated by using different drugs and natural
products (Ahmad et al., 2005). It has been discussed earlier
too, that Mp is rich in different constituents such as saponins,
tannins, alkaloids, flavonoids in addition to L-DOPA and has
been used in the treatment of diseases like fever, muscular pains,
spasms and dysmenorrhea in past (Javed et al., 2010) and is thus
being tested for its anti-inflammatory activity and the reason
behind its traditional use for pain and fever. The results of our
present investigation indicates that seed powder of Mp possess
significant anti-inflammatory activity by inhibiting the NF-κB
and Akt dependent pathways as highlighted by the results of our
study.

It is well-established that Mp contain L-DOPA as the primary
component (Tripathi and Updhyay, 2001; Tomita-Yokotani
et al., 2004; Kasture et al., 2009). The seed of Mp also contains
Serotonin and its precursor 5-Hydroxytryptophan (5-HTP),
N,N-dimethyltryptamine and 5-MeO-dimethyltryptamine
(bufotenin) (Ghosal et al., 1971). Different saponins,
anthraquinones, flavonoids, terpenoids, cardiac glycosides, and
tannins are present in Mp (Agbafor and Nwachukwu, 2011).
Data from RP-HPLC analysis of aqueous extract of Mp used in
this study revealed a significant peak of L-DOPA correspond to
standard L-DOPA peak, Mp also contain various phytochemicals
like gallic acid, proanthocyanidin, tannin, quercetin, and phytic
acid. Quercetin being one of the major component in our RP-
HPLC result, might be showing anti-inflammatory activity.
Querctin has shown both antioxidant and antiinflammatory
activity as reported earlier by several studies (Haleagrahara et al.,

2011; Weng et al., 2012; Costa et al., 2016; Lee et al., 2016).
Moreover, other phytochemicals present in Mp might also act
in combination to explore its synergistic effect.

CONCLUSION

Our study suggests that Mp extract appreciably ameliorate
the neuroinflammatory processes and also restore biochemical
and behavioral parameters along with TH and DAT
immunoreactivity. NF-κB and Akt pathway might be responsible
for the underlying mechanism of Mp. The anti-inflammatory
activity along with potent anti-oxidant properties shown by Mp
extract can be used in treating inflammatory condition in the case
of PD.
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FIGURE S1 | Immunofluorescence expression of pAkt1 in SNpc. of CONT, MPTP,
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ABSTRACT
Total phenolics, proanthocyanidins, antioxidant, and free radi-
cal-scavenging potential of Drimia sp. bulb extracts were esti-
mated. Seven species of Drimia from India viz., D.
coromandeliana, D. govindappae, D. indica (varieties Dip and
Trip), D. nagarjunae, D. polyantha, D. raogibikei, and D. razii
were studied. D. coromandeliana had the highest total pheno-
lics, antioxidant, and free radical-scavenging activities.
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Introduction

The genus Drimia (Asparagaceae) is composed of 99 species worldwide,
widely distributed around the equatorial regions including India (23). It is a
group of tunicated bulbous geophytes with a highly shortened stem along
with fleshy leaves, and leaf bases form an enlarged swollen underground
storage bulb. In India, it is locally called Jungli Piyaz or Bhuikanda or
Indian Squill. The European Squill (D. maritima) has been investigated for
the presence of bufadienolides (11), analgesic (25), anticancer (6), and
cardiovascular effects (9). The Indian Squill also exhibits similar properties
as that of D. maritima (syn. U. meritima). D. indica was antiulcerous,
antinematodal, antitumorous, anthelmintic, anti-arthritic, an antidote to
scorpion sting (21), expectorant, cardiac stimulant, asthma, rheumatism,
dropsy, male sterility, allergies, edema and gout (10) and antifungal
(5,20), while D. nagarjunae demonstrated in vitro anticancer potential (1).
D. indica demonstrated anti-inflammatory, antimicrobial, enzyme inhibi-
tion, anti-allergic, and antioxidant activities which can be attributed to the
antioxidant and radical-scavenging bioactivity (5, 10, 20, 21). The objective
of this investigation was to access and compare the antioxidant and free
radical-scavenging potential of bulb extracts of seven Drimia sp. by deter-
mining the total phenolics, proanthocyanidins, and estimating their DPPH
free radical-scavenging activity, superoxide anion radical-scavenging activity
(RSA), and ferrous ion chelating activity.
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Materials and methods

Chemicals and reagents

Ascorbic acid and 2,4,6-tripyridyl-s-triazine (TPTZ) were procured from
Himedia, Mumbai, India. 2,2-Diphenyl-1-picrylhydrazyl (DPPH), FeCl3,
Gallic acid, Folin–Ciocalteu reagent, Vanillin, Catechin, and all other chemi-
cals were of analytical grade and procured from Sigma-Aldrich (Mumbai,
India) and S.D. Fine Chemicals (Mumbai, India).

Plant material and extraction

Bulbs of each Drimia sp. were cleaned by washing with tap water followed by
sterile distilled water (SDW), chopped, dried in hot air oven at 40°C for 48 h,
and ground in an electric blender. For extraction, 5 g bulb powder was
suspended in 25 mL solvent mixture that comprised of hydrochloric acid
(HCl) (2.4% v/v) and methanol (60% v/v) at room temperature (RT) for two
and a half hours, centrifuged at 8000 rpm for 15 min to separate insoluble
biomass from the supernatant and stored in clean glass container until
further use. These extracts were concentrated under vacuum in rotary eva-
porator, weighed, and then used for the estimations of phenolics, antioxidant,
and free radical-scavenging potential.

Determination of phenolics content

The total phenolics in bulb extracts ofDrimia sp. under study were determined
by the Folin–Ciocalteu method (22). Briefly, an aliquot (200 µL of 2 mg mL–1)
of extract was mixed with 0.1 mL of Folin–Ciocalteu reagent that was diluted
10-fold with distilled water. The solution was allowed to stand at RT for 5 min
and then 0.3 mL of 20% aqueous sodium carbonate (w/v) was added. Reaction
was continued for 30 min at RT, and then absorbance was measured at 765 nm.
The phenolic content was determined by using the calibration curve (R2 =
0.997 and y = 0.028x + 0.025) prepared using a standard solutions of Gallic acid
in the concentration range 4–20 µg µL–1. The phenolic content was expressed
as Gallic acid equivalents (mg GAE) per gram of bulb powder.

Determination of proanthocyanidin content

Proanthocyanidin was determined as described (12). Briefly, 0.5 mL of
extract (2 mg Ml–1 of methanol) was added to 2.5 mL of vanillin in methanol
(4% w/v) and 2 mL of HCl. The reaction mixture was mixed thoroughly and
left at RT for 20–25 min, and then optical density was measured at 500 nm.
The estimated total proanthocyanidins content was expressed as mg of
catechin equivalent (mg CE g–1).
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DPPH free radical-scavenging assay

The DPPH free radical-scavenging capacity (RSC) was measured as described
(4) and modified (24). The stock reagent solution was prepared by dissolving
24 mg of DPPH in 100 mL methanol and stored at −20°C until further use.
The working solution was obtained by mixing 10 mL of stock solution with
45 mL methanol to obtain an absorbance value of 1.1 ± 0.02 at 517 nm. An
aliquot (100 µl) of extracts (2 mg mL–1 of methanol) of each sample was
reacted with DPPH solution in the final reaction volume of 3 mL. The
reaction mixture was shaken vigorously and allowed to stand in the dark at
RT. The decrease in absorbance of the solution was measured spectrophoto-
metrically at 517 nm against methanol. A control sample with no extract was
analyzed and the results expressed as percentage radical-scavenging capacity
(%RSC). The DPPH RSC was calculated as follows:

% RSC ¼ A control� A sampleð Þ
A control

� 100

where A control is the absorbance of the DPPH solution without extract, and
the A sample is the absorbance of the sample with DPPH solution.

Determination of superoxide anion radical-scavenging activity

The comparative estimations of superoxide anion scavenging activity in
Drimia sp. were done using a riboflavin–light NBT system (13). To the
mixture of 1 mL of 50 mM phosphate buffer (pH 7.6), 0.5 mL 50 μM
riboflavin, 0.3 mL of 20 mM PMS, and 0.1 mL of 0.5 mM NBT, 1 mL (2
mg Ml–1 methanol) of Drimia sp. bulbs extract was added, incubated for
25–30 min by illuminating with fluorescence lamp, and the absorbance
measured at 560 nm. The percent of scavenging activity was calculated as:

Scavenging activity ð%Þ ¼ ½A 560 of control� A560 of sample

=A560 of control� � 100:

Quercetin and BHA were used as standard reference.

FRAP (ferric reducing/antioxidant power) assay

Ability of the bulb extracts to reduce ferric ions was measured as described
(3). The antioxidant potentials of the extracts were estimated from their
ability to reduce TPRZ-Fe (III) complex to TPTZ-Fe (II). The FRAP assay
is generally employed to measure the antioxidant effect of any substance in
the reaction medium, as its reducing ability. The change in absorbance is
directly related to the combined or “total” reducing power of the electron-
donating antioxidants present in the reaction mixture. Briefly, the working
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FRAP reagent was prepared by mixing 300 mM acetate buffer (pH 3.6), 10
mM (TPTZ) in 40 mM HCl, and 20 mM FeCl3.6H2O in 10:1:1 ratio prior
to use and heated to 37°C in a hot water bath for 10 min. An aliquot of 100
µL extracts (2 mg mL–1 of methanol) of each sample was allowed to react
with 2.0 mL of FRAP reagent. The final volume of the reaction mixture was
made up to 3 ml with distilled water. The reaction mixture was kept in
dark at RT for 30 min. The absorbance of the colored product (ferrous
tripyridyltriazine complex) was then recorded at 593 nm using UV–visible
spectrophotometer. The FRAP value was determined by using calibration
curve (R2 = 0.999 and y = 0.111x − 0.026) prepared using a standard
solution of ascorbic acid. FRAP value expressed as ascorbic acid equivalents
(mg AAE) per gram of the Drimia sp. bulb powder.

Ability of chelating ferrous ions

The Fe2+ chelating abilities of the bulb extracts were determined by ferrous
iron–ferrozine complex method (14). The bulb extracts at 2 mg mL–1 was
added to 50 μL of FeCl2 (2 mM), 200 μL of ferrozine (5 mM), mixed,
incubated for 15 min at 25 ± 2ºC, and the absorbance measured at 562
nm. The extracts’ abilities to chelate ferrous ion were calculated as follows:

Chelating ferrous ion ð%Þ ¼ ½ A562 of control� A 562 of sampleð
=A562 of control� � 100:

Statistical analysis

All analyses were done in five replicates and values reported as mean ± SD.
The correlation between the total phenolic contents and DPPH, FRAP,
superoxide anion radical scavenging, ferrous ion chelating activities in each
Drimia sp. was determined by using SPSS (IBM SPSS ver. 21).

Results

Total phenolics and proanthocyanidins

The phenolic contents ranged from 1.05 (D. indica, Dip) to 2.25 GAE g–1 (D.
coromandeliana) and proanthocyanidins contents ranged from 0.55 (D. nagar-
junae) to 2.14 mg CE g–1 (D. coromandeliana) (Table 1).D. coromandeliana had
the highest total phenolics (2.25 mg GAE g–1) and proanthocyanidins (2.14 mg
CE g–1); D. Indica had the lowest total phenolics (1.05 GAE g−1) and D.
nagarjunae had the lowest proanthocyanidins (0.55 mg CE g–1). D. indica
(Dip) and D. indica (Tri) did not differ in their total phenolics and proantho-
cyanidins contents.
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DPPH free radical-scavenging activity

The DPPH free RSA ranged from 32.53% (D. nagarjunae) to 41.20% (D.
coromandeliana) (Table 2). The extract of D. coromandeliana had the highest
of 41.20% RSA, whereas D. nagarjunae had the lowest (32.53 %) RSA. The %
RSA of the extracts of D. indica (Tri) was higher than D. indica (Dip).

Superoxide anion radical-scavenging activity and ferrous ion chelating

In the extracts of tested Drimia species, superoxide anion radical scaven-
ging activities activity ranged from 2.22% (D. govindappae) to 11.5% (D.
coromandeliana), whereas ferrous ion chelating activity ranged from
1.32% (D. raogibikei) to 8.44% (D. coromandeliana) (Table 2). As with
total phenolics, flavonoids and proanthocyanidins contents, the extracts
of D. coromandeliana had the highest of superoxide anion radical
scavenging and ferrous ion chelating activities indicating higher redu-
cing power. All the tested Drimia species had higher levels anion radical
scavenging activities than ferrous ion chelating activities.

Table 1. Location of Drimia sp. collection and phytochemical concentrations.

Drimia species Location of collection
Phenolics

mg GAE g–1
Proanthocyanidins

mg CE g–1

D. indica (Dip) Ambaghat 1.05 ± 0.12 0.67 ± 0.32
D. indica (Tri) Shirodakonkan 1.24 ± 0.21 0.87 ± 0.11
D. coromandeliana Appachiwadi, Kolhapur 2.25 ± 0.16 2.14 ± 0.95
D. razii Diveghat 1.30 ± 0.33 1.12 ± 0.65
D. polyantha Shivaji Univ. campus 1.13 ± 0.21 0.66 ± 0.12
D. govindappae Benglore 1.07 ± 0.11 0.84 ± 0.32
D. raogibikei Dhahiwadi 2.00 ± 0.23 0.68 ± 0.30
D. nagarjunae Chinnar wildlife sanctuary,

Idukki district
1.44 ± 0.14 0.55 ± 0.11

Data are mean ± S.D, n = 6.

Table 2. DPPH (2,2-diphenyl-1- picrylhydrazyl) radical scavenging capacity, superoxide-anion
radical scavenging, ferrous ion chelating activities and ferric reducing/antioxidant power
among the Drimia sp. investigated.

Drimia species

% DPPH
radical

Scavenging
capacity

% Superoxide-anion
radical scavenging

activity

%Ferrous
ion

chelating
activity

ferric reducing/antioxidant
power (FRAP) mg AAE g−1

D. indica (Dip) 37.59 ± 4.5 7.76 ± 2.3 6.43 ± 1.5 0.15 ± 0.5
D. indica (Tri) 38.39 ± 7.8 6.86 ± 2.1 6.11 ± 1.2 0.17 ± 0.8
D. coromandeliana 41.20 ± 10.2 11.54 ± 3.2 8.44 ± 2.2 0.26 ± 0.9
D. razii 34.61 ± 5.9 4.87 ± 1.21 6.33 ± 2.31 0.14 ± 0.4
D. polyantha 39.11 ± 7.4 2.34 ± 0.97 4.83 ± 0.78 0.16 ± 0.7
D. govindappae 36.46 ± 7.9 2.22 ± 0.76 4.3 ± 1.32 0.14 ± 0.7
D. raogibikei 38.95 ± 10.4 4.62 ± 1.2 1.32 ± 0.54 0.21 ± 0.9
D. nagarjunae 32.53 ± 8.6 3.24 ± 1.11 3.87 ± 1.65 0.14 ± 0.8

Data are mean ± S.D, n = 6.
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FRAP assay

The FRAP ranged between 0.14 and 0.26 mg AAE g−1 of dry powder
(Table 2). As with the phenolic contents and DPPH free RSA, FRAP was
the highest in D. coromandeliana with 0.26 mg AAE g–1 of bulb powder. D
indica (Tri) demonstrated higher FRAP value than D. indica (Dip).

Correlation between total phenolics content and bioactivity

The correlation coefficient (r) for total phenolics content and bioactivity
among the Drimia species ranged from 0.652 to 0.954 for DPPH RSA,
0.544–0.953 for FRAP, 0.517–0.914 for superoxide anion scavenging and
0.541–0.905 for ferrous ion chelating activity (Table 3).

Discussion

The metabolic reactions that are pivotal to day-to-day survival and main-
tenance of the living organisms also produce free radicals with high reactivity
as metabolic by-products. Oxidative stresses initiated by such free radicals
that seek stability through electron pairing with biological macromolecules
such as proteins, lipids, and DNA may lead to extensive damage to various
tissues and biomolecules resulting in the onset of degenerative diseases, and
extensive lysis. Synthetic drugs used to protect against such damage by free
radicals also show adverse side effects. The consumptions of antioxidants
from natural foods, supplements, and traditional medicines derived from
herbs, spices, and medicinal plants are an effective alternative solution to
this problem. There are many such natural antioxidants that have been
isolated from different plant materials (8, 16).

Phenolics and flavonoids possess anti-inflammatory, antimicrobial,
enzyme inhibition, anti-allergic, and antioxidant activities (18, 19). The

Table 3. Correlation coefficient (r) between bioactivities and total phenolic content (phenolics +
proanthocyanidins).

Drimia species

Bioactivities (r)

DPPH radical-
scavenging
activity (r) FRAP (r)

Superoxide anion-
Scavenging
activities (r)

Ability of chelating
ferrous ion (r)

D. indica (Dip) 0.891 0.833 0.752 0.711
D. indica (Tri) 0.855 0.953 0.841 0.811
D. coromandeliana 0.954 0.911 0.914 0.905
D. razii 0.711 0.651 0.655 0.596
D. polyantha 0.712 0.654 0.584 0.564
D. govindappae 0.652 0.544 0.571 0.587
D. raogibikei 0.687 0.691 0.683 0.541
D. nagarjunae 0.745 0.696 0.714 0.654
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antioxidant properties are attributed to the presence of hydroxyl group (–
OH) in their aromatic ring structure that mediates redox reaction, and is
capable of scavenging of free radicals (18). Phenolics content shows linear
correlation with the antioxidant activity (2). D. indica, and U. wightti have
been studied in this regard (7, 15, 17). In the present study, the assay for
estimation of flavonoids did not test positive, which could be due to either
the absence of flavonoids or very low concentrations that could not be
detected in the Drimia sp. The phenolics and proanthocyanidins were
detectable and showed variations in the bulbs extracts of tested Drimia
species. The synthesis and accumulation of phytochemicals depends on age,
developmental stages, environmental and geo-climatic factors of the specific
plant species. The variations in the contents of these phytochemicals in
Drimia sp. were due to the different locations they were collected from that
varied in their geo-climatic conditions. The variation of DPPH capacity was
higher than that of FRAP values with D. raogibikei and D. coromandeliana,
demonstrating higher DPPH and FRAP values than others. D. indica, D.
coromandeliana and D. raogibikei had higher superoxide anion RSA than
ferrous ion chelating activity, whereas the bulb extract of the other species
showed higher ferrous ion chelating activity than superoxide anion RSA
(Table 2).

Data also showed that total phenolic content and DPPH, FRAP, super-
oxide anion radical-scavenging, ferrous ion chelating activities were strongly
correlated in the extracts of D. coromandeliana and moderately correlated in
D. indica (Di and Tri), whereas the extracts of remaining species showed
either moderate or weak correlation.
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a b s t r a c t

Biological control of plant pathogens using chitinolytic microorganisms and their derived chitinase is
gaining much attention for its implementation in agriculture. In present study, based on hydrolysis zones
on chitin agar two distinct strains RST25 and SUK25 were isolated from the shellfish processing in-
dustrial soil. Under the submerged conditions these strains RST25 and SUK25 produced maximum
chitinase activities at 72 h (59.4 ± 1.1 Uml�1) and 96 h (51.7 ± 0.8 U ml�1), respectively. The free N-acetyl
D-glucosamine (GlcNAc) and protein content in the chitin hydrolysis medium was analogous with the
chitinase production. In addition, both chitinases demonstrated highest activities at pH 7.0, temperature
40 �C, and 1.0% (w/v) chitin substrate. The strain RST25 was found to be most potent chitinase producer
which was further identified as Bacillus pumilus RST25 based on 16S rRNA sequence analysis. In dual
culture technique, B. pumilus RST25 exhibited antagonism effect against plant pathogen Fusarium solani.
The in-vitro assay for antifungal potential of crude and partially purified chitinase from strain RST25
showed significant inhibition of Fusarium solani and Aspergillus niger. Furthermore, the strain RST25
chitinase suppressed the fungal infections when applied for seed dressing to Triticum astivum. Hence, our
results revealed the ability of B. pumilus RST25 and its produced chitinase as a possible biocontrol agent
against fungal phyto-pathogens.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

Chitin is the homo-polymer of b-1, 4-N-acetyl D-glucosamine
(GlcNAc) cross linked by several hydrogen bonding. It is the second
most abundant natural polymer after cellulose with annual pro-
duction about 1010e1011 tons year�1 (Yan and Fong, 2015). Marine
wastes are considered as the main source of chitin which needs to
be proficiently exploited to avoid its detrimental impacts on the
environment. Chitinases are responsible for hydrolysing the
glycosidic bonds of chitin into dimeric (chitobiose) and monomeric
(N-acetyl D-glucosamine, GlcNAc) compounds. The chitinases are
glycosyl hydrolases (EC 3.2.1.14) which are widely distributed
among all domains of life including bacteria, fungi, insects, plants

and animals (Hoster et al., 2005). Bacterial chitinases (ChiA) are
mostly assigned to the family 18 of the glycosyl hydrolases; these
enzymes anticipated the production of short oligosaccharide chains
and chitin derivatives which were ecologically pertinent as sub-
strate (Yan and Fong, 2015). A long term exposure of soil to the
chitin waste was the best source to locate and isolate the potential
chitinase producers. Previously, the most potent chitinase pro-
ducers were isolated from the diverse environments with domi-
nance of genera Aeromonas (Sashiwa et al., 2002; Jamialahmadi
et al., 2011; Halder et al., 2013), Bacillus (Wang et al., 2002;
Bhattacharya et al., 2016; Rishad et al., 2017), Oerskovia
(Waghmare and Ghosh, 2010), Streptomyces (Hoster et al., 2005;
Swiontek-Brzezinska et al., 2013; Karthik et al., 2015), Beauveria
(Suresh and Chandrasekharan, 1999), Penicillium (Patil et al., 2013),
and Trichoderma (Bruce et al., 1995; Nampoothiri et al., 2004).

Nevertheless, the classical approaches for waste biomass treat-
ment without utilization of by-products for value addition were
not economical. Thus, exploiting the by-products generated in
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degradation processes was crucial to make the procedure more
cost-effective. In existing agriculture practices fungal pathogens are
the serious threats to the commercial crops like potatoes, vines,
fruits, vegetables and cereals (Timmer et al., 2004). The chemical
fungicides were widely applied to control these phyto-pathogens.
However, the major concern about these phyto-pathogens is their
resistance against most of the synthetic chemicals which ultimately
required higher doses, or/and newer chemicals that are detrimental
to the living flora and fauna (Kashyap et al., 2015). Nevertheless, the
recent advances have made this possible to utilize the potential of
microbes and their functional biomolecules like chitinase as
defensive agents against chitin containing pathogens such as in-
sects, nematodes and fungi (Kriaa et al., 2015). Certainly, chitinase
has attained its prominence and acceptance in the industry as an
environmentally friendly alternative to the expensive chemicals
(Kriaa et al., 2015). The chitinase produced by Tricoderma was
applied against fungal pathogens like Aspergillus, Rhizopus, Mucor
(Nampoothiri et al., 2004); and Rhizoctonia, Aspergillus, Sclerotinia
(Dolatabad et al., 2017). Whereas, the chitinases from Bacillus
showed antifungal potential against Colletotrichum (Ashwini and
Srividya, 2014); Fusarium (Bhattacharya et al., 2016); and Asper-
gillus, Ceratorhiza, Fusarium (Rishad et al., 2017). Furthermore,
Penicillum (Patil et al., 2013) and Streptomyces (Karthik et al., 2015)
were also employed as antifungal agent against Aspergillus, Fusa-
rium, Colletotrichum, Penicillium, and Pythium. Besides the anti-
fungal potential against the agriculture plant pathogens, chitinase
were also employed for controlling the invasion of wood decaying
fungi responsible for damaging the quality of timber leading to
sever economical losses (Bruce et al., 1995; Lekounougou et al.,
2008). Although, chitinases having high potential in pest control
they were not extensively used in commercial production due to
lower yield, activity, and high production cost (Muffler et al., 2015).
Hence, there was need to search for better microbial sources of
chitinase having strong biocontrol properties against fungal
pathogens.

Therefore, the present investigation not only aimed to isolate,
identify, and optimize the chitinase production, but to explore its
biocontrol potential against fungal pathogens like Fusarium solani
and Aspergillus niger responsible for damaging the commercial
crops in tropical countries.

2. Materials and methods

2.1. Colloidal chitin preparation

Colloidal chitin was prepared according to the modified method
of Hsu and Lockwood (1975) using the chitin flakes (Himedia, Pvt.,
India). In brief, chitin flakes (50 g) were dissolved in 500 ml of
concentrated HCl. Chitin was precipitated as a colloidal suspension
by adding chilled distilled water (2 L) to the suspension. This sus-
pension was repeatedly washed until the pH of the solution be-
comes 3.0e3.5 and finally neutralized with 0.1 N NaOH. The solid
content was recovered by centrifugation at 8000 rpm, dried and
stored at �20 �C.

2.2. Screening and isolation of chitin hydrolysing microorganisms

Soil samples were collected from the chitin biomass storage site
at shell-fish processing industry located near Kolhapur, India. One
gram of soil was suspended in 100 ml of colloidal chitin media
(CCM) consisting (g L�1) KH2PO4-0.7; K2HPO4-0.3; NaCl-4.0;
MgSO4-0.5; FeSO4-0.001; ZnSO4-0.0001; MnSO4-0.0001; colloidal
chitin 10 and incubated at 37 �C, 120 rpm for 24 h (Kim et al., 2003).
Screening for chitinase producers was performed by spreading
10 ml of above suspension on chitin agar plates containing CCM

amended with 2.0% (w/v) agar as a solidifying agent. Two
morphological distinct colonies designated as RST25 and SUK25
were isolated based on chitin hydrolysis zone, and maintained on
CC M agar.

2.3. Chitinase production

Chitinase production was executed in the Erlenmeyer flask
containing 100 ml of CCM medium (pH 7.0) supplemented with
1.0% (w/v) colloidal chitin. These production medium were inocu-
lated individually with 0.5 ml of pre-cultured strains RST25 and
SUK25 with absorbance adjusted to 1.0 at 660 nm, and incubated at
37 �C on shaking incubator (140 rpm). Aliquots (5 ml) were pooled
out at different time interval to determine the chitinase activity,
soluble protein content, and free N-acetyl D-glucosamine (GlcNAc)
in the medium.

2.4. Determination of chitinase activity, free GlcNAc sugar and
soluble protein

The chitinase assay was demonstrated using colloidal chitin as a
substrate. In brief, the assay mixture contained 1 ml of colloidal
chitin (0.5%,w/v), 0.5 ml sodium phosphate buffer (25 mM, pH 7.0),
and 0.5 ml enzyme source and incubated at 40 �C for 1 h
(Waghmare and Ghosh, 2010). The free GlcNAc sugar released after
reactionwas quantified using di-nitro salicylic acid (DNSA) method
and b-1, 4-N-acetyl D-glucosamine as a standard (Miller, 1959). One
unit of enzyme activity was defined as the amount of enzyme
required to release 1 mmol of reducing sugar from colloidal chitin
per min under the standard assay conditions.

In addition, the free GlcNAc sugar released during chitin hy-
drolysis was investigated using the DNSA method (Miller, 1959).
Similarly, the soluble protein content in the production medium
was assessed at different time interval using bovine serum albumin
as a standard (Lowry et al., 1951).

2.5. Effect of pH and temperature on chitinase activity

The effect of pH and temperature on crude chitinase was
determined by varying one factor at a time and keeping the other
constant. The pH (2.0e8.5) was varied by using 25 mM sodium
phosphate and Tris-HCl buffers and holding the constant temper-
ature (37 �C). Likewise, the significance of temperature on chitinase
activity was inspected by incubating the enzyme at different tem-
peratures (10e60 �C) and keeping the pH 7.0.

2.6. Optimization of chitin substrate concentration

Optimization of substrate concentration for maximum chitinase
production was studied using different concentrations of colloidal
chitin (0.5e2.0%, w/v). The flasks containing different concentra-
tions of chitin substrate in CCMmedium (pH 7.0) were incubated at
40 �C under the shaking conditions (140 rpm). The chitinase ac-
tivity was assed at 72 h (RST25) and 96 h (SUK25) of incubation
based on the initial experimental data where the highest chitinase
production was achieved at 72 h and 96 h, respectively.

2.7. Identification of strain RST25 using 16S rRNA sequencing

Looking at the superiority of RST25 chitinase activity, further
studies were carried out using the same strain. The strain charac-
terization showed that RST25 was gram positive motile rods and
the colonies appeared to be unpigmented, opaque, and flat with
irregular shape. Genomic DNA of the strain RST25 was isolated
using the DNA isolation kit (Sigma-Aldrich,USA). The 16S rRNA
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gene was amplified using full length 27F and 1492R primers (Zhang
et al., 2016). Amplicons were sequenced at Shivaji University, Kol-
hapur, India using the ABI 2720 thermal cycler (Applied Biosystems,
USA). The resulting nucleotide sequence was deposited to the
Genebank. Evolutionary history was inferred using the Neighbor-
Joining method (Saitou and Nei, 1987). Optimal tree with the sum
of branch length ¼ 584.10752972 was shown. Tree was drawn to
scale, with branch lengths in the same units as those of the
evolutionary distances used to infer the phylogenetic tree. Evolu-
tionary distances were computed using the Maximum Composite
Likelihood method (Tamura et al., 2004), and were in the units of
the number of base substitutions per site. The analysis involved 21
nucleotide sequences. Codon positions included were
1stþ2ndþ3rdþ noncoding. All positions containing gaps and
missing data were eliminated. There were a total of 1395 positions
in the final dataset. Evolutionary analyses were conducted in
MEGA7 (Kumar et al., 2016).

2.8. Partial purification of chitinase from strain RST25

The crude chitinase produced by strain RST25 was separated at
72 h and centrifuged (10,000 rpm for 20 min) to obtain the cell-free
supernatant. This supernatant was further precipitated with
ammonium sulfate (0e80%) and allowed to stand overnight at 4 �C.
After centrifugation (12,000 rpm for 10 min) the resulting pellet
was collected and dissolved in sodium phosphate buffer (25 mM,
pH 7.0). After effective dialysis the enzyme was concentrated using
the cane sugar gradient, and the residual partially purified chitinase
was used for further antifungal studies.

2.9. Antagonistic effect of strain RST25 against Fusarium solani

The antagonistic effect of B. pumilus RST25 was demonstrated
against F. solani using dual culture plate assay (Bhattacharya et al.,
2016). Pure culture of F. solaniwas spot inoculated on two opposite
sides on potato dextrose agar (PDA) plate and incubated at 30 �C for
60 h. The strain RST25 was streaked as a single line between the
two fungal spots and incubated for next 60 h. Antagonism was
determined by observing the inhibition of F. solani mycelium
growth by strain RST25 and the zone of inhibition were noted.

2.10. Antifungal potential of chitinase

Antifungal activity of crude and partially purified chitinase
produced by strain RST25 was evaluated using in-vitro growth
repression assay (Berini et al., 2017). The assay was performed
using F. solani and A. niger as the test pathogens. A spore suspension
of these fungal strains was uniformly spread on the PDA and
incubated at 30 �C for 24 h to reduce the moisture in the plates.
Discs of 6 mm size were prepared using the Whatman filter paper
no. 1. For each treatment a stack of 10 discs was soaked with 0.1 ml
of a) cell free crude chitinase, b) partially purified chitinase, and c)
control (boiled enzyme) and placed on the plates pre inoculated
with fungal cultures. Results were noted as the mean values of
inhibitory zone.

2.11. Seed dressing with partially purified chitinase

In present study, Triticum astivum seed dressing was executed
using the partially purified chitinase from strain RST25. In brief, for
each treatment 10 seeds were washed with water and dried, fol-
lowed by treatment with 0.5 ml of partially purified chitinase for
6 h, whereas, the control seeds were treated only with distilled
water. In each plate 3 blotting papers were placed at the bottom on
which 10 seeds for each treatment were placed, and the plates were

kept exposed to the open environment. The moisture was retained
by adding 2 ml of distilled water regularly to the blotting papers.
After 6 days of incubation, seeds were visually observed for in-
fections and the seed germination percentage was calculated.

2.12. Statistical analysis

The data were analysed using one-way analysis of variance
(ANOVA) and t-test was performed to check the significant differ-
ences between the treatments using GraphPad prism 5 software.
The P value < 0.05 indicated that the readings were considered as
significant.

3. Results and discussion

3.1. Microbial chitinase production

Microorganisms utilize complex chitin molecule as the source of
carbon and energy by hydrolysing it into simple sugars bymeans of
glycosyl hydrolases known as chitinases. In present study, two
morphologically distinct strains RST25 and SUK25 were isolated
based on chitin hydrolysis zone with diameter 25 mm and 17 mm,
respectively. These strains when tested for chitinase production
under submerged condition showed increased in turbidity of CCM
medium after 24 h of microbial cultivation. Initially, strain RST25
showed chitinase activity after 24 h (8.2 ± 0.3 U ml�1) and reached
maximum at 72 h (59.4 ± 1.1 U ml�1); however, on prolong incu-
bation to 144 h the activity was significantly decline (6.5 ± 0.2 U
ml�1) (Table 1). Likewise, strain SUK25 exhibited similar chitinase
production patternwith utmost chitinase activity at 96 h (51.7 ± 0.8
U ml�1) of incubation (Table 1).

In current study, decrease in the chitinase production was
observed on prolong incubationswhichmight be due to insufficient
nutrients or production of toxic chemicals in the medium resulting
in inactivating the enzymes secretary machinery which was anal-
ogous with the studies of Lee and Kim (2016). Patil et al. (2013) has
reported Penicillum ochrochloron MTCC 517 showing highest chiti-
nase production at 96 h. Whereas, Nampoothiri et al. (2004)
mentioned 96 h as the optimum cultivation period for chitinase
production by Trichoderma harzianum TUBF 781. In addition,
Karthik et al. (2015) has also detected similar range of chitinase
activity (54.18 U ml�1) using Streptomyces sp. under similar con-
ditions. Nevertheless, in current study the isolated bacterium
RST25 provides utmost chitinase production at 72 h.

3.2. Free GlcNAc and soluble protein produced during chitin
hydrolysis

Chitinases are the ubiquitous chitin-fragmenting enzymes
responsible of hydrolysing the b-1,4-glycosidic bonds between the
N-acetyl D-glucosamine (GlcNAc) residues of chitin. Therefore, the
free GlcNAc released during chitin breakdown were evaluated at
different time interval to check the efficiency of the chitin hydro-
lysis system. The highest GlcNAc was released by the strain RST25
at 72 h (0.877 ± 0.007 mg ml�1) and strain SUK25 at 96 h
(0.519 ± 0.005 mg ml�1) of incubation which was in agreement
with the chitinase production (Table 1). Patil and Jadhav (2014) has
revealed similar GlcNAc releasing properties after hydrolysis of
chitin by Penicillium ochrochloron MTCC 517. Similarly, Aeromonas
hydrophila H-2330 and Aeromonas sp. PTCC 1691 were also re-
ported for GlcNAc releasing mechanism after enzymatic hydrolysis
of chitin (Sashiwa et al., 2002; Jamialahmadi et al., 2011).

Moreover, the soluble protein content in the chitin degradation
medium was assessed. In strain RST25, maximum protein concen-
tration was observed at 72 h (0.670 ± 0.010 mg ml�1), whereas, the

R. Gurav et al. / International Biodeterioration & Biodegradation 125 (2017) 228e234230



strain SUK25 showed highest protein content at 96 h (0.481 ±
0.005 mg ml�1) which was analogous with the chitinase produc-
tion (Table 1). However, protein levels in both the strains were
significantly declined after a peak point (Table 1).

3.3. pH and temperature standardization

The effect of pH on crude chitinase activity was studied by
incubating enzymes at different pH (2.0e8.5). It was observed that
the chitinase produced by strains RST25 and SUK25 showed pH 7.0
as optimum. The maximum enzyme activities observed at this pH
were 60.2 ± 0.9 U ml�1 (RST25) and 52.3 ± 1.2 U ml�1 (SUK25),
correspondingly (Fig. 1a). Our findings were in agreement with the
chitinolytic microorganisms Streptomyces rimosus and Penicillum
ochrochloron MTCC 517 revealed pH 7.0 as the optimum pH
(Swiontek-Brzezinska et al., 2013; Patil et al., 2013). In addition,
Rishad et al. (2017) investigated the chitinase from the Bacillus
pumilus MCB-7 and stated that pH ranging 6.0e7.0 was most
effective for higher enzyme activities. Wang et al. (2002) has re-
ported two extracellular antifungal chitinases FI and FII from Ba-
cillus amyloliquefaciens V656 showed 7.0 and 6.0 as the optimum
pH for highest chitinase activities.

Temperature optimizationwas another crucial factor as it affects
the enzyme production by altering the rate of biochemical re-
actions within the microbial cell (Nascimento and Martins, 2004).
Therefore, the significance of temperature on chitinase activities
was studied by incubating the enzyme solution at different tem-
peratures (10e60 �C). The ideal temperature investigated for
maximum chitinase activities was 40 �C showing 62.7 ± 0.5 Uml�1

and 54.2 ± 0.3 U ml�1 of chitinases activities in strains RST25 and
SUK25 (Fig. 1b). These results indicated microorganism mesophilic
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temperature (10e60 �C) on chitinase activities (U ml�1) produced by strains RST25 and
SUK25. Values were the mean of three experiments ± SEM.
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preference for the enzyme production. The present observations
were comparable with the chitinase produced by Bacillus amyloli-
quefaciens V656, Streptomyces rimosus, and Penicillum ochrochloron
MTCC 517 which demonstrated 40 �C as the optimum temperature
for maximum chitinase activities (Wang et al., 2002; Swiontek-
Brzezinska et al., 2013; Patil et al., 2013).

The mean values of chitinase activities at different pH and
temperature were significantly higher in strain RST25 (P < 0.0001,
P < 0.05) as compared to the strain SUK25 by one-way ANOVA and
t-test analysis.

3.4. Influence of substrate concentration on chitinase production

Chitinase are the inducible enzymes, thus the maximum chiti-
nase production could only be achieved when the production
medium contained optimum concentration of substrate. Hence,
different concentrations (0.5e2.0%, w/v) of the colloidal chitin were
tested to evaluate the optimum substrate concentration. The highest
chitinase productionwas achieved at 1.0% (w/v) chitin concentration
in both the strains RST25 (62.9 ± 1.4 U ml�1, 72 h) and SUK25
(54.6 ± 0.8 U ml�1, 96 h) (Fig. 2). However, the chitinase production
was significantly declined on increasing the concentration of chitin
from 1.0% to 2.0% (w/v). Suresh and Chandrasekharan (1999) has
stated that the perfect substrate concentration results in higher
conversion efficiencies and optimum substrate utilization. Previ-
ously, several authors have described the most effective concen-
tration of chitin for the highest chitinase production between 1.0
and 1.5% (w/v) (Felse and Panda, 2000).

3.5. Identification and phylogenetic analysis of strain RST25

The molecular identification of the strain RST25 was executed
using 16S rRNA gene sequence analysis. The resulting nucleotide
sequence (1402bp) was submitted to the GenBank under the
accession number KY863497. The homology assay results indicated
that strain RST25 was closely associated with the genus Bacillus,
thus it was entitled as Bacillus pumilus RST25. Phylogenetic position
of Bacillus pumilus RST25 and its allied bacteria was illustrated in
supplementary figure S1.

3.6. Antagonism effect of strain B. pumilus RST25 against F. solani

Fusarium is the soil borne fungal pathogen manifesting wilting,
rotting, stunting and chlorosis of leaves causing severe damage to
the commercial crops. However, chitin present within the fungal
cell wall could be good asset to control invasion of fungal pathogens

through antagonistic microbial chitinases. In present study, the
antagonistic activity of strain B. pumilus RST25 against F. solani was
studied by dual culture plate assay. A 20 ± 2 mm diameter inhibi-
tory zone was observed around the B. pumilus RST25 strain which
significantly blocked the mycelium growth in F. solani through
antagonism (Supplementary Fig. S2).

Previously, Bacillus species has been reported for the antago-
nism against wide range of soil borne plant fugal pathogens
including Rhizoctonia solani Kuhn, Sclerotium rolfsii Sacc., Pythium
sp., Fusarium sp., and Phytophthora capsici Leonian (Arias et al.,
1999; Collins et al., 2003). However, in present study B. pumilus
RST25 culture demonstrated mycelium inhibitory zone with higher
diameters as compared to the earlier reports. Hence, B. pumilus
RST25 would exploited as a biocontrol agent for protecting the
crops against fungal diseases and as an alternative to the detri-
mental and expensive chemical fungicides.

3.7. Antifungal potential of B. pumilus RST25 chitinase to control
F. solani and A. niger

F. solani is the facultative parasite that causes root rots, stem
cankers, and storage rots in variety of host plants which ultimately
reduces the quality and yield of the crops (Saremi et al., 2011).
Whereas, the A. niger was reported for causing decay of various
fruits, vegetables, nuts, beans, cereals, herbs, wood, and herbal
drugs (Palencia et al., 2010). In present study, a crude and partially
purified chitinase produced by strain RST25 was tested in-vitro for
their antifungal potential against F. solani and A. niger. Significant
inhibition of F. solani mycelium growth was detected in both crude
and partially purified chitinase with zone diameter 13 ± 1 mm and
18 ± 2 mm, correspondingly (Fig. 3a). Similarly, the growth of
A. niger was also suppressed with chitinase treatment revealed
inhibitory zone of 11 ± 2 mm (crude) and 21 ± 3 mm (partially
purified) diameter (Fig. 3b). Whereas, the control (boiled enzyme)
did not showed any growth inhibition in F. solani and A. niger. The
fungal growth inhibition zones in partially purified chitinase were
significantly higher (P < 0.0001, P < 0.05) as compared to the crude
chitinase and control by one-way ANOVA and t-test analysis.

The antifungal chitinase inhibits fungal cell-wall synthesis and
abnormal swellings of hyphae/spores followed by lysis of mycelia
(Halder et al., 2013; Patil et al., 2013; Ashwini and Srividya, 2014).
However, variations in the chitinase activity against different fungi
were due to the surface microstructure and proportion of chitin
present within the fungal cell wall (Yan et al., 2008). Recently, crude
and purified chitinase from B. pumilus MCB-7 were applied as
antifungal agent against Aspergillus flavus, Aspergillus niger, Asper-
gillus fumigates, Ceratorhiza hydrophila, and Fusarium oxysporum
(Rishad et al., 2017). Although, Halder et al. (2013) has demon-
strated that increase in the enzyme purification folds of Aeromonas
hydrophila SBK1 chitinase improves the antifungal potential.
However, in the present study partially purified chitinase from
B. pumilus RST25 revealed higher mycelium inhibition capabilities
as compared to the earlier reports on purified chitinase from
B. pumilus MCB-7 and A. hydrophila SBK1. Therefore, the partially
purified chitinase from strain RST25 would ultimately provide a
low cost biocontrol agent for controlling the phyto-pathogens of
common crop plants.

3.8. Chitinase for preventing fungal infection in seedlings

The seed dressing provides protection during the first stages of
germination and development of seedlings that were susceptible to
the invasive pathogens (Casta~neda et al., 2014). Therefore, in cur-
rent study Triticum aestivum seeds were coated with partially pu-
rified enzyme showed 100% germination rate with significant root

Fig. 2. Effect of colloidal chitin (0.5e2.0%) on chitinase production. All the values were
the mean of three experiments ± SEM.
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and shoot development (Fig. 4a). However, the untreated seeds
were relatively more prone to the infection and the manifestation
of infection was observed as fungal growth on the seedlings which
ultimately reduced the germination rate to 70% (Fig. 4b). Thus, the
initial seed treatment with partially purified chitinase could be
useful in reducing the amount of fungicides required tomanage the
disease at its active stage.

4. Conclusion

Chitin contaminated soil from Kolhapur, India harboured po-
tential strains capable of hydrolysing chitin through the production
of chitinase. The extracellular chitinase produced by Bacillus pum-
ilus RST25 was effective in fragmenting the chitin molecule into
free GlcNAc (Table 1). In addition, the B. pumilus RST25 have
antagonistic potential to develop a biocontrol agent against plant
pathogens like Fusarium solani (Fig. S2). Moreover, the in-vitro
bioassay supported the antifungal potential of crude and partially
purified chitinase of strain RST25 against F. solani and A. niger
(Fig. 3). Seed dressing with partially purified chitinase from strain
RST25 was effective in controlling the invasion of fungal pathogens
(Fig. 4). The promotion and utility of such microbes and their

biomolecules would be effective solutions to the problems associ-
ated with increasing pesticide resistance and thereby results in
increased crop yield. In this context, additional studies are neces-
sary to evaluate the Bacillus pumilus RST25 and its produced chi-
tinase under field conditions in order to check their interactions
with indigenous microbes and other abiotic environmental factors.

Acknowledgement

Dr. Ranjit Gurav wish to express his gratitude towards Science
and Engineering Research Board (SERB), New Delhi, India for
proving research funding under Fastrack Young Scientist Scheme
(SB/YS/LS-165/2014).

Appendix A. Supplementary data

Supplementary data related to this article can be found at
https://doi.org/10.1016/j.ibiod.2017.09.015.

References

Arias, R.S., Sagardoy, M.A., Van Vuurde, J.W.L., 1999. Spatio-temporal distribution of
naturally occurring Bacillus spp. and other bacteria on the phylloplane of

Fig. 3. Antifungal effect of chitinase [a. crude, b. partially purified, c. control] produced by B. pumilus RST25 on a) Fusarium solani, and b) Aspergillus niger.

Fig. 4. Triticum aestivum seed dressing for preventing fungal infection at germination: a) partially purified chitinase, and b) control (DW).

R. Gurav et al. / International Biodeterioration & Biodegradation 125 (2017) 228e234 233



soybean under field conditions. J. Basic Microbiol. 39, 283e292.
Ashwini, N., Srividya, S., 2014. Potentiality of Bacillus subtilis as biocontrol agent for

management of anthracnose disease of chilli caused by Colletotrichum gloeo-
sporioides OGC1. 3 Biotech. 4, 127e136.

Berini, F., Presti, I., Beltrametti, F., Pedroli, M., Vårum, K., Loredano, P., Sj€oling, S.,
Marinelli, F., 2017. Production and characterization of a novel antifungal chiti-
nase identified by functional screening of a suppressive-soil metagenome.
Microb. Cell Fact. https://doi.org/10.1186/s12934-017-0634-8.

Bhattacharya, S., Das, A., Samadder, S., Rajan, S., 2016. Biosynthesis and character-
ization of a thermostable, alkali-tolerant chitinase from Bacillus pumilus
JUBCH08 displaying antagonism against phytopathogenic Fusarium oxysporum.
3 Biotech. https://doi.org/10.1007/s13205-016-0406-x.

Bruce, A., Srinivasan, U., Staines, H., Highley, T., 1995. Chitinase and laminarinase
production in liquid culture by Trichoderma spp. and their role in biocontrol of
wood decay fungi. Int. Biodeterior. Biodegrad. 35, 337e353.

Casta~neda, L.M., Genro, C., Roggia, I., Bender, S.S., Bender, R.J., Pereira, C.N., 2014.
Innovative rice seed coating (Oryza sativa) with polymer nanofibres and mi-
croparticles using the electrospinning method. J. Res. Updat. Polym. Sci. 3,
33e39.

Collins, D.P., Jacobsen, B.J., Maxwell, B., 2003. Spatial and temperal population dy-
namics of a phyllosphere colonizing Bacillus subtilis biological control agent of
sugar beet Cercospora leaf spot. Biol. Cont. 26, 224e232.

Dolatabad, H.K., Javan-Nikkhah, M., Shier, W.T., 2017. Evaluation of antifungal,
phosphate solubilisation, and siderophore and chitinase release activities of
endophytic fungi from Pistacia vera. Mycol. Prog. 16, 777e790.

Felse, P.A., Panda, T., 2000. Production of microbial chitinases- A revisit. Bioprocess
Eng. 23, 127e134.

Halder, S., Maity, C., Jana, A., Das, A., Paul, T., Mohapatra, P., Pati, B., Mondal, K., 2013.
Proficient biodegradation of shrimp shell waste by Aeromonas hydrophila SBK1
for the concomitant production of antifungal chitinase and antioxidant chito-
saccharides. Int. Biodeterior. Biodegrad. 79, 88e97.

Hoster, F., Schmitz, J.E., Daniel, R., 2005. Enrichment of chitinolytic microorganisms:
isolation and characterization of a chitinase exhibiting antifungal activity
against phytopathogenic fungi from a novel Streptomyces strain. Appl. Micro-
biol. Biotechnol. 66, 434e442.

Hsu, S.C., Lockwood, J.L., 1975. Powdered chitin agar as a selective medium for
enumeration of actinomycetes in water and soil. J. Appl. Microbiol. 9, 422e426.

Jamialahmadi, K., Behravan, J., Fathi, M., Najafi, M., Yazdi, Tabatabaei,
Shahverdi, A.R., Faramarzi, M.A., 2011. Enzymatic production of N-Acetyl-D
Glucosamine from chitin using crude enzyme preparation of Aeromonas sp.
PTCC1691. Biotechnology 10, 292e297.

Karthik, N., Binod, P., Pandey, A., 2015. Purification and characterisation of an acidic
and antifungal chitinase produced by a Streptomyces sp. Bioresour. Technol. 188,
195e201.

Kashyap, P., Xiang, X., Heiden, P., 2015. Chitosan nanoparticle based delivery sys-
tems for sustainable agriculture. Int. J. Biol. Macromol. 77, 36e51.

Kim, K.J., Yang, Y.J., Kim, J.G., 2003. Purification and characterization of chitinase
from Streptomyces sp. M-20. J. Biochem. Mol. Biol. 36, 185e189.

Kriaa, M., Hammami, I., Sahnoun, M., Azebou, M.C., Triki, M.A., Kammoun, R., 2015.
Biocontrol of tomato plant diseases caused by Fusarium solani using a new
isolated Aspergillus tubingensis CTM 507 glucose oxidase. C.R. Biol. 338,
666e677.

Kumar, S., Stecher, G., Tamura, K., 2016. MEGA7: molecular evolutionary genetics
analysis version 7.0 for bigger datasets. Mol. Biol. Evol. 33, 1870e1874.

Lee, Y.S., Kim, K.Y., 2016. Antagonistic potential of Bacillus pumilus L1 against root-
knot nematode, Meloidogyne arenaria. J. Phytopathol. 164, 29e39.

Lekounougou, S., Mounguengui, S., Dumarcay, S., Rose, C., Courty, P., Garbaye, J.,
Gerardin, P., Jacquot, J., Gelhaye, E., 2008. Initial stages of Fagus sylvatica wood

colonization by the white-rot basidiomycete Trametes versicolor: enzymatic
characterization. Int. Biodeterior. Biodegrad. 61, 287e293.

Lowry, O.H., Rosebrough, N.J., Farr, A.L., Randall, R.J., 1951. Protein measurement
with the Folin phenol reagent. J. Biol. Chem. 193, 265e275.

Miller, G.L., 1959. Use of dinitrosalicylic acid reagent for determination of reducing
sugar. Anal. Chem. 31, 426e428.

Muffler, K., Sana, B., Mukherjee, J., Ulber, R., 2015. Marine enzymes-production and
Applications, Hb25-Springer Handbook of Mar, Biotech. Springer, pp. 413e429.

Nampoothiri, K.M., Baiju, T.V., Sandhya, C., Sabu, A., Szakacs, G., Pandey, A., 2004.
Process optimization for antifungal chitinase production by Trichoderma har-
zianum. Process Biochem. 39, 1583e1590.

Nascimento, W.C.A., Martins, M.L.L., 2004. Production and properties of an extra-
cellular protease from thermophilic Bacillus sp. Braz. J. Microbiol. 35, 91e96.

Palencia, E.R., Hinton, D.M., Bacon, C.W., 2010. The black Aspergillus species of maize
and peanuts and their potential for mycotoxin production. Toxins 2, 399e416.

Patil, N., Jadhav, J., 2014. Enzymatic production of N-acetyl-D-glucosamine by solid
state fermentation of chitinase by Penicillium ochrochloron MTCC 517 using
agricultural residues. Int. Biodeterior. Biodegrad. 91, 9e17.

Patil, N.S., Waghmare, S.R., Jadhav, J.P., 2013. Purification and characterization of an
extracellular antifungal chitinase from Penicillium ochrochloron MTCC 517 and
its application in protoplast formation. Process Biochem. 48, 176e183.

Rishad, K.S., Rebello, S., Shabanamol, P.S., Jisha, M.S., 2017. Biocontrol potential of
halotolerant bacterial chitinase from high yielding novel Bacillus pumilusMCB-7
autochthonous to mangrove ecosystem. Pest. Biochem. Physiol. 137, 36e41.

Saitou, N., Nei, M., 1987. The neighbor-joining method: a new method for recon-
structing phylogenetic trees. Mol. Biol. Evol. 4, 406e425.

Saremi, H., Okhovvat, S.M., Ashrafi, S.J., 2011. Fusarium diseases as the main soil
borne fungal pathogen on plants and their control management with soil so-
larization in Iran. Afr. J. Biotech. 10, 18391e18398.

Sashiwa, H., Fujishima, S., Yamano, N., Kawasaki, N., Nakayama, A., Muraki, E.,
Hiraga, K., Oda, K., Aiba, S., 2002. Production of N-acetyl-D-glucosamine from a
chitin by crude enzymes from Aeromonas hydrophila H-2330. Carbohydr. Res.
337, 761e763.

Suresh, P.V., Chandrasekharan, M., 1999. Impact of process parameters on chitinase
production by an alkalophilic marine Beauveria bassiana in solid state
fermentation. Process Biochem. 34, 257e267.

Swiontek-Brzezinska, M., Jankiewicz, U., Walczak, M., 2013. Biodegradation of
chitinous substances and chitinase production by the soil actinomycete Strep-
tomyces rimosus. Int. Biodeterior. Biodegrad. 84, 104e110.

Tamura, K., Nei, M., Kumar, S., 2004. Prospects for inferring very large phylogenies
by using the neighbor-joining method. Proc. Nat. Acad. Sci. (USA) 101,
11030e11035.

Timmer, L., Mondal, S., Peres, N., Bhatia, A., 2004. Fungal diseases of fruit and foliage
of citrus trees. Dis. Fruits Veget 1, 191e227.

Waghmare, S.R., Ghosh, J.S., 2010. Study of thermostable chitinases from Oerskovia
xanthineolytica NCIM 2839. Appl. Microbiol. Biotechnol. 86, 1849e1856.

Wang, S.L., Shih, I.L., Liang, T.W., Wang, C.H., 2002. Purification and characterization
of two antifungal chitinases extracellularly produced by Bacillus amyloliquefa-
ciens V656 in a shrimp and crab shell powder medium. J. Agric. Food Chem. 50,
2241e2248.

Yan, Q., Fong, S., 2015. Bacterial chitinase: nature and perspectives for sustainable
bioproduction. Bioresour. Bioproc. https://doi.org/10.1186/s40643-015-0057-5.

Yan, R., Hou, J., Ding, D., Guan, W., Wang, C., Wu, Z., Li, M., 2008. In vitro antifungal
activity and mechanism of action of chitinase against four plant pathogenic
fungi. J. Basic Microbiol. 48, 293e301.

Zhang, H., Tang, J., Wang, L., Liu, J., Gurav, R., Sun, K., 2016. A novel bioremediation
strategy for petroleum hydrocarbon pollutants using salt tolerant Corynebac-
terium variabile HRJ4 and biochar. J. Environ. Sci. 47, 7e13.

R. Gurav et al. / International Biodeterioration & Biodegradation 125 (2017) 228e234234



1 

Research Article 

In silico analysis of bacterial systems for textile azo dye decolorization and affirmation with wetlab studies† 

Shantkriti Srinivasan1, Gnanendra Shanmugam2, Swati Vishwanath Surwase3, Jyoti Prafulla Jadhav3, and Senthil 

Kumar Sadasivam1* 

1Department of Biotechnology, National College (Autonomous), Dindigul Road, Tiruchirapalli, Tamil Nadu, India 

2Department of Biotechnology, Mahendra Arts and Science College, Kallipatti, Namakkal, Tamil Nadu, India 

3Department of Biotechnology, Shivaji University, Kolhapur, Maharashtra, India 

Correspondence: Dr. S. Senthil Kumar, Associate Professor, Department of Biotechnology, National College 

(Autonomous), Dindigul Road, Tiruchirapalli-620001, Tamil Nadu, India  

Email: senthil@nct.ac.in  

†This article has been accepted for publication and undergone full peer review but has not been through 
the copyediting, typesetting, pagination and proofreading process, which may lead to differences between 
this version and the Version of Record. Please cite this article as an ‘Accepted Article’, doi: 
[10.1002/clen.201600734] 

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 
Received: 16 November 2016; Revised: 6 March 2017; Accepted: 1 August 2017 



 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 

2 
 

ABSTRACT 

 

A systemic approach involving in-silico and in-vitro tests were used for the decolorization of five azo dyes, Reactive 

Yellow F3R, Joyfix Yellow 53R, Remazol Red RR, Drimaren Black CL-S and Disperse Red F3BS, using 

Aeromonas hydrophila SK16 and Lysinibacillus sphaericus SK13. Homology models for laccase and azoreductase 

enzymes from these two bacteria were generated using Accelrys Discovery Studio 3.5 and validated. Docking was 

performed with LeadIT software for binding energy calculation, and active site residues were identified. Reactive 

Yellow F3R showed highest binding energy with A. hydrophila, which emulated the decolorization percentage by 

ultraviolet–visible (UV–vis) spectroscopy. High-performance liquid chromatography (HPLC), Fourier transform 

infrared spectroscopy (FTIR) and gas chromatography–mass spectrometry (GCMS) supported biotransformation 

and biodegradation of Reactive Yellow F3R by A. hydrophila SK16, and a biodegradation pathway was proposed. 

HPLC analysis of treated sample illustrated peaks at retention time 1.481, 3.165, 3.374 and 3.945 min while the 

control dye showed peaks at 1.478 and 3.106 min. GCMS analysis showed that (2Z)-but-2-ene, 1,3,5-triazine, 

aniline and naphthalene were formed as end products. The in-silico outcome was in good agreement with 

experimental studies. Thus, it can be surmised that in-silico molecular modeling and docking studies can assist as a 

preliminary tool for screening of potential bacterial system to be employed in textile dye decolorization and 

degradation studies.  

 

Keywords: Bacteria, Biodegradation, Homology modelling, Molecular docking, Textile dyes  

 

 

 

Abbreviations: FTIR, Fourier transform infrared spectroscopy; GCMS, gas chromatography–mass spectrometry; 

HPLC, high-performance liquid chromatography; MSA, multiple sequence alignment; NCBI, National Centre for 

Biotechnology Information; PDB, Protein Data Bank; PDF, probability density function; RT, retention time; 

SAVES, structural analysis and verification server; UV–vis, ultraviolet–visible spectroscopy;  
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1. Introduction 

Textile industries release huge quantities of wastewater into rivers and lakes causing pollution at an alarming rate 

[1]. Worldwide 10 000 dyes and pigments with around 0.7 million tons of synthetic dyes are produced for industrial 

use annually [2]. Azo dyes constitute the largest and diverse group of textile dyes with recalcitrance, low 

biodegradability and persistence in environment [3]. These dyes containing azo bonds (R-N=N-R) are stable at 

different pH range, high temperature and light conditions [4]. Up to 50 % of the unreacted azo dyes from textile and 

dyeing industries are released into effluents and are difficult to remove by conventional wastewater treatment due to 

high water solubility [5]. The presence of even low concentrations of azo dyes in the effluent is detrimental to 

plants, humans and other living organisms [6]. Strict regulations are being imposed on these industries to treat the 

wastewater before their discharge. The development of new, cost-effective and environment friendly treatment for 

reducing and eliminating synthetic dyes is the need of the hour. Biological treatment of wastewater using microbes 

like bacteria, fungi, algae, yeast and mixed culture offers a promising, inexpensive and efficient way compared to 

physicochemical methods [7]. 

Various oxidoreductive enzymes like peroxidases, laccases, polyphenol oxidases and azoreductases have been 

explored for decolorization and degradation of azo dyes. Laccases (EC 1.10.3.2) belonging to blue multicopper 

oxidases family are involved in an oxidative role for bioremediation of polluted water and soil [8]. The azoreductase 

family consists of enzymes that catalyze an NAD(P)H-dependent reductive cleavage of the azo bond and help 

metabolize azo dyes by bacterial cells [9, 10]. 

Modern systems biology involves integrating homology modeling, molecular docking and protein--protein 

interaction studies to screen and elucidate structure and function of enzymes, mechanistic pathway of feasible drug 

targets, identify lead compounds as anti-infectious agents and structure-based inhibitor design [11]. Molecular 

docking assists in bioremediation strategies by forecasting various parameters like nature, interactions, theoretical 

mechanisms and toxicity of ligand and proteins for an efficient technology transfer to real-time setup [12]. It can be 

utilized in predicting and screening pollutants for their propensity of bioremediation by available enzymes [13]. The 

in-silico approach can predict chemical nature of contaminant, novel xenobiotics biodegradation pathways and 

microorganisms capable of biotransformation at cellular and environmental level [14]. A better remediation 

approach uniting theoretical in-silico techniques followed by experimental confirmation is suggested as a time and 

cost-effective method since a manifold increase in xenobiotics make it impractical to screen them all experimentally 

for bioremediation [15]. 

In the present study, bioremediation of five textile azo dyes, Reactive Yellow F3R, Remazol Red RR, Joyfix Yellow 

53R, Drimaren Black CL-S and Disperse Red F3BS, by laccase and azoreductase enzymes of Aeromonas 

hydrophila and Lysinibacillus sphaericus was attempted using bioinformatics approach. Homology modeling, 

binding site analysis and molecular docking studies were performed to identify the best organism--enzyme--dye 

combination. Comparative models for the enzymes were generated to understand structural and functional aspects of 

the interaction and validated using PROCHECK. The amino acids present in enzyme’s active site involved in 

binding with the dyes were identified, and the binding modes were evaluated through docking. The best organism-

dye group was selected for validation using ultraviolet-visible (UV-vis) spectroscopy, high performance liquid 
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chromatography (HPLC), Fourier transform infrared spectroscopy (FTIR) and gas chromatography-mass 

spectrometry (GCMS) analysis. It was confirmed that this combinatorial approach of using bioinformatics tools 

followed by wet lab analysis can be an effective way in preliminary screening of potential dye decolorizing bacterial 

systems which can be further employed in real-time treatment of textile industry wastewater.   

 

2. Materials and methods 

2.1 Dyes and chemicals 

Five azo dyes used in textile industries namely Reactive Yellow F3R, Joyfix Yellow 53R, Remazol Red RR, 

Drimaren Black CL-S and Disperse Red F3BS, were used in this study. Chemicals and reagents (analytical grade) 

were procured from Merck, India.  

 

2.2  Selection and maintenance of bacteria for textile dye decolorization 

Two cultures, A. hydrophila SK16 and L. sphaericus SK13 were chosen based on earlier studies [16]. The bacteria 

were maintained and cultured in nutrient broth at 37 °C, pH 7, and 120 rpm for 16 h for further decolorization 

studies [17].  

 

2.3  In-silico studies for textile dye biodegradation 

2.3.1 Softwares  

Accelrys Discovery Studio 3.5 was used for preparation of protein and ligand, and docking was done using software 

LeadIT Version 2.1.8 for binding energy calculation.  

 

2.3.2 Target sequence and potential template search 

Laccase and azoreductase are the two main bacterial proteins involved in azo dye degradation. The receptors of 

laccase and azoreductase in A. hydrophila and L. sphaericus sequence with protein id YP_858497.1, YP_858046.1, 

WP_012293692 and WP_012295821.1 were obtained from the National Centre for Biotechnology Information 

(NCBI) [18]. NCBI-BlastP (basic local alignment search tool) [19] was used to obtain homologous sequences as 

prospective templates. Atomic coordinate file of these templates was taken from Protein Data Bank (PDB) for 

homology modeling [20]. The alignment of sequence and refinement of errors was done using multiple sequence 

alignment (MSA) module. All water molecules were removed, and hydrogen atoms were added for target protein 

minimization in Accelrys Discovery Studio 3.5 [21].  

 

2.3.3 Homology Modeling 

The final model was built using target’s sequence alignment file as well as sequence of the template along with its 

atomic coordinate file. Energy minimization of the protein models was done using CHARMm force field of small 

molecule module in the automated homology modeling software Accelrys Discovery Studio 3.5 [21]. PROCHECK 

[22] was utilized at Structural Analysis and Verification Server (SAVES) to evaluate stereochemical features of the 

model. 
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2.3.4 Prediction of binding site 

The minimized protein was further taken for binding site detection, which was useful in active site identification. 

The binding site in the minimized protein was used to know the important residues in the target protein, which are 

responsible for ligand binding, present in the active site [23]. To determine the binding affinities between laccase 

and azoreductase of A. hydrophila and L. sphaericus sequence and the chosen dyes, the active sites were found using 

DoGSiteScorer [24] online tool. The active binding sites of the proteins laccase and azoreductase from the two 

species were also analyzed to locate the residues which are highly conserved.  

 

2.3.5 Ligand generation  

The 3D structure of the azo dye molecules Reactive Yellow F3R, Remazol Red RR, Joyfix Yellow 53R, Drimaren 

Black CL-S and Disperse Red F3BS was drawn using ACD-Chemsketch [25] and stored in SMILES string. Next, 

Online SMILES Translator and Structure File Generator [26] converted them into SDF file format. Now, CHARMm 

and molecular force field of Accelrys Discovery Studio 3.5 with a smart minimizer algorithm was used to minimize 

the ligands. Minimized ligand and protein were used for docking [27]. 

 

2.3.6 Molecular Docking 

The LeadIT suite with its FlexX approach was used to study all the possible modes of docking between ligands and 

protein target. In this approach base fragments are placed flexibly in the active site of protein using an incremental 

construction algorithm to sequentially add remaining ligand fragments. The generated complexes are ranked by an 

adapted Bӧhm’s empirical scoring function that calculates free binding energy (kJ/mol) of the protein--ligand 

complex and identifies the ligand with the best binding energy score (FlexX score) [28]. The active site of the target 

proteins was uploaded in BioSolveIT-FlexX interface [29]. During the preparation of the target, a sphere of 20Å 

radius was defined as the amino acids active site in FlexX. The developed SDF structures of five dyes were given as 

input and docked by FlexX with amino acids of the active site of laccase and azoreductase in A. hydrophila and L. 

sphaericus. The FlexX has parameters as follows: i) information about docking in general, ii) triangle matching for 

base placement, iii) full score contribution is scored with threshold of 0.30 and no score contribution with threshold 

of 0.70. iv) The chemical parameters of clash handling values of the protein-ligand clashes have maximum allowed 

overlap volume of 2.9 A03 along with intra-ligand clashes with clash factor of 0.6 and hydrogen is accounted in the 

internal clash tests, and v) default docking detail values of 200 for maximum number of solutions for each iteration 

as well as fragmentation [28]. The best pose was selected for further studies. The docking score, interactions, poses 

and binding affinities of the docked dye-target protein complex were studied.  

 

2.3.7 Identification of azo dye-receptor protein interactions 

The interactions between the dye and laccase and azoreductase proteins after docking were studied using the Pose 

view option in LeadIT [30].  
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2.4 Correlation of in-silico and in-vitro analysis 

The docking analysis of the five dyes, Reactive Yellow F3R, Remazol Red RR, Joyfix Yellow 53R, Drimaren Black 

CL-S and Disperse Red F3BS, with laccase and azoreductase of A. hydrophila and L. sphaericus was performed, 

and the highest docked dye--organism combination was used for further confirmation by experimental studies via 

UV–vis spectral analysis, FTIR, HPLC as well as GCMS to confirm biodegradation of the chosen dye to validate the 

dry lab outcome with wet lab studies.  

 

2.5 Investigation of biodecolorization and biodegradation  

Based on in-silico analysis, one dye, Reactive Yellow F3R, was selected for decolorization and biodegradation 

analysis using UV-vis spectroscopy, HPLC, FTIR and GCMS. UV–vis analyses (350–800 nm) of the control and 

the dyes biologically treated with A. hydrophila SK16 were performed to evaluate the extent of color removal 

(Schimadzu UV–vis 1800, Japan). Optimal physicochemical parameters were identified by subjecting the culture to 

different conditions of pH, temperature, sequential shaking (aerobic) and static (microaerophilic) condition in 

nutrient broth. Finally, decolorization was performed in triplicate with 5 % inoculum (optical density: 1.0) in 100 

mL nutrient broth, pH 8, 37 °C, 100 mg L−1 dye in a combined aerobic–microaerophilic process for 48 h (shaking at 

120 rpm for initial 24 h followed by static condition until 48 h) [16, 31]. As efficient dye decolorization may depend 

on higher biomass, shaking conditions were provided initially for faster and optimal growth of bacteria followed by 

static conditions for dye degradation. The culture was centrifuged at 10 000 rpm for 10 min (centrifuge 5804R, 

Eppendorf, Germany) and the supernatant was collected to detect decolorization at λmax and compared with dye and 

abiotic controls.  

For HPLC, FTIR and GCMS analyses, the decolorized culture was centrifuged, the supernatant extracted with ethyl 

acetate (equal volumes), dried over anhydrous Na2SO4, evaporated and suspended in methanol. For HPLC analysis, 

methanol was used as mobile phase with a flow rate 1.0 mL/min for 10 min at 470 nm (Shimadzu LC 40102010) 

with a C18 column (4.6 × 250 mm) and dual absorbance detector. Perkin Elmer (spectrum RX I) was used to identify 

functional groups by FTIR at scan speed of 16 and wave number between 400–4000 cm−1. For GCMS in Bruker’s 

45XGC-44 GC-Scion MS-40, 70 eV ionization voltage, helium carrier gas at 1 mL/min flow rate, programming 

mode with DB-WAX column (0.25--30 mm), 80°C initial oven temperature for 2 min increased linearly at 10--250 

°C held for 26 min run time were applied. Samples were mixed with pure potassium bromide (5:95) to identify dye 

degraded metabolites based on their mass spectra and NIST library.  

 

3 Results and Discussion 

3.1  Analysis of target sequences and identification of potential templates 

The target protein sequences of laccase and azoreductase in A. hydrophila and L. sphaericus were subjected to 

BLASTP analysis. 1RV9_A, 2Z98_A, 1T8H_A, 3W77_A with more than 40 % sequence identity were chosen as 

templates for the homology modeling. The detail about the dyes with their molecular class and structure is depicted 

in Table 1. 
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3.2  Homology modeling and Ramachandran plot analysis  

Homology modeling was carried out using Discovery Studio 3.5 (Accelrys, San Diego, CA, USA). The structure of 

the protein complex was prepared by superimposing the model onto the template structure. The homology-modeled 

structures and the distribution of amino acid residues in the Ramachandran plot with respect to their stereochemical 

parameters are shown in Fig. 1. Best models with the lowest value in probability density functions (PDF), total 

energy, PDF physical energy and discrete optimized protein energy (DOPE) score were selected. PROCHECK at the 

SAVES server was used to evaluate the quality of the homology model. The model of azoreductase and laccase from 

A. hydrophila and L. sphaericus with minimized energy was subjected to Ramachandran plot analysis with amino 

acids in the following regions: 90.6, 92.1, 89.0 and 88.8 % residues in most favorable, 7.0, 6.4, 9.9 and 10.3 % in 

additionally allowed, 1.8, 1.0, 1.1 and 0.9 % in generously allowed and lastly 0.6, 0.6, 0.5, 0.0 and 0.0 % in 

disallowed regions respectively. The values for templates were 92.3, 88.7, 93.9 and 90.6 % residues in most 

favorable region which are almost similar (Table 2). This ensures that the generated models were reliable and of 

good quality.  

 

3.3 Docking analysis 

Laccase and azoreductase of A. hydrophila and L. sphaericus were docked with Reactive Yellow F3R, Remazol Red 

RR, Joyfix Yellow 53R, Drimaren Black CL-S and Disperse Red F3BS via FlexX docking program while the dye-

receptor-protein interactions were examined by LeadIT. The binding mode, molecular interaction with active site 

residues and the binding energy scores were investigated in the docking studies. The docking interactions and the 

amino acids in the binding site of the proteins interacting with the dyes were noted. 

Reactive Yellow F3R, Remazol Red RR, Joyfix Yellow 53R, Drimaren Black CL-S and Disperse Red F3BS docked 

within the active site of azoreductase of A. hydrophila with FlexX scores (in kJ/mol) of --30.3488, --29.9829, --

17.8486, --19.6668 and --17.6679. Interactions are favored by electrostatic and hydrogen bonds between Asn12, 

Ala15, Ser15, Gln16, Arg17, Ser17, Thr18, Gln20, Met95, Tyr96, Asn97 and Ser139 residues of the enzyme and 

these dye molecules. The hydrophobic interactions are contributed by Leu11, Asn12, Ala15, Ser15, Ser16, Gln16, 

Arg17, Gln20, Pro94, Met95, Tyr96, Asn97, Leu98, Ser139, Arg140, Gly141, His144, Ile176, Met176 and Met187 

(Fig. 2, Table 3). Docking between these dyes with laccase of A. hydrophila yielded dock scores of --39.3988, --

27.2018, --14.7026, --22.7976 and --22.0052 kJ/mol. Electrostatic and hydrogen bonds by His38, His52, His70, 

Ala104, Asp105, Cys106, Arg127, Arg236, Hoh537, Hoh590 and the dyes and hydrophobic interaction by His38, 

Asn67, Gln68, His70, Met102, Thr103, Ala104, Asp105, Cys106, His123, Gly125, Trp126, Arg127, Phe161, 

Val163, Glu166, Val167, Ile168, Phe173, Tyr228, Arg236, Tyr239, Arg240 and Arg247 were observed (Fig. 3, 

Table 3).  

Azoreductase of L. sphaericus illustrated --30.9123, --23.4390, --14.2823, --22.3551, --21.2004 kJ/mol binding 

energies, electrostatic and hydrogen bonded interactions between Asn9, Arg11, Asp13, Ile15, Ser16, Leu92, Trp93, 

Ala118, Ala137, Gly139, Gly140, His178, Asn179 residues and non-bonded interactions between Asp13, Gly14, 

Ile15, Val52, Ile57, Pro91, Leu92, Trp93, Asn94, Asp113, Asn116, Arg117, Ala118, Phe122, Ala137, Arg138, 

Gly139, Gly140, Tyr142, Thr147, His178, Asn179, Asn180, Ala185 and the dyes (Fig. 4, Table 3). Lastly, laccase 
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of L. sphaericus showed dock scores of --36.5409, --21.7658, --15.4842, --18.4420, --18.0458 kJ/mol and 

electrostatic and hydrogen bonding interactions by Phe106, Ala108, Asp109, Cys110, Ala242, Arg244 and non-

bonded hydrophobic interactions by His32, Thr33, His65, Glu62, Met84, Phe106, Ala108, Cys110, Gly154, His155, 

Trp158, Leu164, Phe169, Tyr236, Arg237, Gln241, Arg244 with Reactive Yellow F3R, Remazol Red RR, Joyfix 

Yellow 53R, Drimaren Black CL-S and Disperse Red F3BS (Fig. 5, Table 3). Modeling and docking were used to 

find most probable DNA-binding sites and modes and sequence selectivity of C.I. Acid Red 73 [32]. 

 

3.4 Biodecolorization and biodegradation analysis 

UV-vis spectral analysis of Reactive Yellow F3R dye showed maximum absorbance at 450 nm. Absorbance was 

reduced in samples withdrawn after decolorization with 90.4 % decolorization by A. hydrophila SK 16 observed 

after 48 h. The FTIR spectrum of control Reactive Yellow F3R dye showed presence of various peaks representing 

N–H stretching of secondary amides at 3436 cm--1, N=N stretching of azo compounds at 1570 cm--1, C=N stretching 

of cyclic compounds at 1495 cm--1, C-O stretching of esters at 1193 cm--1, 1112 cm--1 for C-O stretching of 

secondary alcohol, S=O stretching of sulfoxides at 1043 cm--1 and C-Cl stretching of monochlorinated halogen 

compound at 673 cm--1. The FTIR spectrum of the products formed after decolorization showed peaks at 3240 cm--1 

corresponding to N–H stretching of secondary amides, N–H stretching of charged amines at 2416 cm--1, N=N 

stretching of azo compounds at 1585 cm--1, C-OH stretching of secondary alcohols at 1111 cm--1 and C-Cl stretching 

of monochlorinated halide at 619 cm--1 (Fig. 6). Differences in FTIR spectra of Reactive Yellow F3R and its 

products indicated the degradation of dye molecule into different metabolites by A. hydrophila SK 16. 

The HPLC profile of Reactive Yellow F3R control displayed a major peak at retention time (RT) 1.478 min and a 

minor peak at 3.106 min. Decolorized samples showed extra peaks at RT 1.481, 3.165, 3.374 and 3.945 min along 

with change in absorbance indicating the breaking of dye molecules (Fig. 7).  

The products obtained by degradation of Reactive Yellow F3R were analyzed by GCMS for tentative identification 

of the unknown metabolites, and a possible degradation pathway was proposed as shown in Fig. 8. The azo bond of 

parent dye was cleaved by the action of azoreductase to form two intermediates I and II. Further, the action of 

laccase on intermediate I lead to asymmetric cleavage forming intermediate III, IV and 2-chloro-1,3,5-triazine (MW 

115.52; m/z 115.0; RT 13.344 min) further giving rise to benzene (MW 78.11; m/z 78.1; RT 13.979 min) and (2Z)-

but-2-ene (MW 56.11; m/z 55.1; RT 13.979 min) from intermediate III, benzene-1,4-diamine (MW 108.14; m/z 

107.0; RT 12.014 min) and aniline (MW 93.13; m/z 91.1; RT 17.822 min) from intermediate IV and 1,3,5-triazine 

(MW 81.08; m/z 81.0; RT 13.758 min), respectively, as the products. Intermediate II was converted to naphthalen-1-

amine (MW 143.19; m/z 143.2; RT 14.820 min) giving naphthalene (MW 128.17; m/z 129.1; RT 20.676 min) as the 

final product (Table 4).    

Limited literature is available on sequential aerobic-microaerophilic treatment of azo dyes by single adaptable 

microorganisms. Shah et al. reported degradation of Remazole Brilliant Violet 5R by a bacterial consortium under 

microaerophilic conditions via microbial respiration mechanism linked to electron transport chain wherein 

azoreductase caused symmetric reduction of the azo bond of the dyes followed by desulfonation and deamination of 

the intermediates into non-harmful compounds by oxidative enzymes like lignin peroxidase and laccase until 
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complete remediation [33]. High decolorization of Golden Yellow HER by Bacillus laterosporus (85 %) as well as 

the consortium GG-BL (100 %) was observed in a combined aerobic (12 h) to microaerophilic (12 h) batch process 

by action of oxidoreductive enzymes [34]. A mixture of azo, triphenylmethane and azine dyes was decolorized by A. 

hydrophila under aerobic--microaerophilic conditions wherein aerobic (shaking) environment provided oxygen for 

efficient growth of bacterial biomass on dye containing media and azo dyes decolorized efficiently under 

microaerophilic (static) conditions [35]. As oxygen inhibits the azoreduction activity, oxygen depletion in 

microaerophilic cultures allows dissimilatory reduction of azo dyes by facultative anaerobic bacteria. In this study, 

A. hydrophila with its ability to survive in both aerobic and microaerophilic environments has been used as an 

efficient single microorganism for non-specific degradation of textile azo dyes by a microbial respiratory 

mechanism which may be linked to the electron transport chain for microbial growth [36]. A mechanistic pathway 

has been proposed for degradation of the chosen azo dye Reactive Yellow F3R by A. hydrophila SK 16. The 

reduction mechanism of the azo dyes maybe strain-specific with involvement of various enzymes and metabolic 

pathways for successful degradation. 

 

3.5 Assessment of relationship between in-silico and in vitro studies 

During in-silico analysis, it was observed that out of the five selected dyes, the docking score for Reactive Yellow 

F3R was the highest in both A. hydrophila and L. sphaericus and of these two, laccase of A. hydrophila showed 

maximum binding energy (Table 3). Subsequently through UV–vis analysis, maximum decolorization (90.4 %) was 

observed for Reactive Yellow F3R by A. hydrophila SK16 compared to the other dyes (unpublished observations). 

Thus, it was selected for further biodegradation analysis, which proved degradation of the dye into other 

metabolites. These results support that bioinformatics tools and analysis using docking can be used as an effective 

aid in lab-based studies for effective bioremediation and treatment of textile dyes and toxicity assessment at 

molecular level. In-silico data and wet lab-based crude laccase enzyme from Rigidoporus sp. were used for dye 

decolorization using wheat bran as solid support [37].   

 

4 Concluding remarks 

In the present study, the potential of bioinformatics tools and software was assessed for bioremediation of textile dye 

wastewater. In-silico analysis for understanding the interaction of laccase and azoreductase enzymes from A. 

hydrophila and L. sphaericus with Reactive Yellow F3R, Remazol Red RR, Joyfix Yellow 53R, Drimaren Black 

CL-S and Disperse Red F3BS was performed. The electrostatic interaction, hydrogen bonding and hydrophobic 

interactions favored the bond formation between the amino acid residues of the enzymes and dyes. The docking 

score mimicked the pattern of in-vitro decolorization percentage. Thus, it was ascertained that in-silico analysis of 

dye-enzyme interfaces may aid to probe the efficacy of enzymes for bacteria mediated decolorization curbing the 

need of expansive preliminary screening of microbial strains that may have selective applications. Based on this 

preliminary screening, Reactive Yellow F3R was selected for confirmation of biodegradation by HPLC, FTIR and 

GCMS along with a pathway proposed for biodegradation. To the best of our knowledge, this study in conjunction 

with a previous research supports the use of bioinformatics effectively by correlating the binding energy with wet-
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lab results, particularly for the first time for these five textile azo dyes. It can serve as an alternate strategy to the 

laborious primary screening steps for isolation and selection of potential textile dye degrading soil bacteria (adapted 

strains in textile effluent polluted soil) by making use of existing strains available in laboratories or bacterial 

repositories for the decolorization and biodegradation of textile azo dyes. Thus, the present study revealed that in-

silico studies can be done as a simulation for the in-vitro and in-vivo situations and is an attempt to give an option 

that allows the stakeholders to make a rational choice for bioremediation. Identification of critical active site 

residues for site directed mutagenesis experiments can be pursued in future to identify their function in the enzyme’s 

specificity and activity, eventually leading to better prototypes for degradation of the toxic dyes. 
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Fig. 1 Homology-modeled structure and Ramachandran plot of azoreductase and laccase of A. hydrophila (a) and 

(b) and L. sphaericus (c) and (d), respectively (Ribbon diagram showing the α-helices, β-strands and loops in pink, 

yellow and blue) 

Fig. 2 Docked complex and interactions of azoreductase of A. hydrophila with dyes 

Fig. 3 Docked complex and interactions of laccase of A. hydrophila with dyes 

Fig. 4 Docked complex and interactions of azoreductase of L. sphaericus with dyes 
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Fig. 5 Docked complex and interactions of laccase of L. sphaericus with dyes 

Fig. 6 FTIR spectra of (a) Reactive Yellow F3R (b) its degradation product 

Fig. 7 HPLC elution profile of (a) Reactive Yellow F3R (b) the metabolites formed during its degradation by A. 

hydrophila SK 16 

Fig. 8 Proposed pathway of biodegradation of Reactive Yellow F3R by A. hydrophila SK 16 
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Table 1 Details of azo dyes used in the study 

S. No. Dye Name Other details 
Molecular 

class 
Structure 

1 Reactive Yellow F3R  

CAS 93050-80-7 

93050-80-7.mol 

C.I. Reactive Yellow 145, 

Reactive Yellow 3RS  

C28H20ClN9Na4O16S5 

MW: 1026.25 g/mol 

Single azo  

2. Remazol Red RR  

CID_9570342.sdf 

C18H16N2O10S3 

MW: 516.52204 g/mol 

Single azo  

3. Joyfix Yellow 53R 

CAS 61951-43-7 

C.I. Basic Yellow 53, 

Sevron Yellow 8 GMF  

C23H25ClN2O 

MW: 380.91 g/mol 

Methine  

4. Drimaren Black CL-S  

CID_9570329.sdf 

CAS 12225-25-1/17095-

24-8 

C.I.20505 

C.I. Reactive Black 5, 

Remazol black B, 

Reactive Black KN-B, 

Cibacron Navy DP-B 

C26H21N5Na4O19S6  

MW: 991.82 g/mol 

Double azo  

5. Disperse Red F3BS 

CID_110090.sdf 

CAS 99031-78-6 

C.I. Disperse Red 343 

C20H22N6O2S 

MW: 410.49268 g/mol 

Single azo  
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Table 2 Stereochemical parameters of the models generated by homology modeling and its templates  

PROCHECK 

regions 

Percentage of amino acids plotted in the various regions of Ramachandran plot predicted through 

PROCHECK at SAVES server 

Aeromonas hydrophila Lysinibacillus sphaericus 

Azoreductase 

Model 
2Z98_A 

Laccase 

model 
1RV9_A 

Azoreductase 

model 
3W77_A 

Laccase 

model 
1T8H_A 

Most favored (%) 90.6 92.3 92.1 88.7 89.0 93.9 88.8 90.6 

Additionally 

Allowed (%) 
7.0 7.1 6.4 9.9 9.9 6.1 10.3 8.5 

Generously 

Allowed (%) 
1.8 0.6 1.0 0.5 1.1 0.0 0.9 0.4 

Disallowed (%) 0.6 0.0 0.5 1.0 0.0 0.0 0.0 0.4 

 

 

 

 

Table 3 Amino acid (aa) residues and docking scores (kJ/mol) for the binding of azoreductase and laccase of A. 

hydrophila and L. sphaericus with the dyes (* – bonded interactions; others – non-bonded interactions) 

Organism Aeromonas hydrophila Lysinibacillus sphaericus 

aa Residues 

 Dyes 
Azoreductase Laccase Azoreductase Laccase 

Reactive 

Yellow F3R  

Leu11, Asn12, 

Ala15, Ser16, 

Arg17, Gln20, 

Tyr96, Met176, 

Met187 

Asn12*, Ala15*, 

Arg17* 

His38, Asn67, 

Gln68, His70,  

Met102, Asp105, 

Cys106, Gly125, 

Trp126, Phe161, 

Tyr228 

His70*, Asp105* 

Asp13, Gly14, 

Leu92, Trp93, 

Asn94, Tyr142, 

His178, Asn179, 

Ala185 

Asp13*, Leu92*, 

Ala137*, His178* 

His32, His65, 

Met84, Phe106, 

Ala108, Cys110, 

Leu164, Phe169, 

Tyr236, Arg237, 

Arg244 

Phe106*, Ala108*, 

Cys110*, Arg244* 

Dock score --30.3488  --39.3988 --30.9123 --36.5409 

Remazol Red 

RR 

Asn12, Ala15, 

Ser16, Arg17, 

Gln20, Met176, 

Met187 

Asn12*, Ala15*,  

Arg17*, Thr18*,  

Gln20*, Tyr96* 

His70, Thr103, 

Ala104, Cys106,  

Trp126, Arg127,  

Tyr228, Arg236 

His38*, His70*, 

Ala104*, Asp105*, 

Cys106*, Arg127*,  

Ile15, Pro91, 

Trp93, Gly139,  

Gly140, Asn179, 

Asn180 

Asn9*, Arg11*, 

Ser16*, Trp93* 

His32, Thr33, 

His65, Phe106, 

Ala108, Cys110, 

Tyr236, Gln241, 

Arg244 

Ala108*, Asp109*, 

Cys110*, Ala242*, 
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Arg236* Arg244* 

Dock score --29.9829 --27.2018 --23.4390 --21.7658 

Joyfix Yellow 

53R 

Leu11, Ser15, 

Gln16, Pro94, 

Met95, Tyr96, 

Ser139, Gly141, 

Ile176 

Ser15*, Gln16*, 

Ser17* 

His52, Ile168, 

Phe173, Tyr239, 

Arg240, Arg247 

His52*, Hoh537*,  

Hoh590* 

Val52, Ile57, 

Asp113, Asn116, 

Arg117, Ala118, 

Phe122 

Ala118* 

Gly154, His155, 

Trp158 

Dock score --17.8486 --14.7026 --14.2823 --15.4842 

Drimaren 

Black CL-S 

Asn12*, Met95*, 

Asn97* 

Asn12, Ala15, 

Arg17, Met95, 

Tyr96, Asn97, 

Leu98, His144, 

Met176 

His38, Gln68, 

His70, Cys106,  

Trp126, Val163, 

Glu166, Val167, 

Tyr228 

His70*, Trp126* 

Ile15, Pro91, 

Leu92, Trp93, 

Ala137, Arg138, 

Gly139, Tyr142, 

Thr147, His178 

Gly139*, Gly140* 

His32, Thr33, 

His65, Glu62, 

Met84, Phe106, 

Ala108, Cys110, 

Tyr236, Arg244 

Arg244* 

Dock score --19.6668 --22.7976 --22.3551 --18.4420 

Disperse Red 

F3BS 

Asn12, Ala15, 

Arg17, Met95, 

Ser139, Arg140, 

Gly141, Met176 

Asn12*, Arg17*, 

Thr18*, Ser139* 

His38, Gln68, 

His70, Met102,  

Thr103, Ala104, 

Cys106, His123, 

Tyr228, Arg236 

His70*, Ala104*, 

Asp105*, Cys106* 

Arg236* 

Ile15, Trp93, 

His178, Asn179 

Arg11*, Ile15*, 

Ser16*, Trp93*, 

Asn179* 

His32, Thr33, 

His65, Ala108, 

Cys110, Tyr236, 

Arg244 

Ala242*, Arg244* 

Dock score --17.6679 --22.0052 --21.2004 --18.0458 
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Table 4 GC mass spectral data of metabolites formed after degradation of Reactive Yellow F3R by A. hydrophila SK16 

S. No. 
Molecular 

weight (MW) 
m/z 

Retention 

Time (min) 
Metabolite GCMS Peak 

1. 78.11 78.1 13.979 Benzene 

 

2. 56.11 55.1 13.979 (2Z)-But-2-ene 

3. 115.52 115.0 13.344 2-Chloro-1,3,5-triazine 

 

4. 81.08 81.0 13.758 1,3,5-Triazine 

 

5. 

 
108.14 107.0 12.014 Benzene-1,4-diamine 
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6. 93.13 91.1 17.822 Aniline 

 

7. 143.19 143.2 14.820 Naphthalen-1-amine 

 

8. 128.17 129.1 20.676 Naphthalene 
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Figure 3 
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Figure 5 
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Figure 7 
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Figure 8 
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Abstract In the present study, extracts of Garcinia
xanthochymus seeds were used to determine anti-diabetic, an-
ti-oxidant, and biochemical activities in alloxan-induced diabet-
ic mice. Of the petroleum ether (G. xanthochymus petroleum
ether extract (GXSPE)) and methanol (G. xanthochymusmeth-
anol extract (GXSME)) seed extracts, 100 and 200 mg/kg were
used and compared with normal, diabetic, and glibenclamide
groups for various activities. The parameters like blood glucose,
body weight, serum biochemicals, serum enzymes, and anti-
oxidative enzymes in different groups were monitored at regu-
lar intervals. The extracts produced a dose-dependent response
for blood glucose levels and associated serum biochemicals,
serum enzymes, and anti-oxidative enzymes compared to the
diabetic control groups. The high-pressure liquid chromatogra-
phy (HPLC) analysis revealed the presence of phenolic

compounds especially gallic acid, 4-hydroxybenzoic acid, and
tannic acid, which have an important role in anti-diabetic ac-
tion. Thus, this study points out the strong anti-diabetic, anti-
oxidant, and biochemical activity of G. xanthochymus seeds.
Hence, it can be used for the development of an effective herbal
pharmaceutical drug for curing diabetes.

Keywords Garcinia xanthochymus . Anti-diabetic . Lipid
profiles . Phenolic . Compounds . Anti-oxidative enzymes

Introduction

Diabetes mellitus (DM) is a metabolic disorder affecting the
health of global public in both developed and developing
countries. In the recent report by the International Diabetes
Federation (IDF), it is estimated that 415 million adults are
suffering from DM in 2015 and this number is expected to go
up to 642 million by 2040 (IDF 2015). This increase is ex-
pected to occur majorly in South East Asian countries espe-
cially India and China (78.3 million in 2015 to 140.2 million
in 2040). DM is characterized by altered levels of glucose and
lipid metabolism and modification of liver enzyme levels
causing hyperglycemia and hyperlipidemia (Taskinen 2002).
At present, various synthetic drugs have been used for the
treatment of DM. However, these have serious side effects
such as dropsy, drug resistance, and weight gain. In contrast
to this, various traditional medicines have shown potential
anti-diabetic effect with less tolerability and side effects.

Garcinia xanthochymus (family: Clusiaceae) is a fruit
yielding tropical tree native to South East Asia. It is an
underutilized tree and is commonly known as Mysore gam-
boge or yellow mangosteen. It is used in various traditional
medicines for bilious condition, diarrhea, and dysentery; as an
anthelmintic, a cardiotonic, and an alexipharmic; and as a
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tonic to improve appetite. Various phytochemical reports on
the plants have led to the isolation of xanthones (Zhong et al.
2008a, b; Chen et al. 2011), benzophenones (Baggett et al.
2005; Acuna et al. 2012), and flavonoids (Baslas & Kumar
1979) as major components, and numerous scientific studies
have indicated various pharmacological activities such as anti-
oxidant (Chen et al. 2011; Zhong et al. 2009; Acuna et al.
2012) and cytotoxic (Ji et al. 2012; Han et al. 2007;
Manosroi et al. 2006) and nerve growth factor-potentiating
activity (Chanmahasathein et al . 2003a, b), anti-
inflammatory activity (Pal et al. 2005; Ruma et al. 2013),
and anti-microbial activity (Sunkar & Nachiyar 2012)
amongst various others.

Many Garcinia species like Garcinia cambogia
(Hayamizu et al. 2003; Asghar et al. 2007; Wielinga
et al. 2005; Cheng et al. 2012), Garcinia indica (Sasaki
et al. 2007; Kirana & Srinivasan 2010; Yamaguchi et al.
2000), Garcinia mangosteen (Ryu et al. 2011; Nelli et al.
2013), and Garcinia kola (Adaramoye 2012) have been
reported to possess anti-diabetic and anti-oxidant proper-
ties. However, there are still no scientific reports on the
anti-diabetic potential of G. xanthochymus seed extracts.
Therefore, the present study was aimed at investigating
the in vivo anti-diabetic effects of petroleum ether and
methanol extracts of G. xanthochymus seeds on Swiss
albino mice.

Materials and methods

Experimental animals

A total of 35 Swiss albino mice (6–8 weeks old) of
either sex were maintained under standard laboratory
conditions in the animal house of the Department of
Zoology, Karnatak University, Dharwad, India, with
food and water ad libitum under constant photoperiod
(12 h). The experiments were approved by the ethical
committee of Karnatak University (no. 639/02/a/
CPCSEA), and all institutional and national guidelines
for care and use of laboratory animals were followed.

Plant materials, chemicals, and reagents

The seeds were collected from Siddapur, Karnataka, India. A
voucher specimen was deposited at the Herbarium of
Department of Studies in Botany, Karnatak University,
Dharwad (accession no. KU-BOT-GX-213). Alloxan
monohydrate was procured from Sigma-Aldrich (St. Louis,
MO). All the reagents were procured from HiMedia
Laboratories Pvt. Ltd. (Mumbai, India) unless otherwise
specified.

Preparation of plant extracts

The seeds were dried (moisture content ∼12.9%) and grinded
to powder using a mechanical blender. The powder (50 g) was
subjected to extraction by using a Soxhlet apparatus using
petroleum ether and later with methanol at 60 °C for 6 h.
The extracts obtainedwere subjected to evaporation to remove
any traces of solvent by using a rotary flash evaporator. The
dried extracts were labeled as G. xanthochymus petroleum
ether extract (GXSPE) andG. xanthochymusmethanol extract
(GXSME), respectively. The resultant GXSME (12.64%) was
lyophilized and stored at −20 °C, and GXSPE (44.0%) was
stored at room temperature until further use.

High-pressure liquid chromatography analysis

The reversed-phase high-pressure liquid chromatography
(HPLC) photo diode array (RP HPLC DAD) analysis was per-
formed on the Shimadzu chromatographic system (model no.
LC 20AD) consisting of a quaternary pump, a manual injector,
a degasser (DGU 20A5), and a dual λ UV absorbance diode
array detector SPD M20A. The built-in LC solution software
system was used for data processing. Chromatographic separa-
tion was achieved on a Waters Nova-Pak C18 column (4 μm,
4.6 × 250 mm) for phenolic compounds. Mobile phase
consisting of water/acetonitrile/glacial acetic acid (90:5:5) was
used for separation with an injection volume of 20 μL. The
flow rate was 0.9 mL/min with a run time of 60 min, and
detection was done at 280 nm. Standard phenolic compounds
were accurately weighed and dissolved in methanol to obtain a
stock solution (1 mg/mL). Then, the stock solutions were seri-
ally diluted using the same solvent to obtain working concen-
trations for plotting calibration curves. Different concentrations
of phenolics (1, 5, 10, 20, 40, and 100μg/mL)were used during
the study. All the solutions and analytes were stored in
microfuge tubes at 4 °C until further use.

Acute toxicity study

Acute oral toxicity of GXSPE and GXSMEwas performed on
Swiss albino mice according to the guidelines of OECD
(OECD iLibrary 2002). Four groups of five mice each were
used for the study (n = 5), and the mice were fasted overnight
prior to the experiment. GXSPE and GXSME were adminis-
tered orally at doses of 50, 100, 200, 500, 1000, and
2000 mg/kg body weight. Following the dose, all the groups
were carefully observed for the variations in weight, mortality,
and behavioral profiles.

Oral glucose tolerance test

Blood glucose level of mice kept under fasting (12 h) was
determined. The mice were orally administered with normal
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saline and 100 and 200 mg/kg of GXSPE and GXSME ex-
tracts dissolved in phosphate-buffered saline (PBS). Glucose
solution of 1 g/kg was administered to all the experimental
mice after the administration of the extract. Blood samples
were collected at 30, 60, 90, and 120 min post-glucose admin-
istration by the tail flick method to record the variation in
blood glucose levels.

Induction of diabetes in mice

Diabetes was induced in mice by a single intraperitoneal
injection (100 μL) of freshly prepared alloxan
monohydrate in saline (20 mM PBS) with a dose of
50 mg/kg BW. Diabetes was confirmed after induction
by measurement of tail vein blood glucose levels, and
mice with fasting blood glucose level >250 mg/dL on
the third day of alloxan administration were considered
diabetic and were used in the experiments.

Experimental protocol for anti-diabetic activity

The mice were randomly divided into seven groups each con-
taining five mice.

& Normal control (NC) group: NC received normal saline.
& Diabetes mellitus (DM) group: DM received normal

saline.
& Diabetes mellitus + glibenclamide (5 mg/kg BW) (DM +

Glib) group: Glibenclamide (5 mg/kg BW, per day) was
treated to diabetic mice orally during 14-day experimental
period.

& Diabetes mellitus + GXSPE (100 mg/kg BW) (DM +
GXSPE-100) group: GXSPE (100 mg/kg BW, per day)
extract was treated to diabetic mice orally during 14-day
experimental period.

& Diabetes mellitus + GXSPE (200 mg/kg BW) (DM +
GXSPE-200) group: GXSPE (200 mg/kg BW, per day)
extract was treated to diabetic mice orally during 14-day
experimental period.

& Diabetes mellitus + GXSME (100 mg/kg BW) (DM +
GXSME-100) group: GXSME (100 mg/kg BW, per day)
extract was treated to diabetic mice orally during 14-day
experimental period.

& Diabetes mellitus + GXSME (200 mg/kg BW) (DM +
GXSME-200) group: GXSME (200 mg/kg BW, per day)
extract was treated to diabetic mice orally during 14-day
experimental period.

Body weight and blood glucose levels

Total body weight of all experimental animals was ob-
served and recorded on 1st, 7th, and 14th days of the

treatments, and 12-h fasting blood glucose levels were
estimated using the Accu-Chek glucometer using the tail
flick method on the aforementioned days.

Tissue and serum preparation

The pancreas were carefully removed, weighed, and
rinsed with ice cold-saline to remove blood. The ho-
mogenates were prepared using the procedures described
by Kakkar et al. (1995). The blood was collected by
cardiac puncture using a syringe under mild anesthesia,
and serum was isolated by centrifugation at 3000 rpm
for 15 min to determine the biochemical parameters.

Serum lipid profiles

Serum lipid profiles [low-density lipoprotein (LDL),
high-density lipoprotein (HDL), very low-density lipo-
protein (VLDL), triglyceride (TG), total cholesterol
(TC)] were estimated by using the procedure as outlined
in commercial kits (ERBA Diagnostics Mannheim
GmbH, Mannheim, Germany).

Determination of liver function test

Liver biochemical markers like aspartate aminotransfer-
ase (AST), alanine aminotransferase (ALT), alkaline
phosphatase (ALP), creatinine (CRE), urea, uric acid,
total bilirubin (TB), direct bilirubin (DB), albumin
(ALB), and total proteins present in serum were
estimated.

Determination of oxidative parameters

The peroxidation level was estimated as thiobarbituric ac-
id reactive substances (TBARS) in pancreas (Uchiyama &
Mihara 1978). The anti-oxidant enzymes which reduce
glutathione (GSH) superoxide dismutase (SOD), and cat-
alase (CAT) in pancreas were estimated by using the
methods described by Moran et al. (1979), Kakkar et al.
(1995), and Sinha (1972), respectively.

Statistical analysis

Statistical analysis was performed using the SPSS software
package, version 18.0. The values expressed as mean ± SE
were analyzed using one-way ANOVAwith Tukey’s post hoc
test. p value <0.05 was considered as significant.
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Results

Acute toxicity test

The mice showed good tolerance to testing (100 and
200 mg/kg) doses of GXSPE and GXSME. Extract in doses
as high as 2000mg/kg was found to be non-lethal. The highest
dose of both the extracts did not show any signs of toxicity
and mortality even after 3 days of oral administration. Hence,
these extracts are safe for long-term administration in mice.

Oral glucose tolerance test

The oral glucose tolerance test (OGTT) data revealed that the
blood glucose in experimental mice significantly increased
after 30 min of glucose administration. However, the admin-
istration of GXSPE and GXSME showed significant
(p < 0.05) gradual decrease in glucose levels with increase
in time duration and as well as with the increase in concentra-
tion of extracts. Regardless of the concentration used, the
blood glucose levels were almost reduced to that before
fasting after 120 min of post-glucose administration (Fig. 1).

Effect of G. xanthochymus petroleum ether extract
and G. xanthochymus methanol extract on blood glucose
levels and body weight

Table 1 depicts the glucose levels in normal and diabetes mice.
The NC and DM groups did not show any significant differ-
ence on the 14th day in the glucose levels compared to those
on the 1st day. However, blood glucose levels significantly
(p < 0.05) decreased on administration of GXSPE and
GXSME in DM mice. Daily administration of 100 and

200 mg/kg of GXSPE and GXSME showed reduction of
blood glucose, which was related to dose and duration. DM
administered with glibenclamide showed 72.67% reduction in
blood glucose levels, which signified that our results have
positive response. Maximum reduction of blood glucose was
observed with 200 mg/kg of GXSPE (−52.94%) and GXSME
(−52.91%). Changes in initial and final body weights in con-
trol and experimental mice groups are depicted in Table 2.
Weight loss (−20%) was observed in DM till the end of the
experiments. However, mice administered with glibenclamide
(9%) and GXSPE and GXSME (5–6%) improved the body
weight as compared to the initial diabetic animals.

Effect of G. xanthochymus petroleum ether extract
and G. xanthochymus methanol extract on lipid profiles

In DM mice, the TG, TC, LDL, and VLDL levels were
significantly (p < 0.05) increased and HDL levels signif-
icantly (p < 0.05) decreased compared to NC mice. The
TG content doubled in the DM group (266.78 mg/dL)
compared to the NC group (123.52 mg/dL). GXSPE and
GXSME showed reduction in TC level, but this was more
prominent with GXSME having 200 mg/kg. In case of TC
content , i t was also doubled for the DM group
(321.08 mg/dL) compared to the NC group (163.44 mg/
dL). All the seed extracts showed reduction in TC levels;
however, significant reduction was noticed with GXSME
(Table 3). Similar trends were observed in case of LDL
and VLDL. The LDL and VLDL significantly (p < 0.05)
decreased compared to the DM group. In case of LDL,
significant decrease was observed with GXSME having
200 mg/kg. In case of VLDL, all the extracts were equally
effective. However, an opposite trend was observed in

Fig. 1 Oral glucose tolerance test
(OGTT). Effect of Garcinia
xanthochymous seed petroleum
ether (GXSPE) and methanol
(GXSME) extract feeding. In the
oral glucose tolerance test,
glucose levels were estimated
followed by an oral
administration of 1 g/kg D-(+)-
glucose at indicated time points.
Mean ± standard error (n = 5)
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case of HDL. HDL was dramatically decreased in the DM
(13.84 mg/dL) group compared to the NC (45.44 mg/dL)
group. This was significantly improved when the DM
mice was administered with GXSPE and GXSME in a
dose-dependent manner (Table 3).

Effect of G. xanthochymus petroleum ether extract
and G. xanthochymus methanol extract on biochemical
parameters

The effect of glibenclamide and GXSPE and GXSME
on various serum enzymatic (AST, ALT and ALP) and
biochemical parameters (urea, uric acid, CRE, TB, DB,
ALB, and protein) on experimental mice is depicted in
Table 4. The serum enzymatic and biochemical param-
eters increased significantly (p < 0.05) in the DM
group. However, administration of glibenclamide and
GXSPE and GXSME significantly (p < 0.05) decreased
the elevated levels considerably and brought it to
normalcy.

Effect of G. xanthochymus petroleum ether extract
and G. xanthochymus methanol extract on lipid
peroxidation and anti-oxidant defense systems

In the DM group, the level of serum malondialdehyde (MDA)
significantly (p < 0.05) increased compared to the NC group.
However, administration of glibenclamide and 100 and
200 mg/kg BW doses of GXSPE and GXSME resulted in
significant decrease in the serum MDA level, thereby signify-
ing lowering of the degree of lipid peroxidation (Table 5). The
percentage decreases in MDA contents were −68.2, 54.31,
59.75, 59.4, and 63.08%, respectively, for glibenclamide,
GXSPE-100, GXSPE-200, GXSME-100, and GXSME-200
compared to DM.

The anti-oxidant defense systems like SOD, GSH, and
CAT in pancreas were also measured in the present experi-
ments. The results revealed a threefold decrease in these pa-
rameters in the DM group compared to the NC group
(Table 5). The SOD level decreased to −65.21% in DM com-
pared to the NC group. However, administration of
glibenclamide and 200 mg/kg of GXSPE and GXSME

Table 1 Effect of Garcinia
xanthochymus seed extracts on
blood glucose level of
experimental groups

Groups Glucose level (mg/dL)

1st day 7th day 14th day

NC 85.40 ± 2.31 b 86.80 ± 2.88 c 88.00 ± 2.42 d

DM 388.00 ± 2.58 a 385.20 ± 3.81 a 375.80 ± 2.83 a

DM + Glib 377.00 ± 3.59 a 286.20 ± 1.65 b 103.00 ± 5.96 d (−72.67%)

DM + GXSPE-100 376.60 ± 8.70 a 279.00 ± 11.13 b 204.20 ± 1.96 b (−45.77%)

DM + GXSPE-200 374.42 ± 11.71 a 264.80 ± 11.93 b 176.20 ± 10.50 c (−52.94%)

DM + GXSME-100 368.60 ± 11.48 a 292.80 ± 5.08 b 192.20 ± 2.76 bc (−47.85%)

DM + GXSME-200 366.60 ± 11.49 a 260.80 ± 13.66 b 172.60 ± 6.74 c (−52.91%)

Statistical analysis was carried out using one-way ANOVAwith Tukey’s post hoc test. Values are expressed as
mean glucose level ± standard error with n = 5 for all groups. Values with different letters along either a row or a
column are significantly different (p < 0.05) from each other

Table 2 Effect of Garcinia
xanthochymus seed extracts on
body weight of experimental
groups

Groups Body weight (g)

1st day 7th day 14th day % Change in body weight

NC 34.72 ± 0.14 a 35.78 ± 0.14 a 37.34 ± 0.16 a 7.01

DM 32.22 ± 0.46 b 31.54 ± 0.20 d 26.40 ± 0.81 d −22.04
DM + Glib 32.76 ± 0.27 b 33.94 ± 0.14 bc 36.18 ± 0.23 ab 9.45

DM + GXSPE-100 33.36 ± 0.47 ab 34.10 ± 0.49 ab 35.28 ± 0.36 bc 5.44

DM + GXSPE-200 32.72 ± 0.49 b 33.40 ± 0.43 bc 34.86 ± 0.22 bc 5.96

DM + GXSME-100 31.54 ± 0.45 b 32.38 ± 0.50 cd 33.52 ± 0.53 c 5.9

DM + GXSME-200 32.84 ± 0.46 b 33.64 ± 0.47 bc 35.00 ± 0.38 bc 6.17

Statistical analysis was carried out using one-way ANOVAwith Tukey’s post hoc test. Values are expressed as
mean body weight ± standard error with n = 5 for all groups; the positive value indicates an increasing body
weight compared. Values with different letters along either a row or a column are significantly different (p < 0.05)
from each other
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accounted for 66.35, 58.15, and 62.41% increase in SOD ac-
tivity, respectively. Similar trends were observed in case of
CATwith a decrease of −66.51% in the DM group compared
to the NC group. This was attenuated by glibenclamide and
200 mg/kg of GXSPE and GXSME, which accounted for
65.84, 55.58, and 57.96% increase in CAT activities. Similar
observation was made for GSHwith a decrease of −65.82% in
the DM group compared to the NC group. Oral administration
of glibenclamide and 200 mg/kg of GXSPE and GXSME
accounted for 65.20, 54.93, and 59.19%, respectively.

High-pressure liquid chromatography analysis

HPLC profiles of secondary metabolites at 270 nm showed the
presence of phenolic acids in GXSME. Gallic acid (GA), 4-
hydroxybenzoic acid (4-HBA), and tannic acid (TA) were the

major phenolic acid identified. TAwas found to be in the highest
concentration (73.32 ± 1.39 mg/g dry weight (DW)) followed by
4-HBA (9.76 ± 1.45mg/gDW) andGA (7.33 ± 0.13mg/gDW).
The spectral patterns of identified compounds are given in Fig. 2.

Discussion

Garcinia species have been used for hundreds of years as
traditional medicines (Chinese, Indian, and Thai) for various
medicinal practices. Various Garcinia species like
G. cambogia (Hayamizu et al. 2003; Asghar et al. 2007;
Wielinga et al. 2005; Cheng et al. 2012), G. indica (Sasaki
et al. 2007; Kirana and Srinivasan 2010; Yamaguchi et al.
2000), G. mangosteen (Ryu et al. 2011; Nelli et al. 2013),
and G. kola (Adaramoye 2012) have shown to possess anti-

Table 3 Effect of Garcinia xanthochymus seed extracts on lipid profile levels of experimental groups

Groups Serum lipid profile (mg/dL)

TG TC LDL HDL VLDL

NC 123.52 ± 1.08 d 163.44 ± 2.99 d 107.04 ± 2.08 d 45.44 ± 1.27 a 25.98 ± 0.52 c

DM 266.78 ± 1.40 a 321.08 ± 1.90 a 248.18 ± 1.97 a 13.84 ± 0.75 d 51.86 ± 1.46 a

DM + Glib 129.34 ± 1.09 cd 168.86 ± 1.73 cd 110.92 ± 0.75 cd 44.68 ± 0.49 a 29.62 ± 0.71 bc

DM + GXSPE-100 159.42 ± 4.91 b 207.56 ± 7.22 b 138.12 ± 8.04 b 34.88 ± 0.40 c 33.32 ± 0.64 b

DM + GXSPE-200 149.26 ± 5.49 b 198.48 ± 10.45 bc 130.52 ± 4.81 bc 36.20 ± 0.38 bc 32.48 ± 0.67 b

DM + GXSME-100 148.62 ± 5.29 b 194.32 ± 8.69 bcd 131.20 ± 5.07 bc 36.86 ± 0.76 bc 32.30 ± 0.74 b

DM + GXSME-200 143.06 ± 6.44 bc 188.64 ± 9.80 bcd 123.00 ± 5.39 bcd 39.68 ± 1.04 b 31.00 ± 0.72 b

Statistical analysis was carried out using one-way ANOVAwith Tukey’s post hoc test. Values are expressed as mean ± standard error with n = 5 for all
groups. Values with different letters along either a row or column are significantly different (p < 0.05) from each other

Table 4 Effect of Garcinia xanthochymus seed extracts on liver and renal serum biomarkers in experimental groups

Parameter Groups

NC DM DM + Glib DM + GXSPE-
100

DM + GXSPE-
200

DM + GXSME-
100

DM + GXSME-
200

AST (U/L) 46.19 ± 2.51 d 320.00 ± 2.02 a 59.37 ± 2.31 d 111.00 ± 4.73 b 100.46 ± 4.82 bc 98.03 ± 5.78 bc 88.32 ± 4.93 c

ALT (U/L) 27.00 ± 2.03 e 260.12 ± 11.75 a 46.20 ± 2.38 de 97.76 ± 2.34 b 86.98 ± 4.26 bc 79.54 ± 4.19 bc 66.54 ± 3.6 cd

ALP (U/L) 56.52 ± 1.58 d 299.38 ± 0.74 a 61.66 ± 3.14 d 114.68 ± 4.94 b 104.14 ± 6.60 bc 98.30 ± 3.23 bc 88.04 ± 4.73 c

Urea (mg/dL) 14.42 ± 0.23 d 32.64 ± 0.28 a 15.46 ± 0.24 cd 18.14 ± 0.38 b 16.38 ± 0.61 bcd 17.52 ± 0.62 b 17.10 ± 0.54 bc

Uric acid
(mg/dL)

1.02 ± 0.04 d 3.40 ± 0.07 a 1.25 ± 0.07 d 2.45 ± 0.08 b 2.04 ± 0.07 c 2.62 ± 0.10 b 2.55 ± 0.09 b

Creatinine
(mg/dL)

0.72 ± 0.02 c 1.63 ± 0.05 a 0.81 ± 0.02 bc 1.00 ± 0.10 b 0.88 ± 0.03 bc 0.90 ± 0.04 bc 0.85 ± 0.02 bc

TB (mg dL) 0.34 ± 0.02 e 0.82 ± 0.02 a 0.56 ± 0.03 d 0.73 ± 0.01 b 0.70 ± 0.01 bc 0.68 ± 0.02 bc 0.63 ± 0.01 cd

DB (mg/dL) 0.29 ± 0.18 c 0.42 ± 0.02 a 0.18 ± 0.01 c 0.35 ± 0.02 ab 0.31 ± 0.00 b 0.33 ± 0.02 b 0.30 ± 0.00 b

Albumin (g/dL) 8.49 ± 0.12 a 1.51 ± 0.06 d 8.65 ± 0.27 a 6.16 ± 0.23 c 6.79 ± 0.13 bc 7.04 ± 0.10 b 8.05 ± 0.08 a

Protein (g/dL) 8.50 ± 0.29 a 3.88 ± 0.17 c 8.50 ± 0.34 a 7.36 ± 0.12 b 7.80 ± 0.17 ab 7.86 ± 0.17 ab 8.00 ± 0.31 ab

Statistical analysis was carried out using one-way ANOVAwith Tukey’s post hoc test. Values are expressed as mean ± standard error with n = 5 for all
groups. Values with different letters along either a row or a column are significantly different (p < 0.05) from each other
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diabetic and anti-oxidant properties. However, there are no
detailed scientific reports on the potential role of
G. xanthochymus seed extracts having anti-diabetic
properties.

In the present investigation, DMwas induced in mice using
alloxan to establish and assist hyperglycemia throughout the
experimental period. In alloxan-induced diabetic mice, the
action of reactive oxygen species and subsequent increase in
cytosolic calcium concentration caused rapid destruction of β
cells in the pancreas (Szkudelski 2001). However, the data
from the present experiments revealed that the oral adminis-
tration of G. xanthochymus seed extracts for 14 days reduced
the elevated blood glucose levels in alloxan-induced DM
groups. Daily oral administration of the GXSPE and
GXSME lowered the blood glucose levels in a dose-

dependent manner, where 200 mg/kg of the GXSPE
(−52.94%) and GXSME (−52.91%) exerted the maximum
blood glucose-lowering effects. The OGTT levels were also
normalized by GXSPE and GXSME to the baseline level
within 120 min as that of standard drug glibenclamide, sug-
gesting that the extracts improved the glucose homeostasis in
a similar fashion as that of standard anti-diabetic drugs. In our
study, weight loss was observed in the DM group; however,
this was reversed in the DM group treated with seed extracts.
This restorative effect may be due to the reversal of gluconeo-
genesis and glycogenesis.

Lipid profiles especially TC, TG, LDL, and VLDL levels
doubled in the DM group, and HDL levels were reduced to
one third compared to the NC group. Such altered levels are
indicators of atherosclerosis, coronary artery disease,

Table 5 Effect of Garcinia xanthochymus seed extracts on lipid peroxidation and anti-oxidant defense systems of experimental groups

Groups SOD (U/mg protein) CAT (μmol H2O2 consumption/min/mg protein) GSH (U/min/mg protein) MDA (nmol/mg protein)

NC 41.16 ± 0.98 a 48.76 ± 0.43 a 42.48 ± 0.53 a 1.94 ± 0.13 d

DM 14.32 ± 0.27 d 16.33 ± 0.28 e 14.52 ± 0.51 d 6.61 ± 0.17 a

DM + Glib 42.56 ± 0.47 a 47.80 ± 0.69 a 41.72 ± 0.85 a 2.10 ± 0.26 cd

DM + GXSPE-100 29.76 ± 1.03 c 30.34 ± 0.69 d 29.50 ± 1.55 c 3.02 ± 0.06 b

DM + GXSPE-200 34.22 ± 1.55 bc 36.76 ± 1.75 bc 32.22 ± 1.26 bc 2.66 ± 0.09 bc

DM + GXSME-100 31.70 ± 1.06 c 32.52 ± 1.52 cd 30.98 ± 1.12 bc 2.68 ± 0.11 bc

DM + GXSME-200 38.10 ± 1.61 ab 38.84 ± 1.68 b 35.58 ± 1.30 b 2.44 ± 0.13 bcd

Statistical analysis was carried out using one-way ANOVAwith Tukey’s post hoc test. Values are expressed as mean ± standard error with n = 5 for all
groups. Values with different letters along either a row or a column are significantly different (p < 0.05) from each other

Fig. 2 HPLC chromatogram a
standard and b Garcinia
xanthochymous seed methanol
(GXSME) extract. 1 tannic acid
(TA); 2 gallic acid (GA); 3 4-
hydroxybenzoic acid (4-HBA)
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progressive protienuria, and dyslipidemia (Ajiboye et al.
2010; Oloyede et al. 2014; Latha and Daisy 2011). Daily oral
administration of the GXSPE and GXSME to the DM mice
significantly improved the lipid profile towards normalcy.
GXSPE was more effective compared to GXSME in bringing
the HDL level to normalcy whereas the remaining lipid profile
parameters were found to be more significant when 200 mg/
kg of GXSME was administered. The anti-hyperlipidemic ef-
fect may be brought about by GXSPE and GXSME by de-
creasing the cholesterogenesis and fatty acid synthesis. The
reversal of lipid profile alteration by the seed extracts shows
the ability of the extract to regulate lipid metabolism and pre-
vent various diseases (McGillicuddy et al. 2011).

Cytotoxicity of xenobiotics can be checked by monitoring
the activities of serum enzymes like AST, ALT, and ALP.
Significant elevation of these enzymes in the DM group was
observed. Administration of GXSPE andGXSME significant-
ly (p < 0.05) reversed the serum enzyme levels and restored it
to normalcy. The reason behind the effect of GXSPE and
GXSME is not understood at present. However, these en-
zymes are usually considered as indicators of hepatic dysfunc-
tion and damage and increase of these enzymes in serum of
DM group may be due to the leakage of these enzymes in the
blood (Navarro et al. 1993) or cellular destruction occurring in
the liver (Hassoum & Stohs 1995). Similar reversal in lipid
profiles was observed in alloxan-induced DM mice adminis-
tered with Nerium oleander extracts (Dey et al. 2015).
Diabetic nephropathic symptom resulting from renal morbid-
ity and mortality causes kidney or renal failure or extracellular
dehydration. Urea and CRE levels significantly increased in
DM mice. The increased levels of urea and CRE could be a
result of an extensive muscle breakdown associated with ca-
tabolism of plasma proteins and liver (Jorda et al. 1982).
Treatment of DMmice with GXSPE and GXSME significant-
ly (p < 0.05) decreased the elevated levels of urea, uric acid,
and CRE. Total proteins consist of major components like
ALB and globulins, which are mainly synthesized in the liver
(Satyanarayana & Chakrapani 2006). Reduction of protein
and ALB in diabetic conditions may be due to proteinuria or
albuminuria, which are the symptoms of diabetic nephropathy
(Kaleem et al. 2008). Administration of GXSPE and GXSME
increased the level of total proteins and ALBs significantly
compared to the DM mice. Furthermore, the TB and DB
levels were also restored by these extracts.

Lipid peroxidation causes membrane damage, functional
loss, and modification of proteins and DNA bases (Niki
2009) and dysfunction of pancreas. It is usually indicated by
increased levels of MDA in pancreas. This increase in MDA
may be due to the decreased anti-oxidant defense systems,
which usually eliminate free radicals and ROS in cells.
Significant reversal inMDA and anti-oxidant defense systems
was observed in DM mice administered with GXSPE and
GXSME (Table 5). This reversal of increased MDA by

GXSPE and GXSME could be due to the free radical and
ROS scavenging activity and detoxification ability exhibited
by GXSPE and GXSME through enhanced GSH, SOD, and
CAT activities.

Plants have been an important source of various anti-oxi-
dants, which have a great potential to ameliorate DM, chronic
hyperglycemia, and oxidative stress in diabetic conditions
(Collier et al. 1990; Bajaj & Khan 2012). The anti-oxidant
potential of the plants is due to the presence of secondary
metabolites like phenolic compounds. The phenolic com-
pounds identified in the present study have been reported to
have serious implication on the anti-diabetic activity especial-
ly gallic acid and 4-HBA. Gallic acid significantly decreases
hyperglycemia (Ahad et al. 2015; Huang et al. 2016) and
reduces the serum CRE, urea, and proinflammatory cytoki-
nins (responsible for diabetic nephropathy) like interleukin-1
(IL-1β), IL-6, tumor necrosis factor alpha, renal pathology
and attenuated renal oxidative stress and the p38-MAPK-
mediated renal dysfunction in diabetic conditions (Ahad
et al. 2015). Gallic acid studies on diabetic-induced myocar-
dial dysfunction showed hypoglycemic effect in animal
models. The TC and TG levels were lowered in diabetic ani-
mals, and anti-oxidative protection was observed (Patel and
Goyal 2011). According to Peungyicha et al. (1998a, b) 4-
HBA produces a hypoglycemic effect by an increase in the
peripheral glucose consumption. TA has also been reported to
have glucose transport stimulatory and adipocyte
differentiation-inhibitory activities (Liu et al. 2005).

Conclusions

The present study revealed that seed petroleum ether extract
(GXSPE) and seed methanolic extract (GXSME) of
G. xanthochymus at all doses investigated possessed anti-
diabetic and anti-dyslipidemic activity. However, the metha-
nolic extracts were more effective in reducing the diabetes and
related biochemical parameters in mice. The oxidative stress
caused by the toxin alloxan in the liver and pancreas in dia-
betic mice was also attenuated by these extracts. This effect
may be assumed to be due to the synergistic effects of the
bioactive phenolic compounds present in the extracts.
Hence, these seed extracts can be used as a potential source
for the synthesis of herbal drugs for the treatment of diabetes.
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Abstract   25 

In the present study, sorption and detoxification of malachite green (MG) dye was executed 26 

using biochar resulting after pyrolysis of agro-industrial waste at 400, 600 and 800 oC. Maximum 27 

sorption of MG dye (3000 mg/L) was observed on the sugarcane bagasse biochar (SCB) prepared at 28 

800 oC. The interactive effects of different factors like dye concentration, time, pH and temperature 29 

on sorption of MG dye were investigated using response surface methodology (RSM). Optimum MG 30 

dye concentration, contact time, temperature and pH predicted through Box–Behnken based RSM 31 

model were 3000 mg/L MG dye, 51.89 min, 60 oC and 7.5, respectively. ANOVA analysis displayed 32 

the non-significant lack of fit value (0.4566), whereas, the predicted correlation coefficient values (R2 33 

0.8494) were reasonably in agreement with the adjusted value (R2 0.9363) demonstrating highly 34 

significant model for MG dye sorption. The applicability of this model was also checked through F– 35 

test (30.39) with lower probability (0.0001) value. Furthermore, the characterization of SCB was 36 

performed using fourier transform infra-red spectroscopy (FTIR), X-ray diffraction (XRD), scanning 37 

electron microscope (SEM), Brunauer-Emmett-Teller surfaces (BET), total organic carbon (TOC) 38 

and atomic absorption spectroscopy (AAS). Phyto-toxicity and cytogenotoxicity studies showed 39 

successful removal of MG dye using SCB. In addition, the batch sorption studies for reutilization of 40 

SCB revealed that the SCB was effective in removal of MG for five repeated cycles. This 41 

technology would be effective for treating the toxic textile effluent released from the textile 42 

industries. 43 

Keywords: Biochar, Malachite green, Phyto-toxicity, Response surface methodology, Sorption, 44 

Sugarcane bagasse 45 
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1. Introduction 47 

The globalrise in population has eventually increased the discharge of organic and inorganic 48 

pollutants through various industrial, residential, and agricultural activities that frequently 49 

contaminates the soil and water bodies. Textile dyes are one of the major organic pollutants released 50 

in the water bodies as an effluent from the textile industries (Rodrigues et al., 2009). These textile 51 

dyes are highly toxic, mutagenic, and carcinogenic even at very low concentrations (Ahmed et al., 52 

2015). Textile effluent directly affects the water bodies by changing the chemical oxygen demand 53 

(COD) and biological oxygen demand (BOD) (UNESCO/WHO/UNEP, 1996), which ultimately 54 

reduces light penetration capacity by increasing the turbidity. 55 

Malachite green (MG), is the water soluble cationic dye widely used in the textile industries 56 

for dyeing and in some aquaculture to control the protozoa and fungal contaminations due to its low 57 

production cost (Schnick, 1988; Moturi and Charya, 2009). Nevertheless, MG is highly toxic to the 58 

organisms which eventually reduces their growth, fertility rates, food intake and also retains 59 

carcinogenic properties (Culp et al., 1999). Therefore, the use of MG has been banned in USA and 60 

several other countries (Cha et al., 2001). Previously, several researchers have applied different dye 61 

decolourization methods like biodegradation, phytoremediation, adsorption, chemical precipitation, 62 

photolysis, electrochemical treatment, chemical oxidation and reduction (Sudhakar et al., 2001; 63 

Jadhav et al., 2010). However, these decolourization techniques have several drawbacks such as high 64 

cost, huge sludge generation, high dissolved O2 requirement and production of extremely toxic 65 

intermediates like leucomalachite (Bayramoglu et al., 2009). Currently, activated carbon has been a 66 

choice for sorption of toxic dyes, however, it has certain limitations for treating the effluent at 67 

commercial level due to the higher production cost. Therefore, the problem needs to be resolved by 68 

finding other low-cost sorbents (Nguyen et al., 2013).  69 
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Biochar (BC) is the carbon rich solid by-product resulting after the carbonization of biomass 70 

like wood, manure or leaves by heating to the temperatures between 300 oC to 1000 oC under the 71 

oxygen limiting conditions (Kwapinski et al., 2010; Lehmann and Joseph, 2009). BC is a cost 72 

effective carbonaceous sorbents with larger surface area and higher capacity to sorb organic and 73 

inorganic pollutants from the contaminated site (Beesley et al., 2011). The sorption capacity of BC 74 

was highly dependent on the type and chemical nature of biomass and pyrolysis conditions like time, 75 

temperature etc (Zhu et al., 2005). Different research groups have investigated biochar assisted 76 

elimination of environmental toxicants (Liu and Zhang, 2009; Sun et al., 2011; Lou et al., 2016). 77 

Removal of hazardous pollutants like fluorides, fluorinated herbicides, 2,4,6- TCP and  heavy metals 78 

like Cu, Zn, Pb, Al, Cd etc. was executed using the sludge and orange peel biochar (Oh et al., 2012), 79 

grass and wood biochar (Sun et al., 2011), sugarcane biochar (Mubarik et al., 2016), rice husk, dairy 80 

manure and corn straw biochar (Xu et al., 2013),  respectively.  81 

In the present investigation, screening of different biochar for sorption of toxic MG dye at 82 

higher concentration was executed. The sugarcane bagasse biochar (SCB) was further studied for 83 

different factors like concentration of dye, contact time, pH and temperature using response surface 84 

methodology (RSM) to predict the optimum and interactive response (Myers et al., 2009) between 85 

each variable in existence of another variable at a different experimental level. In addition, FTIR, 86 

XRD, SEM, BET, TOC and AAS characterization of SCB was performed. The phyto and 87 

cytogenotoxicity studies were also executed to evaluate the toxicity level of MG dye before and after 88 

sorption on SCB. This was the first report till date to demonstrate higher sorption of MG dye on 89 

SCB with significant reduction in its toxicity level. 90 

 91 

 92 
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2. Material and Methods 93 

2.1. Biomass and chemicals 94 

The sugarcane bagasse, cotton waste, groundnut shells, rice husk and paper waste biomass 95 

were collected from the local industries located near Kolhapur, India. MG dye was purchased from 96 

HiMedia laboratories Pvt. Ltd, India. Acetonitrile, glacial acetic acid and chloroform were obtained 97 

from SD fine chemicals Pvt. Ltd, India. Hydrochloric and sulphuric acids were acquired from 98 

Thermo-Fisher Scientific, India. Ethanol was procured from Hayman Ltd, United Kingdom. All the 99 

other fine chemicals used were of analytical grade and highest purity.  100 

2.2. Preparation and screening of different biochar for MG dye sorption 101 

The effect of biomass type and temperature for maximum sorption of MG dye on biochar 102 

were sudied. Biochar preparation was executed by pyrolysing the sugarcane bagasse, cotton waste, 103 

groundnut shells, rice husk and paper waste biomass at 400 oC, 600 oC and 800 oC for 60 min under 104 

oxygen limiting conditions using furnace flooded with N2 gas. The resulting biochar were named as 105 

sugarcane bagasse biochar (SCB), groundnut shells biochar (GSB), rice husk biochar (RHB), paper 106 

waste biochar (PWB) and cotton waste biochar (CWB). For the initial sorption screening, 10 ml (500 107 

mg/L) of MG dye was incubated (60 min) with the biochar (0.5 g) prepared at different pyrolysis 108 

temperatures. After incubation, the mixture was centrifuged at 10,000 rpm for 10 min and the optical 109 

density of the supernatant was measured at 614 nm using a UV–Vis spectrophotometer 110 

(Shimadzu1240, Japan). It was observed that MG dye was completely sorbed on the SCB prepared 111 

at 800 oC amongst the tested biochar. Therefore, all the further experiments were conducted using 112 

SCB prepared at 800 oC. 113 

 114 
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2.3. Box–Behnken design based RSM 115 

RSM have advantage of minimum experiments which reduces the process time and 116 

production cost (Annadurai et al., 2002). The design expert 10 Stat-Ease software (Minneapolis, 117 

USA) was used for exploring statistical applicability of the designed experiment. In the present 118 

study, Box–Behnken based RSM model was performed for the standardization of four different 119 

factors (pH, temperature, contact time, and dye concentration). Each factor consisted of three levels 120 

which were lower (-1), higher (+1) and central point (0) for the optimum sorption of MG dye. The 121 

performed experiment gave 29 experiments comprising 24 trials and 5 central points with three 122 

replicates to fit polynomial model by a response equation: 123 

                                                                            k                          k                           k-1         k 124 

Y= R0 + � RiX i + � RiiX i
2 + �   � RijX iX j + ɛ        (1) 125 

                                       i=1            i=1             i=1,j=2 i< j 126 

where X1, X2, X3, X4, Xk are independent variables, which affect response Y, and R0, Ri, Rii, 127 

Rij (i = 1−k, j = 1− k) are the known parameters, while ε was the random error.  128 

All the results were examined by ANOVA using design expert trial version 10 Stat-Ease 129 

software, Minneapolis, USA. 130 

2.4. Physical and chemical characterization  131 

The point of zero charge pH (pHpzc) of SCB (800 oC) was determined by using the method 132 

of Abia and Asuquo (2007). FTIR analysis was performed to characterize the functional group using 133 

Nicolet 6700 FTIR (Thermo-Scientific) in the scanning range 4000 to 500 cm-1 with a resolution of 8 134 

cm–1 and a mirror velocity of 0.48 cm s-1. Similarly, the XRD examination was conducted using X-135 

ray diffractometer (Bruker AXS Model: D2 phaser analytical instruments Pvt. Ltd., Germany). 136 
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Surface morphologies of biochar were determined using the SEM (JEOL-JSM-6360, Japan). 137 

Furthermore, BET surfaces were studied for surface area assessment (BET Single-Point). TOC was 138 

examined using Multi N/C 2100 Analytic Jena HT1300 (Germany). In addition, the metals were 139 

quantified using the AAS (Perkin–Elmer 8650, USA). The phosphorus content was assessed 140 

according to the method employed by Nahapetian and Bassiri (1976). 141 

2.5. Toxicology studies of MG dye 142 

2.5.1. Phyto-toxicity analysis 143 

Phyto-toxicity testing was performed using seed germination bioassays to provide significant 144 

information regarding the potential application of the system. The phyto-toxicity assay was based on 145 

U.S. EPA guidelines considering seed germination rate and plant growth with few modifications 146 

(U.S. EPA, 1989). Vigna Mungo seeds were exposed to the MG dye (3000 mg/L) before and after 147 

sorption on SCB. After 6 days of treatment, seed germination percentage (G) was calculated using 148 

the formula of Nagia and EL-Mohamedy (2007):  149 

%G = (Number of germinated seeds / Total number of seeds) × 100                           (2) 150 

2.5.2. Cytogenotoxicity test 151 

Allium cepa bulbs of even size and shapes were exposed directly to MG dye (3000 mg/L) and 152 

SCB treated solution of MG dye (3000 mg/L and 3500 mg/L). Whereas, the control bulbs were 153 

treated only with distilled water. All the sets were incubated at room temprature for 48 h, followed 154 

by washing the root tips and their cytogenotoxicity analysis (Jadhav et al., 2011). 155 

2.6. Reutilization of SCB biochar 156 

The reutilization efficiency of SCB for successive sorption of MG dye was investigated for 157 

five cycles. Briefly, in first sorption cycle, SCB (0.5 g) was treated with 10 mL of MG dye (3000 158 
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mg/L), pH 7.5 and incubated at 60 oC for 51.89 min. After successful sorption of dye in the first 159 

cycle SCB was separated and washed with distilled water. After drying, different solvents like 160 

acetonitrile, chloroform, hydrochloric acid (0.1M), sulphuric acid (0.1M), glacial acetic acid (1M) 161 

and ethanol were used for desorption of MG dye from SCB. The effective MG dye desorption was 162 

achived by acetonitrile, so all the further desorption experiment were performed using the same 163 

solvent. The dye desorbed SCB was reutilized repetitively for next four cycles in MG sorption and 164 

desorption studies as above and sorption efficiency of SCB was recorded. 165 

2.7. Statistical analysis 166 

All the experimental analysis was carried out in triplicates and results were expressed as 167 

mean±SD value. The data was examined using one-way analysis of variance (ANOVA) followed by 168 

Dunnett multiple range test at P<0.05 to detect significant differences between the mean values of 169 

control and treated samples using Graph Pad Prism 5.  170 

3. Results and discussion 171 

3.1. Sorption studies of MG dye using different biochar 172 

The initial screening of SCB, GSB, RHB, PWB and CWB biochar prepared at 400 oC, 600 oC 173 

and 800 oC for maximum sorption of MG dye (500 mg/L) were shown in fig. 1. It was observed that, 174 

the biochar prepared at 800 oC demonstrated maximum sorption of MG dye (500 mg/L) in the 175 

following order: SCB (100%), GSB (97.84%), PWB (97.54%), RHB (96.12%) and CWB (95.01%). 176 

Whereas, the biochar prepared at 600 oC showed removal of MG dye: SCB (94.63%), GSB 177 

(93.14%), PWB (92.89%), RHB (89.23%) and CWB (84.22%). However, the biochar produced at 178 

400 oC were less effective in sorption of MG dye as follow: SCB (88.01%), GSB (85.86%), PWB 179 

(83.13%), RHB (77.02%) and CWB (75.05%), respectively.  180 
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Lyu et al. (2016) have reported that pyrolysis temperature greatly affects the surface area and 181 

pore volume of biochar which ultimately alters the sorption capacity. The overall observations of 182 

this experiment suggested that the pyrolysis conditions influenced the dye sorption capacity of the 183 

biochar. Similar results have been reported in case of biochar prepared from hornbeam sawdust 184 

biochar, rice straw biochar, and bamboo biochar (Ates and Un, 2013; Hameed and El-Khaiary, 2008; 185 

Yang et al., 2014). Hence, all the further experiments were conducted using the SCB biochar 186 

prepared at 800 oC showing maximum sorption of MG dye.  187 

3.2. Optimization of variable for MG dye sorption on SCB 188 

3.2.1. Sorption optimization using RSM  189 

 Box–Behnken design was used to optimize the significant variables. Table 1 represents the 190 

higher and lower levels of the factors, whereas, table 2 displayed design matrix and results of 29 191 

experiments analysed using the Box–Behnken design. Regression equation achieved after ANOVA 192 

gives the MG dye sorption capacity of SCB as a function of different variables, such as dye 193 

concentration, time, pH and temperature. All terms were included in the equation given below: 194 

      % Sorption = +23.87000 + 7.33917E-003 × X1 + 0.19450 × X2 + 12.11000 195 

     × X3 + 0.57883 × X4 + 1.50000E-005 × X1 × X2 - 1.31667E-004 196 

                            × X1 × X3 -1.00000E-005 × X1 × X4 – 2.77778E-003 × X2 197 

         × X4 - 1.10000E-003 × X1 × X4 – 0.025667 × X3 × X4 -1.35875E-006  198 

                 × X1
2 – 1.32778E-003 × X2

2 – 0.67667 × X3
2 -2.55000E-003 × X4

2       (3)                                                                               199 
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  ANOVA model was considered as a valuable test for evaluating statistical 200 

significance of the experimental model. As shown in table 3, the model was highly significant, 201 

which was elucidated through ANOVA regeneration model using Fisher’s F-test (30.39) with a 202 

very low probability value [(P model >F) = 0.0001]. There was 0.01% chance that a larger F-203 

value could occur due to noise. The p values <0.05 indicates model was significant, whereas, >0.1 204 

showed non-significant model (Korbahti and Tanyolac, 2008; Zarei et al., 2010). In the present 205 

study, X1, X2, X1
2, and X3

2 was considered as a significant model. The variants of data around the 206 

fit model were revealed through lack of fit values. Lack of fit value showed significant if model 207 

consisting data does not fit well (Myers et al., 2009). In present model, lack of fit value F-1.23 208 

indicated that it was non-significant relative to pure error when p value was 0.5568 >0.05. The 209 

non-significant lack of fit value showed good anticipation of this model.  Also, their coefficient of 210 

variation value (0.39) was low; indicating high accuracy and significant reliability of the 211 

experiment (Amini et al., 2008). Further, the model effectiveness was also tested through 212 

reasonable agreement of predicted (R2 0.8494) and adjusted (R2 0.9363) correlation coefficient 213 

values with response variables. Hence, it stated that this model was highly significant for the 214 

sorption of MG dye on SCB. Recently, Noordin et al. (2004) and Soltani et al. (2013) reported 215 

that adequate accuracy compares the range of anticipated values at design points to average 216 

prediction error. Adequate precision value greater than 4 was desirable. Whereas, in the present 217 

study, adequate precision value was 19.097 which suggested an adequate signal and model that 218 

can be used to navigate the design space. Therefore, ANOVA analysis specified that the model 219 

relevance for sorption of MG dye on SCB was within limit of experimental factors. 220 

3.2.2. Response surface plots 221 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

11 

 

The influence of various factors on sorption of MG dye has been shown in the surface plot graphs 222 

(Fig. 2). The cumulative effect of MG dye concentration with time, pH and temperature on sorption 223 

of dye was studied (Fig. 2a, b, c).  224 

In the present study, it was observed that increase in the MG dye concentration, the time 225 

required for sorption was also increased which ultimately declined the sorption capacity. The 226 

concentration of cationic adsorbate in the solution, as well as slow pore diffusion of solute ions into 227 

bulk of adsorbent would be the reason for slow sorption (Santhi et al., 2010). Similarly, the rapid 228 

sorption of dye at initial contact time might be due to the presence of several active sites and 229 

functional groups available on the SCB, these results were comparable with the earlier reports of 230 

Saygil and Guzel (2015). The elliptical shape of graph indicated that both the factors (dye 231 

concentration and time) showed the significant interaction on sorption of MG dye (Fig. 2a).  232 

Similarly, the pH of the solution played important role in the dye sorption. At alkaline pH 233 

higher sorption of MG dye was observed, whereas, the acidic pH was less effective in sorption of 234 

MG dye. At acidic pH, H+ ions engulf the surface of biochar, thus the positively charged MG dye 235 

was unable to sorb at acidic pH. However, at  higher pH than the optimum, the sorption efficiency 236 

was also decreased due to OH– ions residing on the free sites of negatively charged adsorbent 237 

(Nekouei et al., 2017). Both the factors exhibit quadratic responses and 3-D plot showed the 238 

circular nature of graph indicating insignificant interaction on MG sorption (Fig. 2b). 239 

In addition, the interactive effect of temperature with MG dye concentration has shown in 240 

Fig. 2c. It was observed that as temperature increases, the sorption of MG dye also increases; 241 

however, beyond the optimum temperature no significant change in sorption of MG dye was 242 

observed which might be resulted due to the endothermic reaction. At higher temperature, the dye 243 

molecules have sufficient energy to interact with the surface of biochar. Moreover, rise in 244 
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temperature also decreases viscosity of the solution resulting in increased diffusion rate of dye 245 

molecules across the external surface and internal pores of material (Ahmad and Alrozi, 2011). 246 

Hence, the present graph showed elliptical shape with interactive significance for both the factors on 247 

sorption of MG dye (Fig. 2c).   248 

 The influence of time and pH on sorption of MG dye was also studied (Fig. 2d). It was 249 

demonstrated that as the incubation time increases the sorption of MG dye also enhanced. pH 250 

controls the surface charge on biochar; hence, at pH below isoelectric point, the charge on surface 251 

will be net positive. Whereas, at higher pH, the surface will have net negative charge (Mukherjee et 252 

al., 2011; Inyang and Dickenson, 2015). The ionic strength of the solution also played important role 253 

in adsorption of organic contaminant on biochar (Qiu et al., 2009; Xu et al., 2011). Hence, the effect 254 

of ionic strength on adsorption on biochar may be positive or negative depending on pH or the point 255 

of zero charge of biochar (Bolan et al., 1999). The circular shape graph was observed with negligible 256 

interactive significance between pH and time on sorption of MG dye (Fig 2d).  257 

Furthermore, the interactive effect of temperature with time and pH on sorption of MG dye 258 

was investigated (Fig. 2e, f). In fig. 2e, the combinatorial effect of time and temperature on sorption 259 

MG dye was observed. At lower temperature and incubation time, the sorption capability of MG dye 260 

was decreased which could be due to the higher viscosity of MG dye responsible for slow diffusion 261 

rate across the SCB. However, at higher temperature and incubation time, the sorption of MG dye 262 

was also increased due decrease in the viscosity of MG dye solution, similar results were reported by 263 

Ahmad and Alrozi (2011). Overall observations suggested that as the incubation time and 264 

temperature was increased the sorption of MG dye also increases.  265 

In addition, the cumulative impact of pH and temperature on sorption of MG dye was 266 

determined which showed the quadratic and linear graph respectively (Fig. 2f). It was observed that 267 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

13 

 

the pH played more prompting effects on MG sorption as compared to the temperature. However, 268 

MG dye sorption capacity was declined at the acidic as well at alkaline condition due to the 269 

mechanism of protonation and deprotonation of adsorbent responsible for the sorption (Liu and 270 

Zhang, 2009). The elliptical graph was detected showing significant effect of pH and temperature on 271 

sorption of MG dye.  272 

3.2.3. Validation of the experimental model 273 

Validation was done using the model predicted conditions. The optimum predicted 274 

conditions through this model were 3000 mg/L dye, 51.89 min incubation time, 7.5 pH, and 60 oC 275 

temperature. The predicted sorption of MG dye through this model was 100.006%, which was in 276 

close correlation with the actual observed experimental MG dye sorption (99.99%). The present 277 

model was validated using close correlation between the experimental and predicted values 278 

indicating the efficiency of RSM over traditional optimization. 279 

3.3. Characterization of the sugarcane bagasse and SCB 280 

3.3.1. Point of zero charge (pHpzc) of SCB 281 

The pH point at which the adsorbent has zero charge (pHpzc) could be helpful for the 282 

efficient sorption of textile dye. As the adsorbent was kept in the aqueous solution having pH below 283 

the pHpzc it will be engulfed by the positively charged ions that eventually attract the negatively 284 

charged ions. Whereas, increase in pH above the pHpzc deprotonates the adsorbent consequently by 285 

increasing the negative charge on it. In the present study, initial pH gets dropped and then goes to 286 

maximum value at pH 12. The line crossed the X-axis at pH 5.3, representing the adsorbent has no 287 

charge. Therefore, it was determined that the pHpzc of SCB was 5.3 (Fig. S1; Supplementary data). 288 

Similar results were observed for Haloxylon recurvum plant stems by Hassan et al. (2017). 289 
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3.3.2. FTIR analysis 290 

FTIR was performed to identify different functional groups present on the biomass before 291 

and after pyrolysis. The surface functional groups on the biochar highly depend on the pyrolysis 292 

conditions under which it was prepared (Chun et al., 2004). As shown in supplementary fig. S2 a, the 293 

sugarcane bagasse showed peaks at 3333 cm-1 which signified the presence of phenolic and alcoholic 294 

(-OH) groups. Similarly, the peaks at 2852 cm-1 and 1733 cm-1 indicated the presence of saturated 295 

alkane (C-H) and stretching of aldehyde carbonyl groups (CO-H), respectively. In addition, the 296 

sugarcane bagasse FTIR peaks observed at 1695 cm-1 may attribute to amide (CO-N) carbonyl 297 

groups, while, the peaks at 1320 cm-1, 1508 cm-1, and 1540 cm-1 indicated the presence of nitro 298 

groups (NO2) and 1032 cm-1 would be a sulphoxide group (S=O). However, after pyrolysis of the 299 

sugarcane bagasse at 800 oC, most of the functional groups were eliminated from the resulting SCB 300 

biochar which might be due to the higher pyrolytic temperatures (Fig. S2 b; Supplementary data). 301 

Nevertheless, some new peaks were observed at 1019 cm-1 representing sulphoxide group (-S=O), 302 

and other peaks detected at 512 cm-1, 538 cm-1, 564 cm-1, 608 cm-1, and 647 cm-1 might be the 303 

halogen groups. The present results were in agreement with pine needles biochar having higher 304 

surface area and carbon content which showed pore filling mechanism for organic pollutant sorption 305 

(Chen et al., 2008). Similarly, Lou et al. (2016) reported that an increase in the pyrolysis temperature 306 

increases the biochar porosity which ultimately provides higher surface area for the better adsorption 307 

of the pollutants. 308 

3.3.3. XRD analysis 309 

XRD assessment was executed to detect the crystalline nature of SCB prepared at 800 oC 310 

before and after sorption of MG dye. The peaks observed in SCB (6.05A0) were slightly shifted after 311 
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sorption of the MG dye on SCB (5.77A0) as showed in supplementary data (Fig. S3 a, b). Zheng et 312 

al. (2013) have reported decrease in the XRD peak intensities in the biomass prepared at higher 313 

pyrolysis temperatures.  314 

3.3.4. SEM examination 315 

SEM was executed for studying the surface morphologies of SCB before and after sorption 316 

of MG dye (Fig. 3 a, b). SEM micrographs proved that the shape of native SCB was rough and 317 

cylindrical, while, the surfaces of SCB after sorption of MG dye were smooth due to the sorption of 318 

MG dye on SCB. Lehmann and Joseph (2009) reported that higher pyrolysis temperature produces a 319 

biochar with porous nature providing more surface area responsible for higher adsorption of 320 

pollutants. Mahmoud et al. (2012) described a honeycomb like porous network in the Hibiscus 321 

cannabinus fiber biochar when observed under SEM.  322 

3.3.5. BET surfaces analysis 323 

The BET surfaces are highly depended on parent biomass, heating rate and pyrolysis 324 

temperature. In current study, SCB prepared at 800 oC showed BET surface area 382.89 m2 g-1. Liu 325 

and Zhang (2009) reported that the higher BET surface areas were resulted due to the increase in the 326 

pyrolysis temperatures.  The BET surface area of waste bamboo scaffolding biochar (900 oC) and 327 

oak biochar (450 to 650 oC) were 327 m2 g−1 and 225 m2 g-1 respectively (Mui et al., 2010; 328 

Mukherjee et al., 2011). However, the animal waste biochar showed lower BET values than plant 329 

based biochar produced at similar conditions due to the higher inorganic and ash components (Sun et 330 

al., 2011). In current study, the sorption of MG dye was improved at higher pyrolysis temperature 331 

from 400 oC to 800 oC which could be due to increase in the BET surface.  332 

3.3.6. TOC determination 333 
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TOC content of sugarcane bagasse and SCB biochar before and after sorption of MG dye 334 

was studied. The TOC contents were as follow: sugarcane bagasse (290.3 g/Kg), SCB (605.9 g/Kg), 335 

and SCB after sorption of MG dye (659.1 g/Kg). Highest TOC was observed in SCB after sorption 336 

of MG dye which might be due to the MG dye containing carbon in its molecular structure. TOC 337 

content of different biochar ranges from 540 to 940 g/Kg which was highly dependent on the type of 338 

biomass and pyrolysis conditions (Rondon et al., 2007). Lee et al. (2013) have stated that the high 339 

TOC content of biochar was helpful in adsorption of organic pollutants from the soil at higher rate. 340 

3.3.7. Metal analysis 341 

The metal content of sugarcane bagasse and SCB were investigated (Table G1; 342 

Supplementary data). Potassium, magnesium, sulphur, zinc, ferrous, copper, manganese, 343 

molybdenum, and boron contents were higher in SCB as compared to the sugarcane bagasse. 344 

However, the calcium and sodium contents were decreased, whereas, other metal contents were 345 

increased in SCB. The content of metals in biochar was mainly depended on the source of biomass 346 

(Gu and Wong, 2004; Hanay et al., 2008). 347 

3.4. Toxicity examination 348 

3.4.1. Phyto-toxicity evaluation 349 

Chemical nature and concentration of the dye greatly influences their toxicity levels. The 350 

untreated effluent released from the textile industries contains several hazardous dyes, so that water 351 

cannot be used directly for the agriculture purposes. In present study, toxicity of MG dye and the 352 

residual dye after sorption on SCB was assessed using Vigna mungo seed germination tests. The 353 

germination rate of seeds exposed directly to the MG dye (3000 mg/L) was completely inhibited. 354 

However, the germination rate in seed exposed to the residual MG dye after sorption on SCB was 355 
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100%, which was similar to the distilled water treated seeds (100%). In addition, the plumule and 356 

radical length of the seedlings exposed to SCB treated residual MG dye were 10.8 ± 1.5 cm and 14 ± 357 

1.2 cm, respectively as compared to distilled water treatment, 11.1 ± 1.4 cm (radical) and 14.3 ± 0.9 358 

cm (plumule) (Table G2; Supplementary data). 359 

3.4.2. Cytogenotoxicity evaluation 360 

Shift in the mitotic index is considered as the indication for the presence of a toxic compound 361 

in the environment even at very low concentration; hence this parameter could be utilized in 362 

cytotoxic studies for environmental biomonitoring of the compounds (Phugare et al., 2011). 363 

Cytogenotoxicity assay in terms of chromosomal aberration and mitotic index were performed using 364 

the A. cepa. The root development was completely inhibited in the A. cepa bulbs exposed directly to 365 

the MG dye (3000 mg/L).  As shown in Table G3 (Supplementary data) the mitotic index of the 366 

roots exposed to the residual dye (8.4 ± 0.21%) was close to the distilled water treatment (8.6 ± 367 

0.31%), in both the treatment chromosomal aberrations were not observed. In addition, alterations in 368 

the chromosomes were not observed in the roots treated with residual dye after SCB treatment 369 

suggesting the complete sorption of MG dye (Fig. 4 A). However, at the higher MG dye 370 

concentration (3500 mg/L), the sorption capacity of SCB was significantly declined which 371 

ultimately resulted in increased residual dye toxicity (p<0.001) (Table G3; Supplementary data). 372 

The textile dyes are highly toxic to the A. cepa root cells when exposed directly. 373 

Nevertheless, the decolorizing agents successfully reduces the toxicity of the dye (Sudhakar et al., 374 

2001; Jadhav et al., 2010). Therefore, the chromosomal abbreviation in terms of disoriented 375 

metaphase, telophase bridge, metaphase sticking, lagging chromosome and abnormal vacuole were 376 

noticed (Fig. 4B).  377 
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3.5. Reutilization efficiency of SCB 378 

Reuse of adsorbents was essential to evaluate the reusability of adsorbent for the number of 379 

cycles for rigorous ecological and economical demand for sustainability (Sun et al. 2011). The batch 380 

studies were performed to demonstrate the efficiency of SCB to sorb MG dye for five repeated 381 

cycles using the sorption-desorption process after each cycle. In the first cycle, 99.99% sorption of 382 

MG dye was observed on the SCB, however, after the successive sorption and desorption in each 383 

cycle, the sorption capacity was declined to 68.57% in fifth cycle (Fig. S4; Supplementary data).  384 

For the sorption of dye compound on biochar, π - π interactions between dye molecules and 385 

carbon surfaces, along with electrostatic attraction/repulsion and intermolecular hydrogen bonding 386 

were proposed (Qiu et al., 2009; Inyang and Dickenson, 2015). Biochar surfaces are usually 387 

negatively charged, sorpion depends on amount of negative charge present on the biochars indicating 388 

the electrostatic attraction which played a major role in the char-based adsorption of dye. The MG 389 

dye is the cationic dye which might have been attracted by the negatively charged biochar surface. 390 

Similar results have been reported for cationic dyes like methylene blue (Inyang et al., 2014) and 391 

methyl violet (Xu et al., 2011) and rhodamine (Qiu et al., 2009). Overall observation showed that the 392 

SCB could be reutilized for consecutive sorption of dye on biochar which might be economical in 393 

treating the textile wastewater. 394 

4. Conclusion 395 

In the present study, different biochar like SCB, GSB, PWD, RHB, and CWB were prepared 396 

at 400 oC, 600 oC and 800 oC using low-cost agro-industrial waste. The SCB prepared at 800 oC was 397 

most effective in sorption of MG dye even at higher concentration (3000 mg/L). Box–Behnken 398 

based RSM model showed optimized process conditions including dye concentration, time, 399 
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temperature, and pH were 3000 mg/L, 51.89 min, 60 oC and 7.5, respectively. The results obtained 400 

from the RSM could help to run the experimental practices which reduces time and developmental 401 

cost. The present used model has showed good agreement of predicted value with experimental 402 

value indicating model was highly significant. Surface plot graph showed that pH and temperature 403 

played important role in MG dye sorption. Moreover, the plant based bioassay supported the 404 

successful sorption of MG dye on SCB. This technology of converting the waste biomass into 405 

biochar would be beneficial for the sorption of highly toxic textiles dyes to the greatest extent. 406 

Further studies would be extended to evaluate the efficiency of SCB for removal of textile effluent 407 

containing mixture of several toxic dyes. 408 
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Table 1: Experimental level of independent variables for MG dye sorption using Box–Behnken design 

Independent variables           Symbol                    Coded levels 

 
Dye concentration (mg/L) 
Time (min) 
pH 
Temperature 

 

X1 

X2 

X3 

X4 

-1              0          +1 
2000       3000      4000 
30                45          60 
6.0         7.5         9.0 
50           60         70 

      

Table 2: Variables with actual and predicted response (% dye sorption) performed using Box–Behnken design 

Note: (−1) low level, (+1) high level, (0) center point; X1 (dye), X2 (time), X3 (pH) and X4 (temperature). 

 

 

Run Factor 

X1 

Factor 

X2 

Factor 

X3 

Factor 

X4 

       Actual 

value (Y %) 

Predicted  

value (Y1 %) 

Externally 
Studentized 

residual 

1 -1 0 0 1 100.00 100.06 -0.234 

2 1 -1 0 0 95.89 95.73 0.612 

3 0 0 -1 1 98.87 98.61 1.067 

4 1 1 0 0 96.80 97.18 -1.607 

5 1 0 1 0 95.00 94.89 0.447 

6 1 0 -1 0 95.49 95.58 -0.352 

7 0 0 -1 -1 98.19 97.82 1.565 

8 0 0 1 1 97.14 97.54 -1.693 

9 0 1 0 1 100.00 99.63 1.576 

10 1 0 0 -1 96.80 96.59 0.826 

11 0 1 0 -1 99.99 99.94 0.192 

12 -1 0 0 -1 100.00 99.84 0.614 

13 0 0 0 0 100.00 99.84 0.451 

14 0 0 0 0 100.00 99.84 0.451 

15 0 0 0 0 100.00 99.84 0.451 

16 1 0 0 1 96.40 96.41 -0.034 

17 0 0 0 0 99.20 99.84 -2.060 

18 -1 1 0 0 100.00 100.18 -0.714 

19 0 -1 0 1 98.79 98.96 -0.678 

20 0 -1 1 0 97.74 97.43 1.256 

21 -1 -1 0 0 99.99 99.64 1.483 

 22 0 1 -1 0 98.57 98.73 -0.624 

23 -1 0 -1 0 98.40 98.64 -0.949 

24 0 0 1 -1 98.00 98.29 -1.178 

25 0 -1 -1 0 97.46 97.61 -0.583 

26 0 1 1 0 98.60 98.30 1.210 

27 0 0 0 0 100.00 99.84 0.451 

28 0 -1 0 -1 98.12 98.62 -2.265 

29 -1 0 1 0 98.70 98.73 -0.124 
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Table 3: Statistical analyses of Variance (ANOVA) for quadratic model of MG dye sorption 

 Source     Sum of square       df       Mean square        F-Value         p-value  

                                                                                                                 Prob>F 
               

Model            63.25                  14             4.52                   30.39           < 0.0001    Significant 

X1                  35.74                   1              35.74                 240.44         < 0.0001 

X2                  2.97                     1              2.97                   19.98              0.0005 

X3                  0.27                     1              0.27                   1.82                0.1992   

X4                  8.333E-004         1              8.333E-004       5.606E-003    0.9414  

X1X2              0.24                     1              0.24                   1.36                0.2626 

X1X3              0.16                     1              0.16                   1.05                0.3230 

X1X4              0.040                   1              0.040                 0.27                0.6121 

X2X3              0.016                   1              0.016                 0.11                0.7506 

X2X4              0.11                     1              0.11                   0.73                0.4065 

X3X4              0.59                     1              0.59                   3.99                0.0656 

X1
2                 11.98                   1              11.98                 80.56           < 0.0001 

X2
2                 0.58                     1              0.58                   3.89                0.0685 

X3
2                 15.04                   1              15.04                 101.15         < 0.0001 

X4
2                 0.42                     1              0.42                   2.84                0.1142 

Residual        2.08                     14            0.15 

Lack of Fit    1.57                     10            0.16                   1.23                0.4566    Not significant   

Pure Error     0.51                      4             0.13 

Cor Total       65.34                  28 

R
2

= 0.9681  R
2
adj. = 0.9363 R

2
pred. =  0.8494, Adequate precision = 19.097  (>4.0); df: Degrees of 

freedom; X1 (dye), X2 (time), X3 (pH) and X4 (temperature). 
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Fig.1. Screening of different biochar prepared using agro-industrial waste biomass like sugarcane 

bagasse, groundnut shell, rice husk, paper waste and cotton waste by pyrolysis at 400 oC, 600 oC 

and 800 oC temperature for sorption (%) of MG dye (500 mg/L). 
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Fig.2. 3-D surface plots: (a) X1 and X2 (b) X1 and X3 (c) X1 and X4 (d) X2 and X3 (e) X2 and X4     

      (f) X3 and X4, showed the effect of variables on MG dye sorption. 

       (Note: X1= dye, X2= time, X3= pH, and X4= temperature)        
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Fig.3. SEM examination of SCB: a) before sorption of MG dye, and b) after sorption of MG dye      

(3000mg/L).   
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Fig.4. Cytogenotoxicity studies of MG dye (3000 mg/L, and 3500 mg/L) on Allium cepa roots cells 

before and after the sorption on SCB. A) SCB treated MG dye (3000 mg/L): a) Normal prophase, 

b) Normal metaphase, c) Normal anaphase, and d) Normal telophase. Whereas, B) SCB treated 

MG dye (3500 mg/L): e) Disoriented Metaphase, f) Telophase bridge, g) Metaphase sticking, h) 

Lagging chromosome, and i) Abnormal vacuole. 
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Highlights  
 
� Sorption of malachite green (MG) was executed on sugarcane bagasse biochar (SCB). 

� SCB prepared at 800oC showed maximum sorption (99.99%) of MG dye (3000 

mg/L). 

� MG dye sorption was optimised using Response Surface Methodology (RSM). 

� FTIR, XRD, SEM, BET, TOC & AAS were used to characterize SCB & sugarcane 

bagasse. 

� This is first report on phyto & cytogenotoxicity analysis after MG sorption on SCB. 
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Abstract⎯The bacterial strain Pseudomonas sp. SSA has capacity to produce extracellular melanin that
sequesters heavy metals. The brown-black melanin pigment was observed in the culture liquid and mediated
synthesis of silver nanoparticles (AgNPs). The AgNPs were characterized using UV–visible, dynamic light
scattering, energy dispersive X-ray, Fourier transform infrared and surface plasmon resonance spectroscopy,
scanning electron and transmission electron microscopy and selected area electron diffraction analysis. The
synthesized nanoparticles were found to be spherical in shape with size in the range of 14–30 nm and showed
high antimicrobial activity against pathogenic bacteria and fungi. These nanoparticles revealed binding affin-
ity towards fungal and human tyrosinases with KD 4.601 × 10–10 and 2.816 × 10–5 M, respectively. In addition,
produced nanoparticles did not show any toxic effect towards HeLa cells up to 20 μg/mL. These nanoparticles
could find application in medicine and cosmetics due to their enzyme inhibition and antimicrobial activities.

Keywords: Pseudomonas sp. SSA, extracellular melanin, AgNPs, characterization, cytotoxicity, surface plas-
mon resonance
DOI: 10.1134/S0003683818020096

Nanoparticles exhibit completely new or improved
properties compared to larger biomolecular assemblies
and these novel properties are derived due to the varia-
tion in specific characteristics such as size, distribution
and morphology of the particles [1]. In the recent years,
nanoparticles are considered important in the field of
biology, medicine and electronics owing to their unique
particle size and shape dependent physical, chemical
and biological properties [2]. In the past few decades,
the significance of silver nanoparticles (AgNPs) as anti-
microbial agents has increased to a great extent [3].
Compared to metallic silver, AgNPs display higher sur-
face to volume ratio and exhibit enhanced antimicrobial
activity. AgNPs are extensively used in the field of med-
icine [4, 5]. Stability of AgNPs to environmental condi-
tions is very important aspect. Several reaction condi-
tions and use of toxic chemicals may not be suitable for
biochemical applications, so nanoparticles are being
synthesized with precise size and shape by coating with
different synthetic and natural biopolymers. The use of
biopolymers for the synthesis of nanoparticles is
important because of their potential applications in bio-
medical fields [6].

Melanins are negatively charged, hydrophobic mac-
romolecules of high molecular weight formed by the

oxidative polymerization of phenolic and/or indolic
compounds that display strong anti-oxidant properties
[7–10]. Different types of melanins have been described
in bacteria, plants, animals, and fungi: eumelanins,
pheomelanins, allomelanins and pyomelanins [11].
Melanins have great application potentials in the agri-
culture, cosmetics and pharmaceutical industries. Sev-
eral microbial sources including Bacillus thuringiensis
H-14, Klebsiella sp. GSK, Aeromonas media UTSA199,
Proteus mirabilis, Vibrio cholera, Marinomonas mediter-
ranea, Pseudomonas guinea and Brevundimonas sp. SGJ
were reported for the production of melanin [12–20].
Literature survey showed that extracellular melanin
almost has not been used for mediating the synthesis of
nanostructures. Only yeast including Yarrowia lipolytica
NCYC 789 and Y. lipolytica NCIM 3590 [21, 22] were
used for the synthesis of silver and gold nanoparticles via
cell-associated melanin.

In the present paper, the synthesis of silver
nanoparticles is demonstrated using extracellular mel-
anin produced by Pseudomonas sp. SSA. The biosyn-
thesis of AgNPs has been optimized and characterized
by UV-visible, dynamic light scattering, energy dis-
persive X-ray, Fourier transform infrared and surface
plasmon resonance spectroscopy, scanning electron
and transmission electron microscopy and selected
area electron diffraction analysis. The melanin-medi-1 The article is published in the original.
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ated AgNPs were tested for their affinity towards fun-
gal tyrosinase. This is the first report of melanin
nanoparticles binding to tyrosinases. This is novel
because of the functionality of the melanin mediated
nanoparticles. Their high affinity for tyrosinases is sig-
nificant and perhaps it can help them to penetrate the
skin cells, to inhibit tyrosinase activity and, in turn, to
prevent the enzymatic browning reaction.

MATERIALS AND METHODS
Chemicals. All the chemicals used were of analyti-

cal grade and the highest purity and purchased from
Sigma-Aldrich (USA) or Himedia laboratories
(India). All experiments were repeated in triplicates.

Microorganism and culture maintenance. The bac-
terial strain producing melanin was isolated from soil
samples collected from Shivaji University, Kolhapur
region (Maharashtra, India), using a serial dilution
technique. For isolation, growth medium composed
of (g/L): peptone—1.5, yeast extract—3.0, NaCl—5.0
supplemented with 0.1% L-Tyr. The bacterium was
identified as Pseudomonas sp. SSA (NCBI Genbank
accession no. GU339058 by 16S rRNA analysis [23].
The stock cultures were routinely maintained on tyro-
sine medium (g/L): L-Tyr -1.0, beef extract—0.5 and
tryptone—4.0 (pH 7.0).

Production of melanin. A single colony of Pseudo-
monas sp. SSA was inoculated in the above mentioned
tyrosine medium and incubated at 30°C in shaking
incubator (Remi, India) at 120 rpm. One milliliter of
cell suspension after 6 h of growth having absorbance
0.45 at 660 nm was inoculated in the same medium for
melanin production in 250 mL Erlenmeyer f lasks. The
flasks were kept in an incubator shaker under the same
conditions and the production of melanin was assayed
spectrophotometrically at 475 nm after 30 h using a
standard calibration curve for synthetic melanin
(Sigma- Aldrich, USA) [12].

Extraction and analysis of melanin. Melanin pro-
duced after 30 h of the bacterial growth was centri-
fuged at 7000 g for 20 min to remove cell mass. Then,
obtained brown-black colored cell-free supernatant
was passed through a 0.22 μM membrane filter
(Sigma-Aldrich, USA) to remove undigested debris and
quantified. Chemical characterization of melanin was
carried out by earlier described methods [20]. FT-IR
analysis was carried out using FT-IR spectrometer
(Bruker Tensor 37, Bruker, USA, with attenuated total
reflection and the electron spin resonance analysis) at
sophisticated analytical instrument facility in Indian
Institute of Technology, Bombay, India.

Synthesis AgNPs. AgNPs were synthesized by
incubating cell free supernatant contained melanin
with silver nitrate solutions. To check the effect of
melanin content on nanoparticle synthesis, varying
concentrations of the pigment (100, 300 and 500 μg)
were used with 1 mM of AgNO3. After incubation at

room temperature for 12 h, the visual changes and
UV–vis spectra were recorded to test the production
of nanoparticles. In addition, silver nitrate (0.5, 1 or
2 mM) was incubated with 10 μg/mL of melanin to
evaluate the effect of this compound on nanoparticle
synthesis. The effect of temperature on nanoparticle
synthesis was observed by incubating the reaction
mixture at 30, 40 and 50°C. The stability of AgNPs
over a period of time was also recorded.

Characterization of AgNPs. UV-Vis spectral analysis.
Synthesis of AgNPs in a melanin solution was moni-
tored by measuring the UV-Vis spectra of the reaction
mixture. UV-Visible spectroscopy measurements were
performed on a double beam spectrophotometer (Shi-
mazdu UV-1800, Japan). UV–Vis spectra were
recorded from 300 to 800 nm at a resolution of 1 nm.

Dynamic light scattering (DLS) measurements. DLS
measurements of melanin mediated AgNPs in colloi-
dal solution were performed using a NICOMP™ 380
ZLS particle size and zeta potential analyzer (Agilent
Technologies, USA) for the determination of the
hydrodynamic diameter (HDD) and particles size dis-
tributions in culture broth.

SEM-EDAX analysis. The AgNPs synthesized in
the presence of 500 μg melanin and 2 mM AgNO3
were characterized by scanning electron microscope
JEOL JSM-6360A (JEOL USA Inc., USA) equipped
with X-ray energy dispersive spectrometer (EDAX,
India).

FT-IR analysis. AgNPs were subjected to FT-IR
spectroscopy measurement. These measurements
were carried out on a Bruker Tensor 37 (Bruker, USA)
with ATR instrument in the diffuse reflectance mode
at a resolution of 4 cm–1 in KBr pellets. For compari-
son, a drop of melanin or melanin-associated silver
nanoparticles were mixed with KBr powder and pel-
letized after drying properly.

TEM analysis. Selected area electron diffraction
(SAED) images were performed on Philips CM 200
transmission electron microscope (TEM) (India)
operated at accelerating voltages of 20 and 200 kV with
resolution 2.4 Å.

Antimicrobial activity. The antimicrobial activity of
AgNPs was evaluated against Staphylococcus aureus,
Pseudomonas aeruginosa and Salmonella typhimurium
pathogenic bacteria by agar diffusion method [21]. In
addition, 3 different fungal strains (one unicellular
Candida albicans and two filamentous Aspergillus niger
and Penicillium chrysogenum) were used in this assay.
The test bacterial suspensions containing 7 × 105 cells/mL
and fungal spore suspension (107 spores/mL) were
spread on nutrient agar composed of (g/L): peptone—
1.5, yeast extract 3.0, NaCl—5.0, agar—15.0 and
potato dextrose agar composed of (g/L): potato
extract—4.0, dextrose—20.0 and agar—15.0. Then,
holes were punched in the medium using stainless
steel borers. The synthesized AgNPs (100 μL) were
added into the wells that were made in the seeded
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plates. The extracellular melanin (100 μL) used as a
negative control. The samples were initially incubated
for 15 min at 4°C (to allow diffusion) and incubated
for 24 h at 37°C and for 72 h at 30°C for bacteria and
fungi, respectively. Positive test results were scored
when a zone of inhibition was observed around the
well after the incubation period.

Surface plasmon resonance (SPR) studies. SPR inter-
action analysis was performed using a Biacore T200
optical biosensor (GE Healthcare Life Sciences, India).
SPR measurements were carried according to the
method described earlier [24]. For this study, one of the
flow cell was left untouched (no activation or deactiva-
tion performed or blank immobilized) for using as a ref-
erence. Nanoparticles at different concentrations were
screened against fungal and human tyrosinases; flow
rate was maintained constant throughout the kinetics
experiment (45 μL/min), contact time and dissociation
time was kept at 120 and 200s, respectively. Multi-cycle
kinetic mode was used at various concentrations of
AgNPs. Binding responses were represented as sensor-
grams measured in resonance units at a frequency of
10 Hz. Data analysis was done with Biacore T200 eval-
uation software ver 3.0.1. Differences between refractive
index (running buffer and sample solutions) were cor-
rected by subtracting the surface signal from the sensor-
grams. Scaling and fitting of y-axis to 2 states of binding

of enzyme/inhibitor to facilitate comparison were per-
formed.

Cytotoxicity analysis. The HeLa cell line was main-
tained in minimal essential medium (Sigma-Aldrich,
USA) supplemented with 10% fetal bovine serum. The
cells were plated at a density of 2 × 105 cells per well in
a 96-well plate, and cultured for 24 h at 37°C. The cells
were subsequently exposed to various concentrations
of AgNPs (20–125 μL/mL). After 24 h of incubation,
plate cell proliferation was measured by adding 10 μl of
thiazolyl blue tetrazolium bromide (5 mg/mL in
50 mM K-phosphate buffer, pH 7.4) per well. The
plates were incubated for 4 h at 37°C in a humidified
chamber containing 5% CO2. Formazan crystals
formed due to reduction of dye by viable cells in each
well were dissolved in 200 μL of acidic isopropanol
(4 mL isopropanol in 1 mL of 0.1 N HCl), and absor-
bance was read at 490 nm. The absorption values were
expressed as the cell proliferation rate (%), according
to the control group taken as 100%.

RESULTS
Melanin production and characterization. After 30 h

of incubation of Pseudomonas sp. SSA in growth
medium containing 0.1% L-Tyr, the significant pro-
duction of extracellular black brown pigment was
observed (Fig. 1a).

Fig. 1. Melanin produced by Pseudomonas sp. SSA. a—Effect of growth time on melanin production b—UV-Vis spectroscopic
analysis of melanin; c—SEM analysis of melanin.
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Characterization of melanin. The chemical charac-
terization results showed that the purified dark brown
powder was soluble in 1 M KOH and 1 M NaOH.
H2O2 decolorizes the pigment and after the addition of
KMnO4, the color of the pigment changed from brown
to green.

The UV absorption spectrum of the melanin pro-
duced in this study was analogous to synthetic melanin
(Fig. 1b), which was reported to be monotonic, broad
band and without distinct absorption peaks. A SEM
image of the Pseudomonas sp. SSA melanin is pre-
sented in (Fig. 1c) which resembles with standard mel-
anin. FT-IR analysis of standard melanin (Sigma-
Aldrich, USA) and bacterial melanin showed absorp-
tion maxima in the following range of wavelengths:
3550–3300 cm–1 caused by bonded N–H stretching;
1620–1590 cm–1 caused by CN starching oscillation;

1730–1710 cm–1 caused by oscillation of C=O of
amino acid hydrochlorides; 1398 cm–1 caused by
oscillation of O–H groups of alcohols (Fig. 2). The
electron spin resonance (ESR) spectra of standard
melanin and melanin produced by Pseudomonas sp.
SSA demonstrate the presence of a stable free-radical
population (Fig. 3).

Synthesis of AgNPs. Biogenic synthesis of AgNPs
was performed using 50 mL of cell free supernatant
(melanin) of Pseudomonas sp. SSA (10 µg/mL) treated
with 2 mM AgNO3. The reaction mixture was kept in
the dark room to avoid photolytic reaction. After incu-
bation, the slightly black colored reaction mixture
turned into dark red-brown color indicating the for-
mation of AgNPs (Fig. 4). Excitation of surface plas-
mon vibrations of silver nanoparticles was responsible
for the color formation [25]. Synthesized AgNPs was

Fig. 2. FT-IR spectra for standard melanin (a), melanin produced by Pseudomonas sp. SSA (b), AgNPs synthesized in the pres-
ence of melanin produced by Pseudomonas sp. SSA (c).
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Fig. 3. ESR spectra for standard melanin (a), melanin produced by Pseudomonas sp. SSA (b).
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characterized using UV–Vis absorption spectrum in
time scan mode from 200–600 nm. The solution
turned to a dark brown color and absorption spectra
showed typical absorption of AgNPs at 405 nm. Opti-
mization of conditions influencing melanin-mediated
synthesis of nanoparticles was studied. The reaction
mixtures were kept at different temperatures, and
nanoparticles synthesis was monitored. Incubation at
high temperatures enhanced the reaction but the best
results were obtained at room temperature (Fig. 4a).
Time curves for the formation of AgNPs at room tem-
perature are presented in Fig. 4b. In addition, the
intensity of the particle formation depended on con-
centration and reached saturation at 2 mM AgNO3.
Similar effect was revealed with other biological mate-

rial [26]. In case of pH stability, the melanin is highly
soluble under alkaline conditions providing the opti-
mum synthesis of nanostructures [27].

Characterization of AgNPs. The dynamic light
scattering (DLS) spectroscopy of this reaction mixture
showed that the HDD of AgNPs was ranging from 14–
30 nm (Fig. 5). Biological systems are known to medi-
ate the synthesis of a variety of crystalline silver nano-
structures [28]. Transmission electron microscopy
(TEM) and scanning electron microscopy (SEM) are
powerful methods to determine the morphology and
size of nanostructure. The synthesized particles were
spherical, and the size ranged from 14 to 30 nm
(Fig. 6a). The selected area energy diffraction (SAED)
patterns of AgNPs presented in Fig. 6b, clearly indi-

Fig. 4. Effect of temperature (a, 6 h of incubation) on synthesis of AgNPs in the presence of melanin produced by Pseudomonas sp.
SSA. In (a): 1—melanin, 2—AgNPs at 30°C, 3—AgNPs at 40°C, 4—AgNPs at 50°C. Effect of incubation time on synthesis of
AgNPs (b, room temperature, interval between curves from 2 to 24 h). The cell free supernatant treated with AgNPs synthesized after
24 h of incubation changed color from pale grey to dark brown (an arrow) and exhibited an absorption peak at 405 nm which was
characteristic peak of AgNPs. The color change was due to the excitation of specific surface Plasmon resonance (SPR) of AgNPs.
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cate their crystalline nature. The SEM of glutaralde-
hyde fixed melanin-mediated AgNPs appeared to be
larger in size when compared to TEM images (6c).
The EDAX analysis of air-dried melanin-associated
AgNPs demonstrates characteristic signal of crystal-
line AgNPs at 3 keV (Fig. 6d).

Antimicrobial activity. Interestingly, AgNPs exhib-
ited significant antibacterial activity against patho-
genic bacteria and fungi. The antibacterial activity
expressed in terms of zone of inhibition was quite visi-
ble on NA plates (Fig. 7). Generally, the antibacterial

activity of AgNPs increased considerably with corre-
sponding increase in concentrations per well. A maxi-
mum zone of inhibition was recorded for S. typh-
imurium, P. aeruginosa and S. aureus. Earlier studies
have shown the bactericidal activities of AgNPs due to
their easy deffusibility through the medium environ-
ment which creates undesirable environment for cell
growth. The bactericidal property of the melanin-
mediated silver nanoparticles was revealed in similar
studies [29–31]. In addition, strong inhibition zone
caused by AgNPs synthesized in the presence of mel-
anin produced by Pseudomonas sp. SSA was shown for
A. niger, P. chrysogenium and C. albicans.

Biacore (SPR) studies. SPR studies allowed calcu-
lating binding affinity of the synthesized silver nanopar-
ticles to fungal and human tyrosinases (Figs. 8 and 9).
Table represents the respective KD values for fungal and
human tyrosinases. Fungal tyrosinase shows binding
affinity of 46 nM derived from SPR kinetics (KD) com-
pared to human tyrosinase with a KD of 28 µM. Mela-
nin nanoparticles demonstrate comparatively slow rate
of association or they bind to the target slowly and also
dissociate very fast from the target or enzyme. Thus, the
nanoparticles bind to fungal tyrosinases with the higher
affinity compared to human tyrosinases.

Cytotoxicity assay. The in vitro cytotoxicity effects
of AgNPs were screened against cancer cell lines and
viability of tumor cells was confirmed using Formazan
assay. The synthesized nanoparticles were able to
reduce viability of the HeLa cells in a dose-dependent

Fig. 5. DLS analysis of melanin-associated AgNPs.
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manner as shown in Fig. 10. AgNPs at concentration of
60 µg/mL decreased the viability of HeLa cells to 50%
of the initial level, and this was chosen as the IC50. Lon-
ger exposures resulted in additional toxicity to the cells.

DISCUSSION
Melanins have great application potentials in the

agriculture, cosmetics, and pharmaceutical industries
[13]. The quinone residues of melanin are associated

Fig. 7. Photographic images of zones of inhibition caused by AgNPs synthesized in the presence of melanin produced by Pseudomo-
nas sp. SSA (right) and melanin (left) for (a) P. aeruginosa, (b) S. aureus, (c) S. typhimurium, (d) C. albicans, (e) P. chrysogenumand
(f) A. niger.
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Fig. 8. SPR sensorgrams showing interaction of AgNPs synthesized in the presence of melanin produced by Pseudomonas sp. SSA
with immobilized fungal tyrosinase. 1—12.5, 2—25, 3—50 and 4—100 µM.
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with the five-member ring structure that can alternate
between the phenol and quinone form via a semi-qui-
none state [32]. Phenolics are largely involved in the
oxidation-reduction reactions which are known to
mediate nanoparticles synthesis in some biological
systems [33].

Earlier report described Pseudomonas sp. mediat-
ing the synthesis of melanin from vegetable waste [19].
In other studies, L-DOPA-mediated induction of
eumelanin in yeast sp. like Y. lipolytica strain CBS 6124
and Y. lipolytica NCIM 3590 was investigated [22, 34].
Thus, precursors such as L-Tyr or L-DOPA seem to be
inducing a strain-specific response with respect to
melanin synthesis [22]. In our study, we revealed that
Pseudomonas sp. SSA produced the highest amount of
melanin (1.03 g/L) after short incubation time of 30 h
(Fig. 1a).

The FT-IR spectrum of standard melanin (Fig. 2a)
when compared with bacterial melanin (Fig. 2b)
showed high degree of resemblance in main absorp-
tion peaks which confirmed that produced pigment is
melanin. FT-IR absorption spectra of the bacterial
melanin and reduced silver ions as shown in (Fig. 2c)
proved the chemical transformation of the functional
groups involved in the reduction of silver ions. The
characteristic stretching vibrations of carboxylate

anions in curve c near around 1526 and 1336 cm−1 in
AgNPs are mainly responsible for the reduction of sil-
ver ions. In addition, the ESR spectrum was almost
identical to standard synthetic melanin, which con-
firmed that the purified pigment was melanin (Fig. 3).

Literature survey revealed that there are only few
reports available for the synthesis of silver nanoparti-
cles in presence of melanin [21, 22]. In addition, the
synthesized nanoparticles are either from chemical
mediated reactions or cell associated melanin was
reported. The advantage of this study is that the signif-
icant production of AgNPs was performed with extra-
cellular bacterial melanin at room temperature.

Melanin acts as an electron exchanger, either oxi-
dizing or reducing metals. The conversion of the
hydroxyl groups to the quinone groups were responsi-
ble for generation of reducing equivalents which medi-
ates the transformation of metal ions into elemental
nanostructures and during this transition, silver ions
were reduced to AgNPs [22]. To the best of our knowl-
edge, the significance of cell free culture supplied with
L-Tyr as precursor of melanin for AgNPs synthesis
using silver nitrate as substrate has not been reported
earlier. The melanin-mediated silver nanoparticles
displayed antibacterial as well as antifungal activities
and could be useful in food and cosmetic industries. In

Fig. 9. SPR sensorgrams showing interaction of AgNPs synthesized in the presence of melanin produced by Pseudomonas sp. SSA
with immobilized human tyrosinase. 1—12.5; 2—25.32, 3—50.75 and 4—100 µM.
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Table 1. Interaction kinetics of tyrosinases with AgNPs synthesized in the presence of melanin produced by Pseudomonas sp.
SSA fit to single state model using Biacore evaluation software

Tyrosinase ka, 1/Ms, rate of association Kd, 1/s rate of dissociation
KD, M

kinetic dissociation constant
or binding affinity

Fungi 558.9 ± 6.1 2.572 ± 4.8 × 10–7 4.601 × 10–10

Human 52.82 ± 2.1 0.001488 ± 7.2 × 10–5 2.816 × 10–5
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addition, SPR Biacore-based affinity calculated for
the silver nanoparticles showed very high dissociation
constant for the fungal tyrosinase compared to human
enzyme. This showed that the functional nanoparti-
cles have enzyme-inhibiting potential and can be used
to inhibit tyrosinase present in food and cosmetics
when suitable delivery methods can be designed.

UV-absorbing ability of melanin helps to protect
the organisms from UV-induced DNA damages and
environmental stress. Ability to protect from UV radi-
ations and free radicals makes the melanin as an
important ingredient of cosmetics. Similarly, Ag-
based compounds progressively aggregate and precip-
itate in emulsions. This phenomenon markedly hin-
ders the use of Ag as a cosmetic stabilizer; also it loses
its antimicrobial activities due to physical separation
from cosmetic components. These problems can be
conquering by the use of Ag nanoparticles. AgNPs
prepared in the earlier studies by Johzen Co. Ltd.
(Kyoto, Japan) are very effective at low concentra-
tions, do not readily penetrate the skin barrier, hence
didn’t showed any detrimental effects on keratinocytes
[35]. Formazan assay was confirmed that melanin-
derived AgNPs were found to be non-toxic towards
HeLa cells up to concentration 20 µg/mL and hence
might be useful in the cosmetics as melanin exhibit the
UV resistant property. Thus, potential use of melanin-
derived AgNPs plays dual role and safety use in many
cosmetic preparations.

AgNPs were successfully synthesized in the pres-
ence of melanin produced by Pseudomonas sp. SSA.
The nanoparticles were further characterized by UV-
Vis spectroscopy, DLS, FT-IR, SEM-EDAX, TEM
and SAED. The formed AgNPs were crystalline in
nature and spherical in shape having size less than
30 nm. The antimicrobial and antifungal activities of
formed nanoparticles are their additional advantage.
In addition, strong affinities to fungal and human
tyrosinases confirm the possibility to use these AgNPs
in cosmetics. Also melanin-coated nanoparticles pro-
vide a novel approach for protection against radiation,

and this approach may find uses in new drug delivery
routes for food, cosmetic and or cancer therapy.
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A B S T R A C T

Tithonia rotundifolia is an easily available and abundant inulin rich weed reported to be competitive and alle-
lopathic. This weed inulin is hydrolyzed by inulinase into fructose. Response surface methodology was employed
to optimize culture conditions for the inulinase production from Arthrobacter mysorens strain no.1 isolated from
rhizospheric area of Tithonia weed. Initially, Plackett- Burman design was used for screening 11 nutritional
parameters for inulinase production including inulin containing weeds as cost effective substrate. The experi-
ment shows that amongst the 11 parameters studied, K2HPO4, Inulin, Agave sisalana extract and Tithonia ro-
tundifolia were the most significant variables for inulinase production. Quantitative effects of these 4 factors
were further investigated using Box Behnken design. The medium having 0.27% K2HPO4, 2.54% Inulin, 6.57%
Agave sisalana extract and 7.27% Tithonia rotundifolia extract were found to be optimum for maximum inulinase
production. The optimization strategies used showed 2.12 fold increase in inulinase yield (1669.45 EU/ml)
compared to non-optimized medium (787 EU/ml). Fructose produced by the action of inulinase was further
confirmed by spectrophotometer, osazone, HPTLC and FTIR methods. Thus Tithonia rotundifolia can be used as
an eco-friendly, economically feasible and promising alternative substrate for commercial inulinase production
yielding fructose from Arthrobacter mysorens strain no.1.

1. Introduction

Tithonia rotundifolia (Mill.) S.F·Blake, a member of Asteraceae fa-
mily, inulin rich, seasonal Category 1 weed (Pacific and Environment,
1982) is abundantly present in Kolhapur area, Maharashtra. As this
weed is threatening natural diversity and has acquired resistance to
most of the chemical and mechanical control methods, it is essential to
find out alternative eco-friendly method for its management. The most
cost effective remedy is to use microbial inulinases where we can use
this inulin rich weed as substrate and convert it into fructose. The
produced fructose can be used in preparation of high fructose syrup
which are beneficial for diabetic patients, stimulates calcium absorp-
tion in postmenopausal women, stimulates growth of Bifidobacter in
intestine, prevents colon cancer etc. (Kaur and Gupta, 2002). Food,
drink and neutraceutical industries are also increasing their demand for
high fructose syrup due to its less cariogenic and great natural sweet-
ener property. As chemical production of fructose is costly (Dilipkumar
et al., 2013,b) microbial processes can be exploited for this purpose.

Microbial inulinases hydrolyses inulin into fructose by either exo-in-
ulinase (E.C. 3.2.1.26 β-D- fructofuransidase) or endo-inulinase
(E.C.3.2.1.7 β- fructan- frutohydrolase) (Skowronek and Fiedurek,
2004). In past studies it was reported that bacteria, yeast, actinomy-
cetes, fungi are capable of producing inulinase (Neagu et al., 2011) by
using chicory, onion, Agave sisalana (Lopez et al., 2003) garlic, fenu-
greek, Dahlia (Xiong et al., 2007), Jerusaleum (Gao et al., 2007),
Dandelion etc. as substrate. Up till now no one has reported the use of
Tithonia as an alternative inulin source for inulinase production. So in
present study we have selected Tithonia as alternative substrate.

‘One variable-at-a time’ is the general practice of screening media
components to improve performance and yield of the process with less
expense on its production (Ávila-Fernández et al., 2011). This classical
method, to determine the optimal operating conditions includes change
in single independent variable while fixing others at particular level
(Singh et al., 2007). The major limitation of this one dimensional ap-
proach is that it is time consuming, laborious and does not include
interactive effect among the variable parameters (Abdel-Fattah et al.,
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2005), (Elibol, 2004). This drawback is overcome by carrying out sta-
tistical factorial design called Response surface methodology [RSM] for
parameter optimization. In RSM, statistical and mathematical techni-
ques are merged for the improvement, development and evaluation of
several factors affecting the process and their relative significance (Box
and Behnken, 1960), (Tanyildizi et al., 2005).

The present research work was conducted to optimize the growth
conditions using Response Surface Methodology for maximum inulinase
production by Arthrobacter mysorens strain no.1 to utilize noxious and
problematic weeds as substrate to form fructose. Thus weed manage-
ment through bioremediation is achieved by exploiting this potent
isolate.

2. Materials and methods

2.1. Chemicals

Inulin, fructose and other chemicals were obtained from Himedia
(India). All chemicals used were of highest purity and of analytical
grade.

2.2. Pre-treatment of substrate

The substrates were prepared from cost effective inulin-rich weeds.
Mature stems of Tithonia rotundifolia (Mill.) S.F·Blake (16°40′55.7″N
74°15′07.4″E) and Cosmos bipinnatus Cav (16°40′43.6″N 74°15′05.9″E)
were harvested from Shivaji University campus, Kolhapur, Maharashtra
and that of Agave sisalana Perrine sisal hemp (16°28′32.8″N
74°10′31.0″E) was obtained from arid areas of Walava, Radhanagari,
Maharashtra. The weeds were identified, authenticated and deposited

at Herbarium, Botany Department, Shivaji University, Kolhapur. All the
weed samples were separately cleaned, washed with distilled water,
sliced and grinded to a fine paste with a food processor. It was then
clarified by centrifugation (5000 rpm) and pre-treated at 70 °C in
shaking water-bath for 10–15min (Lingyun et al., 2007). The resultant
extracts were used directly as crude inulin rich substrates and stored at
−20 °C till use.

2.3. Isolation of inulinase producing bacteria

Soil samples from rhizospheric area of inulin rich weeds were
streaked under aseptic conditions on Inulin agar containing inulin as
the sole carbon source in media (in g/L: KH2PO4— 2.5; MgSO4.7H2O —
1.0; NaNO3— 20.0; Inulin —20.0; agar — 20.0; pH — 7.0). The plates
were incubated overnight at 30 °C for the appearance of inulinolytic
bacterial colonies which was confirmed by exposing the plates with
Iodine crystals for 5–10min (Li et al., 2011). Morphologically distinct
bacterial colonies were selected on the basis of their extracellular in-
ulinase production ability. The selected culture were purified and
maintained as glycerol stock at -20 °C. Out of the 20 bacterial isolates
screened, the most efficient showing maximum inulinase activity was
explored further.

2.4. Identification and phylogenetic analysis of the microorganism

Selected isolate was identified by studying its morphological, cul-
tural and biochemical characteristics and was found to be Arthrobacter
species. It was confirmed by 16S rRNA sequencing and identified and
named as Arthrobacter mysorens strain no.1. Initially a partial nucleotide
sequence was obtained. The nucleotide sequence was submitted to
NCBI. It was aligned and analysed by using BLAST program. (http://
www.ncbi.nlm.nih.gov/BLAST) (Madden, 2013). 20 sequences were
retrieved with over 98% similarity from NCBI for comparison with
currently available sequences and multiple alignments were performed.
Phylogenetic analysis was conducted using the resultant homologous
sequences of species. MEGA4 software (AZ, USA) was used to construct
the phylogenetic tree (Tamura et al., 2007).

2.5. Preparation of inoculum

The inoculum media consist of inulin 20 g/l, NaNO3 20 g/l, K2HPO4

1 g/l, MgSO4 0.1 g/l and Yeast extract 5 g/l with pH 7. A single well-
isolated colony from 48 h grown culture plate of Arthrobacter mysorens
strain no.1 was inoculated in the media as starter culture and incubated
at 30 °C in orbital shaker incubator (Remi, India) at 120 rpm. Two
successive transfers of this active culture were given in 150ml and

Table 1
Nutrient screening using Placket-Burman design.

Variables Levels

Factor codes Factor Coded low Coded actual Coded high

A Inulin −1↔ 1.00 0↔ 2.00 +1↔ 3.00
B Na2HPO4 −1↔ 0.25 0↔ 0.625 +1↔ 1.00
C Agave extract −1↔ 4.00 0↔ 6.00 +1↔ 8.00
D Tithonia extract −1↔ 4.00 0↔ 6.00 +1↔ 8.00
E Cosmos extract −1↔ 4.00 0↔ 6.00 +1↔ 8.00
F NaNO3 −1↔ 1.00 0↔ 2.00 +1↔ 3.00
G Yeast extract −1↔ 0.50 0↔ 1.00 +1↔ 1.50
H K2HPO4 −1↔ 0.25 0↔ 0.625 +1↔ 1.00
J MgSO4 −1↔ 0.05 0↔ 0.10 +1↔ 0.15
K Temperature −1↔ 30.00 0↔ 40.00 +1↔ 50.0
L pH −1↔ 6.00 0↔ 7.00 +1↔ 8.00

Table 2
Placket- Burman experimental design matrix for screening significant variables for inulinase production.

Run A B C D E F G H J K L Actual value Predicted value

% % % % % % % % % oC unit EU/ml EU/ml

1 1 −1 −1 −1 1 −1 1 1 −1 1 1 587 565
2 −1 1 −1 1 1 −1 1 1 1 −1 −1 825 826
3 −1 1 1 1 −1 −1 −1 1 −1 1 1 1322 1321
4 1 1 −1 −1 −1 1 −1 1 1 −1 1 350 372
5 −1 1 1 −1 1 1 1 −1 −1 −1 1 514 515
6 1 −1 1 1 1 −1 −1 −1 1 −1 1 518 519
7 −1 −1 −1 1 −1 1 1 −1 1 1 1 294 293
8 −1 −1 1 −1 1 1 −1 1 1 1 −1 727 705
9 1 −1 1 1 −1 1 1 1 −1 −1 −1 744 766
10 −1 −1 −1 −1 −1 −1 −1 −1 −1 −1 −1 350 372
11 1 1 1 −1 −1 −1 1 −1 1 1 −1 247 246
12 1 1 −1 1 1 1 −1 −1 −1 1 -1 262 240

(−1) low level, (+1) high level, A (Inulin), B (Na2HPO4), C (Agave extract), D (Tithonia extract), E (Cosmos extract), F (NaNO3), G (Yeast extract), H (K2HPO4), J
(MgSO4), K (Temperature), L (pH), EU/ml (Inulinase activity).
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250ml fresh media and incubated under same conditions. Inoculum
thus prepared with a viable cell count of 3×108 cell/ml, was used for
submerged state fermentation.

2.6. Submerged state fermentation

Inulinase production was studied in flasks containing 6–8% weed
extracts as a substrate. The basal medium used for inulinase production
was the same as described for isolation of bacterial strain. 2% (v/v)
inoculum was inoculated in 250ml Erlenmeyer flask containing 100ml

above media. The flask was further incubated at 300C in the rotary
shaker at 120 rpm and inulinase activity was assayed after 48 h.

2.7. Design of experiments and statistical analysis

2.7.1. Plackett- Burman experimental design for screening media
components

Plackett- Burman design was used to screen the media components
significantly influencing inulinase production by Arthrobacter mysorens
strain no.1. The experimental design indicates 3 levels, high (+), actual
(0) and low (−) of each independent variable under investigation
(Table 1). A total of 11 variables were screened in 12 experimental runs
as per the software derived design matrix (Table 2). Each row in the
matrix represents an experiment and each column represents an in-
dependent variable (Anderson and Whitcomb, 2007).Various inulin
rich plant extracts, nitrogen source and mineral salts were selected as
nutrient variables for this experiment. Therefore the equation that ex-
plains a first order multiple regression model is

= + = …Y β å β x (i 1, , k)0 i i (1)

where, xi= nutrient variables. β0= intercept, βi = linear coefficient
and Y=predicated response.

2.7.2. Box- Behnken design for optimizing media nutrients
After identifying the critical nutrient factors by Plackett- Burman

experiment, the media nutrient optimization was confirmed using Box-
Behnken design. Four important independent nutrient variables se-
lected were K2HPO4 (×1), Agave extract (×2), inulin (×3) and Tithonia
extract (×4). Inulinase activity (Y) was the expressed dependent vari-
able response. Each of these independent variables was studied at three
different levels (Table 4). The response surface model equation gener-
ated for this four-factor system was as follows.

Fig. 1. Screening of potent inulolytic microorganisms on inulin agar plates
when stained with Lugo's iodine solution.

Fig. 2. Phylogenetic tree of the Arthrobacter mysorens strain no.1 and related organisms that were aligned based on 16S rRNA sequence. Scale bar- number of
nucleotide changes per sequence position.
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where y is the predicted response variable; e is the error of model; β0 is
the offset term; βi, βii and βij are linear, quadratic and interaction

coefficients respectively; xi and xj are the input variables that influence
the response variable “y”. Thus, the inulinase activity values were fitted
by the second order polynomial equation. Table 5 shows the experi-
mental design used for the study.

2.7.3. Statistical analysis of the data
The significant variables and their corresponding coefficients were

identified by the statistically planned experimentation so that the levels
of variables can be managed to obtain a desired output. The experi-
mental plan, the analysis and the results were obtained using Design
Expert Version 10.0.0 (Stat-Ease Inc., Minneapolis, Minnesota, USA)
statistical software. ANOVA was used to validate statistical parameters.

2.8. Extracellular inulinase assay

The inulinase activity was determined as per Gill et al. (Gill et al.,

Table 3
Analysis of variance (ANOVA) calculated from inulinase yield obtained in the screening experiment.

Source Sum of squares df Mean square F-value p-value

Model 1.060E+06 9 1.178E+05 80.95 0.0123 Significant
A-Inulin 1.461E+05 1 1.461E+05 100.4 0.0098
B-Na2HPO4 7500 1 7500 5.15 0.1512
C-Agave extract 1.643E+05 1 1.643E+05 112.9 0.0087
D-tithonia extract 1.180E+05 1 1.180E+05 81.11 0.0121
F-NaNO3 76,480.33 1 76,480.33 52.56 0.0185
G-yeast extract 8427 1 8427 5.79 0.1378
H-K2HPO4 4.681E+05 1 4.681E+05 321.7 0.0031
J-MgSO4 55,760.33 1 55,760.33 38.32 0.0251
L-pH 15,408.33 1 15,408.33 10.59 0.0829
Residual 2910 2 1455
Cor total 1.063E+06 11

Table 4
Levels of independent variables for Box- Behnken design experiment.

Factor Name Units Levels Coded centre point Coded high

Coded low

A K2HPO4 % −1↔ 0.25 0↔ 0.625 +1↔ 1.00
B Agave Extract % −1↔ 4.00 0↔ 6.00 +1↔ 8.00
C Inulin % −1↔ 1.00 0↔ 2.00 +1↔ 3.00
D Tithonia extract % −1↔ 4.00 0↔ 6.00 +1↔ 8.00

Table 5
The Box- Behnken design matrix for coded variables along with actual and predicted responses for inulinase production.

Std Run Factors Inulinase activity value Internally Externally

A B C D Actual Predicted Studentized Studentized

% % % % EU/ml EU/ml Residual Residual

3 1 −1.000 1 0 0 1400 1495.32 −1.281 −1.314
7 2 0 0 −1.000 1 866.67 791.62 1.009 1.01
11 3 −1.000 0 0 1 1522.22 1613.38 −1.225 −1.250
22 4 0 1 0 −1.000 705.56 662.41 0.58 0.566
28 5 0 0 0 0 377.78 406.67 −0.280 −0.271
1 6 −1.000 −1.000 0 0 750 710.32 0.533 0.519
9 7 −1.000 0 0 −1.000 455.56 428.38 0.365 0.354
24 8 0 1 0 1 1238.89 1220.19 0.251 0.243
14 9 0 1 −1.000 0 1394.44 1362.45 0.43 0.417
19 10 −1.000 0 1 0 1533.33 1474.44 0.792 0.78
29 11 0 0 0 0 461.11 406.67 0.528 0.514
18 12 1 0 −1.000 0 638.89 589.26 0.667 0.653
26 13 0 0 0 0 583.33 406.67 1.714 1.858
25 14 0 0 0 0 322.22 406.67 −0.819 −0.809
27 15 0 0 0 0 288.89 406.67 −1.143 −1.156
4 16 1 1 0 0 522.22 606.43 −1.132 −1.145
6 17 0 0 1 −1.000 266.67 386.25 −1.608 −1.715
15 18 0 −1.000 1 0 777.78 873.75 −1.290 −1.324
16 19 0 1 1 0 1255.56 1169.86 1.152 1.167
20 20 1 0 1 0 672.22 624.45 0.642 0.628
23 21 0 −1.000 0 1 644.44 579.07 0.879 0.871
8 22 0 0 1 1 1516.67 1493.47 0.312 0.302
17 23 −1.000 0 −1.000 0 1277.78 1217.04 0.817 0.806
13 24 0 −1.000 −1.000 0 238.89 388.57 −2.012 −2.300
12 25 1 0 0 1 150 241.16 −1.225 −1.250
5 26 0 0 −1.000 −1.000 727.78 795.51 −0.911 −0.905
2 27 1 −1.000 0 0 172.22 121.43 0.683 0.669
10 28 1 0 0 −1.000 350 322.82 0.365 0.354
21 29 0 −1.000 0 −1.000 123.33 33.52 1.207 1.229

A: (K2HPO4), B: (Agave extract), C: (Inulin), D: (Tithonia extract) and EU/ml (Inulinase activity).
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2003). For assay 0.1ml of inulin (2%) was mixed with 0.2mM phos-
phate buffer (pH 6.8) and 0.1 ml of crude enzyme was added in the
reaction tube. The reaction mixture was assayed after 20min incuba-
tion at 30 °C and the inulinase activity was estimated by DNSA method
(Miller, 1959). The calibration curve was prepared with fructose solu-
tion of known concentrations and blanks were run simultaneously with
enzyme and substrate solutions. One unit of inulinase activity was de-
fined as the amount of enzyme which produced 1 μmole of fructose per
minute under the assay conditions. The protein content of fermented
broth was estimated by Lowry's method (Randall and Lewis, 1951).

2.9. Fructose analysis after fermentation of statistically optimized media

The hydrolysis of inulin was carried out with crude inulinase from
Arthrobacter mysorens strain no.1 and the fructose formed after fer-
mentation in RSM optimized media was qualitatively confirmed by
Osazone test (Hassid and Mccready, 1942) and quantitatively estimated
spectrophotometrically by Resorcinol method (Solution, 1986). Further
evaluation of formed fructose was done as follows.

2.9.1. HPTLC
Chromatographic analysis of formed product after inulin biode-

gradation was performed on silica gel 60 F254 high-performance thin-
layer chromatography (HPTLC) plates (Merck, Germany). Aliquot [2uL]
of standard glucose, sucrose, fructose, inulin and fermented broth ob-
tained using non optimized media and that obtained using statistically
optimized media were loaded on the plate by spray-on technique (ni-
trogen as spray gas) using the TLC applicator (CAMAG LINOMAT
5).The irrigating solvent used to develop the samples were chloroform:
acetic acid: water (30:35:5 v/v/v/). The plate was heated at 120 °C for
30min after spraying with detection solution containing 0.1 g α-

naphthol and 10% phosphoric acid in ethanol to visualize the hydro-
lysed product. TLC scanner was used to carry out scanning after de-
velopment. The result analysis was done using HPTLC WinCATS
1.44.6337 software.

2.9.2. FTIR
The presence of fructose in fermented broth was analysed by Fourier

transform infrared using Shimadzu 8400S spectrophotometer at 4 cm−1

resolutions between 500 and 4000 cm−1 absorption mode. This is non-
destructive method and does not generate waste during test (Kelly and
Downey, 2005).

3. Results and discussion

3.1. Bacterial strain identification and phylogenetic position

High yielding inulinase producing bacterial species (Fig. 1) was
isolated and confirmed as Arthrobacter mysorens strain no.1 (NCBI
GeneBank accession no. JX184904.1). Fig. 2 illustrates the phyloge-
netic position of Arthrobacter mysorens strain no.1 in relation to other
species of the genus. The digits adjacent to nodes are in the statistical
frequency of indicated species.

3.2. Screening of critical components using Plackett- Burman design

The variation in inulinase activity after performing Plackett-
Burman experiment reflects the significance of optimization to achieve
high productivity. The standard analysis of variance (ANOVA) was
calculated from experimental runs (Table 3). The analysis indicates A-
Inulin, C-Agave Extract, D-Tithonia Extract, F-NaNO3, H-K2HPO4 and J-
MgSO4 had significant influence on inulinase activity. Rest of the

Table 6
Analysis of variance for the experimental results of the Box- Behnken design.

Source Sum of squares df Mean square F-value p-value

Model 5.785E+06 14 4.132E+05 31.12 < 0.0001 Significant
A-K2HPO4 1.638E+06 1 1.638E+06 123.33 < 0.0001
B-Agave extract 1.210E+06 1 1.210E+06 91.08 < 0.0001
C-Inulin 64,208.58 1 64,208.58 4.83 0.0452
D-Tithonia 9.130E+05 1 9.130E+05 68.75 < 0.0001
AB 22,500.00 1 22,500.00 1.69 0.2141
AC 12,345.32 1 12,345.32 0.9296 0.3513
AD 4.011E+05 1 4.011E+05 30.2 < 0.0001
BC 1.148E+05 1 1.148E+05 8.65 0.0107
BD 37.33 1 37.33 0.0028 0.9585
CD 3.086E+05 1 3.086E+05 23.24 0.0003
A2 2.036E+05 1 2.036E+05 15.33 0.0016
B2 1.450E+05 1 1.450E+05 10.92 0.0052
C2 9.991E+05 1 9.991E+05 75.23 < 0.0001
D2 29,636.39 1 29,636.39 2.23 0.1574
Residual 1.859E+05 14 13,280.83
Lack of fit 1.299E+05 10 12,992.06 0.9278 0.5825 Not significant
Pure error 56,011.03 4 14,002.76
Cor total 5.971E+06 28

Table 7
Comparison of inulinase production using various substrates.

Substrate Micro-organisms Inulinase activity Reference

Wheat bran Staphylococcus sp. 107.64 U/gds Selvakumar and Pandey, 1999
Chicory Xanthomonas sp. 20 U/ml Park and Yun, 2001
Garlic Streptomyces sp. 524 IU/l Sharma et al., 2006
Asparagus racemosus Kluyveromyces marxianus YS-1 47.3 IU/ml Singh et al., 2006
Onion and garlic Xanthomonas campestris pv phaseoli 17.42 IU/ml Ayyachamy et al. 2007
Dandelion Aspergillus niger NK-126 52.3 IU/ml Kango, 2008
Jerusalem artichoke Geotrichum candidum 45.62 U/ml Erdal et al., 2011
Copra waste and soyabean cakes Streptomyces sp. 131 U/gds Dilipkumar et al., 2013, 2013
Tithonia rotundifolia extract Arthrobacter mysorens strain no.1 1669 EU/ml Present study
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insignificant variables were neglected in order to obtain a smaller set of
factors. F-value of the model is 80.95 which imply the model is sig-
nificant. There is only 1.23% chance that an F-value this large could
occur due to noise. Values of “Prob > F”<0.0500 indicate model
terms are significant. Values> 0.1000 indicate the model terms are not
significant. The coefficient of determination (R2) for inulinase activity
was calculated as 0.9973, which is close to 1. Thus up to 99% varia-
bility of the response can be explained. The “Predicted R-Square” of
0.9014 was in reasonable agreement with the “Adjusted R-Square” of
0.9849 as the difference is< 0.2. “Adeq Precision” measures the signal
to noise ratio. A ratio> 4 is desirable. Here, ratio of 31.045 indicates
an adequate signal and suggests that this model can be used to navigate
the design space. The final equation in terms of actual factors can be
used to make predictions about the response for given levels of each
factor.

= ∗ + ∗ + ∗

+ ∗ − ∗

∗ + ∗ ∗

+ ∗

Inulinase activity –138.83333–110.33333 Inulin 66.66667 Na HPO 58.50000
Agave Extract 49.58333 Tithonia Extract 79.83333 NaNO –
53.00000 Yeast Extract 526.66667 K HPO –1363.33333
MgSO 35.83333 pH

2 4

3

2 4

4

(3)

3.3. Optimization of media using RSM

The screened significant variables from Plackett – Burman design
were further analysed by Box – Behnken design. The precision and re-
liability of the model is indicated by the value of coefficient of variance
[CV%=15.74]. Regression equation obtained after ANOVA provided
the level of inulinase production as a function of different variables.
Following equation includes all the terms.

=+ + + + − −

− − + + + +

+ +

Inulinase activity 406.67–369.45A 317.50B 73.15C 275.83D 75.00AB 55.550 AC
316.67AD 169.44BC 3.06BD 277.78CD 177.18A 149.54B
392.46C 67.59D

2 2

2 2

(4)

ANOVA of the quadratic regression model for the inulinase yield
suggests that the model was highly significant (Table 6). The Model F-
value of 31.12 implies the model is significant. There is only a 0.01%
chance that an F-value this large could occur due to noise. Values of
“Prob > F”<0.0500 indicate model terms are significant. In this case
A, B, C, D, AD, BC, CD, A2, B2, C2 are significant model terms. Va-
lues> 0.1000 indicate the model terms are not significant. The “Lack of
Fit F-value” of 0.93 implies the Lack of Fit is not significant relative to
the pure error. There is a 58.25% chance that a “Lack of Fit F-value”
this large could occur due to noise. Non-significant lack of fit is good
and indicates that the model equation was sufficient to predict inulinase
production under any combination of the variable values. Here the
Predicted R2 of 0.8600 is in reasonable agreement with the Adjusted
R2 of 0.9377, as the difference is< 0.2. “Adeq Precision” measures the
signal to noise ratio. A ratio> 4 is desirable. In this work the ratio of
19.06 indicates an adequate signal. This model can be used to navigate
the design space.

3.4. Interaction of variables

The mutual interactions among two variables are significant or not

have been well explained on the basis of contour plots. An elliptical
contour plot indicates that interactions between corresponding vari-
ables were significant, whereas non-significant interactions between
the corresponding variables were represented by a circular nature of the
contour plot (Muralidhar et al., 2001). Three- dimensional graphs were
generated for the pair-wise combination of the 4 factors while keeping
other variables at its central level to study the interactive effect on
inulinase production. Inulin is the best substrate for inulinase enzyme.
Replacement of synthetic inulin can be done by the extracts of Chicory,
dahlia, Jerusalem artichoke, etc. In present study, Inulin was extracted
from the stem of Cosmos, Tithonia and Agave weeds which act as an
inexpensive and abundant substrate. Various inulin concentrations
were evaluated in which maximum inulinase activity was detected in
medium supplemented with 8% Tithonia extract, 6% Agave extract and
2% synthetic inulin. The interaction between Agave extract and K2HPO4

is represented by the response surface curve and contour plot shown in
Fig. 3a and b. The elliptical nature of the contour plot explained the
interaction among them is significant but not dependant. Enzyme ac-
tivity remained constant even at wide range of K2HPO4%, while in-
creasing concentration of Agave extract gradually enhances the in-
ulinase activity. The mutual effect of Inulin and K2HPO4 is represented
in Fig. 3c and d. Moderate interaction between inulin and K2HPO4 is
observed due to circular nature of the contour plot, which indicated
good inulinase yield at optimum concentration. Fig. 3e and f showed
that with increase in Tithonia extract concentration up to 8% the in-
ulinase activity also shifted up but there was no considerable effect of
changing K2HPO4%.

We have also emphasized on the interactions among the two sub-
strates i.e. synthetic inulin and extracted inulin from weeds. Among
them, Fig. 3g and h revealed the positive interaction of pure inulin and
Agave extract is significant because of elliptical nature of contour plot.
This indicates that both the variables are independent. Inulinase yield is
enhanced at higher Agave extract concentration as compared to that of
pure inulin concentration. Similar interactive effects were observed
when Tithonia extract and pure inulin were considered. The 3D re-
sponse surface plot and 2D contour plot represented in Fig. 3i and j
shows elliptical shaped contour indicating the significant interaction
between Tithonia extract and pure inulin. The interaction between two
crude natural inulin sources i.e. Tithonia and Agave extract as shown in
Fig. 3k and l significantly influence inulinase production. Increased
Tithonia extract concentration up to 8% showed tremendous increased
enzyme activity whereas the activity remained unchanged even at
various concentrations of Agave extract. Thus the isolate prefers to
utilize Tithonia extract as a substrate more than any other sources and
produces highest inulinase (reported till date) yielding maximum
fructose after fermentation. Many plant substrates containing inulin
that were previously used in culture medium for the fermentation
process are listed in Table 7 (Cho and Yun, 2002; Selvakumar and
Pandey, 1999; Park and Yun, 2001; Sharma et al., 2006; Singh et al.,
2006; Dinarvand et al., 2017; Kango, 2008; Erdal et al., 2011). Xan-
thomonas sp. showed inulinase activity of 15 IU/ml when chicory
powder was used as a substrate. Jerusalem artichoke tubercles extract,
was also utilized as substrate and the enzymatic activity reported was
14.6 U/ml for Candida kefyr, 18.7 U/ml for C. pseudotropicalis, 18.4 U/
ml for Kluyveromyces marxianus var. bulgaricus (Cazetta et al., 2005) and

Fig. 3. (a) Contour plot of interactions of variables (b) Three- dimensional response surface plot of K2HPO4 and Agave extract on inulinase production. (c)Contour
plot (d) 3D plot showing the effect of K2HPO4 and inulin on inulinase production. (e) Contour plot of interactions of variables (f) Three- dimensional response surface
plot of K2HPO4 and Tithonia extract on inulinase production. (g) Contour plot (h) 3D response surface plot of inulin and Agave extract on inulinase production. (i)
Contour plot (j) 3D response surface plot of inulin and Tithonia extract on inulinase production. (k) Contour plot of interactions of variables (l) Three- dimensional
response surface plot of Agave extract and Tithonia extract on inulinase production.
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14.3 U/ml for K. fragilis (Dilipkumar et al., 2013, 2013). This is the first
report on inulinase production from Tithonia rotundifolia extracts by
Arthrobacter mysorens strain no.1 using RSM.

3.5. Validation of the experimental model

From present study it is revealed that optimum concentration of
0.27% K2HPO4, 6.57% Agave sisalana extract, 2.54% Inulin and 7.27%

Tithonia rotundifolia extract were the statistically processed parameters,
set to achieve a maximum inulinase production up to 1669.45 EU/ml.

3.6. Inulinase activity

Inulinase produced before and after optimization is illustrated in
Fig. 4a. Maximum inulinase activity was observed up to 48 h of in-
cubation beyond that, the activity decreased with increasing the

Fig. 4. a Comparative account of inulinase activity of Arthrobacter mysorens strain no.1 in fermented broth before and after media optimization. b Comparison of
products formed by Arthrobacter mysorens strain no.1 in fermented broth before and after media optimization at 48 h of incubation.

Fig. 5. Microscopic observation of Osazone crystals (a) standard Fructose (b) RSM optimized fermented broth containing fructose as major product.
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fermentation time. The possible reason for decline inulinase activity
after 48 h could be a change in pH from neutral to alkaline, which could
have hindered the physiological activities. Early reports showed con-
sistent increase in inulinase activity by Xanthomonas oryzae No.5 up to
72 h which declined afterwards (Wang and Lu, 2005). Fig. 4b revels
that fermented broth after media optimization shows elevated synthesis
of fructose and protein than that of non-optimized broth. But this ele-
vated fructose up to 48 h drastically decreased at 72 h. The readily
available energy source in the form of fructose might have been utilized
by the microbes for their metabolic activities.

3.7. Fructose analysis

The product in fermented broth was qualitatively detected by osa-
zone test and the osazone crystals formed from the fermented broth
resembles with that of standard fructose as shown in Fig. 5. Quantita-
tive determination of formed fructose in fermented broth before and
after media optimization is shown in Fig. 4b. Fructose produced was
then confirmed by HPTLC analysis. The Rf values for the standards for
glucose, sucrose, fructose and inulin were 0.81, 0.66, 0.89 and 0.71
respectively. The Rf values for the fermented broth after optimization
was 0.87. It showed peak resembling with that of standard fructose as
shown in Fig. 6. Few additional peaks other than fructose were also
observed in the fermented broth. These additional intermediates
formed along with fructose were the result of endoinulinase activity as
explained in previous report (Kamble et al., 2017). To further evaluate
the purity of fructose formed in the fermented broth, FT-IR spectra
Fig. 7 were obtained and compared with that of standard fructose. The
geometry of many OeH groups and configuration of the CeO, CeC, and

CeH bonds in the skeletal base configuration determines the specificity
of carbohydrates (Grube et al., 2002). The signals observed at 1641 and
1658 cm− 1 in the standard fructose was the result of C]O stretching
mode; characteristic of ketose saturated aliphatics and α, β- un-
saturated ketose functional group. The appearance of vibrations at
1635 cm− 1 in the sample confirms the purity of fructose in the fer-
mented broth.

4. Conclusion

The present investigation highlights the enhanced inulinase pro-
duction by newly isolated bacteria named Arthrobacter mysorens strain
no.1 using Tithonia rotundifolia extract as natural inulin rich weed and
alternative substrate. Noticeable improvement (2.12 fold) in inulinase
production (1669.45EU/ml) was observed after media optimization
using statistical approach which is the highest yield reported so far.
Final product (fructose) yield obtained after Tithonia weed hydrolysis
was 33.79 ± 0.9mg/ml. This optimized media ultimately increases the
possibility for scaling up the inulinase production by Arthrobacter my-
sorens strain no.1 at pilot and industrial-scale for diverse applications as
well as can be used as an effective agent for bioremediation of Tithonia
rotundifolia weed.
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Abstract 

 The present study aimed to determine the sorption behaviour of crystal violet (CV) 

dye on mango leaves biochar (MLBC) prepared at 400 oC, 600 oC and 800 oC. Response 

surface methodology (RSM) was executed to evaluate the interactive effect of four process 

variables on the sorption of CV dye using Box-Behnken design. The quadratic model showed 

significance of model for the responses which were validated by analysis of variance 

(ANOVA). Maximum sorption (99.85%) of CV dye (2500 mg/L) was demonstrated on 

MLBC (800 oC) within 48 min of incubation at pH 8 and 47 oC temperature. The point of 

zero charge (pHpzc) and Brunauer-Emmett-Teller surfaces (BET) of MLBC were 7.7 and 

168.23 m2 g-1, respectively. In addition, fourier transform infrared spectroscopy (FTIR), 

scanning electron microscopy (SEM), X-ray diffraction (XRD), total organic carbon (TOC) 

and atomic absorption spectroscopy (AAS) techniques were employed to characterize the 

biomass and MLBC. Toxicological studies of residual CV dye were executed using seed 

germination and tilapia fish model.  Histological assessment of the gills showed no alterations 

in the gills architecture of fishes exposed to MLBC treated residual CV dye solution. 

Therefore, the present experimental results strongly revealed the strategies for utilizing low-

cost biomass to treat waste water containing hazardous textile dyes. 

Keywords: Biochar, Crystal violet, Mango leaves, RSM, Sorption, Toxicity 
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1. Introduction 

Synthetic dyes are being widely used in several industries like textile, cosmetics, 

paper, printing, pharma, and petrochemicals. Some of these dyes are recalcitrant and their 

persistence in the environment is detrimental to the living flora and fauna. Textile industry 

discharges the effluent consisting several synthetic dyes as the major pollutants. During 

dyeing processing, 10-20% of residual dyes are directly released into water bodies in the 

form of effluent (Zollinger, 1991). Hence, treating the effluent containing toxic residual dyes 

was crucial to reduce the risk of contaminants to ecosystem.  

Crystal violet (CV) also known as methyl violet, gentian violet is a water-soluble dye 

belonging to the family of cationic dye triphenylmethane. Despite its extensive use in textile 

industries, it is also widely used as pH indicator, microbiology stain, and additives in 

medicine (Rushing and Bowman, 1980). However, inhalation of CV dye exerts a 

carcinogenic effect, pain, ongestion, irritation to the respiratory and gastrointestinal track (Li 

et al., 2010). According to Bhasikuttan et al. (2002), toxicity of CV dye was due to the 

oxidative stress generated by reactive oxygen species.  Different strategies were employed for 

the removal of textile dyes by several authors. Nevertheless, adsorption was one of the 

relatively cost-effective method adopted for treating the textile effluents. Numerous 

adsorbents including natural clay minerals (Guiza et al., 2004), fly ash  (Mall et al., 2006), 

plant biomass (Cengiz and Cavas, 2010), activated carbon (Faria et al., 2004), 3D graphene 

nanocomposite (Nasiri and Arsalani, 2018), acetosolv treated black acacia bark (da Silva et 

al., 2018) has been reported for the removal of CV dye. Activated carbon was the dominant 

adsorbent widely used in adsorption process (Faria et al., 2004). However, higher cost, 

regeneration, and disposal problem has restricted its effective use in textile dye sorption 

(Dutta et al., 2011). In contrast, a massive amount of waste biomass generated in agriculture 

and forest is being exploited for the wastewater treatments containing noxious contaminants. 
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Biochar is a carbon-rich material resulting after pyrolysis of any biological material in 

a zero or low oxygen environment (Barber et al., 2018). Every biomass has specific chemical 

groups in its structure indicating their desired properties. Therefore, the sorption capacity of 

biochar highly depends on the pyrolysis conditions like time, temperature and chemical 

composition of the biomass (Zhu et al., 2005). Due to the dissociation of oxygen-containing 

functional groups, biochar commonly occupies a net negative charge on its surfaces (Yuan et 

al., 2011), therefore attracts the positively charged pollutants (Cao et al., 2009). Biochar 

could be reutilised for the sorption of dyes for repetitive cycles after desorption of dye from 

the biochar using different solvents (Vyavahare et al., 2018). 

Therefore, in present study sorption of CV dye at higher concentration using novel 

biochar derived from mango leaves pyrolysed at different temperatures was demonstrated. 

Different factors including dye concentration, incubation time, pH and temperature were 

optimized for effective sorption of the dye through response surface methodology (RSM). 

Furthermore, characterization of MLBC was executed using analytical techniques like FTIR, 

SEM, XRD, BET, TOC and AAS. Toxicity of the residual CV dye was investigated using 

Vigna Mungo seeds and Nile Tilapia fishes (Oreochromis niloticus). 

2. Materials and methods 

2.1. Biomass and chemicals 

 Senescence leaves of mango (Mangifera indica L.) were collected from Shivaji 

University, Kolhapur, India. Crystal violet dye and sodium hydroxide were purchased from 

HiMedia, India. Whereas, hydrochloric acid and sulphuric acid were procured from Thermo-

Fisher Scientific, India. All other fine chemicals used were of analytical grade and higher 

purity. 
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2.2. Pyrolysis of biomass 

 Dry mango leaves were grinded in an electric grinder and the resulting powder was 

pyrolysed at 400 oC, 600 oC and 800 oC for 60 min in muffle furnace connected with N2 gas 

to create oxygen limiting environment in furnace. The produced mango leaves biochar was 

amorphous in nature. 

2.3. Screening of MLBC for sorption of crystal violet dye 

 The initial screening of CV dye (500 mg/L) sorption on MLBC prepared at different 

temperatures (400 oC, 600 oC and 800 oC) was studied. A solution consisting 10 ml CV dye 

and 0.5 g of MLBC was incubated for 60 min at room temperature. After centrifugation, 

optical density of the supernatant was measured at 584 nm using UV-Vis spectrophotometer 

(Shimadzu1240, Japan). Among the tested MLBC, biochar prepared at 800 oC demonstrated 

100% sorption of CV dye. Therefore, all the further optimization experiments were executed 

using MLBC prepared at 800 oC. 

2.4. Optimization of parameters 

 CV dye sorption studies were performed using 0.5 g of MLBC and 10 ml CV dye 

(500 mg/L, 1000 mg/L, 1500 mg/L, 2000 mg/L 2500 mg/L and 3000 mg/L).  Experiments 

were conducted at pH 1-10 under static and shaking (120 rpm) conditions, temperature 15 oC, 

30 oC, 45 oC , 60 oC, and contact time 15, 30, 45, 60 min. The maximum CV dye removal 

was observed under shaking condition (120 rpm), hence all the further experiments were 

performed under shaking. 

2.5. Response surface experimental design 

 RSM is a reliable statistical tool usually used for studying the concurrent interactive 

effect of different process variables on output responses which helps to reduce the cost, and 
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time required for experiments. Box-Behnken design based RSM was applied for optimising 

four independent variables (dye concentration, incubation time, pH, and temperature) derived 

from experimental data for efficient sorption of CV dye. Each independent variable has 

lower, upper and central levels which were coded as -1, +1 and 0, respectively. Equation 

regarding the value of variables fit in the polynomial model was expressed in Equation 1.  

                                    k                       k                       k-1         k 

Y= R0 + � RiX i + � RiiXi
2 + �   � RijX iXj + ɛ                             (1) 

                i=1            i=1               i=1, j=2 i< j 

 Where; X1, X2, X3, X4, Xk were independent process variables, Y is response to 

variables, and R0, Ri, Rii, Rij (i = 1−k, j = 1− k) were the known parameters, Xi and Xj coded 

level value of variables, while ε was the random error.  

The experimental data generated were analysed using ANOVA analysis design expert11 

Stat-Ease software, Minneapolis, USA. 

2.6. Physicochemical characterization   

The yield (%) of MLBC pyrolysed at 400, 600 and 800 oC was calculated as diffrence 

between the weight of biomass before and after pyrolysis. Assesment of ash content and pH 

of MLBC was demonstrated according to the method described by Chaukura et al. (2017). 

Whereas, the point of zero charge (pHpzc) of MLBC (800 oC) was determined as per the 

method of Abia and Asuquo, (2007). The functional groups were examined using FTIR 

(Nicolet 6700, Thermo Scientific) in scanning range 4000 to 500 cm-1 with a resolution 8 cm–

1, and mirror velocity 0.48 cm s-1. Surface morphology and crystallinity of MLBC was 

studied using SEM (JEOL-JSM-6360, Japan) and XRD (Bruker AXS Model: D2 phaser, 

Germany), respectively. TOC and BET surface was determined using TOC instrument (Multi 

N/C 2100 Analytic Jena HT1300, Germany) and BET analyzer (Microtrac BET Single-
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Point). The elemental composition was quantified by AAS (Perkin–Elmer 8650, USA) and 

phosphorus content using method of Nahapetian and Bassiri, 1976. 

2.7. Toxicological studies  

2.7.1. Phytotoxicity analysis 

Phytotoxicity testing was performed using Vigna Mungo seeds to provide substantial 

evidence about the ecological risk assessment of process. This assay was based on U.S. EPA 

guidelines considering seed germination rate and plant growth with few modifications (U.S. 

EPA, 1989). V. Mungo seeds were exposed directly to CV dye (50 mg/L, 2500 mg/L) and 

residual CV dye (2500 mg/L) resulting after sorption on MLBC. The control seeds were 

maintained in distilled water. After 6 days of treatment, germination rate (%), root, shoot 

length was measured and germination rate was calculated using formula described by Nagia 

and EL-Mohamedy (2007). 

% G = (Number of seeds germinated / Total number of seeds) × 100                     (2) 

2.7.2. Toxicity analysis dye on Nile Tilapia fish  

Nile Tilapia fishes (Oreochromis niloticus) were collected from the Kalmba Lake, 

Kolhapur, India. Initially, fishes were acclimatized in a glass aquarium containing 

dechlorinated water (26±2 oC) for 6 days. Fishes having 10-15 cm body length and 50-65 g 

weight were sorted. The toxicity assessment was conducted in glass tanks containing 40 L of 

water. Each tank consisted of 10 fishes which were treated with a) control (only water), b) 50 

ppm CV dye solution, and c) residual CV dye (2500 mg/L) after treatment with MLBC. 

Every 12 h, each set was amended with fresh solution of cv dye, and residual cv dye in the 

same treatment tank for 4 days. Finally, fishes were sacrificed and histological studies were 

performed. Gills of fishes were dissected, and tissue was fixed using a fixative solution for 12 
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h. Further, gills were dehydrated using ethanol gradients and finally embedded in paraffin 

wax. Sections (5 microns) were taken by means of microtome and stained with eosin–

haematoxylin and changes in the gills were recorded using a camera-assisted light 

microscope. 

2.8. Statistical analysis 

All the experimental data studied in triplicates and values were represented as 

mean±SD. The results were inspected through one-way analysis of variance (ANOVA) 

followed by Dunnett multiple range test using Graph Pad Prism 5.  

3. Results and discussion 

3.1. Evaluating MLBC for sorption of CV dye 

 Mango leaves biomass pyrolysis was executed at 400, 600, and 800 oC. The resulting 

MLBC was tested for CV dye sorption (500 mg/L) showed 100% removal of CV dye using 

MLBC prepared at 800 oC. However, lower pyrolysis temperatures were less effective for CV 

dye sorption demonstrating 88.89% (400 oC) and 96.58% (600 oC) (Figure S1; 

Supplementary data). Therefore, all the further optimization studies were performed using 

MLBC prepared at 800 oC.     

Pyrolysis temperatures prominently influences the factors like ash content, surface 

area, and pH of the biochar which plays important role in sorption (Lyu et al., 2016).  The 

higher pyrolysis temperatures eliminate the volatile compounds from the biomass and results 

into a porous material with a higher surface area for sorption of organic contaminants from 

the environmental sites (Ahmad et al., 2012; Yang et al., 2015).  The present MLBC results 

were in agreement with soybean biochar, peanut shell biochar (700 oC) and sugarcane 
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bagasse biochar (800 oC) used for the sorption of trichloroethylene and malachite green, 

respectively (Ahmad et al., 2012; Vyavahare et al.,  2018). 

3.2. RSM optimization 

3.2.1. Factors affecting CV dye sorption 

Different experimental parameters like dye concentration, incubation time, pH, and 

temperature greatly affect the sorption process. Therefore, these experimental variables were 

optimized using RSM for the effective removal of CV dye. 

3.2.2. Response regression model  

 For CV dye sorption, four process variables (dye concentration, incubation time, pH 

and temperature) were optimized through RSM implemented Box-Behnken design. The 

variable coded levels were shown in table 1. Whereas, the design matrix gave 29 runs 

comprising 24 trials and 5 central points as shown in table 2. The regression model obtained 

from ANOVA intended for optimum sorption of CV dye (%) was written as coded level in 

the following equation 3.       

% Sorption = -25.30667 + 0.008483 × X1 + 0.210844 × X2 + 28.17600 × X3 + 0.079567 × X4 + 

0.000017 × X1 × X2 + 0.000100 × X1 × X3 + 0.000069 × X1 × X4 – 0.002333 × X2 × 

X3 + 0.000522 × X2 × X4 – 3.29733E-06 × X1
2 – 0.002653 × X2

2 – 1.78433× X3
2 – 

0.002264 × X4
2                                                                                          (3)                         

ANOVA was performed for justifying adequacy of the developed model. Table 3 

demonstrated greater F (29.01) and less P (<0.05) value indicated that the model was highly 

significant. The P value <0.05 proposed the model was statistically significant (Kim et al., 

2003). In the present study, X1, X2, X3, X4, X1X4, X1
2, X2

2, X3
2 and X4

2 were found to be the 

significant models for sorption of CV dye. Thus, the predicted (0.8226) and adjusted (0.9334) 
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correlation coefficient R2 values were reasonably in agreement with each other for removal of 

CV dye signifying the implication of the model. According to Myers et al. (2009), lack of fit 

was significant if data does not fit well. However, in present study, lack of fit was non-

significant and has F-value 3.45 suggesting good anticipation of this model.  Moreover, 

accuracy and significant reliability of the experiment was checked through coefficient 

variation value which was very low (0.4037). Amini et al. (2008) have stated that low 

coefficient of variation value indicates high accuracy and significant reliability of the 

experiment.  

3.2.3. Surface plots 

 For a better understanding of results, the 3-D surface plots were highly recommended 

for graphical interpretation of the relationship between process variables generated through 

RSM (Asadollahzadeh et al., 2014).  

Figure 1a represents the effect of dye concentration and contact time on dye sorption 

capacity. It was observed that, on increasing the dye concentration above optimum level the 

sorption capacity was decreased which could be attributed due to the saturation of active sites 

on biochar. At initial stage, rapid sorption of CV dye on MLBC was achieved due to the 

higher number of active binding sites available on the surface of biochar. Further increase in 

the incubation time slowly enhanced the sorption capacity until it reached the equilibrium. 

The optimum sorption of CV dye was highlighted in red color (Figure 1a). The 3-D graph 

generated showed an elliptical shape indicating a significant interaction between both the 

factors. These results were in accordance with earlier reports of Rahimi et al. (2015), and 

Chaukura et al. (2017).  

 Figure 1b showed that shift in pH from acidic (pH 2) to alkaline (pH 8) increases the 

dye sorption capacity with maximum CV dye sorption at pH 8. This could be achieved due to 

the alkaline pH (8) greater than pHpzc providing a negative charge on the surface of MLBC 
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which was favourable for electrostatic attraction of cationic CV dye. Xu et al. (2011), 

reported sorption of CV dye on biochar derived from the crop residue was increased from pH 

7.7 to 8.7. Present results agreed with earlier reports of Xu et al. (2011) and Aysan et al. 

(2016). The quadratic responses were generated and 3-D plot indicating negligible interactive 

effect between these two factors for CV dye removal. 

 Figure 1c represents effect of CV dye concentration and temperature on sorption rate. 

The CV dye sorption equilibrium increases with increasing temperature up to the certain level 

suggesting an endothermic reaction. This could be due to increasing in diffusion rate of 

adsorbate across the internal pores and external surface of adsorbent and decreasing the 

viscosity of the aqueous solution at a higher temperature (Ahmad and Alrozi, 2011). The 3-D 

plot revealed, both factors actively interact with each other and exhibited the elliptical shape 

graph. 

 Interactive effect of time and pH on biosorption of CV dye was shown in figure 1d. 

The data represented an increase in the incubation time and pH showed higher sorption till it 

reached the optimum level. The rapid sorption of dye at initial contact time indicated the 

shorter equilibrium time for sorption due to utilization of porosity and pore volume of the 

adsorbent, succeeding in external adsorption (Rahimi et al., 2015). The initial contact time 

required for dye removal was very short showing its significant intendment for the 

wastewater treatment. However, the pH of the solution greatly affects the sorption efficacy by 

changing the electrostatic charge of ionised dye molecules (Etim et al., 2016). In the present 

studies, maximum CV dye sorption was observed at alkaline pH as shown in figure 1d. 

Bharathi and Ramesh, (2013), reported that the cationic dye sorption was decreased at acidic 

pH, while increases at alkaline pH which will be contradictory for the anionic dye molecules. 

Both the factors gave a quadratic response and insignificant interaction effect on each other. 
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 Moreover, the combined effect of time and temperature on CV dye sorption was also 

investigated (Figure 1e). As per earlier reports, temperature affects the adsorption properties 

through exothermic and endothermic reactions (Schimmel et al., 2010). Usually, in the gas 

phase, the sorption proficiency decreases with increasing temperature indicating the 

exothermic reaction. However, in liquid phase, the sorption capacity increases at a higher 

temperature which specifies the endothermic reaction. In current study, CV dye sorption 

increases with increasing the incubation time and temperature to the certain level as stated in 

figure 1e. The 3-D surface plot showed circular nature of graph indicating a non-significant 

interaction among these two factors.   

 The interactive effect of pH and temperature on sorption rate of CV dye was executed 

through 3-D surface plot (Figure 1f). It was observed that, CV dye sorption increases at the 

alkaline pH while declined at acidic pH. The decrease in CV dye sorption at acidic pH might 

be due to the higher protonation of surface functional groups on adsorbent resulting in a 

repulsion of cationic CV dye molecules. According to Aysan et al. (2016), pH drastically 

affects surface functional groups of adsorbents, leading to change in the adsorption 

equilibrium properties, reaction kinetics and sorption efficiency. However, the significant 

interaction mechanism between cationic dye molecules and functional groups on adsorbents 

might enhanced at higher tempratures (Ozdemir et al., 2006). Thus, both the factors 

insignificantly interacted with each other which were confirmed by circular nature of the 3-D 

plot. 

3.2.4. Model fitting 

 This model aimed to reveal optimum process variables in consideration of efficiency 

and feasibility for maximum removal of CV dye. The optimum condition for CV dye removal 

predicted through this model was 2500 mg/L CV dye, 48 min time, pH 8 and 47oC 
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temperature. However, the model validation was confirmed by predicted CV dye removal 

value (100.06%) which agreed with experimental value (99.85%). Thus, the model was 

assistive for predicting response along with optimum process variables value. 

3.3. Physicochemical characterization of mango leaves biomass and MLBC 

3.3.1. Biochar yield 

 During carbonization, weight loss depends on the source of biomass (Yoshida et al., 

1999). In present study, mango leaves biomass pyrolysed at 400 oC showed higher biochar 

yield which was further decreased on increasing the temperature (800 oC) (Table T1; 

Supplementary data). At higher pyrolysis temperature most of the cellulose, hemicellulose 

and lignin gets decomposed resulting in lower yield.  

3.3.2. Ash content and pH values of MLBC 

Ash is a non-carbon material that affects the sorption capacity of the adsorbent.  The 

ash content of MLBC pyrolysed at 400, 600 and 800 oC was 14.7 %, 15.6%, and 15.2 %, 

respectively (Table T1; Supplementary data). On increasing the pyrolysis temperature (400–

600 oC) the ash content was increased, nonetheless it was decline at 800 oC. According to Tag 

et al. (2016), at higher pyrolysis temperature the fixed C and ash content increases, however, 

decreases the volatile contents. Therefore, the lower ash content eventually improves the 

sorption capacity.  

In addition, pH of the adsorbent greatly affects the surface chemistry of adsorbate and 

eventually interferes with their sorption mechanism. Most of the biochar were alkaline in 

nature, an increase in the pH was observed on increasing the pyrolysis temperature 

(Keiluweit et al., 2010, Yuan et al., 2011; Zhao et al., 2018). The current study showed pH 

values 7.3, 8.9 and 10.1 of the MLBC pyrolysed at 400, 600 and 800 oC, correspondingly 

(Table T1; Supplementary data). At 250–300 oC temperature, cellulose and hemicellulose 
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gets destructed with production of acidic and phenolic compounds responsible for lowering 

the pH of adsorbent. Whereas, at higher temperature, pH increases due to separation of alkali 

salts from the matrix of adsorbent. These results were in agreement with the reports of Abe et 

al. (1998).  

3.3.3. Point of zero charge (pHpzc) 

pH of solution greatly affects the adsorbent properties through the protonation and 

deprotonation of surface hydroxyl groups. According to Han et al. (2006), the adsorbent 

surfaces are negatively charged when the pH is greater than pHpzc. In contrast, if the pH is 

lower than the pHpzc, surfaces will be positively charged. Therefore, the values of pHpzc 

illustrate its electrokinetic behaviour, which mainly depends on the type of raw biomass, 

thermal treatment conditions (Mondal et al., 2016). Our experimental results showed pHpzc 

7.7 for MLBC indicating negative surface charge on MLBC. Therefore, the efficient sorption 

of CV dye on the MLBC was achieved at pH 8 which was higher than the pHpzc (Figure S2; 

Supplementary data).  

3.3.4. FTIR analysis  

 FTIR was used to detect the functional groups present on the surface of mango leaves 

biomass and MLBC. As shown in figure 2a, the native mango leaves biomass showed peak at 

2965 cm-1 related to the aliphatic chain stretching. The other peaks observed in biomass at 

2919 cm-1 and 1732 cm-1 were recognised as a saturated alkane and stretching of aldehyde 

carbonyl group, respectively. Whereas, peaks observed at 1540 cm-1 and 1032 cm-1 indicated 

the nitro and sulphoxide group correspondingly. Peaks at 718 cm-1, 633 cm-1, 598 cm-1, 562 

cm-1, 536 cm-1, 521 cm-1 and 507 cm-1 which may be attributed to the halogen groups present 

on the biomass. The figure 2b demonstrates FTIR pattern of MLCB prepared at 800 oC. 

MLBC also showed a peak at 2965 cm-1 corresponding to the aliphatic chain stretching group. 
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Similarly, some new peaks were also observed at 1409 cm-1 and 872 cm-1, relevant to the 

symmetric stretching vibration of carboxylate and ring deformation vibrations, respectively. 

The peaks observed at 2884 cm-1 and 1054 cm-1 recognised as saturated alkane and 

sulphoxide groups, respectively. Likewise, some other peaks appeared at 709 cm-1, 634 cm-1, 

563 cm-1, 549 cm-1 and 538 cm-1 could be related to the halogen group. Therefore, from the 

present results, it was observed that the surface functional groups existing on biochar highly 

depends on the pyrolysing conditions which was in agreement with Cibati et al. (2017). 

3.3.5. SEM evaluation 

 The surface morphology of MLBC before and after sorption of CV dye (2500 mg/L) 

was investigated using the SEM (Figure 3). The surface morphology of native MLBC was 

cylindrical with porous nature and a rough surface (Figure 3x). On the other hand, the MLBC 

surfaces after CV dye sorption became smooth showing morphological changes in the MLBC 

after sorption of dye (Figure 3y). According to Lehmann and Joseph (2009), biochar prepared 

at higher pyrolysing temperature ultimately provides rough surface and higher pour filling 

nature along with large surface area helpful for the greater adsorption of pollutants. 

3.3.6. XRD analysis  

Figure 4 showed the X-ray diffraction pattern of mango leaves, and MLBC before and 

after sorption of the CV dye. The mango leaves biomass diffractogram pattern was slightly 

different from the MLBC (Figure 4 a, b). However, the diffractogram pattern observed in 

MLBC before and after sorption of CV dye was observed with different peak intensities 

(Figure 4 b, c). In the present diffractogram patterns, we found some peaks were lost at 16o 

(2ϴ) demonstrating the decomposition of cellulose. These results also resemble to the FTIR 

spectra. As per the earlier reports, different feedstock such as peanut straw, wood/grass, and 
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pecan nutshells have diverse crystal components (Keiluweit et al., 2010; Yuan et al., 2011; 

Zazycki et al., 2018).  

3.3.7. BET analysis  

 Source of biomass and pyrolysis conditions greatly affects the surface area of adsorbent 

which was the key factor for effective sorption of pollutants (Yao et al., 2011). The BET surface 

area of MLBC prepared at 800 oC was 168.23 m2 g-1. As the pyrolytic temperature and time 

increase, the surface area and pore volume of the adsorbent also increases due to evaporation of 

volatile compounds and forming the micropores (Hasan Khan Tushar et al., 2012). Different 

biochar  prepared using corn straw, pitch pine,  pig manure, sewage sludge, pine sawdust,cotton 

seed hull, and weeds at different temperature (350-800 oC) showed diverse surface area <2 to 

>300 m2 g−1 (Silber et al., 2010; Kim et al., 2011; Troy et al., 2013; Mendez et al., 2012; Laghari 

et al., 2016; Uchimiya et al., 2012; Güzel et al., 2017). In this study, MLBC prepared at 800 oC 

showed higher CV dye sorption compared to those prepared at a lower temperature (400, and 

600 oC) which indicated the availability of higher surface area. 

3.3.8. Total organic carbon analysis 

The higher TOC content in biochar was helpful for the effective sorption of organic 

contaminants from the polluted ecosystem (Lee et al., 2013). The TOC content of mango 

leaves biomass was 449.8 g/kg. Whereas, the TOC content of MLBC prepared at 800 oC was 

459.1 g/kg which was further increase to 469.2 g/kg on sorption of the CV dye suggesting 

sorption of CV dye.   

3.3.9. Elemental assessment 

 The elemental composition of mango leaves biomass and MLBC prepared at 800 oC 

was studied (Table T2; Supplementary data). Increase in the content of some major elements 
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like N, K, Ca, Mg, S, Fe and Mn were observed after pyrolysis of the biomass. At higher 

pyrolysis temperature, the N content was increased which might be due to recalcitrant N in 

heterocyclic compounds (Kazi et al., 2010). But pyrolysis of biomass decreased the P and Na 

content of biochar. However, no significant changes in the composition of Zn and Cu were 

observed in biomass and MLBC. Increase in the elemental composition could be also due to 

the decrease in the weight of biomass on the pyrolysing process. Hanay et al. (2008) has 

reported that source of biomass played a key role on their element composition.  

3.4. Toxicity evaluation of residual CV dye 

 Different industrial wastewater can be characterized as a heterogeneous mixture of 

organic and inorganic compounds (Nielsen and Rank, 2004). Direct release of this effluent 

into the waterbodies will adversely affect the ecosystem. Therefore, toxicity assessment of 

the residual CV dye was carried out using V. mungo seeds and tilapia fish model following 

the U.S. EPA, (1989) guidelines.   

3.4.1. Phytotoxicity   

 Seed germination study was the quick and easy method for the environmental toxicity 

assessment of industrial pollutants (Wang, 1985). In present work, the toxicity of CV dye and 

residual dye after sorption on MLBC was assessed using V. mungo seeds (Table T3; 

Supplementary data). The seed germination was completely inhibited in CV dye (2500 mg/L) 

indicating a higher level of CV dye toxicity to the V. mungo seeds. Though, the seeds 

germination in CV dye (50 mg/L) was 60%. However, the residual CV dye solution after 

MLBC treatment showed 100% seed germination rate corresponding to the distilled water 

control. The shoot and root length of seedling on 6th days was calculated as shown in table T3 

(Supplementary data).  
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3.4.2. Fish toxicity analysis 

 The untreated effluent released directly in the water bodies develops a lethal toxicity 

to the aquatic biota including fish. Fish gills are very sensitive organs playing a vital role in 

water filtration, osmoregulation, acid-base balance, and respiration for its survival. Therefore, 

in present study, gills were the primary target to study the effect of CV dye. The fishes 

exposed directly to CV dye (50 ppm) showed noticeable behavioural defects like rapid 

movements, restlessness, loss of balance and erratic swimming at upper half part of the tank. 

However, the fishes when exposed to MLBC treated CV dye (2500 mg/L) residues 

demonstrated normal behaviour which was closely comparable with the fishes maintained in 

only water. 

The histological survey of gills was executed to examine level of toxicity of CV dye 

and MLBC treated CV dye as compared to control (only water). In control fishes showed 

normal gill architecture with typical histological markers like a cartilaginous supporting rod 

(CAR), blood vessels (BV) and rounded primary lamella (PL) at the apices (Figure 5 A). In 

contrast, fishes exposed direcly  to CV dye (50 ppm) showed the lethal effect on gills in terms 

of secondary lamellae fusion (SLF), epithelial lifting (EL) and curling of secondary lamellae 

(CSL) (Figure 5 B, C). In addition, shrinking of the cartilaginous supporting rod (SCSR) was 

observed causing decrease in the gill size. Similarly, changes in the gill filaments were also 

observed due to severe degeneration (DEG) and necrosis ultimately leading to disruption of 

the epithelium (Figure 5 B).  

Likewise, increase in intracellular vacuolation was observed in CV dye treated fishes 

(Figure 5 C). However, the fishes exposed to MLBC treated CV dye (2500 mg/L) residues 

revealed normal gill architecture as observed in control fishes showing normal gill 

architecture (Figure 5 D). The present results were in accordance with the earlier studies on 

fish gill histology after exposure to different toxicants (Triebskorn et al. 2008). These results 
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revealed the importance of MLBC derived from agriculture waste biomass to treat the 

CV dye having a toxic effect on the growth, development and natural progress like 

fish reproduction. 

4. Conclusion 

 Biochar assisted removal of dyes is one of the affordable and effective way for 

treatment of textile effluents. However, cheaper and commonly available feedstock material 

was the essential factor to treat a huge amount of generated textile effluent. In the present 

research attempt, biochar derived from agricultural waste biomass of mango leaves 

demonstrated complete removal of CV dye at a higher concentration from the aqueous 

solution. Response surface methodology optimization of different parameters including dye 

concentration, time, pH, and temperature showed significance of the model. Furthermore, 

phyto and fish toxicity studies confirmed the removal of CV dye from aqueous solution using 

MLBC. Findings of this research would provide a simple and cost-effective technique for 

removal of toxic cationic textile dyes.  Further investigations should be undertaken to develop 

the strategies to explore mango leaves biochar to treat several other toxic dyes and textile 

effluents. 
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Figure captions 

Figure 1. 3-D surface plots of process variables for sorption of CV dye: a) Dye concentration 

and time; b) Dye concentration and pH; c) Dye concentration and temperature; d) Time and 

pH; e) Time and temperature; f) pH and temperature 

Figure 2. FTIR spectra: a) mango leaves biomass, b) MLBC prepared at 800 
o
C 

Figure 3. SEM images of MLBC: x) Native MLBC; y) MLBC after CV dye (2500 mg/L) 

sorption 

Figure 4. XRD pattern: a) mango leaves biomass, b) Native MLBC, c) MLBC after sorption of 

CV dye (2500 mg/L) 

Figure 5. Histological investigation of Nile tilapia gills stained with haematoxylin and eosin: 

Figure A revealed gills of healthy control fish showing the normal architecture of PL, BV, CA. 

Whereas, figure B and C shows the histological changes in gills of fishes exposed to 50 ppm 

CV dye demonstrates epithelial lifting (EL), necrosis (NEC), curling of primary lamellae (CU) 

and disrupted gill epithelium owing to sever degeneration (DEG) and shrinking of the 

cartilaginous supporting rod (SCSR). Figure D displays normal gill architecture of PL, BV, CA 

in the fishes exposed to residual CV dye solution resulting after treatment with MLBC.  

NOTE:  PL (primary lamella), BV (blood vessel), CA (cartilage). 
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                     Table 1: Coded independent variables for CV dye sorption (%). 

Independent variables Symbol Coded levels 

 
Dye concentration (mg/L) 
Time (min) 
pH 
Temperature (oC) 

 

          X1 

X2 

X3 

X4 

       -1              0          +1 
2000       2500      3000 
30                45          60 
7.0         8.0         9.0 
30           45         60 

                            Note: (−1) low level, (+1) high level, (0) center point. 
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                          Table 2: Box–Behnken predicted variable responses for efficient CV dye sorption (%) 

Run Factor 1 

X1 

Factor 2 

X2 

Factor 3 

X3 

Factor 4 

X4 

Actual Value Predicted Value 

1 -1 -1 0 0 99.60 99.95 

2 0 -1 0 +1 98.97 98.89 

3 +1 0 +1 0 94.98 95.19 

4 0 0 0 0 100.00 99.85 

5 0 0 0 0 99.45 99.85 

6 0 0 0 0 100.00 99.85 

7 0 -1 0 -1 97.93 98.05 

8 -1 +1 0 0 100.00 100.26 

9 +1 0 -1 0 95.42 95.95 

10 +1 -1 0 0 96.42 96.35 

11 -1 0 +1 0 99.17 98.44 

12 0 0 +1 +1 97.30 97.60 

13 -1 0 -1 0 99.81 99.40 

14 +1 0 0 -1 95.99 95.79 

15 0 +1 0 +1 100.00 99.68 

16 0 -1 -1 0 97.86 97.59 

17 0 0 -1 -1 97.49 97.38 

18 -1 0 0 -1 99.85 100.17 

19 0 +1 +1 0 97.00 97.28 

20 0 0 0 0 100.00 99.85 

21 0 0 +1 -1 96.67 96.66 

22 0 -1 +1 0 96.84 96.80 

23 0 +1 0 -1 98.49 98.37 

24 -1 0 0 +1 100.00 100.21 

25 0 +1 -1 0 98.16 98.22 

26 0 0 0 0 99.81 99.85 

27 0 0 -1 +1 98.39 98.59 

28 +1 0 0 +1 98.21 97.90 

29 +1 +1 0 0 97.32 97.16 

                     Note: (−1) low level, (+1) high level, (0) center point; X1 (dye), X2 (time), X3 (pH) and X4 (temperature) 
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                     Table 3: Analysis of variance (ANOVA) for sorption of crystal violet dye (%). 

Source Sum of Squares df Mean Square F-value p-value  

Model 63.99 14 4.57 29.01 < 0.0001 significant 

X1 33.63 1 33.63 213.47 < 0.0001 
 

X2 0.9352 1 0.9352 5.94 0.0288 
 

X3 2.23 1 2.23 14.14 0.0021 
 

X4 3.47 1 3.47 22.00 0.0003 
 

X1X2 0.0625 1 0.0625 0.3967 0.5390 
 

X1X3 0.0100 1 0.0100 0.0635 0.8048 
 

X1X4 1.07 1 1.07 6.80 0.0207 
 

X2X3 0.0049 1 0.0049 0.0311 0.8625 
 

X2X4 0.0552 1 0.0552 0.3505 0.5633  

X3X4 0.0182 1 0.0182 0.1157 0.7388  

X1
2 4.41 1 4.41 27.97 0.0001  

X2
2 2.31 1 2.31 14.66 0.0018  

X3
2 20.65 1 20.65 131.07 < 0.0001  

X4
2 1.68 1 1.68 10.68 0.0056  

Residual 2.21 14 0.1576    

Lack of Fit 1.98 10 0.1977 3.45 0.1219 not significant 

Pure Error 0.2291 4 0.0573    

Cor Total 66.20 28     

  R
2

= 0.9667  R
2
adj. = 0.9334 R

2
pred. =  0.8226, Adequate precision = 17.763  (>4.0); df: Degrees of freedom;  

X1 (dye), X2 (time), X3 (pH) and X4 (temperature) 
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Highlights 

 

• Removal of crystal violet dye using biochar derived from mango leaves was reported 

• Biochar showed 99.85% sorption of CV dye at concentration 2500 mg/L within 48 min 

• FTIR, XRD, BET, TOC, AAS & SEM was done to characterize leaves biomass & biochar  

• Response surface methodology was executed to optimize the CV dye sorption process 

• Toxicity assessment of CV and residual CV dye on Tilapia fishes was performed 
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Abstract 

 Tyrosinase is a ubiquitous enzyme in nature. It catalyzes the reaction in melanin 

formation. In this investigation, tyrosinase from a Yam tuber (Amorphophallus paeoniifolius) 

was extracted and purified by ultra-centrifugal filtration followed by ion exchange 

chromatography. The purified enzyme was obtained with purification fold of 12.65and specific 

activity of 60.25 U/mg. The molecular weight of purified enzyme was confirmed to be 45kDa by 

SDS-PAGE. The enzyme activity was optimal at pH 6 and 30ºC with Km 10mM. Further the 

kinetic study of purified yam tyrosinase was carried out using Surface Plasmon Resonance 

method. In brief, enzyme was immobilized on chip surface by amine coupling method and 

different small molecules were analyzed for their binding affinities at different concentrations 

(mM). The affinity of each compound for yam tyrosinase was different with KD values as tannic 

acid (5.13×10-5), gallic acid (2.05×10-8), ascorbic acid (0.004544), caffeic acid (3.09×10-9), 

pyrogallol (2.13×10-4) and catechol (1.09×10-4). The kinetics data results were confirmed by 

inhibition assays and IC50 values were calculated. This data will help to study the role of 

tyrosinase in hyperpigmentation which will create an avenue for tyrosinase inhibitors. Tyrosinase 

inhibitors have wide range of applications in cosmetics, medical and food industries. 

Keywords: tyrosinase; Amorphophallus paeoniifolius; surface plasmon resonance. 
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1. Introduction 

Tyrosinases (E.C.1.14.18.1) are copper containing enzymes found in all the life forms. 

The copper present in this enzyme is of type 3 copper proteins, which is a common characteristic 

of tyrosinases, catecholoxidases and haemocyanins [1,2]. The copper pair present at active site of 

enzyme participates in two different reactions: (1) the ortho-hydroxylation of tyrosine (cresolase 

activity) and (2) the oxidation of L-DOPA (catecholase activity).In plants, sponges and many 

invertebrates, tyrosinase contributes in wound healing and primary immune response. In 

arthropods, tyrosinase is involved in sclerotization of cuticle after molting or injury [3]. In 

mammals, tyrosinase is involved in melanogenesis which leads to formation and accumulation of 

melanin which protects the skin from UV induced injuries. Abnormal production of melanin 

leads to the skin problems like freckles, spots and melasma. Tyrosinase is also responsible for 

the production of neuro-melanins but excessive productions of dopaquinone by oxidation of 

dopamine results in neuronal damage related to Parkinson’s disease [4, 5].  Synthesis and 

bioconversion of o-diphenol drugs like L-DOPA is one of the major applications of this enzyme. 

In fruits and vegetables, tyrosinase also causes undesirable browning which leads to poor 

aesthetic nature and lowers the market value. Hence, there is need of development and screening 

of tyrosinase inhibitors and thus there is an increasing demand of tyrosinase in medical, 

cosmetic, agriculture and food industry [6]. A large number of tyrosinase inhibitors including 

flavanoids, kojic acid, annisaldehyde, cinnamaldehyde, arbutin and hydroquinones have been 

reported till date [7, 8]. 

Surface plasmon resonance (SPR) technique is an optical method for measuring the 

refractive index of very thin layer of material immobilized on a metal gold surface. It is the 

powerful and versatile spectroscopic method for determining the biomolecular interactions 
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including ligand-receptor coupling, antibody-antigen coupling, protein-DNA interactions [9, 10]. 

A SPR-based instrument allows the analysis of biomolecular interaction in real time with no 

labeling requirements and can measure mass changes down to 10 pg/mm2. Applications shown 

include kinetic measurements (ka, kd), binding site analysis and concentration determination, 

screening of drug molecules, specificity analysis [11, 12]. 

In present study, Yam (Amorphophallus paeoniifolius) tyrosinase was purified and 

characterized. The purified enzyme was then subjected to SPR studies. The SPR technique was 

employed to determine the affinity of various small molecules inhibitors using surface 

immobilized yam tyrosinase (Amorphophallus paeoniifolius). Changes in refractive index 

indicate binding of the inhibitors at different concentrations were monitored by SPR. The sensor 

detected these inhibitor molecules and their corresponding binding affinity constants were 

generated after the analysis. These results were also confirmed by spectroscopic inhibition assay. 

This data will help to studythe other proteins which undergo conformational changes on binding 

of inhibitor molecules. 

2. Materials and methods 

2.1. Chemicals and reagents 

Sensor Chip Series S CM5, N-ethyl-N’-(dimethyl aminopropyl)-carbodiimide (EDC),N-

hydroxysuccinimide (NHS), ethanolamine HCl, HBS buffer, as well as sampling vials, were 

obtained from GE Healthcare Life Sciences , Uppsala, Sweden. The compounds like tannic acid, 

gallic acid, ascorbic acid, caffeic acid, catechol and pyrogallol as well as L-3 

dihydroxyphenylalanine (L-DOPA), L-tyrosine, potassium phosphate monobasic and dibasic 
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were obtained from Himedia, Mumbai, India. All other chemicals were of highest purity and 

analytical grade. Milli Q (Milipore) water was used for preparing buffers and reagents. 

2.2. Source of enzyme 

Fresh yam tubers (Amorphophallus paeoniifolius) were collected from local market, Kolhapur, 

Maharashtra, India and used as enzyme source. 

2.3. Purification of enzyme 

2.3.1. Extraction of enzyme 

Extraction of tyrosinase was carried into potassium phosphate buffer [50mM, pH-6.0] 

with few modifications in Balkrishnan’s method of enzyme extraction. In detail, the tubers were 

washed with distilled water thoroughly and skin was peeled off. The tubers were sliced into 

small pieces and then homogenized into the buffer by blender at 4°C followed by centrifugation 

[13]. The supernatant was then collected and further passed through the Amicon ultra-centrifugal 

filter unitsfor partial purification followed by ion exchange chromatography, electro-elution and 

so forth has been employed in a series to obtain the enzyme in its purest form [14]. 

The partially purified enzyme obtained from ultracentrifugal filtration was subjected to 

DEAE-cellulose column and the bound proteins were eluted using linear gradient of 0-300mM 

NaCl at a flow rate of 1ml/min. The fractions (5ml each) were collected and checked for 

tyrosinase activity. The fractions showing high tyrosinase activity were pooled and further used 

for SDS-PAGE and activity staining. The SDS-PAGEwas performed using 10% separating and 

4% stacking gels and electrophorised at 100V. The gel was stained with commassie brilliant blue 

staining solution. Along with the sample, a standard protein markerwas electrophorised to 
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determine the molecular weight of the sample. After the electrophoresis, the gel was used for the 

activity staining by placing gel into potassium phosphate buffer (50mM, pH-6.0) containing 

2mM L-DOPA at 40°C till the dark brown colour appears. By comparing with zymogram, the 

corresponding band for tyrosinase was identified. 

2.3.2. Characterization of enzyme 

2.3.2.1. Effect of pH and temperature 

The enzyme activity was determined in phosphate buffer with different pH values from 4 to 9at 

25°C with optimum concentration of substrate at 2mM.The tyrosinase activity was also 

measured by varying temperature values from 10 to 80°C using phosphate buffer and same 

substrate concentration. 

2.3.2.2 Enzyme kinetics 

The rate of reaction of tyrosinase was determined for series of concentrations of substrate. The 

apparent value of Km of purified tyrosinase was calculated from Lineweaver-burk plot. 

2.3.3. Enzyme activity assay 

2.3.3.1. Diphenolase activity assay 

Diphenolase activity of yam tyrosinase was performed by using L-DOPA as a substrate by 

measuring the dopachrome accumulation at 475nm (Ɛdopachrome=3400 M-1cm-1) with little 

modifications to [15]. The reaction mixture (3ml) contained 2mM of L-DOPA in 50mM 

potassium phosphate buffer (pH=6.0); a portion of 100 µl of enzyme was used for the activity 

assay. The reaction was carried out at constant temperature of 30°C using Shimadzu UV visible 

spectrophotometer. 
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2.3.3.2. Inhibition of tyrosinase activity 

The inhibitory activity assay was performed with some modifications of [16]. The compounds 

like tannic acid, gallic acid, ascorbic acid, caffeic acid, catechol and pyrogallolwere dissolved in 

50mm potassium phosphate buffer (pH=6.0) and 100 µl of yam tyrosinase (0.2mg/ml) was 

incubated for 10 min along with the same buffer. Then 0.5ml of 2mM L-DOPA in 50mM 

phosphate buffer was added and the reaction was carried out at 30°C temperature. The amount of 

dopachrome in the reaction mixture was determined by optical density at 475nm using Shimadzu 

UV visible spectrophotometer. Kojic acid was used as positive control.The inhibitory percentage 

of tyrosinase was calculated as follows: 

 

100 [A-B] – [C-D] 

% inhibition = 

[A-B] 

 

A is the OD at 475 nm without test substance; B is the OD at 475 nm without test substance and 

tyrosinase; C is the OD at 475 nm with test substance; D is OD at 475 nm with test substance 

without tyrosinase. 

The extent of inhibition by the addition of sample was expressed as percentage necessary for 

50% inhibition (IC50). 

 

2.4. Surface plasmon resonance (SPR) studies 

Biocore X100 optical biosensor (GE Healthcare Life Sciences, Bangalore, India) was used for 

the analyses of SPR interactions. All the SPR measurements were performed in phosphate buffer 
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saline (PBS). Before passing through sensor surface, the working dilutions were made in PBS 

from analyte stock solutions. Biocore control software was used for the data collection. The 

system moniters refractive index changes as a function of time under constant flow condition and 

accordingly experiments were performed. The net increase in refractive index over time 

compared to that of buffer alone gives the relative amount of inhibitor bound to the tyrosinase. 

There is an in line subtraction of reference surface during the run. This change is usually 

reported in terms of response units (RU). The surface is washed with PBS (running buffer) 

between each concentration. 

2.4.1 Immobilization scounting 

 In order to determine suitable coupling conditions without completely modifying the 

sensor chip surface, pH scounting method was employed to know the suitable pH for 

immobilization.The enzyme solutions were prepared in different range of acetate buffer with pH 

varied from 4 to 5.5 and injected over the chip surfacewithout activation of EDC and NHS.PBS 

buffer was used as running buffer. 

2.4.2. Enzyme immobilization 

The method of amine coupling was reported earlier for immobilization of mushroom tyrosinase 

[17]. The same method with some modifications was employed for the immobilization of yam 

tyrosinase. In brief, yam tyrosinasewas dissolved (50g/ml) in 0.1M sodium acetate buffer 

havingpH 4.5 (as per pH scounting study). Using a flow cell was activated for 7 min using a 1:1 

mixture of 100 mM N-ethyl-N-9dimethyl amino propyl)-carbodiimide (EDC) and 100mM N-

hydroxysuccinimide (NHS) (both dissolved in water), and subsequently tyrosinase was injected 

for 7 min, and injection of 1M ethanolamine, pH 8.5. A total of 1300 (RU) of tyrosinase were 
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immobilized. For this study, flow cell 1 was blank immobilized (without protein) for using as 

reference.  

2.4.3. Screening of different compounds using SPR 

To analyze interactions of different  small molecules (with various concentrations) likeL-DOPA, 

tannic acid, gallic acid, ascorbic acid, caffeic acid, catechol and pyrogallolwere dissolved in 

10mM PBS containing 0.005% P20 and were injected on sensor chip. The same PBS buffer was 

used as the running buffer. Flow rate was maintained constant throughout the kinetics 

experiment (45 µl/min),contact time and dissociation time was kept at 120 s. Regeneration was 

carried out with 10 mM glycine pH 2.5 for 30 s. Experiments were performed with various 

concentrations of L-DOPA and inhibitors from 0.0975 mM to 100mM respectively. The data 

analysis was done with X100 evaluation software ver 2.0 and data was fit to two state binding. 

3. Results and discussion 

Tyrosinase has a critical role in both commercial as well as domestic processing, 

handling and storage of food [18, 19]. Hence, tyrosinase has become the attractive target in 

therapeutics for prevention and treatment of hyper-pigmentation and various skin pigmentation 

problems [20]. Therefore, tyrosinase inhibitors have gained a lot of focus in current research and 

encouraged researchers to find new tyrosinase inhibitors to prevent or treat hyperpigmentation 

disorders and food browning [21,22]. In current work, a different aspect was employed to study 

binding kinetics of small molecules with yam tyrosinase using Surface Plasmon resonance 

(SPR). SPR has several intrinsic features that allow for label-free, real-time monitoring of 

interactions [23]. The sensitivity of SPR detector depends on the refractive index of the analyte, 

which for protein is generally proportional to molecular mass [24]. As it is a label free technique 

it completely eliminates the factors like hazardous fluorescent or radio labeling which are very 
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time consuming and laborious work that leads to change in the specificity of the labeled 

biomolecules [25]. 

Various natural and synthetic tyrosinase inhibitors are used as anti-browning agents. The 

plant extracts of Scutellaria species, stem bark powder of Hesperethusa crenulata syn. Naringi 

crenulata and Limonia acidissima are used in skin whitening treatment. The synthetic tyrosinase 

inhibitors studied till date is cinnamic acid, ascorbic acid, kojic acid,etc.The effects of quercitin 

on mushroom tyrosinase were studied [6, 26]. Flavanoids like quercetin, morin and kaempferol 

are showing anti-tyrosinase activity whereas catechin, rhamnetin suppress tyrosinase activity by 

being cofactor or acting as free radical scavenger. Hydroquinones are widely used in 

hyperpigmentation treatment[27]. 

Mushroom tyrosinase is a very well-studied enzyme and hence various inhibitors have 

been investigated to inhibit mushroom tyrosinase [4, 6, 19, 20, 28,29]. Yam (Amorphophallus 

paeoniifolius) is one of the richest sources of tyrosinase and is used in many ayurvedic 

preparations. Yam tubers are grown as vegetable in various parts of India. Iniatially, the 

extraction and characterization studies of Amorphophallus paeoniifolius has been reported by 

Balkrishnan et al in 2015. The present study comprises of purification and characterization of 

tyrosinase from Amorphophallus paeoniifolius along with SPR studies. The extracted tyrosinase 

from tubers was passed through Amicon ultra-centrifugal filter units, at this step the enzyme was 

partially purified with enzyme activity 39.13U and purification fold 2.2. This partially purified 

enzyme was then applied to DEAE-cellulose column and eluted stepwise by increasing the NaCl 

gradient. Haghbeen et al obtained the enzyme from Agaricus bisporus at 150mM NaCl [30] 

whereas Zaidi et al collected the active fractions of enzyme from button mushroom at 0-100mM 

NaCl [14]. In present study tyrosinase was eluted in the fraction number 14 and 15 between 
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100mM-200mM NaCl gradient (fig.no.1) with enzyme activity341.66U and purification 

fold12.65(table no 1). 

SDS-PAGE of yam tyrosinase at varioussteps of purification from crude extract to pure 

active elution of DEAE-cellulose column showed progressively resolving band.It showed the 

single distinctive protein band for purified enzyme with molecular weight 45 kDa and confirmed 

by activity staining with L-DOPA as substrate (fig.2) .The molecular weights of tyrosinase from 

other tubers were 38 kDa in potato [31] and 65.7 kDa in sweet potato [32] were reported. 

The optimal activity of tyrosinase from various sources is always neutral or near to 

neutral. The characterization studies revealed that the optimum pH for tyrosinase from 

Amophophallus paeoniifolius was 6(fig.3). In Amophophallus campanullatus, the pH optimum of 

6 was reported [33] and Dioscore aalata showed pH optima of 6.7 [34]. 

The effect of temperature on enzyme activity of tyrosinase showed that the enzyme 

exhibits its maximum activity at 30°C (fig.4). In previous studies by Balkrishnan et al, the 

optimum temperature values for Amophophallus paeoniifolius and Dioscoreaalata was 25°C for 

both the tubers. Tyrosinase from Amophophallus campanullatus has maximum activity at 40°C 

[33]. The Km value for yam tyrosinase was found to be 10mM which indicated the higher 

affinity of tyrosinase towards its substrate (Fig.5). Tyrosinase from Amorphophallu 

spaeoniifolius (Dennst.) Nicolson, (Araceae) and Dioscore aalata shows the Km of 3.6mM and 

7.14mM respectively [13, 34]. 

Surface plasmon resonance (SPR)-based optical biosensors are now being used 

extensively to define the kinetics of wide variety of bio-molecular interactions [23]. The 

experimental design data analysis methods are evolving along with widespread applications in 

ligand fishing [35], microbiology [36], virology [37], plant virus detection [38] epitope 
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mapping[39, 40], and carbohydrate–protein interactions [41]. SPR study was employed to 

analyze molecular interactions of TIMP-3 and heparin/GAGs[42]. Recently interactions of small 

molecules and human tyrosinase using SPR was reported [17]. 

In present study, purified tyrosinase from Amophophallus paeoniifolius was subjected to 

SPR studies. The compounds like tannic acid, gallic acid, ascorbic acid, caffeic acid, catechol 

and pyrogallol were screened using SPR to study their interactions with yam (Amophophallus 

paeoniifolius) tyrosinase and their IC50 values were calculated by performing inhibition assay 

for each compound. 

The role of tannic acid from galls of Rhusjavanica leaves was supposed to inhibit 

oxidation of L-DOPA catalyzed by tyrosinase with IC50 of 22µM [43]. In present study, tannic 

acid proved to be potent inhibitor with IC50 of 3mM.Gallic acid itself gets oxidized as a substrate 

by the enzyme. This oxidation rate gets increased significantly as soon as the catalytic amounts 

of L-DOPA become available as a cofactor with IC50 of 4.5mM [43].  The effect of gallic acid on 

mushroom tyrosinase in B16 melanoma cells showed tyrosinase inhibition with IC50 of 3.59×10-

6M [7]. In this study, the interaction of gallic acid with yam tyrosinase showed inhibition with 

IC50 of 2mM. Ascorbic acid is one of the potent inhibitors of tyrosinase. The ellagic acid- rich 

pomegranate extract showed anti-tyrosinase activity and compared with ascorbic acid as a 

standard inhibitor with IC50 of 18.4µg/ml [44]. The inhibition of yam tyrosinase by ascorbic acid 

showed the IC50 of 8mM. Caffeic acid is well known inhibitor of tyrosinase. The amide obtained 

by coupling tyramic, caffeic acid and its derivatives showed significant tyrosinase inhibition with 

10±1% inhibition at 100µM [45]. Caffeic acid inhibited yam tyrosinase with IC50 of 25mM. 

Polyphenol oxidasesfrom artichoke showed activity towards pyrogallol, catechol and L-DOPA 
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as substrates [46]. The very low concentration of catechol can inhibit tyrosinase with IC50 value 

of 1.1µM [47]. 

Even in this study, yam tyrosinase exhibits activity for pyrogallol, catechol and L-DOPA. 

The very low concentrations of catechol inhibited yam tyrosinase with IC50 value of 0.1mM. The 

low IC50 values of all the compounds show that these compounds are more potent than kojic acid 

with IC50 of 59.72mM. Gallic acid (2mM) is more potent inhibitor of yam tyrosinase followed by 

tannic acid (3mM), ascorbic acid (8mM) and caffeic acid (25mM)(Fig.6). 

In previous report, the interaction of different compounds like crocin, curcumin, tannic 

acid, pyrogallol, hydroquinone with mushroom and human tyrosinases were studied using SPR 

[48, 17]. Scounting results showed suitable pH 4.5 for the immobilization of yam tyrosinase on 

chip surface. (fig.7). Further interaction studies include, first screening of different small 

molecules for affinity towards yam tyrosinase followed by kinetic studies. This study revealed 

that affinity of each compound towards yam tyrosinase is different with KD values for tannic 

acid (5.13×10-5), gallic acid (2.05×10-8), ascorbic acid (0.004544), caffeic acid (3.09×10-9), 

pyrogallol (2.13×10-4), catechol (1.09×10-4) and L-DOPA (1.35×10-6) respectively. Among 

these, caffeic acid showed higher affinity for yam tyrosinase followed by gallic acid, tannic 

acid, catechol, pyrogallol and ascorbic acid (Table no.2) The binding kinetics of tannic acid 

(Fig.8) with two-state fit clearly shows the conformational change as evident from the data of 

kinetics as shown in Table no.2. A slower binding phase represented by Ka1 and Kd1 and rapid 

phase represented by Ka2 and Kd2 were observed. Gallic acid and caffeic acid showed higher 

affinities towards yam tyrosinase (Fig9 and10). Ascorbic acid showed low affinity for yam 

tyrosinase than others (Fig11). Pyrogallol and catechol as being substrates of tyrosinase exhibits 
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more binding affinities compared to others (Fig.12 and 13). L-DOPA was used as control 

(Fig.14). 

Taking together,if compared with the mushroom and human tyrosinase KD values were 

differs for the kinetic and affinity studies. This will help to compare the tyrosinase from other 

sources. In addition, tyrosinase from plant source-tubers called as yam (Amophophallus 

paeoniifolius) was purified and characterized for the first time. As yam tyrosinase is obtained 

from plant source and will be useful in future industrial applications.  

4. Conclusion 

In conclusion, yam tyrosinase was purified and subjected to SPR studies .This kinetics 

data enables to determine the binding affinities of these compounds towards yam tyrosinase with 

anti tyrosinase activity. The data revealed the inhibition potential in the order caffeic acid>gallic 

acid> tannic acid >ascorbic acid. Catechol and pyrogallol showed higher binding affinities 

towards yam tyrosinase. The significance of SPR is continuous monitoring of label free 

biomolecular interactions which has great scope in drug discovery. The sensors can be used for 

detection of small molecules in food and pharmaceutical industries. 
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Figure legends 

Fig. 1.Elution profile on DEAE-cellulose column chromatography with linear gradient of 0-

300mM. 

Fig.2. SDS-PAGE of tyrosinase from Amophophalluspaeoniifolius, lane 1: crude; lane 2: 

partially purified; lane 3: purified fraction (enzyme subunits-22, 26); lane 4: marker 

Fig.3.  Effect of pH on tyrosinase activity from Yam Amophophalluspaeoniifolius.Assays were 

done at 35°C and the activity of the sample was incubated in 50mM acetate buffer at 4.0-

5.5 pH, 50mM phosphate buffer at 6.0–8.0 pH, and 50mM Tris-HCl buffer at 8.5, 9 pH. 

The activity was calculated considering total reaction volume (3ml). 

Fig.4. Effect of temperature on tyrosinase activity from Yam Amophophalluspaeoniifolius.Data 

were obtained as mean value of optical density. Assays were done in potassium phosphate 

buffer (50mM, pH = 6.0). The activity was calculated considering total reaction volume 

(3ml). 

Fig.5. Determination of Km of tyrosinase from Amophophalluspaeoniifolius. 

Fig.6. Effect of compounds- tannic acid, gallic acid, ascorbic acid, caffeic acid concentrations on 

the diphinolase activity of yam tyrosinase using L-DOPA as substrate. 

Fig.7. Pre-concentration scounting results. Binding increases as pH reduces from 5.5 to 4.5. The 

best immobilization pH for yam tyrosinase is 4.5. 

Fig.8. Binding sensogram for tannic acid interaction with immobilized Yam 

(Amophophalluspaeoniifolius) tyrosinase. Increasing concentrations of tannic acid from 

0.195mM to 3.12 mM were injected over enzyme surface. Flow rate is maintained at 45µl/min. 
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Contact time and dissociation time was kept at 120s and 200s. Regeneration was carried out 

using 10mM glycine HCl with pH 2.5 for 30s and at 30 µl/min. The data analysis was done using 

BiacoreX 100 evaluation software ver 2.0.1 and data was fit to two state. The resulting 

equilibrium dissociation constants are given in Table 2 

Fig.9.Binding sensogram for gallic acid interaction with immobilized Yam 

(Amophophalluspaeoniifolius) tyrosinase. Increasing concentrations of tannic acid from 

0.195mM to 3.12 mM were injected over enzyme surface. Flow rate is maintained at 45µl/min. 

Contact time and dissociation time was kept at 120s and 200s. Regeneration was carried out 

using 10mM glycine HCl with pH 2.5 for 30s and at 30 µl/min. The data analysis was done using 

BiacoreX 100 evaluation software ver 2.0.1 and data was fit to two state. The resulting 

equilibrium dissociation constants are given in Table 2. 

Fig.10.Binding sensogram for caffeic acid interaction with immobilized Yam 

(Amophophalluspaeoniifolius) tyrosinase. Increasing concentrations of tannic acid from 1mM to 

16mM were injected over enzyme surface. Flow rate is maintained at 45µl/min. Contact time and 

dissociation time was kept at 120s and 200s. Regeneration was carried out using 10mM glycine 

HCl with pH 2.5 for 30s and at 30 µl/min. The data analysis was done using BiacoreX 100 

evaluation software ver 2.0.1 and data was fit to two state. The resulting equilibrium dissociation 

constants are given in Table 2. 

Fig.11.Binding sensogram for ascorbic acid interaction with immobilized Yam 

(Amophophalluspaeoniifolius) tyrosinase. Increasing concentrations of tannic acid from 12.5mM 

to 200mM were injected over enzyme surface. Flow rate is maintained at 45µl/min. Contact time 

and dissociation time was kept at 120s and 200s. Regeneration was carried out using 10mM 
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glycine HCl with pH 2.5 for 30s and at 30 µl/min. The data analysis was done using BiacoreX 

100 evaluation software ver 2.0.1 and data was fit to two state. The resulting equilibrium 

dissociation constants are given in Table 2. 

Fig.12.Binding sensogram for pyragallol interaction with immobilized Yam 

(Amophophalluspaeoniifolius) tyrosinase. Increasing concentrations of tannic acid from 50 to 

800mM were injected over enzyme surface. Flow rate is maintained at 45µl/min. Contact time 

and dissociation time was kept at 120s and 200s. Regeneration was carried out using 10mM 

glycine HCl with pH 2.5 for 30s and at 30 µl/min. The data analysis was done using BiacoreX 

100 evaluation software ver 2.0.1 and data was fit to two state. The resulting equilibrium 

dissociation constants are given in Table 2. 

Fig.13.Binding sensogram for catechol interaction with immobilized Yam 

(Amophophalluspaeoniifolius) tyrosinase. Increasing concentrations of tannic acid from 50mM 

to 800mM were injected over enzyme surface. Flow rate is maintained at 45µl/min. Contact time 

and dissociation time was kept at 120s and 200s. Regeneration was carried out using 10mM 

glycine HCl with pH 2.5 for 30s and at 30 µl/min. The data analysis was done using BiacoreX 

100 evaluation software ver 2.0.1 and data was fit to two state. The resulting equilibrium 

dissociation constants are given in Table 2. 

Fig.14.Binding sensogram for L-DOPA interaction with immobilized Yam 

(Amophophalluspaeoniifolius) tyrosinase. Increasing concentrations of tannic acid from 5mM to 

80mM were injected over enzyme surface. Flow rate is maintained at 45µl/min. Contact time and 

dissociation time was kept at 120s and 200s. Regeneration was carried out using 10mM glycine 

HCl with pH 2.5 for 30s and at 30 µl/min. The data analysis was done using BiacoreX 100 
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evaluation software ver 2.0.1 and data was fit to two state. The resulting equilibrium dissociation 

constants are given in Table 2. 
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Fig.5. 
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Fig.9. 
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Fig.11. 
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Fig.14. 

 

Table: 

Table1: Purification of tyrosinase from Yam Amophophallus paeoniifolius 

Fractions Volume 
(ml) 

Total 
protein(mg) 

Activity 
(units) 

Specific 
activity(U/mg) 

Fold 
purification 

Crude 
extract 

250 647.5 
 

3083.33 
 

4.761 
 

1 

Amicon 
ultra-
centrifugal 
filtration 

100 124.3 
 

1936.66 
 

15.580 
 

3.27 

DEAE-
cellulose 
column 

10 5.67 341.66 
 

60.258 
 

12.65 
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Table 2. Interaction Kinetics of Mushroom Tyrosinase with Different Inhibitors Fit to a Two-State Model 

Using Biacore Evaluation Software 

 
Compounds ka1(1/ms) kd1(1/s) ka2(1/s) kd2(1/s) KD (M) 

Tannic acid 199.4±6.4 0.03404±0.001 0.002143±4.9×10-5 9.21×10-4±4.30×10-5 5.13×10-5 

Gallic acid 1.88×106±3.20×106 0.08079±0.016 2.72×10-3±2.5×10-4 0.002484±1.70×10-4 2.05×10-8 

Ascorbic 
acid 95.97±5.4 0.5603±0.016 5.06×10-4±1.90×10-5 0.001778±9.60×10-5 0.004544 

Caffeic acid 7.04×106±1.50×106 0.1732±0.036 0.002132±1.10×10-4 3.06×10-4±6.80×10-5 3.09×10-9 

Pyragallol 249.5±9 0.2221±0.0037 2.18×10-4±2.90×10-5 6.87×10-5±2.90×10-4 2.13×10-4 

Catechol 1832±2.0×106 0.4948±0.083 0.001057±1.10×10-4 7.18×10-4±1.40×10-4 1.09×10-4 

L-DOPA 9.54×104 0.5089±0.085 0.001544±1.50×104 5.23×10-4±8.40×10-5 1.35×10-6 
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ABSTRACT
Amorphophallus paeoniifolius (Dennst.) Nicolson (elephant foot
yam) is a well-known vegetable tuber plant that belongs to
medicinally important family Araceae. The present study
reports on establishment of somatic embryogenesis using
shoot apices as explants and assessment of genetic fidelity of
regenerated plants using random amplified polymorphic DNA
(RAPD) markers. Highest somatic embryo formation (100%)
was obtained on Murashige and Skoog (MS) medium supple-
mented with 6-benzylaminopurine (BAP) (13.31 µM) and 3%
sucrose, whereas lowest percentage of somatic embryos was
recorded on medium supplemented with different concentra-
tions of indole-3-acetic acid and 2,4-dichlorophenoxyacetic
acid (2,4-D). Mature somatic embryos germinated readily on
MS basal medium supplemented with coconut water (15%)
and BAP (4.43 µM) and developed into normal plantlets after
4 weeks under dark conditions. Well-rooted plants were suc-
cessfully acclimatized on half-strength MS medium; survival
rate was 85%. The assessment of genetic fidelity and stability
of regenerated plantlets from somatic embryos using RAPD
markers resulted in monomorphic banding pattern that con-
firmed the genetic homogeneity of the regenerated plantlets.
The protocol for somatic embryogenesis and regeneration of
plantlets with low risk of genetic instability of A. paeoniifolius
reported here is highly reproducible. This represents the first
report on in vitro regeneration and RAPD assessment in A.
paeoniifolius.
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Introduction

Amorphophallus paeoniifolius (Dennst.) Nicolson, also known as elephant
foot yam, is one of the important vegetable tuber crops of the family Araceae.
It is a herbaceous, perennial crop that is cultivated in open fields or as an
intercrop in coconut gardens. It is an economically and medicinally impor-
tant plant of tropical and subtropical regions, cultivated as a food crop
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because of its considerable protein and starch content. All parts of elephant
foot yam are used for medicinal purposes. For example, the flowers are used
for ornamental purposes and roots are used to treat ophthalmia and boils
(Kapoor 2005). The leaves and tubers are used as a vegetable that provides
carbohydrates, thiamine, riboflavin, and sitosterol (Rastogi and Mehrotra
1995). Angayarkanni et al. (2007) reported that tuberous roots of A. paeo-
niifolius can be used for the treatment of piles, abdominal pain, tumors,
enlarged spleen, asthma, inflammation of the lungs, vomiting, and acute
rheumatism. Because of its versatility, it has great export potential; it is
commercially cultivated in India, Philippines, Malaysia, Indonesia, Sri
Lanka, China, and Thailand (Misra and Shivlingaswamy 1999; Misra,
Shivlingaswamy, and Maheshwari 2001).

Traditionally,A. paeoniifolius is propagated through cut tuber pieces as planting
material; sprouts developwithin 3–4weeks after planting. However, success rate of
propagation with this traditional method is low, which hampers its large-scale
commercial cultivation. In the light of the medicinal importance and high export
potential of A. paeoniifolius, it is important to conserve this plant using rapid
propagation methods. Somatic embryogenesis is one of the powerful techniques
for the vegetative propagation as well as for genetic improvement of this plant
(Kshirsagar et al. 2015). Researchers have achieved success in regenerating
Amorphophallus rivieri Durieu (Hu, Liu, and Yan 2005), Amorphophallus kojac
(Lingling et al. 2012),Amorphophallus companulatus var. hortensisBacker (Irawati
and Nyman 1986), and Amorphophallus paeoniifolius (Dennst.) Nicolson (Anil,
Siril, and Beevy 2012; Nyman et al. 1987) using somatic embryogenesis and
organogenesis. However, somatic embryogenesis in certain tuber crop species
still remains a challenge.

Somaclonal variation has been reported in in vitro regenerated plants (Chavan,
Gaikwad, and Yadav 2013; Kshirsagar et al. 2015), which limits the usability of
plant tissue culture techniques for large-scale multiplication. However, in recent
years, molecular marker-based techniques have become available for studying
genetic similarity or dissimilarity of in vitro propagated plants. A number of
polymerase chain reaction (PCR)-based techniques, such as random amplified
polymorphic DNA (RAPD), inter simple sequence repeat, amplified fragment
length polymorphism, etc., have been used for the detection of genetic variation
in regenerants (Sebastiani and Ficcadenti 2016). Among molecular markers,
RAPDs are widely used to analyze genetic fidelity of in vitro regenerated plants
(Jayanthi and Manal 2001; Kshirsagar et al. 2015; Sebastiani and Ficcadenti 2016).

The in vitro propagation studies with A. paeoniifolius (Dinsent) Nicolson are
quite limited. A tissue culture protocol for multiplication, germplasm conserva-
tion, and secondary metabolite production needs to be established in A. paeo-
niifolius. Thus, the aim of the present study was to establish an efficient plant
propagation protocol for in vitro culture of A. paeoniifolius. In addition, genetic
fidelity of in vitro raised clones will be assessed via RAPD markers.

2 S. T. GURME ET AL.



Materials and methods

Plant materials and explant preparation

Mature seeds of A. paeoniifolius were collected from Vaibhavvadi locality,
Sindhudurg, India. Seeds were separated from flesh of the berries, washed,
and dried for 3 days in shade. Seeds were surface sterilized with 70% ethanol
(v/v) for 1 min, followed by treatment with 0.1% HgCl2 (w/v) for 5 min
under aseptic conditions. The traces of HgCl2 were removed by repeated (2–
3) washings with sterile distilled water. The seeds were placed on half-
strength MS medium containing 3% sucrose (semi-solid) to germinate.
Apical stems from 15-day-old seedlings were excised aseptically and used
as explants for direct somatic embryogenesis.

Culture media and culture conditions

All the cultures were routinely maintained on MS medium containing vita-
mins, growth regulators, and sucrose and solidified with 0.2% clarigel
(Himedia, India). Before autoclaving the medium at 121°C for 15 min, its
pH was adjusted to 5.8 using NaOH or HCl. All the cultures were maintained
in a growth chamber at 25 ± 2°C in 16-h light and 8-h dark photoperiod
under 2500 lx light intensity provided by cool-white fluorescent tubes
(Philips, India).

Induction of somatic embryogenesis

Somatic embryogenesis induction was optimized by inoculating apical stem
as an explant on MS medium supplemented with different plant growth
regulators (PGRs). To accomplish this, MS medium with 30 g L−1 sucrose
was supplemented with indole-3-acetic acid (IAA) in the range of 2.85–
11.41 µM, 2,4-D in the range of 2.26–9.04 µM, and 6-benzylaminopurine
(BAP) in the range of 4.43–17.75 µM. The effect of these PGRs on somatic
embryogenesis from apical shoot was assessed by measuring the frequency
(%) of embryogenic callus induction.

Organogenesis and acclimatization

Multiple shoot induction from the embryogenic calli was tried on MS
medium supplemented with 30 g L−1 sucrose and PGRs, such as IAA in
the range of 2.85–11.41 µM and BAP in the range of 2.21–8.87 µM (Table 2).
In addition, effectiveness of organic supplements, such as coconut water
(15%), glutamine (1.36 and 3.42 µM), and casein hydrolysate (0.05%), was
evaluated for multiple shoot induction. All the cultures were incubated at
25 ± 2°C for 4–6 weeks under 24-h dark conditions.
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Regenerated shoots from optimum-regeneration medium were transferred to
half-strength MS medium containing 2% sucrose without supplementation
with PGRs for in vitro rooting. After 4 weeks in the rooting medium, regener-
ated plants with well-developed roots were removed from culture tubes, washed
to remove solidifying agent, and transferred to plastic pots containing sterile
soil and sand (1:1). Plants were then acclimatized for 2 weeks and watered
initially with half-strength MS liquid medium without sucrose (relative humid-
ity = 70–90%). Survival rate (%) was recorded 60 days after transfer to the field.

DNA isolation

Total genomic DNA of 10 randomly selected plantlets regenerated from
somatic embryos and one mother plant was isolated from approximately
0.5 g of leaf material via the cetyltrimethylammonium bromide method
(Doyle and Doyle 1998). The integrity of DNA was checked on agarose gel
(1%) first and then quantified spectrophotometrically. Working stocks of
genomic DNA (20 ng/µL) were prepared for each sample and used for
PCR amplification of RAPD markers.

RAPD analysis

Initially, 10 different RAPD primers (RPI 01–10) from Bangalore Genei Kit
(Merck Bioscience Pvt. Ltd., Bangalore, India) were screened. The PCR
amplification of RAPD markers was performed in C1000 Touch Thermal
Cycler (BioRad, India). The 25 µL reaction mixture contained 40 ng of DNA,
1X PCR buffer A (10 mM Tris pH 9.0, 50 mM KCl, 1.5 mM MgCl2), 100 µM
of each of the four dNTPs, 0.4 µM of RAPD primer, and 1 U of Taq DNA
polymerase (Bangalore Genei, India). The thermal cycling conditions were as
follows: an initial denaturation at 94°C for 5 min, followed by 40 cycles at 94°
C for 1 min, 36°C for 1 min, and 72°C for 2 min, with a final extension at 72°
C for 10 min. All PCR amplifications included a negative control (no DNA)
to avoid erroneous interpretations. The amplified RAPD products were
separated on 1.8% agarose gel via electrophoresis at 100 V for 3 h. The gel
was stained with ethidium bromide and documented on G: Box gel imaging
system (Syngene Bioimaging Pvt. Ltd., India).

Experimental design and statistical analysis

Experiments were set up in a completely randomized block design and each
experiment was repeated thrice with 20 tubes per treatment. Comparison
between the mean values of treatments was made using Dunnett multiple
comparison test at 0.05 and 0.01 level of significance.
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Results and discussion

Seed germination and induction of somatic embryogenesis

In vitro seed germination was successfully achieved on MS medium devoid of
PGRs. The effectiveness of cytokinins and auxins was tested for embryogen-
esis from apical shoot explants of in vitro germinated seedlings. Various
morphogenic responses were obtained with different concentrations of
PGRs (Table1). A significant difference in embryogenic calli induction was
observed in tested concentrations of cytokinins and auxins (Table 1). The MS
medium lacking PGRs failed to induce somatic embryogenesis. Among the
tested concentrations of PGRs, BAP was best suited for induction of embryo-
genic calli after 35–40 days of culturing (Figure 1(a)). The response relative
to embryogenesis on the MS medium supplemented with BAP in the range of
4.43–17.75 µM varied from 30% to 100% (Table 1). After 60 days of incuba-
tion, most efficient (100 ± 1.7% response) callus induction was obtained on
MS medium containing 13.31 µM BAP. Similarly, 30 ± 1.7% of callus
induction was observed with the medium containing 4.43 µM of BAP. The
resulting embryogenic calli were white-pink, friable in nature (Figure 1(b)),
whereas the remaining concentrations of BAP (8.87 and 17.75 µM) produced
only brown, spongy, and non-friable masses of non-embryogenic calli.

The experiment involving MS medium containing varying concentrations
of IAA and 2,4-D with 3% sucrose resulted in non-embryogenic calli after
6 weeks. The lowest concentration of IAA (2.85 µM) and 2,4-D

Table 1. Effect of different hormones on embryogenic callus induction.
Hormones (µM)

Basal media IAA§ 2,4-D¶ BAP# Embryogenic callus induction frequency (%)
†PGR free 00 00 00 NI
‡MS 2.85 – – NI

5.70 – – 10 ± 0.5NS

8.56 – – 15 ± 0.5*
11.41 – – 15 ± 1.5*

MS – 2.26 – NI
– 4.52 – NI
– 6.78 – 5 ± 0.5NS

– 9.04 – 10 ± 0.5*
MS – – 4.43 30 ± 1.7*

– – 8.87 45 ± 1.7**
– – 13.31 100 ± 1.7**
– – 17.75 65 ± 0.5**

Mean ± SE of 20 replicates per treatment; experiments were repeated thrice.
*,**Significant at 0.05 and 0.01 probability level, respectively.
NS: not significant.
†Plant growth regulators.
‡Murashige and Skoog.
§IAA: Indole-3-acetic acid (µM).
¶2,4-D: 2,4-Dichlorophenoxyacetic acid (µM).
#BAP: 6-Benzylaminopurine (µM).
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concentrations of 2.26 and 4.52 µM did not induce embryogenic calli,
whereas rest of the concentrations of IAA and 2,4-D resulted in a few
embryogenic calli (Table 1). Previously, high frequency of embryogenic callus
induction in the presence of both cytokinins and auxin has been reported in
Amorphophallus (Hu et al. 2008; Hu, Liu, and Yan 2005; Hu, Qiong, and Jing
2011; Lingling et al. 2012). However, in the case of Bituminaia bituminosa
(Pazos-Navarro et al. 2014) and Sapindus mukorossi Gaertn (Singh, Rai, and
Kumari 2015), induction, development, and maturation of embryogenic calli
were observed in the presence of BAP. All of the calli treated with BAP
produced somatic embryos, whereas IAA and 2,4-D treatments resulted in
poor or no callus induction, indicating that optimization of media for
embryogenic callus induction plays a vital role in A. paeoniifolius.

Shoot induction from mature embryos

In the present study, pro-embryos or embryogenic calli were observed to mature
from globular to heart shape (Figure 2(a)) and further into mature cotyledonary
stages of embryogenesis (Figure 2(b)), which finally resulted in shoot initiation. For
in vitro shoot induction, somatic embryos were placed on MS medium supple-
mented with different concentrations of auxins, cytokinins, and organic supple-
ments, viz., IAA, BAP, glutamine, casein hydrolysate, and coconut water (Table 2).
The shooting percentage and number of plants produced were recorded after
4 weeks of culture. Best shooting frequency (90 ± 1.7%) andmaximum number of
plants (18) were achieved on MS medium supplemented with 4.43 µM BAP in
combination with 15% coconut water. The embryos showed emergence of multi-
ple shoots within 15 days of culturing on the above-noted media (Figure 2(c) and
(d)), whereas development of a complete plantlet was observed within 25–30 days
of culturing (Figure 2(e)). A combination of BAP and glutamine also produced a

Figure 1. Initiation of embryogenic callus – (a) early embryogenic calli; (b) fully grown white-
pink calli.
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significant number of shoots; however, they were fewer as compared with all the
four concentrations of BAP and coconut water. Increased concentrations
(>6.65 µM) of BAP in combination with glutamine showed a decreased number
of plants and % shooting (Table 2). A combination of IAA with all the three
organic supplements resulted in only root formation (Table 2). In contrast, Anil,
Siril, and Beevy (2012) reported that a combination of α-naphthalene-acetic acid
(2.5 µM) andBAP (5.0 µM) resulted in in vitropropagation and callus formation in
elephant foot yam. Thewell-rooted plantlets fromoptimal shootingmedia resulted
in 85% survival after acclimatization (Figure 2(f)) and exhibited all the parental
characters without any phenotypic variation. Likewise, 50% of survival rate in in
vitro regenerated A. paeoniifolius was reported by Anil, Siril, and Beevy (2012).

Assessment of genetic fidelity using RAPD markers

The main purpose of in vitro regeneration was to produce true-to-type plants;
therefore, it was necessary to confirm the genetic fidelity of in vitro-raised clones
using DNA-based marker techniques. At first, a total of 10 RAPD primers (RPi 01

Table 2. Effect of different medium combinations on multiple shoot formation from embryo-
genic callus.
IAA†

(µM)
BAP‡

(µM)
Coconut
water (%)

Glutamine
(µM)

Casein
hydrolysate (%)

%
shooting

No. of plants
produced Observations

2.85 – 15 – – Nil Nil Roots only
5.70 – 15 – –
8.56 – 15 – –
11.41 – 15 – –
2.85 – – 1.36 – Nil Nil Roots only
5.70 – – 1.36 –
8.56 – – 1.36 –
11.41 – – 1.36 –
2.85 – – – 0.05 Nil Nil Roots only
5.70 – – – 0.05
8.56 – – – 0.05
11.41 – – – 0.05

2.21 – – 0.05 Nil Nil Roots
4.43 – – 0.05
6.65 – – 0.05
8.87 – – 0.05
2.21 – 3.42 – 25 ± 0.5** 5 Shoots and

roots4.43 – 3.42 – 35 ± 1.1** 7
6.65 – 3.42 – 20 ± 0.5* 4
8.87 – 3.42 – 20 ± 1.1* 4
2.21 15 – – 60 ± 2.8** 12 Shoots and

roots4.43 15 – – 90 ± 1.7** 18
6.65 15 – – 80 ± 0.5** 16
8.87 15 – – 60 ± 1.1** 12

Mean ± SE of 20 replicates per treatment; experiments were repeated thrice.
*,**Significant at 0.05 and 0.01 probability level, respectively.
†IAA: Indole-3-acetic acid (µM).
‡BAP: 6-Benzylaminopurine (µM).
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to 10) were used for initial screening with the mother and 10 randomly selected
regenerated plants through somatic embryogenesis. Of these 10 RAPD primers,
only 6 gave clear and reproducible bands (Figure 3, S1), which were used for
further analysis. The number of scorable bands for each RAPDprimer varied from
1 (RPI 3) to 6 (RPI 9) (Figure 3, S1). The 6RAPDprimers produced 23 distinct and
scorable bands, with an average of 3.83 bands per primer (Table 3). Each primer
generated a unique set of amplification products ranging in size from 200 to
1000 bp. A total of 292 bands were generated with 6 RAPD primers in a mother
plant and 10 micropropagated plants, without any polymorphic band. We
observed high levels of uniformity among parental and embryo-derived plantlets,
which implied genetic fidelity wasmaintained. Similarly, RAPDmarkers helped in
evaluating clonal fidelity in mainly micropropagated plants, such as Swertia lawii
Burkill (Kshirsagar et al. 2015), Tylophora indica (Burm. F. Merrill) (Jayanthi and
Mandal 2001), and soapnut tree (Singh et al. 2016). These findings support the fact
that a shoot apex or meristem-based regeneration system was much more stable
genetically than those in which regeneration occurs via the callus phase.

Conclusion

We have established a simple, highly efficient, reproducible protocol for
somatic embryogenesis of A. paeoniifolius (Dennst.) Nicolson using shoot
tip explants. To our knowledge, this is the first report on in vitro regenera-
tion and RAPD assessment in A. paeoniifolius (Dennst.) Nicolson. We found

Figure 2. In vitro regeneration of A. paeoniifolius via somatic embryogenesis (a) globular somatic
embryos (indicated by black arrow); (b) auxiliary cotyledon structure (indicated by white arrow);
(c and d) development of shoot buds from apex of somatic embryos; (e) development of in vitro
regenerated plantlets; (f) well-rooted acclimatized plants.
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85% of the in vitro regenerated plantlets to be successfully hardened, and they
were phenotypically identical to parental plants. Genetic fidelity of the
hardened plants was confirmed using RAPD molecular markers. The present
protocol of somatic embryogenesis and regeneration of plantlets can be
utilized for the commercial propagation and ex situ conservation of A.
paeoniifolius on a large scale.

Table 3. List of random amplified polymorphic DNA (RAPD) primers, their sequences, number of
amplified and scorable bands, and their size used for RAPD analysis.

Primer
code

Primer sequence
(5′–3′)

Range of
amplification (bp)

No. of bands
amplified

No. of scorable
bands

No. of
polymorphic

bands

RPI 3 AGTCAGCCAC 500–700 28 1 0
RPI 5 AATCGGGCTG 300–1000 55 5 0
RPI 6 ACACACGCTG 200–600 32 3 0
RPI 7 ACATCGCCCA 300–800 37 3 0
RPI 8 ACCACCCACC 300–1000 75 5 0
RPI 9 ACCGCCTATG 200–1000 65 6 0
Total 292 23 0

Figure 3. Random amplified polymorphic DNA (RAPD) profile (a) profile generated using primer
5 and (b) profile generated using primer 9. Lane L represents 100-bp ladder, lane 1–10 represent
in vitro raised clones of A. paeoniifolius, and lane M represents the mother plant.
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Relative quantification of algC gene expression was evaluated in the multidrug resistant strain Acinetobacter baumannii AIIMS
7 biofilm (3 to 96 h, on polystyrene surface) compared to the planktonic counterparts. Comparison revealed differential algC
expression pattern with maximum 81.59-fold increase in biofilm cells versus 3.24-fold in planktonic cells (𝑃 < 0.05). Expression
levels strongly correlatedwith specific biofilm stages (scale of 3 to 96 h), coincidingmaximumat initial surface attachment stage (9 h)
and biofilmmaturation stage (48 h). Cloning, heterologous expression, and bioinformatics analyses indicated algC gene product as
the bifunctional enzyme phosphomannomutase/phosphoglucomutase (PMM/PGM) of ∼53 kDa size, which augmented biofilms
significantly in algC clones compared to controls (lacking algC gene), further localized by scanning electronmicroscopy. Moreover,
molecular dynamics analysis on the three-dimensional structure of PMM/PGM(simulated up to 10 ns) revealed enzyme structure as
stable and similar to that in P. aeruginosa (synthesis of alginate and lipopolysaccharide core) and involved in constitution of biofilm
EPS (extracellular polymeric substances). Our observation on differential expression pattern of algC having strong correlation
with important biofilm stages, scanning electron-microscopic evidence of biofilm augmentation taken together with predictive
enzyme functions via molecular dynamic (MD) simulation, proposes a new basis of A. baumannii AIIMS 7 biofilm development
on inanimate surfaces.

1. Introduction

In recent years, Acinetobacter baumannii has been listed as
one of the most important nosocomial pathogens [1–3]. The
pathogen has become a universal challenge to treatment,
owing to its multidrug resistant (MDR) nature and a plethora
of virulence attributes [2, 4, 5]. Associated mortality up
to 30% is seen with A. baumannii infections [6], such as
ventilator-associated pneumonia, bacteraemia, urinary tract
infections, burn wound infections, endocarditis, secondary
meningitis, and septicemia especially in intensive care units
[1]. A. baumannii infection and colonization often involve

biofilm formation [7] on either abiotic [8, 9] or biotic surfaces
[10, 11]. Biofilm formation is a virulence trait in A. baumannii
which is ofmultifactorial nature [4, 12].Theprocess of biofilm
development in A. baumannii is a highly regulated process
and could be the interplay of several genetic determinants
[13]. The extracellular matrices of bacterial biofilm comprise
of proteins, nucleic acids, and polysaccharides [14] which are
often considered as ideal start-points to further investiga-
tion towards effective treatment measures against biofilm-
associated pathogens, such as MDR A. baumannii.

Acinetobacter spp. and Pseudomonas aeruginosa together
are known to be responsible for a significant proportion of
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nosocomial infections [15] with crude mortality rates of 30%
to 75% in case of nosocomial pneumonia only [16]. In patients
with cystic fibrosis, alginate production by P. aeruginosa is
found to be associated with highmorbidity andmortality [17,
18]. Production of alginate, an exopolysaccharide, is respon-
sible for development of mucoid bacterial phenotype [17, 19]
which is associated with biofilm formation in P. aeruginosa
under iron limiting conditions [20]; although proportions of
alginate in the extracellular polysaccharide/polymeric sub-
stances (EPS) of biofilm could vary significantly in strains like
PA14 and PA01 of P. aeruginosa [21]. It acts as an intercellular
material in complex biofilm structures and facilitates non-
specific attachment of bacteria to surfaces, thus increasing
cohesion [22]. Biosynthesis of alginate is well characterized
in P. aeruginosa [23, 24] and Escherichia coli [25]. The gene
algC in P. aeruginosa codes for a crucial bifunctional enzyme
phosphomannomutase/phosphoglucomutase (PMM/PGM),
belonging to the 𝛼-D-hexomutase superfamily, synthesizing
alginate and lipopolysaccharide (LPS) core, respectively [24,
26, 27]. The genetic regulation of algC gene in P. aeruginosa
[23, 24, 28] could be dependent on surface attachment and
other important factors.

Earlier study shows biofilm formation by clinical strains
A. baumannii on abiotic surface (urinary catheters) as amajor
reason for device-related infections [29]. To explore the basis
of persistence on such clinically important (abiotic) surfaces,
we characterized the role of extracellularmacromolecules like
extracellularDNA (eDNA), amajor component of the biofilm
EPS matrix and evaluated its role in biofilm formation [9].
Besides eDNA, other extracellular macromolecules such as
exopolysaccharides also play significant role in the consti-
tution of the biofilm EPS. Recent findings on the EPS of A.
baumannii indicate it as a universal protector from antibiotics
like tobramycin [30] and one of its capsular polysaccharides
(K1) being highly immunogenic and a potential therapeutic
target via passive immunization [31]. The synthesis of spe-
cific exopolysaccharides like alginate and LPS core is well
characterized in P. aeruginosa along with their involvement
in biofilm formation as mentioned earlier; however, remains
unclear in A. baumannii, which is a close relative and a
globally important nosocomial pathogen. Presumably, the
genetic basis of the association of exopolysaccharides such as
alginate and LPS core with biofilm formation may exacerbate
A. baumannii infections on clinically important surface,
which can multiply the intrinsic antibiotic resistance and
worsen the treatment scenario. However, there are no reports
as yet, which describe the genetic association of algC with
biofilm formation inA. baumannii.Therefore in this study, we
set out to characterize theA. baumannii algC gene expression
pattern during biofilm formation and its association with the
biofilmdevelopment, which could further paveway for future
research on potential drug target(s) for biofilm-associated
infections caused by MDR A. baumannii.

In the current study, we identified the algC gene in
the MDR strain of A. baumannii AIIMS 7 genome and
characterized its quantitative gene expression patterns in
growing biofilm cells compared to the planktonic cells using
the relative quantification (ΔΔCt method) in real-time PCR.
Gene expression pattern was correlated with specific stages of

biofilm development. Molecular dynamics (MD) simulation
was performed on the three dimensional (3D) structure of the
gene product (enzyme PMM/PGM) to confirm the stability
and to compare with that of P. aeruginosa, besides phylo-
genetic analysis. Subsequently, biofilm augmentation due to
algC gene was evaluated using cloning and heterologous
expression studies followed by scanning electronmicroscopy.

2. Materials and Methods

2.1. Bacterial Strains and Culture Conditions. Multidrug
resistant clinical isolate of Acinetobacter baumannii (strain
AIIMS 7) was used in this study, as described previously
[9]. The bacterium was grown on CLED (cysteine-lactose
electrolyte-deficient) agar and Luria Bertani (LB) broth
(HiMedia, India). E. coli DH5𝛼 was used for the cloning and
heterologous expression experiments. Clones were main-
tained on Luria agar plates containing 100mg/L ampicillin.

2.2. Nucleic Acids Purification and PCR. Genomic DNA was
purified using a DNA isolation kit (Sigma Aldrich, USA).
Total RNA and plasmid purification was done using Trizol
reagent (Invitrogen, USA) and GenElute plasmid extraction
kit (Sigma Aldrich, USA) respectively, according to manu-
facturer’s instructions. Concentration and purity criteria of
the nucleic acids were quantified in a BioPhotometer Plus
(Eppendorf, Germany). Primers used for amplification of
direct PCR for algC and RT-PCR of internal regions of algC
are listed in Table 1. Primers were designed using Primer
Quest (IDT, USA) and synthesized (Sigma Aldrich, USA).
For amplification of the 1781 bp fragment algC from genomic
DNA, PCR conditions usedwere initial denaturation of 5min
at 94∘C, followed by 30 cycles of 30 sec at 94∘C, 20 seconds
at 54.5∘C, and 45 seconds at 72∘C with final extension of 5
minutes at 72∘C. Amplification of algC was also verified with
native plasmids as PCR template. PCR assays were performed
in an ep-gradient PCR (Eppendorf, Germany); products were
separated on agarose gels stained with ethidium bromide and
documented in a gel documentation system (Alpha Imager
HP, Alpha Innotech, USA). DNase-, RNase-, Protease-free
water was used as negative control. All PCR chemicals and
reagents were purchased from Sigma unless stated otherwise.

2.3. Confirmation of Internal Regions of cDNA and DNA
Sequencing. To confirm the transcription of algC, two inter-
nal regions of algC cDNA (1360 bp and 463 bp) were ampli-
fied using upstream primer 363F and CD1701R and inter-
nal nested primers 1260 nest1F and CD1701R, respectively
(Table 1). Total RNA samples were treated with DNase I and
then used in RT-PCR, which was performed using a single-
step Reverse Transcription kit (Promega, USA). To test possi-
ble DNA contamination in RNA samples, direct PCR of total
RNA without reverse transcription was performed. DNase-
, RNase-, Protease-free water was used as negative control.
RT-PCR was performed with one𝜇L of cDNA template and
100 pm of primers. cDNA from E. coli DH5𝛼 with pGEM-
3Zf (+) plasmid as empty vector (Applied Biosystem, USA)
served as negative control. DNA sequencing was performed
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Table 1: Oligos/probes used for PCR, RT-PCR, and real-time PCR analysis.

Gene Primer 5-3 Nucleotide sequence

algC 118 F TTAGAACCGGGTGAGCGTTTAGCA
1897 R AGATGCTGATCTTGTGGCATTGCG

𝑎𝑙𝑔𝐶
𝜓

ALGC1 F GCTGTGAAGTCATTGCTTTACGT
ALGC1 R TGAAGGGTCTGGTGCATGATC

ALGC1 MFAM 6FAM-CAAATGGTGAGTTCCC-TAMRA

algC cDNA int region 1 CD363F CCGTGCTTACGATATTAGAGGCAA
CD1701R AATTTGCGGATAACGCTCTTGC

algC cDNA int region 2 1260nest1 CTTCCTCCGCGCGTATTTATC
CD1701R AATTTGCGGATAACGCTCTTGC

16SrRNA 16B-F TGGCTCAGATTGAACGCTGGCGGC
16B-R TACCTTGTTACGACTTCACCCCA

16𝑆𝑟𝑅𝑁𝐴
𝜓

16SRR F TGTCGTGAGATGTTGGGTTAAGTC
16SRR R CCGAAATGCTGGCAAGTAAGGA

16SRR MFAM 6FAM-ACGAGCGCAACCCTTT-TAMRA
𝜓Primers for real-time PCR assays.

in the Applied Biosystems 3730 DNA Analyzer platform.
Sequences were analyzed by sequence analysis software v5.1.1
(Applied Biosystems, USA) and assembled using software
ContigExpress (Vector NTI Advance v11.5.0, Invitrogen).
Promoter and the ribosome binding sites of algC were pre-
dicted using online toolNeuralNetwork Promoter Prediction
program (http://www.fruitfly.org/seq tools/promoter.html).

2.4. Total RNA Extraction and cDNA Synthesis from Biofilm
and Planktonic A. baumannii Cells. To compare gene expres-
sion pattern of algC in biofilm versus planktonic A. bauman-
nii AIIMS 7, total RNA was extracted from cells growing in
biofilm and planktonic mode and then real-time quantitative
RT-PCR was performed. Biofilms were allowed to form in 6-
well polystyrene plates (Tarsons, India) beginning at 3 hours
up to 96 hours.A. baumanniiAIIMS 7 cultures (106 CFU/mL,
overnight grown) were inoculated onto the wells and diluted
initially with sterile distilled water (without LB broth) at a
dilution of 1 : 40. After incubation for 3 hours at 37∘C under
static conditions, the supernatant was discarded and fresh
sterile nutrient medium (Luria broth) was added at a final
dilution of 1 : 40 and then incubated under similar conditions
to allow biofilm formation. After appropriate incubation(s),
plates were taken out; nonadherent cells were aspirated and
discarded after brief sonication. Plates containing biofilms
were washed twice with phosphate buffer saline (PBS).
Surface-attached bacteria (biofilm forming) were scraped off
and total RNA was purified using Trizol reagent (Invitrogen,
USA) as permanufacturer’s instructions. Similarly, total RNA
was purified from planktonic cell culture at the correspond-
ing time points (3–96 h). RNA samples were treated with
DNase I (Sigma, USA). To test possible DNA contamination
in RNA samples, direct PCR of total RNA without reverse
transcription was done. cDNA was synthesized using Verso
cDNA synthesis kit (Thermo, USA) as per manufacturer’s
instructions. cDNA concentrations were determined using
BioPhotometer Plus (Eppendorf, Germany).

2.5. Relative Quantification of algC Expression Pattern by Real-
Time PCR. Specific primers and probes for algC gene along
with 16SrRNA gene (endogenous control) were designed
and synthesized as “assay-by-design” from Applied Biosys-
tems as listed in Table 1. Prior to proceeding with relative
quantification, the cDNA template of 24 hour old biofilm
samples with 10-fold serial dilutions was used to analyze the
standard curves of both algC and 16srRNA gene. Real-time
PCR was performed in 10 𝜇L reactions in 96-well PCR plates
using 100 ng cDNA, 2X TaqMan gene expression master mix
(Applied Biosystems, USA) and 20X algC assay mix (20X
16SrRNA assay mix in case of controls) in a 7500 fast real-
time PCR system (Applied Biosystems, USA). The relative
number of algCmRNA was determined using ΔΔCt-method
(comparative threshold cycle) by normalizing Ct values of
algC mRNA with that of 16srRNA in biofilm and planktonic
samples at various time points from 3 to 96 hours. Relative
quantification (RQ) represented in “fold over increase” was
determined according to methods described elsewhere [32]
and the formula used for calculation was RQ = 2−ΔΔCt. Cutoff
Ct was kept 35, with an automatic threshold of 0.2 and base-
line from cycle 3–15 with 95% confidence level. The 24-hour
biofilm sample was set as the calibrator for this comparative
gene expression analysis. Statistical comparison of RQ values
(between biofilm and planktonic samples) was performed
using Student’s 𝑡-test and 𝑃 value <0.05 was considered to be
statistically significant.

2.6. Biofilm Development Assay. Biofilm development assays
were performed to assess the pattern of biofilm formation of
A. baumanniiAIIMS 7 on polystyrene surface and for further
correlation with gene expression plot over the same time line.
Beginning at 3 h up to 96 h, quantitative biofilm assay was
performed on 96-well microtitre plates, according to earlier
methods [10] with appropriate modifications. Briefly, A.
baumanniiAIIMS 7 cultures (106 CFU/mL, overnight grown)
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were inoculated onto polystyrenemicrotitre wells of a 96-well
plate (Tarsons, India) and diluted initially with sterile distilled
water (no nutrient broth) at a dilution of 1 : 40. After a static
incubation of 3 hours at 37∘C, the supernatants were aspirated
and then sterile LB broth was added to the wells with a final
dilution of 1 : 40 with sterile LB broth. For all time points (3–
96 h), this was repeated in order to allow A. baumannii cells
to attach onto polystyrene initially but not to grow and then
to substitute it with addition of fresh Luria broth to facilitate
adherent and micro-aggregated cells to develop biofilms. All
plates were incubated at 37∘C under static conditions for
biofilm development, including negative controls (no cells,
only nutrientmedium) for each test samples in the plate. After
appropriate incubation period(s), plates were taken out and
nonadherent and dead cells were removed by brief sonication
and aspiration carefully. The wells were washed thrice with
sterile PBS, dried, and stained with 0.1% Gentian Violet
(HiMedia, India). Excessive stain was removed by sub-
merging the plate in a water trough and then dried in
laminar air flow followed by addition 200𝜇L of 100% ethanol
for solubilizing the stained biofilm matrices. To measure
the absorbance, plates were read in a Multi-Plate Reader
(Molecular Devices, USA) at 570 nm before being shaken at
1020 rpm for 10 seconds. All biofilm development assays were
performed in replicate of 12 and repeated. Absorbance values
were termed as biofilm growth index after normalizationwith
LB control, and values were plotted in Excel spreadsheets
(Microsoft, USA) for further analysis.

2.7. Statistical Correlation of Biofilm Formation with algC
Gene Expression. To find the concurrence of algC gene
expression pattern with biofilm formation, RQ values (fold
over increase in algC gene expression) in biofilm mode were
correlated linearly with the biofilm indices at corresponding
time points and correlation coefficientswere determined using
Excel spreadsheet (Microsoft, USA). Correlation statistics
was restricted to three major stages, that is, initial attachment
(3–9 hours), consolidation of the surface-attached micro-
aggregation (12–24 hours), and maturation of biofilm (36–
48 hours). 24-hour biofilm gene expression data (calibrator
sample) was excluded from the correlation. 𝑃 value of <0.05
was considered to be statistically significant.

2.8. Microscopic Examination of A. baumannii Biofilm Devel-
opment. To localize the stages of biofilm growth over a
temporal scale (3–96 h), biofilms were formed on sterile
polystyrene culture dish, 55mm × 15mm (Tarsons, India),
and incubated at 37∘C under similar culture conditions as
described above. After appropriate incubation periods, plates
were taken out; supernatants were aspirated followed by
washing three times with phosphate buffer saline for removal
of nonadherent cells and fixed with 1mL of methanol, air-
dried, and observed without staining under a modular bright
field microscope (Axioscope A1, Zeiss, Germany) with bright
field settings at magnification of 100x.

2.9. Bioinformatics and Phylogenetic Analysis. Nucleotide
and protein sequence comparisons were performed using
BLASTn (National Center for Biotechnology Information,

USA). Amino acid sequences were translated using Translate
tool of the Expert Protein Analysis System (ExPASy, Swiss
Institute of Bioinformatics). Protein sequences retrieved from
NCBI were aligned using CLUSTALW [33] and phylogenetic
tree was constructed with the help of analysis software
MEGA v5.0 [34]. Bootstrapping was performed with 1,000
replicates for checking relative support for the branches
in the phylogenetic tree. Comparison was restricted to
sequences of close organisms, for example, Pseudomonas
aeruginosa, Pseudomonas putida, Pseudomonas syringae, and
previously predicted PMM sequence from whole genome
sequence of Acinetobacter baumannii strain AYE, Acineto-
bacter haemolyticus, and Acinetobacter calcoaceticus. Higher
eukaryote sequences, for example, Oryctolagus cuniculus
PGM isoform 1 and PMM from Homo sapiens, were also
included for comparison.

2.10. Cloning and Heterologous Expression. Upstream primer
(alg 118F) and downstream primer (alg 1897R) were used in
a PCR program with an additional 15min final extension for
producing poly-A tails in the PCR products to aid while TA
cloning. Amplified algC was purified using gel purification
kit (Bangalore GeNei, India) and ligated into pGEMT-Easy
vector (Promega, USA) to produce resultant recombinant
plasmid pGEalgCA7. The plasmid was transformed into
chemically competent E. coli DH5𝛼. Colonies were picked
and direct PCR was performed to confirm presence of algC
gene.

2.11. Assessment of AlgC (PMM/PGM) Protein Expression.
Mid-log phase grown (with 100mg/L ampicillin in Luria
broth, under shaking conditions) E. coli DH5𝛼-pGEalgCA7
and E. coli DH5𝛼-pGEM-3Zf(+) at OD 600 = 0.8 were used
to prepare whole cell extracts.The cell extracts were analyzed
by SDS-PAGE (12.5%) andprotein bandswere documented in
a gel documentation system (Alpha Innotech) after staining
with 0.2% Coomassie brilliant blue (Himedia).

2.12. Assessment of BiofilmAugmentation. Biofilm augmenta-
tion was visualized by scanning electron microscopy. Briefly,
overnight grown cells (3 × 109 cells) were inoculated on (1 ×
1 cm) sterile glass slides inside 12-well culture plates (Tarsons,
India) and incubated at 37∘C static. After 24 h of incubation,
culture supernatant was removed; slides were immediately
flooded with 2.5% glutaraldehyde in PBS and incubated at
room temperature for 2 hours, followed by rinsing with
sterile distilled water, and serially dehydrated with an ethanol
gradient (25–100%), CO

2
-critical point dried and coated

with platinum in an Auto Fine Coater (JFC-1600, JEOL,
Japan). The slides were then observed in a scanning electron
microscope (Vega, Tescan, USA) with 30KV input voltage.
For quantitative biofilm augmentation in the algC clones,
biofilms were formed in microtitre plates and quantified as
per methods described earlier [10].

2.13. Sequence Alignment and Building Model for PMM/PGM.
PMM/PGM sequence ofA. baumanniiAIIMS 7 (AEC46864)
was used as a target sequence in BLASTp program to identify
possible template structures available in Protein Data Bank.
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The selected templates having good alignment score with the
target sequence were aligned using CLUSTALW. Template
protein structure 1K2Y.pdb (P. aeruginosa PMM/PGM S108A
mutant), having maximum sequence alignment score (32%)
with target sequence, was used as the final template to build
homology model of PMM/PGM. Three-dimensional model
of PMM/PGM was constructed using MODELLER 9 v7 [35]
by considering 1K2Y.pdb as a template structure.The stability
of the model was tested by using 10 ns molecular dynamics
(MD) simulation.

2.14. Molecular Dynamics (MD) Simulation. MD simulations
were performed on the homology model of PMM/PGM
from A. baumannii AIIMS 7 in a HP workstation with the
help of GROMACS 4.0.4 program using the GROMOS96
45a3 force field [36]. The structure was fully solvated
with water (SPC) and system was neutralized with 9Na+
ions. The solvated structure was minimized by steepest
descent method for 1000 steps at 300K temperature and
constant pressure. The LINCS algorithm with 8.0 Å cutoffs
was used for energy minimization of PMM/PGM whereas
PME algorithm with 8.0 Å nonbonded cutoffs was utilized
similarly as used in an earlier MD simulation study [37].
After equilibration period production MD was run for 10 ns
at 300K temperature, pressure, and constant volume ensem-
ble. Solvent accessible surface (SA, Richards’ surface) and
molecular surface (MS, Connolly’s surface) areas were cal-
culated using CASTp analysis [38]. Structural comparison
after molecular dynamics simulation of initial structure with
final structure was done using PDBeFOLD software [39].
The MD simulation trajectory was then visualized using
the VMD (visual molecular dynamics) package [40]. Three-
dimensional images of enzyme PMM/PGM after MD simu-
lation run were generated using the UCSF-Chimera tool [41]
and Pymol (http://pymol.sourceforge.net/).

2.15. Nucleotide Sequence Accession. The GenBank accession
number for A. baumannii AIIMS 7 algC gene sequence
is JF701279 and AEC46864 for the protein (PMM/PGM)
sequence.

3. Results

3.1. Identification of algCGene inA. baumannii AIIMS 7. PCR
with genomic DNA yielded a fragment of 1781 bp (Supple-
mentary Figure S1 in the Supplementary Material available
online at http://dx.doi.org/10.1155/2014/593546). PCR ampli-
fications with plasmids were unsuccessful, confirming that
the gene is not plasmid-borne. Reverse transcription PCR
using total RNA showed amplification of internal coding
regions 1 (1360 bp) and 2 (463 bp), which confirmed the active
transcription of the algC ORF (Supplementary Figure S2).
DNA sequence of the gene was analyzed to predict regulatory
regions such as promoter, ribosomal binding site, transla-
tion start, and end, which were identified and annotated
(Supplementary Figure S3).

3.2. Elevated Levels of algC Gene Transcription during Biofilm
Mode of Growth. Quantitative real-time PCR experiment
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Figure 1: Comparison of algC gene expression pattern in biofilm
and planktonic A. baumannii AIIMS 7. Real-time quantitative PCR
results showing relative quantification of algC gene expression levels
(calculated according to ΔΔCt-method and represented as “fold
over increase”) at corresponding time points. Expression levels were
normalized with indigenous control (16SrRNA gene expression)
in both biofilm and planktonic cells (calibrator: 24-hour biofilm
sample, fold over increase = 1).

showed significant variation in the threshold cycle (Ct) values
in biofilm and planktonic mode of growth of A. baumannii,
which described differential expressional patterns of the two
modes of growth (Figure 1). Number of copies of algCmRNA
were calculated using 16SrRNA gene as internal control at
each time point (ΔCt). To evaluate the relative gene expres-
sion in biofilm and planktonic modes of growth over the
temporal scale of 3 to 96 hours, the 24-hour biofilm sample
was used as calibrator (ΔΔCt). Relative quantification (RQ)
plot for gene expression at various time points from 3 to
96 hours showed low basal (almost linear) expression of
algC in planktonic mode (maximum of 3.24-fold, 48 hours)
whereas highly variable and elevated algC expression was
seen in biofilm mode (maximum 81.59-fold, 48 hours) and
displaying a definite pattern. The initial attachment stage (9
hours) and maturation stage (48 hours) of biofilm showed
maximal expression of algC, which was in contrast and could
be seen as steadily low expression at almost all time points
in planktonic mode of growth (Figure 1). This observation
affirms that the algC gene is highly up-regulated (at the tran-
scription level) while theA. baumannii cells grow in a biofilm
mode (i.e., attached to an abiotic surface) and follows a
pattern as depicted (Figure 1); however in planktonic (free
form, in a suspension, unattached to surface) the algC gene
is transcribed at a basal rate.

3.3. Biofilm Growth Pattern Correlates with Quantitative algC
Gene Expression. Biofilm growth pattern A. baumannii on
polystyrene surface can be seen in Figure 2, which can be
explained in three distinct stages. First, an exponential rate
of increase was observed at 3 to 9 hours, which defined
the initial attachment and micro-colony aggregation stage
(Figure 2). After 9 hour till 36 hours it showed steady level of
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Figure 2: Pattern of biofilm growth of A. baumannii AIIMS 7.
Graph showing corresponding biofilm indices of biofilms formed on
polystyrene microtitre surface, calculated after normalization with
control and plotted versus representative time points (three to 96 h).

increase in biofilm indices, indicating the consolidation stage
of the attached micro-colonies and approaching maturation
of biofilm. Third, maximum production of biofilm matrix
could be seen at 36 to 48 hours, marking the maturation
stage. Lastly, as like the plateau phase in the planktonic
growth curve of A. baumannii AIIMS 7 (data not shown),
the biofilm growth pattern also exhibited a steady state
and persistent nature after maturation (after 48 hour till
96 hours). To find the association of algC gene expression
pattern at transcription level (as revealed from real-time PCR
analysis) with that of biofilm growth, correlation coefficients
were determined using the RQ values in biofilm samples and
biofilm indices at corresponding time points. High corre-
lation was observed at all three major stages of biofilm.
Correlation coefficients were 0.902, 0.925, and 0.983 (𝑃 <
0.05) corresponding to initial attachment, consolidation of
the surface-attached micro-aggregation, and maturation of
biofilm stages. Correlation was found to be maximum (0.983,
𝑃 < 0.05) at stageswhere biofilmsweremature.This indicated
a strong possibility that transcription of algC could be in close
association with biofilm formation, especially the maturation
stage (36–48 hours) and also the initial attachment stage (3–9
hours).

3.4. Microscopic Visualization of Biofilm Development.
To visualize the growth pattern of biofilm, bright-
field microscopy was performed on biofilms growing
on polystyrene surface, which showed varied biofilm
morphology at gradual time points (Figure 3) with a strong
concurrence with quantitative evaluation of biofilm growth
pattern (Figure 2, as described above). At initial attachment
stages, planktonic cells were seen scantily aggregated
(Figures 3(a) and 3(b)) but gradually the micro-aggregation
on the surface increased, subsequently making completely
attached micro-colonies at 9 h which could be seen clearly
(Figure 3(c)). Further stages of growth (12, 18, and 24 h)
showed consolidation of micro-colonies leading to stable
structures of biofilm (Figures 3(d)–3(f)). At 36–48 h, fully
mature biofilm communities of A. baumannii were seen,
enriched with thick EPS matrices (Figures 3(g) and 3(h)),

followed by appearance of robust three-dimensional biofilm
structures, which were found persistent till 72 and 96 h
(Figures 3(i) and 3(j)). Overall, visualization of biofilm
growth at developing stages was in tandem with the patterns
of biofilm growth as well as algC gene expression.

3.5. In Silico Analysis of Protein Reveals Highly Conserved
Identity. To compare and evaluate the relatedness of A. bau-
mannii AIIMS 7 algC encoded PMM/PGM, in silico analyses
were performed. BLASTn results showed 100% similarity
with the predicted PMM/PGM sequence in whole genome
sequences of A. baumannii available in NCBI database.
Alignment results also displayed significant similarity with
PMM/PGMnucleotide sequences of other genera. 472 amino
acid residues could be theoretically translated in one frame
(5–3) of the DNA sequence. BLASTp showed similar results
as in BLASTn alignment.Themolecular weight of the protein
was predicted to be 52.94 kDa with isoelectric point (pI)
of 5.67. CLUSTALW alignment with selected bacterial and
eukaryotic PMM/PGM sequences showed conserved regions
in the protein as shown in Figure 4(a) (active site, Mg2+
binding site, and sugar binding site marked as colored
rectangles) in the protein as shown. Figure 4(b) shows the
phylogenetic tree indicating relatedness between PMM/PGM
enzymes from pseudomonads and higher eukaryotes (rabbit
and human). PMM/PGM sequence from A. baumannii had
less than 25% identity with rabbit muscle PGM isoform
1, whereas it had a mere 10% identity with human PMM
(Figure 4(b)).

3.6. Assessment of Protein. To demonstrate the synthesis of
PMM/PGM protein, whole cell extracts of cloned E. coli
DH5𝛼 with resultant recombinant plasmid pGEalgCA7 cells
were used in SDS-PAGE analysis, which showed a clearly
overexpressed protein of ∼53 kDa suggesting the PMM/PGM
protein in question (Figure 5). Control E. coli DH5𝛼 (with
empty vector pGEM-3Zf+ lacking an algC gene) did not show
any PMM/PGM protein band.

3.7. Biofilm Augmentation by algC after 24 h. Electron micro-
graphs of biofilm formed by the algC clones (Figure 6)
showed significant increase in biofilm formation compared
to controls, probably indicative of the overexpression of the
PMM/PGM protein and the resultant exopolysaccharides.
Thicker biofilms could be seen in the algC clones having
clear dense matrices (Figures 6(a), 6(c), and 6(e)) with a
intracellular cementing material clearly visible (Figures 6(a)
and 6(e)) indicative of the biofilm EPS. Overall SEM analysis
at a gradient of magnifications and concurrent comparisons
with control clones (lacking functional copy of algC) sug-
gested substantially that there is significant facilitation of the
overall biofilm formation, emphasizing the enrichment of the
biofilm matrices, which could be due to the cohesive activity
of EPS including alginate and LPS cores. The quantitative
biofilm assay concurred with the microscopic analysis, with
augmentation of biofilm up to 3.87-fold in the algC clones
compared to the control cells lacking algC gene (𝑃 < 0.02,
data not shown).
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Figure 3: (a)–(j) Microscopic visualization of A. baumannii AIIMS 7 biofilms. Representative bright field micrographs depicting static
biofilms formed on polystyrene microtitre surface at respective time points (3, 6, 9, 12, 18, 24, 36, 48, 72, 96 h) (magnification, 100x).

3.8. Molecular Dynamics Simulation Study of PMM/PGM.
To predict the functional association between PMM/PGM
enzyme (encoded by algC gene) resulting in alginate/LPS
core mediated biofilm formation in A. baumannii, molec-
ular dynamics (MD) simulations up to 10 ns were carried
out on homology model of PMM/PGM of A. baumannii
AIIMS 7 using GROMACS v4.0.4 program. The generated
PMM/PGMmodel of A. baumannii AIIMS 7 contained four
domains of equal size arranged in “heart shaped” manner
(Figure 7(a)) which form a compact structure, similar to P.
aeruginosa [42]. The polypeptide chain proceeds through

each domain sequentially (Figure 7(a)) forming heart shaped
geometry. Sequence alignments (Supplementary Figure S4)
and model building study showed that the active site was
located at the centre of the two domains (domains 1 and
2) in a deep cleft formed by Ser104, Asp244, Asp246, and
Asp248. PMM/PGM sequence of A. baumannii AIIMS 7
showed conserved sequence motif in domain 3 from residues
327-331 (GEYAGH) which would act as a sugar binding site.
A cluster of positively charged conserved residues found in
domain 3 (Lys287) and domain 4 (Arg427, Arg438) could
be involved in phosphate binding. The cleft showed solvent
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Figure 4: (a)-(b)Multiple sequence alignment and phylogenetic relationship of PMM/PGM. (a) CLUSTALWanalyses of PMM/PGMprotein
sequences displaying representative color of box which highlights conserved regions, that is, active site (red), Mg2+ binding site (green), and
substrate binding site (blue). (b) Bootstrap consensus tree for PMM/PGM enzymes, constructed by MEGA v5.0 using the neighbor-joining
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Figure 5: SDS-PAGE analysis of AlgC (PMM/PGM) protein. Lane 1:
whole cell extract of control E. coliDH5𝛼 (lacking algC gene); lane 2:
whole cell extract of E. coli DH5𝛼 with algC gene showing the AlgC
protein band ∼53 kDa; lane M: standard protein molecular weight
marker (kDa).

accessible surface (SA, Richards’ surface) and molecular
surface (MS, Connolly’s surface) areas as calculated by alpha
shape method. The enzyme showed a total cavity of 3641.5 Å
and spherical central cavity of 1878.13 Åwhere substrate could
bind as shown in Figure 7(b). To compare the 3D struc-
tures obtained before and after MD simulations, structural
superpositionsweremade using PDBeFOLD, results ofwhich
showed root mean square deviation (RMSD) of two aligned
structures within the range of 2.51 Å (Figure 7(c)). Metal ion
Mg2+ interacts with Asp244, Asp246, Asp248, and Ser104

residues (Figure 7(d); Supplementary Table S1). The metal
ion Mg2+ is required for enzymatic activity of PMM/PGM
of A. baumannii AIIMS 7 (Figure 7(d)), rather than Mn2+
andZn2+. Specific interactions betweenmetal ion (Mg2+) and
protein, water-mediated H-bonds (so-called water bridges),
and hydrophobic (Lennard-Jones) interactions have been
identified and are listed (Supplementary Table S1).

3.9. Stability of Phosphomannomutase during Simulation. To
verify the simulation stability and to measure structure and
dynamics of PMM/PGM model of A. baumannii AIIMS 7,
standard structural parameters like RMSD, root mean square
fluctuation (RMSF), and radius of gyration (RG) were calcu-
lated and represented in Figures 8(a)–8(c). During molecular
dynamics simulation period of 10 ns, the average RMSD value
was 0.3 nm as depicted (Figure 8(a)). Steady RMSD result
showed for the atoms in the four domains of PMM/PGM
model indicated that the catalytic activity is relatively stable
during the simulation. The result for radius of gyration (RG)
also indicated the stability ofmodel over thewhole simulation
period (Figure 8(b)). Minor fluctuations in C-alpha atoms
(RMSF) of helical and sheet structural elements could be
seen whereas loop region showed variability to some extent
(Figure 8(c)). Overall, these results of RMSD, RMSF, and
RG strongly indicated the stability of system over the entire
simulation period.

4. Discussion

Biofilm formation substantially aids to the spectrum of
multidrug resistance displayed by A. baumannii and is often
attributed as the major cause for antibiotic treatment fail-
ure [3, 5]. The process of bacterial biofilm development is
believed to be a complex interplay of the biofilm EPS matrix
components, that is, a plethora of proteins and extracellular
macromolecules, for example, DNAand polysaccharides.The
synthesis of specific exopolysaccharides such as alginate and
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Figure 6: (a)–(h) Visualization of biofilm augmentation by scanning electron microscopy. Electron micrographs (a, c, e, g) showing biofilms
formed by algC clones after 24 h, at a gradient of magnifications (Bar = 2 𝜇m, 5 𝜇m, 10 𝜇m, and 20 𝜇m; absolute magnifications indicated as
Kx in the very picture) as observed under a scanning electronmicroscope. algC clones can be seen clearly producing dense and robust biofilm
as suggested by the thickness and integrity of the biofilm matrices, compared to the control biofilms by E. coli DH5𝛼 (lacking A. baumannii
algC gene) at corresponding comparable magnifications (b, d, f, h).

LPS core has been described in various bacterial systems
[25, 43, 44], in particular P. aeruginosa, with its contribution
in biofilm formation [20, 22]. However, algC gene function
and its expression pattern have not been elucidated in A.
baumannii in order to understand the genetic basis of its
association with biofilm formation. Herein, an initial genetic
characterization of the algC gene and its association with
biofilm formation is reported in the MDR strain AIIMS 7 of
A. baumannii, which depicts differential expression of algC
gene during the biofilm development. Besides, MD simula-
tion was performed on the three-dimensional (3D) struc-
ture of the gene product (enzyme PMM/PGM) to compare
with that of P. aeruginosa, followed by its cloning, heterol-
ogous expression, and phylogenetic analysis. Finally, biofilm
augmentation by algC gene was evaluated quantitatively and
confirmed by SEM.

Analysis of the algC gene expression pattern in the
temporal scale (up to 96 hours) reveals that surface-attached
bacteria have significantly higher rate of transcription levels
than nonadherent or shaking cultures. The attachment or
“surface sensing” could be the trigger for the activation of
algC promoter, as a result of which the algC expression could
be seen consistently higher (maximum 81.59-fold, 𝑃 < 0.05)
in biofilm formingA. baumannii cultures than the planktonic
counterparts (maximum 3.24-fold) as revealed by real time
PCR analysis (Figure 1). This observation is in accordance
with an earlier study in P. aeruginosa [45] which shows algC

reporter gene activity in continuous biofilm culture cells to be
19-fold increased than planktonic cells. Earlier, Davies et al.
[46] have shown that expression of P. aeruginosa algC is
upregulated after initial attachment of cells to teflon or
glass substrata, where cells that failed to upregulate alginate
biosynthesis typically detached from the surface. As reviewed
earlier by Gacesa [47], it is presumed that exopolysaccharide
alginate plays a role in consolidation of the biofilm rather
than in the initial adhesion event and hence higher rate of
algC transcription was not a prerequisite to surface attach-
ment by P. aeruginosa, indicating alginate biosynthesis not
necessary for its attachment to glass surface. In contrast, our
data in support of the relative quantification of algC tran-
scription by real-time PCR and biofilm augmentation by
algC as visualized by SEM is indicative of the possible
involvement of algC expression in probably both the events,
that is, initial attachment and consolidation of biofilms
formed by A. baumannii. Furthermore, the upregulation of
algC transcription at the maturation stages (36–48 hours)
explains that it is strongly associated with maturation of
biofilms, as the correlation of algC expression with biofilm
formation during the very stage was significantly higher than
the initial events (0.983 compared to 0.902,𝑃 < 0.05). During
planktonic mode of growth, low levels of algC transcription
were observed as compared to biofilm formingA. baumannii,
which should be ideally due to lack of surface attachment (less
promoter activity) and variations in the oxygen tension in



The Scientific World Journal 11

(a) (b)

(c) (d)

Figure 7: (a)–(d) Molecular modeling of PMM/PGM from A. baumanniiAIIMS 7. (a) Four sequential domains of enzyme PMM/PGM after
MD simulation; (b) central spherical cavity showing solvent accessible surface area (orange). (c) Superimposed structures before MD (cyan)
and after MD simulation (magenta); (d) Mg2+ interacting residues of PMM/PGM enzyme.

shaking and static cultures. Regulation of the algC gene could
be dependent on diverse parameters as seen in P. aeruginosa,
where it was shown to be in coordination with the algC
promoter activity [23]. Besides, according to other studies,
variations in oxygen tension [48], nitrogen limitation [49],
and ethanol induced membrane perturbation [50] can also
influence the alginate production in P. aeruginosa. In A.
baumannii, we demonstrate differential algC transcription to
be dependent upon abiotic (polystyrene) surface attachment
and thus, further investigation would be required to portray
a comprehensive profile of algC genetic regulation.

The 3D structure of PMM/PGM bifunctional enzyme as
determined by homology modeling, which is the gene prod-
uct of algC from A. baumannii strain AIIMS 7, shows 32%
overall similarity. Furthermore, high sequence identity of the
catalytic domain was observed with that of experimentally
determined structure of PMM/PGM of P. aeruginosa [42].
Each of the four domains contained residues essential for
catalysis and/or substrate recognition. While the catalytic

phosphoserine residue (Ser104) of domain 1 could be useful to
transfer phosphoryl group to and from the bisphosphorylated
reaction intermediate, domain 2 was found to contain a
metal binding loop (Asp244, Asp246, Asp248) that could
coordinate theMg2+ ion required for the PMM/PGM activity
(Figure 7(d)). Domain 3 of PMM/PGM of A. baumannii also
contains sugar binding loop (Glu327, Ala329, His331) similar
to that in PMM/PGM of P. aeruginosa. This sugar binding
loop has key residues which could enable the enzyme to
recognize the two different binding orientations of its 1- and
6-phospho sugar substrates. Domains 3 and 4 provide most
of the residues that create a phosphate binding site (Lys287 of
domain 3 and Arg427, Arg438 of domain 4) that determines
the orientation of the incoming phosphor-sugar substrates.
In context with previous studies in P. aeruginosa PMM/PGM
[27, 51], our investigation predicts that PMM/PGMofA. bau-
mannii requires Mg2+ and activator glucose 1,6-biphosphate
for its catalytic activity. Other physical properties of the pro-
tein analyzed in silicowere also found to be similar to those of
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Figure 8: (a)–(c) Results from 10 ns molecular dynamics simulation performed on PMM/PGM model. (a) Root mean square deviation
(RMSD); (b) radius of gyration; (c) root mean square fluctuation (RMSF).

PMM/PGM enzyme from P. aeruginosa [42]. This indicated
a similar function of the enzyme, that is, a bifunctional role
which would be responsible for conversion of mannose-6-
phosphate to mannose-1-phosphate or glucose-6-phosphate
to glucose-1-phosphate as in P. aeruginosa [28].

The active site residues predicted in the PMM/PGM
enzyme 3D structure were determined by multiple sequence
alignments and, however, needs to be validated by experi-
mental analysis. In context of sugar binding loop, PMM/PGM
ofA. baumanniimay also have equal specificity for glucose as
well as mannose, because mannose and glucose are epimers
at C-2. The active site residues of characterized PMM/PGM
complexes are known to change conformation based on the
identity of the bound ligand and/or change the type of contact
inwhich they participate [28, 52].However, a direct structural
characterization of multiple enzyme-substrate complexes
would likely be necessary for a full understanding of substrate
specificity in this enzyme superfamily. Nevertheless, the MD
simulation results in this research reveal several regions of
the PMM/PGM enzyme to be highly conserved and clearly
important for function in all organisms, supporting the
proposal that all of these enzymes use a commonmechanism.
The algC gene of A. baumannii AIIMS 7 characterized in this
study is an ortholog of algC gene from P. aeruginosa. The
PMM/PGM protein plays a central role in the production
of three P. aeruginosa virulence-associated traits, alginate,
rhamnolipids, and LPS, although the production of these
compounds is subjected to a completely different genetic and
environmental regulation [23, 45]. The PGM activity of the
protein is involved in synthesis of the LPS core of biofilms,
while PMM activity is responsible for alginate biosynthesis.
Both of these (PMM/PGM) enzymatic functions either singly

or in combination could be attributed for the biofilm forma-
tion in A. baumannii AIIMS 7 and augmentation of biofilms
in heterologous clones as observed by SEM. It is also con-
ceivable, therefore, that the cloned and overexpressed PGM
enzyme (of A. baumannii AIIMS 7) might have used up the
machinery for cellular LPS core biosynthesis in E. coli [25]
and could be the possible mechanism behind the overall
augmentation of biofilms in the heterologous algC clones
(E. coli DH5𝛼, a relatively weak biofilm former than A.
baumannii) as evident from the SEM image analysis. Never-
theless, due to the central role of PMM/PGM in biosynthetic
pathways, the enzyme has potential to serve as a novelmarker
for A. baumannii infection or as pharmaceutical targets for
inhibition. Such inhibitors would be specific and not affect
the essential homolog in human, due to lack of conservation
in active site, sugar, and metal binding site.

The mechanism of PMM/PGM is believed to be closely
parallel to that of related proteins from other pseudomonads
including close relatives like P. aeruginosa. Our observations
on the similarity of the protein sequences and 3D models
indicate that the PMM/PGM protein of A. baumanniiAIIMS
7 could have a similar biological role in biofilms as seen in P.
aeruginosa. Therefore, the dual roles of PMM/PGM in algi-
nate and LPS biosynthesis enhancing the biofilm formation
in A. baumannii propose the enzyme as an attractive target
for inhibitor design.

5. Conclusion

This study presents an initial genetic characterization of
algC gene in an MDR strain A. baumannii AIIMS 7 which
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demonstrates a quantitative differential expression pattern
in biofilm cells compared to planktonic counterparts cells
over a temporal scale of 96 h. Molecular dynamics (MD)
simulation studies indicate that the 3D structure of enzyme
(PMM/PGM) has functions similar to P. aeruginosa which
might result in significant biofilm augmentation in heterol-
ogous algC clones, as evident from SEM analysis. These
experimental lines of evidence collectively suggest that the
differential algC gene transcription in A. baumannii strongly
correlates with the initial attachment (9 h) and maturation
stages (36 h) during the biofilm development, however, may
not be the only attribute contributing to biofilm formation
and could be associated with other factors. The PMM/PGM
enzyme can be a potential drug target for biofilm-associated
infections of A. baumannii as revealed by the 3D structural
simulation studies.
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a b s t r a c t

The Bloch equation describes the dynamics of nuclear magnetization in the presence of
static and time-varying magnetic fields. In this paper we extend a nonlinear model of
the Bloch equation to include both fractional derivatives and time delays. The Caputo frac-
tional time derivative (a) in the range from 0.85 to 1.00 is introduced on the left side of the
Bloch equation in a commensurate manner in increments of 0.01 to provide an adjustable
degree of system memory. Time delays for the z component of magnetization are inserted
on the right side of the Bloch equation with values of 0, 10 and 100 ms to balance the frac-
tional derivative with delay terms that also express the history of an earlier state. In the
absence of delay, s ¼ 0, we obtained results consistent with the previously published bifur-
cation diagram, with two cycles appearing at a ¼ 0:8548 with subsequent period doubling
that leads to chaos at a ¼ 0:9436. A periodic window is observed for the range
0:962 < a < 0:9858, with chaos arising again as a nears 1.00. The bifurcation diagram for
the case with a 10 ms delay is similar: two cycles appear at the value a ¼ 0:8532, and
the transition from two to four cycles at a ¼ 0:9259. With further increases in the fractional
order, period doubling continues until at a ¼ 0:9449 chaos ensues. In the case of a 100 mil-
lisecond delay the transitions from one cycle to two cycles and two cycles to four cycles are
observed at a ¼ 0:8441, and a ¼ 0:8635, respectively. However, the system exhibits chaos
at much lower values of a (a ¼ 0:8635). A periodic window is observed in the interval
0:897 < a < 0:9341, with chaos again appearing for larger values of a. In general, as the
value of a decreased the system showed transitions from chaos to transient chaos, and then
to stability. Delays naturally appear in many NMR systems, and pulse programming allows
the user control over the process. By including both the fractional derivative and time
delays in the Bloch equation, we have developed a delay-dependent model that predicts
instability in this non-linear fractional order system consistent with the experimental
observations of spin turbulence.
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1. Introduction

Fractional order derivatives provide a novel approach to modeling the dynamics of complex circuits and systems. In con-
trast with conventional techniques that introduce complexity in a linear system by increasing the number of components,
which increases the order of the system, the ‘fractional’ approach is to generalize the order of the integer derivatives so that
the dynamic behavior will interpolate smoothly between first, second and third order system models [1–6]. Thus, when
examining phenomena arising in complex, heterogeneous materials – such as those arising during electrode polarization,
viscoelastic creep, or dielectric relaxation – fractional order models are often found to provide a better fit to the experimental
data [3–10]. As noted by the mathematician, M. Kac [11], ‘‘success is characterized by the fidelity with which such models fit
the observed phenomena, and by the sharpness of the questions they pose about the underlying physics.’’ Hence, fractional
order models can be viewed as a success because while they sometimes provide improved fits when compared with integer
order models, they almost always provoke sharp questions about the underlying conceptual models for the observed
phenomena.

This situation has certainly been the case in the application of fractional calculus to problems in nuclear magnetic
resonance (NMR) and magnetic resonance imaging (MRI) [12,13]. NMR and MRI examination of complex, porous and heter-
ogeneous materials (from both living and nonliving systems) yields many opportunities for assessing the ways in which the
underlying (sub-voxel) structure influences observed changes in magnetization through the physical processes of relaxation,
dispersion and diffusion. Just as a Gaussian distribution follows from assumptions about the statistical behavior of the
component particles (e.g., identical and independent events with finite variance) for a random walk (Brownian motion),
the Mittag-Leffler function flows from fractional order models that relax the assumptions of independence of earlier times,
and exhibit some degree of memory or nonlocal behavior. The utility of fractional order models lies in the adjustable order of
the dynamic model.

This paper is part of a series in which we are exploring the utility of generalizing the Bloch equation – which governs the
spin dynamics in magnetic resonance imaging (MRI), and magnetic resonance spectroscopy (MRS) – to account for the unex-
pected experimental observation of spin turbulence (principally the discovery of Huang et al. [14]). Work prior to ours
focused on the non-linear, integer order Bloch equation, with and without delay, and this work, unfortunately, was not able
to explain all of the observed features of spin turbulence. The issue is critical because, without a full understanding of the
conditions governing the onset of such chaotic dynamics, the clinical and experimental use of MRI and MRS could be com-
promised. Our experience with numerical models of linear and non-linear, fractional order versions of the Bloch equation
(with and without delay) [15–17] encouraged us to examine spin turbulence more completely. Physical interest in the frac-
tional order Bloch equation has been growing [12,13] with the goal of improving the modeling of relaxation, diffusion, and
perfusion in biological tissues. It is the heterogeneity, porosity, and tortuosity of tissue that instills complexity in the mea-
surements of the relaxation times (T1, T1rho and T2), the diffusion coefficient (apparent, anisotropic, and anomalous), and
local blood flow (laminar, turbulent, and intravoxel incoherent motion).

The rationale for the work described in this paper is that fractional derivatives may improve our understanding of the
dynamic events that occur in biological tissues. Such understanding is fundamental in NMR and MRI where bioengineers
and physicians seek to describe the underlying multi-scale processes that occur, for example, when tissues are developing,
regenerating, or injured and in need of repair. Fractional order models work well in describing NMR relaxation and diffusion
when the governing Bloch equations are linear and the derivatives exhibit no explicit delays [12,13]. However, many prob-
lems cannot be completely formulated within this framework, and in such cases, mathematical complexity and chaos can
occur [18]. Therefore, to address such phenomena in a systematic way, we have developed new numerical tools. In the past
we have applied these tools to examine chaos in the Bloch equation (fractional and integer order) and have sought to under-
stand how delays inherent in the Bloch equation will manifest themselves [15–17]. In this paper we examine the onset of
chaos in a specific NMR system in which both fractional order derivatives and delay are present.

2. Background

We are striving in this work to expand the suite of mathematical techniques that can be applied to describe spin turbu-
lence. Since this phenomenon is not yet fully understood, we seek to explore the influence of fractional order operators and
delay on the onset of chaos in the governing Bloch equation. NMR, which provides the basis for MRI, is fundamentally
described by the Bloch equation: a set of linear, first-order ordinary differential equations [19]. This model is adequate
for describing spin polarization, relaxation and diffusion in simple liquids and gels with a relatively homogeneous compo-
sition [20].

We have been exploring the utility of generalizing the Bloch equation to fractional order since 2006 in a series of papers
[12,13,15–17]. Briefly, we were stimulated to consider fractional order derivatives by the observation that anomalous diffu-
sion, when characterized as a continuous time random walk (CTRW), is the natural solution to a fractional order generaliza-
tion of the classical diffusion equation expressed as the stretched Mittag-Leffler function [12]. This approach was validated in
experimental studies of rat brain structure [21] and extended to analyze distributions of NMR relaxation times in [13] which
was applied to the analysis of diffusion in gels [22] and of relaxation in cartilage [23]. The underlying connection between
these models and material structure is the appearance of multi-scale, self-similarity in tissue, gels and composites. We
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introduced delay terms into the Bloch equation in [15,16] to balance the system memory associated with the fractional time
derivatives with explicit memory for each component of the magnetization. Delay differential equations are commonly used
in modeling biological systems, where they account for mixing, maturation, and mobilizing of stored chemicals [24].

The Bloch equation provides the underlying basis for designing the pulse sequences used to generate medical images;
images that physicians use to analyze complex heterogeneous materials such as the white and gray matter in the human
brain [25]. However, in order to optimize data acquisition or to improve contrast in MRI, the basic theory must be extended
to include with nonlinear, nonlocal and time-dependent processes (this is often done via numerical simulation as analytical
solutions are not generally possible).

The classical description of nuclear magnetic resonance is summarized in vector form by the Bloch equation [19,25],

dM
dt
¼ cM� B� ðMz �M0Þ

T1
iz �
ðMxix þMyiyÞ

T2
; ð2:1Þ

where M, ðMx;My;MzÞ represents the time-varying magnetization (Amps/s), M0 the equilibrium magnetization, B, ðBx;By;BzÞ
the applied radiofrequency (RF), gradient and static magnetic fields (Tesla), c is the gyromagnetic ratio (42.57 MHz/Tesla, for
spin 1/2 protons), and T1, T2 are the spin-lattice and the spin-spin relaxation times, respectively. For homogeneous (e.g., over
a 1–2 mm3 voxel), and isotropic materials with a single spin component (typically water protons), the Bloch equation pre-
scribes the dynamic balance between externally applied magnetic fields and internal sample relaxation times. This dynamic
balance is the basis for pulse sequence design, signal acquisition, image reconstruction and, in the case of MRI, tissue contrast
[20,25].

In the situation where there is feedback between the applied B1 RF field and the transverse components of magnetization,
the Bloch equation becomes nonlinear through the addition to B1 of BFB, where

BFB ¼ cGMxye�iw; ð2:2Þ

and Mxy ¼ Mx þ iMy, G is the strength of the feedback field, and w is its phase.
One key NMR experiment where a non-linear form of the Bloch equation is needed is in the description of radiation

damping, which can arise in both NMR and MRI [14,26–31]. Early NMR studies by Sherman [32] designed to control the spin
dynamics of radiation damping led to a nonlinear extension of the Bloch equations. Unfortunately, these equations were sub-
sequently shown [33–35] to exhibit periodic and chaotic solutions. Such chaos (termed, ‘spin turbulence’) has been observed
experimentally [14,29,35]. In addition, several groups have attempted to apply feedback to control NMR relaxation [36,37],
and interest in this approach to prevent chaos, has grown over the past twenty years [38–40]. Most recently, several groups
of investigators [17,26,41] have examined stability and the onset of chaos in fractional order Bloch equations.

In this paper we continue on this path by examining the case where both delay and fractional dynamics are present. The
paper is organized as follow: In Section 3 we outline the numerical method used to solve the fractional Bloch equation with
delay. In Section 4 we present the formal system model and perform a stability analysis. In Section 5 we describe the results
of our modeling of the fractional Bloch equation with both fading memory and delay included. In Section 6 we discuss and
analyze our findings. Finally, the manuscript ends with our conclusions.

3. Solving fractional differential equations

Due to nonlocal nature of the fractional derivative operator, the numerical methods used for solving ordinary differential
equations (FDEs) have to be modified [42–44].

Consider the following initial value problem (IVP) for a > 0 [45]:

cDa
0xðtÞ ¼ f ðt; xðtÞÞ; xðkÞð0Þ ¼ xðkÞ0 ; k ¼ 0;1;2; . . . ;m� 1; m ¼ ad e; ð3:1Þ

where cDa
0, denotes the Caputo derivative which is defined in [1,2] as:

cDa
0xðtÞ ¼ Im�a

0 DðmÞxðtÞ:

Here the Riemann–Liouville integral Il0 (of order l > 0) is given by the formula [1,2]

Il0 f ðtÞ ¼ 1
CðlÞ

Z t

0
ðt � sÞl�1f ðsÞ ds; t > 0:

It is well known that the above initial value problem (3.1) is equivalent to the following Volterra integral equation [45];

xðtÞ ¼
Xad e�1

k¼0

xðkÞ0
tk

k!
þ 1

CðaÞ

Z t

0
ðt � sÞa�1f ðs; xðsÞÞds: ð3:2Þ

For solving Eq. (3.2) on ½0; T�, the interval is divided into l subintervals. Let h ¼ T
l ; tn ¼ nh; n ¼ 0;1;2; . . . ; l 2 Zþ. The discret-

ized version of (3.2) is given as [43,44]:

xðtnþ1Þ ¼
Xad e�1

k¼0

xðkÞ0

tk
nþ1

k!
þ 1

CðaÞ

Z tnþ1

0
ðtnþ1 � sÞa�1f ðs; xðsÞÞds: ð3:3Þ
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A predictor–corrector method for solving Eq. (3.2) is developed by Diethelm [43,44], whrerein the following product trap-
ezoidal quadrature formula has been used.

xnþ1 ¼
Xad e�1

k¼0

xðkÞ0

tk
nþ1

k!
þ ha

Cðaþ 2Þ
Xnþ1

j¼0

aj;nþ1f ðtj; xjÞ; ð3:4Þ

where

aj;nþ1 ¼
naþ1 � ðn� aÞðnþ 1Þa if j ¼ 0;

ðn� jþ 2Þaþ1 þ ðn� jÞaþ1 � 2ðn� jþ 1Þaþ1 if 1 6 j 6 n;

1 if j ¼ nþ 1:

8><
>: ð3:5Þ

Eq. (3.4) can be written as

xnþ1 ¼
Xad e�1

k¼0

xðkÞ0

tk
nþ1

k!
þ ha

Cðaþ 2Þ
Xn

j¼0

aj;nþ1f ðtj; xjÞ þ
ha

Cðaþ 2Þ f ðtnþ1; xnþ1Þ; ð3:6Þ

where xnþ1 and xðtnþ1Þ denote approximate and exact solutions respectively.
Bhalekar and Daftardar-Gejji have modified the Adams–Bashforth method to solve delay differential equations of frac-

tional order (FDDE) [46]. The method is described below. Consider the FDDE

DayðtÞ ¼ f t; yðtÞ; yðt � sÞð Þ; t 2 0; T½ �; 0 < a 6 1 ð3:7Þ

yðtÞ ¼ gðtÞ; t 2 �s;0½ �: ð3:8Þ

where Da denotes Caputo fractional derivative of order a 2 ð0;1�. Applying fractional integration Iat on both sides of (3.7) and
using (3.8) we obtain:

y tð Þ ¼ gð0Þ þ 1
CðaÞ

Z t

0
t � nð Þa�1f n; yðnÞ; y n� sð Þð Þdn: ð3:9Þ

Consider a uniform grid tn ¼ nh : n ¼ �k;�kþ 1; � � � ;�1;0;1; � � � ;Nf g where k and N are integers such that h ¼ T=N and
h ¼ s=k. Let

yh tj
� �
¼ g tj

� �
; j ¼ �k;�kþ 1; � � � ;�1;0 ð3:10Þ

and note that

yh tj � s
� �

¼ yh jh� khð Þ ¼ yh tj�k

� �
; j ¼ 0;1; � � � ;N ð3:11Þ

Suppose we have already calculated the approximations yh tj
� �
� y tj

� �
, for j ¼ �k;�kþ 1; � � � ;�1;0;1; � � � ;nð Þ, and we want to

calculate yh tnþ1ð Þ using

y tnþ1ð Þ ¼ gð0Þ þ 1
CðaÞ

Z tnþ1

0
tnþ1 � nð Þa�1f n; yðnÞ; y n� sð Þð Þdn: ð3:12Þ

We use approximations yh tnð Þ for y tnð Þ in (3.12). The integral on right hand side of (3.12) is evaluated using the product trap-
ezoidal quadrature formula. We obtain

yh tnþ1ð Þ ¼ gð0Þ þ ha

Cðaþ 2Þ f tnþ1; yh tnþ1ð Þ; yh tnþ1 � sð Þð Þ þ ha

Cðaþ 2Þ
Xn

j¼0

aj;nþ1f tj; yh tj
� �

; yh tj � s
� �� �

¼ gð0Þ þ ha

Cðaþ 2Þ f tnþ1; yh tnþ1ð Þ; yh tnþ1�kð Þð Þ þ ha

Cðaþ 2Þ
Xn

j¼0

aj;nþ1f tj; yh tj
� �

; yh tj�k

� �� �
; ð3:13Þ

where aj;nþ1 are given by Eq. (3.5).
The unknown term yh tnþ1ð Þ appears on both sides of (3.13) and due to nonlinearity of f, Eq. (3.13), can not be solved

explicitly for yh tnþ1ð Þ. Therefore we replace the term yh tnþ1ð Þ on the right hand side by an approximation yP
h tnþ1ð Þ, which

is called the predictor.
Next, the product rectangle rule is used in (3.12) to evaluate predictor term

yP
h tnþ1ð Þ ¼ gð0Þ þ 1

CðaÞ
Xn

j¼0

bj;nþ1f tj; yh tj
� �

; yh tj � s
� �� �

¼ gð0Þ þ 1
CðaÞ

Xn

j¼0

bj;nþ1f tj; yh tj
� �

; yh tj�k

� �� �
; ð3:14Þ
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where bj;nþ1 is given by

bj;nþ1 ¼
ha

a
nþ 1� jð Þa � n� jð Þa

� �
: ð3:15Þ

For a complete error analysis of the method we refer the reader to Ref. [47].

4. System description and stability analysis

In this article we generalize the nonlinear fractional order Bloch equation [12] previously studied by Hamri and Houmor
[26] by inserting a variable delay s in the feedback terms. For a discussion of how feedback affects the Bloch equation, see the
recent paper by HosseinNia and coworkers [18]. In addition, for consistency with the notation used in our previous work
[15–17] we will represent ðMðtÞx; MðtÞy; MðtÞzÞ by ðxðtÞ; yðtÞ; zðtÞÞ so that the complete fractional order, non-linear Bloch
equation with feedback and delay can be written as:

DaxðtÞ ¼ dyðtÞ þ kzðt � sÞ xðtÞ sinðwÞ � yðtÞ cosðwÞð Þ � 1
T2

xðtÞ

DayðtÞ ¼ �dxðtÞ � zðtÞ þ kzðt � sÞ yðtÞ sinðwÞ þ xðtÞ cosðwÞð Þ � 1
T2

yðtÞ

DazðtÞ ¼ yðtÞ � k sinðwÞ xðtÞ2 þ yðtÞ2
� �

� 1
T1
ðzðtÞ � 1Þ ð4:1Þ

where a 2 ð0;1Þ; d ¼ 1:26; k ¼ 10; w ¼ 0:7764; T1 ¼ 0:5; T2 ¼ 0:25 and s P 0. These system parameters were selected to
be consistent with the published experimental study by Huang et al. [14] and the previous fractional order analysis of that
work by Hamri and Houmor [26]. The resonant frequency (d) and the relaxations times (T1 and T2) can be generalized to any
value, simply by rescaling the time, but the feedback parameters (k and w), are specific for this experiment and feedback
model.

For the selected system parameters, there is only one real equilibrium point of the system (4.1) viz.
X� ¼ ð0:139846;0:0672696;0:949262Þ. The linearized system of nonlinear system (4.1) near an equilibrium point X� is

DaX ¼ JX þ JsXs; ð4:2Þ

where X and Xs are column vectors (x; y; z) at t and at t � s respectively, and

J ¼
2:65162 �5:51242 0
5:51242 2:65162 �1
�1:95984 0:0572631 �2

0
B@

1
CA ð4:3Þ

and

Js ¼
0 0 0:499992
0 0 1:46908
0 0 0

0
B@

1
CA ð4:4Þ

Fig. 1. Behavior of the system for s ¼ 0 seconds.
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are Jacobians with respect to X and Xs respectively.

Theorem 4.1. [48] If all the roots s of the characteristic equation

det J þ expð�ssÞJs � saIð Þ ¼ 0 ð4:5Þ

satisfy ReðsÞ < 0, then the equilibrium solution of system (4.1) is asymptotically stable.
The necessary condition for chaos to exist in the system (4.1) is that there exist a root s of (4.5) with a positive real part

[48].

5. Results

We have employed the method discussed in Section 3 to examine the behavior of system (4.1) for different values of frac-
tional order a and delay s. We used the software Mathematica� 10 (Wolfram Research, Champaign, IL) for the numerical
computations.

The initial values for the magnetization correspond to those present immediately following a perfect p=2 radiofrequency
pulse directed along the x-axis, which would rotate the equilibrium magnetization M0 ¼ 1 mGauss from the z-axis to the y-
axis.

Fig. 2. Behavior of the system for s ¼ 0:01 seconds.
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These are given by:

xðtÞ ¼ 0;
yðtÞ ¼ 0:001;
zðtÞ ¼ 0; for t 6 0: ð5:1Þ

In the absence of delay, s ¼ 0 s, we obtained results consistent with those published for this situation by Hamri and Hou-
mor [26]. For example, as illustrated in the bifurcation diagram, Fig. 1(a), when a ¼ 0:8548 the orbit structure is changed
from one cycle to two cycles. The period is then doubled at a ¼ 0:929, and as a continues to increase this process of period
doubling leads to chaos at a ¼ 0:9436. Surprisingly, a periodic window is observed for the range 0:962 < a < 0:9858, with
chaos arising again as a nears 1.00. An example of the chaotic trajectory in the x–z plane for a ¼ 0:949 is shown in 1(b).

The bifurcation diagram for the case of a 10 millisecond delay, s ¼ 0:01 s, is shown in Fig. 2(a). In this situation, one cycle
becomes two cycles at essentially the same bifurcation value a ¼ 0:8532 as that observed in the case of no delay. Subse-
quently, the same behavior is exhibited by the system with a 10 millisecond delay for higher values of a up to
a ¼ 0:9259. With further increases in the fractional order, period doubling continues until at a ¼ 0:9449 chaos ensues. As
examples of the system trajectories in different planes, Fig. 2(b–d) show two cycle (a ¼ 0:861), four cycle (a ¼ 0:93) and
chaos (a ¼ 0:947) respectively.

The bifurcation diagram for the case of a 100 millisecond delay, s ¼ 0:10 s, is shown in Fig. 3(a). In this case, the transi-
tions from one cycle to two cycles and two cycles to four cycles are observed at a ¼ 0:8441 and a ¼ 0:8635 respectively. The
system then exhibits chaos for a values above a ¼ 0:8635. A periodic window is observed in the interval 0:897 < a < 0:9341.
An example of the chaotic phase trajectory at a ¼ 0:88 is shown in Fig. 3(b).

6. Discussion

In the last twenty years, a number of deterministic and stochastic differential equations have been generalized using frac-
tional-order derivative operators to simulate non-local phenomena that violate typical continuum assumptions because of
strong heterogeneity, fractal structure, or correlations in the underlying system structure or motion. Fractional derivatives
are useful in this situation because they depend not only on nearby points for the evaluation of a function, but also depend
on distant points that are weighted in a decaying power-law manner in space or time. Fractional-order differential equations
thus provide a convenient non-local description of system dynamics that alleviates the scale-dependence and single time
constant descriptions of conventional continuum parameters by providing an appropriate averaging of the ensemble effects
of large motions and waiting times relative to the domain size and simulation time.

The classical Bloch equation provides the theoretical foundation for nuclear magnetic resonance spectroscopy and mag-
netic resonance imaging. It also can be applied in optical resonance spectroscopy to describe the underlying dynamics for
the photon echo and self-induced transparency. Thus, a careful study is warranted of the conditions under which the Bloch
equation is unstable or chaotic. In previous work, nonlinear forms of the Bloch equation (e.g., with additional terms charac-
terizing radiation damping or a demagnetizing field) have been mapped for the onset of chaotic behavior [17]. Recently, our
group reported changes in the pattern of instabilities in the nonlinear Bloch equation (with radiation damping) following

Fig. 3. Behavior of the system for s ¼ 0:1 seconds.
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introduction either of fractional order time derivatives or of microsecond delays in the first order time derivative terms
[16,15]. In this paper we have combined both delay and fractional order modifications of the nonlinear Bloch equation to
map out the domain of stability. This is done under conditions closely associated with the experimental appearance of spin
turbulence [14,29,35].

In our previous work [17] on this fractional order model instability was observed (without delays) when a is in the range
(0:98 < a < 1:00). Transient chaos appears for a lower range of a values ð0:94 < a < 0:98Þ; and sinusoidal periodic behavior
is seen for all smaller a values ða < 0:94Þ. Similarly, for both the fractional and the integer order Bloch equation models
[16,15], the differential equation for the longitudinal (T1) magnetization evolution was stable for delays over the range
tested. However, the differential equation for the transverse (T2) magnetization evolution was stable only up to a critical
value, beyond which chaos appears. In this study, with combined delay and fractional order modifications to the Bloch equa-
tion with feedback, instabilities appeared in a manner dependent on both the order of the fractional derivative ðaÞ and the
value of the delay ðsÞ. In general, as the a values decrease the system transitions from chaos to transient chaos, and then to
stability. But for each value of s, the onset of chaos was shifted toward lower a values and the range of periodic stability
extended (for increasing delays).

Fractional order models work better than integer order models when the topology or temporal structure of the system is
fractal, self-similar, or multi-scale. In such materials relaxation is typically multi-exponential, and diffusion often anomalous
(e.g., the means squared displacement grows as a fractional power of time). Such behavior is easily understood as arising
from time or space correlations, which are naturally incorporated in fractional operators as adjustable memory kernels
and nonlocal spatial derivatives. Further, in NMR, fractional calculus is being applied to characterize the relaxation time
behavior of macromolecules [5] and the diffusion of water in complex porous material, such as biological tissues [21]. In
many situations, the fractional order titrates system response from simple exponential or Gaussian curves to more complex
Mittag-Leffler behavior. The extension of this approach through the introduction of delays in the definition of the derivatives
is an active area of investigation (here we only analyzed fractional orders near to one, and relatively short time delays). In the
short time delay case of 10 milliseconds, the delay appears to have little effect on system splitting or on the onset of chaos,
when compared with the case no delay. This is good for the experimentalist, as it suggests that a small delay is unlikely to
generate non-deterministic responses. On the other hand, longer delays on the order of 100 milliseconds as is shown in 3(a),
have the potential of inducing chaos in fractional order windows of the bifurcation diagram. While more theoretical work of
the type presented in this paper is needed to completely map out the stability phase diagram for the Bloch equation, from the
results obtained so far, it is safe to say that a rich set of phase domains (periodic, chaotic, and transient) are present.

In addition to the direct impact of this work on the fields of NMR and optical spectroscopy [49], particularly in cases
where feedback or strong coupling exist, there is the reciprocal potential that NMR and optical studies – through the great
flexibility available by programming the amplitude and delays in transient pulses – can enrich our understanding of the
underlying mathematical models. A unique aspect of this research is the close association between model building in the
mathematical sense with experiment design in the NMR or optical sense. Usually, one strives to fit or control a new obser-
vation within or as an extension of a research paradigm. But, in this closely coupled field, there is a balanced ‘push–pull’
arrangement of the respective contributions. As scientists, engineers and mathematicians strive to understand more com-
plex, heterogeneous, and multi-scale systems, the path to follow may not always be in the direction of higher special/tem-
poral resolution, finer meshes and less course graining, but conversely in the direction of expanding the properties of the
mathematical operators used to build the advanced models.

7. Conclusions

The work reported in this paper extends previous studies of the Bloch equation by introducing both fractional order and
extended delay into the fundamental dynamic model. Specific predictions from this work – increasing stability with decreas-
ing fractional order, and decreasing stability with increasing delay times – can be tested in experiments using NMR or optical
pulses. The combination of generalized mathematical models of the first order time derivative with a nonlinear system of
equations that can exhibit chaos creates a new system with a very wide range of behavior that is available for both numerical
and experimental validation.
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1. Introduction

Various types of controllability problems for first and second order nonlinear integro-
differential systems and functional integro-differential systems in Banach spaces have
been studied by the fixed point theorem techniques. The importance and the applications
of the controllability in both finite and infinite dimensional spaces have been excellently
explained in the paper [2].

Many authors [1-7, 9, 11–13, 15, 16] studied the controllability for various types of
integro-differential equations in abstract spaces with different initial conditions. Bal-
achandran et al. [3–5] discussed the controllability and local null controllability of non-
linear neutral systems and sobolev type integro-differential systems in Banach spaces by
means by means of fixed point principles.

Fu [7] obtained controllability results for non-densely defined delay functional integro-
differential systems with and without impulse effect of in abstract space. Chang Liu [9]
studied the controllability of nonlinear neutral system with infinite delay in abstract
spaces using resolvent operators. Sakthival et al. [15] established the sufficient condi-
tions for controllability of nonlinear neutral evolution integro-differential systems in a
Banach space by using the resolvent operators.

Motivated by above mentioned work, the purpose of this paper is to study the con-
trollability of neutral functional integro-differential systems in Banach spaces using the
theory of resolvent operators and Schaefer fixed-point theorem.

The paper is organized as follows. In section 2, we will briefly recall some preliminary
facts which will be used in the paper. Section 3 is devoted to the controllability of neutral
functional integro-differential systems in Banach spaces. The application of our result
is given in section 4.

2. Preliminaries

Consider the nonlinear neutral integro-differential system of the form

d

dt

[
x(t) + F

(
t, x(t), x(b1(t)), . . . , x(bm(t))

)]

= A(t)x(t) +
∫ t

0
H(t, s)x(s)ds + Bu(t)

+ G
(
t, x(σ1(t)), . . . , x(σn(t)),

∫ t

0
h(t, s, x(σn+1(s)))ds

)
,

x(0) = x0, t ∈ J = [0, b], (1)

where x(·) takes values in a Banach space (X, ‖ · ‖) and the control function u(·) is
given in L2(J, U)-a Banach space of admissible control functions with U as a Banach
space. Here, A(t) and H(t, s) are closed linear operators on X with dense domain
D(A) which is independent of t, B is a bounded linear operator from U into X, σi, bj :
J → J , i = 1, 2, . . . , n + 1, j = 1, 2, . . . , m are continuous functions. Functions
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F : J × Xm+1 → X, G : J × Xn+1 → X and k : J × J × X → X are the nonlinear
functions which satisfy certain hypotheses specified below.

We shall make the following assumptions ([9]):

(i) A(t) generates a strongly continuous semigroup of evolution operators in the Ba-
nach space X.

(ii) Suppose Y is the Banach space formed from D(A) with the graph norm. A(t)

and H(t, s) are closed operators, it follows that A(t) and H(t, s) are in the set of
bounded operators from Y to X, B(Y, X), for 0 ≤ t ≤ b and 0 ≤ s ≤ t ≤ b,
respectively. Further A(t) and H(t, s) are continuous on 0 ≤ t ≤ b and 0 ≤ s ≤
t ≤ b, respectively into B(Y, X).

Definition 2.1. A resolvent operator for the system (1) is a bounded operator valued
function R(t, s) ∈ B(X), 0 ≤ s ≤ t ≤ b, the space of bounded linear operators on X,
having the following properties:

(a) R(t, s) is strongly continuous in s and t , R(s, s) = I, 0 ≤ s ≤ b, ‖R(t, s)| ≤
Meβ(t−s) for some constants M and β.

(b) R(t, s)Y ⊂ Y, R(t, s) is strongly continuous in s and t on Y .

(c) For each x ∈ D(A), R(t, s)x is strongly continuously differentiable in t and s and

∂R

∂t
(t, s)x = A(t)R(t, s)x +

∫ t

s

H(t, r)R(r, s) x dr,

∂R

∂s
(t, s)x = −R(t, s)A(s)x −

∫ t

s

R(t, r)H(r, s) x dr,

with
∂R

∂t
(t, s) x and

∂R

∂s
(t, s) x are strongly continuous on 0 ≤ s ≤ t ≤ b. Here R(t, s)

can be extracted from the evolution operarors of the generator A(t).

Definition 2.2. A continuous function x(·) : J → X is said to be mild solutions of
problem (1) if for all x0 ∈ X, it satisfies the following integral equation.

x(t) = R(t, 0)x0 − F
(
t, x(t), x(b1(t)), . . . , x(bm(t))

)

−
∫ t

0
R(t, s)A(s)F

(
s, x(s), x(b1(s)), . . . , x(bm(s))

)
ds

−
∫ t

0
R(t, s)

∫ s

0
H(s, τ )F

(
τ, x(τ ), x(b1(τ )), ...., x(bm(τ))

)
dτds

+
∫ t

0
R(t, s)

[
(Bu)(s) + G

(
s, x(σ1(s)), . . . , x(σn(s)),

∫ s

0
h(s, τ, x(σn+1(τ )))dτ

)]
ds

(2)
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Theorem 2.3. ([8]Schaefer’s Theorem:) Let N be a normed linear space. Let F :
N → N be a completely continuous operator, (i.e), it is continuous and the image of
any bounded set is contained in a compact set, and let

ξ(F ) = {x ∈ N : x = λFx, for some λ ∈ (0, 1)},
then either ξ(F ) is unbounded or F has a fixed point.

Definition 2.4. The system (1) is said to be controllable on the interval J provided for
every x0, x1 ∈ X, there exists a control u ∈ L2(J, U) such that the solution x(·) of (1)

satisfies x(b) = x1.

Further we list the following assumptions:

H1 The resolvent operator R(t, s) is compact and there exist constants Mi > 0, i =
1, 2, 3 such that |R(t, s)| ≤ M1, |R(t, s)A(s)| ≤ M2and |H(t, s)| ≤ M3.

H2 The linear operator W : L2(J, U) → X defined by,

Wu =
∫ b

0
R(b, s)Bu(s)ds

has an inverse operator W−1 which takes values in L2(J, U)/kerW and there
exist positive constants M4, M5 such that |B| ≤ M4 and |W−1| ≤ M5.

H3 (a) The function F : J × Xm+1 → X is completely continuous and

F
(

0, x0, x(b1(0)), . . . , x(bm(0))
)

= 0

and there exist a constant L > 0 such that

‖F
(
t, x(t), x(b1(t)), . . . , x(bm(t))

)
‖ ≤ L

and for any bounded set Q in C, the set

{
t → F

(
t, x(t), x(b1(t)), . . . , x(bm(t))

)
, x ∈ Q

}

is equicontinuous.

(b) The function h : J × J × X → X is continuous and for each
x ∈ X, h(·, ·, x) : J × J → X is strongly measurable.

H4 For each t ∈ J , the function G(t, ·, ·) : J × Xn → X is continuous and for
x, y ∈ X,G(·, x, y) is strongly measurable.
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H5 There exist a continuous function P, q : J → R such that

‖
∫ t

0
h(t, s, x)ds‖ ≤ q(t)ξ(‖x‖), and ‖G(t, x, y)‖ ≤ P(t)�(‖x‖ + ‖y‖),

for t ∈ J , x, y ∈ X, where ξ, � : [0, ∞) → (0, ∞) is a continuous non decreasing
function.

H6 For every positive integer m, there exists α∗
m ∈ L1(0, b) such that for a.e, t ∈ J

sup
‖x‖≤m

‖G
(
t, x(σ1(t)), . . . , x(σn(t)),

∫ t

0
h(t, s, x(σn+1(s)))

)
ds‖ ≤ α∗

m(t).

Introduce a parameter λ ∈ (0, 1) and consider the following system to study the
controllability problem for (1),

d

dt

[
x(t) + λF(t, x(t), x(b1(t)), . . . , x(bm(t))

]
= Ax(t)x(t)

+ λ

∫ t

0
H(t, s)x(s)ds + λ(Bu)(t)

+ λG
(
t, x(σ1(t)), . . . , x(σn(t)),

∫ s

0
h(t, s, x(σn+1(s)))ds

)
, t ∈ J = [0, b]

with initial condition x(0) = λ x0, λ ∈ (0, 1) (3)

The system (3), has a mild solution of the form:

x(t) = λR(t, 0)x0 − λF
(
t, x(t), x(b1(t)), . . . , x(bm(t))

)

− λ

∫ t

0
R(t, s)A(s)F

(
s, x(s), x(b1(s)), . . . , x(bm(s))

)
ds

− λ

∫ t

0
R(t, s)

∫ s

0
H(s, τ )F

(
τ, x(τ ), x(b1(τ )), . . . , x(bm(τ))

)
dτds

+ λ

∫ t

0
R(t, s)

[
(Bu)(s) + G

(
s, x(σ1(s)), . . . ,

x(σn(s)),

∫ s

0
h(s, τ, x(σn+1(τ )))dτ

)]
ds (4)

3. Main results

Theorem 3.1. Let the hypotheses (H1) − (H6) are satisfied. The system (1) is control-
lable on an interval J, provided the inequality

∫ b

0
m̂ds <

∫ ∞

c

ds

ξ(s) + �(τ)
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holds, where

m̂(t) = M1max
{
P(t), q(t)

}
,

c = M1‖x0‖ + L
(

1 + M2b + M1M3b
2
)

+ M1Nb,

and

N = M4M5

[
|x1| + M1‖x0‖ + L + M2Lb + M1M3Lb2

2

+ M1

∫ b

0

(
P(s)�

(
‖x(s)‖

)
+ q(s)ξ

(
‖x(τ)‖

))
ds

]
.

Proof. Let C = C(J, X)-the Banach space of all continuous functions from J to X with
sup norm ‖x‖ = sup{|x(t)| : t ∈ J }. In the view of the hypothesis (H2), for an arbitrary
function x(.), we define the control

u(t) = W−1
[
x1 − R(b, 0)x0 + F

(
b, x(b), x(b1(b)), . . . , x(bm(b))

)

+
∫ b

0
AR(b, s)F

(
s, x(s), x(b1(s)), . . . , x(bm(s))

)
ds

+
∫ b

0
R(b, s)

∫ s

0
H(s, τ )F

(
τ, x(τ ), x(b1(τ )), . . . , x(bm(τ))

)
dτds

−
∫ b

0
R(b, s)G

(
s, x(σ1(s)), . . . , x(σn(s)

)
,

∫ s

0
h
(
s, τ, x(σn+1(τ ))dτ

)
ds

]
(t).

Using the control given above, we prove that the operator 	 : C → C defined by

(	x)(t) = R(t, 0)x0 − F
(
t, x(t), x(b1(t)), . . . , x(bm(t))

)

−
∫ t

0
R(t, s)A(s)F

(
s, x(s), x(b1(s)), . . . , x(bm(s))

)
ds

−
∫ t

0
R(t, s)

∫ s

0
H(s, τ )F

(
τ, x(τ ), x(b1(τ )), . . . , x(bm(τ))

)
dτds

+
∫ t

0
R(t, s)

[
(Bu)(s) + G

(
s, x(σ1(s)), . . . ,

x(σn(s)),

∫ s

0
h(s, τ, x(σn+1(τ )))dτ

)]
ds

has a fixed point by using Schaefer’s Theorem, which is then a mild solution of equation
(2). �

Observe that (	x)(b) = x1. This means that the control u(·) steers the integro-
differential system from the initial state x0 to x1 in time b.
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With the control u the equations (4) becomes

x(t) = λR(t, 0)x0 − λF
(
t, x(t), x(b1(t)), . . . , x(bm(t))

)

− λ

∫ t

0
R(t, s)A(s)F

(
s, x(s), x(b1(s)), . . . , x(bm(s))

)
ds

− λ

∫ t

0
R(t, s)

∫ s

0
H(s, τ )F

(
τ, x(τ ), x(b1(τ )), . . . , x(bm(τ))

)
dτds

+ λ

∫ t

0
R(t, η)BW−1

[
x1 − R(b, 0)x0 + F

(
b, x(b), x(b1(b)), . . . , x(bm(b))

)

+
∫ b

0
R(b, s)A(s)F

(
s, x(s), x(b1(s)), . . . , x(bm(s))

)
ds

+
∫ b

0
R(b, s)

∫ s

0
H(s, τ )F

(
τ, x(τ ), x(b1(τ )), . . . , x(bm(τ))

)
dτds

−
∫ b

0

[
R(b, s)G

(
s, x(σ1(s)), . . . , x(σn(s)

)
,

∫ s

0
h
(
s, τ, x(σn+1(τ ))dτ

)
ds

]
(η)dη

+ λ

∫ t

0
R(t, s)G

(
s, x(σ1(s)), . . . , x(σn(s)),

∫ s

0
h(s, τ, x(σn+1(τ )))dτ

)
ds.

Therefore,

‖x(t)‖ ≤ M1‖x0‖ + L + M2Lb + M1M3Lb2

2

+
∫ t

0
|R(t, η)|M4M5

[
|x1| + M1‖x0‖ + L + M2Lb + M1M3Lb2

2

+ M1

∫ b

0

(
P(s)�

(
‖x(s)‖

)
+ q(s)ξ

(
‖x(τ)‖

))
ds

]
dη

+ M1

∫ t

0

(
P(s)�

(
‖x(s)‖

)
+ q(s)ξ

(
‖x(τ)‖

))
ds

Since,

N = M4M5

[
|x1| + M1‖x0‖ + L + M2Lb

+ M1M3Lb2

2
+ M1

∫ b

0

(
P(s)�

(
‖x(s)‖

)
+ q(s)ξ

(
‖x(τ)‖

))
ds

]
,
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we have

‖x(t)‖ ≤ M1‖x0‖ + L + M2Lb + M1M3Lb2

2
+ N

∫ t

0
|R(t, η)|dη

+ M1

∫ t

0

(
P(s)�

(
‖x(s)‖

)
+ q(s)ξ

(
‖x(τ)‖

))
ds

≤ M1‖x0‖ + L + M2Lb + M1M3Lb2

2
+ M1Nb

+ M1

∫ t

0

(
P(s)�

(
‖x(s)‖

)
+ q(s)ξ

(
‖x(τ)‖

))
ds.

Denoting the right hand side of ‖x(t)‖ as z(t), we have

C = z(0) = M1‖x0‖ + L + M2Lb + M1M3Lb2

2
+ M1Nb,

‖x(t)‖ ≤ z(t) and

z
′
(t) ≤ M1

[
P(t)�

(
‖x(t)‖

)
+ q(t)ξ

(
‖x(τ)‖

)]

≤ M1

[
P(t)�

(
‖z(t)‖

)
+ q(t)ξ

(
‖z(τ )‖

]

≤ m̂(t)
[
�

(
‖z(t)‖

)
+ ξ

(
‖z(τ )‖

]

This implies that

∫ z(t)

z(0)

ds

�(s) + ξ(s)

≤
∫ b

0
m̂(s)ds <

∫ ∞

c

ds

�(s) + ξ(s)

There is a constant β such that z(t) ≤ β and hence we have ‖x(t)‖ ≤ β, t ∈ J .

We now prove that the operator 	 : C → C is completely continuous operator.
Consider the set

Bβ =
{
x ∈ C : ‖x‖ ≤ β

}
for some β > 0.

First we prove 	 maps Bβ into an equicontinuous family. Let x ∈ Bβ and t1, t2 ∈ J .
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Then if 0 < t1 < t2 ≤ b,

‖(	x)(t1) − (	x)(t2)‖ ≤ ‖R(t1, 0) − R(t2, 0)|‖x0‖
+

∥∥∥F
(
t1, x(t1), x(b1(t1)), . . . , x(bm(t1))

)
− F

(
t2, x(t2), x(b1(t2)), . . . , x(bm(t2))

)∥∥∥
+

∥∥∥
∫ t1

0

[
R(t1, s) − R(t2, s)

]
A(s)F

(
s, x(s), x(b1(s)), . . . , x(bm(s))

)
ds

∥∥∥
+

∥∥∥
∫ t2

t1

R(t2, s)A(s)F
(
s, x(s), x(b1(s)), . . . , x(bm(s))

)
ds

∥∥∥
+

∥∥∥
∫ t1

0

[
R(t1, s) − R(t2, s)

] ∫ s

0
H(s, τ )F

(
τ, x(τ ), x(b1(τ )), . . . , x(bm(τ))

)
dτds

∥∥∥
+

∥∥∥
∫ t2

t1

R(t2, s)

∫ s

0
H(s, τ )F

(
τ, x(τ ), x(b1(τ )), . . . , x(bm(τ))

)
dτds

∥∥∥
+

∥∥∥
∫ t1

0
[R(t1, η) − R(t2, η)]BW−1

[
x1 − R(b, 0)x0 + F(b, x(b), x(b1(b)), . . . , x(bm(b)))

+
∫ b

0
R(b, s)A(s)F

(
s, x(s), x(b1(s)), . . . , x(bm(s))

)
ds

+
∫ b

0
R(b, s)

∫ s

0
H(s, τ )F

(
τ, x(τ ), x(b1(τ )), . . . , x(bm(τ))

)
dτds

−
∫ b

0
R(b, s)G

(
s, x(σ1(s)), . . . , x(σn(s)

)
,

∫ s

0
h
(
s, τ, x(σn+1(τ )))dτ

)
ds

]
(η)dη

∥∥∥∥
+

∥∥∥
∫ t2

t1

R(t2, η)BW−1
[
x1 − R(b, o)x0 + F(b, x(b), x(b1(b)), . . . , x(bm(b)))

+
∫ b

0
R(b, s)A(s)F

(
s, x(s), x(b1(s)), . . . , x(bm(s))

)
ds

+
∫ b

0
R(b, s)

∫ s

0
H(s, τ )F

(
τ, x(τ ), x(b1(τ )), ....., x(bm(τ))

)
dτds

−
∫ b

0
R(b, s)G

(
s, x(σ1(s)), ....., x(σn(s)

)
,

∫ s

0
h
(
s, τ, x(σn+1(τ )))dτ

)
ds

]
(η)dη

∥∥∥
+

∥∥∥
∫ t1

0

[
R(t1, s) − R(t2, s)

]
G

(
s, x(σ1(s)), ....., x(σn(s)

)
,

∫ s

0
h
(
s, τ, x(σn+1(τ )))dτ

)
ds

+
∫ t2

t1

R(t2, s)G
(
s, x(σ1(s)), . . . , x(σn(s)

)
,

∫ s

0
h
(
s, τ, x(σn+1(τ )))dτ

)
ds
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≤
∥∥∥R(t1, 0) − R(t2, 0)

∥∥∥‖x0‖
+

∥∥∥F
(
t1, x(t1), x(b1(t1)), . . . , x(bm(t1))

)
− F

(
t2, x(t2), x(b1(t2)), . . . , x(bm(t2))

)∥∥∥
+ L

∫ t1

0

∥∥∥[R(t1, s) − R(t2, s)]A(s)

∥∥∥ds + L

∫ t2

t1

∥∥∥R(t2, s)A(s)

∥∥∥ds

+ L

∫ t1

0

∥∥∥R(t1, s) − R(t2, s)

∥∥∥
∫ s

0

∥∥∥H(s, τ )

∥∥∥dτds

+ L

∫ t2

t1

∥∥∥R(t2, s)

∥∥∥
∫ s

0

∥∥∥H(s, τ )

∥∥∥dτds

+
∫ t1

0

∥∥∥R(t1, η) − R(t2, η)

∥∥∥M4M5

[
‖x1‖ + M1|x0‖ + L + M2Lb

+ M1M3Lb2

2
+ M1

∫ b

0
α∗

m(s)ds
]
dη

+
∫ t2

t1

∥∥∥R(t2, η)

∥∥∥M4M5

[
‖x1‖ + M1|x0‖ + L + M2Lb

+ M1M3Lb2

2
+ M1

∫ b

0
α∗

m(s)ds
]
dη

+
∫ t1

0

∥∥∥R(t1, s) − R(t2, s)

∥∥∥α∗
m(s)ds

+
∫ t2

t1

∥∥∥R(t2, s)

∥∥∥α∗
m(s)ds.

Note that compactness of R(t, s) for t, s > 0 gives the continuity in the uniform operator
topology, F is completely continuous and the right hand side is dependent of x ∈ Bβ .
Therefore and ‖(	x)(t1) − (	x)(t2)‖ → 0 as t2 − t1 → 0. This proves the set {	x :
x ∈ Bβ} is equicontinuous. One can easily prove that 	Bβ is uniformly bounded.

To prove 	Bβ is compact, by Arzela-Ascoli theorem it is enough to show that 	

maps Bβ into precompact set in X.

Let 0 < t ≤ s ≤ b be fixed and ε, a real number satisfying 0 < ε < t . For x ∈ Bβ

we define

(	εx)(t) = R(t, 0)x0 − F
(
t, x(t), x(b1(t)), . . . , x(bm(t))

)

−
∫ t−ε

0
R(t, s)A(s)F

(
s, x(s), x(b1(s)), . . . , x(bm(s))

)
ds

−
∫ t−ε

0
R(t, s)

∫ s

0
H(s, τ )F

(
τ, x(τ ), x(b1(τ )), . . . , x(bm(τ))

)
dτds
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+
∫ t−ε

0
R(t, η)BW−1

[
x1 − R(b, 0)x0 + F

(
b, x(b), x(b1(b)), . . . , x(bm(b))

)

+
∫ b

0
R(b, s)A(s)F

(
s, x(s), x(b1(s)), . . . , x(bm(s))

)
ds

+
∫ b

0
R(b, s)

∫ s

0
H(s, τ )F

(
τ, x(τ ), x(b1(τ )), . . . , x(bm(τ))

)
dτds

−
∫ b

0
R(b, s)G

(
s, x(σ1(s)), . . . , x(σn(s)

)
,

∫ s

0
h
(
s, τ, x(σn+1(τ ))dτ

)
ds

]
(η)dη

+
∫ t−ε

0
R(t, s)G

(
s, x(σ1(s)), . . . , x(σn(s)),

∫ s

0
h(s, τ, x(σn+1(τ )))dτ

)
ds.

Since R(t, s) is a compact operator, the set Yε(t) = {(	εx)(t) : x ∈ Bβ} is pre
compact in X for every ε, 0 < ε < t . Now for any x ∈ Bβ ,

‖(	x)(t) − (	εx)(t)‖
≤

∫ t

t−ε

∥∥∥R(t, s)A(s)F
(
s, x(s), x(b1(s)), . . . , x(bm(s))

)∥∥∥ds

+
∫ t

t−ε

∥∥∥R(t, s)

∫ s

0
H(s, τ )F

(
τ, x(τ ), x(b1(τ )), . . . , x(bm(τ))

)∥∥∥dτds

+
∫ t

t−ε

∥∥∥R(t, η)BW−1
[
x1 − R(b, 0)x0 + F

(
b, x(b), x(b1(b)), . . . , x(bm(b))

)

+
∫ b

0
R(b, s)A(s)F

(
s, x(s), x(b1(s)), . . . , x(bm(s))

)
ds

+
∫ b

0
R(b, s)

∫ s

0
H(s, τ )F

(
τ, x(τ ), x(b1(τ )), . . . , x(bm(τ))

)
dτds

−
∫ b

0
R(b, s)G

(
s, x(σ1(s)), . . . , x(σn(s)

)
,

∫ s

0
h
(
s, τ, x(σn+1(τ ))dτ

)
ds

]
(η)

∥∥∥dη

+
∫ t

t−ε

∥∥∥R(t, s)G(s, x(σ1(s)), . . . , x(σn(s)),

∫ s

0
h(s, τ, x(σn+1(τ )))dτ

)∥∥∥ds

≤ L

∫ t

t−ε

∥∥∥R(t, s)A(s)

∥∥∥ds + L

∫ t

t−ε

∥∥∥R(t, s)

∫ s

0
H(s, τ )

∥∥∥dτds

+
∫ t

t−ε

∥∥∥R(t, η)

∥∥∥M4M5

[
|x1| + M1‖x0‖ + L

+ M2Lb + M1M3Lb2

2
+ M1

∫ b

0
α∗

m(s)ds
]
dη

+
∫ t

t−ε

‖R(t, s))‖α∗
m(s)ds

Since ε > 0 was and arbitrary, there are precompact sets which are arbitrarily close to
the set {(	x)(t) : x ∈ Bβ}. Hence the set {(	x)(t) : x ∈ Bβ} is precompact in X.
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It remains to show that 	 : C → C is continuous. Let {xn}∞0 ⊆ C with xn → x in
C.Then there is an integer r such that ‖xn(t)‖ ≤ r for all n and t ∈ J . So that xn ∈ Br

and x ∈ Br . By hypotheses, we have

G
(
t, x(σn(t)

)
,

∫ s

0

h
(
s, τ, x(σn+1(τ ))dτ

)

→ G
(
t, x(σ (t)

)
,

∫ s

0
h
(
s, τ, x(σ (t))

)
dτ

for almost each t ∈ J and
∥∥∥G(t, x(σn(t)),

∫ s

0
h
(
s, τ, x(σn+1(τ ))

)
dτ

− G(t, x(σ (t)),

∫ s

0
h
(
s, τ, x(σ(t))

)
dτ

∥∥∥ ≤ 2αr(t)

by dominated convergence theorem
∥∥∥(	xn) − (	x)

∥∥∥ = sup
t∈J

∥∥∥[
F

(
t, xn(t), xn(b1(t)), . . . , xn(bm(t))

)

− F
(
t, x(t), x(b1(t)), . . . , x(bm(t))

)]

+
∫ t

0
R(t, s)A(s)

[
F

(
s, xn(s), xn(b1(s)), . . . , xn(bm(s))

)

− F
(
s, x(s), x(b1(s)), . . . , x(bm(s))

)]
ds

+
∫ t

0
R(t, s)

∫ b

0
H(s, τ )

[
F

(
τ, xn(τ ), xn(b1(τ )), . . . , xn(bm(τ))

)

− F
(
τ, x(τ ), x(b1(τ )), . . . , x(bm(τ))

)]
dτds

+
∫ t

0
R(t, η)BW−1

{[
F

(
b, xn(b), xn(b1(b)), . . . , xn(bm(b))

)

− F
(
b, x(b), x(b1(b)), . . . , x(bm(b))

)]

+
∫ b

0
R(b, s)A(s)

[
F

(
s, xn(s), xn(b1(s)), . . . , xn(bm(s))

)

− F
(
s, x(s), x(b1(s)), . . . , x(bm(s))

)]
ds

+
∫ b

0
R(b, s)

∫ b

0
H(s, τ )

[
F

(
τ, xn(τ ), xn(b1(τ )), . . . , xn(bm(τ))

)
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− F
(
τ, x(τ ), x(b1(τ )), . . . , x(bm(τ))

)]
dτds

+
∫ b

0
R(b, s)

[
G

(
s, xn(σ1(s)), . . . , xn(σn(s)),

∫ s

0
h
(
s, τ, xn(σn+1(τ ))

)
dτ

)

− G
(
s, x(σ1(s)), ....., x(σn(s)),

∫ s

0
h
(
s, τ, x(σn+1(τ )))dτ

)]
ds

}
(η)dη

+
∫ t

0
R(t, s)

[
G

(
s, xn(σ1(s)), ....., xn(σn(s)),

∫ s

0
h
(
s, τ, xn(σn+1(τ ))

)
dτ

)

− G
(
s, x(σ1(s)), ....., x(σn(s)),

∫ s

0
h
(
s, τ, x(σn+1(τ )))dτ

)]
ds

∥∥∥
≤

∥∥∥F
(
t, xn(t), xn(b1(t)), ....., xn(bm(t))

)
− F

(
t, x(t), x(b1(t)), ....., x(bm(t))

)∥∥∥
+

∥∥∥
∫ t

0
R(t, s)A(s)

[
F

(
s, xn(s), xn(b1(s)), . . . , xn(bm(s))

)

− F
(
s, x(s), x(b1(s)), . . . , x(bm(s))

)]
ds

+ R(t, s)

∫ b

0
H(s, τ )

[
F

(
τ, xn(τ ), xn(b1(τ )), . . . , xn(bm(τ))

)

− F
(
τ, x(τ ), x(b1(τ )), . . . , x(bm(τ))

)]
dτds

∥∥∥
+

∫ b

0
R(t, η)M4M5

[∥∥∥F

(
s, xn(s), xn(b1(s)), . . . , xn(bm(s))

)

− F
(
s, x(s), x(b1(s)), . . . , x(bm(s))

)∥∥∥
+ M2

∫ b

0

∥∥∥[
F

(
s, xn(s), xn(b1(s)), . . . , xn(bm(s))

)

− F
(
s, x(s), x(b1(s)), . . . , x(bm(s))

)∥∥∥ds

+ M1M3

∫ b

0

∫ s

0

∥∥∥F
(
τ, xn(τ ), xn(b1(τ )), . . . , xn(bm(τ))

)

− F
(
τ, x(τ ), x(b1(τ )), . . . , x(bm(τ))

)∥∥∥dτds

+ M1

∫ b

0
‖G

(
s, xn(σ1(s)), . . . , xn(σn(s)),

∫ s

0
h
(
s, τ, xn(σn+1(τ ))

)
dτ

)

− G
(
s, x(σ1(s)), . . . , x(σn(s)),

∫ s

0
h
(
s, τ, x(σn+1(τ ))

)
dτ

)∥∥∥ds
]
dη

∫ b

0
‖R(t, s)‖

∥∥∥G
(
s, xn(σ1(s)), . . . , xn(σn(s)),

∫ s

0
h
(
s, τ, xn(σn+1(τ ))

)
dτ

)

− G
(
s, x(σ1(s)), . . . , x(σn(s)),

∫ s

0
h
(
s, τ, x(σn+1(τ ))

)
dτ

)∥∥∥
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→ 0 as n → ∞. Thus 	 is continuous. This completes the proof of 	 is completely
continuous. �

Finally, the set ξ(	) =
{
x ∈ c : x = λ	x, λ ∈ (0, 1)

}
is bounded, as we proved in

the first step.
Consequently by schafer’s theorem, the operator 	 has a fixed point in C. This means

that any point of 	 is a mild solution of (1) on J satisfying (	x)(t) = x(t). Hence the
system (1) is controllable on J.

4. Example

Consider the following partial functional integro-differential equations of the form

∂

∂t

(
z(t, y) +

∫ t

0
f1(t − s)v(s, y)ds

)

= ∂2

∂y2

(
k(t, y)z(t, y)

)
+

∫ t

0
b(t, s)z(s, y)ds + µ(t, y)

+ f2

(
t,

∫ t

0
f3(t − s)v(s, y)ds,

∫ t

0
f4(t, s, z(y, s))ds

)

where 0 ≤ y ≤ 1, t ∈ J = [0, b]
z(0, t) = z(1, t) = 0, t ≥ 0 and

z(0, y) = z0(y); 0 ≤ y ≤ 1

and there exist a control µ ∈ L2(J, U), b(t, s) is continuous such that |b(t, s)| ≤ k.
Define A(t) : X → X by A(t)W = k(t, y)W

′′
with domain

D(A) =
{
W ∈ X, W, W

′′
are absolutely continuous, W

′′ ∈ X, W(0) = W(1) = 0
}

and moreover |R(t, s)| ≤ n1 and |R(t, s)A(s)| ≤ n2.

Let (Bu)(t)(y) = µ(t, y), y ∈ (0, 1),with the choice ofA(t), H(t, s), F, h andG, (1)

is the abstract formulation of the above system. Assume that the linear operator W is
given by

(Wu)(y) =
∫ b

0
R(b, s)µ(s, y)ds, y ∈ (0, 1)

has a bounded invertible operator W−1 which takes values in L2(J, U)/kerW. Moreover
the function f1 : J ×[0, 1] → [0, 1] is completely continuous and there exist a constant
l∗ > 0 such that |f1(t − s, y)| ≤ l∗. Also the functions f2, f3 and f4 are strongly
measurable, there exist a integrable function l : J × [0, ∞); q : J × [0, ∞) such that

|f4(t, s, W)| ≤ l(t)�1(||W ||) and

|f3(t, v, W)| ≤ q(t)�2(||v|| + ||W ||)
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where �1, �2 : [0, ∞) → (0, ∞) are continuous non decreasing functions and

∫ ∞

0
n̂(s)ds <

∫ ∞

c

ds

�1(s) + �2(s)

where C = n1‖x0‖ + l1(1 + n2b + n1kb2) + n1Nb. Here N depnds f1, f2, f3 and f4.
Further all conditions of the theorem are satisfied. Hence the system is controllable on J .
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RESEARCH PAPER

SOLVING FRACTIONAL DELAY DIFFERENTIAL

EQUATIONS: A NEW APPROACH

Varsha Daftardar-Gejji 1, Yogita Sukale 2, Sachin Bhalekar 3

Abstract

A new method to solve non-linear fractional-order differential equations
involving delay has been presented. Applications to a variety of problems
demonstrate that the proposed method is more accurate and time efficient
compared to existing methods. A detailed error analysis has also been
given.

MSC 2010 : Primary 34A08, 26A33; Secondary 65J15, 4725

Key Words and Phrases: delay differential equations, fractional nonlin-
ear differential equations, Adam’s method, new iterative method, predictor-
corrector method

1. Introduction

The analysis and applications of fractional differential equations (FDEs)
has currently become an active area of research owing to their applications
to a variety of problems in Science and Engineering, see e.g. [14, 16]. In last
two decades a number of differential equations have been generalized using
fractional order derivatives to model non-local phenomena. Developing
suitable methods to solve FDEs has thus been of growing interest in the
recent years. Transform methods used for ordinary differential equations
(ODEs) are extended for deriving solutions of linear FDEs [16]. Nonetheless
solving non-linear FDEs is relatively difficult. Pursuance to this, analytical

c⃝ 2015 Diogenes Co., Sofia
pp. 400–418 , DOI: 10.1515/fca-2015-0026

Auth
or'

s C
op

y



SOLVING FRACTIONAL DELAY DIFFERENTIAL . . . 401

methods for example, Adomian decomposition, homotopy perturbation and
New iterative methods, have widely been employed in the recent literature
[1, 11, 18, 5, 6, 2]. On the other hand the works of Diethelm et al [9, 10]
extending standard numerical methods such as Adams-Bashforth method,
have widely been employed for numerical integration of FDEs.

Inclusion of delay in the FDEs seems to be opening new vistas espe-
cially in the field of bioengineering [3]. Fractional order delay differential
equations (FDDEs) are also finding applications in all disciplines including
chemistry, physics, and finance [19]. Analysis of FDDEs has been carried
out [12, 15]. With this motif Adams-Bashforth method is extended to solve
non-linear FDDEs [4, 17].

Recently Daftardar-Gejji, Sukale and Bhalekar have introduced a new
predictor-corrector method [7], based on the earlier developed New iterative
method proposed by Daftardar-Gejji and Jafari [6], to numerically solve
FDEs. The method has shown to be accurate and time efficient compared
to other methods. Fractional derivatives are non-local and incorporate
memory effects due to which integrating FDEs is relatively difficult and
time consuming. In such a situation this method [7] deserves attention. In
the present paper we extend the new predictor-corrector method for solving
FDDEs and carry out related error analysis.

The paper is organized as follows. Notations, basic definitions and
properties of fractional integral/derivative are given in Section 2. In Sec-
tion 3 fractional Adams method for fractional delay differential equations
is outlined. In Section 4 new iterative method (NIM) is described and
further a new predictor corrector method for fractional delay differential
equations has been presented followed by the error analysis of the newly
developed method in Section 5. Illustrative examples are given in Section 6
and conclusions are summarized in Section 7.

2. Fractional integral/derivative

In the present section basic preliminaries and definitions are given. Let
f(x) ∈ C[0, a] and α > 0, then the (left sided) Riemann-Liouville integral
of fractional order α is defined as [16]

Iα0 f(x) =
1

Γ(α)

∫ x

0
(x− τ)α−1f(τ)dτ, 0 < x < a.

The (left sided) Caputo fractional derivative of f(x), f ∈ Cm, m ∈ N of
order α is defined as follows:

cDα
0 f(x) =

{
Im−α
0 f (m)(x) if m− 1 < α < m;
dm

dxm
f(x) if α = m.
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Note that:

1. Iα0 [
cDα

0 f(x)] = f(x)−
m−1∑
k=0

f (k)(0)x
k

k! , m = ⌈α⌉, where ⌈α⌉ is greatest

integer less than or equal to α.

2. Iα0 x
ν =

Γ(ν + 1)

Γ(α+ ν + 1)
xα+ν .

In the following sections, cDα will denote cDα
0 for brevity of notation.

3. Fractional Adams method for FDE with delay

Consider the following initial value problem (IVP) for fractional delay
differential equation:

cDα
0 y(t) = f1(t, y(t), y(t− τ)), t ≥ 0, τ > 0, m− 1 < α ≤ m,

y(t) = ϕ(t), −τ ≤ t ≤ 0, (3.1)

where cDα
0 , denotes the Caputo derivative of order α. It is well known that

the initial value problem (IVP) (3.1) is equivalent to the following Volterra
integral equation [8]:

y(t) =

⌈α⌉−1∑
k=0

ϕ(t)
tk

k!
+

1

Γ(α)

∫ t

0
(t− s)α−1f1(s, y(s), y(s− τ))ds. (3.2)

For solving Eq. (3.2) on [0, T ], the interval [−τ, T ] is divided into l
subintervals. Let h = T

l , tn = nh, n = 0, 1, 2, . . . , l ∈ Z+. The discretized
version of (3.2) is given as [9]:

y(tn+1)=

⌈α⌉−1∑
k=0

ϕk(tn+1)
tkn+1

k!
+

1

Γ(α)

∫ tn+1

0
(tn+1−s)α−1f1(s, y(s), y(s−τ))ds.

(3.3)
Bhalekar and Daftardar-Gejji [4] have extended fractional Adams method
[9] for solving the FDEs involving constant delay. Further Wang [17] has
extended this method for solving the FDEs involving variable delay wherein
the following product trapezoidal quadrature formula has been used.

yn+1 =

⌈α⌉−1∑
k=0

ϕk(t)
tkn+1

k!
+

hα

Γ(α+2)

n+1∑
j=0

aj,n+1f1(tj , yj , y(tj−τ)), (3.4)

where

aj,n+1 =

 nα+1 − (n− α)(n+ 1)α if j=0,
(n− j + 2)α+1 + (n− j)α+1 − 2(n− j + 1)α+1 if 1≤j≤n,

1 if j=n+1.
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Eq. (3.4) can be written as

yn+1 =

⌈α⌉−1∑
k=0

ϕk(0)
tkn+1

k!
+

hα

Γ(α+ 2)

n∑
j=0

aj,n+1f1(tj , yj , y(tj − τ))

+
hα

Γ(α+ 2)
f1(tn+1, yn+1, y(tn+1 − τ)), (3.5)

where yn+1 and y(tn+1) denote approximate and exact solutions respec-
tively. Eq. (3.5) is of the form u = f + N(u), and can be solved by a
New Iterative Method (NIM), [2, 6]. In the present paper we develop a
new predictor-corrector method which is based on the NIM. The details
regarding NIM are furnished in Section 4.

3.1. Approximation of the delay term. The approximation of the delay
term in Eq. (3.5) is denoted by νn.

Case 1. τ is constant.
When τ is constant, (tn − τ) may not be a grid point tn for any n.

Suppose (m + δ)h = τ,m ∈ N and 0 ≤ δ < 1. If δ = 0, y(tn − τ) is
approximated as

y(tn − τ) ≈ νn =

{
yn−m if n ≥ m;

ϕ(tn − τ) if n < m.

Note that (m− 1)h < τ < mh. Now if 0 < δ < 1 and m > 1 we interpolate
νn+1 by the two nearest points,

y(tn+1 − τ) ≈ νn+1 =

{
δyn−m+2 + (1− δ)yn−m+1 if n+ 1 ≥ m,

δyn−m+2 + (1− δ)ϕ(tn+1 − τ) if n+ 1 < m.

If m = 1 and δ ̸= 0, νn+1 = δyn+1 + (1 − δ)yn. Hence we need to predict
yn+1 that appears on RHS of the above equation. Predictor to the term
yn+1 we take as the three term approximate solution u0+u1+u2 obtained
by new predictor corrector method which is discussed further in Section
4.2.

Case 2. τ = τ(t). In this case approximation to y(tn+1− τ) ≈ νn+1 can
be written as

νn+1 =

{
δn+1yn−mn+1+2 + (1− δn+1)yn−mn+1+1 if n+ 1 ≥ m,
δn+1yn−mn+1+2 + (1− δn+1)ϕ(tn+1 − τ) if n+ 1 < m,

where τ(tn+1) = (mn+1 + δn+1)h, mn+1 is a positive integer and δn+1 ∈
[0, 1).
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4. New iterative method (NIM)

Daftardar-Gejji and Jafari [6] have proposed a new iterative method for
solving linear/non-linear functional equations of the form

u = f +N(u), (4.1)

where f is a known function and N a non linear operator. Equation (4.1)
represents integral equations, ordinary differential equations, fractional or-
der differential equations and so on. Solutions obtained by this method
are in the form of rapidly converging infinite series which can be effectively
approximated by calculating only first few terms.

In this method non linear operator N is decomposed as

N(u) = N(u0)+[N(u0+u1)−N(u0)]+[N(u0+u1+u2)−N(u0+u1)]+ . . .

Denote by G0 = N(u0), Gi = N(
∑i

n=0 un)−N(
∑i−1

n=0 un), i = 1, 2, 3, . . . .
Observe that N(u) =

∑∞
i=0Gi. Put u0 = f , and un = Gn−1, n = 1, 2, 3, . . .

Note that

u = u0+u1+u2+ · · · = f+N(u0)+[N(u0+u1)−N(u0)]+ · · · = f+N(u).

Hence u satisfies the functional Eq. (4.1). In the present work NIM is used
to solve Eq. (3.5).

4.1. New algorithm. It should be noted that Eq. (3.5) is of the form
yn+1 = f +N(yn+1), where

f =

⌈α⌉−1∑
k=0

ϕk
tkn+1

k!
+

hα

Γ(α+ 2)

n∑
j=0

aj,n+1f1(tj , yj , vj) (4.2)

and

N(yn+1) =
hα

Γ(α+ 2)
f1(tn+1, yn+1, νn+1). (4.3)

Thus we can employ NIM for getting approximate value of yn+1.

4.2. New predictor-corrector formula. The three term approximation
of the NIM scheme gives the following two-step predictor-corrector formula:

u0 = ypn+1 =

⌈α⌉−1∑
k=0

ϕk
tkn+1

k!
+

hα

Γ(α+ 2)

n∑
j=0

aj,n+1f1(tj , yj , νj), (4.4)

u1 = N(u0) = zpn+1 =
hα

Γ(α+ 2)
f1(tn+1, y

p
n+1, νn+1), (4.5)

u2 = N(u0 + u1)−N(u0), (4.6)

where νn+1 is given in Section 3.1. Hence the three term approximate
solution is u = u0 + u1 + u2 = u0 +N(u0 + u1),
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ycn+1 = ypn+1 +
hα

Γ(α+ 2)
f1(tn+1, y

p
n+1 + zpn+1, νn+1). (4.7)

Here ypn+1 and zpn+1 are called as predictors and ycn+1 is the corrector, and
yj denotes the approximate value of the solution.

5. Error analysis of the new algorithm

5.1. Preliminaries.

Theorem 5.1. ([10, 13]) (a) Let y(t) ∈ C2[0, T ], then there exists a
constant Cα depending on α such that∣∣∣∣∣∣

∫ tn+1

0
(tn+1 − t)α−1y(t)dt− hα

α(α+ 1)

n+1∑
j=0

aj,n+1y(tj)

∣∣∣∣∣∣ ≤ Cαt
α
n+1h

2.

(b) Let y ∈ C1[0, T ] and assume that y′ fulfills Lipschitz condition of
order µ for some µ ∈ (0, 1). Then there exist positive constants BTr

α,µ and
M(y, µ) such that∣∣∣∣∣∣

∫ tn+1

0
(tn+1 − t)α−1y(t)dt− hα

α(α+ 1)

n+1∑
j=0

aj,n+1y(tj)

∣∣∣∣∣∣
≤ BTr

α,µM(y, µ)tαn+1h
1+µ.

(c) Let y(t) = tp; p ∈ (0, 2) and Q = min(2, p+ 1), then∣∣∣∣∣∣
∫ tn+1

0
(tn+1 − t)α−1y(t)dt− hα

α(α+ 1)

n+1∑
j=0

aj,n+1y(tj)

∣∣∣∣∣∣ ≤ cTr
α tα+p−Q

n+1 hQ.

Lemma 5.1. ([13]) Let ψ ∈ C1[0, T ] and 0 < α < 1, then

Fn+1

[∫ t

0
(t− τ)−αψ′(τ)dτ

]
≤ A

(1− α)
||ψ′||∞tαn+1h

1−α,

where A is a constant independent of k and h. Here Fn is defined as:

Fn+1[g(t)] =

∣∣∣∣∣∣
∫ tn+1

0
(tn+1 − t)α−1g(t)dt− hα

α(α+ 1)

n+1∑
j=0

aj,n+1 g(tj)

∣∣∣∣∣∣ .
For proof of the above lemma, see [13, Lemma 3.3].
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5.2. Main results. Let f1 be a function defined on a suitable set G. In
this section we prove some results regarding error bounds under different
conditions on the function f1 and solution y(t).We assume that f1 satisfies
Lipschitz conditions with respect to its variables as follows:

|f1(t, y1, u)− f1(t, y2, u)| ≤ L1|y1 − y2|,

|f1(t, y, u1)− f1(t, y, u2)| ≤ L2|u1 − u2|,

where L1 and L2 are positive constants.

Theorem 5.2. Suppose the solution y(t) ∈ C2[0, T ] of the IVP (3.1)
satisfies the following condition:∣∣∣∣∣∣
∫ tn+1

0
(tn+1 − t)α−1 cDα

0 y(t)dt−
hα

α(α+ 1)

n∑
j=0

aj,n+1
cDα

0 y(tj)

∣∣∣∣∣∣ ≤ ctγn+1h
δ

(5.1)
for some γ ≥ 0 and δ > 0 and f1 satisfies Lipschitz condition in variables
y and µ with Lipschitz constants L1 and L2 respectively. Then for some
suitably chosen T > 0, we have

max
0≤j≤l

|y(tj)− yj | ≤ khδ,

where l = T
h , and k is a positive constant. Here y(tj) denotes exact solution

of the IVP and yj denotes the approximate solution of IVP obtained by
the new predictor-corrector method.

P r o o f. We prove this result using the principle of mathematical in-
duction. Suppose that the conclusion is true for j = 0, 1, 2, . . . , n. Note
that

|f1(tj , y(tj), y(tj − τ))− f1(tj , yj , νj)|
= |f1(tj , y(tj), y(tj − τ)) + f1(tj , yj , y(tj − τ))

− f1(tj , yj , y(tj − τ))− f1(tj , yj , νj)|
≤ |f1(tj , y(tj), y(tj − τ))− f1(tj , yj , y(tj − τ))|
+ |f1(tj , yj , y(tj − τ))− f1(tj , yj , νj)|
≤ L1|y(tj)− yj |+ L2|y(tj − τ)− νj | ≤ (L1 + L2)h

δ. (5.2)

By induction hypothesis Eq. (5.1) is true for j = 1, 2, . . . , n and we
have to prove that the inequality holds for j = n+ 1.

At (n+ 1)st step |y(tn+1)− ypn+1|
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=
1

Γ(α)

∣∣∣∣∫ tn+1

0
(tn+1 − t)α−1f1(t, y(t), y(t− τ))dt

− hα

α(α+ 1)

n∑
j=0

aj,n+1f1(tj , yj , vj)

∣∣∣∣∣∣
≤ 1

Γ(α)

∣∣∣∣∣∣
∫ tn+1

0
(tn+1 − t)α−1 cDα

0 y(t)dt−
hα

α(α+ 1)

n∑
j=0

aj,n+1
cDα

0 y(tj)

∣∣∣∣∣∣
+

1

Γ(α)

hα

α(α+ 1)

n∑
j=0

aj,n+1|f1(tj , y(tj), y(tj − τ))− f1(tj , yj , νj)|

≤
ctγn+1h

δ

Γ(α)
+

(L1 + L2)h
α+δTα

αΓ(α+ 2)
, (5.3)

since
n∑

j=0

aj,n+1 ≤
n∑

j=0

[
(n− j + 2)α+1 − 2(n− j + 1)α+1 + (n− j)α+1

]
=

n∑
j=0

[
(n− j + 2)α+1 − (n− j + 1)α+1 − (n− j + 1)α+1 + (n− j)α+1

]
=
[ ∫ tn+1

0
(tn+2 − t)αdt−

∫ tn+1

0
(tn+1 − t)αdt

]
=

1

α

∫ tn+1

0
[(tn+1 − t)α]′(t)dt =

1

α
tαn+1 ≤

Tα

α
.

Thus

|y(tn+1)− ypn+1| ≤
ctγn+1h

δ

Γ(α)
+
hα+δ(L1 + L2)T

α

αΓ(α+ 2)
. (5.4)

Now consider∣∣y(tn+1)− [ypn+1 + zpn+1]
∣∣

=

∣∣∣∣ 1

Γ(α)

∫ tn+1

0
(tn+1 − t)α−1f1(t, y(t), y(t− τ))dt

− hα

Γ(α+ 2)

n∑
j=0

aj,n+1f1(tj , yj , νj)−
hα

Γ(α+ 2)
f1(tn+1, y

p
n+1, νn+1)

∣∣∣∣∣∣
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408 V. Daftardar-Gejji, Y. Sukale, S. Bhalekar

≤ 1

Γ(α)

{∣∣∣∣∫ tn+1

0
(tn+1 − t)α−1f1(t, y(t), y(t− τ))dt

− hα

α(α+ 1)

n+1∑
j=0

aj,n+1f1(tj , y(tj), y(tj − τ))

∣∣∣∣∣∣
+

hα

α(α+ 1)

n∑
j=0

aj,n+1 |f1(tj , yj , νj)− f1(tj , y(tj), y(tj − τ))|

+
hα

α(α+ 1)

∣∣f1(tn+1, y(tn+1), y(tn+1 − τ))− f1(tn+1, y
p
n+1, νn+1)

∣∣}
≤ 1

Γ(α)

[
ctγn+1h

δ +
(L1 + L2)h

α+δTα

α2(α+ 1)
+

hα

α(α+ 1)

(
L1[

ctγn+1h
δ

Γ(α)

+
hα+δ

αΓ(α+ 2)
(L1 + L2)T

α] + L2h
δ

)]
=
ctγn+1h

δ

Γ(α)
+

(L1 + L2)T
αhα+δ

αΓ(α+ 2)
+
L1ct

γ
n+1h

α+δ

Γ(α)Γ(α+ 2)

+
L1(L1 + L2)T

αh2α+δ

α2(α+ 1)Γ(α)(Γ(α+ 2))
+

L2h
α+δ

Γ(α+ 2)
. (5.5)

Using Eq. (5.2), Eq. (5.4), Eq. (5.5) we find a bound for a difference
between actual solution and three term approximate solution,∣∣∣∣y(tn+1)−

[
ypn+1 +

hα

Γ(α+ 2)
f1(tn+1, y

p
n+1 + zpn+1, νn+1)

]∣∣∣∣
=

∣∣∣∣∣∣
⌈α⌉−1∑
k=0

ϕkt
k
n+1

k!
+

1

Γ(α)

∫ tn+1

0
(tn+1 − t)α−1f1(t, y(t), y(t− τ))dt

−
[
ypn+1 +

hα

Γ(α+ 2)
f1(tn+1, y

p
n+1 + zpn+1, νn+1)

]∣∣∣∣
≤ 1

Γ(α)

{∣∣∣∣∫ tn+1

0
(tn+1 − t)α−1f1(t, y(t), y(t− τ))dt

− hα

α(α+ 1)

n+1∑
j=0

aj,n+1f1(tj , y(tj), y(tj − τ))

∣∣∣∣∣∣
+

hα

α(α+ 1)

n∑
j=0

aj,n+1 |f1(tj , yj , νj)− f1(tj , y(tj), y(tj − τ))|

+
hα

α(α+1)

∣∣f1(tn+1, y(tn+1), y(tn+1−τ))− f1(tn+1, y
p
n+1+z

p
n+1, νn+1)

∣∣}
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=
ctγn+1h

δ

Γ(α)
+

(L1+L2)T
αhα+δ

αΓ(α+ 2)
+
L1ct

γ
n+1h

α+δ

Γ(α)Γ(α+ 2)
+
L1(L1+L2)T

αh2α+δ

αΓ(α+ 2)

+
L2
1ct

γ
n+1h

2α+δ

Γ(α)(Γ(α+ 2))2
+
L2
1(L1+L2)T

αh3α+δ

α(Γ(α+ 2))3
+
L1L2h

2α+δ

(Γ(α+ 2))2
+

L2h
α+δ

Γ(α+ 2)

≤ khδ.

2

Theorem 5.3. If 0 < α < 1 and f1 ∈ C2(G), then max
tj∈[ϵ,T ]

|y(tj)−yj | =

O(h1−α), for every ϵ > 0 and max
0≤j≤N

|y(tj)− yj | = O(1).

P r o o f. If f1 ∈ C2(G) then by [13, Theorem 2.1(a)] there exists a
function ψ(t) ∈ C1 such that y(t) =

∑ν1
ν=1 cνt

αν + ψ(t) where ci ∈ R and

ν1 = ⌈ 1
α⌉ − 1. Therefore,

cDα
0 y(t) =

ν1∑
ν=1

Γ(να+ 1)

Γ(να+ 1− α)
cνt

να−α +
1

Γ(1− α)

∫ t

0
(t− τ)−αψ′(τ)dτ.

(5.6)

Let g(t) =
1

Γ(1− α)

∫ t
0 (t− τ)−αψ′(τ)dτ. Using Lemma 5.1 we get∣∣∣∣∣∣

∫ tn+1

0
(tn+1 − t)α−1 g(t)dt− hα

α(α+ 1)

n∑
j=0

aj,n+1 g(tj)

∣∣∣∣∣∣
=

1

Γ(1− α)

∣∣∣∣∫ tn+1

0
(tn+1 − t)α−1

∫ t

0
(t− τ)−αψ′(τ)dτdt

− hα

α(α+ 1)

n∑
j=0

aj,n+1

∫ tj

0
(tj − τ)−αψ′(τ)dτ

∣∣∣∣∣∣
≤ A

1− α
||ψ′||∞tαn+1h

1−α. (5.7)

Further using Theorem 5.1(c),
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∣∣∣∣∣
∫ tn+1

0
(tn+1 − t)α−1

ν1∑
ν=2

Γ(να+ 1)

Γ(να+ 1− α)
cνt

να−αdt

− hα

α(α+ 1)

n∑
j=0

aj,n+1

ν1∑
ν=2

Γ(να+ 1)

Γ(να+ 1− α)
cνt

να−α
j

∣∣∣∣∣∣
≤

ν1∑
ν=2

Γ(να+ 1)

Γ(να+ 1− α)
|cν |

∣∣∣∣∫ tn+1

0
(tn+1 − t)α−1 tνα−αdt

− hα

α(α+ 1)

n∑
j=0

aj,n+1 t
να−α
j

∣∣∣∣∣∣
≤

ν1∑
ν=2

Γ(να+ 1)

Γ(να+ 1− α)
|cν |cTr

α,να−αt
α+να−α−σν
n+1 hσν ≤ cTrtα−1

n+1h
1+α, (5.8)

where σν = min(2, να− α+ 1). Hence by Eq. (5.6), Eq. (5.7), Eq. (5.8)∣∣∣∣∣∣
∫ tn+1

0
(tn+1 − t)α−1 cDα

0 y(t)dt−
hα

α(α+ 1)

n∑
j=0

aj,n+1
cDα

0 y(tj)

∣∣∣∣∣∣
≤ 2max { A

1− α
||ψ′||∞tαn+1h

1−α, cTrtα−1
n+1h

1+α} ≤ c3t
α−1
n+1h

1−α.

So if ϵ ∈ (0, T ] and tj ∈ [ϵ, T ], then |y(tj)− yj | ≤ ctα−1
j h1−α ≤ cϵα−1h1−α.

Hence by Theorem 5.2, max
tj∈[ϵ,T ]

|y(tj)− yj | = O(h1−α) for every ϵ > 0,

and max
0≤j≤N

|y(tj)− yj | = O(1). 2

Theorem 5.4. Let f1 ∈ C3(G) and 0 < α < 1, then

max
0≤j≤N

|y(tj)− yj | =
{
O(h2α) if 0 < α < 0.5,
O(h) if 0.5 ≤ α < 1,

and

max
tj∈[ϵ,T ]

|y(tj)− yj | =
{
O(h1+α) if 0 < α < 0.5,
O(h2−α) if 0.5 ≤ α < 1,

for every ϵ > 0.

The proof of the above theorem can be given on the similar lines as
that of Theorem 5.7 of [7].
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Theorem 5.5. Suppose the solution y(t) of IVP(3.1) is of the form
y(t) =

∑ν0
ν=0 cνt

αν in which ν0 ∈ Z+ and c1, c2, . . . , cν0 ∈ R, then

max
0≤j≤N

|y(tj)− yj | =
{
O(h2α) if α > 1,
O(h2α) if 0 < α < 1,

and

max
tj∈[ϵ,T ]

|y(tj)− yj | =
{

O(h2) if α > 1,
O(h1+α) if 0 < α < 1.

P r o o f. As y(t) =
∑ν0

ν=0 cνt
αν ,

cDα
0 y(t) =

ν0∑
ν=0

cν
Γ(να+ 1)

Γ(να+ 1− α)
tαν−α.

Case 1 : If α > 1, by Theorem 5.1(c):∣∣∣∣∣∣
∫ tn+1

0
(tn+1 − t)α−1 cDα

0 y(t)dt−
hα

α(α+ 1)

n∑
j=0

aj,n+1
cDα

0 y(tj)

∣∣∣∣∣∣
≤

ν0∑
ν=1

Γ(να+ 1)

Γ(να+ 1− α)
|cν |

∣∣∣∣∫ tn+1

0
(tn+1 − t)α−1 tνα−αdt

− hα

α(α+ 1)

n∑
j=0

aj,n+1 t
να−α
j

∣∣∣∣∣∣ ≤ c4t
2(α−1)
n+1 h2.

So if ϵ ∈ (0, T ] and tj ∈ [ϵ, T ], then |y(tj)− yj | ≤ ct
2(α−1)
j h2 ≤ cϵ2(α−1)h2.

Hence by Theorem 5.2, max
tj∈[ϵ,T ]

|y(tj)− yj | = O(h2) and max
0≤j≤N

|y(tj)− yj | =

O(h2α).

Case 2 : If 0 < α < 1,∣∣∣∣∣∣
∫ tn+1

0
(tn+1 − t)α−1 cDα

0 y(t)dt−
hα

α(α+ 1)

n∑
j=0

aj,n+1
cDα

0 y(tj)

∣∣∣∣∣∣
≤

ν0∑
ν=1

Γ(να+ 1)

Γ(να+ 1− α)
|cν |

∣∣∣∣∫ tn+1

0
(tn+1 − t)α−1 tνα−αdt

− hα

α(α+ 1)

n∑
j=0

aj,n+1 t
να−α
j

∣∣∣∣∣∣ ≤ c5t
α−1
n+1h

α+1.
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So if ϵ ∈ (0, T ] and tj ∈ [ϵ, T ], then |y(tj)− yj | ≤ ct
(α−1)
j hα+1 ≤ cϵ(α−1)hα+1.

Hence by Theorem 5.2, max
tj∈[ϵ,T ]

|y(tj)−yj | = O(hα+1) and max
0≤j≤N

|y(tj)−yj | =

O(h2α). 2

Theorem 5.6. Suppose the solution y(t) of IVP (3.1) can be expressed
in the form

y(t) =

ν0∑
ν=0

c0,νt
αν +

ν1∑
ν=1

c1,νt
αν + . . .+

νl∑
ν=1

cl,νt
αν+l

in which ν0, ν1, . . . , νl ∈ Z+ and c0,ν , c1,ν , . . . , cl,ν ∈ R, then

max
0≤j≤N

|y(tj)− yj | =
{
O(h2α) if α > 1,
O(h2α) if 0 < α < 1,

and

max
tj∈[ϵ,T ]

|y(tj)− yj | =
{

O(h2) if α > 1,
O(h1+α) if 0 < α < 1.

The proof of this theorem is on similar lines as that of Theorem 5.5 and
is omitted here.

6. Illustrative examples

We present some illustrative examples which are solved using Mathe-
matica 10.

Example 6.1. Consider the fractional order equation with delay

cD0.9y(x) =
2x1.1

Γ(2.1)
− x0.1

Γ(1.1)
+ y(x− 0.1)− y(x) + 0.2x− 0.11,

y(x) = 0, x ≤ 0. (6.1)

In Fig. 1(a), we compare the graphs of approximate solutions of Eq.
(6.1) by new predictor-corrector method and fractional Adams method
(FAM) with the exact solution y(x) = x2 − x. It is observed that the
approximate solutions are in agreement with exact solution. The absolute
errors in these methods are shown in Fig. 1(b) where solid and dashed
lines show errors in the new method and the FAM respectively. Further,
the CPU time required to solve this example using new method and FAM
are 88.296875 seconds and 178.671875 seconds respectively. Thus, the new
method is more accurate and time efficient as compared with FAM.
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0.001
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0.004

0.005

0.006

Fig. 1(a) Fig. 1(b)
Solution of Eq. (6.1) Error in approx solutions of (6.1)

Example 6.2. Consider the following equation for 0 < α ≤ 1 and
τ > 0:

cDαy(x) =
2y(x)1−α/2

Γ(3− α)
+ y(x− τ)− y(x) + 2τ

√
y(x)− τ2

y(x) = 0, x ≤ 0. (6.2)

The solutions of the Eq. (6.2) obtained using FAM and the new method
are in good agreement with the exact solution y(x) = x2. The errors in both
numerical methods (for α = 0.6, τ = 0.3 and the step size h = 0.001) are
compared in Table 1. The time required for the New method is 104.343750
seconds whereas the FAM has taken 215.031250 seconds for completing the
same task.

x Error (new method) Error (FAM)
0.2 0.0781197 0.078155
0.4 0.129928 0.129978
0.6 0.190687 0.19076
0.8 0.248601 0.248694
1.0 0.307649 0.307763
1.2 0.366427 0.366563
1.4 0.425322 0.425479
1.6 0.484208 0.484387
1.8 0.54311 0.543312
2.0 0.602019 0.602243

Table 1: Errors in numerical solutions of Eq.(6.2)
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Example 6.3. Consider the fractional order model of population of
lemmings [4], for 0 < α ≤ 1:

cDαy(x) = 3.5y(x)

(
1− y (x− τ)

19

)
, y(0) = 19.00001,

y(x) = 19, x < 0. (6.3)

The results obtained with new method are matching with those from
FAM. The phase portraits shown in Figs. (2a)-2(d) clearly point out that
the new method is more time efficient than FAM.

20 40 60 80 100 120 140
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20

40

60

80

100

120

140

y(x-0.8)

20 40 60 80 100 120 140
y(x)

20

40

60

80

100

120

140

y(x-0.8)

Fig. 2(a) α = 0.95, τ = 0.80 Fig. 2(b) α = 0.95, τ = 0.80
(Using new method, CPU Time = 31.42 S) (Using FAM, CPU Time 62.25 S)
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20 40 60 80 100 120 140
y(x)

20

40

60

80

100

120

140

y(x-0.74)

Fig. 2(c): α = 0.90, τ = 0.74 Fig. 2(d): α = 0.90, τ = 0.74
(Using new method, CPU Time = 43.89 S) (Using FAM, CPU Time 90.69 S)
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Example 6.4. Consider the chaotic fractional order delay differential
equation discussed in [4]:

cDαy(x) =
2y (x− 2)

1 + y(x− 2)9.65
− y(x),

y(x) = 0.5, x ≤ 0. (6.4)

Eq. (6.4) was solved for the fractional orders α = 0.98 and α = 0.84.
The chaotic phase portraits and the periodic limit cycles obtained from
both the methods are displayed in Figs. 3(a)-3(d).

0.6 0.8 1.0 1.2
y(x)

0.6

0.8

1.0

1.2

y(x-2)

0.6 0.8 1.0 1.2
y(x)

0.6

0.8

1.0

1.2

y(x-2)

Fig. 3(a): Chaotic Solution, α = 0.98 Fig. 3(b): Chaotic Solution, α = 0.98
(Using new method, CPU Time 87.72 S) (Using FAM, CPU Time 177.47 S)
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(Using new method, CPU Time 134.64 S) (Using FAM, CPU Time 244.17 S)
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7. Conclusions

In this paper a new predictor corrector method had been developed to
solve fractional delay differential equations (FDDEs). Related error analy-
sis of the method has been presented and the error bounds obtained show
that this method is as accurate as the existing methods. A variety of illus-
trative examples including fractional order model of population of lemmings
and some chaotic systems are solved by fractional Adams method as well
as the new predictor corrector method and the CPU time required for both
the methods is compared. It turns out that the proposed method is more
time efficient over the existing fractional Adams method used for solving
FDDEs.
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Evaluation of anti-diabetic and alpha glucosidase
inhibitory action of anthraquinones from
Rheum emodi†
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Rheum emodi is used as a culinary plant across the world and finds an eminent role in the Ayurvedic and

traditional Chinese systems of medicine. The plant is known to principally contain 1,8-dihydroxyanthra-

quinones (DHAQs) like rhein, aloe emodin, emodin, chrysophanol and physcion that possess diverse

pharmacological and therapeutic actions. The present work deals with developing a platform technology

for isolation of these DHAQs and evaluating their anti-diabetic potential. Herein, we report the anti-

hyperglycemic activity and alpha glucosidase (AG) inhibitory actions of five isolated DHAQs from

R. emodi. All the five isolated DHAQs showed good anti-hyperglycemic activity with aloe emodin exhibit-

ing maximum lowering of blood glucose in an oral glucose tolerance test. However, on evaluation of the

AG inhibitory potential of the DHAQs only emodin exhibited potent intestinal AG inhibition (93 ± 2.16%)

with an IC50 notably lower than acarbose. Subsequent kinetic studies indicated a mixed type of inhibition

for emodin. In vivo studies using oral maltose load showed almost total inhibition for emodin when com-

pared to acarbose. Molecular docking studies revealed the presence of an allosteric topographically dis-

tinct ‘quinone binding site’ and showed that interaction with Ser 74 occurs exclusively with emodin, which

is vital for AG inhibition. The net benefit from the glucose lowering effect and mixed type inhibition by

emodin would enable the administration of a small dosage that is safe and non-toxic in the case of pro-

longed use in treating diabetes.

Introduction

Rheum emodi (Rhubarb; family: Polygonaceae) constitutes an
important food source and is consumed across the world in
the form of Rhubarb pie, tarts and crumbles. It is also used in
the preparation of fruit wine and many baked food prepa-
rations. The plant is well-known in traditional Chinese medi-
cine and finds a mention in several other systems of medicine.
Rhubarb has been used as a purgative, astringent tonic and in
quick healing of ulcers. It is also well known for its laxative, anti-
bacterial, haemostatic, anti-spasmodic and anti-carcinogenic
activity in traditional Chinese medicine and also in the Indian
Ayurvedic system of medicine.1 Li et al. (2004) observed Rhubarb
to be one of the 22 medicines that often appear in the Chinese

traditional prescriptions for clinical treatment of diabetes and
its complications.2 Hence it is intended in the present study to
evaluate the anti-diabetic potential of this culinary plant with an
attempt to understand the underlying mechanisms.

A major chemical class of phenolic compounds from
Rheum emodi constitute the 1,8-dihydroxyanthraquinones
(DHAQs) viz. rhein, aloe-emodin, emodin, chrysophanol and
physcion (Fig. 1). These occur in the free form (aglycones) and
as O-glycosides.1 The total anthraquinone content in R. emodi
is known to be about 4.5% w/w of which the free anthraqui-
none aglycones constitute 1.9% w/w and the rest by anthraqui-
none glycosides in the dried drug.3 The anthraquinone class
of compounds exhibit diverse pharmacological effects like
anti-inflammatory, anti-viral and anti-cancer properties.4–6 As
R. emodi was often prescribed for clinical treatment of diabetes
in traditional Chinese medicine which contains DHAQs as
major chemical class of phenolic compounds, the aim was to
isolate these pharmacologically important compounds and
study their anti-diabetic potential.

The literature reveals various methods of extraction using
sophisticated analytical methodologies for the extraction of
the bioactive DHAQs from R. emodi like ionic liquid/salt
aqueous two-phase system, ionic liquid-based ultrasonic/
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microwave assisted extraction, thin-layer chromatography,
counter-current chromatography and capillary electro-
phoresis.7–10 However, these methods of extraction are labor-
ious, time consuming, offer low yield and are not suitable for
commercial applications.

The escalating number of diabetics in the world needs
development of newer and effective therapy options. The
current therapy panacea recommends usage of combinatorial
treatment consisting of a secretagogue or an insulin sensitizer
with an alpha glucosidase inhibitor (AGI). The latter plays a
major role in preventing postprandial glucose spikes and
hence augments the action of the former agents to help main-
tain a good glycemic regime. AGIs are widely studied and iso-
lated from different sources such as plants and microbes.
Currently, acarbose is commonly used as an AGI. However,
being a competitive inhibitor it is needed in large quantities
and is known to cause intestinal disturbances and
discomfort.11

The initial part of our work is aimed at developing a plat-
form technology for the isolation of the bio-active DHAQs and
identifying their anti-diabetic potential. Five isolated DHAQs
were estimated for their anti-hyperglycemic activity and also
evaluated for AG inhibitory action by in vitro, in vivo and
kinetic studies. The putative mechanism of DHAQs at the
molecular level was revealed by molecular recognition of
DHAQs at the intestinal AG, which was studied using an
in silico approach. The binding site identification was done in
a systematic manner. Binding mode analysis was carried out
using docking studies for the isolated DHAQs.

Materials and methods
Materials

The dried rhizomes of R. emodi Wall. ex Meissn were obtained
from M/s. Yucca Enterprises, Mumbai, India and authenti-

cated by Prof. H. M. Pandit, Khalsa College, Mumbai; a
voucher specimen was deposited in Medicinal Natural Pro-
ducts Research Laboratory, Institute of Chemical Technology,
Mumbai (voucher code: ICT/MNPRL/2014/RE/01). All chemi-
cals used were of AR grade, unless specified, and were
obtained from S. D. Fine Chemicals Limited, Mumbai. HPLC
grade methanol was sourced from Merck (India). Water for
HPLC was made in-house after filtration through a 0.45 µm
filter. The rhizomes of R. emodi were powdered and used for
extraction purpose.

TLC was performed on 0.20 mm silica gel G60 F254
(E. Merck) aluminum-supported plates. The compounds were
visualized either under UV light at 254 nm or with Borntrager’s
reagent. IR spectra were recorded on a JASCO FT/IR-5300 infra-
red spectrophotometer. Mass spectra were recorded on a
Micromass Q-TOF MS Mass Spectrometer. 1H-NMR spectra
were recorded on a JOEL 400 MHz instrument with an internal
standard of tetramethylsilane (Me4Si). Reagent grade solvents
were used for extraction and isolation; HPLC grade solvents
were employed for chromatographic analysis. HPLC analysis
was performed with a Jasco (Hachioji, Tokyo, Japan) system,
using a 250 mm × 4.6 mm i.d., RP-18 (5 μm particle size)
column and a mobile phase comprising of methanol : water
containing 0.1% ortho-phosphoric acid (85 : 15) at UV detector
wavelength 254 nm.

Isolation of DHAQs from R. emodi

The isolation of DHAQs from R. emodi was carried out with
certain modifications in the process mentioned by Zhang and
Liu (2004), considering a larger scale of operation and is shown
in flowchart (Fig. 1).12 At every stage TLC was done for prelimi-
nary identification of isolated compounds, the mobile phase
for which consisted of light petroleum : ethyl acetate : formic
acid (75 : 25 : 1). TLC analysis confirmed the presence of rhein,
aloe emodin, emodin, chrysophanol and physcion with Rf

Fig. 1 Flowchart for isolation of DHAQs from R. emodi along with isolated compounds.
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values of 0.15, 0.25, 0.4, 0.6, and 0.75 respectively. Compounds
were confirmed by determination of melting point and spec-
tral analyses including IR spectroscopy, mass spectrometry
and 1H-NMR spectroscopy (results presented in ESI†). HPLC
analysis was done to ascertain the purity of the isolated
DHAQs.

Experimental animals

Male Wistar albino rats weighing between 180 and 200 g were
used. The experimental protocol used was approved by the
Animal Ethics Committee (Registration no. 233/CPCSEA).
Animals were provided with standard rat diet purchased from
Amruth India and water ad libitum. Diabetes was induced by
single intraperitoneal injection of streptozotocin (70 mg in
0.1 M citrate buffer, pH 4.5 prepared freshly). Rats showing
blood glucose above 200 mg dl−1 after 14 days of induction
were considered diabetic and used in the experimentation.
Results presented are the average values of experiments con-
ducted on a set of three rats.

Oral glucose tolerance test

The animals were categorized into three sets: normal, diabetic
control and drug treated ones; each set containing three rats.
The rats were subjected to the oral glucose tolerance test
(OGTT) by feeding them with glucose at a dose of 3 mg per g
body weight. Chrysophanol, physcion, emodin, rhein and aloe-
emodin were administered to diabetic rats at a dose of 2 mg
per kg body weight with intragastric tube. Blood was with-
drawn from a tail vein at defined time intervals (0, 30, 60 and
120 min) and blood glucose was measured using the Accu-
Chek™ glucometer (Roche, Germany).

Preparation of rat intestinal AG

All procedures for the preparation of rat intestinal AG were per-
formed at 4 °C. The small intestinal mucosal tissue was col-
lected by scraping the luminal surface firmly with a spatula.
The mucosal scrapings were homogenized with 0.2 M sodium
phosphate buffer pH 7.0 containing 1% Triton X-100, and
then centrifuged at 12 000 rpm for 15 min. The supernatant
fraction contained rat small intestinal AG. Butanol was added
to the supernatant fraction in 1 : 1 proportion and centrifuged
at 15 000 rpm for 15 min. The aqueous layer was dialyzed over-
night against the same buffer. After dialysis, the concentrated
enzyme was stored at 4 °C. This crude enzyme was used in the
study to observe inhibition by different DHAQs.

In vitro AG inhibition

The activity of the rat small intestinal AG was determined by
measuring the formation of glucose using the glucose oxidase
method.13 The standard incubation mixture contained 0.2 M
sodium phosphate buffer (pH 7.0), 25 mM maltose and 0.2 ml
enzyme (approximately 0.1 units). After incubation at 37 °C for
30 min, the liberated glucose was measured by GOD/POD. One
unit of enzyme activity was defined as the quantity of enzyme
producing 1 mmol glucose per min at 37 °C and pH 7.0. In all
the inhibitor studies, the enzyme was pre-incubated with the

inhibitor for 3 min before the addition of the substrate. The
concentrations of the inhibitors used were: acarbose (100 µg)
and all DHAQs (50 µg). Assays were performed in quadruplet.
The IC50 values were determined for acarbose and emodin. In
a similar manner, sucrase inhibition was carried out by using
sucrose as the substrate.

Kinetics studies

As emodin was solely found to possess AG inhibition, kinetics
of this inhibition was studied. For the kinetics study varying
concentrations of maltose (10, 25, 50, 75, 100, 150, 200, 250
and 300 mM) were incubated with AG in the absence of an
inhibitor and with 25 and 50 μg mL−1 of emodin in phosphate
buffer (100 mM, pH 7.0) at 37 °C. The amount of glucose
formed was determined and the data obtained were presented
as Lineweaver–Burk plots to study the nature of inhibition.
The inhibition of AG was studied using 25 µg and 50 µg of
emodin (in 0.1% of DMSO), with increasing concentration of
the substrate.

Oral maltose load

Five sets of each containing three rats were used to study the
effect of oral maltose load (normal, diabetic control, positive
control (acarbose) and two doses of emodin). The animals
were subjected to 3 mg per g body weight of maltose load in
the presence of emodin (2 mg per kg body weight) and using
acarbose (60 mg per kg body weight) as a positive control. Sub-
sequently blood glucose measurements were done at specified
intervals (0, 30, 60, 90 and 120 min).14

Molecular recognition of DHAQs at maltase–glucoamylase

To understand the structural basis of molecular recognition,
the first challenge was to find the binding site for DHAQs, as
no previous binding data were available. Binding site identifi-
cation was done by using two different bioinformatic tools viz.
CASTp: surface topography identification for locating the func-
tional regions of the protein and PatchDock: docking algor-
ithm which works on shape complementarity principles with
simultaneous minimization of steric clashes for blind
docking.15,16

Human intestinal maltase–glucoamylase apo form was
obtained from RCSB Protein Data Bank (PDB ID 2QLY) with
the resolution of 2.0 Å.17 The ligands, emodin (CID 3220),
aloe-emodin (CID 10207), rhein (CID 10168), chrysophanol
(CID 10208) and physcion (CID 10639) were retrieved from
PubChem compound database.18 Maltase–glucoamylase
enzyme was prepared using Discovery Studio 3.5. The prepared
protein was submitted to the PatchDock server for docking
along with the ligands. The redundant solutions were dis-
carded by the application of RMSD clustering. The clustering
RMSD was kept at 1.5 Å. Top ranked 20 poses with best geo-
metric shape complementarity scores were considered for the
analysis. All the ranked poses were screened based on the
number of interactions it showed and the consistency in the
binding pattern. PatchDock results were further compared
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with the CASTp results in order to finalize the important resi-
dues defining the binding cavity.

The insights gained about binding sites were further used
to obtain the consistent binding modes of all the DHAQs
using GOLD (Genetic Optimisation for Ligand Docking)
version 5.2 that works on the principle of genetic algorithm.
While docking it considers the conformational flexibility of
ligands and rotational flexibility of the selected receptor hydro-
gens. The binding site was defined with the residues: Arg29,
Tyr46, His50, Ser74, Asn81, Phe78, Leu160 and Phe165, with
detect cavity option to restrict the selection with a solvent
accessible surface. Twenty genetic algorithm runs were sub-
mitted for each of the anthraquinone derivative. We used
GoldScore and ChemScore scoring functions separately with
default setup of the parameters (except for 20 GA run setting).
The molecular mechanics-like function GoldScore generates
reliable poses where binding is strongly driven by hydrogen
bonding and could not give optimum results where binding
involves the consideration of hydrophobic sites.19 As DHAQ
derivatives have a large hydrophobic contact area, use of a
molecular mechanics based scoring function ChemScore
would result in more reliable binding at this sterically
demanding site that works by estimating the total free energy
of binding (ΔGbinding) of a ligand at a binding site. The results
were analyzed based on ChemScore and number of inter-
actions. The results obtained were compared with the
maltase–glucoamylase–acarbose complex (PDB ID 2QMJ) to
locate the differences in molecular recognition of anthraqui-
nones versus acarbose.

Statistical analysis

Results were expressed as mean ± S.D. for OGTT, in vivo experi-
ments (n = 3) and in vitro experiments (n = 4). Statistical signifi-
cance was evaluated by one way ANOVA and individual
comparisons were done by t-test using GraphPad Prism 6
software.

Results
Isolation of DHAQs

The isolation process yielded chrysophanol (7.2 g), physcion
(1.2 g) and emodin (1.8 g) in abundance while rhein (50 mg)
and aloe emodin (75 mg) were obtained in lesser quantities
from 300 g powder of the obtained sample of Indian Rhubarb
(Fig. 1). HPLC analysis confirmed high purity of the isolated
compounds, the percent purity of which was found to be
≥98% w/w basis. The HPLC chromatogram of the isolated
DHAQs is provided in Fig. 1 of the ESI.† The spectroscopic
characterization of the isolated DHAQs using IR, NMR, MS
and melting point has been provided in the ESI,† which
matched the ones in the literature.20,21

Effect of DHAQs on OGTT

OGTT with the isolated DHAQs revealed that emodin, rhein,
chrysophanol and physcion could reduce blood glucose by

almost 150 mg dl−1 as compared to the diabetic control at the
end of 2 h (Fig. 2), demonstrating a prominent anti-hyperglyce-
mic activity. Among the isolated five DHAQs, aloe emodin was
found to be the most potent anti-hyperglycemic agent and was
statistically significant (p < 0.05) than the diabetic control.
Aloe emodin lowered the blood glucose level even below the
starting value by 84 mg dl−1 after 2 h. The other DHAQs also
exhibited good anti-hyperglycemic effects in the order aloe
emodin > rhein > emodin > physcion > chrysophanol.

In vitro inhibition of intestinal AG by DHAQs

Analyzing the isolated DHAQs for AG inhibition revealed that
emodin demonstrated potent inhibition while the other com-
pounds demonstrated modest to negligible activity as shown
in Table 1. Emodin was found to inhibit maltase action to the
tune of 93 ± 2.16%, while it inhibited sucrase to the extent of
95% (results not shown). Acarbose demonstrated 100% inhi-
bition for both the enzymes. The IC50 value for emodin was
found to be 30 µg ml−1 while the IC50 value for acarbose was
found to be 60 µg ml−1 which suggests that emodin is signifi-
cantly effective at a lower concentration.14 It is evident from
Table 1 that among the DHAQs, only emodin showed a strong
intestinal AG inhibition, while the other DHAQs had minimal
or negligible AG inhibitory activity.

Fig. 2 Effect of isolated anthraquinones on the oral glucose tolerance
test. (Values are mean ± SD; n = 3. **Difference between diabetic
control and aloe-emodin is statistically significant at p < 0.05.)

Table 1 Observed percentage inhibition of intestinal alpha
glucosidasea

Inhibitors usedb % Inhibition

Acarbose 100
Emodin 93 ± 2.16
Aloe-emodin 7.4 ± 1.79
Rhein 15.88 ± 3.2
Physcion 2.0 ± 0.4
Chrysophanol 0.0

Values expressed as mean ± SD (n = 4). aMaltase action using maltose
as the substrate was studied. bConcentration of the inhibitors used
were: acarbose (100 µg) and isolated DHAQs (50 µg).
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Kinetic studies

Study of enzyme inhibition using varying concentrations of the
emodin using the Lineweaver–Burk plot revealed a mixed type
of inhibition. With an increase in the concentration of the
inhibitor the value of Km increased while that of Vmax

decreased, as shown in Fig. 3.

In vivo maltase inhibition studies of emodin

As starch is the major food component of human diet it is
more vital to study the maltase inhibition. It can be observed
from Fig. 4 that acarbose was able to prevent postprandial
spikes at 30 min but showed a minor reduction in blood
glucose value at 2 h when compared to the diabetic control.
Emodin at 1 mg per kg body weight demonstrated a good inhi-
bition (reduction in blood glucose by 171.6 mg dl−1 than dia-
betic control) however, at a dose of 2 mg kg−1 it showed
almost total inhibition (reduction by 275.7 mg dl−1 than dia-
betic control) as compared to acarbose (reduction in blood

glucose by 92.6 mg dl−1 than diabetic control). A pattern com-
parable to normal animals was observed.

Binding mode analysis

Binding of DHAQs versus acarbose. The exact binding site
of DHAQs at the maltase enzyme is unknown. Molecular reco-
gnition studies with the use of docking approach is well
known and is a proven alternative. Acarbose is a well-known
competitive inhibitor and binds at the catalytic site of the
enzyme. Here the quest to follow was whether the binding site
for DHAQs is the same as that of the acarbose binding site, or
a separate binding site exists. Hence, a comparison based on
the binding of the DHAQs with that of acarbose was essential.
Combined analysis from the results of CASTp, PatchDock and
GOLD exhibited the following key observations (Fig. 5):

a. The binding site for DHAQ derivatives is not the same as
that for acarbose.

b. The location of the quinone binding site is ∼37 Å away
from the acarbose binding site, based on ligand centroid
distances.

Characteristics of ‘quinone binding site’ for DHAQs

The putative binding site comprises of residues from the
N-terminal domain of the protein (shown in Fig. 6A). Residues
Arg29, Tyr46 and His50 are part of a trefoil P-type domain
(colored purple). Tyr46 and His50 are on the loop that con-
nects the helix with the first beta sheet. The residues Ser74,
Val77, Phe78 and Asn81 are from the N-terminal β-sandwich
domain (colored yellow). They are positioned on a long loop
that connects the third and fourth beta sheets of the protein.

We extensively studied the binding mode for the most
active compound emodin. Maximum interactions were evident
for the most active compound emodin, as shown in Fig. 6B.
Emodin showed interactions with all the important predicted
residues, which defines the putative binding site. Residue
Tyr46 forms a polar contact on the 1,8-dihydroxy side of the
DHAQs (Fig. 6B-II) whereas, Asn81 and Val77 interact at the
opposite side. It was very interesting to note that Ser74 forms
two hydrogen bonds with the third unsubstituted hydroxyl
substituent of emodin. In general, the binding site is under-
lined by the residues such as Arg29, Tyr46, Ser74, Val77 and
Asn81 and seems to be the essential counterpart for the
binding of DHAQs and underlines the binding cavity. Along

Fig. 3 Lineweaver–Burk plot for kinetic analysis of alpha glucosidase
inhibition by varying concentrations of emodin.

Fig. 4 Effect of maltose load (3 mg per g of body weight) on diabetic
rats in the absence of inhibitor and in the presence of emodin, acarbose
and normal. (Values are mean ± SD; n = 3. *Difference between diabetic
control and emodin are statistically significant at p < 0.05.)

Fig. 5 Binding site location for acarbose (A) and emodin (B) on alpha glu-
cosidase (maltase). Figure prepared using Discovery Studio Visualizer 3.5.
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with the polar contacts, hydrophobic contacts from the resi-
dues Phe78, Leu160, Ala162 and Phe165 seem to be indispen-
sable in defining a binding cavity. The overall majority of
binding site residue contribution comes from the loop region
which traps the quinone moiety to facilitate the flat-fit in the
most favorable confirmation (as shown in Fig. 2 in the ESI†).

Discussion

The major constituents isolated from the rhizomes of R. emodi
include chrysophanol, physcion and emodin which are also
present in their corresponding glycosidic form. An enrichment
of DHAQs to the extent of two to three folds by using prior
acid hydrolysis has been observed.3 Isolation of the DHAQs on
a larger scale from Indian Rhubarb was described earlier by
Kelly et al. (1983); however, the work which was carried out on
commercially obtained Indian Rhubarb extract did not
mention the occurrence of aloe emodin and physcion in
R. emodi.22 In the present study, we were unable to separate
the mixture of chrysophanol and physcion using fractional
crystallization or by chemical methods of separation, and
hence used silica gel chromatography. It was also difficult to
separate chrysophanol and physcion using the eluent solely as
light petroleum ether or a mixture containing 0.5–1% ethyl
acetate as reported earlier.23 The two compounds however,
were satisfactorily separated when a mixture of light petroleum

ether : toluene : chloroform (4 : 1 : 4) was employed as an eluent
by column chromatography. The method employed by us
enabled complete separation and isolation of the DHAQs from
R. emodi. HPLC analysis demonstrated a high purity of the iso-
lated DHAQs (≥98% w/w). The acid hydrolysis method used in
the extraction process gave a yield of 3.4% quinones which is
very lucrative for industrial production of these quinones as
against the chemical synthesis of these compounds. The pro-
posed isolation method can be easily developed into a plat-
form technology considering the simplicity, minimum
requirement of utilities and feasibility at an industrial scale-up
than the recent extraction/isolation methods reported in the
literature.

Earlier Chen et al. (2012) showed emodin to act on multiple
pathways by activating PPAR-γ that lowers blood glucose,
serum cholesterol and triglyceride levels besides activating the
AMPK; and hence was expected to be most active in the
OGTT.24 However, aloe emodin was found to be most potent in
OGTT and was able to reduce blood glucose almost close to
normal levels. The precise mechanism for such a blood
glucose lowering in OGTT by the DHAQs needs further evalu-
ation. All DHAQs could reduce blood glucose by almost
150 mg dl−1 as compared to the diabetic control at the end of
2 h (Fig. 2), demonstrating a prominent anti-hyperglycemic
activity, however the in vitro experiments for AG inhibition
showed only emodin to be active. Emodin, thus has the advan-
tage of having blood glucose lowering action in addition to
controlling postprandial spikes.

The IC50 value for emodin was found to be 30 µg ml−1 for
AG inhibition which is much less than acarbose (60 µg ml−1)
proving high efficacy of emodin at low concentrations. A
potent inhibition of sucrase was also observed with emodin.
Moreover, the AG inhibition being mixed type, emodin can act
as a potent inhibitor at small concentrations, unlike acarbose
which is a competitive inhibitor and needed in large amounts.
A recent study by Yang et al. (2014) reported emodin, aloe
emodin, physcion and rhein to show strong α-glucosidase
inhibitory activities with IC50 values ranging from 4.12 μM to
5.68 μM.25 However these studies were performed on yeast
alpha glucosidase. The yeast glucosidase and mammalian
intestinal enzyme are structurally very different and inhibitors
of yeast alpha glucosidase may not necessarily inhibit the
mammalian enzyme.26 Further it is also known that the rat
intestinal enzyme is very similar to the human alpha glucosi-
dase.27 Hence although all the DHAQs were shown to inhibit
the commercial yeast alpha glucosidase, our study showed
only emodin to inhibit the mammalian enzyme and hence
could be beneficial in treatment of diabetes.

Diabetic patients suffer from upregulation of intestinal AG
as well as GLUT-2 transporters that lead to rapid breakdown of
disaccharides and absorption of glucose, leading to much
higher blood sugar levels as compared to normal individuals.
This enhanced sugar-spike takes more time for clearance, thus
causing protein glycation and initiating secondary compli-
cations. Inhibitors of AG therefore, play an important role in
control of postprandial spikes. Our results indicated that, acar-

Fig. 6 (A) Structural elements and residue positioning of the ‘quinone
binding site’. (For clarity purpose other structural domains have not
been shown. Figure prepared using PyMol [http://www.pymol.org].) (B)
Interactions of the most active emodin at the quinone binding site of
alpha glucosidase (maltase): (I) 3D view: H-bonding residues labeled in
red and hydrophobic residues in blue and bonds as black dotted lines.
(II) 2D View: residues involved in H-bonding shown by pink circles, those
in van der Waals contacts by green circles; H-bonds with amino acid
main chains shown by green dashed arrows directed towards the elec-
tron donor, H-bonds with amino acid side-chains are shown by blue
dashed arrows directed towards the electron donor.
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bose was able to prevent postprandial spikes at 30 min but
showed a slight reduction in the blood glucose value at 2 h,
when compared to diabetic control (Fig. 4). However, emodin
demonstrated almost total inhibition and did not allow the
blood glucose to increase in 2 h. This is a unique potent
action in comparison with the majority of the known AGIs. It
is likely that this potent action of emodin at 2 mg per kg body
weight may also be compounded by glucose lowering activity
as observed in Fig. 2 in addition to the AG inhibition (Table 1).
This gives the advantage to emodin as a potent anti-diabetic
agent that can act at multiple targets to lower blood glucose.

Given that all the DHAQs share the same core structure and
differ only at R1 and R2 positions, it was expected that all
DHAQs would inhibit the AG. However emodin was found to
be the sole potent inhibitor of intestinal AG. Docking studies
were therefore initiated to observe differences in binding – if
any. Docking based binding mode analysis confirmed the pres-
ence of a separate binding site for the DHAQ derivatives. We
call it the ‘quinone binding site’ (Fig. 5B), which is not the
catalytic site (Fig. 5A) and hence a different mode for anti-
hyperglycemic action DHAQs exists at the AG enzyme complex.
We believe that the DHAQ based AG inhibitory action is a
result of mixed type inhibition. The activity is due to binding
at an allosteric ‘quinone binding site’ which is in accordance
with our kinetics study. A deeper analysis of the quinone
binding site confirmed that the site is defined by the polar
residues such as Arg29, Tyr46, His50, Ser74, Val77 and Asn81.
On the other hand, the cavity has been lined by hydrophobic
residues like Phe78, Leu160, Ala162 and Phe165 assisting in
the flat-fit of the anthraquinone moiety consisting of three
fused planar rings (Fig. 6). DHAQs share the same basic ring
scaffold i.e. the 1,8-dihydroxyanthraquinone part, differing
only at the R1 and R2 positions. It appears that the differences
in the R1 and R2 positions produce a significantly different AG
inhibitory action. Docking study also highlighted that the pres-
ence of the polar group either at R1 or R2 is a prerequisite for
efficient binding, which is also evident by % inhibition values
from Table 1. Our results suggests, for effective inhibition at
AG, the hydroxyl group (at R1) facing the solvent exposed side
that interacts with Ser74 is crucial, which is present only in
emodin and absent in the other DHAQs (Fig. 6B-II). This
explains the molecular recognition of the most active com-
pound emodin at the AG while the other anthraquinones
demonstrated minimal action. Our study provides insights
regarding the quinone binding site that can pave a way for
designing new molecules using the structure activity relation-
ship approach. It also opens up an opportunity for chemical
intervention at the R1 and R2 positions to generate potent AG
inhibitors.

Conclusion

This study demonstrates generation of a platform technology
to isolate DHAQs from rhizomes of R. emodi in a fast and
efficient manner. OGTT revealed the excellent anti-hyperglyce-

mic action of the isolated DHAQs. Aloe emodin was found to
possess maximum glucose lowering action while emodin was
found to be the sole potent AG inhibitor amongst the isolated
compounds. Emodin exhibited a mixed type of inhibition that
could effectively prevent postprandial spikes, and moreover
acted as a potent inhibitor at small concentrations and also
possessed glucose lowering action. Docking studies revealed
the presence of the ‘quinone binding site’ providing enough
evidence for a mixed type of inhibition by emodin and high-
lighted that interaction at Ser74 is crucial for AG inhibition.
The net benefit from the glucose lowering effect and mixed
type inhibition by emodin would enable the administration of
a small dosage that is safe and non-toxic in the case of pro-
longed use in treating diabetes. Also our results propose the
existence of a ‘quinone binding site’, an allosteric site respon-
sible for the binding of the anthraquinone class of ligands at
the intestinal maltase–glucoamylase which can also assist in
designing promising new chemical entities for the treatment
of diabetes.
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a b s t r a c t

Exotic hierarchical rutile TiO2 nanostructures are synthesized by surfactant free single step hydrothermal
route. The effect of reaction temperature, ranging from 140 �C to 200 �C on the properties of the synthe-
sized rutile-TiO2 is investigated. The synthesized rutile-TiO2 nanostructures are characterized using X-ray
diffraction, X-ray photoelectron spectroscopy, Raman spectroscopy, UV–vis spectroscopy and scanning
electron microscopy techniques. The deposited TiO2 samples are found to be photoelectrochemically
active and the best photoelectrochemical performance (0.95 ± 0.05%) is obtained for the sample depos-
ited at 180 �C. A possible temperature dependent growth mechanism resulting in photochemically active
TiO2 nanostructure thin films is proposed.

� 2016 Elsevier Inc. All rights reserved.

1. Introduction

Titanium dioxide (TiO2) is one of the best semiconductor with
wide band gap which has been comprehensively investigated in

the last decade for various applications such as photocatalysis
[1], water splitting [2], photoelectrochemical cells [3–8], elec-
trochromic devices [9] and gas sensors [10]. The wide applications
of TiO2 is because of its unique photocatalytic activity [11,12], pho-
tovoltaic effect, dielectric constant (�85), high chemical stability
and low toxicity [13,14]. Different TiO2 hierarchical nanostructures
like nanorods [15] nanowires, nanoparticles [16,17] and nanotubes
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[18,19] are extensively used in solar cells due to their improved
properties. Recently, researchers have successfully demonstrated
that polycrystalline TiO2 which consists of surface trap sites and
grain boundaries can trap electrons, which reduces the net electron
transport [5,20–22]. In addition, a random orientation of TiO2

nanoparticles leads to scattering of electrons thereby enhancing
the recombination of electrons and holes at the interfaces
[23,24]. Therefore, for increasing the net electron transport, TiO2

structures based on well aligned nanostructures such as nanorods
or nanotubes is an essential parameter. A variety of synthesis
methods have been used over a period of time by various research
groups. These includes, metalorganic chemical vapor deposition
(MOCVD), oblique-angle electron beam deposition, glancing angle
deposition (GLAD) for obtaining aligned TiO2 nanorods and TiO2

nanorod based different hierarchical nanostructures [25–28].
However, hydrothermal method has proved to be the best method
for the synthesis of different inorganic nanomaterials, since it
enables us to produce desired materials in simple way under envi-
ronmentally benign conditions. The method also allows one to
easily alter the properties of materials such as crystallite size and
morphology at nanoscale level by simply changing the parameters
such as reaction temperature, precursor concentration, and pH.
Thin film deposition by hydrothermal method involves the crystal
growth of inorganic materials in the subcritical state of water. In
this state, the physical and chemical properties of water like dielec-
tric constant and viscosity changes substantially as compared to
the normal water under ambient conditions. Therefore, a change
in temperature of hydrothermal method will alter the rate of pre-
cipitation of the metal ions indirectly affecting the growth rate of
material under consideration [29]. This change in the growth rate
causes substantial variation in the morphology and properties of
the synthesized material. Subcritical state of water is achieved by
heating water under pressure. Thus the reaction temperature will
play important role in the crystal growth and literatures dealing
with the effect of reaction temperature on TiO2 synthesis by
hydrothermal method are available [30–33].

In the present investigation, we have deposited nanorod based
3D-hierarchical nanostructure thin films of TiO2 by surfactant free,
simple, single step hydrothermal method. The effect of reaction
temperature on the growth of the TiO2 nanostructures and subse-
quent tuning of TiO2 morphology is discussed systematically. The
effect of temperature on the growth mechanism of 3-D hierarchical
nanostructures is also illustrated with the help of schematic dia-
gram for further development and engineering of 3-D TiO2 hierar-
chical nanostructures.

2. Experimental

2.1. Preparation of TiO2 electrodes

The TiO2 was synthesized by doing some modifications in the
method previously reported by us [34]. In this synthesis, 0.5 ml
of Titanium (IV) isopropoxide (C12H28O4Ti) (99.98%, Alfa Aesar)
was mixed with 10 ml of concentrated HCl (35.46%, Thomas Baker)
and 10 ml of double distilled water (DDW) resulting into
hydrothermal solution. The hydrothermal solution is transferred
to a Teflon lined stainless steel autoclave containing F:SnO2(FTO)
coated glass plates (�12 O/cm, 1 cm � 3.5 cm) inclined on the wall
of the Teflon liner to exposed the conducting side up. The autoclave
was then maintained at different temperatures, i.e. 140 �C, 160 �C,
180 �C, 200 �C for 3 h respectively. The corresponding samples are
designated as T140, T160, T180 and T200 respectively. The concen-
tration of Ti precursor and reaction time are kept constant for all
the synthesis. The deposited TiO2 samples are finally annealed at
450 �C for 1 h for further characterization and fabrication of pho-
toanode devices.

2.2. Characterization of TiO2 thin films

The X-ray Diffraction spectra (XRD) of the synthesized samples
are recorded using X-ray diffractometer (Bruker AXS Analytical
Instruments Pvt. Ltd., Germany, Model: D2 phaser). The elemental
information of the optimized TiO2 sample is obtained using X-ray
photoelectron spectrometer (XPS, VG Multilab 2000-
ThermoScientific Inc. UK) with a microfocus monochromated Al
Ka X-ray working with high photonic energies from 0.1 to 3 keV.
The Raman spectra of the TiO2 samples are recorded in the spectral
range of 35–4000 cm�1 using Raman spectrometer (Bruker Multi
RAM, Germany Make) Nd:YAG laser source with excitation wave-
length of 1064 nm and resolution of 4 cm�1. The optical absorption
measurements are performed at room temperature in the wave-
length range from 190 to 1100 nm with a UV–Vis spectrophotome-
ter (UV1800, Shimadzu, Japan). Surface morphologies of the
synthesized TiO2 thin films are characterized using SEM (JEOL
JSM-6360). The J–V curves are recorded on the Keithley 4200-scs
semiconductor characterization system with a UV source power
of 5 mW/cm2. For photoelectrochemical study, the TiO2 thin films
(average area 1 cm2) and FTO coated with drop casted platinum
layer are used as the working and counter electrodes respectively.
A constant distance (�1 mm) is maintained between the photo-
electrode and counter electrode throughout the experiment in an
aqueous solution of 0.1 M NaOH as the redox electrolyte. J–V mea-
surements of all the samples are optimized at fixed interval of time
to allow the system to attain equilibrium state. Electrochemical
impedance study is carried out with electrochemical workstation
(AUT85804) using the frequency range of 1,00,000–0.1 Hz in AC
mode (100 mV). The same devices assembled for checking photo-
electrochemical cell (PEC) performance were used for electrochem-
ical impedance study.

3. Results and discussion

3.1. X-ray diffraction study

Fig. 1 depicts the XRD patterns of the synthesized TiO2 samples
deposited at reaction temperatures 140 �C, 160 �C, 180 �C and

Fig. 1. X-ray diffraction patterns of samples T140, T160, T180 and T200
respectively.
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200 �C respectively. The obtained XRD patterns are compared with
the standard JCPDS Card No. 01-076-0318 for tetragonal rutile TiO2

polymorphs. The comparative XRD pattern confirms the rutile TiO2

phase of the synthesized TiO2 thin films with tetragonal crystal
structure space group: P42/mnm (136). All the TiO2 samples are
polycrystalline in nature with most intense peak corresponding
to (110) plane. Along with this peak, ten other peaks correspond-
ing to planes of (101), (111), (210), (211), (220), (002), (310),
(301), (112) and (202) are also observed. As seen from the
(Fig. 1), it is observed that the intensity of (110) plane increases
from sample T140 to T200. The lattice parameters ‘a’ and ‘c’ for
these TiO2 thin films are determined for tetragonal structure [35]
using Eq. (1).

dhkl ¼ affiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
h2 þ k2 þ l2 a2

c2

� �q ð1Þ

The calculated values of the lattice parameters corresponding to
T180 sample are found to be a = 4.626 Å and c = 2.970 Å.These val-
ues are in close agreement with the standard lattice parameter val-
ues (a = 4.508 Å and c = 3.027 Å) suggesting a tetragonal crystal
packing of the TiO2 thin-films. The crystallite size is also deter-
mined for all the samples by applying Scherrer’s formula on the
diffraction peak corresponding to (110) plane. The obtained aver-
age crystallite size for the samples T140, T160, T180 and T200 are
19, 24, 29 and 40 nm respectively (as shown in Table 1), which evi-
dently shows the effect of temperature on the crystallite size of the
TiO2 and follows an increasing trend with increasing reaction
temperature.

3.2. X-ray photoelectron spectroscopy

For the quantitative analysis on the electronic structure and
chemical properties of the deposited rutile TiO2 thin films, X-ray
photoelectron spectroscopy analysis is carried out on the T180
sample. The survey scan spectrum of the TiO2 sample is shown
in Fig. 2a while the high resolution narrow scan spectra for Ti
(2p) and O(s) region are displayed in Fig. 2b-A and -B, respectively.
The survey spectrum reveals the presence of elemental Ti, O and a
trace amount of carbon in the TiO2 sample. The trace carbon peak
observed in the survey spectrum may be attributed to adventitious
carbon or starting material used in the Ti precursor synthesis pro-
cess. The high resolution spectrum of Ti(2p) shows two peak struc-
tures which suggest the presence of elemental Ti in the deposited
TiO2 sample. The features of the double peaks of Ti (2p3/2) and Ti
(2p1/2), is determined by deconvolution of the Ti (2p) XPS spectrum
employing the Voigt curve fitting function inside the Shirley back-
ground. The two peaks are obtained from the decomposition of the
Ti(2p) spectrum. These two deconvoluted peaks corresponds to the
binding energy of 459.33 eV, 464.84 eV, which are characteristic to
the core levels Ti (2p3/2) and Ti (2p1/2) of Ti4+ cations respectively in
the TiO2 sample. The observed peaks in this study are similar to the
reported by Pawar et al. [36] for TiO2 thin films. The energy sepa-
ration among these two peaks is 5.51 eV, which is comparable to

that observed in TiO2 nanomaterials reported by Thind et al. [37].
The XPS spectrum of T180 sample (Fig. 2b-B) shows a compound
double peak structure in the O (1s) spectrum, which signifies the
occurrence of elemental ‘O’ in TiO2 rutile nanorods. A prominent
O1s peak coupled with a tiny shoulder is also observed. The
decomposition of the O (1s) spectrum showed a strong peak cen-
tered at 530.54 eV accompanied by a smaller peak centered at
532.11 eV. The strong peak observed in the spectra is assigned to
O2� anions which is characteristic of the Ti oxide. The modest peak
observed at the neighborhood of intense oxygen [O(1s)] peak could
be because of surface contamination [38–40] or occurrence of O
containing species, like hydroxyl groups or water molecules
adsorbed on the surface of the sample [41].

3.3. Raman spectroscopy

Raman spectra recorded for all the synthesized samples are
shown in Fig. 3. In general, the first-order Raman spectra of rutile
TiO2 polymorph exhibits four Fourier Transform (FT) Raman-
active fundamental modes corresponding to B1g (143 cm�1),
Eg (447 cm�1), A1g (612 cm�1) and B2g (826 cm�1) also denoted as
A1g + B1g + B2g + Eg. The two predominant peaks observed at
445 cm�1 and 609 cm�1 are characteristics of rutile TiO2 single
crystals [42]. The additional peak at �237 cm�1 (Eg) is attributed
to the multiple-phonon scattering of the second-order type [43].
The peak at �237 cm�1 (Eg) is also a characteristics peak of rutile
phase TiO2. In the present investigation, the B1g and B2g modes
are weak or absent.

3.4. Optical study

The band gap energy (Eg) of all the synthesized samples are
determined by using UV–vis absorption spectra and Tauc plots
are generated from the same. From the absorption spectra as
shown in Fig. 4, it is observed that absorption of the samples is
at the UV region confirming the wide band gap of the synthesized
TiO2, which is known to be 3.03 eV for the bulk rutile TiO2 deter-

Table 1
Detailed XRD parameters i.e. standard and calculated d values, standard and calculated values of lattice parameters a, c and corresponding crystallite sizes of all TiO2 samples are
summarized in table.

Sample (hkl) Plane Standard d (Å) Calculated d (Å) Standard Calculated Crystallite size (nm)

a (Å) c (Å) a (Å) c (Å)

T140 110 3.188 3.245 4.508 3.027 4.590 2.942 19
T160 3.247 4.592 2.949 24
T180 3.272 4.626 2.970 29
T200 3.247 4.592 2.957 40

Fig. 2a. The XPS survey spectrum of T180 sample.
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mined indirectly. The relationship between the absorption coeffi-
cient and the band gap energy is given by Eq. (2).

ahc ¼ a0 hc� Eg
� �n ð2Þ

where a is the absorption coefficient, hc is photon energy, Eg is band
gap energy and a0 is constant. The exponent ‘n’ depends on the nat-
ure of transition during the absorption process. For indirect allowed
transition n = 2 and for direct allowed transition n = 1/2. The indi-
rect band gap energy of the TiO2 samples is estimated by extrapo-

lating the straight portion of ahcð Þ1=2 shown in Fig. S2 (supporting
information).

The band gap energy calculated for the synthesized TiO2 sam-
ples are found to be in the range of 2.40–2.70 eV. It is also observed
that increasing in the reaction temperature decreases the band gap
energy of the samples. This finding may be attributed to the better
crystallinity of the TiO2 samples at higher temperature [44].

3.5. Morphological study

3.5.1. Scanning Electron Microscopy (SEM)
Fig. 5 shows SEM images of all the TiO2 samples at different

magnification. At a particular temperature and pressure, the mole-
cules on the FTO acts as the nucleation center for the growth of a
well aligned TiO2 nanorods. FTO substrate contains tetragonal
rutile structure and the mismatch between the tetragonal FTO
(a = b = 0.4738 nm) and rutile TiO2 (a = b = 0.4508 nm) is 2%. This
small mismatch may promote the initial epitaxial nucleation and
growth of rutile TiO2 nanorods on the FTO as observed in the cross
section images (Fig. S3) of all samples. However, confirmation can
only be made after a cautious study of the FTO-nanorod interface
using transmission electron microscopy. The formation of distinc-
tive Arabian jasmine flower like microstructures is observed in
the SEM images of T140 sample. Each flower consists of homocen-
trically grown bundles of TiO2 nanorods. The average length of TiO2

rods is about 1.5 lm. However, the average diameter of flowers
observed for T160, T180 and T200 sample is 4 lm and the struc-
ture becomes more open as the reaction temperature increases.
As can be seen from the SEM images, at 140 �C the TiO2 flowers
are bulky with short petals. But for every 20 �C increase in the reac-
tion temperature, there is an increment in the petal length of the
TiO2 flowers resulting in randomly oriented bundles of TiO2 nanor-
ods. The average thickness of the T140 and T160 sample is esti-
mated to be 8 lm. On further increasing the reaction
temperature, it leads to a systematic arrangement of radially ori-
ented TiO2 nanorods resulting into symmetrically arranged com-
pact microflowers. The average thickness of T180 sample is
10 lm. Beyond 180 �C, the growth rate increases forming several
layers of TiO2 flowers which are deposited to a compact base layer

Fig. 2b. (A) High resolution XPS spectrum of T180 sample in Ti 2p region. (B) High resolution XPS spectrum of T180 sample in O 2s region.

Fig. 3. Raman spectra of samples T140, T160, T180 and T200 respectively.

Fig. 4. Room temperature UV–visible absorption spectra of the samples T140, T160,
T180 and T200 respectively.
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of vertically aligned TiO2 nanorods. This symmetric arrangement
continues up to a temperature of 200 �C. However, it is observed
that the compactness is compromised at higher reaction tempera-
ture greater than 180 �C. These observations may be attributed to
the changes in the nucleation and growth of the TiO2 nanorods
due to higher molecular mobility as applicable in high temperature
hydrothermal reactions. The average thickness of the T200 sample
is found to be 30 lm.

3.5.2. Growth mechanism
Solvent properties like dielectric constant and solubility,

changes dramatically under supercritical condition. The thermody-
namics and transport properties of supercritical water are different
at ambient condition. At supercritical condition, the solubility of
nonpolar species increases, while it is decreases for the ionic and
polar species [45]. As a result of the drop in the polarity of water,
the viscosity (g) decreases which lead to increase in molecular
mobility. The dielectric constant of water (�78) at room tempera-
ture reduces with increasing temperature and pressure. Thus,
supercritical water provides a suitable reaction condition for parti-
cle formation and improvement in the reaction rate ultimately
leading to supersaturation due to lowering of the solubility [46].
In the present investigation the temperature of the system is varied
from 140 �C to 200 �C which is in subcritical condition and the

dielectric constant of water could be between 50–35 [47]. Thus,
this variation in dielectric constant with temperature will influ-
ence the reaction rate. The variation in the reaction rate leads to
the formation of different morphologies. Theoretical calculation
proved that for rutile lattice, the surface energy should be in the
order E(110) < E(100) < E(101) < E(001) [48]. In crystal growth,
a fast growing plane tends to disappear leaving behind the slower
growing planes having lower surface energy. Therefore, crystal
growth along the [001] direction (i.e. c-axis) is predicted to have
the fastest growth rate compared to remaining directions. From
the observed morphology of the TiO2 nanorods and XRD results
with dominant (110) plane (Figs. 5 and 1), it is expected that the
TiO2 nanorods preferentially exposes the {110} side facets and
the {101} top facets and grows along the [001] direction. The
growth rate in the [001] direction is much faster than that of the
½�1 1 0� direction, resulting to lengthening in the [001] direction.
A lateral growth of the nanorod (increasing diameter) occurs with
the generation of a fresh ½�1 1 0 surface. It has been established pre-
viously that Cl� plays an important role in the growth of TiO2

grains into nanorods. This is because the {110} planes of rutile
TiO2 have a positive polar face and the Cl� preferentially adsorbs
on the surface of the {110} planes. This condition leads to blocking
the contact of TiO2 grains on the {110} surfaces which conse-
quently accelerates the crystal growth along the (001) plane

Fig. 5. Scanning electron microscope images of TiO2 samples at different magnifications.
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[49,50]. Therefore, the TiO2 grain growth is observed to be con-
cealed in the h110i directions, while it is accelerated in the
[001] direction forming rod-like structures. The schematics of

growth mechanism are shown in Fig. 6(a and b) for ease in visual-
izing the mechanism described. The formation of the 3D
microflowers like structure may be justified by considering the ini-

Fig. 6. (a–c) Growth mechanism schematics.
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tial growth of TiO2 nanorods which is highly influenced by the
available nucleation sites of the FTO molecules. This nucleation
sites gives rise to compact base layers of TiO2 nanorods, any further
growth of TiO2 crystal will occur on the exposed sites of deposited
compact layer. This is in consistent with the observed SEM images
which exhibits that the formed TiO2 nanorods posses’ pyramidal
shape like tip and the exposed area of compact layer is nothing
but the exposed pyramidal shape like tips of all vertically aligned
TiO2 nanorods. So faces of pyramidal shape like tips are served as
nucleation sites for further growth of TiO2 crystal which finally
gives rise to symmetrically aligned flower like structure. The
growth mechanism of microflowers is systematically illustrated
in the schematic shown in Fig. 6(c). As it is observed that the rod
length of T140 sample is around 1.5 lm which is less than that
of T200 sample (3.5 lm). This variation in the rod length and
change in morphology of the TiO2 nanorods can be explained on
the basis of change in reaction rate or increased supersaturation.
Due to increased supersaturation large number of ions are avail-
able for nucleation and which may cause the increment in the
extent of crystal growth along [001] direction. The extent of super-
saturation is also increase with elevation in reaction temperature.
Hence the rod length is also increased from lower to higher reac-
tion temperature [32]. The increased molecular mobility at higher
temperature may also contribute positively to the crystal growth
along [001] direction.

3.6. J–V measurement

The J–V characteristics of the TiO2 samples were recorded using
the Keithley 4200-scs semiconductor characterization system
under UV illumination of 5 mW/cm2. The following cell configura-
tion is used for recording the J–V plots of the TiO2 samples: glass/
FTO/TiO2/NaOH/Pt-FTO/glass. The J–V characteristics of samples
T140, T160, T180 and T200 are shown in Fig. 7. The Jsc magnitudes
of these TiO2 samples are found to be 0.127, 0.167, 0.246 and
0.181 mA/cm2 respectively. The corresponding Voc are 540, 450,
565 and 615 mV. The Jsc of the TiO2 samples varies with reaction

temperature and sample corresponding to T180 shows maximum
photocurrent of 246 lA/cm2, with Voc of 615 mV. Thus a highest
photoconversion efficiency of 0.95 ± 0.05% is obtained for the
T180 sample. The solar cell parameters that are obtained from
the power output are listed in Table 2. There are two important
factors which determine the photoconversion efficiency of the
solar cell; (1) the first one effective light absorption and (2) the
effective charge transport by the material. For thin film solar cell,
the effective light absorption depends on the thickness of the
material deposited and the effective charge transport depends on
the homogeneity of the pathway (non homogeneity leads to
defects, grain boundaries and interfaces) provided by material to
the charge carriers i.e. electrons and holes. Therefore, TiO2 thin
films of higher thickness will absorb more light and generate more
electron hole pairs under UV light illumination. The transport of
these electron and holes will be favored if the TiO2 are well aligned
forming a compact structures for a better charge transport as com-
pared to loosely bound structures. Therefore, the highest photocur-
rent efficiency obtained for T180 sample in this investigation is
possibly due to the compactly arranged TiO2 structure as compared
to other samples. From the morphology, it can be further observed
that the T180 sample have symmetrically developed and compact
microflowers like structure. A comparison of T140 and T180 sam-
ple structures and their photoelectrochemical cell (PEC) perfor-
mance, it may be concluded that the T180 sample will be more
efficient as the thickness is higher and the structures are compactly
arranged which is in agreement with the observed values of
0.95 ± 0.05% efficiency corresponding to photocurrent 246 lA/cm2.

3.7. EIS study

Charge transport dynamics of the prepared photoelectrochemi-
cal solar cells is investigated by using Electrochemical Impedance
Spectroscopy. The effect of reaction temperature on the photocon-
version efficiency of the synthesized rutile TiO2, EIS measurement
of the samples are conducted in dark by applying a voltage of
10 mV in 0.1 M NaOH electrolyte. The AC frequency range is set
at 100,000–0.1 Hz. The Nyquist plots of samples T140, T160,
T180 and T200 are shown in Fig. 8. The obtained spectra are fitted
with an equivalent circuit and are represented as insets of Fig. 8.
Nova 10.1 software is used to fit the plots to semicircle which is
represented in terms of an appropriate equivalent circuit made of
a constant phase elements (Q) and resistors (R). The smaller semi-
circle at high frequency region of the Nyquist plot can be attributed
to electron transport at the interface of the electrolyte and Pt-FTO
counter electrode. While the straight line at lower frequency
region is related to the combination of electron transport in the
TiO2 electrode and electron back reaction at the interface of the
TiO2 photoanode and the electrolyte [51–53]. The electrochemical
parameters derived from the fitting of the Nyquist plot are tabu-
lated in Table 3 in terms of charge transfer resistances (R1) at the
Pt-FTO counter/electrolyte interface and charge transfer resis-
tances (R2) related to FTO/TiO2 interfacial resistance for electron
transfer from the TiO2 conduction band. Rs is the series resistance,
or a sum of solution resistance and contact resistance. The sample
corresponding to T180 shows R1 = 1970 O/cm2 and R2 = 270 O/cm2

which is lower than the remaining TiO2 samples. The lower value

Fig. 7. Current density–voltage characteristics of TiO2 samples deposited with
varying reaction temperature (T140 to T200 samples) on F:SnO2 with TiO2/0.1 M
NaOH/CE cell structure under dark and UV (5 mW/cm2).

Table 2
Various solar cell parameters obtained for the glass/FTO/TiO2/NaOH/Pt-FTO/glass system are summarized in table.

Sample Thickness (lm) Jsc (mA/cm2) Voc (mV) Jmax (mA/cm2) Vmax (mV) Pmax (mW/cm2) FF PCE (%)

T140 8 ± 0.5 0.127 540 0.075 250 18.75 0.38 0.38 ± 0.05
T160 8 ± 0.5 0.167 450 0.091 235 21.39 0.29 0.44 ± 0.05
T180 10 ± 0.5 0.246 565 0.155 310 48.05 0.34 0.95 ± 0.05
T200 30 ± 0.5 0.181 615 0.098 265 25.97 0.23 0.23 ± 0.05
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of R1 and R2 is indicative of better charge transport in the cell,
resulting from the lower value of R2 which is essentially attributed
to the low electron recombination present in the conduction band
of the TiO2 with the oxidized species in the electrolyte or valence
band of TiO2. These results compliment the J–V characteristics
which showed an increased Jsc for T180 sample. Therefore, the
TiO2 thin film corresponding to T180 will generate higher pho-
tocurrent upon light illumination resulting in increased photocon-
version efficiency.

3.8. Conclusions

In summary, we have successfully prepared the TiO2 photoan-
ode using hierarchical rutile TiO2 nanostructures synthesized by
a surfactant free single step hydrothermal route. The role of reac-
tion temperature on the synthesized rutile TiO2 is investigated.
The strong correlation between the surface morphology and the
temperature is reported with the possible growth mechanism of
the TiO2 thin films. Among the samples, T180 sample exhibited
the highest photoelectrochemical cell performance with photocon-
version efficiency of 0.95% under 5 mW/cm2 UV illuminations. The
observed enhancement is attributed to the optimum surface area
and compactness of the sample.
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Catalytic activity of bare and porous palladium
nanostructures in the reduction of 4-nitrophenol†

Ajit M. Kalekar,a Kiran Kumar K. Sharma,b Meitram N. Luwangc and Geeta K. Sharma*a

The catalytic activity of bare and porous palladium nanostructures viz. palladium nanoballs (PdNBs) and

palladium urchins (Pdurc) synthesized in surfactant based liquid crystalline mesophase have been

investigated in the reduction of 4-nitrophenol. The loading of PdNBs and Pdurc nanocatalyst in the

reaction are optimized to 1.57 � 10�4 mol% and 1.57 � 10�3 mol% respectively. The surface area

normalized rate constant obtained at 303 K for PdNBs (0.74 � 0.03) s�1 m�2 L and Pdurc (0.41 � 0.05)

s�1 m�2 L is the highest, considering the low palladium loading used in the reaction. The specific surface

area determined for the PdNBs and Pdurc are 153 m2 g�1 and 27 m2 g�1 respectively. The high surface

area of PdNBs nanostructure is consistent with the highest catalytic activity. The palladium nanostructure

catalyzed reaction lacks induction time (t0), indicating the influence of porosity in the Langmuir–

Hinshelwood mechanism. Besides, PdNBs and Pdurc exhibited thermal stability and structural integrity

with good conversion of the substrate (>97%) even up to five consecutive reactions. The mechanistic

insight of the bare and porous palladium nanostructures presented in this study is significant for the

development of stable and efficient palladium metal based nanocatalyst.

1. Introduction

Studies on metal nanostructures and their composites in the
eld of catalysis are focused on developing a durable and
efficient heterogeneous catalyst.1 Research on morphology
controlled supported metal nanostructures are gaining
momentum in catalysis science owing to their morphological
dependent properties.2,3 In most of the cases, nanocatalyst or
their composites contain noble metals such as platinum and
palladium which are efficient but expensive. Amongst these
noble metals, palladium (Pd) and its composites is one of the
widely investigated nanomaterials for catalytic applications.4–11

These literatures mainly concerns with the use of supported Pd
nanocatalyst, which are easier to separate from reaction mixture.
However, there is an inherent disadvantage of low efficiency, low
selectivity and less reproducibility due to variation in the support
used during the synthesis and stabilization materials used as
well. Further, the support may also inuence the catalytic reac-
tion by altering the homogeneity and diffusibility of the
substrates on the surface of the nanocatalyst.12 Thus, research in

nanocatalysis is focused to address and overcome these disad-
vantages by developing different route to synthesize metal
nanostructures for better efficiency, selectivity, reproducibility
and in addition rigidity.13 Most of the supported Pd nano-
structured catalyst contains a Pd loading of >5 mol% in the
catalytic activitymeasurement which is quite high as the catalytic
activity is proportional to the catalyst concentration.14,15 But for
a cost effective and practical approach, higher catalytic activity
with low catalyst loading is desirable for noble metal catalyst.
The literatures available so far have focused on reducing the cost
of the catalyst by lowering the Pd contents or replacement of the
Pd metal itself.16,17 Alternatively, these objectives can also be
achieved by designing and synthesis of bare and porous Pd
nanostructures with larger surface area which will lower the
catalyst loading without compromising with the catalytic activity.

It is well documented that, supported Pd nanostructures
with different morphologies can be used effectively in the
catalytic reduction and electro catalytic applications.15,18–21 The
synthesis of porous nanostructures with signicantly high
surface area possesses a major challenge due to the stability
issues. The stability of porous nanostructures is dependent on
its surface energy which is inversely proportional to the size of
the nanostructures leading to aggregation.22 The aggregation of
the nanostructures signicantly reduces the surface area
resulting in lowering number of active sites and hence decrease
in the catalytic activity of the nanostructures. Therefore, for
genuine technological applications, the insertion and removal
of templates (hard/so) for stability of Pd nanostructures draws
wide attention to the material chemists.15,18–22
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Of these, the so templates offer a better alternative to its
counterpart (hard templates) which is difficult to remove from
the surface of the nanostructures. The surfactant based swollen
liquid crystalline mesophases (SLCs) are powerful supramolec-
ular self assemblies that provides so template nanoreactors for
synthesizing porous nanostructures into a specic phase having
a well-dened microscopic orientation.23–26 The metal doped
SLCs have demonstrated to be a feasible nanoreactor for
morphology controlled synthesis of nanostructures by radiol-
ysis with robust reproducibility.27 The bare and porous Pd
nanostructures synthesized in SLCs have shown good electro-
catalytic efficiency in ethanol electro-oxidation24 and hydrogen
storage property.28 However, a systematic study of these bare
and porous Pd nanostructures with respect to the catalysis,
kinetics, thermal stability and structural rigidity as a catalyst is
lacking.

4-Nitrophenol (4-NP) is highly toxic, non-biodegradable
compound present in the industrial effluent that can be con-
verted to 4-aminophenol (4-AP) by sodium borohydride (NaBH4)
in the presence of catalyst.29 The mild reaction conditions and
ease in monitoring the reaction by UV-Vis spectrophotometer in
aqueous medium favors the 4-NP reduction reaction as a model
reaction for the evaluation of the catalytic activity of nano-
structures.30–32 The kinetics of Pd nanoparticles supported in
polymeric materials, spherical polyelectrolyte brushes and
thermo sensitive microgels shows a consistent induction time
(t0) owing to the presence of dissolved oxygen in the system.30

The mechanism and the possibility of mass transfer for these
solid Pd nanostructures have been recently reported experi-
mentally33 and theoretically.34 Similar mechanism has been also
deduced for solid colloidal silver nanoparticles.35 However, to
the best knowledge of the authors, no literature report is
available on the mechanistic details of bare and porous Pd
nanostructures which is free of any stabilizers, as catalyst in the
reduction of 4-NP by NaBH4. The catalytic activity of bare and
porous platinum nanostructures as catalyst has been reported
by our group.27

We report here the catalytic activity of bare and porous
PdNBs and Pdurc using the model reaction of 4-NP reduction by
sodium borohydride. The mechanism is signicant as it
provides information on the role of porosity in eliminating the
induction time, enhanced catalytic activity and stability of the
synthesized PdNBs and Pdurc nanostructures.

2. Experimental section
2.1 Chemicals

Tetraamminepalladium(II) chloride (98%) was purchased from
Sigma Aldrich. Cetyltrimethylammonium bromide (CTAB) 99%,
cetylpyridiniumchloride monohydrate (CPCl) 99% from SD-
Fine Chemicals, 4-NP (99% purity) cyclohexane (99%) from
SRL, 1-pentanol (99%) from Spectrochem, propan-2-ol (99.7%),
NaBH4 (97%) from Fisher scientic were purchased. Nitrogen
gas with purity 99.995% was purchased from Inox air products.
All the materials were used as received. Deionized water from
Milli-Q system with resistance 18.2 MU M�1 cm�1 was used for
preparation of all the solutions.

2.2 Synthesis of palladium nanostructures

The Pd doped SLCs were synthesized by modifying the
method reported earlier using CTAB and Pd (NH3)4Cl2 metal
precursor.24 Briey, 1.03 g of CTAB was dissolved in 2 mL
Milli Q water along with 0.1 M Pd precursor. Further 2.98 mL
of cyclohexane was added to obtain a white microemulsion
which was then vortex by adding 1-pentanol drop wise from
the side of the glass tube. Finally, stable and perfectly
transparent Pd doped SLCs were formed. To eliminate any
dissolved oxygen present in the system, the prepared SLCs
were kept under nitrogen bubbling for 30 minutes prior to
irradiation. Similarly another nanostructures were synthesize
by dissolving 0.1 M Pd(NH3)4Cl2 in 1.03 g CPCl completely. In
this micellar solution, 0.015 mL propan-2-ol (nal concen-
tration of solution 0.1 M) was added to scavenge the cOH
radicals.28 The oxygen interference was removed by bubbling
nitrogen gas for 30 minutes before irradiation. The SLCs and
micellar solution of Pd was irradiated in the same glass tubes
sealed with silicon septum. The stable, perfectly transparent
SLCs and micellar solution were exposed to g radiation using
a 60Co g source facility at Department of Chemistry, Savitribai
Phule Pune University, Pune. The dose rate determined using
Fricke dosimetry was found to be 3.6 kGy h�1. Aer 80 kGy of
absorbed dose, the Pd nanostructures formed were destabi-
lized by propan-2-ol. The suspended Pd nanostructures were
centrifuged and the supernatant was removed by decanta-
tion. The residues were washed several times with propan-2-
ol and water to remove any CTAB or CPCl traces (nearly
2 liters of propan-2-ol taking small quantity at a time). The
isolated Pd nanostructures were dried in oven at 60 �C for 12
hours prior to characterization and determination of the
catalytic activity.

2.3 Characterization

The UV-Vis absorption spectra of Pd precursor, PdNBs, Pdurc
were recorded using a Shimadzu UV1800 in quartz cuvettes.
Transmission electron microscopy (TEM) analysis was per-
formed using TECNAI-G2 20 ULTRA-TWIN FEI with an accel-
erating voltage up to 200 kV. A FEI TECNAI 3010 transmission
electron microscope operating at 300 kV (resolution 1.7 Å) was
used for high resolution-transmission electron microscopy
(HR-TEM) measurements. The Pd nanostructures were soni-
cated using Oscar ultrasonicator prior to deposition on
a carbon coated copper grid having 200 mesh size. X-ray
diffraction (XRD) of the dried Pd nanostructures were recor-
ded using PANalytical X'pert Pro diffractometer with a CuKa
(1.5418 Å) line. The voltage and current applied to X-ray anode
was 45 kV and 40 mA respectively. The nitrogen adsorption
isotherms at 77 K were measured on a Quantachrome Autosorb
iQ gas analyzer. The samples were rinsed with diethyl ether,
heated in an oven at 358 K in order to remove the excess of
diethyl ether and were then dried at 323 K under vacuum for
5 hours for the BET measurements. The BET surface area was
calculated using the [0.05–0.30] relative pressure range, the
correlation coefficient being 0.999 or better.
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2.4 Catalytic reduction of 4-nitrophenol (4-NP)

The catalytic reduction of 4-NP by NaBH4 in presence of PdNBs/
Pdurc was performed as follows: 1 � 10�4 M of 4-NP (1.5 mL)
and 5� 10�2 M NaBH4 (1.0 mL, ice cold) were mixed and stirred
for 1min in a quartz cuvette. To this mixture, 1 mg L�1 of PdNBs
or 10 mg L�1 of Pdurc (0.5 mL) were added and the reaction was
monitored by observing the change in absorbance of 4-nitro
phenolate anion absorbing at 400 nm. The Pd nanostructure
concentration in the reaction mixture was calculated to be 0.166
mg L�1 (1.57 � 10�4 mol%) and 1.66 mg L�1 (1.57 � 10�3

mol%) respectively. The absorption spectra were recorded
within the wavelength range of 200–600 nm. For uncatalyzed
reaction, instead of PdNBs/Pdurc 0.5 mL of Milli Q water was
added and spectra were recorded at the same wavelength.

2.5 Kinetic analysis

The kinetic analysis was performed using Langmuir–Hinshel-
wood mechanism assuming both the reactants adsorbed on the
surface of PdNBs and Pdurc. Interaction of borohydride ions at
these nanostructure surface is quite critical and involves
multiple steps which ultimately leads to the liberation of
hydrogen.33 The steps involved during the reduction of 4-NP by
NaBH4 in the presence of Pd catalyst is represented in ESI
Scheme S1.† Reactions 1 and 2 of Scheme S1† denote the
adsorption of 4-NP and BH4

� on the surface of the nanocatalyst.
A pseudorst-order condition with respect to BH4

� is main-
tained throughout the experiment. The adsorbed BH4

� then
reacts with water on the surface of catalyst producing hydrogen
as a reducing source (step 3). In step 4, subsequent addition of
4-NP*

ad and H*
ad takes place, forming 4-AP at the surface of the

Pd nanocatalyst. Desorption of 4-AP (step 5) from the surface of
the Pd nanocatalyst is the rate determining step in the reaction
proposed for the catalytic mechanism of Pd nanocatalyst.

The general rate law for the 4-NP reduction by NaBH4 is given
by the eqn (1),

� d½4NP�
dt

¼ k½4NP�a �BH4
��b (1)

The apparent pseudorst-order rate constants (kapp) were
determined using a classical Langmuir–Hinshelwood equation
which is deduced as reported earlier for platinum nano-
structures27 expressed by eqn (2).

ln
C0

C
¼ kappt ¼ kSt (2)

where C0 and C are the initial and nal concentrations having
equivalent in terms of absorbance (A0 and At respectively) was
monitored at a xed wavelength (l) at time t. kapp is the apparent
pseudorst-order rate constant assumed to be proportional to
the accessible surface area (S) for the PdNBs and Pdurc. The
surface area normalized rate constant k, is calculated by using k
¼ kapp/S. Therefore, for constant catalyst concentration and
uniform accessible surface area of Pd nanostructures, a plot of
ln(A0/At) with respect to time gives a straight line whose slope is
kapp. The kinetic analysis was performed by varying one of the

reactant concentration while keeping other reactant constant to
check any deviation in the reaction mechanism. The kapp were
also determined at temperature ranging from 293–333 K and
activation energy (Ea) of the catalytic reduction by these Pd
nanostructures was calculated employing eqn (3).

kapp ¼ Ae�
Ea

RT (3)

where, kapp is the apparent pseudorst-order rate constant at
temperature T, A is the frequency factor, Ea is the activation
energy and R is the universal gas constant (8.314 J K�1 mol�1).

The mol% of both Pd nanocatalyst was calculated based on
the actual concentration of catalyst used in the reaction using
eqn (4).

% mol ¼ C

M
� 100 (4)

where, C is concentration of Pd nanocatalyst; M is molecular
weight of Pd metal.

2.6 Recycling studies

The recycling study of Pd nanostructures were carried out by
mixing 3 � 10�3 M of 4-NP (0.1 mL) and 2.5 mL milli Q water,
followed by the addition of ice cold 1 � 10�1 M NaBH4 (0.1 mL).
The mixture was stirred for 1 minute in a quartz cuvette. To this
mixture, 1 mg L�1 of PdNBs or 10 mg L�1 of Pdurc (0.3 mL)
equivalent to 0.1 mg L�1 (9.4� 10�5 mol%) and 1 mg L�1 (9.4�
10�4 mol%) were added and the reaction was monitored by
observing the change in the absorbance of 4-nitro phenolate
anion at 400 nm as a function of time. Aer the completion of
the rst cycle of the reaction, 0.1 mL each of 3 � 10�3 M of 4-NP
and 1 � 10�1 M ice cold solution of NaBH4 was added to the
reaction mixture in a sequential manner as in the rst cycle
without adding Pd nanostructures and monitored till the
second reaction cycle completes. Similar procedure was fol-
lowed for the remaining cycles.

3. Results and discussion
3.1 Morphology of palladium nanostructures

TEM images of the synthesized Pd nanostructures in SLCs are
depicted in Fig. 1, panel (a and b). The images show a three-
dimensionally (3D) interconnected Pd nanowires forming
hexagonal shaped cells of 13–15 nm diameter which are inter-
linked into ball shaped nanostructures (PdNBs) of size ranging
from 50–90 nm.

These 3D nanowires have average diameter of about 3–4 nm,
consistent with the water channel thickness between the two
cyclohexane cylinders of hexagonal SLCs.24 The HR-TEM image
of PdNBs before the catalytic reaction (Fig. 1c) shows contin-
uous lattice fringes with 0.238 nm which represents the
d spacing. This d spacing of the crystalline domain corresponds
to the d(111) plane of fcc Pd.

Similarly, the TEM images of Pd nanostructure synthesized
in CPCl reveals urchin shaped nanostructure with arms growing
away 3-dimensionally from the center (Fig. 2a and b). The
diameter of these Pdurc ranges from 40–80 nm while the
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individual nanowires has diameter of about 3 nm. The HR-TEM
image showing d spacing 0.238 nm corresponds to (111) plane
of crystalline Pd.

The UV-Vis absorption spectra for the Pd salts before irra-
diation, PdNBs and Pdurc aer 80 kGy of g irradiation are
shown in Fig. 1S.† The spectral features suggest the reduction of
the metal precursor upon radiolysis. The crystalline nature of
PdNBs and Pdurc were further conrmed by the XRD analysis
which complements the ridges observed in the HR-TEM images.

The XRD pattern of the prepared PdNBs show 2q peaks at
40.13�, 46.96� and 68.13� while for Pdurc show 2q peaks at
39.93�, 46.81� and 68.01� respectively. These diffraction
patterns were correlated to the diffractions from (111), (200) and
(220) planes of crystalline Pd (Fig. 2S,† le panel) suggesting the
crystallinity of PdNBs and Pdurc respectively.

In order to estimate the total surface area of the Pd nano-
structures, BET measurements by nitrogen adsorption
isotherms at 77 K were performed on the PdNBs (black color)
and Pdurc (lime color). The adsorption isotherms at 77 K for
PdNBs and Pdurc; before and aer 4-NP reduction reaction are
depicted in Fig. 3. Both, PdNBs and Pdurc represent type II
isotherms, characteristic of macroporous (or non-porous)
materials. The total surface area for PdNBs was calculated to
be 86 m2 g�1 while that for the Pdurc was 15 m2 g�1. Comparing
these Pd nanostructures with silica on a molar ratio basis (SiO2,
mol. wt ¼ 60 g, and Pd, mol. wt ¼ 106.42 g), the value would
corresponds to specic surface area of 153 m2 g�1 and 27 m2

g�1, respectively. The surface area obtained for the PdNBs
nanostructures are the highest of any bare Pd nanomaterials so
far reported in the literature. It is worth to note that these
nanostructures were washed several times with propan-2-ol and
water before characterization.

3.2 Kinetics of catalytic reduction 4-nitrophenol (4-NP)

The general model reaction of 4-NP to 4-AP reduction by NaBH4

is used for testing the catalytic activity of PdNBs and Pdurc in
aqueous medium. The high concentration of NaBH4 used in
this reaction maintains a pseudorst-order condition with
respect to 4-nitrophenolate anion absorbing at 400 nm. The
decrease in the absorbance of 4-nitrophenolate anion is fol-
lowed by monitoring the absorbance at 400 nm. The change in
absorbance with time aer the addition of 0.5 mL of 0.166
mg L�1 PdNBs and/or 1.66 mg L�1 Pdurc is shown in Fig. 4a and
b respectively. However, in the absence of PdNBs and/or Pdurc
almost negligible change is observed at 400 nm (Fig. 4c)

Fig. 1 TEM image of PdNBs synthesized in SLCs after 80 kGy of g
irradiation (panel (a and b)); panel (a), inset is the selected area electron
diffraction (SAED) pattern. (c) HR-TEM image of PdNBs showing
a continuous lattice fringes with d spacing 0.238 nm. Dose rate ¼
3.6 kGy h�1.

Fig. 2 TEM images of Pdurc after 80 kGy of g irradiation synthesized in
CPCl (panel (a and b)); panel (a), inset is the selected area electron
diffraction (SAED) pattern. (c) HR-TEM image showing continuous
lattice fringes with d spacing of 0.238 nm. Dose rate ¼ 3.6 kGy h�1.

Fig. 3 Nitrogen adsorption isotherms at 77 K for PdNBs before
reaction (black line), PdNBs after 4-NP reduction reaction (red line),
Pdurc (lime line), Pdurc after 4-NP reduction reaction (pink line).
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suggesting that reaction takes place only in presence of PdNBs
and/or Pdurc nanostructures.

As shown in Fig. 4 (panel (a and b)), the absorbance at 400
nm was found to be negligible within 15 minutes for both the
Pd nanostructure catalyzed reaction. The apparent pseudorst-
order rate constants (kapp) were determined by plotting ln(A0/At)
as a function of time (Fig. 4, insets (a and b)). From the surface
area of the Pd nanostructures, the obtained kapp values are
normalized by eqn (2) and the surface area normalized rate
constants (k) values are found to be (0.74 � 0.03) s�1 m�2 L for
PdNBs and (0.41 � 0.05) s�1 m�2 L for the Pdurc at 303 K. It has
to be taken into account that the concentration of Pdurc was 10
times higher than that of PdNBs resulting in the higher k values
for Pdurc. Numerous reports available in the literature for the
reduction 4-NP using metal nanostructures consistently shows
t0, which is explained by the oxygen adsorption on the surface
of the catalyst and a dynamic substrate induced restructuring
process of the catalyst surface slowing down the equilibrium
between the reactants on the surface of the catalyst.4,30,36

Interestingly, we have observed that t0 is absent even if the
reaction is carried out in air. The absence of t0 is possibly due to

the porosity of metal nanostructures which establishes fast
equilibrium between the reactant leading to enhanced catalytic
activity of PdNBs and Pdurc. Further, the interconnected 3D
network of nanowires creates ball shaped morphology where
both the reactants can easily diffuse on the surface of nano-
structures thereby reducing the chance of mass transfer
process. Mei et al. found the surface restructuring in thermo-
sensitive microgel-Pd composites at higher temperature which
subsequently leads to the decrease in the catalytic activity.30 In
order to investigate such morphological changes at high
temperature, 4-NP reduction reaction was carried out at 60 �C
by maintaining other reaction parameters constant. Aer
completion of the reaction, the centrifuged PdNBs was
analyzed by TEM and HR-TEM techniques. The images ob-
tained for the PdNBs aer the reaction are shown in Fig. 5.
From the TEM images of PdNBs (Fig. 5, panels (a and b)), it can
be noted that the morphological integrity of the PdNBs is
retained even at 60 �C. This is further conrmed by the HR-
TEM analysis depicted in Fig. 5c, which shows identical
d spacing of 0.238 nm corresponding to the (111) plane of the
crystalline fcc Pd.

Fig. 4 The plots of absorbance as a function of wavelength at 303 K at regular time intervals indicates the disappearance of the peak of 4-
nitrophenolate anion at 400 nm due to reduction of 4-NP to 4-AP by NaBH4 (a) in presence of PdNBs; inset– linear plots of ln(A0/At) versus time;
(b) in presence of Pdurc; inset – linear plots of ln(A0/At) versus time; (c) in absence of PdNBs/Pdurc; inset – left panel: zoomed around 400 nm,
inset – right panel: linear plots of ln(A0/At) versus time. Reaction conditions: [4-NP]¼ 1� 10�4 M, [NaBH4]¼ 5� 10�2 M, [PdNBs]¼ 0.166mg L�1,
[Pdurc] ¼ 1.660 mg L�1.
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Similarly, experiments at 60 �C were also performed using
Pdurc as catalyst to conrm the structural rigidity and the
crystallinity of Pdurc. The TEM and HR-TEM images of the
Pdurc aer the reaction are depicted in Fig. 6 (panel (a–c))
which showed marginal change in size aer the reaction (Fig. 6,
panel (a and b)), but no change in the shape was observed. The
crystallinity of Pdurc aer the reaction is conrmed by HR-TEM
(Fig. 6, panel (c)) with 0.238 nm d spacing corresponding to
(111) plane of crystalline fcc Pd.

The crystalline nature of the Pd nanostructures were also
conrmed by the XRD analysis aer the 4-NP reduction reaction
(Fig. 2S,† right panel). The XRD aer the 4-NP reduction reac-
tion show 2q peaks at 40.15�, 46.90� and 68.09� while Pdurc
show 2q peaks at 39.96�, 46.72� and 68.06� respectively. These
patterns correspond to the diffractions from (111), (200) and
(220) planes of crystalline Pd. In order to study the structural
rigidity, we performed the nitrogen adsorption isotherm anal-
ysis at 77 K for PdNBs and Pdurc aer the 4-NP reduction
reaction (Fig. 3). The accessible surface area for PdNBs aer 4-
NP reduction is 75 m2 g�1 while for Pdurc is 16 m2 g�1 as
calculated from BET isotherm.

The dependence of kapp with concentration of 4-NP and
NaBH4 is studied (Fig. 7a and b). As shown in Fig. 7a, decreasing
trend is observed and it can be attributed to the higher adsorp-
tion constant of 4-NP and the limited hydrogen produced by the
NaBH4 on the surface of PdNBs which is in agreement with the
literature reported.37 The higher affinity and increasing concen-
tration of 4-NP favors their adsorption on the surface of PdNBs as
compared to NaBH4, decreasing the occupancy sites of NaBH4

which limits the liberation of hydrogen at the surface of PdNBs as
depicted in reaction 3 of ESI Scheme S1.† Therefore, at higher 4-
NP concentration, a decreasing trend in kapp is observed.

On the other hand, while keeping 4-NP concentration xed
and by varying the NaBH4 concentration, the kapp increases
linearly with increasing concentration of NaBH4 (Fig. 7b). It is
for the rst time that such linear behavior of kapp with NaBH4

concentration is reported. The literatures available on metallic
nanocatalyst reports a Langmuir isotherm type behavior where
kapp is linear at lower NaBH4 concentration but plateau out at
higher concentration of NaBH4 due to monolayer formation of
the adsorbed molecules on the surface of the catalyst.37,38

Therefore, surface area of the nanocatalyst as shown in ESI
Scheme S1,† reaction 3 will be a limiting factor at higher NaBH4

concentration. In the current study, owing to the bare and
porous nature of the Pd nanostructures with highest surface
area, we propose that even at high NaBH4 concentration, the Pd
nanostructure capacity of hydrogen adsorption increases
avoiding monolayer formation on the surface of the Pd nano-
catalyst. Such conditions favor the efficiency of reactions 3 and
4, shown in ESI Scheme S1.†

To rule out a diffusion controlled reaction, the bimolecular
rate constant (kbm) frommass transport process is calculated by
plotting the kapp versus PdNBs concentration (Fig. 8). The
bimolecular rate constant is calculated to be 6.78 � 102 M�1

s�1. Since, the diffusion controlled mass transport process limit
proposed by Smoluchowski is of the order of 106 M�1 s�1 as
reported by Bingwa et al.,35 the mass transport limitation
possibility can be ruled out as the experimental value is of the
order of 102 M�1 s�1.

In order to determine the activation energy, the reaction was
carried out at different temperatures in presence of PdNBs and
Pdurc. The plots of ln(A0/At) against time at temperature range
from 293–313 K for the PdNBs catalyzed reaction are shown in
Fig. 3S,† panel (a). The corresponding Arrhenius plot of ln(kapp)
versus 1000/T for the evaluation of the activation energy
is depicted in Fig. 3S,† panel (b). Similarly, the temperature

Fig. 5 TEM images of (panel (a and b)) PdNBs after 4-NP reduction
reaction, panel (c) the corresponding HR-TEM image showing
continuous lattice fringes with d spacing of 0.238 nm.

Fig. 6 TEM images of (panel (a and b)) Pdurc after 4-NP reduction
reaction, panel (c) corresponding HR-TEM image showing continuous
lattice fringes with d spacing of 0.238 nm.
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dependent linear plot and the corresponding Arrhenius plot for
the Pdurc are depicted in Fig. 4S† panel (a and b). The kapp and
Ea are calculated using eqn (2) and (3) and the values are
depicted in Table 1.

From the kinetic studies of the porous Pd nanostructures,
the catalytic activity of PdNBs is found to be higher than that of
Pdurc with minimum loading of catalyst. This observation is in
agreement with the larger accessible surface area of PdNBs than
Pdurc. Further, the absence of t0 in this investigation is also in
agreement with our previous studies on porous PtNBs.27

The possibility of competitive equilibration of the reactants
in this study is ruled out by performing experiments with PdNBs
in two different reaction conditions, (1) addition of PdNBs
(0.166 mg L�1) to NaBH4 (1� 10�1 M) solution followed by 4-NP
(3 � 10�3 M) solution and (2) addition of PdNBs (0.166 mg L�1)

to 4-NP (3 � 10�3 M) solution followed by NaBH4 (1 � 10�1 M)
solution. The kapp is found to be identical (0.17 min�1), ruling
out the possibility of a competing equilibrium of 4-NP and
NaBH4. Interestingly t0 is absent in both the reaction conditions
(Fig. 9). These result further rule out any competitive binding of
the reactants on the surface of the PdNBs indicating the
accessibility of the active sites of the PdNBs to the reactants by
diffusing through the 3D porous morphology. For the porous Pd
nanostructures, the diffusion of the reactants on the surface is
independent of the reaction condition and impurities on the
surface of the nanostructure.

For the real time use of nanocatalyst in industries, recy-
clability and conversion of the substrate are important
parameters for application of the nanocatalyst. Therefore, the
recyclability and % conversion of substrate was investigated
for the PdNBs and Pdurc. To avoid leaching of the nano-
catalyst, the reactions were carried out by adding the
substrates consecutively in the reaction mixture aer the
completion of rst cycle, for the next cycle. The recycling of the
PdNBs was carried out for 5 cycles while 3 cycles was

Fig. 7 Dependence of kapp as a function of concentration of (a) variation of [4-NP] at constant [NaBH4] of (5 � 10�2 M) and (b) variation of
[NaBH4] at constant [4-NP] of 1 � 10�4 M; in the presence of 0.166 mg L�1 PdNBs.

Fig. 8 Plot of apparent pseudo-first order rate constants (kapp) as
a function of concentration of PdNBs. Reaction condition: [4-NP] ¼ 1
� 10�4 M and [NaBH4] ¼ 5 � 10�2 M.

Table 1 The surface area normalized rate constants (k), at different
temperature, the activation energy (Ea) for the Pd nanostructure
catalyzed reduction of 4-NP to 4-AP by NaBH4

Temperature
T/(K)

Normalized rate
constant k/s�1 m�2 L

Activation energy
(Ea)/kJ mol�1

PdNBs 293 0.32 � 0.01 45.81
303 0.74 � 0.03
313 1.06 � 0.04

Pdurc 293 0.32 � 0.05 7.75
303 0.41 � 0.05
313 0.44 � 0.07
323 0.46 � 0.08
333 0.48 � 0.08
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performed on the same Pdurc. The kapp determined from these
recycling reactions are shown in Fig. 10 panel (a and b)
respectively. The kapp values for PdNBs marginally changes
while for Pdurc it was found to be almost identical for all the
cycles. These results indicate that PdNBs and Pdurc have good
stability against catalytic poisoning.

Further, the stability of the catalyst have been also studied
for the PdNBs which remains stable even aer 5 reaction cycles
by comparing the % of conversion of 4-NP for each reaction
cycle. As shown in Fig. 11, almost 97% conversion of the reac-
tant is observed within 34 minutes at room temperature for
every cycle.

Another important constraint for a good catalyst concerns
the loading of the catalyst which is directly proportional to the
rate constant. The comparison of catalytic activities in terms of
the surface area normalized rate constants k, size of nano-
structure, turn over frequency (TOF), activation energy,
loading in mol% for the Pd nanocatalyst with different stabi-
lizing agents/supports are depicted in Table 2. The turn over
frequency of the catalytic reaction is calculated based on
consumption of 4-nitrophenolate anion per unit time (hours)
with respect to moles of PdNBs or Pdurc used.

As, it can be noted from Table 2, the lowest catalyst loading
of Pd is found for that of PdNBs (1.57� 10�4 mol%) with higher
k and TOF values. These ndings are very signicant as it

Fig. 9 Linear plot of ln(A0/At) as a function of time. Reaction condi-
tions: (black line) 2.5 mL water + 0.3 mL PdNBs (1 mg L�1) + 0.1 mL
NaBH4 (1� 10�1 M) + 0.1 mL 4-NP (3� 10�3 M); (red line) 2.5 mL water
+ 0.3mL PdNBs (1 mg L�1) + 0.1 mL 4-NP (3� 10�3 M) + 0.1 mL NaBH4

(1 � 10�1 M).

Fig. 10 The observed kapp (min�1) for the different cycles of catalytic reduction of 4-NP in the presence of NaBH4 (a) with PdNBs (b) with
Pdurc as catalysts. Reaction condition: 0.1 mL 4-NP (3 � 10�3 M) + 2.5 mL water + 0.1 mL NaBH4 (1 � 10�1 M) + 0.3 mL PdNBs (1 mg L�1)/Pdurc
(10 mg L�1).

Fig. 11 The % conversion with respect to reaction time (min) for
different reaction cycles in the catalytic reduction of 4-NP with NaBH4

in the presence of PdNBs as catalysts. Inset: conversion% versus
number of cycles indicating the selectivity of the reaction. Reaction
condition: 0.1 mL 4-NP (3� 10�3 M) + 2.5 mL water + 0.1 mL NaBH4 (1
� 10�1 M) + 0.3 mL PdNBs (1 mg L�1).
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suggests that, bare, porous and rigid Pd nanostructures can be
used as efficient nanocatalyst.

4. Conclusion

In conclusion, we have systematically investigated the catalytic
performance, thermal stability, structural integrity, catalyst
loading, recyclability of bare and porous Pd nanostructures
(PdNBs and Pdurc) in the catalytic reduction of 4-NP by NaBH4.
The TEM, HR-TEM and BET analysis showed structural rigidity
of these nanostructures and similar accessible surface area
before and aer 4-NP reduction at higher temperature. The
porosity with higher surface area favors adsorption of the
hydrogen produced in the reaction without forming a mono-
layer which plays an important role in eliminating the induc-
tion time (t0), generally reported in the case of supported Pd
nanocatalyzed reactions and many other metal/supported
metal nanocatalysts. The PdNBs are found to have signi-
cantly higher catalytic activity with lowest Pd loading in mol%.
The activation energy is found to be lower in case of Pdurc. The
Pd nanostructures have good recyclability, retaining high
apparent pseudo-rst order rate constant. The results could be
useful to material scientist for designing an effective, efficient,
porous, and thermodynamically stable noble metal based
nanocatalyst.
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J. A. R. Renuncio and A. Cabañas, J. Supercrit. Fluids, 2011,
56, 213.

8 H. Li, L. Han, J. Cooper-White and I. Kim, Green Chem., 2012,
14, 586.

9 X. Lu, X. Bian, G. Nie, C. Zhang, C. Wang and Y. Wei, J. Mater.
Chem., 2012, 22, 12723.

10 Y. Lin, Y. Qiao, Y. Wang, Y. Yan and J. Huang, J. Mater.
Chem., 2012, 22, 18314.

11 C. Deraedt, L. Salmon, J. Ruiz and D. Astruc, Adv. Synth.
Catal., 2013, 355, 2992.

12 Y. Shao, J. Liu, Y.Wang and Y. Lin, J. Mater. Chem., 2009, 19, 46.
13 Y. Li and W. Shen, Chem. Soc. Rev., 2014, 43, 1543.
14 L. L. Chng, J. Yang, Y. Wei and J. Y. Ying, Chem. Commun.,

2014, 50, 9049.
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SBA-15 (ref. 7) NC 8.1 0.00167 NC 6
CNT/PiHP (ref. 8) 4 2.7 NC NC 300
PPy/TiO2 (ref. 9) 2.6 2 0.000138 NC 326
SNT (ref. 10) 0.38 5 NC NC 192
PEG (ref. 11) 0.2 1.6 � 0.3 NC NC 7500
SPB (ref. 29) NC 2.4 � 0.5 1.10 NC NC
Microgel (ref. 29) 3.8 � 0.6 0.101 44 NC
PAMAM (ref. 36) NC 1.8 � 0.42 0.00307 44 NC
PPI (ref. 36) 1.6 � 0.36 0.776 NC NC
Ag/Fe3O4 (ref. 37) 0.20 16.9 � 1.3 0.485 NC 300
CeO2 (ref. 38) 0.56 3–5 1.45 NC 1068
Fe3O4 (ref. 39) 0.032 1.97 � 0.4 1.08 NC NC
SLC* 0.000157 50–90 0.7435 45.81 2452
CPCl* 0.00157 40–80 0.4086 7.75 544

a Stabilizing agent/support used in the study. b Catalyst loading in mol%. c Size of nanostructures in nm. d Normalized rate constant in (s�1 m�2 L).
e Activation energy in (kJ mol�1). f Turn over frequency is calculated from the moles of reduced 4-NP molecules/moles of Pd nanostructures per
hour. NC: not calculated, *: this work.
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1. Introduction

With growing research in the field of nanoscience and nanotechnology, material scientists are emphasizing on 
combining the unique properties of conducting polymers (CP) and inorganic or organic nanomaterials in the 
quest for stable nanocomposites with enhanced properties for real time applications. In last two decades, research 
on the synthesis of CP based composite materials is growing, resulting in the development of a wide variety of new 
materials with tailored properties. Metal-based CP nanocomposites are explored for their potential in a variety of 
applications, including electrocatalysis [1], catalysis [2], sensors [3] and corrosion protection [4]. Among the CPs, 
polyaniline (PANI) has been focus of material scientist because of environmental stability [5], tunable electrical 
conductivity [6], and redox properties associated with the nitrogen chain [7]. Numerous methods and different 
approach are available in the literature for the synthesis of metal-polymer nanocomposites [8]. Broadly, metal 
nanoparticle-conducting nanocomposites can be obtained by either an extrinsic/ex situ approach where the metal 
nanoparticles are synthesized by chemical route and introduced into the polymer in solution/powder [9] or an 
intrinsic/in situ approach, where the metal nanoparticles are grown within the polymer by chemical reduction of 
the metallic precursor that has been already dissolved in the polymer [10]. However the former requires synthesis of 
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Abstract
Palladium nanoparticles doped polyaniline (Pd-PANI) nanocomposite (NCs) is synthesized in 
surfactant based liquid crystalline mesophase by chemical oxidation followed by radiolysis. The 
confinement of the liquid crystalline mesophase facilitates polymerization of aniline monomers 
and their 1D growth into polyaniline (PANI) nanowires by using ammonium persulfate. The PANI 
nanowires have an average diameter of 30–40 nm. The in situ radiolytic reduction of palladium ions 
ensures uniform size distribution of the palladium (Pd) nanoparticles on the surface of the PANI 
nanowires. The synthesized Pd-PANI nanocomposites show wire like structures of PANI (diameter 
~30–40 nm) on which Pd nanoparticles of the size 10 nm are decorated. The identical average 
diameter of the PANI nanowires before and post gamma irradiation suggest high stability of the 
PANI nanowires in liquid crystalline mesophase. Surface characterization of the NCs were carried 
out using BET and XPS. The catalytic activity of Pd-PANI NCs are investigated in the reduction of 
methylene blue (MB) and 4-nitro phenol (4-NP) by sodium borohydride (NaBH4). The kinetics 
of the Pd-PANI NCs catalysed reactions are analysed using the Langmuir–Hinshelwood model. 
The apparent rate constant (kapp) for the MB and 4-NP reduction reactions is 29  ×  10−3 s−1 and 
20  ×  10−3 s−1 respectively with an actual Pd catalyst loading of 2.665  ×  10−4 ppm. Further, the 
recyclability of the Pd-PANI NCs catalyst in both the reduction reactions shows the stability of 
the catalyst up to four reaction cycles tested in this investigation and the multifunctional nature 
of the catalyst. The study provides a new approach for the directional synthesis of conducting 
polymer-metal nanocomposites and their possible application as a nanocatalyst in environmental 
remediation.

PAPER
2017

RECEIVED  
9 December 2016

ACCEPTED FOR PUBLICATION  

13 January 2017

PUBLISHED  
13 February 2017

doi:10.1088/2053-1591/aa5947Mater. Res. Express 4 (2017) 025015

publisher-id
doi
mailto:geetas@chem.unipune.ac.in
https://doi.org/10.1088/2053-1591/aa5947
http://crossmark.crossref.org/dialog/?doi=10.1088/2053-1591/aa5947&domain=pdf&date_stamp=2017-02-13
https://doi.org/10.1088/2053-1591/aa5947


2

K J Kshirasagar et al

nanoparticles in advance and a uniform deposition of nanoparticles on the surface of polymer is seldom achieved. 
But the latter approach is widely used because the in situ reduction of the metal precursor can be achieved by various 
route such as thermolytic decomposition [11], photolytic decomposition [12], photochemical preparation [13], 
incorporation during polymer electro synthesis [14], nanoparticle formation during polymerization [15] or by in 
situ polymerization and composite formation’ (IPCF) in a single step [16, 17]. The in situ approach provides a higher 
degree of synthetic control over both the size of the nanoparticles and the morphology of the polymer. Both these 
parameters form an integral part of the designing of novel nanocomposite material since the catalytic efficiency 
depends strongly upon size [18] and morphology [19] of the metal nanoparticles and the support material [20–22].

The use of surfactants as directing agents for the self-assembly of nanoparticles into well-defined shape with 
control over their size has been used for the synthesis of various 1, 2 and 3D metal nanostructures [23–25]. Our 
group has reported the use of surfactant based lyotropic liquid crystalline mesophases as ‘nanoreactors’ for the 
synthesis of nanostructures of varying morphology e.g. nanofibers [26], nanoballs [27] and urchin shaped [28] 
nanostructures. These direct lyotropic hexagonal mesophases consist of infinite oil cylinders coated by a mono-
layer of surfactant and co-surfactant, arranged in triangular array in aqueous medium. The advantage of these 
‘soft templated’ methodology over the conventional hard templates lies in the ease with which these templates 
can be removed to retrieve the nanomaterials post synthesis and the subtle control over the morphology of the 
nanostructures that can be achieved by altering the oil to water ratio of the mesophase.

Metal nanoparticles of different size and shape can be combined with polyaniline to form hybrid materials. 
They represent a new class of materials that may combine desirable physical properties characteristic of both their 
organic and metallic component within a single composite. In this report we present a facile one pot synthesis of 
PANI nanowires and palladium doped PANI nanocomposites (Pd-PANI NCs) using swollen hexagonal liquid 
crystalline mesophase (SLC) as templates. The oil rich region of the mesophase facilitates controlled in situ polym-
erization of aniline whereas the metal ions dispersed in the confinement of the aqueous region of the mesophase 
are further reduced by radiolysis. Siril et al [2] have reported the synthesis of gold doped PANI nanostructures 
in these SLC, where the reduction of the Au3+ ions are effected via a diffusion controlled process. The advantage 
of radiation induced reduction of Pd2+ ions in our studies is the homogeneity in size distribution and a uniform 
deposition of palladium nanoparticles on the surface of PANI. To our knowledge, it is for the first time that this 
methodology has been used for synthesis of Pd-PANI nanocomposites. Immobilization of Pd nanoparticles on 
the surface of PANI is expected to facilitate the recovery and recycling of the catalyst and also provide selectivity 
and low catalyst loading combining the properties of both homogeneous and heterogeneous catalyst. The kin etics, 
stability and the efficiency of the synthesised nanocatalyst is investigated in treatment of known organic water 
pollutants viz methylene blue (MB) and 4-Nitro-phenol (4-NP) reduction by sodium borohydride.

2. Experimental section

2.1. Materials
Tetraammine palladium (II) chloride monohydrate [Pd (NH3)4Cl2•H2O] (99% purity) was purchased from Sigma 
Aldrich, aniline (99.5% purity), methylene blue (MB) and hydrochloric acid (35.4%) were purchased from SD fine 
chemicals, ammonium persulfate (APS) (99% purity) was purchased from Fischer Scientific. Cetylpyridinium 
chloride (CPCL) (99% purity), cyclohexane (99% purity), 1-pentanol (99% purity), 4-nitrophenol (99% Purity), 
sodium borohydride and isopropyl alcohol (IPA) (99% purity) were all purchased from Sisco Research Laboratory 
(SRL). Nitrogen gas (99.995% purity) was purchased from INOX air products. Deionized water from Milli-Q 
system with resistivity 18.2 MΩ cm was used for preparation of all the solutions

2.2. Instrumentation
UV–Visible absorption spectra of PANI and Pd-PANI NCs dispersed in water were recorded using Shimadzu 
spectrophotometer UV-1800. FTIR-ATR spectra of PANI and Pd-PANI NCs were recorded on Bruker instrument 
model Tensor 37 in the range of 500–4000 cm−1. XRD patterns of PANI and Pd-PANI NC samples were recorded 
using Rigaku ultima IV diffractometer in the 2θ range 10–80° (CuKα; λ  =  0.1542 nm). The voltage and current 
applied to x-ray anode was 1.6 kV and 40 mA. FESEM imaging of PANI and Pd-PANI NCs were carried out using 
FEI model NOVANANOSEM 450. Energy dispersive x-ray (EDX) spectra were recorded using Bruker model 
X-Flash 6I30. The samples for SEM analysis were prepared by depositing a suspension of PANI and Pd-PANI 
NCs in isopropyl alcohol (IPA) on silicon wafers and drying it at room temperature. TEM imaging of PANI and 
Pd-PANI NCs was done using FEI TECNAI G2 20 ULTRA-TWIN FEI with an accelerating voltage 200 kV. The 
samples for TEM analysis were prepared by depositing a suspension of PANI and Pd-PANI NCs in IPA on carbon 
coated copper grids. ICP-AES analysis of Pd-PANI NCs was done using ARCOS simultaneous ICP spectrometer 
at sophisticated analytical instrumentation facility (SAIF), Indian Institute of Technology, Bombay (IITB). Surface 
area analysis was done using Quantachrome Autosorb iQ gas analyser. XPS analysis was done using VG Scientific 
ESCA-3000 spectrometer using a non-monochromatized Mg Kα radiation (1253.6 eV).
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2.3. Synthesis of PANI nanowires and Pd-PANI nanocomposites (NCs)
Synthesis of PANI and Pd-PANI NC in swollen liquid crystalline hexagonal mesophases (SLC) are carried out by 
modifying our reported protocol for the synthesis of palladium and platinum nanostructures in SLC [24]. In a typical 
synthesis, the surfactant, 1 g. cetylpyridinium chloride is first dissolved in 2 ml Milli-Q water, forming a transparent 
and viscous micellar solution. In order to lower the pH of solution, 50 µl concentrated HCl (11.6 M) was added. 
Addition of the mixture of 5 µl aniline monomer (0.010 95 mol dm−3) and 2.99 ml oil (cyclohexane) into micellar 
solution leads to white unstable emulsion. 250 µl of co-surfactant (1-pentanol) is then added to mixture, which is 
then vortexed for a few minutes, and a perfectly transparent gel is obtained. Polymerization of aniline monomer 
(0.010 95 mol dm−3) was achieved by slow diffusion of 0.0124 g (0.010 95 mol dm−3) ammonium persulfate (APS) 
through SLC. The complete polymerization of the sample was confirmed by change in the colour of SLC from 
colourless to green. Deposition of metal nanoparticles on PANI was achieved by addition of aqueous solution of metal 
salt, tetraammine palladium chloride monohydrate (Pd(NH3)4)Cl2.H2O (1  ×  10−2 mol dm−3) in the mesophase 
containing PANI. The sample then purged with nitrogen gas for 15–20 min and subjected to high energy gamma 
irradiation for a dose of 173 kGy using the 60Co-γ-source at the Department of Chemistry, Savitribai Phule Pune 
University. Dose rate of the 60Co-γ-source was calculated by Fricke dosimeter and was found to be 60 Gy min−1.

Radiation chemical route is an efficient technique for reduction of metal ions to metal nanoparticles through 
homogenous nucleation. Irradiation of water with high energy ionizing radiation (gamma rays from 60Co source) 
produces reducing eaq

− , and oxidizing •OH as a major species (reaction 1).

→  + + + + +− +H O ·OH H· e H H O H O2 aq 2 2 2 3 (1)

•OH formed during radiolysis of water is quenched by 1-pentanol added during mesophase formation. eaq
−  is strong 

reducing agent and causes reduction of Pd2+ ions to Pd0, which self-assemble on the surface of the polymer. PANI 
nanowires and Pd-PANI NCs were extracted by destabilizing the SLC using IPA. The extracted nanostructures 
were washed several times with IPA before characterization to assure a complete removal of the surfactant from 
the surface of the nanostructures.

2.4. Catalytic activity measurements
The chemical reduction of MB and 4-NP using NaBH4 as a reducing agent was tested in the presence of the Pd-
PANI nanocomposites. In a typical procedure for studying the catalytic reduction of MB, in a 3 ml quartz cuvette, 
2.93 ml water, 20 µl (7.5 mol dm−3) ice cold NaBH4 and 20 µl (1.4  ×  10−2 mol dm−3) of MB was taken. To this, 30 
µl of the catalyst suspension in water (1 mg/10 ml) was added and progress of the reaction was studied by recording 
the UV–Vis absorption spectra at different time interval. The kinetic evaluation of the reaction was carried out at 
664 nm. Alternatively for 4-NP reduction reaction, in a 3 ml quartz cuvette 2.93 ml water, 20 µl (7.5 mol dm−3) ice 
cold NaBH4 and 20 µl (0.015 mol dm−3) of 4-NP was taken and 30 µl catalyst suspension in water (1 mg/10 ml) was 
added. The reaction was monitored at different time intervals by recording the spectra in the range of 200–600 nm. 
The kinetics of the reaction was studied at the λmax of para nitrophenolate anion (400 nm).

The kinetics of the catalytic reduction of MB and 4-NP by NaBH4 in the presence of Pd-PANI nanocatalyst 
were analysed using Langmuir–Hinshelwood mechanism assuming that both the reactants adsorbed on the sur-
face of the nanocomposite.

In general, the rate law for the reduction of reactant, R (R  =  MB or 4-NP) by NaBH4 can be represented by 
equation (2),

R

t
k R

d

d
BHa

4
b[ ] [ ] [ ]−

= − (2)

The apparent pseudo first-order rate constants (kapp) were determined using a classical Langmuir–Hinshel-
wood equation which is deduced as reported earlier for platinum and palladium nanostructures [20, 21] and 
expressed by equation (3)

C

C
k t k S tln 0

app 
           = = (3)

where C0 and C are the initial and final concentrations having equivalents in terms of absorbance (A0 and A 
respectively) monitored at a fixed wavelength (λ) at time t. kapp is the apparent pseudo first order rate constant 
assumed to be proportional to the accessible surface area (S) for the nanocomposite. Therefore, for constant 
catalyst concentration and uniform accessible surface area of Pd-PANI NCs, a plot of ln (A0/A) with respect to 
time gives a straight line whose slope is kapp.

2.5. Recyclability of Pd-PANI NCs catalyst in the reduction reactions
The recycling study of Pd-PANI NCs in the reduction reactions of MB and 4-NP were carried out by mixing 
0.014 mol dm−3 MB (20 µl) and 0.015 mol dm−3 of 4-NP (20 µl) and 2.93 ml milli Q water, followed by the addition 
of 7.5 mol dm−3 NaBH4 (20 µl) in separate cuvettes. In both reduction reactions, 30 µl Pd-PANI NCs (1 mg/10 ml) 
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was added. The reactions were monitored at 664 nm for MB and 400 nm for 4-NP as a function of time. After 
the completion of the first cycle of the reaction, the reaction mixture were recharged with 20 µl 0.014 mol dm−3 
MB and 20 µl of 7.5 mol dm−3 NaBH4 and 20 µl of 0.0105 mol dm−3 of 4-NP and 20 µl of 7.5 mol dm−3 NaBH4 
respectively. Similar procedure was followed for the remaining cycles.

3. Results and discussion

3.1. UV–Visible spectroscopy of PANI nanowires and Pd-PANI NCs
The UV–Visible absorption spectrum of PANI nanowires and Pd-PANI nanocomposite dispersed in water are 
shown in figure 1. The spectra of the NC exhibit typical characteristics of emeraldine salt state of PANI [29]. 
Figure 1(a) shows the spectrum of pure PANI, exhibiting an absorption band centered at 350 nm which is 
attributed to a π–π* transition in benzenoid unit of the PANI chains. The absorption band at 400–450 nm is 
related to π* polaron transition of the PANI while the band appearing at wavelength higher than 700 nm, with a 
long tail, is assigned to the π polaron transition [30]. In the case of Pd-PANI NCs (figure 1(b)), it is observed that 
this band appear at lower wavelength (~600nm). These spectral changes in the Pd-PANI NCs can be attributed 
to the coordination of the palladium particles with the nitrogen atoms allowing the palladium nanoparticles to 
interact with each other through the π-conjugate chain. Such a blue shift of the band at ~600 nm indicates the 
formation of a complex between the polyaniline and the palladium nanoparticles [31].

3.2. FE-SEM analysis of PANI nanowires and Pd-PANI nanocomposites
The morphology of the synthesized PANI and Pd-PANI NCs are analysed by FE-SEM (figure 2). Figure 2 panels 
(a) and (b) shows wire like structures of PANI suggesting the polymerisation of the aniline monomer in the SLC to 
be 1D. The γ-irradiated mesophase containing 1 D PANI nanowires with palladium salt is shown in figure 2 panels 
(c) and (d). It can be seen from figure 2(d) that Pd nanoparticles are deposited on the surface of PANI nanowires 
resulting in the formation of Pd-PANI NCs. The presence of Pd in the Pd-PANI NCs is confirmed by EDX analysis. 
The EDX spectrum shown in ESI figure S1 (stacks.iop.org/MRX/4/025015/mmedia) confirms the presence of 
carbon, nitrogen, and palladium (Pd) elements.

3.3. TEM analysis of PANI nanowires and Pd-PANI NCs
The TEM images of the PANI and Pd-PANI NCs are shown in figures 3(a)–(d). The TEM images of synthesised PANI 
figures 3(a) and (b) complements the FE-SEM image of the PANI nanowires with an average diameter of 30–40 nm. 
Similarly the TEM images for the Pd-PANI NCs are shown in figures 3(c) and (d) which shows Pd nanoparticle 
decorated PANI nanowires. As can be seen from figure 3(d), the deposited Pd nanoparticles are spherical in shape 
with an average size of 10 nm without significant change in the average diameter of the PANI nanowires.

The observed diameter of the PANI nanowire is consistent with the polymerization of aniline monomer by APS 
in the oil rich region within the hexagonal mesophase and PANI grows within the confinement of the cylindrical 
region leading to the limitation in the diameter of the PANI nanowires. On addition of the Pd2+ ions (aqueous 

Figure 1. UV–Vis spectra of (a) PANI nanowires synthesized in SLC by chemical oxidation (b) Pd-PANI NCs synthesized in SLC by 
chemical oxidation followed by radiolytic reduction (dose  =  173 kGy).
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solution of tetraammine palladium chloride monohydrate) to the mesophase containing PANI nanowires, the 
Pd2+ ions diffuse into the aqueous phase of the mesophase. This upon radiolysis by high energy γ-radiation, results 
in the reduction of Pd2+ ions to Pd0 and the palladium nanoparticles are deposited on the surface of PANI nanow-
ires (figure 3(d)). Since the Pd-PANI NCs are harvested after washing several times with IPA and water (~3l), the 
observed Pd0 nanoparticles (figures 3(c) and (d)) suggest strong binding to the surface of PANI nanowires.

3.4. XPS analysis of PANI nanowires and Pd-PANI nanocomposites
X-ray photoelectron spectroscopy was used to determine the oxidation state of the Pd nanoparticles in the Pd-
PANI nanocomposite. Figure 4(a) shows full scan XPS spectra of Pd-PANI nanocomposites which clearly shows 
the presence of palladium (Pd 3d), nitrogen (N 1s), carbon (C 1s), oxygen (O 1s) and chlorine (Cl 2p). The Pd 
3d peaks could be deconvoluted into two components, with energy maxima at 335.9 eV (Pd 3d5/2) and 340.7 eV 
(Pd 3d3/2) respectively (figure 4(b)). These values are in good agreement with that reported for Pd0 oxidation 
state of palladium [32]. The absence of peak at 337.0 eV confirmed that there are no unreduced Pd2+ ions present 
in the synthesized Pd-PANI nanocomposites [33]. The peaks at 285.4 and 401.2 eV are attributed to carbon and 
nitrogen moieties in PANI respectively [34]. The N 1s core level XPS spectrum (ESI figure S2(a)) shows three 
peaks with binding energy of 399.5, 400.4 and 401.7 eV corresponding to Benzenoid amines (–NH–), radical 
cation (–NH•+) and imine cation (=NH+–) functionalities respectively [35]. The high resolution XPS spectra 
of carbon (C 1s) shows (ESI figure S2(b)) binding energy of carbon is shifted to a higher value (285.2 eV) with 
respect to the standard value of 284.6 eV which is due to the charge transfer from the PANI moiety to the chlorine 
and palladium [36]. The core level XPS spectrum for the O 1s region shows maxima at 533.0 eV (ESI figure S2(c)) 
which can be attributed to oxygen incorporated in PANI during oxidative polymerization of aniline by APS.

3.5. XRD analysis of PANI nanowires and Pd-PANI nanocomposites
The XRD patterns of the synthesised PANI nanowires and Pd-PANI NCs are depicted in figures 5(a) and (b). The 
PANI nanowires exhibited a broad peak with very low intensity at 2θ value of 24.9° in figure 5(a) is consistent with 
the reported diffraction pattern of PANI nanostructures [37]. The diffraction pattern for the synthesised Pd-
PANI NCs, figure 5(b) shows peaks at 2θ  =  40.18°, 46.32°, 67.84°, corresponding to the (1 1 1), (2 0 0), and (2 2 0), 
crystalline planes of Pd deposited on the surface of PANI. The 2θ values are in good agreement with literature 
values for crystalline planes of palladium. (JCPDS File Number-05-0681)

3.6. FT-IR-ATR analysis of PANI nanowires and Pd-PANI nanocomposites
FTIR-ATR analyses were carried out to confirm the functional groups present in the PANI nanowires and Pd-PANI 
NCs and are shown in ESI figures S3(a) and (b) respectively. The most significant peaks of PANI fall in the range of 

Figure 2. FE-SEM images of (a) and (b) PANI nanowires synthesized in SLC by chemical oxidation. (c) and (d) Pd- PANI NCs 
synthesized in SLC by chemical oxidation followed by radiolytic reduction (dose  =  173 kGy).
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600–2500 cm−1 and are depicted in ESI figure S3(a) showing intense bands at 1470 and 1553 cm−1, corresponding to 
the benzenoid ring stretching and quinoid stretching of PANI [38]. The relative intensity ratio of these two absorption 
bands is indicative of the extent of oxidation state of PANI. The values calculated for the PANI (a) Pd-PANI NCs (b) 
are 0.828, and 1.0933 respectively. The value less than 1 in the case of PANI is suggesting the dominance of benzene 
units within polymer while ratio greater than 1 for Pd-PANI NCs suggest an emeraldine type structure of PANI 
and comparatively higher conductivity than undoped PANI [39]. The presence of band around 750–800 cm−1 is 
attributed to the 1, 4 disubstituted benzene rings (C–H in plane and C–H out of plane bending vibrational modes of 
aromatic ring) in polymer [40]. The C–N stretching bands which are characteristic of aromatic amine are observed 
at 1230–1320 cm−1 [41]. The band at 1286 cm−1 due to stretching of the C–N band of secondary aromatic amine in 
PANI is observed slightly shifted to higher wavenumber 1315 and 1324 cm−1 in palladium doped PANI NCs.

Figure 4. (a) XPS spectra of (a) Pd-PANI NCs synthesized in SLC by chemical oxidation followed by radiolytic reduction 
(Dose  =  173 kGy). (b) High resolution XPS spectra of Pd 3d.

Figure 3. TEM images of (a) and (b) PANI nanowires synthesized in SLC by chemical oxidation (c) and (d) Pd-PANI NCs 
synthesized in SLC by chemical oxidation followed by radiolytic reduction (dose  =  173 kGy).

Mater. Res. Express 4 (2017) 025015
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3.7. Nitrogen adsorption isotherm for surface area analysis
In order to determine the total surface area of the PANI nanowires and palladium doped PANI nanowires, 
nitrogen adsorption isotherms at 77 K were performed. The nitrogen adsorption isotherm for PANI nanowires 
and palladium doped PANI nanowires are shown in ESI figures S4(a) and (b) respectively. The PANI nanowires 
and palladium doped PANI nanowires present a type II isotherm, which is characteristic of macroporous or non-
porous material. The calculated total surface area is larger for palladium doped PANI nanowires (84.46 m2 g−1) 
than that calculated for the PANI nanowires (29.93 m2 g−1).

3.8. Inductively coupled plasma-atomic emission spectroscopy (ICP-AES) analysis of Pd-PANI 
nanocomposites
In order to determine the concentration of Pd present in the Pd-PANI NCs, ICP-AES analysis is carried out by drying 
the synthesized Pd-PANI NCS at 50° C for 3 hours. An accurately weighed (1 mg) of Pd-PANI NCs was digested in glass 
beaker by heating in 10 ml of aqua regia for 45 minutes followed by evaporation to almost near dryness. The residue was 
diluted to 25 ml using deionised water. The ICP-AES analysis result show that 1 mg of Pd-PANI NCs corresponds to 
10.66 ppm Pd. This value is used to determine the actual Pd concentration present in the Pd-PANI NCs used as catalyst 
in this study and the Pd catalyst loading in all the reactions in this investigation is calculated to be 2.665  ×  10−4 ppm.

4. Catalytic activity of PANI nanowires and Pd-PANI NCs in the reduction of methylene 
blue (MB) and 4-nitrophenol (4-NP)

The catalytic activity of the synthesized PANI nanowires and Pd-PANI NCs are investigated using two reduction 
reaction models: (i) the reduction of MB dye and (ii) the reduction of 4-NP to 4-aminophenol using NaBH4. These 

Figure 5. XRD pattern of (a) PANI nanowires synthesized in SLC by chemical oxidation (b) Pd-PANI NCs synthesized in SLC by 
chemical oxidation followed by radiolytic reduction (Dose  =  173 kGy).

N

N

S N
+ 2H++ 2e

NaBH4

Pd-PANI NCs N

N

S N

Methylene Blue (Oxidized form)
Blue

Leuco-Methylene Blue (Reduced form)
Colorless

Scheme 1. Schematic representation of the reduction reaction of methylene blue (MB).
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reactions are generally used to evaluate the catalytic properties of nanomaterials due to ease in monitoring the 
progress of the reaction. Besides, both these reactions do not proceed without catalyst.

4.1. Catalytic reduction of MB using PANI nanowires and Pd-PANI NCs
Methylene blue is a cationic dye used widely in many industries such as textile, paper, pharmaceutical, and food 
industries [42, 43]. The excessive use of organic dyes creates persistent environmental issue. Owing to their high 
visibility and recalcitrance towards conventional decomposition method, development of an efficient degradation 
route has therefore gained interest in recent years.

The catalytic activity of the Pd-PANI NCs was evaluated in the reduction of MB by using NaBH4 as reducing 
agent. MB shows an absorption maximum at 664 nm corresponding to its oxidized form which upon reduction 
by NaBH4 results in colourless leucomethylene blue form (scheme 1). The decrease in the absorbance at 664 nm 
after every 30 s is recorded. Figure 6(a) depicts the spectrum of MB after the addition of NaBH4 in absence of cata-
lyst. The absorbance at 664 nm corresponding to oxidized form of MB remains unchanged up to 15 min. Control 
experiments were carried out using PANI nanowires as catalyst for the reduction of MB using NaBH4 and no sig-
nificant changes is observed as compared to reduction without catalyst (figure 6(b)). In presence of Pd-PANI NC 
this characteristic absorption for MB decays almost completely after 2.5 min indicating the completion of NaBH4 
induced reduction reaction (figure 6(c)). This suggests that Pd doped on the surface of PANI nanowires act as reac-
tive sites for the reduction of MB. The concentration of MB (9.33  ×  10−5 mol dm−3) was maintained more than 
100 times lower than the concentration of NaBH4 (5  ×  10−2 mol dm−3) and therefore the data obtained for the 
reduction reaction is fitted to the expression for pseudo-first order kinetics. The plot of ln (A0/A) versus reaction 
time is depicted in figure 6(d). The rate constant (kapp) obtained from linear region of plot is found to be 29  ×  10−3 
s−1. As is apparent from the figure 6(d), an induction time (t0) is observed for the Pd-PANI NCs catalysed reduction 
reaction which may be attributed to higher binding constants of the MB on the Pd nanoparticle surface.

For a comparative purpose, the kapp values reported using supported Pd nanocomposites used as catalyst for 
the reduction of MB and 4-NP are summarized in table 1. As evident from the table 1, there are not many reports 
on the use of Pd-nanocomposites for the reduction of MB. Reports on the use of Au-PANI [2] and Au_DENs [44] 
nanocomposites as catalyst for the reduction MB is available, but the catalyst loading is much higher (40 ppm 
for Au-PANI nanocomposite) in the study and kinetic details are lacking [2, 45, 46]. The highest reported rate 

Figure 6. Time dependent UV–Vis spectra at different reaction time for the reduction of MB by NaBH4 (a) in absence of the 
catalyst (b) in presence of the PANI nanowires (c) in presence of the Pd-PANI NCs (d) linear plot of ln (A0/A) versus time. Reaction 
conditions (MB)  =  9.33  ×  10−5 mol dm−3; (NaBH4)  =  5  ×  10−2 mol dm−3; (Pd-PANI NCs)  =  2.665  ×  10−4 ppm.
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constant for the reduction of MB is catalysed by Pd_DENS and Au_DENs composites [44], however, the catalyst 
loading concentration could not be calculated for comparison. The same has been calculated from the exper-
imental details of the reports which are in either weight of the nanocomposite(s) or molar concentrations of the 
Pd in the composite. It is worth mentioning that the Pd concentration in this investigation is directly determined 
by ICP-AES which is the actual concentration of Pd present in the Pd-PANI NCs. From table 1, it can be seen that 
the synthesized Pd doped PANI nanowires composite exhibits excellent catalytic activity with lowest catalyst 
loading.

4.2. Catalytic reduction of 4-nitrophenol (4-NP) using PANI nanowires and Pd decorated PANI 
nanocomposites.
The catalytic activity of PANI nanowires and Pd-PANI NCs were studied in the reduction of 4-NP to 
4-Aminophenol (4-AP) in presence of NaBH4 as reducing agent (scheme 2). The reaction was monitored by 
recording the UV–Visible spectra for Pd-PANI NCs catalysed reaction between 4-NP and NaBH4 at an interval 
of 30 s in the range of 200–600 nm. The reduction reaction was monitored in absence of the catalyst with the 
solution containing only 4-NP (1  ×  10−4 mol dm−3) and NaBH4 (5  ×  10−2 mol dm−3) and it was observed that 
the reaction does not proceed even up to 15 min (figure 7(a)). However, in the presence of Pd-PANI NCs catalyst, 
it shows decrease in the absorbance at 400 nm corresponding to the disappearance of para nitrophenolate anion 
due to reduction of 4-NP to 4-AP (figure 7(c)). It can be seen from figure 7(c) that the absorbance decreases to a 
residual value within 4 min. Control experiments were carried out with undoped PANI nanowires as catalyst and 
it was noted that PANI nanowires did not catalyse this reaction and the absorbance at 400 nm did not show any 
appreciable change up to 15 min (figure 7(b)). These observations confirm that doping of PANI with palladium 
nanoparticles is crucial for the catalytic activity of Pd-PANI NCs. Similar to the study of catalytic degradation of 
methylene blue, the kinetic data obtained in the Pd-PANI NCs catalysed reduction reaction of 4-NP was analysed 
using the Langmuir–Hinshelwood model. As can be seen from figure 7(d), the plot of ln (A0/A) versus t is a straight 

Table 1. Comparison of Pd nanoparticle with different stabilizing agents/support, size, catalyst concentration, kapp, in reduction of MB 
and 4-NP by NaBH4.

Stabilizer/supporta

Size 

(nm)

Reduction of MB Reduction of 4-NP

Ref.d
Catalyst Conc.  

(ppm)b kapp (s−1)c

Catalyst Conc. 

(ppm)b kapp (s−1)c

Natrolite zeolite/Pd 12.5 20 nd 140 67.0  ×  10−3 [45]

Pd/AC 4.0–7.0 2.38 nd 2.38 5.3  ×  10−3 [46]

Pd13DENs 1.3 nd 54  ×  10−3 nd nd [44]

Pd55DENs 2.2 nd 389.7  ×  10−3 nd nd

Pd-PANI 8–10 2.7  ×  10−4e 29  ×  10−3 2.7  ×  10−4e 20  ×  10−3 Present work

Pd-SPB 2.4 nd nd 0.24 4.41  ×  10−3 [22]

Microgel-Pd 3.8 nd nd 0.228 1.5  ×  10−3

Pd-PAMAM 1.9–2.0 nd nd 1064 3.59  ×  10−3 [48]

Pd-PPI 2–3 nd nd 213 407  ×  10−3

Au-Pd/GO aerogel 3.7 nd nd 1364 27.1  ×  10−3 [49]

Pdnano-PEDOT-PSS 1.0- 9.0 nd nd 26.8$ 65.8  ×  10−3 [50]

Pd /Fe3O4@SiO2@KCC-1 4.0 nd nd 0.75$ 19.6  ×  10−3 [51]

Pd/Ppy/TiO2 2.0 nd nd 14.32 12.2  ×  10−3 [52]

Pd-polypyrrole 2–4 nd nd 6 8.87  ×  10−3 [53]

a Stabilizing agent/support used in the study.
b Concentration of catalyst used in ppm for the reduction.
c Apparent rate constant in s−1 for the reduction reactions.
d References.
e Concentration of actual Pd determined by ICP-AES, nd—not determined.

4- Nitrophenol

N
O

O
OH

NaBH4

Pd-PANI NCs
H2N OH

4- Aminophenol

Scheme 2. Schematic representation of the reduction reaction of 4-NP.
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line with no induction time (t0). The induction time (t0) is very common for the Pd based nanocatalyst reported 
so far [47] mainly due to the competitive binding of substrates on the surface of the catalyst. In this Pd-PANI NCs 
catalysed reduction of 4-NP the lack of t0 (induction time) indicates a fast equilibrium of adsorption-desorption 
of the 4-NP and the products 4-AP from the surface of Pd-PANI NCs catalyst. From the slope of the linear fit of 
figure 7(d), the pseudo first order rate constant (kapp) for the catalytic reduction is found to be, kapp  =  20  ×  10−3 
s−1. As compiled in table 1, the observed pseudo-first order rate constant for the reduction of 4-NP reported in 
this study is the highest considering the lowest catalyst loading. Catalyst loading plays significant role as rate of 
the reaction is directly proportional to the active surface area of the catalyst as expressed in equation (3) and for 
an economical use of catalyst.

Figure 8. The observed kapp (min−1) for the different cycles of catalytic reduction of (a) 2.93 ml of H2O  +20 µl of 7.5 mol dm−3 
NaBH4  +20 µl of 0.014 mol dm−3 MB  +  30 µl of 100 ppm Pd-PANI NCs (b) 2.93 ml of H2O  +20 µl of 7.5 mol dm−3 NaBH4  +20 µl 
of 0.015 mol dm−3 4-NP  +  30 µl of 100 ppm Pd-PANI NCs.

Figure 7. Time dependent UV–Vis spectra at different reaction time for the reduction of 4-NP by NaBH4 (a) in absence of the 
catalyst (b) in presence of the PANI nanowires (c) in presence of the Pd-PANI NCs (d) linear plot of ln (A0/A) versus time. Reaction 
conditions (4-NP)  =  1  ×  10−4 mol dm−3; (NaBH4)  =  5  ×  10−2 mol dm−3; (Pd-PANI NCs)  =  2.665  ×  10−4 ppm.
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5. Recycling of Pd-PANI catalyst

Recyclability is an important parameter in nanocatalysis for real time practical application. In this study the 
recyclability of Pd-PANI NCs as catalyst is investigated for reduction of MB and 4-NP by NaBH4. Figures 8(a) and 
(b) shows the plot of kapp against the number of cycles for MB and 4-NP reduction by NaBH4 in the presence of 
Pd-PANI NCs catalyst. As can be seen from the figure 8(a), the kapp for the catalytic reduction of MB is unaltered 
up to four cycles. Similarly, for the catalytic reduction of 4-NP the kapp values did not change significantly upto four 
reaction cycles. A consistent pseudo-first order rate constant in both the catalytic reduction with the consecutive 
reaction cycles suggest the robust stability of the Pd-PANI NCs nanocatalyst.

6. Conclusion

In conclusion, we have successfully synthesized well defined 1D PANI nanowires doped with Pd to obtain Pd-PANI 
nanocomposites in the confinement of swollen liquid crystalline mesophases through the combination of chemical 
oxidation and radiolysis. The radiolytic reduction facilitates homogeneous size distribution and deposition of Pd 
nanoparticles on the surface of PANI nanowires. The robustness of the synthetic methodology using SLC is evident 
from the stability, reproducibility and uniformity in the morphology of PANI nanowires synthesized within the 
oil rich region of these mesophases. The catalytic activity of the Pd decorated PANI nanowires enhanced many 
folds in comparison to the undoped PANI nanowires. Two model reactions, reduction of MB and 4-NP were 
investigated to evaluate the catalytic efficiency of the synthesized Pd-PANI NCs and exhibits enhanced activity 
and stability towards these reactions with a minimum actual Pd loading of 2.665  ×  10−4 ppm reported for the 
first time. The efficiency of Pd-PANI NCs as catalyst is not restricted to only organic pollutants and can also be 
extended to persistent inorganic contaminants in water.
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Abstract In the present study, extracts of Garcinia
xanthochymus seeds were used to determine anti-diabetic, an-
ti-oxidant, and biochemical activities in alloxan-induced diabet-
ic mice. Of the petroleum ether (G. xanthochymus petroleum
ether extract (GXSPE)) and methanol (G. xanthochymusmeth-
anol extract (GXSME)) seed extracts, 100 and 200 mg/kg were
used and compared with normal, diabetic, and glibenclamide
groups for various activities. The parameters like blood glucose,
body weight, serum biochemicals, serum enzymes, and anti-
oxidative enzymes in different groups were monitored at regu-
lar intervals. The extracts produced a dose-dependent response
for blood glucose levels and associated serum biochemicals,
serum enzymes, and anti-oxidative enzymes compared to the
diabetic control groups. The high-pressure liquid chromatogra-
phy (HPLC) analysis revealed the presence of phenolic

compounds especially gallic acid, 4-hydroxybenzoic acid, and
tannic acid, which have an important role in anti-diabetic ac-
tion. Thus, this study points out the strong anti-diabetic, anti-
oxidant, and biochemical activity of G. xanthochymus seeds.
Hence, it can be used for the development of an effective herbal
pharmaceutical drug for curing diabetes.

Keywords Garcinia xanthochymus . Anti-diabetic . Lipid
profiles . Phenolic . Compounds . Anti-oxidative enzymes

Introduction

Diabetes mellitus (DM) is a metabolic disorder affecting the
health of global public in both developed and developing
countries. In the recent report by the International Diabetes
Federation (IDF), it is estimated that 415 million adults are
suffering from DM in 2015 and this number is expected to go
up to 642 million by 2040 (IDF 2015). This increase is ex-
pected to occur majorly in South East Asian countries espe-
cially India and China (78.3 million in 2015 to 140.2 million
in 2040). DM is characterized by altered levels of glucose and
lipid metabolism and modification of liver enzyme levels
causing hyperglycemia and hyperlipidemia (Taskinen 2002).
At present, various synthetic drugs have been used for the
treatment of DM. However, these have serious side effects
such as dropsy, drug resistance, and weight gain. In contrast
to this, various traditional medicines have shown potential
anti-diabetic effect with less tolerability and side effects.

Garcinia xanthochymus (family: Clusiaceae) is a fruit
yielding tropical tree native to South East Asia. It is an
underutilized tree and is commonly known as Mysore gam-
boge or yellow mangosteen. It is used in various traditional
medicines for bilious condition, diarrhea, and dysentery; as an
anthelmintic, a cardiotonic, and an alexipharmic; and as a
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tonic to improve appetite. Various phytochemical reports on
the plants have led to the isolation of xanthones (Zhong et al.
2008a, b; Chen et al. 2011), benzophenones (Baggett et al.
2005; Acuna et al. 2012), and flavonoids (Baslas & Kumar
1979) as major components, and numerous scientific studies
have indicated various pharmacological activities such as anti-
oxidant (Chen et al. 2011; Zhong et al. 2009; Acuna et al.
2012) and cytotoxic (Ji et al. 2012; Han et al. 2007;
Manosroi et al. 2006) and nerve growth factor-potentiating
activity (Chanmahasathein et al . 2003a, b), anti-
inflammatory activity (Pal et al. 2005; Ruma et al. 2013),
and anti-microbial activity (Sunkar & Nachiyar 2012)
amongst various others.

Many Garcinia species like Garcinia cambogia
(Hayamizu et al. 2003; Asghar et al. 2007; Wielinga
et al. 2005; Cheng et al. 2012), Garcinia indica (Sasaki
et al. 2007; Kirana & Srinivasan 2010; Yamaguchi et al.
2000), Garcinia mangosteen (Ryu et al. 2011; Nelli et al.
2013), and Garcinia kola (Adaramoye 2012) have been
reported to possess anti-diabetic and anti-oxidant proper-
ties. However, there are still no scientific reports on the
anti-diabetic potential of G. xanthochymus seed extracts.
Therefore, the present study was aimed at investigating
the in vivo anti-diabetic effects of petroleum ether and
methanol extracts of G. xanthochymus seeds on Swiss
albino mice.

Materials and methods

Experimental animals

A total of 35 Swiss albino mice (6–8 weeks old) of
either sex were maintained under standard laboratory
conditions in the animal house of the Department of
Zoology, Karnatak University, Dharwad, India, with
food and water ad libitum under constant photoperiod
(12 h). The experiments were approved by the ethical
committee of Karnatak University (no. 639/02/a/
CPCSEA), and all institutional and national guidelines
for care and use of laboratory animals were followed.

Plant materials, chemicals, and reagents

The seeds were collected from Siddapur, Karnataka, India. A
voucher specimen was deposited at the Herbarium of
Department of Studies in Botany, Karnatak University,
Dharwad (accession no. KU-BOT-GX-213). Alloxan
monohydrate was procured from Sigma-Aldrich (St. Louis,
MO). All the reagents were procured from HiMedia
Laboratories Pvt. Ltd. (Mumbai, India) unless otherwise
specified.

Preparation of plant extracts

The seeds were dried (moisture content ∼12.9%) and grinded
to powder using a mechanical blender. The powder (50 g) was
subjected to extraction by using a Soxhlet apparatus using
petroleum ether and later with methanol at 60 °C for 6 h.
The extracts obtainedwere subjected to evaporation to remove
any traces of solvent by using a rotary flash evaporator. The
dried extracts were labeled as G. xanthochymus petroleum
ether extract (GXSPE) andG. xanthochymusmethanol extract
(GXSME), respectively. The resultant GXSME (12.64%) was
lyophilized and stored at −20 °C, and GXSPE (44.0%) was
stored at room temperature until further use.

High-pressure liquid chromatography analysis

The reversed-phase high-pressure liquid chromatography
(HPLC) photo diode array (RP HPLC DAD) analysis was per-
formed on the Shimadzu chromatographic system (model no.
LC 20AD) consisting of a quaternary pump, a manual injector,
a degasser (DGU 20A5), and a dual λ UV absorbance diode
array detector SPD M20A. The built-in LC solution software
system was used for data processing. Chromatographic separa-
tion was achieved on a Waters Nova-Pak C18 column (4 μm,
4.6 × 250 mm) for phenolic compounds. Mobile phase
consisting of water/acetonitrile/glacial acetic acid (90:5:5) was
used for separation with an injection volume of 20 μL. The
flow rate was 0.9 mL/min with a run time of 60 min, and
detection was done at 280 nm. Standard phenolic compounds
were accurately weighed and dissolved in methanol to obtain a
stock solution (1 mg/mL). Then, the stock solutions were seri-
ally diluted using the same solvent to obtain working concen-
trations for plotting calibration curves. Different concentrations
of phenolics (1, 5, 10, 20, 40, and 100μg/mL)were used during
the study. All the solutions and analytes were stored in
microfuge tubes at 4 °C until further use.

Acute toxicity study

Acute oral toxicity of GXSPE and GXSMEwas performed on
Swiss albino mice according to the guidelines of OECD
(OECD iLibrary 2002). Four groups of five mice each were
used for the study (n = 5), and the mice were fasted overnight
prior to the experiment. GXSPE and GXSME were adminis-
tered orally at doses of 50, 100, 200, 500, 1000, and
2000 mg/kg body weight. Following the dose, all the groups
were carefully observed for the variations in weight, mortality,
and behavioral profiles.

Oral glucose tolerance test

Blood glucose level of mice kept under fasting (12 h) was
determined. The mice were orally administered with normal
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saline and 100 and 200 mg/kg of GXSPE and GXSME ex-
tracts dissolved in phosphate-buffered saline (PBS). Glucose
solution of 1 g/kg was administered to all the experimental
mice after the administration of the extract. Blood samples
were collected at 30, 60, 90, and 120 min post-glucose admin-
istration by the tail flick method to record the variation in
blood glucose levels.

Induction of diabetes in mice

Diabetes was induced in mice by a single intraperitoneal
injection (100 μL) of freshly prepared alloxan
monohydrate in saline (20 mM PBS) with a dose of
50 mg/kg BW. Diabetes was confirmed after induction
by measurement of tail vein blood glucose levels, and
mice with fasting blood glucose level >250 mg/dL on
the third day of alloxan administration were considered
diabetic and were used in the experiments.

Experimental protocol for anti-diabetic activity

The mice were randomly divided into seven groups each con-
taining five mice.

& Normal control (NC) group: NC received normal saline.
& Diabetes mellitus (DM) group: DM received normal

saline.
& Diabetes mellitus + glibenclamide (5 mg/kg BW) (DM +

Glib) group: Glibenclamide (5 mg/kg BW, per day) was
treated to diabetic mice orally during 14-day experimental
period.

& Diabetes mellitus + GXSPE (100 mg/kg BW) (DM +
GXSPE-100) group: GXSPE (100 mg/kg BW, per day)
extract was treated to diabetic mice orally during 14-day
experimental period.

& Diabetes mellitus + GXSPE (200 mg/kg BW) (DM +
GXSPE-200) group: GXSPE (200 mg/kg BW, per day)
extract was treated to diabetic mice orally during 14-day
experimental period.

& Diabetes mellitus + GXSME (100 mg/kg BW) (DM +
GXSME-100) group: GXSME (100 mg/kg BW, per day)
extract was treated to diabetic mice orally during 14-day
experimental period.

& Diabetes mellitus + GXSME (200 mg/kg BW) (DM +
GXSME-200) group: GXSME (200 mg/kg BW, per day)
extract was treated to diabetic mice orally during 14-day
experimental period.

Body weight and blood glucose levels

Total body weight of all experimental animals was ob-
served and recorded on 1st, 7th, and 14th days of the

treatments, and 12-h fasting blood glucose levels were
estimated using the Accu-Chek glucometer using the tail
flick method on the aforementioned days.

Tissue and serum preparation

The pancreas were carefully removed, weighed, and
rinsed with ice cold-saline to remove blood. The ho-
mogenates were prepared using the procedures described
by Kakkar et al. (1995). The blood was collected by
cardiac puncture using a syringe under mild anesthesia,
and serum was isolated by centrifugation at 3000 rpm
for 15 min to determine the biochemical parameters.

Serum lipid profiles

Serum lipid profiles [low-density lipoprotein (LDL),
high-density lipoprotein (HDL), very low-density lipo-
protein (VLDL), triglyceride (TG), total cholesterol
(TC)] were estimated by using the procedure as outlined
in commercial kits (ERBA Diagnostics Mannheim
GmbH, Mannheim, Germany).

Determination of liver function test

Liver biochemical markers like aspartate aminotransfer-
ase (AST), alanine aminotransferase (ALT), alkaline
phosphatase (ALP), creatinine (CRE), urea, uric acid,
total bilirubin (TB), direct bilirubin (DB), albumin
(ALB), and total proteins present in serum were
estimated.

Determination of oxidative parameters

The peroxidation level was estimated as thiobarbituric ac-
id reactive substances (TBARS) in pancreas (Uchiyama &
Mihara 1978). The anti-oxidant enzymes which reduce
glutathione (GSH) superoxide dismutase (SOD), and cat-
alase (CAT) in pancreas were estimated by using the
methods described by Moran et al. (1979), Kakkar et al.
(1995), and Sinha (1972), respectively.

Statistical analysis

Statistical analysis was performed using the SPSS software
package, version 18.0. The values expressed as mean ± SE
were analyzed using one-way ANOVAwith Tukey’s post hoc
test. p value <0.05 was considered as significant.
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Results

Acute toxicity test

The mice showed good tolerance to testing (100 and
200 mg/kg) doses of GXSPE and GXSME. Extract in doses
as high as 2000mg/kg was found to be non-lethal. The highest
dose of both the extracts did not show any signs of toxicity
and mortality even after 3 days of oral administration. Hence,
these extracts are safe for long-term administration in mice.

Oral glucose tolerance test

The oral glucose tolerance test (OGTT) data revealed that the
blood glucose in experimental mice significantly increased
after 30 min of glucose administration. However, the admin-
istration of GXSPE and GXSME showed significant
(p < 0.05) gradual decrease in glucose levels with increase
in time duration and as well as with the increase in concentra-
tion of extracts. Regardless of the concentration used, the
blood glucose levels were almost reduced to that before
fasting after 120 min of post-glucose administration (Fig. 1).

Effect of G. xanthochymus petroleum ether extract
and G. xanthochymus methanol extract on blood glucose
levels and body weight

Table 1 depicts the glucose levels in normal and diabetes mice.
The NC and DM groups did not show any significant differ-
ence on the 14th day in the glucose levels compared to those
on the 1st day. However, blood glucose levels significantly
(p < 0.05) decreased on administration of GXSPE and
GXSME in DM mice. Daily administration of 100 and

200 mg/kg of GXSPE and GXSME showed reduction of
blood glucose, which was related to dose and duration. DM
administered with glibenclamide showed 72.67% reduction in
blood glucose levels, which signified that our results have
positive response. Maximum reduction of blood glucose was
observed with 200 mg/kg of GXSPE (−52.94%) and GXSME
(−52.91%). Changes in initial and final body weights in con-
trol and experimental mice groups are depicted in Table 2.
Weight loss (−20%) was observed in DM till the end of the
experiments. However, mice administered with glibenclamide
(9%) and GXSPE and GXSME (5–6%) improved the body
weight as compared to the initial diabetic animals.

Effect of G. xanthochymus petroleum ether extract
and G. xanthochymus methanol extract on lipid profiles

In DM mice, the TG, TC, LDL, and VLDL levels were
significantly (p < 0.05) increased and HDL levels signif-
icantly (p < 0.05) decreased compared to NC mice. The
TG content doubled in the DM group (266.78 mg/dL)
compared to the NC group (123.52 mg/dL). GXSPE and
GXSME showed reduction in TC level, but this was more
prominent with GXSME having 200 mg/kg. In case of TC
content , i t was also doubled for the DM group
(321.08 mg/dL) compared to the NC group (163.44 mg/
dL). All the seed extracts showed reduction in TC levels;
however, significant reduction was noticed with GXSME
(Table 3). Similar trends were observed in case of LDL
and VLDL. The LDL and VLDL significantly (p < 0.05)
decreased compared to the DM group. In case of LDL,
significant decrease was observed with GXSME having
200 mg/kg. In case of VLDL, all the extracts were equally
effective. However, an opposite trend was observed in

Fig. 1 Oral glucose tolerance test
(OGTT). Effect of Garcinia
xanthochymous seed petroleum
ether (GXSPE) and methanol
(GXSME) extract feeding. In the
oral glucose tolerance test,
glucose levels were estimated
followed by an oral
administration of 1 g/kg D-(+)-
glucose at indicated time points.
Mean ± standard error (n = 5)
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case of HDL. HDL was dramatically decreased in the DM
(13.84 mg/dL) group compared to the NC (45.44 mg/dL)
group. This was significantly improved when the DM
mice was administered with GXSPE and GXSME in a
dose-dependent manner (Table 3).

Effect of G. xanthochymus petroleum ether extract
and G. xanthochymus methanol extract on biochemical
parameters

The effect of glibenclamide and GXSPE and GXSME
on various serum enzymatic (AST, ALT and ALP) and
biochemical parameters (urea, uric acid, CRE, TB, DB,
ALB, and protein) on experimental mice is depicted in
Table 4. The serum enzymatic and biochemical param-
eters increased significantly (p < 0.05) in the DM
group. However, administration of glibenclamide and
GXSPE and GXSME significantly (p < 0.05) decreased
the elevated levels considerably and brought it to
normalcy.

Effect of G. xanthochymus petroleum ether extract
and G. xanthochymus methanol extract on lipid
peroxidation and anti-oxidant defense systems

In the DM group, the level of serum malondialdehyde (MDA)
significantly (p < 0.05) increased compared to the NC group.
However, administration of glibenclamide and 100 and
200 mg/kg BW doses of GXSPE and GXSME resulted in
significant decrease in the serum MDA level, thereby signify-
ing lowering of the degree of lipid peroxidation (Table 5). The
percentage decreases in MDA contents were −68.2, 54.31,
59.75, 59.4, and 63.08%, respectively, for glibenclamide,
GXSPE-100, GXSPE-200, GXSME-100, and GXSME-200
compared to DM.

The anti-oxidant defense systems like SOD, GSH, and
CAT in pancreas were also measured in the present experi-
ments. The results revealed a threefold decrease in these pa-
rameters in the DM group compared to the NC group
(Table 5). The SOD level decreased to −65.21% in DM com-
pared to the NC group. However, administration of
glibenclamide and 200 mg/kg of GXSPE and GXSME

Table 1 Effect of Garcinia
xanthochymus seed extracts on
blood glucose level of
experimental groups

Groups Glucose level (mg/dL)

1st day 7th day 14th day

NC 85.40 ± 2.31 b 86.80 ± 2.88 c 88.00 ± 2.42 d

DM 388.00 ± 2.58 a 385.20 ± 3.81 a 375.80 ± 2.83 a

DM + Glib 377.00 ± 3.59 a 286.20 ± 1.65 b 103.00 ± 5.96 d (−72.67%)

DM + GXSPE-100 376.60 ± 8.70 a 279.00 ± 11.13 b 204.20 ± 1.96 b (−45.77%)

DM + GXSPE-200 374.42 ± 11.71 a 264.80 ± 11.93 b 176.20 ± 10.50 c (−52.94%)

DM + GXSME-100 368.60 ± 11.48 a 292.80 ± 5.08 b 192.20 ± 2.76 bc (−47.85%)

DM + GXSME-200 366.60 ± 11.49 a 260.80 ± 13.66 b 172.60 ± 6.74 c (−52.91%)

Statistical analysis was carried out using one-way ANOVAwith Tukey’s post hoc test. Values are expressed as
mean glucose level ± standard error with n = 5 for all groups. Values with different letters along either a row or a
column are significantly different (p < 0.05) from each other

Table 2 Effect of Garcinia
xanthochymus seed extracts on
body weight of experimental
groups

Groups Body weight (g)

1st day 7th day 14th day % Change in body weight

NC 34.72 ± 0.14 a 35.78 ± 0.14 a 37.34 ± 0.16 a 7.01

DM 32.22 ± 0.46 b 31.54 ± 0.20 d 26.40 ± 0.81 d −22.04
DM + Glib 32.76 ± 0.27 b 33.94 ± 0.14 bc 36.18 ± 0.23 ab 9.45

DM + GXSPE-100 33.36 ± 0.47 ab 34.10 ± 0.49 ab 35.28 ± 0.36 bc 5.44

DM + GXSPE-200 32.72 ± 0.49 b 33.40 ± 0.43 bc 34.86 ± 0.22 bc 5.96

DM + GXSME-100 31.54 ± 0.45 b 32.38 ± 0.50 cd 33.52 ± 0.53 c 5.9

DM + GXSME-200 32.84 ± 0.46 b 33.64 ± 0.47 bc 35.00 ± 0.38 bc 6.17

Statistical analysis was carried out using one-way ANOVAwith Tukey’s post hoc test. Values are expressed as
mean body weight ± standard error with n = 5 for all groups; the positive value indicates an increasing body
weight compared. Values with different letters along either a row or a column are significantly different (p < 0.05)
from each other
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accounted for 66.35, 58.15, and 62.41% increase in SOD ac-
tivity, respectively. Similar trends were observed in case of
CATwith a decrease of −66.51% in the DM group compared
to the NC group. This was attenuated by glibenclamide and
200 mg/kg of GXSPE and GXSME, which accounted for
65.84, 55.58, and 57.96% increase in CAT activities. Similar
observation was made for GSHwith a decrease of −65.82% in
the DM group compared to the NC group. Oral administration
of glibenclamide and 200 mg/kg of GXSPE and GXSME
accounted for 65.20, 54.93, and 59.19%, respectively.

High-pressure liquid chromatography analysis

HPLC profiles of secondary metabolites at 270 nm showed the
presence of phenolic acids in GXSME. Gallic acid (GA), 4-
hydroxybenzoic acid (4-HBA), and tannic acid (TA) were the

major phenolic acid identified. TAwas found to be in the highest
concentration (73.32 ± 1.39 mg/g dry weight (DW)) followed by
4-HBA (9.76 ± 1.45mg/gDW) andGA (7.33 ± 0.13mg/gDW).
The spectral patterns of identified compounds are given in Fig. 2.

Discussion

Garcinia species have been used for hundreds of years as
traditional medicines (Chinese, Indian, and Thai) for various
medicinal practices. Various Garcinia species like
G. cambogia (Hayamizu et al. 2003; Asghar et al. 2007;
Wielinga et al. 2005; Cheng et al. 2012), G. indica (Sasaki
et al. 2007; Kirana and Srinivasan 2010; Yamaguchi et al.
2000), G. mangosteen (Ryu et al. 2011; Nelli et al. 2013),
and G. kola (Adaramoye 2012) have shown to possess anti-

Table 3 Effect of Garcinia xanthochymus seed extracts on lipid profile levels of experimental groups

Groups Serum lipid profile (mg/dL)

TG TC LDL HDL VLDL

NC 123.52 ± 1.08 d 163.44 ± 2.99 d 107.04 ± 2.08 d 45.44 ± 1.27 a 25.98 ± 0.52 c

DM 266.78 ± 1.40 a 321.08 ± 1.90 a 248.18 ± 1.97 a 13.84 ± 0.75 d 51.86 ± 1.46 a

DM + Glib 129.34 ± 1.09 cd 168.86 ± 1.73 cd 110.92 ± 0.75 cd 44.68 ± 0.49 a 29.62 ± 0.71 bc

DM + GXSPE-100 159.42 ± 4.91 b 207.56 ± 7.22 b 138.12 ± 8.04 b 34.88 ± 0.40 c 33.32 ± 0.64 b

DM + GXSPE-200 149.26 ± 5.49 b 198.48 ± 10.45 bc 130.52 ± 4.81 bc 36.20 ± 0.38 bc 32.48 ± 0.67 b

DM + GXSME-100 148.62 ± 5.29 b 194.32 ± 8.69 bcd 131.20 ± 5.07 bc 36.86 ± 0.76 bc 32.30 ± 0.74 b

DM + GXSME-200 143.06 ± 6.44 bc 188.64 ± 9.80 bcd 123.00 ± 5.39 bcd 39.68 ± 1.04 b 31.00 ± 0.72 b

Statistical analysis was carried out using one-way ANOVAwith Tukey’s post hoc test. Values are expressed as mean ± standard error with n = 5 for all
groups. Values with different letters along either a row or column are significantly different (p < 0.05) from each other

Table 4 Effect of Garcinia xanthochymus seed extracts on liver and renal serum biomarkers in experimental groups

Parameter Groups

NC DM DM + Glib DM + GXSPE-
100

DM + GXSPE-
200

DM + GXSME-
100

DM + GXSME-
200

AST (U/L) 46.19 ± 2.51 d 320.00 ± 2.02 a 59.37 ± 2.31 d 111.00 ± 4.73 b 100.46 ± 4.82 bc 98.03 ± 5.78 bc 88.32 ± 4.93 c

ALT (U/L) 27.00 ± 2.03 e 260.12 ± 11.75 a 46.20 ± 2.38 de 97.76 ± 2.34 b 86.98 ± 4.26 bc 79.54 ± 4.19 bc 66.54 ± 3.6 cd

ALP (U/L) 56.52 ± 1.58 d 299.38 ± 0.74 a 61.66 ± 3.14 d 114.68 ± 4.94 b 104.14 ± 6.60 bc 98.30 ± 3.23 bc 88.04 ± 4.73 c

Urea (mg/dL) 14.42 ± 0.23 d 32.64 ± 0.28 a 15.46 ± 0.24 cd 18.14 ± 0.38 b 16.38 ± 0.61 bcd 17.52 ± 0.62 b 17.10 ± 0.54 bc

Uric acid
(mg/dL)

1.02 ± 0.04 d 3.40 ± 0.07 a 1.25 ± 0.07 d 2.45 ± 0.08 b 2.04 ± 0.07 c 2.62 ± 0.10 b 2.55 ± 0.09 b

Creatinine
(mg/dL)

0.72 ± 0.02 c 1.63 ± 0.05 a 0.81 ± 0.02 bc 1.00 ± 0.10 b 0.88 ± 0.03 bc 0.90 ± 0.04 bc 0.85 ± 0.02 bc

TB (mg dL) 0.34 ± 0.02 e 0.82 ± 0.02 a 0.56 ± 0.03 d 0.73 ± 0.01 b 0.70 ± 0.01 bc 0.68 ± 0.02 bc 0.63 ± 0.01 cd

DB (mg/dL) 0.29 ± 0.18 c 0.42 ± 0.02 a 0.18 ± 0.01 c 0.35 ± 0.02 ab 0.31 ± 0.00 b 0.33 ± 0.02 b 0.30 ± 0.00 b

Albumin (g/dL) 8.49 ± 0.12 a 1.51 ± 0.06 d 8.65 ± 0.27 a 6.16 ± 0.23 c 6.79 ± 0.13 bc 7.04 ± 0.10 b 8.05 ± 0.08 a

Protein (g/dL) 8.50 ± 0.29 a 3.88 ± 0.17 c 8.50 ± 0.34 a 7.36 ± 0.12 b 7.80 ± 0.17 ab 7.86 ± 0.17 ab 8.00 ± 0.31 ab

Statistical analysis was carried out using one-way ANOVAwith Tukey’s post hoc test. Values are expressed as mean ± standard error with n = 5 for all
groups. Values with different letters along either a row or a column are significantly different (p < 0.05) from each other
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diabetic and anti-oxidant properties. However, there are no
detailed scientific reports on the potential role of
G. xanthochymus seed extracts having anti-diabetic
properties.

In the present investigation, DMwas induced in mice using
alloxan to establish and assist hyperglycemia throughout the
experimental period. In alloxan-induced diabetic mice, the
action of reactive oxygen species and subsequent increase in
cytosolic calcium concentration caused rapid destruction of β
cells in the pancreas (Szkudelski 2001). However, the data
from the present experiments revealed that the oral adminis-
tration of G. xanthochymus seed extracts for 14 days reduced
the elevated blood glucose levels in alloxan-induced DM
groups. Daily oral administration of the GXSPE and
GXSME lowered the blood glucose levels in a dose-

dependent manner, where 200 mg/kg of the GXSPE
(−52.94%) and GXSME (−52.91%) exerted the maximum
blood glucose-lowering effects. The OGTT levels were also
normalized by GXSPE and GXSME to the baseline level
within 120 min as that of standard drug glibenclamide, sug-
gesting that the extracts improved the glucose homeostasis in
a similar fashion as that of standard anti-diabetic drugs. In our
study, weight loss was observed in the DM group; however,
this was reversed in the DM group treated with seed extracts.
This restorative effect may be due to the reversal of gluconeo-
genesis and glycogenesis.

Lipid profiles especially TC, TG, LDL, and VLDL levels
doubled in the DM group, and HDL levels were reduced to
one third compared to the NC group. Such altered levels are
indicators of atherosclerosis, coronary artery disease,

Table 5 Effect of Garcinia xanthochymus seed extracts on lipid peroxidation and anti-oxidant defense systems of experimental groups

Groups SOD (U/mg protein) CAT (μmol H2O2 consumption/min/mg protein) GSH (U/min/mg protein) MDA (nmol/mg protein)

NC 41.16 ± 0.98 a 48.76 ± 0.43 a 42.48 ± 0.53 a 1.94 ± 0.13 d

DM 14.32 ± 0.27 d 16.33 ± 0.28 e 14.52 ± 0.51 d 6.61 ± 0.17 a

DM + Glib 42.56 ± 0.47 a 47.80 ± 0.69 a 41.72 ± 0.85 a 2.10 ± 0.26 cd

DM + GXSPE-100 29.76 ± 1.03 c 30.34 ± 0.69 d 29.50 ± 1.55 c 3.02 ± 0.06 b

DM + GXSPE-200 34.22 ± 1.55 bc 36.76 ± 1.75 bc 32.22 ± 1.26 bc 2.66 ± 0.09 bc

DM + GXSME-100 31.70 ± 1.06 c 32.52 ± 1.52 cd 30.98 ± 1.12 bc 2.68 ± 0.11 bc

DM + GXSME-200 38.10 ± 1.61 ab 38.84 ± 1.68 b 35.58 ± 1.30 b 2.44 ± 0.13 bcd

Statistical analysis was carried out using one-way ANOVAwith Tukey’s post hoc test. Values are expressed as mean ± standard error with n = 5 for all
groups. Values with different letters along either a row or a column are significantly different (p < 0.05) from each other

Fig. 2 HPLC chromatogram a
standard and b Garcinia
xanthochymous seed methanol
(GXSME) extract. 1 tannic acid
(TA); 2 gallic acid (GA); 3 4-
hydroxybenzoic acid (4-HBA)
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progressive protienuria, and dyslipidemia (Ajiboye et al.
2010; Oloyede et al. 2014; Latha and Daisy 2011). Daily oral
administration of the GXSPE and GXSME to the DM mice
significantly improved the lipid profile towards normalcy.
GXSPE was more effective compared to GXSME in bringing
the HDL level to normalcy whereas the remaining lipid profile
parameters were found to be more significant when 200 mg/
kg of GXSME was administered. The anti-hyperlipidemic ef-
fect may be brought about by GXSPE and GXSME by de-
creasing the cholesterogenesis and fatty acid synthesis. The
reversal of lipid profile alteration by the seed extracts shows
the ability of the extract to regulate lipid metabolism and pre-
vent various diseases (McGillicuddy et al. 2011).

Cytotoxicity of xenobiotics can be checked by monitoring
the activities of serum enzymes like AST, ALT, and ALP.
Significant elevation of these enzymes in the DM group was
observed. Administration of GXSPE andGXSME significant-
ly (p < 0.05) reversed the serum enzyme levels and restored it
to normalcy. The reason behind the effect of GXSPE and
GXSME is not understood at present. However, these en-
zymes are usually considered as indicators of hepatic dysfunc-
tion and damage and increase of these enzymes in serum of
DM group may be due to the leakage of these enzymes in the
blood (Navarro et al. 1993) or cellular destruction occurring in
the liver (Hassoum & Stohs 1995). Similar reversal in lipid
profiles was observed in alloxan-induced DM mice adminis-
tered with Nerium oleander extracts (Dey et al. 2015).
Diabetic nephropathic symptom resulting from renal morbid-
ity and mortality causes kidney or renal failure or extracellular
dehydration. Urea and CRE levels significantly increased in
DM mice. The increased levels of urea and CRE could be a
result of an extensive muscle breakdown associated with ca-
tabolism of plasma proteins and liver (Jorda et al. 1982).
Treatment of DMmice with GXSPE and GXSME significant-
ly (p < 0.05) decreased the elevated levels of urea, uric acid,
and CRE. Total proteins consist of major components like
ALB and globulins, which are mainly synthesized in the liver
(Satyanarayana & Chakrapani 2006). Reduction of protein
and ALB in diabetic conditions may be due to proteinuria or
albuminuria, which are the symptoms of diabetic nephropathy
(Kaleem et al. 2008). Administration of GXSPE and GXSME
increased the level of total proteins and ALBs significantly
compared to the DM mice. Furthermore, the TB and DB
levels were also restored by these extracts.

Lipid peroxidation causes membrane damage, functional
loss, and modification of proteins and DNA bases (Niki
2009) and dysfunction of pancreas. It is usually indicated by
increased levels of MDA in pancreas. This increase in MDA
may be due to the decreased anti-oxidant defense systems,
which usually eliminate free radicals and ROS in cells.
Significant reversal inMDA and anti-oxidant defense systems
was observed in DM mice administered with GXSPE and
GXSME (Table 5). This reversal of increased MDA by

GXSPE and GXSME could be due to the free radical and
ROS scavenging activity and detoxification ability exhibited
by GXSPE and GXSME through enhanced GSH, SOD, and
CAT activities.

Plants have been an important source of various anti-oxi-
dants, which have a great potential to ameliorate DM, chronic
hyperglycemia, and oxidative stress in diabetic conditions
(Collier et al. 1990; Bajaj & Khan 2012). The anti-oxidant
potential of the plants is due to the presence of secondary
metabolites like phenolic compounds. The phenolic com-
pounds identified in the present study have been reported to
have serious implication on the anti-diabetic activity especial-
ly gallic acid and 4-HBA. Gallic acid significantly decreases
hyperglycemia (Ahad et al. 2015; Huang et al. 2016) and
reduces the serum CRE, urea, and proinflammatory cytoki-
nins (responsible for diabetic nephropathy) like interleukin-1
(IL-1β), IL-6, tumor necrosis factor alpha, renal pathology
and attenuated renal oxidative stress and the p38-MAPK-
mediated renal dysfunction in diabetic conditions (Ahad
et al. 2015). Gallic acid studies on diabetic-induced myocar-
dial dysfunction showed hypoglycemic effect in animal
models. The TC and TG levels were lowered in diabetic ani-
mals, and anti-oxidative protection was observed (Patel and
Goyal 2011). According to Peungyicha et al. (1998a, b) 4-
HBA produces a hypoglycemic effect by an increase in the
peripheral glucose consumption. TA has also been reported to
have glucose transport stimulatory and adipocyte
differentiation-inhibitory activities (Liu et al. 2005).

Conclusions

The present study revealed that seed petroleum ether extract
(GXSPE) and seed methanolic extract (GXSME) of
G. xanthochymus at all doses investigated possessed anti-
diabetic and anti-dyslipidemic activity. However, the metha-
nolic extracts were more effective in reducing the diabetes and
related biochemical parameters in mice. The oxidative stress
caused by the toxin alloxan in the liver and pancreas in dia-
betic mice was also attenuated by these extracts. This effect
may be assumed to be due to the synergistic effects of the
bioactive phenolic compounds present in the extracts.
Hence, these seed extracts can be used as a potential source
for the synthesis of herbal drugs for the treatment of diabetes.
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Abstract Transfer RNAs (tRNAs) contain various uniquely

modified nucleosides thought to be useful for maintaining

the structural stability of tRNAs. However, their signifi-

cance for upholding the tRNA structure has not been

investigated in detail at the atomic level. In this study,

molecular dynamic simulations have been performed to

assess the effects of methylated nucleic acid bases, N2-

methylguanosine (m2G) and N2-N2-dimethylguanosine

(m2
2G) at position 26, i.e., the hinge region ofE. coli tRNAPhe

on its structure and dynamics. The results revealed that

tRNAPhe having unmodified guanosine in the hinge region

(G26) shows structural rearrangement in the core of the

molecule, resulting in lack of base stacking interactions,

U-turn feature of the anticodon loop, and TWC loop. We

show that in the presence of the unmodified guanosine, the

overall fold of tRNAPhe is essentially not the same as that of

m2G26 and m2
2G26 containing tRNAPhe. This structural

rearrangement arises due to intrinsic factors associated with

the weak hydrogen-bonding patterns observed in the base

triples of the tRNAPhe molecule. The m2G26 and m2
2G26

containing tRNAPhe retain proper three-dimensional fold

through tertiary interactions. Single-point energy and

molecular electrostatics potential calculation studies

confirmed the structural significance of tRNAs containing

m2G26 and m2
2G26 compared to tRNA with normal G26,

showing that the mono-methylated (m2G26) and dimethy-

lated (m2
2G26) modifications are required to provide struc-

tural stability not only in the hinge region but also in the

other parts of tRNAPhe. Thus, the present study allows us to

better understand the effects of modified nucleosides and

ionic environment on tRNA folding.

Keywords tRNA � Modified nucleosides � N2-

methylguanosine (m2G) � N2,N2-dimethylguanosine

(m2
2G) � Molecular dynamic simulations

Introduction

Post-transcriptional modifications of RNA nucleotides

occur in all cells [1]. Such modifications are known to

provide structural stability across the wide range of tem-

perature in archaea as well as bacteria [2]. The nature of

nucleoside modification in tRNA is considerably varied

from, simple base or ribose methylation, base isomeriza-

tion, base reduction, base thiolation, and more complex

hypermodifications [3, 4]. An important characteristic of

tRNA is the presence of high content of modified nucleo-

sides of which methylation represents the principal post-

transcriptional modification during its maturation. The

modified nucleosides N2-methylguanosine (m2G) and N2-

N2 dimethylguanosine (m2
2G) are conserved at only two

locations: at position 10 proximal dihydrouridine stem and

at position 26 in the bend between the dihydrouridine

(D) stem and anticodon stem (Fig. 1), where they play a

vital role in the control and stabilization of the tertiary

L-fold structure of the tRNA [5, 6]. The N2-methyl-

guanosine and N2-N2 dimethylguanosine modifications in
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tRNA are found not only at position 26 but also at positions

6, 7, 9, 10, 18, and 27 in several organisms [7]. X-ray

crystallographic data of yeast tRNAPhe show that N2,N2-

dimethylguanosine functions as a molecular hinge,

adjusting the angular disposition of two stems within the

tRNA architecture [8–10]. The main function of N2,N2-

dimethylguanosine at position 26 is to maintain a certain

amount of rigidity/flexibility in this part of the tRNA [9].

The NMR study describes the Watson–Crick base pairing

between m2
2G26:A44 and its role in tRNA folding [11].

Incorporation of m2G was found to be iso-energetic with G

in the duplex context as well as in GNRA (N = any

nucleotide and R = purines) tetra loops [12]. The two

rotamers of m2G, s-cis, and s-trans have been found to be

equally stable in RNA duplex [12] and in tRNA [13, 14]. It

has been reported that the methylated guanosine present at

the 26th position of tRNA regulates the stacking interac-

tions and conformational dynamics [15].

It has also been proven that individual modifications

allow tRNA to perform its biological activities in proper

manner [16]. Nonetheless, it is usually thought that modi-

fications found outside the anticodon loop help maintain the

structural integrity of tRNA, while modifications within and

around the anticodon are suggested to play a direct role in

increasing translational efficiency and/or fidelity [17, 18].

Modified bases increase stability of tRNA structure by

providing extra hydrogen bonding, enhance base stacking,

and metal ion-binding interactions [19–26]. Previous stud-

ies on unmodified yeast tRNAPhe showed that Mg2? was

crucial in formation of tertiary structure, but removal of

posttranscriptional modified nucleotide significantly altered

the intrinsic stability of tertiary structure [27]. However, the

mode in which posttranscriptional modifications exert their

stabilizing effects on both secondary and tertiary structure is

not completely understood. The effect of nonstandard bases

on both structure and function can be verified after com-

paring the properties of ‘‘unmodified’’ tRNAs with the

corresponding native tRNAs [27]. The influence of hydra-

tion effect on the dynamics of tRNA and lysozyme has been

studied previously [28]. This study demonstrates that bio-

molecules with different chemical structures exhibit sig-

nificant different dynamic responses to the water hydration

[28]. Similarly, results of nucleic acids obtained using

explicit solvent molecular dynamic (MD) simulations has

been discussed thoroughly in a review published recently

[29]. Conformational motion during spontaneous translo-

cation has also been investigated using molecular dynamic

(MD) simulation technique [30].

Hence, in the present study, multiple molecular dynamic

simulations have been carried out in order to get structural

and dynamic information of three fully solvated tRNAs.

First, the level of convergence achieved by these trajecto-

ries is estimated by analysis of time-dependent root-mean-

square deviations (RMSD) from the starting structure.

Then, a detailed evaluation of the stability of the tertiary

interactions, including base triples, tertiary base pairs,

U-turn motifs of the anticodon loop and TWC loop,

including analysis of RMSF is presented.

Materials and Methods

Computational Procedures

The starting coordinates were extracted from the tRNAPhe

A-form crystal structure [8] having 2.7 Å resolution (NDB

code tRNA04; PDB code 6TNA). Transfer RNA molecule

containing a total of 76 nucleotide bases has been sur-

rounded by 75 Na? counter ions and 24599 SPC/E water

molecules filling a 98.436 9 77.891 9 119.727 Å recti-

linear box [31] with water density 1.0. Mg2? ions were

placed as observed in crystallographic symmetry [8].

Parameter files for Mg2? ions were obtained from AMBER

parameter database [32]. The MD simulations were per-

formed by means of Amber ff99bsc0 force field [33] as

implemented in AMBER 10 package, under periodic

boundary conditions by employing Particle Mesh Ewald

(PME) method [34] for the calculation of long-range

Fig. 1 Cloverleaf representation of yeast tRNAPhe secondary struc-

ture. Red color indicates modified nucleotides, and they are abbre-

viated as m2G, N2-methylguanosine; D, dihydrouridine; m2
2G,

N2,N2-dimethylguanosine; Cm, 20-O-methylcytidine; Gm, 20-O-
methylguanosine; Y, wybutosine; w, pseudouridine; m5C, 5-methyl-

cytidine; m7G, 7-methylguanosine; m1A, 1-methyladenosine. Some

of the residue numbers shown in green color (Color figure online)
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electrostatic interactions. MD trajectories were propagated

at 2.0-fs time step applying the shake algorithm [35] to all

hydrogen atoms with nonbonded cutoff of 9 Å. The non-

bonded pair list was updated every 10 steps. The trajec-

tories were calculated by maintaining constant temperature

of 300 K and pressure (1 atm) at 2-fs time step, according

to Berendsen coupling algorithm [36]. Equilibration pro-

tocol was kept similar to earlier MD simulation studies of

nucleic acids [37, 38]. The equilibration protocol consisted

of 5000 steps of steepest descent minimization followed by

20 ps of MD at 300 K applied for the relaxation of the

initial strain present between water molecules and tRNA

with m2
2G at the 26th position. In the next step, tRNA was

fixed, while water molecules and Na? counter ions were

allowed to relax at 100 K (10 ps), 200 K (10 ps), and

finally at 300 K for 960 ps, and thus equilibration protocol

was completed at 1 ns. Equilibrated system was further

subjected to 5000 steps of energy minimization using the

steepest descent method in order to remove bad contacts

between water molecules and tRNA. In further steps of

MD simulation, no positional constraints were applied to

the system, and the temperature was progressively

increased to 300 K in steps of 50 K with 1 ps at every time

step. Finally, system was subjected to production run of

10 ns at 300 K temperature and 1 atm constant pressure

using fully solvated and neutralized system. Similar pro-

tocol has been applied for tRNA with N2-N2 dimethyl-

guanosine (m2
2G), N2-methylguanosine (m2G) base

modifications, and unmodified guanosine at the 26th

position, respectively.

The amber force field parameters for the naturally

occurring modified nucleosides of tRNA were obtained

from SantaLucia laboratory [39]. Visualization and the

analyses of root-mean-square deviation (RMSD), root-

mean-square fluctuation (RMSF), and the percentage of

hydrogen bonding in tRNA were carried out using the

VMD and PTRAJ module of Amber Tool 10, respectively

[40]. Previously, various computational techniques have

been used to understand the conformational behavior and

dynamics of many complex, modified nucleosides [41–49].

Single-point energy calculations and molecular electro-

statics potential (MEPs) calculations were performed using

HF-SCF (6-31G** basis set) method as per previous study

[43].

The dynamic stability of the unmodified and modified

nucleic acid base pairs is important to retain the tertiary

structure of a macromolecule (Fig. 2) and is indeed one

of the best available criteria for valuing the quality of

MD trajectory. This stability has been estimated by

calculating hydrogen-bonding percentages (HB %) simi-

larly as explained by Auffinger and coworkers in 1999

[50].

Results

Stability of Intramolecular Hydrogen Bonds

The HB % are defined as the time over which a hydrogen

bond fulfills the two d(H….O)\ 2.5 Å and h (X–

H….O)[ 135� standard criteria divided by the total sim-

ulation time (10 ns) as per earlier study [50]. The HB %

results are described in Figs. 3, 4, 5, and 6.

Base Triples

Four base triples are found in the core of the tRNA, i.e.,

G45….[m2G10-C25], m7G46….[C13-G22], A9….[U12-

A23], and A21….[U8-A14A]. The G45…. m2G10-C25]

base triple (Fig. 3) is involved in the interaction of the

variable loop with the D stem, remains planar during the

molecular dynamic simulation of crystal structure and also

in the presence of guanosine (G), N2-methylguanosine

(m2G), and N2-N2 dimethylguanosine (m2
2G) at the 26th

position of tRNA, respectively. The interaction involving

the third base of the base triples is considered to be less

Fig. 2 Difference in conformation between unmodified guanosine

(G26) and modified guanosine (m2G26/m2
2G26) in tRNAs. Superpo-

sition of average structures obtained after MD simulations; unmodified

tRNA (unmodified guanosine; cyan), modified tRNA having m2G

(magenta), m2
2G (green) at the 26th position, and tRNAPhe crystal

structure with Mg2? (gray, PDB ID 6TNA) (Color figure online)
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stable for G compared with m2G, m2
2G, and crystal struc-

ture (Fig. 3a). It is worth noting that the base pairs forming

hydrogen bonds display different levels of stability. In the

core of tRNA, the A9….[U12-A23] (Fig. 4), A21….[U8-

A14] (Fig. 5) and m7G46….[C13-G22] (Fig. 6) base triple

lose their planarity (Figs. 4a, 5a, 6a) during MD simulation

in the presence of guanosine at the 26 position, while in the

presence of N2-methylguanosine (m2G) (Figs. 4b, 5b, 6b)

and N2-N2 dimethylguanosine (m2
2G) (Figs. 4c, 5c, 6c), it

prevents the loss of planarity. The presence of unmodified

guanosine at the 26th position could be responsible for the

loss of interaction between third base [A9] and base pair

[U12-A23] forming the base triple; instead, A9 establishes

a triple interaction with [C11-G24] base pair as observed

in Fig. 7. The newly formed base triple is characterized by

the hydrogen bond between (A9) N(6)H…O (6)(G24) and

(A9) N(7)…HN(4) (C11) (Fig. 7a). Such displacement

shifts m7G46 toward U12–A23 base pair and forms

hydrogen bond between (m7G46) O6…HN6 (A23). Ulti-

mately, the A21….[U8-A14] base triple involved in the

trans Hoogsteen base pair between U8-A14 resulted in

weak hydrogen bond with third base A21 as shown in

Fig. 5. Besides base–base interactions, two base-sugar

hydrogen bonds, i.e., (U8) O20-H…N1 (A21) and (U8)

O20…H-N6 (A21), have been found during MD simula-

tions. Such base-sugar hydrogen bond ((U8) O20-H…N1

(A21)) was also observed in tRNAAsp [50] and tRNAPhe

[51, 52] structures. This displacement of base triples in the

tRNA core is the important structural event observed

during molecular dynamic simulation in the presence of

guanosine at the 26th position, while in the presence of N2-

methylguanosine (m2G), N2-N2 dimethylguanosine (m2
2G)

and in crystal structure, no such displacement were

observed. Thus, tertiary interaction may be related to the

ionic environment of the tRNA and the presence of Mg2?

ions.

Fig. 3 The rearrangement of base triples G45….[m2G10-C25]. a The
base triples in the unmodified tRNA compared with b the base triples

in m2G containing tRNA, c the base triples in m2
2G containing tRNA,

and d the base triples in crystal structure with Mg2? ions. HB %

calculated from the 10-ns MD simulation for the base triples
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Tertiary Base Pairs

Besides the stem base pairs and base triples, extensive set

of tertiary interactions are present in phylogenetically

conserved bases of tRNAs, which are required to retain

their complex three-dimensional structure [6, 52]. One of

the important tertiary base pair present in tRNA is G26-

A44 interaction. The derivatives of Guanosine nucleosides

N2-methylguanosine (m2G) and N2-N2 dimethylguanosine

(m2
2G) have also been found at position 26, the junction

between the D-stem and the anticodon stem, where they

play a crucial role in stabilizing the continuity of interac-

tions from the D stem to the anticodon stem. Hence, the

basic idea lies in monitoring the effect of base pairing

(G26/m2G26/m2
2G26:A44) on structural stability of tRNA

during molecular dynamic simulation. The tertiary base

pairs are properly maintained during 10-ns MD simulation

trajectory of tRNAPhe crystal structure (Fig. 8d), as well as

tRNAs containing m2G (Fig. 8b) and m2
2G (Fig. 8c). The

O6….H-N6 hydrogen bond across the hinge region is

especially well preserved in crystal structure, m2G and with

some variations for m2
2G containing tRNA with HB % of

98, 98, and 87, respectively. The percentage of hydrogen

bond between N1-H….N1 is 97 for crystal structure, 97 for

m2G, and 89 for m2
2G. The difference in HB % of

m2
2G26:A44 may be due to the hydrophobic effect induced

by –CH3 group and also the orientation of methyl group,

which changes from planar to propeller type conformation.

The base pair between m2
2G26:A44 do not just prevent the

base pairing of G26 with C44 in the hinge region of tRNA,

but also controls the pairing mode with A44. Thus, N2,N2-

dimethylguanosine rules out the common sheared orienta-

tion between guanosine and adenosine. This has helped to

bind this pairing mode to the more stable imino-hydrogen

bonded form. There is a destabilization of loop due to loss

of hydrogen bonding between G26-A44. The percentage of

hydrogen bond, calculated between (G26) N1-H….N3

(A44) and (G26) O6….H-N6 (A44) is less than 10 %

(Fig. 8a) resulting in loss of base stacking and destabi-

lization of loop. It is worth noting that the percentage of

hydrogen bonds forming these tertiary base pairs displays

different levels of stability.

Fig. 4 The rearrangement of base triples A9….[U12-A23]. a The

base triples in the unmodified tRNA compared with b the base triples

in m2G containing tRNA, c the base triples in m2
2G containing tRNA,

and d the base triples in crystal structure with Mg2? ions. HB %

calculated from the 10-ns MD simulation for the base triples
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Effect of Hinge Region Modification

on the Anticodon Loop and TWC Loop

In tRNA structure, two base backbone interactions com-

prising the invariant U33 and W55 residues maintain the

U-turn of anticodon loop and thymine loop, respectively.

Proper conformation of U33 nucleoside is crucial not only

for a functional anticodon U-turn, but also for U-turn

motifs in RNA structures in general. The (U33) N3-

H…O2P (A36) hydrogen bond across the anticodon loop is

particularly well conserved in crystal structure and m2G

containing tRNA (Fig. 9). However, tRNA having m2
2G at

the 26th position does not maintain the U-turn motif for

initial 800 ps, which later gets stabilized as can be seen in

Fig. 9. Destabilization of the U-turn motif has been

observed in the anticodon loop of tRNA containing

unmodified guanosine at the 26th position during molecu-

lar dynamic simulation (Fig. 9). However, the similar

(W55) N3-H…O2P(A58) interaction across the thymine

loop breaks after 1400 ps due to dynamic rearrangements

observed in tRNA having guanosine (G) at position 26 as

compared to m2G and m2
2G containing tRNAs (Fig. 10).

This kind of stable hydrogen-bonding interaction is also

observed in crystal structure.

As per crystal structure analysis of yeast tRNAPhe, G18

and G19 of D stem are involved in the formation of tertiary

interactions with the bases W55 and C56 of the TWC

domain, respectively [53]. The Base pair G18-W55 stabi-

lizes the interaction between D loop and TWC loop which

could have a possible role in interloop opening mechanism

during protein synthesis process as discussed in previous

study [54]. The O4 of W55 forms bifurcated hydrogen-

bonding interactions with N2 and N1 of G18 in tRNAPhe

crystal structure [53] containing m2G and m2
2G as shown in

Fig. 11. The tRNA with unmodified guanosine (G) does

not hold such bifurcated hydrogen-bonding interactions

resulted in destabilization of the bond that holds the D

domain with TWC domain (Fig. 11). The tRNAAsp has an

Fig. 5 The rearrangement of base triples A21….[U8-A14]. a The

base triples in the unmodified tRNA compared with b the base triples

in m2G containing tRNA, c the base triples in m2
2G containing tRNA,

and d the base triples in crystal structure with Mg2? ions. HB %

calculated from the 10-ns MD simulation for the base triples
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unmodified guanosine (G) at the hinge region get stabilized

by G18-C56 instead of G18-W55, which may be due to a

structural rearrangement observed during molecular

dynamic simulation [50].

Root Mean Square Deviation (RMSD)

In order to get a rough estimate of the quality of the

molecular dynamic simulation trajectory, the backbone

root-mean-square deviation (RMSD) from the starting

structure was calculated using PTRAJ module of

AMBERTOOLS 10 and plotted using the commercially

available Sigma Plot 12.0 software. Figure 12 displays the

time dependent root-mean-square deviation for all the three

tRNA trajectories. The calculated RMSD of crystal struc-

ture remains in between 1.8 and 2.2 Å (Fig. 12). Root-

mean-square deviation of tRNA with m2G at the 26th

position fluctuates around 2.3 Å and do not drift towards

higher values during the simulation period (Fig. 12).

Mobility of core residues continues to be close toward

those derived from the crystal data. Transfer RNA having

m2
2G at the 26th position was also found to be stable with

the values ranging from 2.5 to 2.7 Å compared with the

tRNA containing guanosine (Fig. 12). The RMSD of tRNA

containing m2G is less compared to tRNA containing m2
2G

in the hinge region (Fig. 12). This could be because of the

steric interactions between dimethylated groups of m2
2G

with A44. The cyan color line corresponds to the RMS

deviations calculated for entire tRNA without any modifi-

cation in the hinge region (Fig. 12). Such fluctuations may

be due to displacement observed in base triples, resulting in

loss of base stacking interactions and U turn motif of

anticodon loop and TWC loop. RMSD fluctuations

revealed that the modifications at 26th position play an

important role to stabilize the tertiary structure of tRNA.

Root Mean Square Fluctuation (RMSF)

Per residue root-mean-square fluctuation for the entire

tRNA with and without modifications at the hinge region

(the 26th position) has also been calculated and shown in

Fig. 13. By observing fluctuations at the level of nucleotide

Fig. 6 The rearrangement of base triples m7G46….[C13-G22]. a The
base triples in the unmodified tRNA compared with b the base triples

in m2G containing tRNA, c the base triples in m2
2G containing tRNA,

and d the base triples in crystal structure with Mg2? ions.

HB % calculated from the 10-ns MD simulation for the base triples
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residues, one can find that the deviation is maximum for

the initial bases of acceptor arm, and some bases of anti-

codon stem loop and TWC loop (Fig. 13). The significant

deviation has been observed in the bases positioning from

the 26th to 34th of the anticodon stem loop. Such large

deviation in root-mean-square fluctuation may be due to

displacement observed in base triples, resulting in loss of

base stacking interactions and U turn motif of anticodon

loop (Fig. 13). Though, the analogous (W55) N3-

H…O2P(A58) interaction in the thymine loop disrupt after

1400 ps due to dynamical rearrangements, which may

cause large deviation in root-mean-square fluctuation in

TWC loop (base 58th to 61st). This result shows that the

overall preservation of structure in the acceptor arm and

D-stem of the tRNA has been maintained in the presence of

modified bases at the hinge region. This signifies the

movements in the TWC loop and anticodon stem which

mainly account for the drifts seen in all atom RMSF pro-

file. Compared with crystal structure data [8], fluctuations

in acceptor arm, D-arm, and anticodon loop remain fairly

close, but relatively larger variation is observed in thymine

loop.

Mg21 Ions Coordination in Yeast tRNAPhe

The two Mg2? ions present in the D loop of crystal

structure [8] coordinated by three consecutive phosphate

groups of residues 19, 20, and 21 (Fig. 14a, b). One of the

Mg2? ions interacts with phosphate oxygen atoms of 20

and 21 nucleotides, while the other is coordinated with

phosphate oxygen of base 19. Water molecule in its

coordination shell gets stabilized by forming hydrogen

bond with the phosphate oxygen of U59 base. During

molecular dynamic simulation, phosphate oxygen of G15,

G19, two water molecules, and oxygen atoms of residues

G20 and C60 fulfill the octahedral geometry of Mg2? ion

located in the D loop (Fig. 14a1) as observed in crystal

structure [8].

The magnesium ion located in the D loop (Fig. 14c) is

stabilized by hydrogen bonding through its coordination

sphere to four phosphate oxygen atoms of bases 8, 9, 11

and 12. This magnesium ion is held by total 6 hydrogen

bonds from its coordinated water molecules to phosphate

oxygen atoms of U8 and C12 nucleotides, respectively.

The coordination of Mg2? ion (Fig. 14b1) is in agreement

Fig. 7 The rearrangement of base triples A9….[U12-A23] and hydrogen-bonding interaction formed between adjacent base pairs, when a G at

the 26th position in tRNA, b m2G at the 26th position in tRNA c m2
2G at the 26th position in tRNA, and d crystal structure with Mg2? ions
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Fig. 8 Base pairing and HB % calculated from the 10-ns molecular

dynamic simulation for the tertiary base pair present in the hinge region

of tRNA, between a G26:A44, b m2G26:A44, c m2
2G26:A44 and

dm2
2G26:A44 in crystal structure with Mg2? ions. The plot monitoring

the hydrogen bond interactions between N1-H….N1 (blue) and

O6….H-N6 (red) for the respective tertiary base pairs (Color

figure online)
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with crystal structure (Fig. 14b) during molecular dynamic

simulation period.

The anticodon loop also contains a magnesium ion as

shown in Fig. 14d. This magnesium ion is coordinated by

phosphate oxygen of the 37th base and five oxygen atoms

from water molecules (Fig. 14d). The Mg2? ion forms

water-mediated bonds with residues 32 and 39 of anticodon

arm (Fig. 14d). Figure 14c1, d1 obtained from MD simu-

lation show three phosphate oxygen atoms and three water

molecules in the coordination sphere of Mg2? ion. These

magnesium ions show additional interactions with phosphate

oxygen atoms compared to crystal conformers [8]. During

MD simulation, some regions of tRNA (residue 55–62,

68–72) fluctuate more in the absence of Mg2? ions com-

pared to simulations performed in the presence of Mg2? ions

as can be seen in the RMSF graph (Fig. 13).

Single-Point Energy and MEPs Calculations of G/

m2G/m2
2G26:A44

The base-paired structures namely, G26:A44 (Fig. 15a),

m2G26:A44 (Fig. 15b), m2
2G26:A44 in the absence of

Mg2? (Fig. 15c) and m2
2G26:A44 crystal structure with

Mg2? ions (Fig. 15d) have been extracted from the final

MD simulated trajectories to investigate base-pairing

interactions and energy differences. These isolated base-

Fig. 9 Time course of

hydrogen bond between (U33)

N3-H…O2P (A36) describing

the U-turn feature of anticodon

loop. The cyan color line

corresponds to guanosine at

26th position of tRNA, the

green colored line corresponds

to N2-N2 dimethylguanosine

(m2
2G) at 26th position of tRNA,

the magenta color depicts N2-

methylguanosine (m2G) at 26th

position of tRNA while the gray

color depicts N2-

N2 dimethylguanosine (m2
2G) at

26th position in the presence of

Mg2? ions in crystal structure

(Color figure online)

Fig. 10 Time course of

hydrogen bond between (W55)

N3-H…O2P (A58) describing

the U-turn feature of thymine

loop. The cyan color line

corresponds to guanosine at

26th position of tRNA, the

green colored line corresponds

to N2-N2 dimethylguanosine

(m2
2G) at 26th position of tRNA,

the magenta color depicts N2-

methylguanosine (m2G) at 26th

position of tRNA while gray

color depicts N2-

N2 dimethylguanosine (m2
2G) at

26th position in the presence of

Mg2? ions in crystal structure

(Color figure online)

cFig. 11 Base pairing from the 10-ns molecular dynamic simulation

for the tertiary base pair present between a G18: W55 in tRNA with

unmodified guanosine (G) at 26th position, b G18: W55 in tRNA with

m2G at 26th position, c G18:W55 in tRNA with m2
2G at 26th position,

d G18: W55 in crystal structure. The plot monitoring the hydrogen

bond interaction between N(1)H….O(4) (blue) and N(2)H….O (4)

(red) for the respective tertiary base pair (Color figure online)
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paired structures are then subjected for single-point energy

calculation and MEPs by means of HF-SCF (6-31G** basis

set) similar to our earlier study [43]. The direct energy

comparison (Table 1) has been made between all the base

pair models instead of relative energies due to differences

in the atom numbers. The MEPs and calculated energies

(Table 1) show that m2
2G26:A44 with and without Mg??

ions (Fig. 15c, d) are relatively stable compared to

m2G26:A44 (Fig. 15b) and G26:A44 (Fig. 15a), respec-

tively. Two electrostatic potential tunnels have been

observed in case of m2G26:A44 (Fig. 15b). The N2-

methylguanosine (m2G26:A44) (Fig. 15b) prefers s-trans

or ‘‘proximal’’ conformation as observed in earlier studies

[13, 14]. Similarly, one potential tunnel has been found in

case of m2
2G:A in the absence of Mg2? ions. However, such

electrostatic potential tunnels have not been observed in

case of G26:A44 and m2
2G26:A44 in the presence of Mg2?

ions. The crystal structure of yeast tRNAPhe containing

m2
2G26:A44 does not show hydrogen-bonding interactions

at hinge region [8].

Discussion

Present 10-ns molecular dynamic simulations of tRNAPhe

with nucleosides m2G/m2
2G/G at the 26th position depict

most of the significant interactions contributing to the

stability and molecular architecture. From the biochemical

and biophysical points of view, molecular dynamic simu-

lations of tRNA molecule offer the opportunity to explore

the stability of base triples and tertiary base pairs, which

are primarily present in the core of the tRNA molecule

Fig. 12 Time course of the

RMS deviations from the

starting structure. The cyan

color line corresponds to

guanosine at 26th position of

tRNA, the green colored line

corresponds to N2-N2

dimethylguanosine (m2
2G) at

26th position of tRNA, the

magenta color depicts N2-

methylguanosine (m2G) at 26th

position of tRNA while gray

color depicts N2-

N2 dimethylguanosine (m2
2G) at

26th position in the presence of

Mg2? ions in crystal structure

(Color figure online)

Fig. 13 Comparison of per

residue root-mean-square

fluctuations (RMSF) for entire

tRNAs in the presence and the

absence to Mg2? over 10-ns

time scale
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Fig. 14 Mg2? ions (green)

coordination observed in crystal

structure (a–d) and molecular

dynamic simulation (a1–d1)
(Color figure online)
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[50]. We show that in the presence of unmodified guano-

sine, the overall tertiary interactions of tRNA are essen-

tially not the same as those of m2G and m2
2G containing

tRNAs. This difference in tertiary interactions results in

structural rearrangement, which may be due to intrinsic

factors associated with the weak hydrogen-bonding pat-

terns observed in the base triples of the tRNA molecule.

Interestingly, similar type of structural rearrangement of

base triples had also been observed in tRNAAsp in the

presence of guanosine at the 26th position [50]. The

interactions of tertiary base pairs found in the deep groove

exhibit different levels of stability, and could be respon-

sible for complete loss of interactions of the three base

triples to a reversible interchange of hydrogen-bonding

patterns for the G45…[G10-U25] [50]. Such liability in

MD simulation may be due to, U11-A24 base pair of the

D-stem which does not participate in the triple interaction

and results in structural rearrangement by introducing a

break in the stack of four base triples [50]. Byrne and

coworkers in 2010 also showed the formation of the base

triples composed of G10, C25, and G44, while A26 was

left unpaired in unmodified E. coli tRNAPhe [54]. The

unmodified tRNAPhe bound to MiaA (PDB IDs 2ZM5 and

2ZXU) shows a base triple between C11, G24 and G44

whereas a second base pair is formed between C25 and

G10 while A26 is left unpaired [54]. Neither of this base

triples arrangement is similar to that observed in the pre-

sent structure, thus signifying the remodeling of tRNA by

ribosomes or proteins resulted in conformational changes

which are facilitated by flexibility in the core of the tRNA

[54]. Owing to such liability observed in base triple

interactions may be partly related to the experimental dif-

ficulties involved in their detection.

Interestingly, during MD simulation tertiary base pairs

of tRNAs with m2G/m2
2G at the hinge region were found to

be more stable compared to that of unmodified guanosine

(Fig. 8). On the other hand, in the absence of Mg2? ions in

tRNAAsp, structural rearrangement of some tertiary inter-

actions observed in the base triples, in the U-turn motif of

anticodon loop and as well as in the TWC loop as per

earlier study [50]. The NMR derived anticodon loop of

unmodified Anticodon Stem Loop (ASL) of E. coli

tRNAPhe (PDB 1KKA) does not adopt the significant

U-turn feature, but instead has an unusual conformation in

which the anticodon loop has three nucleotides [55].

The calculated per residue RMSF shows large devia-

tions for the initial bases of the acceptor arm, some bases of

the anticodon stem loop and TWC loop. The fluctuation

seen in different parts of tRNA can be evaluated by com-

paring it with experimental results. The RMSF results are

in agreement with the calculated B-factor, which also show

considerable deviation for the anticodon loop and the

acceptor stem extremity [50]. In particular, residues of

TWC loop (W55, C56, and A57) were found to be more

Table 1 Energy differences

obtained by single-point energy

calculation over the base pair

models of G26/m2G26/m2
2G26:

A through ab initio HF method

Name of the molecule HF-SCF (6-31G** basis set) (kcal/mol) Figure

G: A -1,249,198.8705 Figure 15a

m2G: A -1,273,689.2519 Figure 15b

m2
2G: A -1,298,136.0733 Figure 15c

m2
2G: A with Mg?? ions -1,298,151.9509 Figure 15d

Fig. 15 Showing MEPs calculations of base pair models a G26:A44,

b m2G26:A44, c m2
2G26:A44, d m2

2G26:A44 crystal structure with

Mg?? ions extracted from the final MD simulated trajectories

170 Cell Biochem Biophys (2016) 74:157–173

123



mobile (Fig. 13) than in the crystals [50]. The fluctuation

of D loop residues was in close agreement with the cal-

culated experimental values [8]. The MEPs tunnels

observed in case of m2G26:A44 and m2
2G26:A44 in the

presence and the absence of Mg2? ions revealed the

importance of these modified bases to maintain rigidity/

flexibility in the hinge region of tRNAPhe.

Conclusion

We have examined the dynamic features of solvated

tRNAPhe in the presence and the absence of modified bases,

N2-methylguanosine (m2G), N2-N2 dimethylguanosine

(m2
2G) present at the hinge region of tRNAPhe. Molecular

dynamic simulations result revealed the structural stability

in the presence of m2G and m2
2G at the 26th position of

tRNAPhe. The MD simulated tRNAPhe containing m2G and

m2
2G along with their crystal conformer retains complex

three-dimensional fold through tertiary interactions.

MD simulation of tRNA having unmodified guanosine

at the 26th position shows structural rearrangement in the

core of the tRNA molecule resulting in lack of base

stacking interactions, U-turn feature of anticodon loop and

TWC loop. The stability between residues 26, 44, and 45 is

important, as they are involved in the formation of tRNA

kink between D-stem and anticodon stem, allowing the

tRNA anticodon to bind at the mRNA codons as explained

in earlier report [56]. Thus, the modified nucleic acid bases

are involved in stabilization of the hinge region between

the anticodon and D stems as proposed previously based on

X-ray structure of yeast tRNAPhe [57–59]. Energy calcu-

lations and molecular electrostatic potential (MEPs) stud-

ies revealed the structural significance of tRNAs

containing m2G26 and m2
2G26 compared to tRNAs with

normal G. Hence, the modified nucleosides m2G26 and

m2
2G26may play their respective important roles to provide

structural stability at the hinge region of tRNAPhe for

smooth and in-phase protein biosynthesis process. Thus,

these results could be useful to understand the role of

methylated nucleosides on tRNA folding.
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Recently, Nieto et al. [16] has studied initial value problem for an implicit fractional
differential equation (IFDE) using fixed point theory and approximation method. Benchohra
and Souid [17] obtained integrable solutions for initial value problem of IFDEs. Further, in
[18] Benchohra and Bouriah have established existence and various stability results for a
class of boundary value problem for IFDEs with Caputo fractional derivative.

Inspired by the works of [8,16,19], we investigate the existence, interval of existence,
uniqueness and continuous dependence of solutions on initial conditions of the IFDE:

cDαx(t) = f (t, x(t),c Dαx(t)), x(0) = x0 ∈ R, t ∈ [0, T ] (1.1)

where cDα (0 < α < 1) denotes the Caputo fractional derivative and f : [0, T ]×R×R → R

is a given continuous function satisfying certain assumptions.
We further derive an estimate on solutions and continuous dependence on parameters and

functions involved in the right hand side of IFDE (1.1). Taking motivation from [20], we also
extend the study of ε-approximate solution to the implicit fractional differential equations.

The important fact is that with the minimum assumptions on the function f , we have
obtained various properties of solutions of IFDE (1.1).

Preliminaries

We collect some definitions and results of fractional calculus [3,4,7,21] and state the few
results which are used throughout this paper.

Definition 2.1 A real valued function f (t) (t > 0) is said to be in space Cμ (μ ∈ R) if there
exists a real number p(> μ) such that f (t) = t pg(t), where g ∈ C[0,∞).

Definition 2.2 A real function f (t)(t > 0) is said to be in the space Cn
μ, n ∈ N ∪ {0}, if

f (n) ∈ Cμ.

Definition 2.3 Let f ∈ Cμ (μ ≥ −1), then the (left-sided) Riemann–Liouville fractional
integral of order α > 0 of the function f is given by

Iα f (t) = 1

�(α)

∫ t

0
(t − s)α−1 f (s)ds, t > 0 and I 0 f (t) = f (t),

where �(·) is Euler’s Gamma function.

Definition 2.4 The (left-sided) Caputo fractional derivative of order α > 0 of the function
f ∈ Cn−1 (n ∈ N ∪ {0}), is given by:

cDα f (t) =
{
f (n)(t), if α = n

I n−α f (n)(t) if n − 1 < α < n, n ∈ N

Note that Iα cDα f (t) = f (t) − ∑n−1
k=0

f (k)(0+)
k! tk, n − 1 < α ≤ n, n ∈ N.

Definition 2.5 The (left-sided) Riemann–Liouville fractional derivative of order α > 0 of
the function f ∈ Cn−1 (n ∈ N ∪ {0}), is given by:

Dα f (t) = dn

dtn
I n−α f (t), n − 1 < α ≤ n, n ∈ N
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Following relation holds between Caputo and Riemann–Liouville fractional derivatives:

cDα f (t) = Dα

(
f (t) −

n−1∑
k=0

f (k)(0+)

k! tk
)

, n − 1 < α ≤ n, n ∈ N.

Definition 2.6 The function Eα (α > 0) defined by Eα(z) = ∑∞
k=0

zk
�(kα+1) , is called

Mittag–Leffler function of order α.

Lemma 2.1 Let α, β ∈ [0,∞). Then∫ t

0
sα−1(t − s)β−1ds = tα+β−1 �(α)�(β)

�(α + β)
.

The following generalization of Gronwalls lemma for singular kernels plays an important
role in obtaining our main results.

Lemma 2.2 ([22], Lemma 7.1.1) Let v : [0, T ] → [0,+∞) be a real function and w(·) is
a nonnegative, locally integrable function on [0, T ]. Assume that there is a constant a > 0
such that for 0 < α ≤ 1

v(t) ≤ w(t) + a
∫ t

0
(t − s)−αv(s)ds.

Then, there exists a constant K = K (α) such that

v(t) ≤ w(t) + Ka
∫ t

0
(t − s)−αw(s)ds,

for every t ∈ [0, T ].
The proof of Lemma 2.2 is given in [16].

Wewill use the followinggeneralizedBanachfixedpoint theorem [8] to prove the existence
results.

Theorem 2.3 Let U be a nonempty closed subset of a Banach space E, and let αn ≥ 0, n ∈
N∪{0}, be a sequence such that∑∞

n=0 αn converges. Moreover, let the mapping A : U → U
satisfy the inequality

‖Anu − Anv‖ ≤ αn‖u − v‖
for every n ∈ N ∪ {0} and every u, v ∈ U. Then, A has a uniquely defined fixed point u∗.
Furthermore, the sequence {Anu0}∞n=1 converges to this fixed point u∗ for every u0 ∈ U.

Existence Results and Interval of Existence

Equivalence of the initial value problem for IFDE (1.1) to an integro-differential equation is
given in the following lemma.

Lemma 3.1 If the function f : [0, T ] × R × R → R is continuous, then the initial value
problem for IFDE (1.1) is equivalent to nonlinear fractional Volterra integro-differential
equation,

x(t) = x0 + 1

�(α)

∫ t

0
(t − s)α−1 f (s, x(s),c Dαx(s))ds, t ∈ [0, T ]. (3.1)
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Proof Let x(t) be a solution of IFDE (1.1). Define z(t) := f (t, x(t), cDαx(t)). Then

z(t) = cDαx(t).

Since

cDαx(t) = Dα(x(t) − x0)

where Dα is the Riemann–Liouville fractional derivative of order α with base limit 0, we get

z(t) = Dα(x(t) − x0)

= d/dt I 1−α(x(t) − x0).

This implies

I 1z(t) = I 1−α(x(t) − x0) + c,

where c is any constant. But since z(t) and x(t) − x0 are both continuous functions, this
implies that for t = 0; both left hand and right hand sides of the above equation are 0. Hence
c = 0. This gives

I 1z(t) = I 1−α(x(t) − x0).

Operating theRiemann–Liouville fractional differential operatorD1−α onboth sideweobtain

x(t) − x0 = D1−α I 1z(t)

= D1 Iα I 1z(t)

= D1 I 1+αz(t)

= Iαz(t).

Using the definition of z we obtain (3.1).
Conversely, let x(t) be a solution of nonlinear fractional Volterra integro-differential Eq.

(3.1). Then it can be written as

x(t) = x0 + Iαz(t), (3.2)

where z(t) is as defined above. Since z(t) is continuous and x0 is constant, operating the the
Caputo fractional differential operator cDα on both side of above equation we obtain

cDαx(t) =c Dαx0 +c Dα Iαz(t) = z(t).

This implies

cDαx(t) = f (t, x(t),c Dαx(t)).

Further from (3.2), x(0) = x0. This proves that x(t) is solution of initial value problem (1.1).

�

Theorem 3.2 Let T > 0 and let ξ > 0 be a constant such that 0 ∈ [x0 − ξ, x0 + ξ ]. Assume
that f : [0, T ] × [x0 − ξ, x0 + ξ ] × R → R satisfies the following condition:

(H1) There exists q ∈ C([0, T ],R+) and L ∈ (0, 1) such that:

‖ f (t, x, y) − f (t, x̄, ȳ)‖ ≤ q(t)|x − x̄ | + L|y − ȳ|.
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Let

χ = min

{
T,

[
(1 − L)�(α + 1)ξ

(ξ + |x0|)Q + C

] 1
α

}
, (3.3)

where

C = sup
t∈[0,T ]

| f (t, 0, 0)| and Q = max{q(t) : t ∈ [0, T ]}.

Then the IFDE (1.1) has a unique solution x : [0, χ] → R.

Proof Let B = C([0, χ],R) denote the Banach space endowed with the supremum norm
‖ · ‖. Define the setU = {x ∈ B : x(0) = x0, ‖x − x0‖ ≤ ξ}. Since x0 ∈ U ,U is nonempty.
Also,U is a closed, bounded and convex subset of Banach space B. Define an operator A on
U by

Ax(t) = x0 + 1

�(α)

∫ t

0
(t − s)α−1 f (s, x(s),c Dαx(s))ds, t ∈ [0, χ].

Firstly, we prove that A maps the set U in to itself. Take any x ∈ U and let t ∈ [0, χ]. Then

|Ax(t) − x0| ≤ 1

�(α)

∫ t

0
(t − s)α−1| f (s, x(s),c Dαx(s))|ds

≤ 1

�(α)

∫ t

0
(t − s)α−1| f (s, x(s),c Dαx(s)) − f (s, 0, 0)|ds

+ 1

�(α)

∫ t

0
(t − s)α−1| f (s, 0, 0)|ds

≤ 1

�(α)

∫ t

0
(t − s)α−1{q(s)|x(s)| + L|cDαx(s)|}ds

+ C

�(α)

∫ t

0
(t − s)α−1ds.

Note that, for any t ∈ [0, χ],

|cDαx(t)| ≤ | f (t, x(t),c Dαx(t)) − f (t, 0, 0)| + | f (t, 0, 0)| ≤ q(t)|x(t)|
+ L|cDαx(t)| + C.

This gives

|cDαx(t)| ≤ q(t)

1 − L
|x(t)| + C

1 − L
, t ∈ [0, χ]. (3.4)
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Using the estimate (3.4), we have

|Ax(t) − x0|
≤ 1

�(α)

∫ t

0
(t − s)α−1

{
q(s)|x(s)|+ Lq(s)

1 − L
|x(s)|+ LC

1 − L

}
ds+ C

�(α)

∫ t

0
(t − s)α−1ds

≤ 1

�(α)

Q

1 − L

∫ t

0
(t − s)α−1{|x(s) − x0| + |x0|}ds + C

�(α)

(
1

1 − L

) ∫ t

0
(t − s)α−1ds

≤ (ξ + |x0|)Q
(1 − L)�(α)

∫ t

0
(t − s)α−1ds + C

�(α)

(
1

1 − L

) ∫ t

0
(t − s)α−1ds

=
{

(ξ + |x0|)Q + C

(1 − L)�(α + 1)

}
tα ≤

{
(ξ + |x0|)Q + C

(1 − L)�(α + 1)

}
χα

≤
{

(ξ + |x0|)Q + C

(1 − L)�(α + 1)

}{
(1 − L)�(α + 1)ξ

(ξ + |x0|)Q + C

}
= ξ.

Further, for 0 ≤ t1 ≤ t2 ≤ χ ,

|Ax(t1) − Ax(t2)|
≤ 1

�(α)

∣∣∣∣
∫ t1

0
(t1 − s)α−1 f (s, x(s),c Dαx(s))ds

−
∫ t2

0
(t2 − s)α−1 f (s, x(s),c Dαx(s))ds

∣∣∣∣
≤ 1

�(α)

∣∣∣∣
∫ t1

0
{(t1 − s)α−1 − (t2 − s)α−1} f (s, x(s),c Dαx(s))ds

−
∫ t2

t1
(t2 − s)α−1 f (s, x(s),c Dαx(s))ds

∣∣∣∣
≤ 1

�(α)

∫ t1

0
{(t1 − s)α−1 − (t2 − s)α−1}| f (s, x(s),c Dαx(s)) − f (s, 0, 0)|ds

+ 1

�(α)

∫ t1

0
{(t1 − s)α−1 − (t2 − s)α−1}| f (s, 0, 0)|ds

+ 1

�(α)

∫ t2

t1
(t2 − s)α−1| f (s, x(s),c Dαx(s)) − f (s, 0, 0)|ds

+ 1

�(α)

∫ t2

t1
(t2 − s)α−1| f (s, 0, 0)|ds.

Using the inequality (3.4), for any t ∈ [0, χ],

| f (t, x(t),c Dαx(t)) − f (t, 0, 0)| ≤ q(t)|x(t)| + L|cDαx(t)|
≤ q(t)|x(t)| + L

(
q(t)

1 − L
|x(t)| + C

1 − L

)

≤ Q

1 − L
|x(t)| + LC

1 − L
.
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Therefore

|Ax(t1) − Ax(t2)| ≤ Q

1 − L

1

�(α)

∫ t1

0
{(t1 − s)α−1 − (t2 − s)α−1}|x(s)|ds

+ LC

1 − L

1

�(α)

∫ t1

0
{(t1 − s)α−1 − (t2 − s)α−1}ds

+ C

�(α)

∫ t1

0
{(t1 − s)α−1 − (t2 − s)α−1}ds

+ Q

1 − L

1

�(α)

∫ t2

t1
(t2 − s)α−1|x(s)|ds

+ LC

1 − L

1

�(α)

∫ t2

t1
(t2 − s)α−1ds + C

�(α)

∫ t2

t1
(t2 − s)α−1ds

≤ Q

1 − L

1

�(α)

∫ t1

0
{(t1 − s)α−1 − (t2 − s)α−1} {|x(s) − x0| + |x0|} ds

+ C

1 − L

1

�(α)

∫ t1

0
{(t1 − s)α−1 − (t2 − s)α−1}ds

+ Q

1 − L

1

�(α)

∫ t2

t1
(t2 − s)α−1 {|x(s) − x0| + |x0|} ds

+ C

1 − L

1

�(α)

∫ t2

t1
(t2 − s)α−1ds

≤
{

(ξ + |x0|)Q
1 − L

+ C

1 − L

}
1

�(α)

∫ t1

0
{(t1 − s)α−1 − (t2 − s)α−1}ds

+
{

(ξ + |x0|)Q
1 − L

+ C

1 − L

}
1

�(α)

∫ t2

t1
(t2 − s)α−1ds

=
{

(ξ + |x0|)Q + C

(1 − L)�(α)

}
{tα1 − tα2 + 2(t2 − t1)

α}.

From above inequality it follows that Ax is continuous.
Thus for any x ∈ U , we have Ax ∈ B, Ax(0) = x0 and ‖Ax − x0‖ ≤ ξ . This proves that

Ax ∈ U whenever x ∈ U i.e. A maps the set U into itself.
Next, by method of induction, for every n ∈ N ∪ {0} and every x, y ∈ U , we shall prove

that:

‖Anx − An y‖ ≤
(

Qtα

1 − L

)n 1

�(nα + 1)
‖x − y‖, t ∈ [0, χ]. (3.5)

Inequality (3.5) is trivial for n = 0. We assume (3.5) is true for n = m − 1 and prove it for
n = m. By using definition of operator A, and assumption (H1), we have

|Amx(t) − Am y(t)| = |A(Am−1x(t)) − A(Am−1y(t))|
≤ 1

�(α)

∫ t

0
(t − s)α−1

∣∣ f (s, Am−1x(s),c DαAm−1x(s))

− f (s, Am−1y(s),c DαAm−1y(s))
∣∣ ds

≤ 1

�(α)

∫ t

0
(t − s)α−1{q(s)|Am−1x(s) − Am−1y(s)|

+ L|cDα(Am−1x(s) − Am−1y(s))|}ds. (3.6)
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But by hypothesis (H1) for any t ∈ [0, χ] and any x, y ∈ U ,

|cDα(x(t) − y(t))| = | f (t, x(t),c Dαx(t)) − f (t, y(t),c Dα y(t))|
≤ q(t)|(x − y)(t)| + L|cDα(x(t) − y(t))|.

This gives

|cDα(x(t) − y(t))| ≤ q(t)

1 − L
|(x − y)(t)|, t ∈ [0, χ], x, y ∈ U.

Using above estimation in (3.6), we obtain

|Amx(t) − Am y(t)|
≤ 1

�(α)

∫ t

0
(t−s)α−1

{
q(s)|Am−1x(s)−Am−1y(s)|+ Lq(s)

1−L
|Am−1x(s)−Am−1y(s)|

}
ds

≤ Q

1 − L

1

�(α)

∫ t

0
(t − s)α−1|Am−1x(s) − Am−1y(s)|ds

≤ Q

1 − L

1

�(α)

∫ t

0
(t − s)α−1 1

�((m − 1)α + 1)

(
Qsα

1 − L

)m−1

‖x − y‖ds

=
(

Q

1 − L

)m 1

�(α)�((m − 1)α + 1)
‖x − y‖

∫ t

0
(t − s)α−1sα(m−1)ds

=
(

Q

1 − L

)m 1

�(α)�((m − 1)α + 1)
‖x − y‖ �(α)�((m − 1)α + 1)

�(mα + 1)
tαm

=
(

Qtα

1 − L

)m 1

�(mα + 1)
‖x − y‖.

The proof of inequality (3.5) is completed using induction. Hence, we have

‖Anx − An y‖ ≤
(

Qχα

1 − L

)n 1

�(nα + 1)
‖x − y‖, ∀ n ∈ N ∪ {0}.

By definition 2.6, we have

∞∑
n=0

(
Qχα

1−L

)n
�(nα + 1)

= Eα

(
Qχα

1 − L

)
.

We have proved that the operator A satisfies all the conditions of theorem 2.3, and hence A
has a unique fixed point x : [0, χ] → R which is the solution of IFDE (1.1). 
�

Remark 3.1 Hereafter, to study the other properties of solutions of IFDE (1.1), we take
f : [0, T ] × R × R → R and B = C([0, T ],R)- the Banach space endowed with the
supremum norm ‖ · ‖.
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Estimates on the Solutions

Theorem 4.1 Assume that f :[0, T ]×R×R → R satisfies the hypothesis (H1). If x(t),
t ∈ [0, T ], is any solution of IFDE (1.1), then

|x(t)| ≤ |x0|
{
1 + K Q

(1 − L)�(α + 1)
T α

}

+
{

C

(1 − L)�(α + 1)
T α + K QC

(1 − L)2�(2α + 1)
T 2α

}
, t ∈ [0, T ].

where Q = max{q(t) : t ∈ [0, T ]}, C = supt∈[0,T ] | f (t, 0, 0)| and K is a constant
depending on α.

Proof Let x(t) be any solution of (1.1), then

cDαx(t) = f (t, x(t),c Dαx(t)), x(0) = x0 ⇒ x(t) − x0 = Iα[ f (t, x(t),c Dαx(t))]

Therefore

|x(t)| ≤ |x0| + 1

�(α)

∫ t

0
(t − s)α−1| f (s, x(s),c Dαx(s))|ds

≤ |x0| + 1

�(α)

∫ t

0
(t − s)α−1| f (s, x(s),c Dαx(s)) − f (s, 0, 0)|ds

+ 1

�(α)

∫ t

0
(t − s)α−1| f (s, 0, 0)|ds

Now, by using the hypothesis (H1), for any t ∈ [0, T ], we have

|x(t)| ≤ |x0| + 1

�(α)

∫ t

0
(t − s)α−1{q(s)|x(s)| + L|cDαx(s)|}ds

+ C

�(α)

∫ t

0
(t − s)α−1ds.

Using the estimate (3.4), we have

|x(t)| ≤ |x0| + 1

�(α)

∫ t

0
(t − s)α−1

{
q(s)|x(s)| + Lq(s)

1 − L
|x(s)| + LC

1 − L

}
ds

+ C

�(α)

∫ t

0
(t − s)α−1ds

≤ |x0| + 1

�(α)

Q

1 − L

∫ t

0
(t − s)α−1|x(s)|ds + C

�(α)

(
1

1 − L

) ∫ t

0
(t − s)α−1ds

≤ |x0| + C

�(α + 1)

(
1

1 − L

)
tα + 1

�(α)

Q

1 − L

∫ t

0
(t − s)α−1|x(s)|ds.
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Therefore by Lemma 2.2, there is a constant K depending on α such that

|x(t)| ≤ |x0| + C

�(α + 1)

(
1

1 − L

)
tα + K

�(α)

Q

1 − L

∫ t

0
(t − s)α−1

×
{
|x0| + C

�(α + 1)

(
1

1 − L

)
sα

}
ds

≤ |x0| + C

�(α + 1)

(
1

1 − L

)
T α + K Q|x0|

(1 − L)�(α)

∫ t

0
(t − s)α−1ds

+ K QC

(1 − L)2�(α)�(α + 1)

∫ t

0
(t − s)α−1 sαds, t ∈ [0, T ].

Using the Lemma 2.1 we obtain

|x(t)| ≤ |x0| + C

�(α + 1)

(
1

1 − L

)
T α + K Q|x0|

(1 − L)�(α)

tα

α

+ K QC

(1 − L)2�(α)�(α + 1)

�(α)�(α + 1)

�(2α + 1)
t2α, t ∈ [0, T ].

This gives

|x(t)| ≤ |x0|
{
1 + K Q

(1 − L)�(α + 1)
T α

}

+
{

C

(1 − L)�(α + 1)
T α + K QC

(1 − L)2�(2α + 1)
T 2α

}
, t ∈ [0, T ].


�

Continuous Dependence and Uniqueness of Solutions

Theorem 5.1 Assume that f : [0, T ] × R × R → R satisfies the hypothesis (H1). Let x1(t)
and x2(t) be the solutions of the IFDE

cDαx(t) = f (t, x(t),c Dαx(t)), t ∈ [0, T ], (5.1)

corrosponding to x(0) = x0 and x(0) = x̃0 respectively. Then

‖x1 − x2‖ ≤
(
1 + K QT α

(1 − L)�(α + 1)

)
|x0 − x̃0|, (5.2)

where K is a constant depending on α and Q = max{q(t) : t ∈ [0, T ]}.

Proof Let x1(t) and x2(t) be the solutions of the IFDE (5.1) corresponding to x(0) = x0 and
x(0) = x̃0 respectively. Therefore

cDαx1(t) = f (t, x1(t),
c Dαx1(t)), x1(0) = x0 and cDαx2(t) = f (t, x2(t),

c Dαx2(t)),

x2(0) = x̃0.

This implies

x1(t) = x0 + Iα[ f (t, x1(t),c Dαx1(t))] and x2(t) = x̃0 + Iα[ f (t, x2(t),c Dαx2(t))].
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Using the hypothesis (H1), for any t ∈ [0, T ], we obtain
|x1(t) − x2(t)|

≤ |x0 − x̃0| + 1

�(α)

∫ t

0
(t − s)α−1| f (s, x1(s),c Dαx1(s)) − f (s, x2(s),

c Dαx2(s))|ds

≤ |x0 − x̃0| + 1

�(α)

∫ t

0
(t − s)α−1{q(s)|x1(s) − x2(s)| + L|cDα(x1(s) − x2(s))|}ds.

(5.3)

From (5.1) and (H1), we obtain |cDα(x1(s) − x2(s))| ≤ Q
1−L |x1(s) − x2(s)|, t ∈ [0, T ].

Therefore (5.3) takes the form

|x1(t) − x2(t)| ≤ |x0 − x̃0| + 1

�(α)

(
Q

1 − L

) ∫ t

0
(t − s)α−1|x1(s) − x2(s)|ds. (5.4)

By an application of Lemmma 2.2 to (5.4), there is a constant K depending on α such that

|x1(t) − x2(t)| ≤ |x0 − x̃0| + K

�(α)

(
Q

1 − L

) ∫ t

0
(t − s)α−1|x0 − x̃0|ds

=
(
1 + K

�(α)

(
Q

1 − L

) ∫ t

0
(t − s)α−1ds

)
|x0 − x̃0|

≤
(
1 + K QT α

(1 − L)�(α + 1)

)
|x0 − x̃0|, t ∈ [0, T ].

This gives the inequality (5.2). 
�
Remark 5.1 The inequality (5.2) shows continuous dependence of solutions of IFDE (1.1)
on initial conditions as well as it gives the uniqueness. The uniqueness follows by putting
x0 = x̃0 in (5.2).

Continuous Dependence on Parameters and Functions Involved in IFDE

This section deals with the study of continuous dependence of solutions of initial value
problem (1.1) on parameters and functions involved therein.

Consider the system of IFDEs:

cDαu(t) = g(t, u(t),c Dαu(t), δ), u(0) = u0, (6.1)

and

cDαv(t) = g(t, v(t),c Dαv(t), δ0), v(0) = u0, (6.2)

where g : [0, T ] × R × R × R → R, u0 ∈ R and δ, δ0 are real parameters.
In the following theorem we prove dependence of solutions of IFDEs on parameters.

Theorem 6.1 Let g : [0, T ] × R × R × R → R satisfy:

(H2) |g(t, x, y, δ)− g(t, x̄, ȳ, δ)| ≤ h(t)|x − x̄ |+ M |y− ȳ|, where h ∈ C([0, T ],R+) and
M ∈ (0, 1).

(H3) There exists l ∈ L1[0, T ] such that

|g(t, x, y, δ) − g(t, x, y, δ0)| ≤ l(t)|δ − δ0|.
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If u(t) and v(t) are the solutions of (6.1)and (6.2) respectively then

|u(t) − v(t)| ≤ |δ − δ0|
{
Iαl(t) + K H

1 − M
Iα(Iαl(t))

}
, t ∈ [0, T ],

where K is a constant depending on α and H = max{h(t) : t ∈ [0, T ]}.
Proof Let u(t) and v(t) be the solutions of (6.1) and (6.2) respectively, then

cDαu(t) = g(t, u(t),c Dαu(t), δ), u(0) = u0 and
cDαv(t) = g(t, v(t),c Dαv(t), δ0), v(0) = u0,

This gives

u(t) = u0 + Iα[g(t, u(t),c Dαu(t), δ)] and v(t) = u0 + Iα[g(t, v(t),c Dαv(t), δ0)],
Therefore, for any t ∈ [0, T ],

|u(t) − v(t)| ≤ 1

�(α)

∫ t

0
(t − s)α−1

∣∣g(s, u(s),c Dαu(s), δ) − g(s, v(s),c Dαv(s), δ0)
∣∣ ds

≤ 1

�(α)

∫ t

0
(t − s)α−1

∣∣g(s, u(s),c Dαu(s), δ) − g(s, v(s),c Dαv(s), δ)
∣∣ ds

+ 1

�(α)

∫ t

0
(t − s)α−1

∣∣g(s, v(s),c Dαv(s), δ) − g(s, v(s),c Dαv(s), δ0)
∣∣ ds

≤ 1

�(α)

∫ t

0
(t − s)α−1{h(s)|u(s) − v(s)| + M |cDα(u(s) − v(s))|}ds

+ 1

�(α)

∫ t

0
(t − s)α−1l(s)|δ − δ0|ds.

But

|cDα(u(t) − v(t)| ≤ H

1 − M
|u(t) − v(t)|, t ∈ [0, T ].

Therefore

|u(t) − v(t)| ≤ |δ − δ0|Iαl(t) + 1

�(α)

∫ t

0
(t − s)α−1

{
H |u(s) − v(s)| + HM

1 − M
|u(s) − v(s)|

}
ds

= |δ − δ0|Iαl(t) + H

(1 − M)�(α)

∫ t

0
(t − s)α−1|u(s) − v(s)|ds.

By Lemma 2.2, there is a constant K depending on α such that

|u(t) − v(t)| ≤ |δ − δ0|Iαl(t) + K H

(1 − M)�(α)

∫ t

0
(t − s)α−1|δ − δ0|Iαl(s)ds

= |δ − δ0|Iαl(t) + K H |δ − δ0|
(1 − M)�(α)

∫ t

0
(t − s)α−1 Iαl(s)ds.

Therefore

|u(t) − v(t)| ≤ |δ − δ0|
{
Iαl(t) + K H

1 − M
Iα(Iαl(t))

}
, t ∈ [0, T ].


�
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The next result proves the continuous dependence of solutions of IFDE (1.1) on the
functions involved in right hand side of Eq. (1.1).

Consider the IFDEs (1.1) and

cDα y(t) = f̃ (t, y(t),c Dα y(t)), y(0) = ỹ0 ∈ R, (6.3)

where f̃ : [0, T ] × R × R → R.

Theorem 6.2 Suppose that f in (1.1) satisfies the hypothesis (H1). Further suppose, for
arbitrarily small constants ε, δ > 0, that

| f (t, y(t),c Dα y(t)) − f̃ (t, y(t),c Dα y(t))| ≤ ε, t ∈ [0, T ] and |x0 − ỹ0| < δ.

Then the solution x(t) of (1.1) depends continuously on the functions involved in right hand
side of Eq. (1.1).

Proof Let x(t) and y(t) be any solution of (1.1) and (6.3) respectively. Then

cDαx(t)= f (t, x(t),c Dαx(t)), x(0) = x0 and cDα y(t)= f̃ (t, y(t),c Dα y(t)), y(0)= ỹ0

This implies

x(t) = x0 + Iα[ f (t, x(t),c Dαx(t))] and y(t) = ỹ0 + Iα[ f̃ (t, y(t),c Dα y(t))],

Using the hypothesis, we obtain

|x(t) − y(t)|
≤ |x0 − ỹ0| + 1

�(α)

∫ t

0
(t − s)α−1

∣∣ f (s, x(s),c Dαx(s)) − f (s, y(s),c Dα y(s))
∣∣ ds

+ 1

�(α)

∫ t

0
(t − s)α−1

∣∣ f (s, y(s),c Dα y(s)) − f̃ (s, y(s),c Dα y(s))
∣∣ ds

≤ |x0 − ỹ0| + 1

�(α)

∫ t

0
(t − s)α−1 {

q(s)|x(s) − y(s)| + L|cDα(x(s) − y(s))|} ds

+ ε

�(α)

∫ t

0
(t − s)α−1ds, t ∈ [0, T ].

But

|cDα(x(t) − y(t))| = | f (t, x(t),c Dαx(t)) − f̃ (t, y(t),c Dα y(t))|
≤ | f (t, x(t),c Dαx(t)) − f (t, y(t),c Dα y(t))

+ | f (t, y(t),c Dα y(t)) − f̃ (t, y(t),c Dα y(t))|
≤ q(t)|x(t) − y(t)| + L|cDα(x(t) − y(t))| + ε, t ∈ [0, T ].

From which we obtain,

|cDα(x(t) − y(t))| ≤ q(t)

1 − L
|x(t) − y(t)| + ε

1 − L
, t ∈ [0, T ].
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Therefore,

|x(t) − y(t)|

≤ |x0 − ỹ0| + 1

�(α)

∫ t

0
(t − s)α−1

{
q(s)|x(s) − y(s)| + L

{
q(s)

1 − L
|x(s) − y(s)| + ε

1 − L

}}
ds

+ ε

�(α)

∫ t

0
(t − s)α−1ds.

= |x0 − ỹ0| + 1

�(α)

∫ t

0
(t − s)α−1 q(s)

1 − L
|x(s) − y(s)|ds

+ ε

�(α)

(
1

1 − L

)∫ t

0
(t − s)α−1ds

≤ δ + ε

�(α + 1)

(
1

1 − L

)
tα + 1

�(α)

(
Q

1 − L

)∫ t

0
(t − s)α−1|x(s) − y(s)|ds, t ∈ [0, T ].

By an application of Lemma 2.2, there is a constant K depending on α such that

|x(t) − y(t)|

≤ δ + ε

�(α + 1)

(
1

1 − L

)
tα + KQ

(1 − L)�(α)

∫ t

0
(t − s)α−1

{
δ + ε

�(α + 1)

(
1

1 − L

)
sα

}
ds

= δ + ε

�(α + 1)

(
1

1 − L

)
tα + KQδ

(1 − L)�(α)

∫ t

0
(t − s)α−1ds

+ KQε

(1 − L)2�(α)�(α + 1)

∫ t

0
(t − s)α−1sαds

= δ + ε

�(α + 1)

(
1

1 − L

)
tα + KQδ

(1 − L)�(α + 1)
tα

+ KQε

(1 − L)2�(α)�(α + 1)

�(α)�(α + 1)

�(2α + 1)
t2α, t ∈ [0, T ].

Finallly, we have

|x(t) − y(t)| ≤ δ

{
1 + K Q

(1 − L)�(α + 1)
tα

}

+ ε

(
1

1 − L

) {
1

�(α + 1)
tα + K Q

(1 − L)�(2α + 1)
t2α

}
, t ∈ [0, T ].

(6.4)

From the inequality (6.4), it follwos that the solution x(t) of (1.1) depends continuously on
the functions involved in right hand side of Eq. (1.1). For ε = 0 the inequality (6.4) gives
continuous dependence of solutions on initial conditions. We also note that as ε, δ > 0 were
arbitrary, by taking ε, δ → 0+, we have x → y, where x : [0, T ] → R and y : [0, T ] → R

are the solutions of (1.1) and (6.3) respectively. 
�

ε-Approximate Solutions to IFDEs

Definition 7.1 A solution of the implicit fractional differential inequality∣∣cDαx(t) − f (t, x(t),c Dαx(t))
∣∣ ≤ ε, t ∈ [0, T ]

with x(0) = x0, is called a fractional ε-approximate solution of the IFDE (1.1).
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Theorem 7.1 Assume that (H1) holds. Let xi (t), (i = 1, 2) be fractional εi -approximate
solutions of IFDE (1.1) corresponding to x(0) = x (i)

0 ∈ R respectively. Then

|x1(t) − x2(t)| ≤ (ε1 + ε2)

{
1

�(α + 1)
tα + K Q

(1 − L)�(2α + 1)
t2α

}

+ |x (1)
0 − x (2)

0 |
{
1 + K Q

(1 − L)�(α + 1)
tα

}
, t ∈ [0, T ].

Proof If xi (t), (i = 1, 2) are the fractional εi -approximate solutions of IFDE (1.1) with
x(0) = x (i)

0 ∈ R respectively, then

|cDαxi (t) − f (t, xi (t),
c Dαxi (t))| ≤ εi , t ∈ [0, T ]. (7.1)

Operating Iα on both side, for any t ∈ [0, T ], we have
I αεi ≥ Iα

∣∣cDαxi (t) − f (t, xi (t),
c Dαxi (t))

∣∣
= 1

�(α)

∫ t

0
(t − s)α−1

∣∣cDαxi (s) − f (s, xi (s),
c Dαxi (s))

∣∣ ds

≥
∣∣∣∣ 1

�(α)

∫ t

0
(t − s)α−1 {cDαxi (s) − f (s, xi (s),

c Dαxi (s))
}
ds

∣∣∣∣
= ∣∣I α

{cDαxi (t) − f (t, xi (t),
c Dαxi (t))

}∣∣
=

∣∣∣xi (t) − x (i)
0 − Iα f (t, xi (t),

c Dαxi (t))
∣∣∣

This gives

εi

�(α + 1)
tα ≥ |xi (t) − x (i)

0 − Iα f (t, xi (t),
c Dαxi (t))|, t ∈ [0, T ]. (7.2)

We know that for any x, y ∈ R, |x − y| ≤ |x | + |y| and |x | − |y| ≤ |x − y|. Therefore from
(7.2), for any t ∈ [0, T ], we have

ε1 + ε2

�(α + 1)
tα ≥

∣∣∣x1(t) − x (1)
0 − I α f (t, x1(t),

c Dαx1(t))| + |x2(t) − x (2)
0 − I α f (t, x2(t),

c Dαx2(t))
∣∣∣

≥
∣∣∣
(
x1(t) − x (1)

0 − I α f (t, x1(t),
c Dαx1(t))

)
−

(
x2(t) − x (2)

0 − I α f (t, x2(t),
c Dαx2(t))

)∣∣∣
=

∣∣∣(x1(t) − x2(t)) − (x (1)
0 − x (2)

0 ) − I α
{
f (t, x1(t),

c Dαx1(t)) − f (t, x2(t),
c Dαx2(t))

}∣∣∣
≥

∣∣∣x1(t) − x2(t)| − |x (1)
0 − x (2)

0 | − |I α
{
f (t, x1(t),

c Dαx1(t)) − f (t, x2(t),
c Dαx2(t))

}∣∣∣
The above inequality gives, for any t ∈ [0, T ],

|x1(t) − x2(t)|
≤ ε1 + ε2

�(α + 1)
tα + |x (1)

0 − x (2)
0 | + ∣∣Iα

{
f (t, x1(t),

c Dαx1(t)) − f (t, x2(t),
c Dαx2(t))

}∣∣

≤ ε1 + ε2

�(α + 1)
tα + |x (1)

0 − x (2)
0 |

+ 1

�(α)

∫ t

0
(t − s)α−1

∣∣( f (s, x1(s),c Dαx1(s)) − f (s, x2(s),
c Dαx2(s))

∣∣ ds (7.3)
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As discussed previously, using hypothesis (H1), from the inequality (7.3), we obtain

|x1(t) − x2(t)| ≤ ε1 + ε2

�(α + 1)
tα + |x (1)

0 − x (2)
0 |

+ 1

�(α)

Q

(1 − L)

∫ t

0
(t − s)α−1|x1(s) − x2(s)|ds

From Lemma 2.2, there is a constant K depending on α such that

|x1(t) − x2(t)| ≤ ε1 + ε2

�(α + 1)
tα + |x (1)

0 − x (2)
0 |

+ K Q

(1 − L)�(α)

∫ t

0
(t − s)α−1

{
ε1 + ε2

�(α + 1)
sα + |x (1)

0 − x (2)
0 |

}
ds

= ε1 + ε2

�(α + 1)
tα + |x (1)

0 − x (2)
0 | + (ε1 + ε2)K Q

(1 − L)�(α)�(α + 1)

∫ t

0
(t − s)α−1sαds

+ K Q|x (1)
0 − x (2)

0 |
(1 − L)�(α)

∫ t

0
(t − s)α−1ds

= ε1 + ε2

�(α + 1)
tα + |x (1)

0 − x (2)
0 | + (ε1 + ε2)K Q

(1 − L)�(α)�(α + 1)

�(α)�(α + 1)

�(2α + 1)
t2α

+ K Q|x (1)
0 − x (2)

0 |
(1 − L)�(α + 1)

tα, t ∈ [0, T ].

Therefore we get

|x1(t) − x2(t)| ≤ (ε1 + ε2)

{
1

�(α + 1)
tα + K Q

(1 − L)�(2α + 1)
t2α

}

+ |x (1)
0 − x (2)

0 |
{
1 + K Q

(1 − L)�(α + 1)
tα

}
, t ∈ [0, T ]. (7.4)


�

Remark 7.1 Same arguments of [20] work for the IFDEs:

(i) If ε1 = 0 then x1(t) is solution of (1.1). If x2(t) is ε2-approximate solution then
x2(t) → x1(t) as ε2 → 0 and x (2)

0 → x (1)
0 .

(ii) For ε1 = ε2 = 0 inequality (7.1) implies x1(t) and x2(t) are the solutions of (1.1)
corresponding to x (1)

0 and x (2)
0 respectively. In this case inequality (7.4) reduces to the

inequlity (5.2) and hence gives continuous dependence of solutions of (1.1) on initial
conditions.

(iii) For ε1 = ε2 = 0 and x (1)
0 = x (2)

0 the inequality (7.4) and (7.1) proves uniqueness of
the solutions of (1.1).
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A B S T R A C T

The detoxification of Cr(VI) to Cr(III) at room temperature by formic acid is investigated in the presence of
3D urchin shaped monometallic palladium (Pdurc) nanocatalyst. The rate of detoxification reaction is
found to enhance with the intensity of light. Kinetic analysis reveals that the detoxification of Cr(VI) in
presence of Pdurc nanocatalyst is most efficient in sunlight with a pseudo-first-order rate constant of
0.274 � 0.067 min�1 as compared to commercially available Pd/C nanoparticles and radiolytically
synthesized spherical Pd nanoparticles. The synergistic effect of high surface area of porous Pdurc
nanocatalyst and higher rate of photodecomposition of formic acid in presence of Pdurc is proposed for
the photo enhanced catalytic conversion of Cr(VI) to Cr(III). The reaction mechanism is confirmed by
increase in the evolution of carbon dioxide (CO2) in the presence of light, monitored using gas
chromatography. The sunlight enhanced conversion of Cr(VI) to Cr(III) in aqueous media, under ambient
reaction condition, room temperature, low catalyst loading and recyclability of the Pdurc nanocatalyst will
be helpful in developing new strategies for the detoxification of waste water.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Chromium (Cr) is reported to be a major inorganic contaminant
after lead [1] and common pollutant among the hazardous waste.
Chromium is mainly discharged from industrial activities viz.
textile dyeing, leather tanning, electroplating and steel industry
[2,3]. Chromium in its trivalent state Cr(III) is non-carcinogenic and
is an essential trace nutrient for human beings [4], while its
hexavalent state Cr(VI) is a well-documented carcinogen [5] and is
also a strong oxidant. High solubility of Cr(VI) in aqueous medium
facilitates percolation into the ground water through waste
discharge. The toxicity associated with Cr(VI) necessitates its
removal from the waste water before discharging into the
environment.

The use of thiol-sulfonic acid bifunctionalized mesoporous
silica [6], and ferrous sulphate in combination with sodium
dithionite [7] is well documented in the literature for reduction of
Cr(VI) to Cr(III). However, the reducing agents in these methods

involves other metal ions which functions as homogenous catalyst
for the reduction of Cr(VI) to Cr(III) [8,9]. These metal ion catalyst
are not recoverable and further add up to environmental problems
[3]. It has also been reported that microorganisms can be employed
for the anaerobic bio-removal of Cr(VI) [10], but has limitations to
laboratory level. Therefore, use of organic nontoxic reducing agents
such as oxalic acid and formic acid are currently in focus for the
reduction of Cr(VI) to Cr(III). Formic acid is advantageous as it
completely degrades to CO2 and H2 in the presence of a metallic
heterogeneous catalyst, which can be recycled.

Applied nanoscience has evolved as a field with immense
potential for a sustainable and quality environment through
pollution reduction and remediation. Metallic nanostructures
provide immense scope in the field of heterogeneous catalysis
[11], and are widely used as nanocatalyst with or without support.
Recent reports show application of metallic nanocomposite such
as, CdS–graphene [12], two-dimensional MoS2 nanosheet-coated
Bi2S3 [13], TiO2 based nanocomposites [14–16], photocatalyst as
greener alternative for the reduction of Cr(VI) by formic acid using
UV and visible light. However, the several steps involved during the
synthesis of such nanocomposites remains a hurdle in reproduc-
ibility. Graphene oxide supported nickel nanoparticles [17],
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palladium (Pd) nanoparticles supported on amine-functionalized
SiO2 [18], TiO2 nanotube supported Pd nanoparticles [19], Pd
nanoparticles supported on mesoporous g-Al2O3 [20] and polyvi-
nyl pyrrolidone stabilized Pd colloidal nanoparticles [21] are
reported to catalyze the reduction of Cr(VI) to Cr(III) by molecular
hydrogen gas and formic acid. Similarly, few reports on the use of
mono metallic colloidal Pd nanostructures viz. Pd nanoworms [22]
and spherical Pd nanoparticles [23] as heterogeneous nanocatalyst
in the reduction of Cr(VI) to Cr(III) by formic acid at elevated
temperature are available in the literature. The later study
demonstrates the size and morphology effect of Pd nanostructure
in the reduction of Cr(VI) to Cr(III) by formic acid. For an effective
monometallic heterogeneous nanocatalyst, low loading and
ambient reaction temperature are preferable. Our group has
earlier demonstrated the robust reproducibility of radiolysis
technique to obtain monometallic 3D Pd nanostructures with
well-defined microscopic orientation which shows efficient
heterogenous catalytic activity [24] at ambient temperature and
good hydrogen storage property [25] owing to their porosity and
high surface area. In this study, we investigate the use of
unsupported/bare Pdurc nanostructures as nanocatalyst for room
temperature reduction of Cr(VI) by formic acid. Further, the role of
light which has not been reported so far for the monometallic Pd
nanocatalysed detoxification of Chromium (VI) by formic acid
using Pdurc is investigated.

2. Experimental

2.1. Materials

Tetraamminepalladium (II) chloride monohydrate (Pd
(NH3)4Cl2�H2O) (98%), and commercial catalyst Pd/C (10%Pd)
was purchased from Sigma Aldrich and used as received. Formic
acid (98%), Potassium dichromate (K2Cr2O7, 99.5%) was obtained
from SRL Pvt. Ltd., Cetylpyridiniumchloride monohydrate (CPCl,
99%) was purchased from SD-Fine Chemicals, and Propan-2-ol
(99.7%) was obtained from Spectrochem, Nitrogen gas with purity
99.995% was purchased from Inox air products. All the materials
were used as received. Deionized water from Milli-Q system with
resistance 18.2 MV M�1 cm�1 was used for preparation of all the
solutions. A 60Co gamma source with a dose rate 60 Gy min�1

(evaluated by Fricke dosimetry) available at the Department of
Chemistry, Savitribai Phule Pune University was used for the
synthesis of Pdurc. The gamma irradiation facility is a commercial
contained facility supplied by Department of Atomic Energy, India
and is regulated by Atomic Energy Regulatory Board, India.

2.2. Synthesis of palladium nanostructures

Palladium nanostructure is synthesized as reported by us
earlier [24,25]. Briefly, it is prepared by dissolving 0.1 M Pd
(NH3)4Cl2 in 1.03 g CPCl completely. To this micellar solution,
0.015 mL propan-2-ol (final concentration in solution 0.1 M) is
added to scavenge the �OH radicals [25]. The oxygen interference is
removed by purging with nitrogen gas for 15 min before
irradiation. The micellar solution containing the Pd salt is
irradiated in the same glass tubes sealed with silicon septum.
The stable, perfectly transparent micellar solution is exposed to g
radiation from 60Co g source facility. After 80 kGy of absorbed dose,
the Pd nanostructures formed were harvested using propan-2-ol.
The suspended Pd nanostructures are centrifuged and the
supernatant was removed by decantation. The residues were
washed several times with propan-2-ol and water to remove any
CPCl traces. Spherical Pd nanoparticles for comparative study are
synthesized by irradiating the micellar solution of 0.1 M Pd
(NH3)4Cl2 in 1.03 g CPCl to a dose of 28 kGy. The isolated Pd

nanostructure is then dried in the oven at 60� C for 12 h prior to
characterization and determination of catalytic activity.

2.3. Characterization

The UV–vis absorption spectra of Pd precursor and Pdurc were
recorded using a Shimadzu- UV1800. Field emission gun-scanning
electron microscope (FEG-SEM) imaging of the synthesized Pdurc
were carried out using FEI model NOVANANOSEM 450. The
samples for SEM analysis were prepared by depositing a
suspension of Pdurc in isopropyl alcohol (IPA) on silicon wafers
and drying it at room temperature. Transmission electron
microscopy (TEM) analysis was performed using TECNAI-G2 20
ULTRA-TWIN FEI with an accelerating voltage up to 200 kV. A FEI
TECNAI 3010 transmission electron microscope operating at
300 kV (resolution 1.7 Å) was used for high resolution transmission
electron microscopy (HR-TEM) measurements. The Pd nano-
structures were sonicated using Oscar ultrasonicator prior to
deposition on a carbon coated copper grid having 200 mesh size. X-
Ray diffraction (XRD) of the dried Pd nanostructures were recorded
using PANalytical X’pert Pro diffractometer with a CuKa (1.5418 Å)
line. The voltage and current applied to X-ray anode was 45 kV and
40 mA respectively. The nitrogen adsorption isotherms at 77 K
were measured on a Quantachrome Autosorb iQ gas analyzer. The
BET surface area was calculated using [0.1–0.30] relative pressure
range, the correlation coefficient being 0.999. X-ray photoelectron
spectroscopic (XPS) analysis was carried out using a FEI Inc model
PHI 5000 Versa Prob II. Light intensity was measured on digital
light meter ‘LX-101A’. The estimation of CO2 was done on
Shimadzu TCD-2014 GC analyser with Porapak-Q (1 m � 6 mm)
stainless steel column with N2 as the carrier gas.

2.4. Detoxification of Cr(VI)

The synthesized Pdurc nanostructures are used as catalyst in the
reduction of Cr(VI) to Cr(III) by formic acid. In a typical experiment,
0.1 M K2Cr2O7 and 50 mg/L Pdurc dispersion were prepared as stock.
K2Cr2O7 and formic acid were taken to make a final concentration
of dichromate as 0.4 mM and 0.2 M formic acid in a 25 ml beaker.
Appropriate Pdurc were then added to this solution to maintain a
catalyst concentration of 5 mg/L. The spectral evolution with time
is followed using a UV–vis spectrophotometer. The reaction was
carried out at room temperature in dark, sunlight and fluorescent
light and monitored with time at 350 nm corresponding to Cr(VI)
absorption peak. The dark reaction condition was maintained by
wrapping the beaker with aluminium foil in a dark room. In order
to understand the influence of light, similar experiments were
performed using a 100 W tungsten lamp. The light intensity were
varied from 1600 to 9800 lx which was measured using a digital
light meter.

The recycling study of Pdurc nanocatalyst is carried out by
mixing 0.012 mL K2Cr2O7 (0.1 M) and 2.665 mL Milli-Q water
followed by the addition of 0.054 mL formic acid (22.4 M). The
mixture was stirred for 1 min. To this mixture, 0.3 mL Pdurc (50 mg/
L) was added and the reaction was monitored by observing the
change in the absorbance of K2Cr2O7 at 350 nm as a function of
time. After the completion of the first cycle of reduction,
dichromate and formic acid was replenished in the reaction cell
and monitored upto six successive cycles.

2.5. Kinetic analysis

The kinetics of the catalytic reduction of Cr(VI) by formic acid in
the presence of Pdurc nanocatalyst is analysed using Langmuir-
Hinshelwood mechanism assuming that both the reactants adsorb
on the surface of Pdurc nanostructures. The reaction steps involved
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in the interaction of Pdurc and formate ions which finally leads to
the liberation of hydrogen [26] and subsequent reduction of Cr(VI)
to Cr(III) on the surface of catalyst are shown in Scheme 1.

The reaction for the detoxification of Cr(VI) to Cr(III) by formic
acid in the presence of Pdurc is treated as pseudo first-order kinetics
since the concentration of formic acid is maintained 1000 folds
higher than that of Cr(VI) concentration in all the experiments. The
desorption of Cr(III) from the surface of the Pdurc nanocatalyst is
the rate determining step in the reaction proposed for the catalytic
mechanism. The rate law for the Cr(VI) reduction by formic acid is
represented by Eq. (6)

�d Cr VIð Þ½ �
dt

¼ k½Cr VIð Þ� HCOO�½ � ð6Þ

Since, [HCOO�] >> [Cr(VI)], k � [HCOO�] = kapp, known as appar-
ent pseudo first-order rate constant and were determined using a
classical Langmuir-Hinshelwood equation which is deduced as

reported earlier for platinum and palladium nanostructures
[24,27], and expressed by Eq. (7).

lnC0

C
¼ kappt ¼ kSt ð7Þ

where C0 and C are the initial and final concentrations having
equivalents in terms of absorbance (A0 and At respectively)
monitored at a fixed wavelength (l) at time t. kapp is the apparent
pseudo first- order rate constant assumed to be proportional to the
accessible surface area (S) for the Pdurc. Therefore, for constant
catalyst concentration and uniform accessible surface area of Pdurc

nanostructures, a plot of ln (A0/At) with respect to time gives a
straight line whose slope is the kapp.

3. Result and discussion

3.1. Characterization of Pd nanostructure

The FEG-SEM and TEM images of the synthesized Pd
nanostructure in micellar CPCl are depicted in Fig. 1, panel a
and b respectively. The TEM image shows arms made up of 3–4 nm
Pd nanoparticles, growing away 3-dimensionaly from the center
resembling an urchin like structure. The diameter of these Pd
nanostructures ranges from 35 to 50 nm. However, the individual
nanowires have diameter of about 3 nm representing the coaxial
formation of small pores. The reduction of the palladium salt is also
determined by UV–vis absorption spectra shown in Supporting
information (SI-Fig. S1) which shows reduction of the Pd salt after
80 kGy irradiation. The observed morphology and the UV–vis
absorption spectra are consistent with that reported by us [24,25],
showing the robust reproducibility of the synthesis method. The
HR-TEM image, Fig. 1, panel c and d shows lattice fringes of
0.236 nm spacing corresponding to fcc palladium. The TEM images
of the sample irradiated at lower dose (28 kGy) shows spherical Pd
nanoparticles of an average size of 3 nm (SI-Fig. S2).

The synthesized nanomaterial is subjected to XRD analysis to
investigate the crystalline nature of Pdurc nanostructures. The XRD

Scheme 1. Reduction of Cr (VI) at the surface of Pdurc. The asterisk (*) indicates the
active site of Pdurc.

Fig. 1. FEG-SEM and TEM images of Pd nanostructure obtained after radiolysis of N2 saturated solution containing CPCl, 0.1 M palladium salt (panel a and b); HR-TEM image
showing continuous lattice and (c); enlarged lattice fringes with d spacing of 0.236 nm (d). (Dose 80 kGy).
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pattern of the prepared nanostructures shows peaks at 2u values
39.93�, 46.81�, 68.01� and 81.19� (Fig. 2) which could be indexed to
the characteristic peaks (111), (200), (220) and (311) planes of

crystalline palladium respectively (JCPDS No. 05-0681) [28],
suggesting the crystallinity of synthesized Pdurc nanostructure.

The synthesized Pd nanostructures were also analysed by XPS.
Fig. 3a shows the full scan spectrum of Pdurc nanostructures which
confirms the presence of C, Cl, O and Pd in the sample. The
deconvoluted Pd 3d core level spectrum shows the characteristic
peaks at binding energy of 334.74 and 339.9 eV, which can be
assigned to Pd0 3d5/2 and Pd0 3d3/2 respectively for metallic
palladium [29].

BET measurements at 77 K were performed to estimate the total
surface area of the synthesized Pdurc. As mentioned in the
Experimental Section, the nanostructures were washed several
times with propan-2-ol and water before analysis to ensure
complete removal of surfactant. The adsorption isotherms of Pdurc
at 77 K is depicted in SI-Fig. S3. The total surface area was
calculated to be 37.9 m2/g which is little higher than the values
reported by us [24]

3.2. Detoxification of Cr(VI) by formic acid using Pdurc catalyst

The evolution of UV–vis spectra with time for the reduction of
Cr(VI) to Cr(III) by formic acid using Pdurc nanocatalyst in sunlight
is depicted in Fig. 4a, which shows the 350 nm peak reduced to
residual absorption within 25 min. Fig. 4b represents the reaction
of Cr(VI) with formic acid without Pdurc nanocatalyst in sunlight.
As shown in Fig. 4b inset, no appreciable change in the absorbance

Fig. 2. XRD pattern of the synthesized Pdurc nanostructures with JCPDS data (red
bar) for Pd metal (JCPDS No. 05-0681). (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)

Fig. 3. X-ray photoelectron spectra (XPS) of Pdurc nanostructure obtained after radiolysis containing CPCl, 0.1 M palladium salt (a) High resolution XPS spectra of Pd 3d (b).

Fig. 4. UV–visible spectral evolution with time during the reduction of 0.4 mM potassium dichromate by 0.2 M formic acid at room temperature, when exposed to sunlight
(86 � 103 lx) with (a) 5 ppm Pdurc (b) No Pdurc.
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is observed even up to 39 min. These results suggest that the
reduction of Cr(VI) to Cr(III) by formic acid occurs only in the
presence of Pdurc nanocatalyst. The formation of Cr(III) is
confirmed by addition of an excess amount of sodium hydroxide
which leads to a green solution of hexahydroxochromate (III) ions
[30]. Similar reactions were carried out with different light source
under the same reaction conditions as used for sunlight. The
decrease in the absorbance at 350 nm with time in sunlight,
fluorescent light and in dark is shown in Fig. 5a. It is apparent from
the figure that the catalytic degradation of Cr(VI) to Cr(III) by
formic acid with Pdurc nanocatalyst is most efficient in sunlight
(86 � 103 lx) completing within 15 min while the reaction under
fluorescent light (82 lx) requires around 55 min. In the absence of
any source of light (0 lx), the reaction remains incomplete even
upto 90 min.

Systematic experiments were carried out to investigate the
effect of light intensity and role of light source in the catalytic
degradation of Cr(VI) to Cr(III). 100 W tungsten lamp is used as a
fixed source of light. The light intensity is varied by adjusting the
distance between source of light and surface of reaction mixture,
keeping the source constant. Experiments were carried out with
light intensity varying from 1600 to 9800 lx. The time dependent
absorbance at 350 nm is shown in Fig. 5b. As can be seen from the
figure, the conversion of Cr(VI) to Cr(III) by formic acid in the
presence of Pdurc nanocatalyst is dependent on light intensity.

Fastest conversion is achieved at 9800 lx within 30 min and the
reaction time increases to 55 min with decreasing light intensity.

It is evident from Fig. 5a and b, that the decrease in the
absorbance of Cr(VI) is not instantaneous indicating that the
catalytic reduction reaction is not immediate, but it starts after a
time lapse which is generally termed as ‘induction time’, as
observed in nanocatalytic reactions reported by us [24,27], and
other groups [31,32]. We have reported earlier that t0 is dependent
on the sequence of addition of substrate and the catalyst in the
reaction [27].

The effect of the sequence of addition of the substrates on the
catalytic reaction was tested under two conditions, i) Pdurc was
initially added to formic acid and finally Cr(VI) was added to this
mixture and ii) Cr(VI) was first mixed with formic acid and finally
Pdurc catalyst was added. In both the cases reaction was exposed to
fluorescent light. The time dependent absorbance monitored at
350 nm under these two conditions are shown in Fig. 6 which
shows that the t0 is absent in the former condition indicating that
binding constant of Cr (KCr(VI)) on the Pdurc surface, as shown in
reaction (1), Scheme 1 is an important factor.

3.3. Kinetics of removal of Cr(VI) by formic acid using Pdurc
nanocatalyst

The spectral data obtained are analyzed kinetically to gain
insight into the reduction of Cr(VI) by formic acid in the presence of
Pdurc nanocatalyst using Eq. (7). The pseudo first-order apparent
rate constant kapp (min�1) are obtained from the slope of the linear
regression of ln (A0/A) against reaction time (Fig. 7a) for sunlight,
fluorescent light and dark and are tabulated in Table 1. As evident
from the table, the highest kapp is observed for the reaction carried
out in sunlight (0.274 � 0.067 min�1) followed by reactions in
fluorescent light (0.107 � 0.013 min�1) and the lowest in dark
(0.067 � 0.006 min�1).

Similarly the plot of ln (A0/A) against reaction time at different
intensities of 100 W tungsten lamp is shown in Fig. 7b and the
respective kapp values are tabulated in Table 1. The pseudofirst-
order rate constant increases from 0.079 � 0.006 min�1 to
0.184 � 0.02 min�1 as the intensity of light increases from
1600 lx to 9800 lx suggesting that the detoxification of Cr(VI) by
formic acid in the presence of Pdurc nanocatalyst is dependent on
light intensity. This enhancement is proposed to be due to the
photo-assisted cleavage of formic acid over the surface of the
catalyst (reaction (3), Scheme 1) and desorption of Cr(III) adsorbed
on the Pdurc surface. This is further supported by monitoring the
amount of CO2 released during the oxidation of formic acid over

Fig. 5. Time dependent decrease in the absorbance of aqueous solution containing 0.2 M formic acid and 0.4 mM potassium dichromate in the presence of 5 ppm Pdurc
nanocatalyst exposed to (a) (i) sunlight, 86 � 103 lx ( ), (ii) fluorescent light, 82 lx ( ) and (iii) In dark, 0 lx ( ) monitored at 350 nm. (b) 100 W tungsten lamp
-&- (1600 lx), -*- (2600 lx), -~- (4600 lx) and -!- (9800 lx) monitored at 350 nm.

Fig. 6. Time dependent decrease in the absorbance following sequential addition of
(-&-) aqueous solution of 5 ppm Pdurc nanocatalyst, 0.2 M formic acid and 0.4 mM
potassium dichromate and ( ) aqueous solution of 0.2 M formic acid and 0.4 mM
potassium dichromate and 5 ppm Pdurc nanocatalyst, exposed to a florescent lamp.
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the Pdurc nanocatalyst using gas chromatography (GC) technique.
The chromatogram for the oxidation under dark, fluorescent and
100 W tungsten lamp irradiated conditions are depicted in the SI-
Fig. S4. The chromatograms showed a marked enhancement in CO2

released when formic acid is irradiated using a 100 W tungsten
lamp which is in agreement with our results.

For comparing the efficiency and investigate the role of
nanocatalyst morphology, catalytic reduction were also studied
using commercially available Pd/C catalyst and Pd nanoparticle
synthesized by radiolytic reduction. For Pd/C and spherical Pd
nanoparticles the kapp values calculated are 0.0019 min�1 and
0.0025 min�1 respectively (SI-Figs. S5 and S6). These results
suggest that the porous nature Pdurc nanostructure leads to higher
catalytic activity.

3.4. Recyclability of Pdurc nanocatalyst in the detoxification of Cr(VI)

Recyclability and conversion of the substrate are important
parameters for the industrial application of the developed
nanocatalyst. Recyclability of the Pdurc nanocatalyst for detoxifi-
cation of Cr(VI) by formic acid is investigated by following the %
conversion of Cr(VI). Since the concentration of Pdurc nanocatalyst
used in the reaction is very small, the reaction cycles are performed
by adding the substrate consecutively in the reaction mixture after
the completion of one cycle. The conversion of Cr(VI) is tested for 6
reaction cycles and the % conversion is almost 90–97% as shown in
Fig. 8 which shows that the Pdurc nanocatalyst maintains its
integrity upto six reaction cycles.

4. Discussion

The identical morphology of the synthesized Pdurc nano-
structures characterized using TEM, HR-TEM, and XRD to those
reported earlier by our group [24,25], shows the robust reproduc-
ibility for the production of tuneable metal nanostructures by
radiolysis. The XPS analysis of the nanostructures confirms the
presence of metallic palladium. The kinetic analysis of the
conversion of Cr(VI) to Cr(III) by formic acid in the presence of
the synthesized Pdurc nanocatalyst shows the highest catalytic
activity when exposed to sunlight with a pseudo first-order rate
constant of 0.274 � 0.067 min�1. It is also worth mentioning that
the rate constant is higher than the values reported for the
conversion of Cr(VI) by formic acid by Dandapat et al.
(0.085 min�1) at 50 �C [20] using Pd nanoparticles supported on
mesoporous g-Al2O3 and recently by Yang et al. (0.1515 min�1)
[33], using viral-templated palladium nanocatalyst. Fu et al. have
studied the catalytic reduction of Cr(VI) using PVP stabilised Pd
nano-tetrapods and reported a higher kapp value of 0.571 min�1.
These studies however are limited to higher temperature of 50 �C
[34] and do not take into consideration, the role of light in the
catalytic reduction. Further, the enhancement in the rate constant
when exposed to different source of light and intensity reveals that

Fig. 7. Plot of ln(A0/A) against time for aqueous solution containing 0.2 M formic acid and 0.4 mM potassium dichromate in the presence of 5 ppm Pdurc nanocatalyst exposed
to (a) (-&-) sunlight; 86 � 103 lx, ( ) fluorescent light; 82 lx and ( ) dark; 0 lx monitored at 350 nm. (b) Exposed to 100 W tungsten lamp -&- (1600 lx), -*- (2600 lx)
and -~- (4600 lx) and -!- (9800 lx) monitored at 350 nm.

Table 1
Pseudo-first order rate constants (kapp) for the Pdurc catalysed reduction of Cr(VI) to
Cr(III) by formic acid using various light source and by varying the light intensity.

Light source and intensity (Lux) kapp (min�1)

Sun Light (86,000) 0.274 � 0.067
Fluorescent light (82) 0.107 � 0.013
Dark (0) 0.067 � 0.006

Tungsten lamp 100 W
1600 0.079 � 0.006
2600 0.106 � 0.008
4600 0.141 � 0.018
9800 0.184 � 0.02

Fig. 8. The % conversion versus number of cycles indicating the stability of the
nanocatalyst. Reaction conditions: 0.012 mL K2Cr2O7 (0.4 mM) + 2.665 mL water +
0.025 mL F.A (0.2 M) + 0.3 mL Pdurc (5 mg/L).
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the catalytic activity of Pdurc nanostructure for the detoxification of
Cr(VI) is dependent on both source of light and the intensity.

From these results, a synergistic effect of the porous nature of
the synthesized Pdurc nanostructures facilitating the diffusion of
the reactants on to the surface of nanocatalyst leading to an
establishment of fast equilibrium between the reactants (reactions
(1) and (2), Scheme 1) in addition to photo assisted cleavage of the
formic acid (reaction (3), Scheme 1) and desorption of Cr(III)
(reaction (5), Scheme 1) on/from the Pdurc surface is responsible for
the enhanced catalytic activity of the synthesized Pdurc nano-
structure. The retention of % conversion ranging from 90 to 97%
upto 6 reaction cycles is due to the retention of porosity and fast
desorption of the products Cr(III) and CO2 from the nanocatalyst
surface preventing the poisoning of the catalytic surface.

5. Conclusion

The catalytic activity of monometallic Pdurc nanocatalyst
synthesized by the radiation chemical route is investigated for
the detoxification of Cr(VI) by formic acid at room temperature
rather than the generally known detoxification at high tempera-
ture. The catalytic reaction is found to be dependent on the source
of light and their intensity. It is observed that the detoxification
reaction, is very efficient in sunlight with the pseudo first-order
rate constant of 0.274 � 0.067 min�1. The enhanced catalytic
activity, with a low catalyst loading (5 ppm), of Pdurc is due to the
porous nature of Pdurc which provides more surface area for the
adsorption of the substrates. It is proposed that the synergistic
effect of the surface area and photo-assisted decomposition of
formic acid leads to the highest catalytic activity of Pdurc in the
detoxification of Cr(VI). Further, Pdurc exhibited robust recycling
stability as % conversion of Cr(VI) is retained even after 6 cycles of
reaction. These results will help towards understanding of
the effect of light on nanocatalyzed reactions which will facilitate
the designing of viable, cost effective pathways for water
remediation.
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a  b  s  t  r  a  c  t

Protein  glycation  is a major  mechanism  for establishing  secondary  complication  in  diabetes  mellitus.
Effective  inhibition  of this  process  can  prevent  progression  of  the  disorder  into  secondary  complications.
Aminoguanidine  (AMG)  and  limonene  (LM)  are  known  protein  glycation  inhibitors.  The  aim  of  the  present
study  was to  demonstrate  their differential  mechanisms  of  action  and  to  study  whether  combinatorial
therapy  can  act synergistically  and  lower  dosage,  and  thereby  lower  toxicity  in  treatment  of  secondary
complications  in  diabetes.  Glycation  in the  presence  of 2 M urea  was  inhibited  by  23%  with AMG and
by  66%  with  LM. AMG  is more  effective  than  LM  in  reducing  protein  carbonyl  formation.  SPR  studies
revealed  binding  of LM  reduces  affinity  of  BSA  for glucose.  LM  demonstrated  an  increase  by  2 ◦C in thermal
transition  in  DSC studies  as against  reduction  by  0.4 ◦C by AMG  proving  that  LM  can  effectively  stabilize
the  protein  structure.  Combinatorial  treatment  of AMG  and  LM  prevented  �-helix  to �-sheet  transitions
in  BSA  at  100  �M and  inhibited  AGE  related  fluorescence  and pentosidine  formation  by 80  and  90%
respectively.  The  combination  can reduce  dosage  of AMG  by almost  twenty  times,  paving  the  way  for
effective  protein  glycation  inhibition  without  toxicity.

©  2017  Published  by  Elsevier  B.V.

1. Introduction

Glycation of proteins is a major cause of establishing sec-
ondary complications in diabetes like vasculopathy, retinopathy,
nephropathy and neuropathy [1]. Protein glycation leads to gen-
eration of advanced glycation end products (AGEs) that disrupt
molecular conformation of proteins, alter enzymatic activity,
reduce their degradative capacity, and result in abnormal recogni-
tion and clearance by receptors [2–5]. Effects of AGEs are mediated
through receptors for advanced glycation end products (RAGE).
AGE binding to RAGE reportedly induces proinflammatory and pro-
coagulant cellular responses, resulting in activation of NF-�B and
it is implicated in the pathogenesis of several diseases including,
diabetes, Alzheimer’s disease, and renal failure [6].

Abbreviations: AMG, aminoguanidine; ALM, aminoguanidine-limonene
equimolar combination; AGEs, advanced glycation end products; LM,  limonene;
RM,  reaction mixture.

∗ Corresponding author.
E-mail address: drauarvindekar@yahoo.co.in (A.U. Arvindekar).

Considering the pathological implications of glycation, it
becomes imperative to design and discover inhibitors of protein
glycation that can help to prevent establishment of secondary
complications [7]. Protein glycation is a complex process that is
influenced by many determinants such as metal ions, �-dicarbonyls
and oxidative stress. Several inhibitory mechanisms have been
proposed and different compounds are studied as candidates for
glycation inhibition [8]. AMG  and pyridoxamine are the well stud-
ied antiglycating agents and have been tested in clinical trials. AMG
is reported to inhibit protein glycation by competition, scaveng-
ing �-dicarbonyls, and antioxidant activity by virtue of its guanido
group [9]. Placebo-controlled clinical trials were conducted using
AMG in Type I and Type II diabetes for the prevention of diabetic
nephropathy. In these trials decrease in proteinuria and a delay
in progression of retinopathy were observed [10,11]. The trials
also noted that upon long term treatment, some patients devel-
oped toxic symptoms like myeloperoxidase and anti-neutrophil
antibodies [12] and a small number of subjects developed glomeru-
lonephritis [10]; however, similar observations were also noted in
the control group. Despite the lack of adequate information on its
toxicity, AMG  was withdrawn from the market without attempt-

http://dx.doi.org/10.1016/j.ijbiomac.2017.02.104
0141-8130/© 2017 Published by Elsevier B.V.
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ing large scale studies. AMG  being a competitive inhibitor, it was
required to be used in large quantities for it to be effective and the
observed toxicity is mainly due to such very large doses because
of which, an effective and useful drug had to be withdrawn from
human use.

We have earlier reported LM as a potent AGE inhibitor [13]. LM
was found to bind BSA and prevent conformational changes thus
preventing glycation of proteins. Chaotropic agents such as urea
lead to opening of the protein structure and hence favor protein
glycation. In the present study, the differential effects of LM and
AMG  on protein glycation in the presence of urea is studied. It is
also attempted to study the binding kinetics of AMG  and LM to BSA
and further with glucose using surface plasmon resonance (SPR).
Differential scanning calorimetry (DSC) was performed to assess
the effect of LM and AMG  on thermal stability and to demonstrate
their differential mechanism of action.

A reduction in the inhibitor concentration is very desirable and
can effectively eliminate the toxic effects observed at higher doses.
Further, if LM and AMG  have different mechanisms of protein
glycation inhibition, a combinatorial therapy could, in principle,
effectively lower the doses of both compounds and prove more
effective.

2. Materials and methods

2.1. Chemicals and reagents

LM (97% pure) and AMG  were purchased from Sigma–Aldrich
(St. Louis, MO,  USA), bovine serum albumin fatty acid free (frac-
tion V), sodium azide, and other chemicals purchased from Himedia
(Mumbai, MS,  India) were of analytical grade.

2.2. In vitro glycation of bovine serum albumin

Each 5 ml  reaction mixture contained 40 mg  ml−1 of bovine
serum albumin in 50 mM phosphate buffer (pH 7.4), 250 mM
d-glucose, 0.01% sodium azide and 25 �M,  50 �M,  100 �M of
test molecules i.e. LM and AMG. For combined inhibitory action
equimolar concentrations of LM and AMG  in the range (25 �M,
50 �M and 100 �M)  were used. Each reaction mixture was  prein-
cubated with test molecule for 10 min  before addition of glucose.
Reaction mixtures were incubated in the dark at 37 ◦C for 3 weeks.
At the end of the incubation, unbound glucose was removed by
extensive dialysis against the same buffer. Protein concentration
was determined by UV–visible spectrometry at �280nm using BSA
as standard. AGE related general fluorescence was measured using
10 mg ml−1 protein in 50 mM sodium phosphate buffer (pH 7.4) at
excitation wavelength 370 nm and emission wavelength 440 nm
while pentosidine specific fluorescence was measured at excita-
tion wavelength 335 nm and emission wavelength 385 nm using
a spectrofluorometer Jasco model FP 750 (Jasco Inc., Easton, MD,
USA).

2.3. Stabilizing effect of LM against urea denaturation

Stabilizing effect of LM on BSA against physiological concentra-
tion of chaotropic agent urea was studied. A total of eight types
of reaction mixtures were prepared: reaction mixture I native
BSA alone as a normal control, reaction mixture II [BSA + glucose],
reaction mixture III [BSA + glucose + AMG], reaction mixture IV
[BSA + glucose + LM], reaction mixture V [BSA + urea + glucose],
reaction mixture VI [BSA + urea + glucose + AMG], reaction mix-
ture VII [BSA + urea + glucose + LM]  and reaction mixture VIII
[BSA + urea + glucose + AMG  + LM combination concentration]. For
all reaction mixtures, the following concentrations were used: BSA:
10 mg ml−1; glucose: 250 mM;  LM:  100 �M;  AMG  100 �M;  and

urea 2 M.  Solutions were prepared in phosphate buffer (50 mM,  pH
7.4). Reaction mixtures containing LM were preincubated with it
for 10 min  before addition of glucose and urea. The solutions were
incubated for 7 days at 37 ◦C. After incubation, Na-borohydride
reduction of each solution was  carried by a previously described
method [14]. Briefly, after completion of incubation, reaction mix-
tures were dialyzed extensively against about 4000 volumes of
phosphate buffer (50 mM,  pH 7.4) at 4 ◦C overnight to remove
free glucose. Protein concentration of dialysate was determined by
Lowry’s method using BSA as standard [15]. The dialyzed protein
was reduced for 4 h at room temperature by addition of a 500-fold
molar excess of Na-borohydride, and the reaction was  terminated
by slow addition of 1 N HC1 to destroy excess borohydride. Fruc-
tosamine was measured by nitro blue tetrazolium (NBT) method.

2.4. Measurement of fructosamine by NBT method

The fructosamine assay was performed by the method of John-
son et al. [16] with slight modifications. The reaction mixture which
contained 0.2 ml  in vitro glycated sample or diluted serum sam-
ple and 0.8 ml  nitro blue tetrazolium (NBT) reagent (300 mM)  in
sodium carbonate buffer (100 mM,  pH 10.35) was incubated at
room temperature for 15 min, and the absorbance was read at
530 nm against a blank. Results were expressed as fructosamine
mM L−1 protein using an extinction coefficient of 12,640 M−1 cm−1

for monoformazan.

2.5. Biacore analysis

2.5.1. Biosensor surface preparation
Binding affinity of LM and AMG  interaction was studied using

Biacore T200 Instrument (GE Healthcare, USA). Bovine Serum Albu-
min  was immobilized on sensor chip Series CM5  (GE Healthcare,
USA). A reference surface, to which no ligand was bound, was
included on chip. BSA was  immobilized to the CM5  gold surfaces
by amine coupling as previously described [17]. Briefly, the BSA to
be immobilized (50 �g ml−1 in 50 mM sodium acetate, pH 4.5) was
injected onto the activated CM5  surface at 10 �l min−1 (PBS run-
ning buffer: 10 mM phosphate, 130 mM NaCl, 0.27 mM KCl, 0.005%
surfactant P20, pH 7.4). The surfaces were then deactivated by pas-
sage of 1 M ethanolamine. Biosensor surfaces were coupled to final
resonance values of ∼12,000 response units (RU) for BSA.

2.5.2. Acquisition of kinetic binding data
Various concentrations of LM and AMG  (100–1000 �M)  were

injected during the association phase for 100 s (30 �l min−1), with
PBS as the running buffer. The dissociation phase, initiated by pas-
sage of PBS alone, was carried out over a period of 120 s. The
biosensor surfaces were regenerated by a 30 s injection of 10 mM
Glycine–HCl pH 2. Samples were injected in duplicate in random
order in at least three separate experiments. Kinetic data were ana-
lyzed using the Biacore T200 evaluation software, version 2.0. All
binding curves were corrected for background and bulk refractive
index contribution by subtraction the contribution from reference
flow cells. Models were fitted both globally across the data sets and
for a single concentration. Models used were 1:1 binding inter-
action describing 1:1 binding between analyte (A) and ligand (B)
(A + B ↔ AB), and or a two-state reaction (conformational change)
model, based on a 1:1 binding of analyte to an immobilized ligand
followed by a conformational change (A + B ↔ AB ↔ AB*). The 1:1
stoichiometry for the interaction between BSA and analytes was
previously established [18].



M.M. Joglekar et al. / International Journal of Biological Macromolecules 99 (2017) 563–569 565

2.6. Differential scanning calorimetry (DSC)

DSC was used to analyze thermal denaturation of human serum
albumin (HSA) in the presence and absence of ligands LM and AMG.
Protein samples containing HSA or HSA in the presence of ligands
1 mg  ml−1 or 0.73 mM  in DSC buffer (20 mM  PBS buffer, pH 7.4)
were heated at a constant rate of 90 ◦C h−1 from 20◦ up to 120 ◦C on
a VP-DSC differential scanning calorimeter (Molecular Biophysics
Unit, Indian institute of Science, Bangalore). Calorimetric curves
were corrected for instrumental background as described earlier
[19] and transition temperature (Tm) was determined from the
maximum of the thermal transition.

2.7. Circular dichroism studies

All far-UV CD spectra were obtained at room temperature and
recorded on a JASCO J-715 (Jasco Inc., Easton, MD,  USA) spec-
tropolarimeter using solutions with a BSA concentration of about
0.15–0.2 mg  ml−1. All spectra resulted from averaging three scans
and were corrected for the respective blanks. Results are expressed
as molar ellipticity, [�] (degnal resonance values cm2nal reso-
nance values dmol−1), based on a mean amino acid residue weight
(MRW). The molar ellipticity was determined as [�] � = (� 100
MRW)/(cl), where l, is the light path length in centimeters, ‘c’ is the
protein concentration in mg  ml−1, and � is the measured ellipticity
in degrees at the relevant wavelength. The mean residue elliptic-
ity, MRE  ([�]mrw, �) in deg cm2 dmol−1 can be estimated using the
following formula:

[�]mrw, � = MRW�/10d.c (1)

where � is the observed ellipticity (degrees), d is the path length
(cm) and c is the concentration in units of g/mL [20].

From the MRE  values at 208 nm,  we can calculate the �-helical
content of free and complexed BSA using the following:

˛-Helix (%) = �208 − 4000
33, 000 − 4000

× 100 (2)

where MRE208 is to the observed MRE  values at 208 nm,  33,000
and 4000 are the MRE  values of a pure �-helix and of the �-turn
and random coil conformation respectively.

2.8. Measurement of protein bound carbonyls

Non-enzymatic glycation-mediated glyco-oxidative damage of
bovine serum albumin was determined by estimating total protein
carbonyls using 2,4-dinitrophenyl hydrazine (DNPH) [21]. Briefly,
protein from reaction mixture was precipitated by adding equal
volume of 20% trichloro acetic acid (TCA). The precipitates were
treated with either 2 N HC1 alone (control) or 2 N HC1 containing
10 mM  DNPH at 15 ◦C for 1 h. After the reaction, the mixture was
centrifuged. The precipitates were washed with an ethanol–ethyl
acetate (1:1) mixture three times and the final precipitates were
dissolved in 8 M urea (in 2 mM  potassium phosphate, pH 2.3).
The absorbance was measured at 360 nm and the carbonyl con-
tent was obtained as nmol mg−1 protein using a molar extinction
coefficient of 22,000 M−1 cm−1. Samples processed similarly but
without DNPH treatment were used as controls. Protein concentra-
tion was determined in the samples by determining the absorbance
at 280 nm.

3. Results and discussion

Protein glycation leading to AGE formation is a complex pro-
cess involving multiple steps, starting with Schiff base formation,
Amadori rearrangement, auto-oxidation, cyclization and cross link
formation. Moreover, it is a progressive process wherein internal

Lys and Arg sites are made available for glycation as the protein
structure opens on glycation [22]. Changes in the diameter of pro-
tein and shift from �-helix to �-pleated structure in BSA are well
documented as a proof of this phenomenon [22].

AMG  has been demonstrated to effectively inhibit protein gly-
cation [23]. It has been proved very effective in the prevention of
kidney damage [24], atherosclerosis [25], cataract formation [26],
and neuropathy [27]. Further, AMG  has also been shown to act as
an inhibitor of nitric oxide synthase and semicarbazide-sensitive
amine oxidase and can scavenge toxic aldehydes [28]. The ther-
apeutic benefits of AMG  were very evident in the treatment and
prevention of diabetic complications and it was also marketed as
pimagidine for human use. However, the major drawback for the
use of this drug was  the large dosages needed. Pimagidine was rec-
ommended to be effective at a dose of 300 mg  in tablet form, taken
thrice a day. This high dose used over a time period has led to toxic-
ity (10, 11) and later the drug was withdrawn from the market. The
present study attempts at demonstration of the differential mech-
anism of action of LM and AMG  and reduction in AMG  dose through
combinatorial use of LM with AMG.

3.1. Effect of LM and AMG on protein glycation in the presence of
2 M urea

Urea is a chaotropic agent that unfolds protein by interfering
with the hydrophobic effect and changing the solvent environ-
ment which facilitates the exposure of residues in the hydrophobic
core [29]. It is therefore expected that protein glycation would be
accelerated in the presence of urea.

Fig. 1 shows the effect of LM and AMG  on bovine serum albu-
min  glycation in the presence of urea. The glycation was  measured
in terms of fructosamine formation. AMG  inhibited (RM III) fruc-
tosamine formation by 40% while LM demonstrated a 54%v (RM
IV) inhibition when compared with RM II. As against this, in the
presence of urea, AMG  (RM VI) and LM (RM VII) demonstrated a
reduction in fructosamine by 23% and 66% respectively. When AMG
and LM (ALM) were used in combination (RM VIII), the inhibitory
effect was  77%.

In another set of experiment involving similar reaction mixture
schemes, fructosamine formation was followed for 24 h by with-
drawing aliquots at regular intervals.

In all the reaction mixtures, a rapid increase in fructosamine
accumulation was  observed up to 6 h (Fig. 2). For RM II, III, V and
VI fructosamine formation continued beyond 6 h. However, in the
case of RM IV, VII, and VIII all of which contain LM,  no further

Fig. 1. Effect of LM and AMG  on protein glycation in 2 M urea. The reaction mixtures
are:  native BSA (I), BSA–glucose (II), BSA–glucose–AMG (III), BSA–glucose-LM (IV),
BSA–glucose–urea (V), BSA–glucose–urea–AMG (VI), BSA–glucose–urea–LM (VII),
BSA–glucose–urea–AMG–LM (VIII). The incubations were carried out at 37 ◦C for
7days. Data are mean ± S.D. from five independent experiments.
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Fig. 2. Effect of LM and AMG  on protein glycation in presence of urea. The
reactions mixtures are: native BSA (I), BSA–glucose (II), BSA–glucose–AMG
(III), BSA–glucose–LM (IV), BSA–glucose–urea (V), BSA–glucose–urea–AMG (VI),
BSA–glucose–urea–LM (VII), BSA–glucose–urea–ALM (VIII). The incubations were
carried out at 37 ◦C for 24 h. Data are mean ± S.D. from five independent experi-
ments.

enhancement in fructosamine formation was observed after 6 h.
It is interesting to note that while AMG  can demonstrate reason-
able inhibition with BSA, in the presence of urea it is unable to do
so.

The effectiveness of LM in resisting protein conformational
changes despite the presence of urea is evident, which could not be
achieved by AMG  (an almost two-fold increase in fructosamine was

seen in the first 6 h). LM probably stabilizes the protein structure
through hydrophobic interactions. Earlier studies with relatively
smaller concentrations of fatty acids (at <50 mM)  and related
hydrophobic compounds have shown to prevent unfolding of BSA
in the presence of chaotropic agents like urea (at 6 M)  and guanidine
[30].

3.2. SPR analysis of LM and AMG interaction with BSA

The interaction of LM and AMG  with BSA was  studied by surface
plasmon resonance (Biacore). Biacore sensorgram data were fitted
as described previously to the reaction models included in the Bia-
core T200 evaluation software. Both curves were fit to a two-state
reaction. Competitive experiments (Table 2) will give insights into
the binding sites. We  attempted to study the binding site affinity of
glucose to BSA when bound to LM and AMG. It can be observed that
LM demonstrates a strong association with BSA that saturates at
300 �M concentration; further increase in concentration to 400 �M
does not show a corresponding increase in the response (Fig. 3).
Binding of AMG, as shown in Fig. 4, is very rapid as compared to
LM binding and does not saturate even at 500 �M concentration.
Further, it can also be observed that for AMG, the dissociation is
also rapidly initiated. It can be observed from Table 1 that both LM
and AMG  demonstrate strong binding to BSA–AMG demonstrates
4 times higher affinity than LM–Ka1 value, while the KD values are
almost on par. However, it is interesting to note that in the three-
way experiment with BSA–LM and BSA–AMG binding to glucose

Fig. 3. Biacore analysis of binding kinetics for BSA binding to LM. Sensorgram shows dose dependent binding of LM.  The BSA immobilized on CM5  sensor chip is 12,000 RU.
The  LM concentration used from 50 �M to 400 �M.  The binding was  evaluated to two  state reactions.

Fig. 4. Biacore analysis of binding kinetics for BSA binding to AMG. Sensorgram shows dose dependent binding of AMG. The BSA immobilized on CM5  sensor chip is 12,000
RU.  The AMG concentration used were in range 10 �M–500 �M.  The binding was  evaluated to two  state reactions.
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Table  1
Kinetic parameters/binding parameters determined from Biacore sensograms.

Experimental groups Ka1 (1/Ms) Ka2 (1/s) Kd1 (1/s) Kd2 (1/s) KD (M)

BSA + LM 654.3 9.09E − 6 0.3272 1.6E − 4 4.7E − 4 [470 �M]
BSA  + AMG 2510 3.0E − 5 1.375 0.002404 5.4E − 4 [540 �M]
BSA  + glucose 2.3E + 6 8.1E-4 0.9913 0.001595 2.8E − 7 [0.28 �M]

Table 2
Binding parameters of glucose to BSA–LM and BSA–AMG.

Experimental groups Ka1 (1/Ms) Ka2 (1/s) Kd1 (1/s) Kd2 (1/s)Glucose KD1 (M)  KD2 (M)LM/AG

BSA–LM + glucose 61.63 1401 0.3915 0.002656 0.006352 1.9E − 6
BSA–AG + glucose 1397 1.223E + 5 3.295 0.05073 0.002358 4.1E − 7

Fig. 5. Thermal stabilization effect of LM and AMG  on HSA structure studied by differential scanning calorimetry (DSC): (A) melting temperature of native HSA; (B) melting
temperature of HSA-AMG complex and (C) melting temperature of HSA-LM complex.

(Table 2) the affinity of glucose binding to BSA–AMG is more than
twenty times higher than binding of glucose to BSA–LM complex
and the KD value for BSA–LM–Glc is much lower. This very clearly
demonstrates that while binding of LM reduces the affinity of BSA
to glucose, presence of AMG  cannot prevent binding of glucose to
BSA.

3.3. Differential scanning calorimeter

The HSA LM and AMG  complex shows conformational changes
and non-cooperative unfolding via intermediates as indicated by
Hcal/HVH ratio of more than 1. It is also expected that if LM
can stabilize protein structure, it would also lead to increased
thermal stability of the protein as assessed through its thermal
denaturation. To investigate if this is possible, differential scan-
ning calorimetry studies were attempted. An increase in melting
temperature by almost 2 ◦C in the presence of LM with HSA was
observed, demonstrating higher resistance to thermal denatura-
tion and the stabilizing effect of LM on the protein. On the other
hand, the melting temperature of the protein was  found to decrease
by 0.41 ◦C in the presence of AMG. Thermal transitions are indica-
tive that HSA-LM complex shows greater stability in comparison to
HSA-AMG complex and control HAS (Fig. 5).

3.4. Circular dichroism

Far-UV CD spectra of BSA treated with various equimolar con-
centrations of LM and AMG  demonstrated that glycation imposes
large conformational changes in BSA structure (Fig. 6). In terms of
secondary structures (Table 3), glycation reduces helicity of BSA to
40% with a simultaneous increase in �-sheet structure (18.5%). The

Fig. 6. Circular dichroism (CD) spectropolarimetry. Far-UV CD spectra of native BSA,
BSA + 250 mM Glucose (glycated BSA), in presence of AMG, LM and their equimolar
combinations. The CD data were expressed as molar ellipticity (deg cm2 dmol−1).
Spectrum given here is averaged spectrum of five experimental samples.

prevention of these conformational changes by LM at 50 �M con-
centration was  on par with AMG  at 2 mM.  Further LM and AMG  used
in equimolar concentrations (25 and 50 �M each) exhibited much
better conservation of secondary structures. It can be observed from
Table 3 that AMG, even at 20 times higher concentration, cannot
effectively control the �–� transitions.
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Table 3
Secondary structure composition of BSA in presence and absence of equimolar con-
centrations of LM and AMG.

Study group �-Helix �-Sheet

Glycated BSA 40.7 18.5
LM  25 �M 55.1 9
LM  50 �M 59 6.2
AMG  2 mM 57 8.1
ALM 25 �M 59.54 6.2
ALM 50 �M 60.69 5.7
Native BSA 61.6 4.8

Data collected from samples run in triplicate.

Fig. 7. Formation of protein bound carbonyls after 21 days of protein glycation.
Results are mean ± S.D. from five independent experiments.

3.5. Protein bound carbonyls

Protein bound carbonyls are formed by oxidation of amino acid
residues. These are considered as markers of oxidative protein
modification. They are readily measured by the formation of hydra-
zone adducts with 2,4-dinitrophenylhydrazine (DNPH). It is evident
that AMG is much better in mopping up protein bound carbonyls
(Fig. 7).

3.6. Effect of LM and AMG on fluorescent AGE formation

AGE formation in BSA–glucose system was followed by auto-
fluorescence measurements (Fig. 8). The fluorescence at excitation
wavelength 370 nm/emission wavelength 440 nm was used to
assess overall formation of AGEs and fluorescence at excitation
wavelength 335 nm/emission wavelength 385 nm was  used to
assess pentosidine formation. When LM and AMG  were used
in combination, a remarkable decrease in AGE and pentosidine
specific fluorescence was observed in a dose dependent man-
ner (Fig. 8A and B). Earlier we had observed that when LM
and AMG  were used independently, only 55% and 54% inhibi-
tion was observed respectively (13). However, when these two
molecules were used in equimolar combinations (Fig. 8A and
B), inhibition of AGE and pentosidine increased up to 80% and
90% respectively. A 100 �M concentration in combination could
demonstrate a near normal picture. It is most important to note
that AMG  is used in micro molar concentration as against all
earlier studies where 2 mM AMG  has been used in in vitro experi-
ments.

4. Conclusion

Secondary complications in diabetes mellitus such as nephropa-
thy, neuropathy, retinopathy and CVD are difficult to treat. They are
virtually irreversible once initiated and need hospitalization, and
reduce the quality of life. Prevention of occurrence of such changes
is therefore very vital. There is a great need to develop effective
protein glycation inhibition, which is the primary cause of estab-
lishing such changes. In the present study, we have reinforced the
mechanism of glycation inhibition by LM through stabilization of
protein conformation and resistance of structural disruption in the
presence of urea or even thermal denaturation, while AMG  helps
in competing with Lys/Arg of the protein for glucose binding and
effectively mops up protein carbonyl formation. A combinatorial
treatment with LM and AMG  can effectively lower the dose of AMG
by twenty times, that can help to eliminate the toxicity of a use-
ful drug when used in large concentration. More importantly, the
differential mechanisms of inhibition by AMG  and LM can inhibit
protein glycation more efficiently paving the way for an effective
therapeutic option in the prevention of establishment of secondary
complications in diabetes.

Fig. 8. Fluorescence spectra of LM and AMG  treatment. When used in equimolar concentration (A) at Ex/Em 370/440 nm (B) at Ex/Em 335/385 nm. LM:  limonene, AMG:
aminoguanidine, ALM 25 �M: limonene and aminoguanidine 25 �M each, ALM 50 �M:  limonene and aminoguanidine 50 �M each, ALM 100 �M: limonene and aminoguani-
dine  100 �M each. Spectrum given here is averaged spectrum of five experimental samples.
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HYBRID FUNCTIONS APPROACH TO SOLVE A CLASS OF FREDHOLM AND
VOLTERRA INTEGRO-DIFFERENTIAL EQUATIONS

ALINE HOSRY, ROGER NAKAD AND SACHIN BHALEKAR

ABSTRACT. In this paper, we use a numerical method that involves hybrid and block-pulse func-
tions to approximate solutions of systems of a class of Fredholm and Volterra integro-differential
equations. The key point is to derive a new approximation for the derivatives of the solutions and
then reduce the integro-differential equation to a system of algebraic equations that can be solved
using classical methods. Some numerical examples are dedicated for showing efficiency and validity
of the method that we introduce.
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1. INTRODUCTION

Scientific researchers have explored the topic of integro-differential equations through their work
in various fields of science such as physics [4], biology [14] and engineering [2, 7] and in nu-
merous applications such as heat transfer, neurosciences [6], diffusion process, neutron diffusion,
biological species [3, 24], biomechanics, economics, electrical engineering, electrodynamics, elec-
trostatics, filtration theory, fluid dynamics, game theory, oscillation theory, queuing theory [19],
airfoil theory [10], elastic contact problems [16, 21], fracture mechanics [25], combined infrared
radiation and molecular conduction [8] and so on.

In recent years, many different basic functions have been used to estimate the solution of integral
equations, such as orthogonal functions and wavelets. Three families of the orthogonal functions
are classified: piecewise constant orthogonal functions (e.g., Walsh, Haar, block-pulse, etc.), or-
thogonal polynomials (e.g., Legendre, Laguerre, Chebyshev, etc.) and sine-cosine functions in the
Fourier series. For instance, many authors investigated the general kth order integro-differential
equation

Date: January 18, 2018.
The first two authors are listed by alphabetical order of their family names.
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y(k)(t) + l(t)y(t) +
∫ b

a
g(t, s)y(m)(s)ds = f(t),(1)

with initial conditions
y(a) = a0, . . . , y

(n−1)(a) = an−1,

where a0, . . . , an−1 are real constants, k,m are positive integers and m < k, the functions l, f, g
are given and y(t) is the solution to be determined. In [9], the authors applied the homotopy
perturbation method to solve Equation (1), while in [1, 22], the authors changed the equation to an
ordinary integro-differential equation and applied the variational iteration method to solve it so that
the Lagrange multipliers can be effectively identified. Using the operational matrix of derivatives
of hybrid functions, a numerical method has been presented in [13] to solve Equation (1). In [12],
Hemeda used the iterative method introduced in [5] to solve the more general equation

y(k)(t) + l(t)y(t) +
∫ b

a
g(t, s)y(n)(s)y(m)(s)ds = f(t),(2)

where n ≤ m < q.

In this paper, we use block-pulse and hybrid functions to approximate solutions y(t) of the Fred-
holm integro-differential system given by

y(t) + λ
∫ 1
0 k(t, s)y

(m)(s)y(n)(s)ds = f(t),

y(0) = a0, . . . , y
(l)(0) = al,

(3)

and solutions y(t) of the Volterra integro-differential system given by
y(t) + β

∫ t
0 g(t, s)y

(m)(s)y(n)(s)ds = f(t),

y(0) = a0, . . . , y
(l)(0) = al.

(4)

Herem,n are positive integers, l = max(m,n)−1, a0, . . . , al are initial conditions, the parameters
β, λ and the functions k(t, s), g(t, s) and f(t) are known and belong to L2[0, 1). The function y(t)
as well as its derivatives y(n) and y(m) are unknown. We point out that System (3) is a particular
case of Equation (2).

Hybrid functions have been applied extensively for solving differential systems and proved to be
a useful mathematical tool. The pioneering work via hybrid functions was led by the authors in
[18, 20], who first derived an operational matrix for the integral of the hybrid function vector, and
paved the way for the hybrid function analysis of the dynamic systems. Since then, the hybrid
functions’ approach has been improved and used to approximate differential equations or systems
(see [15, 17] and the references therein).

The novelty and the key point in solving Systems (3) and (4) are to use some useful properties
of hybrid functions to derive a new approximation Y (n) of the derivative y(n)(t) of order n of the
solution y(t) (see Lemma 3.1). Hence, Systems (3) and (4) can be converted into reduced algebraic
systems.
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This paper is organized as follows. In Section 2, we introduce hybrid functions and its properties.
In Section 3, we describe the method for approximating solutions of the Fredholm and Volterra
integro-differential Systems (3) and (4). Finally, numerical results are reported in Section 4.

2. PRELIMINARIES

In this section, we define the Legendre polynomials pm(t), as well as block-pulse and hybrid func-
tions. We also recall functions’ approximation in the Hilbert space L2[−1, 1].

The Legendre polynomials pm(t) are polynomials of degree m defined on the interval [−1, 1] by

pm(t) =
M∑
k=0

(−1)k(2m− 2k)!

2mk!(m− k)!(m− 2k)!
tm−2k, m ∈ N,

where M =


m
2
, if m is even,

m−1
2
, if m is odd.

Equivalently, the Legendre polynomials are given by the recursive formula (see [3, 11, 17, 23])

p0(t) = 1, p1(t) = t,

pm+1(t) =
2m+1
m+1

tpm(t)− m
m+1

pm−1(t), m = 1, 2, 3, . . . .

The set {pm(t); t = 0, 1, . . . } is a complete orthogonal system in L2[−1, 1].

Definition 2.1. [3, 11, 17] For an arbitrary positive integer q, let {bk(t)}qk=1 be the finite set of
block-pulse functions on the interval [0, 1) defined by

bk(t) =


1, if k−1

q
≤ t < k

q
,

0, elsewhere.

The block-pulse functions are disjoint and have the property of orthogonality on [0, 1), since for
i, j = 1, 2, . . . , q, we have:

bi(t)bj(t) =


0, if i 6= j,

bi(t), if i = j,

and

〈bi(t), bj(t)〉 =


0, if i 6= j,

1
q
, if i = j,

where 〈., .〉 is the scalar product given by 〈f, g〉 =
∫ 1
0 f(t)g(t)dt, for any functions f, g ∈ L2[0, 1).

Definition 2.2. [3, 11, 17, 23] Let r be an arbitrary positive integer. The set of hybrid functions
{bkm(t)}, k = 1, 2, . . . , q, m = 0, 1, . . . , r − 1, where k is the order for block-pulse functions, m

3



is the order for Legendre polynomials and t is the normalized time, is defined on the interval [0, 1)
as

bkm(t) =


pm(2qt− 2k + 1), if k−1

q
≤ t < k

q
,

0, elsewhere.

Since bkm(t) is the combination of Legendre polynomials and block-pulse functions which are
both complete and orthogonal, then the set of hybrid functions is a complete orthogonal system in
L2[0, 1).

We are now able to define the vector function B(t) of hybrid functions on [0, 1) by

B(t) =
Å
BT

1 (t), . . . , B
T
q (t)

ãT
,

where Bi(t) =
Å
bi0(t), . . . , bi(r−1)(t)

ãT
, for i = 1, 2, . . . , q, and V T denotes the transpose of a

vector V .

Function approximation [3, 11, 17, 23]: Every function f(t) ∈ L2[0, 1) can be approximated as

f(t) '
q∑

k=1

r−1∑
m=0

fkmbkm(t),

where

fkm =
〈f(t), bkm(t)〉
〈bkm(t), bkm(t)〉

, ∀ k = 1, . . . , q, ∀m = 0, . . . , r − 1.

Thus,

f(t) ' F TB(t) = BT (t)F,(5)

where F is the rq×1 column vector having fkm as entries. In a similar way, any function g(t, s) ∈
L2
Ä
[0, 1)× [0, 1)

ä
can be approximated as

g(t, s) ' BT (t)GB(s),(6)

where G = (gij) is an rq × rq matrix given by

gij =
〈B(i)(t), 〈g(t, s), B(j)(s)〉〉

〈B(i)(t), B(i)(t)〉〈B(j)(s), B(j)(s)〉
, i, j = 1, 2, . . . , rq,

and B(i)(t)
Ä
resp. B(j)(s)

ä
denotes the ith component

Ä
resp. the jth component

ä
of B(t)

Ä
resp.

B(s)
ä
.

Operational matrix of integration [3, 11, 17, 23]: The integration of the vector function B(t)
may be approximated by

∫ t
0 B(t′)dt′ ' PB(t), where P is an rq × rq matrix known as the opera-

tional matrix of integration and given by
4



P =

â
E H H ... H
0 E H ... H
0 0 E ... ...
. . . ... H
0 0 0 ... E

ì
where H and E are r × r matrices defined by

H =
1

q

â
1 0 0 ... 0
0 0 0 ... 0
0 0 0 ... 0
. . . ... 0
0 0 0 ... 0

ì
and

E =
1

2q



1 1 0 0 ... 0 0 0
−1

3
0 1

3
0 ... 0 0 0

0 −1
5

0 1
5

... 0 0 0
.. .. .. .. ... .. .. ..
0 0 0 0 ... − 1

2r−3 0 1
2r−3

0 0 0 0 ... 0 − 1
2r−1 0


.

The integration of two hybrid functions [3, 11, 17, 23]: The integration of the cross product
of two hybrid function vectors is given by L =

∫ 1
0 B(t)BT (t)dt, where L is the rq × rq diagonal

matrix defined by

L =



D 0 0 0 ... 0 0 0
0 D 0 0 ... 0 0 0
.. .. .. .. ... .. .. ..
.. .. .. .. ... D .. ..
0 0 0 0 ... 0 D 0
0 0 0 0 ... 0 0 D


where D is the r × r matrix given by

D =
1

q

á
1 0 0 0 ... 0 0 0
0 1

3
0 0 ... 0 0 0

.. .. .. .. ... .. .. ..
0 0 0 0 ... 0 0 1

2r−1

ë
.

The matrix ‹C associated to a vector C [3, 15, 17, 23]: For any rq × 1 vector C, we define the
rq × rq matrix ‹C such that

B(t)BT (t)C = ‹CB(t).‹C is called the coefficient matrix. In [15], Hsiao computed the matrix ‹C for r = 2 and q = 8,
while the authors in [3] considered the case of r = 4 and q = 3.
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The vector “S associated to a matrix S: For any rq × rq matrix S, we define the 1 × rq row
vector “S such that BT (t)SB(t) = “SB(t). For instance, let S be a 12 × 12 matrix with coeffi-
cients s11, s12, . . . , s(12)(11), s(12)(12). After developing and comparing the two sides of the equation
BT (t)SB(t) = “SB(t), we deduce that the 1× 12 row vector “S is given by:

“S =



s11 +
1
3
s22 +

1
5
s33

s12 + s21 +
2
5
s23 +

2
5
s32

s13 + s31 +
2
3
s22 +

2
7
s33

s44 +
1
3
s55 +

1
5
s66

s45 + s54 +
2
5
s56 +

2
5
s65

s46 + s64 +
2
3
s55 +

2
7
s66

s77 +
1
3
s88 +

1
5
s99

s78 + s87 +
2
5
s89 +

2
5
s98

s79 + s97 +
2
3
s88 +

2
7
s99

s(10)(10) +
1
3
s(11)(11) +

1
5
s(12)(12)

s(10)(11) + s(11)(10) +
2
5
s(11)(12) +

2
5
s(12)(11)

s(10)(12) + s(12)(10) +
2
3
s(11)(11) +

2
7
s(12)(12)



.

3. MAIN RESULTS

In this section, we approximate solutions y(t) of Systems (3) and (4). For this, we need the
approximation of y(n)(t).

Lemma 3.1. Let y(t) be a function and consider its approximation y(t) ' Y TB(t) = BT (t)Y . If
Y (n) denotes the approximation of y(n)(t), then for any n ≥ 1, we have:

Y (n) = JnY −
n∑

k=1

JkY
(n−k)
0 ,

where J = (P T )−1 and Y (i)
0 are the approximations of the initial conditions y(i)0 , for i = 0, . . . , n− 1.

Proof. By the Fundamental Theorem of Calculus, we have

y(t) =
∫ t

0
y′(s)ds+ y(0).

Approximating y(t), y′(t) and y0(t), we get

Y TB(t) '
∫ t

0
(Y (1))TB(s)ds+ Y T

0 B(t)

' (Y (1))T
∫ t

0
B(s)ds+ Y T

0 B(t)

' (Y (1))TPB(t) + Y T
0 B(t)

'
Ä
(Y (1)TP + Y T

0

ä
B(t).

Thus, Y T = (Y (1))TP + Y T
0 and so Y = P TY (1) + Y0, giving that Y (1) = J(Y − Y0) and the

result is true for n = 1.

6



By induction, assume that the result is true for n and prove it for n+ 1. We have

Y (n+1) = J
Ä
Y (n) − Y (n)

0

ä
= J

Ä
JnY −

n∑
k=1

JkY
(n−k)
0 − Y (n)

0

ä
= Jn+1Y −

n∑
k=1

Jk+1Y
(n−k)
0 − JY (n)

0 = Jn+1Y −
n∑

k=0

Jk+1Y
(n−k)
0

= Jn+1Y −
n+1∑
k=1

JkY
(n+1−k)
0 ,

which is the desired result. �

We are now ready to approximate solutions of Systems (3) and (4).

3.1. Approximated Solution of the Fredholm Integro-Differential System (3). Using the ap-
proximations (5) and (6) of functions of one and two variables, System (3) can be approximated
as

BT (t)Y + λ
∫ 1

0
BT (t)KB(s)BT (s)Y (m)BT (s)Y (n)ds = BT (t)F

=⇒ Y + λK
∫ 1

0
B(s)BT (s)Y (m)BT (s)Y (n)ds = F

=⇒ Y + λK
∫ 1

0

︷ ︸
Y (m)B(s)BT (s)Y (n)ds = F

=⇒ Y + λK
︷ ︸
Y (m)

Å ∫ 1

0
B(s)BT (s)ds

ã
Y (n) = F

=⇒ Y + λK
︷ ︸
Y (m) LY (n) = F.

Using Lemma 3.1, the last equation becomes

(7) Y + λK
ï ︷ ︸
JmY −

m∑
k=1

JkY
(m−k)
0

ò
L
ï
JnY −

n∑
k=1

JkY
(n−k)
0

ò
= F.

This is a nonlinear system of rq equations in rq variables which can be solved by any iterative
method.

3.2. Approximated Solution of the Volterra Integro-Differential System (4). Using the ap-
proximations (5) and (6), System (4) can be approximated as:

Y TB(t) + β
∫ t

0
BT (t)GB(s)BT (s)Y (m)BT (s)Y (n)ds = F TB(t)

=⇒ Y TB(t) + βBT (t)G
∫ t

0
B(s)BT (s)Y (m)BT (s)Y (n)ds = F TB(t)

=⇒ Y TB(t) + βBT (t)G
︷ ︸
Y (m)

∫ t

0
B(s)BT (s)Y (n)ds = F TB(t)

=⇒ Y TB(t) + βBT (t)G
︷ ︸
Y (m)

︷ ︸
Y (n)

∫ t

0
B(s)ds = F TB(t)

=⇒ Y TB(t) + βBT (t)G
︷ ︸
Y (m)

︷ ︸
Y (n) PB(t) = F TB(t).

7



Consider the matrix S := G
︷ ︸
Y (m)

︷ ︸
Y (n) P . We obtain

Y TB(t) + βBT (t)SB(t) = F TB(t)

=⇒ Y TB(t) + β“SB(t) = F TB(t).

Hence,

(8) Y T + β“S = F T .

Finally, using Lemma 3.1 for Y (m) and Y (n), we get a nonlinear system which can be solved by
any iterative method.

4. NUMERICAL EXAMPLES

In this section, we apply the methods described in Section 3 to some numerical examples to solve
Systems (3) and (4).

Example 4.1. Consider the following Fredholm integro-differential system
y(t) +

∫ 1
0 e

t−sy(s)y
′
(s)ds = et+1,

y(0) = 1.
(9)

Comparing with the standard form of System (3), we get λ = 1, k(t, s) = et−s, m = 0, n = 1,
f(t) = et+1, l = 0 and a0 = 1.

Case 1: First we consider r = 2 and q = 1. It can be verified that B(t) = (1, 2t− 1)T and

K =

Ç
e+ 1

e
− 2 3(e+ 3

e
− 4)

3(−e+ 4− 3
e
) 9(6− e− 9

e
)

å
.

The matrix approximations F of the function f(t) = et+1 and Y0 of y(0) are respectively given by

F =

Ç
e2 − e
−3e2 + 9e

å
and

Y0 =

Ç
1
0

å
.

From Equation (7), we deduce

Y =

Ç
e− 1
−3e+ 9

å
.

Using the approximation y(t) ' Y TB(t) = BT (t)Y , we get y(t) = 4e − 10 + (18 − 6e)t. In
Figure 1, we compare this approximate solution y(t) with the exact solution et. The absolute errors
at various values of t are shown in Table 1.

8



0.2 0.4 0.6 0.8 1.0

1.0

1.5

2.0

2.5

y(t)

et

FIGURE 1. Comparison of approximate and exact solutions of System (9) for the
case r = 2 and q = 1.

t Error t Error
0.0 0.120825 0.5 0.08146
0.1 0.05579 0.6 0.07827
0.2 0.00182 0.7 0.05683
0.3 0.03992 0.8 0.01525
0.4 0.06816 0.9 0.04861

TABLE 1. Absolute errors in solution of System (9) with r = 2 and q = 1.

Case 2: Now, we consider r = 3 and q = 4. A 12× 12 matrix K is given by:

K =



1.0052 −0.1255 0.0052 0.7829 −0.0978 0.0041
0.1255 −0.0157 0.0007 0.0978 −0.0122 0.0005
0.0052 −0.0007 0.0 0.00401 −0.0005 0.0
1.2907 −0.1612 0.0067 1.0052 −0.1255 0.0052
0.1612 −0.0202 0.0008 0.1255 −0.0157 0.0007
0.0067 −0.0008 0.0 0.0052 −0.0007 0.0
1.6573 −0.2070 0.0086 1.2907 −0.1612 0.0067
0.2070 −0.0258 0.0011 0.1612 −0.0201 0.0008
0.0086 −0.0011 0.0 0.0067 −0.0008 0.0
2.1281 −0.2658 0.0111 1.6573 −0.2070 0.0086
0.2657 −0.0332 0.0014 0.2070 −0.0258 0.0011
0.0111 −0.0014 0.0 0.0086 −0.0011 0.0

0.6097 −0.0761 0.0032 0.4748 −0.0593 0.0025
0.0761 −0.0095 0.0003 0.0593 −0.0074 0.0003
0.0032 −0.0004 0.0 0.0025 −0.0003 0.0
0.7829 −0.0978 0.0040 0.6097 −0.0761 0.0032
0.0978 −0.0122 0.0005 0.0761 −0.0095 0.0004
0.0041 −0.0005 0.0 0.0032 −0.0004 0.0
1.0052 −0.1255 0.0052 0.7829 −0.0978 0.00401
0.1255 −0.0157 0.0007 0.0978 −0.0122 0.0005
0.0052 −0.0007 0.0 0.0041 −0.0005 0.0
1.2907 −0.1612 0.0067 1.0052 −0.1255 0.0052
0.1612 −0.0201 0.0008 0.1255 −0.0157 0.0007
0.0067 −0.0008 0.0 0.0052 −0.0007 0.0
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Other approximations in this case are as below:

B(t) =
Ä
χ[0,1/4), (−1 + 8t)χ[0,1/4), (1− 24t+ 96t2)χ[0,1/4), χ[1/4,1/2),

(−3 + 8t)χ[1/4,1/2), (13− 72t+ 96t2)χ[1/4,1/2), χ[1/2,3/4), (−5 + 8t)χ[1/2,3/4),

(37− 120t+ 96t2)χ[1/2,3/4), χ[3/4,1), (−7 + 8t)χ[3/4,1), (73− 168t+ 96t2)χ[3/4,1)

ä
,

(where χA is the characteristic function of a set A)

F = (3.08824, 0.385629, 0.0160607, 3.96538, 0.495157, 0.0206224,

5.09165, 0.635795, 0.0264796, 6.53781, 0.816377, 0.0340005)T ,

Y0 = (1, 0, 0, 1, 0, 0, 1, 0, 0, 1, 0, 0)T ,

and

Y = (1.1361, 0.141865, 0.00590841, 1.45878, 0.182158, 0.00758655,

1.87312, 0.233896, 0.00974132, 2.40513, 0.300328, 0.0125081)T .

The approximate solution of (9) is given by

y(t) = 1.1361χ[0,1/4) + 1.45878χ[1/4,1/2) + 1.87312χ[1/2,3/4) + 2.40513χ[3/4,1)

+0.3(−7 + 8t)χ[3/4,1) + 0.233896(−5 + 8t)χ[1/2,3/4)

+0.182158(−3 + 8t)χ[1/4,1/2) + 0.14187(−1 + 8t)χ[0,1/4)

+0.0125(73− 168t+ 96t2)χ[3/4,1) + 0.0097(37− 120t+ 96t2)χ[1/2,3/4)

+0.00759(13− 72t+ 96t2)χ[1/4,1/2) + 0.00591(1− 24t+ 96t2)χ[0,1/4).

Figure 2 shows the graphs of the approximate solution y(t) and the exact solution et. The abso-
lute errors at various values of t are given in Table 2. It can be observed that, in this case, the
approximate solution is well in agreement with the exact solution.

0.2 0.4 0.6 0.8 1.0

1.5

2.0

2.5

y(t)

et

FIGURE 2. Comparison of approximate and exact solutions of System (9) for the
case r = 3 and q = 4.
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t Error t Error
0.0 0.000145961 0.5 0.000240649
0.1 0.0000409679 0.6 0.0000675446
0.2 0.0000553281 0.7 0.0000912206
0.3 0.0000656897 0.8 0.000108304
0.4 0.0000536172 0.9 0.0000883998

TABLE 2. Absolute errors in solution of System (9) with r = 3 and q = 4.

Example 4.2. Consider the following Volterra integro-differential system
y(t) +

∫ t
0 sin(t− s)y(s)y

′
(s)ds = 2t3 + t2 − 12t+ 12 sin(t),

y(0) = 0.
(10)

Comparing with the standard form of System (4), we get β = 1, g(t, s) = sin(t − s), m = 0,
n = 1, f(t) = 2t3 + t2 − 12t + 12 sin(t), l = 0 and a0 = 0. We take r = 3 and q = 4. Following
the procedure described in Section 2, we get

F = (0.0208496, 0.0312848, 0.0104457, 0.146854, 0.0951443, 0.0109877,

0.406543, 0.166108, 0.0129514, 0.824576, 0.255306, 0.0171862)T ,

G =



0 −0.1245 0 −0.2461 −0.1206 0.0013
0.1245 0 −0.0006 0.1206 −0.0039 −0.0006

0 0.0006 0 0.0013 0.0006 0
0.2461 −0.1206 −0.0013 0 −0.1245 0
0.1206 0.0039 −0.0006 0.1245 0 −0.0006
−0.0013 0.0006 0 0 0.0006 0
0.4769 −0.1092 −0.0025 0.2461 −0.1206 −0.0013
0.1092 0.0075 −0.0006 0.1206 0.0039 −0.0006
−0.0025 0.0006 0 −0.0013 0.0006 0
0.6781 −0.0911 −0.0035 0.4769 −0.1092 −0.0025
0.0911 0.0106 −0.0005 0.1092 0.0075 −0.0006
−0.0035 0.0005 0 −0.0025 0.0006 0

−0.4769 −0.1092 0.0025 −0.6781 −0.0911 0.0035
0.1092 −0.0075 −0.0006 0.0912 −0.0106 −0.0005
0.0025 0.0006 0 0.0035 0.0005 0
−0.2461 −0.1206 0.0013 −0.4769 −0.1092 0.0025
0.1206 −0.0039 −0.0006 0.1092 −0.0075 −0.0006
0.0013 0.0006 0 0.0025 0.0006 0

0 −0.1245 0 −0.2461 −0.1206 0.0013
0.1245 0 −0.0006 0.1206 −0.0039 −0.0006

0 0.0006 0 0.0013 0.0006 0
0.2461 −0.1206 −0.00128 0 −0.1245 0
0.1206 0.0039 −0.0006 0.1245 0 −0.0006
−0.0013 0.0006 0 0 0.0006 0



,
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Y0 = (0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0)T ,

and B(t) is same as given in the previous example. Using Equation (8), we get

Y = (0.0208333, 0.0312487, 0.0104375, 0.145833, 0.0937492, 0.0104781,

0.395833, 0.15625, 0.0105145, 0.770834, 0.218753, 0.010543)T .

The approximate solution of System (10) is given by

y(t) = 0.0208333χ[0,1/4) + 0.145833χ[1/4,1/2)

+0.395833χ[1/2,3/4) + 0.770834χ[3/4,1)

+0.218753(−7 + 8t)χ[3/4,1) + 0.15625(−5 + 8t)χ[1/2,3/4)

+0.0937492(−3 + 8t)χ[1/4,1/2) + 0.0312487(−1 + 8t)χ[0,1/4)

+0.010543(73− 168t+ 96t2)χ[3/4,1) + 0.0105145(37− 120t+ 96t2)χ[1/2,3/4)

+0.0104781(13− 72t+ 96t2)χ[1/4,1/2) + 0.0104375(1− 24t+ 96t2)χ[0,1/4).

The approximate solution y(t) is compared with the exact solution t2 in Figure 3. Table 3 shows
the absolute error in the solution at different values of t.

0.2 0.4 0.6 0.8 1.0

0.2

0.4

0.6

0.8

1.0

y(t)

t2

FIGURE 3. Comparison of approximate and exact solutions of System (10) for the
case r = 3 and q = 4.

t Error t Error
0.0 0.0000221689 0.5 0.0000975226
0.1 8.9×10−6 0.6 0.0000429716
0.2 4.99×10−8 0.7 4.32×10−6
0.3 3×10−6 0.8 3.76×10−6
0.4 0.0000271471 0.9 0.0000547743

TABLE 3. Absolute errors in solution of System (10) with r = 3 and q = 4.
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5. CONCLUSION

In this work, we have discussed an efficient method to solve a class of Fredholm and Volterra
integro-differential equations. Our method is based on a new approximation for the derivatives of
the equations’ solutions using hybrid and block-pulse functions. The numerical computations show
that our results are in agreement with the exact solution. We hope that the researchers working in
the area of numerical solutions of integro-differential equations find this method useful.
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Till date, drugs that have been used to manage Parkinson’s disease (PD) have only
shown symptomatic relief with several adverse effects besides their inability to prevent
neurodegeneration. Neuroinflammation plays an important role in the advancement of
PD and can be targeted for its effective treatment. Researchers have suggested that
herbal plants exhibiting the anti-inflammatory and anti-oxidant properties are therefore
beneficial to human health. Conventionally, Mucuna pruriens (Mp) seeds are used
for maintaining male virility in India. Reportedly, Mp is used as a rejuvenator drug
having neuroprotective property. Our study aimed to investigate effects of aqueous
extract of Mp (100 mg/kgbwt) on neuroinflammation, orally administered to mice
intoxicated with 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) as well as the
molecular mechanism involved in the progression of PD. In this study, we have
observed significant behavioral abnormalities beside decreased antioxidant defense in
MPTP intoxicated mice. We have also observed significant increase in inflammatory
parameters like Glial Fibrillary Acidic Protein, Inducible Nitric Oxide Synthase, Intercellular
Cell Adhesion Molecule, and Tumor Necrosis Factor alpha in substantia nigra pars
compacta (SNpc) of parkinsonian mice, while Mp treatment has notably reduced these
inflammatory parameters. Mp also inhibited the MPTP induced activation of NF-κB and
promoted pAkt1 activity which further prevented the apoptosis of the dopaminergic
neurons. Moreover, Mp exhibited significant antioxidant defense by inhibiting the
lipid peroxidation and nitrite level, and by improving catalase activity and enhancing
GSH level in nigrostriatal region of mouse brain. Mp also recovered the behavioral
abnormalities in MPTP treated mice. Additionally, Mp treatment considerably increased
the immunoreactivity of Tyrosine Hydroxylase and Dopamine Transporter in SNpc of
parkinsonian mice. Our high performance liquid chromatography analysis of the Mp
seed extract have shown L-DOPA, gallic acid, phytic acid, quercetin, and catechin
equivalents as the major components which might cause neuroprotection in PD mice.
Our result suggested that Mp extract treatment containing L-DOPA and a mixture of
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rich novel phytochemicals significantly alleviates the MPTP induced neurotoxicity by
NF-κB and pAkt pathway. The findings observed thereby indicate that Mp extract have
suggestively ameliorated MPTP induced neuroinflammation, restored the biochemical
and behavioral abnormalities in PD mouse and thus provided a scientific basis for its
traditional claim.

Keywords: Parkinson’s disease, neuroinflammation, Mucuna pruriens, tyrosine hydroxylase, MPTP (1-methyl-4-
phenyl-1,2,3,6-tetrahydropyridine), substantia nigra

INTRODUCTION

After Alzheimer’s disease (AD), Parkinson’s disease
(PD) is considered to be the most common progressive
neurodegenerative disease. PD is basically characterized by the
loss of dopaminergic neurons in substantia nigra pars compacta
(SNpc) and reduced level of dopamine (DA) within the striatum
(ST) (Siderowf and Stern, 2003; Yadav et al., 2013, 2014; Rai
et al., 2016). Among non-motor symptoms, cognitive decline
appears the major one in the case of PD (Aarsland et al., 2017).
Dopaminergic neuronal degradation, formation of inclusions
called Lewy bodies and activation of glial cells are the hallmark
of PD pathogenesis in brain. While the etiopathogenesis of PD
still not fully known, it is identified to go worse on exposure
to environmental neurotoxins such as MPTP, Paraquat (PQ),
and several others (Bové et al., 2005; Khan et al., 2013; Yadav
et al., 2013). In humans and primates, MPTP which is a potent
inhibitor of mitochondrial complex-1 of electron transport chain
creates parkinsonian characteristic, and in mice, it recapitulates
dopaminergic degenerations via nigrostriatal pathway. For
that reason, in animal models of PD, MPTP is extensively
used to study and explore the molecular events responsible for
dopaminergic neuronal degeneration and to check the efficacy
of several neuroprotective agents (Jackson-Lewis et al., 2012).
Biomolecules such as lipids, proteins, and DNA are damaged
by reactive oxygen species (ROS) and reactive nitrogen species
(RNS), by-products of which were observed in the SN and
striatum of human PD post-mortem brains (Dexter et al., 1994;
Khan et al., 2013). The oxidation of lipid and proteins can thus
lead to loss of membrane integrity, enzyme inactivation leading
to cell death in neurodegenerative disorders (Hald and Lotharius,
2005).

Previous literature suggests that in PD, prolonged
neuroinflammation plays an important role during degeneration
of neurons (Hirsch and Hunot, 2009; Joglar et al., 2009; Khan
et al., 2013). Inflammatory response during neurodegeneration
has not yet been thoroughly investigated. Proinflammatory
mediators such as cytokines/chemokines, enzymes like
cyclooxygenase-2 (COX-2) and inducible nitric oxide synthase
(iNOS) are produced by glial (astroglial and microglial)
cells in response to extracellular insult to dopaminergic
neurons (Khan et al., 2013). In addition, nuclear transcription
factor-κB (NF-κB) plays a central role in the PD pathogenesis
by inducing the expression of tumor necrosis factor-alpha
(TNF-α) and interleukin-1 beta (IL-1β) via oxidative stress
mediated neurodegeneration (Hald and Lotharius, 2005).
These cytokines and enzymes could cause neuronal death

by the cytotoxic mechanism. Previous literature has also
suggested that anti-inflammatory drugs significantly inhibit
the neuroinflammatory processes and ultimately protect
dopaminergic neuronal loss in different parkinsonian models
(Choi et al., 2005; Jin et al., 2005).

In spite of important evidences in learning the pathobiology
of neurodegeneration, various efforts to expand and advance
successful treatment strategies are being done (Brotchie and
Jenner, 2011) with minimal translational results. With this
background, there has been a lot of focus on the herbal
mediated neuroprotection of PD with special emphasis on the
anti-oxidative and anti-inflammatory activities of these herbal
plants and their derivatives. Recently, Kim et al. (2015) suggested
that Ligusticum officinale exhibits potent anti-inflammatory
activity via NF-κB/IκB-α and MAPK pathway. Pycnogenol,
extracted from Pinus maritima bark also protects dopaminergic
neuron in MPTP induced neuroinflammation (Khan et al., 2013).

In Indian system of medicine, Mucuna pruriens (Mp)
is the most accepted drug. A number of reports have
recommended that it exhibits various pharmacological properties
like analgesic, anti-inflammatory, anti-neoplastic, anti-epileptic,
and anti-microbial activities (Sathiyanarayanan and Arulmozhi,
2007; Adepoju and Odubena, 2009; Yadav et al., 2013). Mp
has been found to be rich in bioactive compounds such as
tannins, alkaloids, phenolics compounds, and flavonoids (Duke,
1995). Diabetes, atherosclerosis, rheumatoid arthritis, nervous
disorders, and Parkinsonism are certain diseases that have
been found to be effectively managed by free-radical mediated
disease management property of Mp seeds (Bhaskar et al., 2011).
Moreover, our high performance liquid chromatography (HPLC)
data has shown the presence of different phytochemicals such as
proanthocyanidin, tannin, gallic acid, quercetin, and phytic acid
in the aqueous seed extract of Mp. The anti-neuroinflammatory
activity of Mp might be due to the presence of these active
constituents. Also, other phytochemicals can act in combination
for exploring its synergistic effect. Recently, Uchegbu et al.
(2016), have suggested the anti-inflammatory activity of Mp by
administering the doses of 10 and 50 mg/kgbwt in carrageenan
and formalin induced acute and chronic paw edema respectively.
They compared the anti-inflammatory activity of Mp with
diclofenac potassium as a standard anti-inflammatory drug. At
the doses of 10 and 50 mg/kg, Mp showed an inhibition % of 9.8
and 47.8 and 6.6 and 38.8 respectively against their corresponding
carrageenan and formalin induced acute paw edema (Uchegbu
et al., 2016). Additionally, Yadav et al. (2017) showed that Mp
seed extract (100 mg/kg bwt) has improved the neurobehavioral
activity by reducing the oxidative stress in nigrostriatal tissue
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effectively by mitigating the iNOS expression levels in Paraquat
(PQ) induced parkinsonian mouse model. Mp contains L-DOPA
and ursolic acid which has potent anti-parkinsonian property
(Rai et al., 2016; Yadav et al., 2016). There is very little literature
which shows the anti-inflammatory activity of Mp in PD. With all
the background information, in the present study, we have chosen
Mp seed extract in MPTP induced Parkinsonian mouse model to
explore its potent anti-neuroinflammatory activity.

MATERIALS AND METHODS

Reagents and Antibodies
Acetic acid, disodium hydrogen phosphate, reduced glutathione
(GSH), reduced nicotinamide adenine dinucleotide phosphate
(NADPH), Potassium chloride, Ammonum chloride, Sodium
dihydrogen phosphate, and Bovine Serum Albumin (BSA) were
procured from Sisco Research Laboratories (SRL; Mumbai,
India). 1-Methyl-4-phenyl-1,2,3,6-tetra hydropyridine (MPTP),
Normal Goat Serum (NGS) from Sigma–Aldrich (St. Louis, MO,
United States). Protein estimation kit by Bradford GeNeiTM,
hydrogen peroxide (H2O2), and potassium dichromate were
purchased from Merck (Darmstadt, Germany), Sodim dodecyl
sulfate (SDS), Thiobarbituric acid (TBA), Griess reagent and
DABCO were procured from HiMedia (Mumbai, India).
Sodium nitrite and Paraformaldehyde were purchased from
Lobachemie, India. Primary antibodies for TH (SC-25269), iNOS
(SC-651), Glial Fibrillary Acidic Protein (GFAP) (SC-33673) and
Intercellular Cell Adhesion Molecule (ICAM) (SC-8439) were
procured from Santa Cruz, Biotechnology (Santa Cruz, CA,
United States) and the primary antibodies for TNF-α (ab1793),
NF-κB (ab16502), DAT (ab111468), and pAkt1 (ab81283) were
purchased from Abcam Life Science, Biogenuix Medsystems, Pvt.
Ltd. (New Delhi, India), secondary fluorescent tagged antibodies
for IHCCy2-conjugated and cy3-conjugated were procured from
Merck Millipore and Chemicon respectively.

Experimental Animals
Eight to ten weeks old male mice (Swiss Albino mice, 25–30 g)
were purchased from animal research facility of Banaras Hindu
University, Varanasi, India. Before starting the experiment,
animals were made to adapt the laboratory conditions for about a
week under standard laboratory conditions by keeping light and
dark cycles of 12 h. Mice were fed with standard rodent food
purchased from market and water ad libitum. Experiments were
done in between 12:00 noon to 03:00 pm. The investigational
protocol for animals on which the test was carried out, was
approved by the Animal Ethics Committee of Banaras Hindu
University, Varanasi, India.

Plant Extracts Preparation
Mp seed powder was purchased from the Ayurveda Pharmacy,
Institute of Medical Sciences, Banaras Hindu University,
Varanasi, India. Mp seed extract was prepared by the method
of Uhegbu et al. (2005) in which distilled water was used as the
solvent. 20 g of Mp seed powder was taken and soaked in 200 ml
of autoclaved distilled water. The solution was stirred for about

6 min and left overnight for proper mixing. Next day, the solution
was filtered by using filter paper (Whatman No. A-1) and the
extract were allowed to dry in rotary vacuum evaporator under
reduced pressure and temperature (below 40◦C).

RP-HPLC Quantitative Analysis of
L-DOPA and Phytochemicals
L-DOPA was quantified in Mp seeds using reverse phase high
performance liquid chromatography (RP-HPLC) involved with
diode array detection. Samples were prepared as described
by Rathod and Patel (2014) with minor modifications. One
gram powder of Mp seed was extracted using autoclaved
doubled distilled water: 0.1 M HCl (70:30) for 30 min on
rotary shaker (120 rpm) and sonicated for 5 min. Then
sample was evaporated, dissolved in distilled water and
filtered through 0.45 µm nylon filter (Axiva filters). RP-HPLC
analysis was performed by Shimadzu prominence equipped
with degasser DGU-20A 5R, photo diode array detector
SPD- M20 A and low pressure quaternary pump LC 20 AD.
Chromatographic separation was achieved using a Waters,
Nova-Pak C18 column (4 µm, 4.6 mm × 250 mm). The
commercially available synthetic L-DOPA (Himedia) was taken
as a standard.

Total phenolics content of Mp seeds has been determined
spectrophotometrically (Singleton and Rossi, 1965). The sample
was mixed with 1.8 ml of Folin–Ciocalteu reagent and incubated
for 5 min at 25◦C with 1.2 ml of 15% sodium carbonate solution
for neutralization of reaction and further kept for 90 min at room
temperature. The absorbance was taken at 765 nm. Result was
noted in terms of mg of gallic acid equivalent per gram (mg GAE
g−1) of dry mass.

Total flavonoids were quantified according to the method by
Chang et al. (2002). In brief, 1 ml aqueous extract of Mp seed
was added to 1.5 ml distilled water, 0.1 ml of aluminum chloride
(10%) and 0.1 ml of potassium acetate (1 M). The total volume
was made up to 4.5 ml by adding distilled water. Incubation was
carried out for 30 min at room temperature and absorbance was
recorded at 415 nm. Expression of flavonoids level was done as
milligram of quercetin equivalents per gram (mg QUE g−1) of
dry weight.

Evaluation of proanthocyanidin was done as described by
Sun et al. (1998). The 0.5 ml sample was mixed with 3 ml
of 4% vanillin and 1.5 ml of concentration HCl. Reaction
mixture was incubated for 15 min and absorbance was taken at
490 nm. Content of Proanthocyanidin was expressed as catechin
equivalents per gram (mg CAE g-1) of dry weight.

As described by Kirk and Sawyer (1998), Tannin level was
measured with the help of Folin–Denis colorimetric method. 5 ml
Mp seed extract was mixed with 1 ml Folin–Ciocalteu reagent
and 2.5 ml saturated sodium carbonate. The solution was further
incubated for 90 min at 28◦C after the final volume was made up
to 50 ml. The color intensity was measured at 760 nm.

The content of phytic acid was estimated according to the
method of Gao et al. (2007). In short, 1 ml of Mp seed extract was
added with 1 ml volume of Wade reagent (0.03% FeCl3.6 H2O
and 0.3% sulfosalicylic acid in D/W). Vortexing of the solution
was done for 5 s and then it was put to centrifugation for about
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10 min. Absorbance of supernatant was taken at 500 nm using
UV-spectrophotometer.

Experimental Design
The first group, i.e., control (n = 6) was treated with normal saline
(i.p.). MPTP (30 mg/kg body weight) was prepared by dissolving
it in 0.9% saline. The mice were injected (i.p.) twice with MPTP
(30 mg/kg body weight) within 16 h of interval to induce PD to
the second group (n = 6) (Yadav et al., 2014). The third group
(n = 6) was first given two injections (i.p.) of MPTP (30 mg/kg
body weight) within 16 h of interval and then daily orally treated
with Mp seed aqueous extract (100 mg/kg body weight) from next
day till 21 days after second MPTP injection.

Group I: Mice (n = 6) were given intraperitoneal (i.p.)
injections of saline (0.9%), this served as control.

Group II: Mice (n = 6) were administered i.p. injections of
MPTP (30 mg/kg body wt.), twice within 16 h interval.

Group III: Mice (n = 6) were first intoxicated (i.p.) with MPTP
(30 mg/kg body wt.), twice within 16 h interval and from the
next day they were orally treated with aqueous seed extract of Mp
(100 mg/kg body wt.) daily for 21 days.

Neurobehavioral Studies
Rotarod Test
In Rotarod test, prior to experiment, group animals were trained
for 3 successive days at a fixed speed (5 rpm) and the time
was noted after the mice fall up to a maximum of 5 min. The
experiment was repeated four times for each animal; finally
average time was calculated as described previously (Manna et al.,
2006). The same procedure was repeated once the treatment was
completed and the time taken by the mice to fall was noted down.

Hanging Test
In this test, mice were placed on a horizontal grid and allowed
to have grip on it. This grid was then made upside down so
that mouse hangs downward, gripping on it, until they lose their
control and fall down. The experiment was repeated three times,
and the hanging time was noted for each group (Mohanasundari
et al., 2006).

Narrow Beam Walking Test
Motor coordination in mice was assessed using this test. Animals
from each group were trained to move on stationary wooden
narrow flat beam (1 cm) which was positioned at a height of
100 cm above the floor (L 100 cm×W 1 cm). Then according to
Pisa, time spent in walking from one end of the beam to another
was noted and the procedure was repeated thrice for each group’s
animals (Pisa, 1998).

Sample Preparation for Biochemical
Studies
After completion of experiment, the animals were sacrificed by
cervical decapitation from each groups (n = 3), the collection of
nigrostriatal tissue was done individually and they were further
homogenized in KCl buffer (Tris-HCl 10 mM, NaCl 140 mM, KCl
300 mM, ethylenediaminetetraacetic acid 1 mM, Triton-X 100
0.5%) at pH 8.0 complemented with phosphatase and protease

inhibitor. Centrifugation of the tissue homogenates was done
at 12,000 g at a temperature of 4◦C for about 20 min for the
estimation of antioxidant enzymes and different biochemical
parameters.

Biochemical Test
Catalase and Nitrite Test
In accordance with the decomposition of hydrogen peroxide,
the Catalase activity was estimated (Kumar et al., 2010). Briefly
10% w/v tissue homogenate was added in phosphate buffer
pH-7, distilled water, hydrogen peroxide (0.02 M) and incubated
at room temperature for 1 min then potassium dichromate and
acetic acid (1:3) solution was added and solution was allowed to
boil for 15 min in boiling water bath and absorbance was taken at
570 nm. The activity of enzyme was measured in nmoles/min/mg
protein.

By using standard procedure, Nitrite level was estimated in the
supernatant (Granger et al., 1996). Supernatant of 10% w/v tissue
homogenate was taken and ammonum chloride (0.7 mM) mixed
with Griess reagent (0.1% N-naphthyl ethylenediamine and 1%
sulfanilamide in 2.5% phosphoric acid) was added. The solution
was allowed to stand at 37◦C for 30 min, and the supernatant was
then taken out to record the absorbance at 540 nm. By using the
standard curve for sodium nitrite (10–100 µM), the total content
of nitrite was calculated in terms of µmoles/mL.

Lipid Peroxidation and GSH Test
Estimation of Lipid peroxidation was done in the same way
as described previously (Ohkawa et al., 1979) with fewer
modifications in the nigrostriatal tissue of the mouse brain.
Briefly, for measuring the concentration of malondialdehyde
(MDA), a reaction mixture containing 10% tissue homogenate
(0.1 mL) was added in 10% SDS solution (0.1 mL) and was
kept at room temperature for 5 min. After that, 20% acetic acid
(0.6 mL) was added and the solution was incubated 2–5 min.
At last 0.8% Thio-barbituric acid TBA (0.6 mL) was added and
the solution was kept in a boiling water bath for 1 h. The
reaction mixture was then allowed to cool, centrifugation was
done and absorbance of the supernatant was taken at 532 nm
against control. Expression of LPO levels was done as nano moles
MDA/mg protein. Glutathione reductase (GSH) level in the brain
homogenate was measured by the method described previously
(Moron et al., 1979) and reported as µM GSH/mg tissue.

Immunofluorescence Staining of TH,
NF-κB, TNF-α, DAT, iNOS, GFAP, ICAM,
and pAkt1 in SNpc
In the SNpc of brain, Immunofluorescence staining of TH,
NF-κB, TNF-α, DAT, iNOS, GFAP, ICAM, and pAkt1 in SNpc
was performed (Gorbatyuk et al., 2008). Mice were anesthetized
with pentobarbital and the perfusion was done with 4%
paraformaldehyde and the brains were post-fixed and collected.
Using a cryomicrotome, the brain was cut in 25 µ thick coronal
sections at the SN level (Leica, Wetzlar, Germany). Washing of
the sections were done twice with 0.01 M PBS at pH 7.4 and then
they were allowed to incubate with blocking reagent (10% normal
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FIGURE 1 | High performance liquid chromatography (HPLC) analysis of M. pruriens seeds for L-DOPA. HPLC profile of standard L-DOPA (A). HPLC profile of
M. pruriens seed extract (B).

goat serum in PBS, 0.3% Triton-X 100) for 1 h. Incubation of
the sections with primary antibodies at 1:1000 dilutions was
done with the polyclonal anti-mouse against TH, polyclonal
anti-rabbit against NF-κB p65, monoclonal anti-mouse against
TNF-α, polyclonal anti-rabbit against DAT, polyclonal anti-rabbit
against iNOS, monoclonal anti-mouse against GFAP, monoclonal
anti-mouse against ICAM, and monoclonal anti-rabbit against
pAkt1 for 16 h at 4◦C. The washing of the sections was again
done five times in PBST and they were further incubated
with Cy2-conjugated (Ex max 492 nm and Em max 510 nm)
donkey anti-mouse and cy3-conjugated secondary antibodies
(Ex max 550 nm and Em max 570 nm) donkey anti-rabbit
in 1% BSA blocking solution for 1 h at Room Temperature.
Washing of the sections was again done for three times and
then mounted using mounting media, fluoro shield (Sigma–
Aldrich). The images of the sections were taken with the help
of fluorescent microscope Nikon (Thermo Fisher Scientific).
Immunofluorescence was analyzed by Image J software (NIH,
United States) and reported in mean integrated fluorescent value
(IFV).

Statistical Analysis
Statistical analysis of differences between means of groups was
determined by one way ANOVA followed by Student-Newman–
Keuls post hoc test using GraphPad Prism 7.0 software. A p< 0.05
was considered statistically significant.

RESULTS

L-DOPA and Phytochemicals Content
Reverse phase high performance liquid chromatography analysis
showed as compared to standard L-DOPA (Figure 1A),
65 mg g−1 of L-DOPA present in the aqueous extract of Mp seed
(Figure 1B). Mp showed 38.9 ± 1.6 mg per gram of gallic acid
equivalent (mg GAE g−1) of phenolics and 54.14 ± 3.05 mg per
gm of quercetin equivalent (mg QAE g−1). The Mp seed showed
25.71 ± 4.13 mg per gram of catechin equivalents (mg CAE
g−1) proanthocyanidin level. Mp also showed 8.2± 0.15 mg g−1

of tannin level. Mp seed contain 6.72 ± 0.11 mg g−1 phytic
acid.

Behavioral Studies
Effect of Mp on Behavioral Recovery
The result shows that the time taken by the MPTP treated
mice for which it remained on the rotarod was significantly
reduced (p < 0.001) compared to control. Whereas, when
MPTP treated mice were treated with Mp, mice stayed on
the rotarod significantly longer than MPTP mice (p < 0.05)
(Figure 2A).

Our findings suggested that, in MPTP-treated mice, the
time of gripping and hanging was significantly poorer
(p < 0.001) as compared to control mice. When MPTP
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FIGURE 2 | Effect of Mp extract on behavioral parameters. (A) MPTP PD mice showed significantly reduced time of walking and staying on rotarod as compared to
CONT group, which has been significantly improved on Mp supplementation to PD mice in comparison with untreated PD mice. (B) Hanging test showed significant
improvement in Mp treated group compared to MPTP treated group. MPTP group mice fall early as compared to CONT group. (C) Narrow beam walking time was
significantly increased in the MPTP treated mice in comparison with control group while Mp treatment declines the narrow beam walking time as compared to MPTP
induced PD mouse (∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001, n = 6). ns, non-significant.

mice were treated with Mp, the hanging time was increased
(p < 0.001) when compared with MPTP treated mice
(Figure 2B).

Result shows that in MPTP treated mice narrow beam walking
time was increased (p < 0.001) as compared to CONT mice.
When MPTP mice were treated with Mp the narrow beam walk
time was decreased (p < 0.001) as compared to MPTP mice
(Figure 2C).

Biochemical Studies
Effect of Mp on Catalase and Nitrite
We observed that MPTP injection significantly decrease the
activity of CAT (p < 0.001) and increase the nitrite (p < 0.001)
content in MPTP-injected mice when compared to CONT
group. However, Mp treatment (MPTP+Mp) increased the
activity of catalase (p < 0.01) (Figure 3A) and decreased nitrite
level (p < 0.01) (Figure 3B) as compared to MPTP-treated
group.

Effect of Mp on MDA and GSH Content
When compared to CONT group, the mice intoxicated
with MPTP showed a significant increment (p < 0.001) in
lipid peroxidation product, known as MDA. Conversely,
MPTP administration caused a significant decline in GSH
(p < 0.001) levels when compared with CONT group. Mp
treatment (MPTP+Mp) significantly attenuated (p < 0.001) the
rise in MDA level (Figure 3C) and improved (p < 0.05)
the GSH levels (Figure 3D) compared to the MPTP
group.

Effect of Mp on the Expression of TH,
NF-κB, TNF-α, DAT, iNOS, GFAP, ICAM,
and pAkt1 in SNpc
We have observed an increased in NF-κB (p < 0.05), TNF-α
(p < 0.01), iNOS (p < 0.01), ICAM (p < 0.01), and GFAP
(p < 0.01) positive cells expression in the MPTP treated
mice as compared to CONT group. After Mp treatment
(MPTP+Mp), a decrease in NF-κB (p < 0.05) (Figure 4A),
TNF-α (p < 0.01) (Figure 4B), iNOS (p < 0.01) (Figure 4C),
ICAM (p < 0.01) (Figure 4D), and GFAP (p < 0.05)
(Figure 5A) expression was observed as compared to MPTP-
treated mice. We also found decreased expression of pAkt1
positive cells (p < 0.01, Supplementary Figure S1) and DAT
positive dopaminergic neurons (p < 0.05) as compared to
control while Mp treatment (MPTP+Mp) significantly increased
the expression of pAkt1 (p < 0.05) (Figure 5B) and DAT
(p < 0.05) (Figure 5C) as compared to MPTP treated groups.
A reduced (p < 0.05) level of TH positive dopaminergic neurons
was seen in response to MPTP injection while comparing to
the CONT group. However, following treatment with Mp in
MPTP-administered mice, an increase in TH level (p < 0.05)
(Figure 5D) was observed when compared to MPTP-treated
mice.

Effect of Mp on the Nuclear
Translocation of NF-κB in SNpc
We have observed that in MPTP injected mice, the nuclear
translocation of NF-κB has occurred (Figure 6B) when compared
with the control group (Figure 6A). Whereas, Mp treatment
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(Figure 6C) has significantly inhibited this nuclear translocation
of NF-κB as compared to MPTP treated mice.

DISCUSSION

In this study we demonstrate that Mp, an aqueous extract
containing L-DOPA and a mixture of rich novel phytochemicals
protect nigrostriatal degeneration of dopaminergic neurons
by alleviating oxidative stress and neuroinflammation in PD
mouse model. Dopaminergic neurons can be protected by
neuroinflammation linked inhibition of iNOS, GFAP, ICAM
as well as NF-κB activation and its responsive genes TNF-α.
Protective effect of Mp on dopaminergic neurons suggest that
it is an efficient herbal agent in PD research, corroborating
previous studies (Yadav et al., 2013, 2014, 2017; Olson and
Gendelman, 2016). From several decades there is a lot of
focus on Mp’s anti-parkinsonian activity specifically related to
its anti-oxidative and metal chelating activity (Tharakan et al.,
2007; Dhanasekaran et al., 2008; Yadav et al., 2013). Other
than showing the anti-parkinsonian activity, Mp extract has
also shown therapeutic potential in protecting against stroke
and ischemia (Nayak et al., 2017). Mp extracts thus due to
the presence of dopamine and 5-HT (5-hydroxytryptamine) has
the potential to be an anti-cataleptic and antiepileptic drug
(Champatisingh et al., 2011). Ginkgo Biloba extract 761 (EGb
761) is a well-defined mixture containing flavonoids (24%)
and terpenoids (6%) and is patented (Rojas et al., 2009). This
extract having the antioxidant and anti-apoptotic properties
has the potential to show neuroprotection as it can help in
the regulation of MAO. Phytomix-40 (PM-40) is a certified
parapharmaceutical comprises extract from 40 plants including
ginseng, eleutherococcus, Rhodiola rosea etc., which helps in
improving hormonal, antioxidant and immune system of body.
Administration of PM-40 along with standard anti- Parkinson’s
drugs improves Parkinson’s symptoms and helps in decreasing
negative activation of immune system which occurs during
standard anti-Parkinson’s therapy alone (Bocharov et al., 2010).
Anti-Parkinson’s activities of flavonoids have been also reported
on 6-OHDA-induced experimental Parkinsonism in vivo and
in vitro (Mu et al., 2009). Phenolics and flavonoids are important
class of natural antioxidant substances having potential of
scavenging free radicals, ultimately reducing the risk of oxidative
stress related disorders including cancer and PD (Saxena et al.,
2012; Patil et al., 2015). Recently, Cilia et al. (2017) have reported
that 12.5–17.5 mg/kg Mp seed powder shows neuroprotective
activity in PD patient with a more favorable tolerability profile.

The neuroprotective role of Mp in other neurodegenerative
diseases such as AD and Multiple Sclerosis has not yet been
investigated.

In this paper, we have reported the potential anti-
neuroinflammatory activity of Mp in MPTP induced
parkinsonian mouse model via NF-κB and Akt pathway.

Natural compounds containing flavonoids, phytochemicals
having antioxidative and anti-inflammatory activities are
neuroprotective in neurodegenerative diseases (Parkinson’s
disease, 2012). Past studies potentially exhibiting that orally

FIGURE 3 | Estimation of CAT, Nitrite, MDA, and GSH in nigrostriatal region of
mice. MPTP injected mice showed significant decrease in CAT activity and
GSH level and increase in Nitrite and MDA level as compared to control
(CONT) group. While Mp treatment in MPTP group significantly increase the
level of CAT (A), decrease in the level of nitrite (B) and MDA (C), increase in
the level of GSH (D). Values are expressed as mean ± SEM (∗p < 0.05,
∗∗p < 0.01, ∗∗∗p < 0.001, n = 3). ns, non-significant; MDA, malondialdehyde;
GSH, glutathione; CAT, catalase; SEM, standard error of mean.

administered Mp reaches to the brain in adequate quantity
to protect the dopaminergic neurons in PD (Katzenschlager
et al., 2004; Yadav et al., 2013, 2014, 2017). To investigate the
supplementary outcome of the drugs, oral route has been utilized
as an efficient way of administration as it is the feasible and
efficient way for drug delivery.

This study has demonstrated that in mice, MPTP intoxication
creates behavioral impairment which is tested by rotarod, grip
strength, and narrow beam walking test. Mp was found to
significantly improve the motor deficits in parkinsonian mice.
Our behavioral findings are in agreement with the earlier reports
(Yadav et al., 2013, 2014).

Researchers have suggested that MPTP intoxication
generates ROS and RNS which induces oxidative stress and
neuroinflammation associated nigrostriatal degeneration of
dopaminergic neurons (Yokoyama et al., 2008; Chung et al.,
2011; More et al., 2013). Despite of the fact that, PQ poorly
crosses the BBB, the patients died of PQ intoxication has been
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FIGURE 4 | Immunofluorescence expression of NF-κB, TNF-α, iNOS, and ICAM in SNpc. of CONT, MPTP, and MPTP+Mp mice by using Image J Software at 20x
magnification. The MPTP intoxicated PD mice showed significantly enhanced expression level of NF-κB (A), TNF-α (B), iNOS (C), and ICAM (D) positive cells as
compared to control. On Mp supplementation in PD mice showed significantly alleviated expression level of NF-κB, TNF-α, iNOS, and ICAM positive cells as
compared to MPTP mice. Values are expressed as mean ± SEM of integrated fluorescent value (IFV) (∗p < 0.05, ∗∗p < 0.01, n = 3). ns, non-significant; TNF-α,
tumor necrosis factor alpha; iNOS, inducible nitric oxide synthase; ICAM, intercellular adhesion molecule 1; SNpc, substantia nigra pars compacta.

detected with significant damage to the brain (Bové et al.,
2005). MPTP intoxication has helped in mimicking most of the
parkinsonian symptoms which can help us in understanding PD
(Meredith and Rademacher, 2011). MPTP induced Parkinsonian
Mouse models have been most widely used. MPTP, being
lipophilic in nature crosses the BBB easily and binds mainly in
astrocyte lysosomes, where it is converted to its toxic metabolite,
the 1-methyl-4-phenylpyridinium (MPP+) ion (Meredith and
Rademacher, 2011). However, central dopaminergic neurons
were not damaged upon systemic administration of MPP+ as it
is unable to cross the BBB due to its charge. But, much of the
DAergic nigrostriatal pathway was destroyed by direct infusion
into the brain. MPP+ is selectively taken by the dopaminergic
neurons because it is an excellent substrate for the dopamine
transporter (DAT) (Meredith and Rademacher, 2011). So we
have used MPTP induced mouse model instead of PQ.

Similarly, this study clearly shows that MPTP intoxication
produces neuroinflammation induced ROS and RNS
overproduction, whereas Mp reduces this ROS and RNS

accumulation and downstream proceedings of this cascade. It
is well-established that inflammation is the downstream event
of oxidative stress. This might be suggested that Mp uses its
antioxidative and anti-inflammatory activities to inhibit these
oxidative and inflammatory loads. In PD, dopaminergic neurons
possess reduced antioxidant ability which makes dopaminergic
neurons more susceptible to oxidative stress, as exhibited by the
low level of intracellular reduced glutathione. Reduced GSH is
one of the main factors responsible for the antioxidant defense,
which scavenges free radicals generated in brain tissue (Dringen,
2000). In this study, MPTP injection produces free radicals
which creates oxidative damage and is eventually responsible for
reduced GSH level along with decreased activity of antioxidant
enzyme catalase, while it has also increased the level of lipid
peroxidation. This finding in MPTP treated mice is consistent
with earlier reports (Cheng et al., 2008; Khan et al., 2010; Lee
et al., 2011; Yadav et al., 2013, 2014). Following MPTP injections,
treatment with Mp reduced the oxidative injury by decreasing
the MDA level along with restoration of GSH level and catalase
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FIGURE 5 | Immunofluorescence expression of GFAP, pAkt1, DAT, and TH in SNpc. of CONT, MPTP, and MPTP+Mp mice by using Image J Software at 20x
magnification. The MPTP intoxicated PD mice showed significantly enhanced expression level of GFAP positive cells (A) as compared to control, while on Mp
supplementation in PD mice showed significantly alleviated expression level of GFAP positive cells as compared to MPTP mice. On the contrary immunofluorescence
staining of pAkt1 positive cells were reduced in MPTP treated mice (B) while Mp treatment substantially enhanced the expression of pAkt1. Similarly, DAT (C) and TH
(D) positive dopaminergic neurons expression were reduced in MPTP treated mice while Mp treatment in MPTP treated mice significantly enhanced the expression
of DAT and TH. Values are expressed as mean ± SEM of IFV (∗p < 0.05, ∗∗p < 0.01, n = 3). ns, non-significant; GFAP, glial fibrillary acidic protein; DAT, dopamine
transporter; TH, tyrosine hydroxylase.

activity in the nigrostriatum. Recent findings have suggested that
oxygen free radical and nitric oxide (NO) play a major role in
stress mediated neurodegeneration. In addition, peroxynitrite
is formed when NO react with superoxide, which then induces
nitration of tyrosine to produce hydroxyl radicals. Therefore,
NO along with peroxynitrite may adversely affect neuronal cell
death in SN (Yokoyama et al., 2008). Our result exhibits that
nitrite level was significantly reduced after Mp treatment which
further protected the dopaminergic neurons from NO mediated
neurodegeneration, corroborating previous studies (Yokoyama
et al., 2008; Yadav et al., 2014).

During the pathogenesis of PD, activation of the glial
cells is considered to be a rapid cellular response leading
to neuroinflammation (Ghosh et al., 2007; Gordon et al.,
2012; Hirsch et al., 2012). Upregulation in the expression
of iNOS, ICAM GFAP, TNF-α, and NF-κB after MPTP
administration signifies the process of glial activation. Different
studies have suggested the presence of activated glial cells
in SN and striatum of PD brains (Hirsch et al., 2003;

Ouchi et al., 2009). Activation of Glial cells results in NF-κB
activation which further triggers the upregulation and release of
proinflammatory enzymes iNOS, and proinflammatory cytokine
TNF-α in PD (Kim and Joh, 2006; Mosley et al., 2006).
Studies done previously suggested that inhibition of glial
activation by using some inhibitors prevents MPTP-induced
neurotoxicity (Wu et al., 2003; Chung et al., 2011). In our
study, inflammatory response due to glial cell activation and
dopaminergic neuronal loss is suppressed on treatment with Mp.
During neuroinflammation, redox sensitive transcription factor,
e.g., NF-κB can be initiated by nitric oxide, ROS and RNS.
NF-κB shows activity during neurodegeneration by regulating
the expression of different proinflammatory mediators. NF-κB
is kept in inhibited form, bounded to inhibitory protein IκB, in
the cytoplasm to prevent its nuclear translocation necessary for
transcriptional activity. NF-κB regulated transcription of certain
proinflammatory genes such as TNF-α, IL-1β, COX-2, enzyme
like iNOS, and adhesion molecules (ICAM) occurs only when IκB
undergoes phosphorylation and proteolytic degradation resulting
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FIGURE 6 | Effect of Mp on the nuclear translocation of NF-κB in SNpc with 40x magnifications after staining. In substantia nigra (SN) as compared to control group
(A), nuclear translocation of NF-κB positive cells were increased in MPTP treated group (B) while Mp treatment inhibits this nuclear translocation of NF-κB (C).

in translocation of free NF-κB to the nucleus, where it binds to
target DNA elements (gene promoters containing κB binding
sites) (Shen et al., 2010). Also, MPTP leads to impairment of
the mitochondrial function in PD (Acuna-Castroviejo et al.,
2011). As the activity of mitochondrial enzyme complex get
inhibited, generation of superoxide anions occurs, which further
helps in the process of neuroinflammation by up-regulating
NF-κB activation. Thus, it can be suggested that drugs, which
can be used in inhibiting the generation of ROS, can be used
as neuroprotective agents to protect from the neurotoxin such
as MPTP. In this study, Mp has significantly inhibited the
production of ROS as well as the activation and translocation
of NF-κB. Aqueous extract of Mp treatment improved the
normal expression levels of iNOS and GFAP in MPTP treated
animals (Yadav et al., 2014). Our aqueous extract of Mp also
shows the similar activity as it improved the normal expression
levels of iNOS, GFAP, ICAM, and TNF-α in SNpc of MPTP
treated animals. Thus, antioxidative and anti-inflammatory drugs
can be used effectively as therapeutic agents in the case of
neurodegenerative diseases (Jin et al., 2005).

Akt activation helps in the survival of different types of
cells including various neuronal types, as reported through
various in vitro studies. Furthermore, Akt promotes the survival
of different neurons by mediating the functions of different
neurotrophic factors (Dudek et al., 1997; Crowder and Freeman,
1998; Brunet et al., 2001; Orike et al., 2001; Downward,
2004; Duronio, 2008). Death of cultured neurons occurs when
interference with activation of Akt occurs, while, transfection

with a constitutively active form of the kinase promotes the
survival of neurons in the absence of any other support.
Although studies about the Akt signaling is less in the case
of survival of non-stressed neurons in vivo, it has been more
studied in post-natal substantia nigra (SN), the brain area
of high relevance in the case of PD (Ries et al., 2009).
Dopaminergic neurons numbers get reduced in SN and incidence
of apoptotic neurons was doubled due to a dominant negative
form of Akt delivered by adeno-associated virus. On the other
hand, developmental neuron death in the SN was reduced
by transduction of a constitutively active form of Akt. The
maintenance of the survival of dopaminergic neurons in SN
under basal conditions has been highlighted by these significant
findings. Phosphorylation of Akt at Ser473 (Malagelada et al.,
2008; Timmons et al., 2009) and Thr308 (Malagelada et al., 2008)
is considerably decreased in dopaminergic SN neurons of PD
patients when compared with non-PD patients as indicated by
the Immunostaining of post-mortem brains. A drop in total
Akt staining in such neurons from PD patients was also seen
(Timmons et al., 2009). Significantly, in the Ries et al. (2009)
study cited above, reduction in number of individual TH+ fibers
correlated with decreased density of TH+ fiber staining in the
striatum was seen in the dominant-negative Akt mice model.
Our result shows that MPTP inhibits the activation of pAkt1
in the SNpc while Mp treatment overcomes this inhibition,
in accordance with the above citation. So, Mp treatment
also suggests a possible neuroprotective pathway mediated by
pAkt1.
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Thus anti-inflammatory pathway especially NF-κB and Akt
pathway plays a major role in PD treatment. As MPTP is
converted to its active form MPP+ inside the astroglial cells,
then it is taken by dopaminergic neuron through transporter
of dopamine, i.e., DAT (Kostic et al., 1996). These transporters
get damaged during MPP+ uptake process as number of DAT
get reduced in the SN, after MPTP administration (Jakowec
et al., 2004). Accordingly, our data also shows that DAT
immunoreactivity was reduced in MPTP group while it is
considerably improved in Mp treated group. The rate-limiting
enzyme in the production of DA, i.e., TH is the marker for
the dopaminergic neuron survival. Previous studies explore that
TH immunoreactivity was decreased gradually in SN of mice
after MPTP treatment. Their findings give important evidence
about MPTP-induced neurodegeneration (Kurosaki et al., 2003;
Ghosh et al., 2007). The immunohistochemical expression of TH
in SNpc region indicates the protective action of Mp in MPTP
injected parkinsonian mice, seen in the previous studies too
(Kurosaki et al., 2003; Yadav et al., 2014).

The pathophysiology of different diseases such as gout,
muscular pain, cancer, arthritis, and other vascular diseases have
been seen to be associated with inflammation. Inflammatory
symptoms are being treated by using different drugs and natural
products (Ahmad et al., 2005). It has been discussed earlier
too, that Mp is rich in different constituents such as saponins,
tannins, alkaloids, flavonoids in addition to L-DOPA and has
been used in the treatment of diseases like fever, muscular pains,
spasms and dysmenorrhea in past (Javed et al., 2010) and is thus
being tested for its anti-inflammatory activity and the reason
behind its traditional use for pain and fever. The results of our
present investigation indicates that seed powder of Mp possess
significant anti-inflammatory activity by inhibiting the NF-κB
and Akt dependent pathways as highlighted by the results of our
study.

It is well-established that Mp contain L-DOPA as the primary
component (Tripathi and Updhyay, 2001; Tomita-Yokotani
et al., 2004; Kasture et al., 2009). The seed of Mp also contains
Serotonin and its precursor 5-Hydroxytryptophan (5-HTP),
N,N-dimethyltryptamine and 5-MeO-dimethyltryptamine
(bufotenin) (Ghosal et al., 1971). Different saponins,
anthraquinones, flavonoids, terpenoids, cardiac glycosides, and
tannins are present in Mp (Agbafor and Nwachukwu, 2011).
Data from RP-HPLC analysis of aqueous extract of Mp used in
this study revealed a significant peak of L-DOPA correspond to
standard L-DOPA peak, Mp also contain various phytochemicals
like gallic acid, proanthocyanidin, tannin, quercetin, and phytic
acid. Quercetin being one of the major component in our RP-
HPLC result, might be showing anti-inflammatory activity.
Querctin has shown both antioxidant and antiinflammatory
activity as reported earlier by several studies (Haleagrahara et al.,

2011; Weng et al., 2012; Costa et al., 2016; Lee et al., 2016).
Moreover, other phytochemicals present in Mp might also act
in combination to explore its synergistic effect.

CONCLUSION

Our study suggests that Mp extract appreciably ameliorate
the neuroinflammatory processes and also restore biochemical
and behavioral parameters along with TH and DAT
immunoreactivity. NF-κB and Akt pathway might be responsible
for the underlying mechanism of Mp. The anti-inflammatory
activity along with potent anti-oxidant properties shown by Mp
extract can be used in treating inflammatory condition in the case
of PD.
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A B S T R A C T

Introduction: Aquatic pollutant Malachite green (MG) induces oxidative stress by producing intracellular H2O2

and associated hydroxyl, hydroxymethyl or hydroperoxide radicals in Saccharomyces cerevisiae. These radicals
disturb cellular functions leading to early aging. Exogenous supply of natural antioxidants may play a crucial
role as anti-aging by ensuring the cellular survival.
Methods: Protective effect of Chebulinic acid (CA) and Boeravinone B (BB) was biochemically evaluated by
measuring the expression levels of antioxidant enzymes. Intracellular oxidants generation, nuclear damage,
necrosis, apoptosis, reduction in caspase 3/7 activity studied microscopically, spectrofluorometrically and
biochemically along with growth dynamics and relative quantitation of Yap1, Sir2 and Bir1 expression using RT-
PCR.
Results: Malachite green (MG) showed adverse effect on S. cerevisiae showing 400.83% enhancement in accu-
mulation of intracellular H2O2 and associated hydroxyl, hydroxymethyl or hydroperoxide radicals. Independent
supplementation of CA (5 μg/ml) and BB (3 μg/ml) significantly reduced the accumulation by 385.78 and
372.68%, respectively. Presence of MG extended the lag phase of growth curve and also reduced colony forming
units (CFUs)/ml to 3×108 from 15×108. Whereas, CA and BB maintained the normal growth curve, CFUs and
proved as anti-aging. Elevation in the activities of catalase (CAT), superoxide dismutase (SOD) and glutathione
peroxidase (GPx) by 241.35, 539.02 and 432.60% was observed after 2 h MG exposure. However, CA and BB
significantly reduced the CAT, SOD and GPx activities. Microscopic observation of CA and BB augmented cells
revealed protection from H2O2 and associated hydroxyl, hydroxymethyl or hydroperoxide radicals accumula-
tion, nuclear disorganization, morphological distortion, apoptosis and necrosis contrary to MG exposed cells. An
enhancement of 112.78% in caspase 3/7 activity was noted in MG exposed cells over control. Both CA and BB
supplementation reduced the caspase 3/7 activity by 106.06 and 105.82%, respectively which was almost near
normal. MG was found to induce the expression of yeast transcription factor Yap1; while presence of CA and BB
restored expression of Yap1. Expression of longevity responsible gene Silent Information Regulator (Sir2) was
also found to be reduced during MG exposure. However, CA and BB triggered the expression of Sir2. Similarly,
MG lowered the expression of Baculoviral IAP repeat (Bir1) which is the inhibitor of apoptosis while CA and BB
aided the over expression of Bir1.
Conclusions: CA and BB supplementation could significantly decrease oxidative stress, enhance cell viability and
ultimately protected S. cerevisiae cells form aging.

1. Introduction

Oxidative stress has been acknowledged as causative factor in life-
style disorders, aging and various patho-physiologies generally asso-
ciated with aging for last four to five decades [1]. One of the prominent

reasons behind generation of oxidative stress is continuously amassing
environmental pollution [2]. Terrestrial and aquatic life forms con-
stantly come across a variety of environmental pollutants and experi-
ence a massive oxidative stress. Therefore, damage through constant
exposure to oxidative stress owing to pollutants is incessantly
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enhancing. Hexachlorobenzene, polycyclic aromatic hydrocarbon, cel-
lular metals oxidation, pesticides and also enhanced oxygen consump-
tions increases the oxidative stress which disturbs cellular metabolic
functions, its regulation and damages the vital biomolecules including
DNA and RNA [3]. Persistent and longer accumulation of oxygen ra-
dical or singlet oxygen has been found to play a key role in programmed
cell death (PCD) i.e. apoptosis and necrosis in a variety of cell types [4].
Ionizing radiations (IR), ultraviolet (UV) and oxygen radical or singlet
oxygen have also been implicated in the aging process and are known to
have a crucial role in the progression of cancer [5, 6].

Wide array of chemical compounds which are routinely used are
known to induce oxidative stress. One of the chemically synthesized
compounds, Malachite green (MG) is extensively used as coloring agent
for silk, wool, jute, leather, cotton, paper and also as food additive,
disinfectant and anthelmintic [7]. In aquaculture industries, MG is used
as a potent antifungal agent and practically irreplaceable disinfectant in
fish farming and most frequently used until recent times [8]. When
living cell is exposed to MG, mainly hydrogen peroxide (H2O2) is gen-
erated which as a result of oxidation process catalyzed by peroxidase
further forms hydroxyl, hydroxymethyl or hydroxyperoxide radicals [9,
10]. MG has been known to demonstrate its toxic activity mainly
through generation of H2O2 and associated hydroxymethyl or hydro-
xyperoxide radicals [11, 12]. MG has been reported to be extremely
toxic to cultured mammalian cells and lead to formation of MG related
H2O2 and associated hydroxymethyl or hydroxyperoxide radical in the
cell cultures. It acts as a potent tumor promoter and is known to induce
malignancy [10]. Toxicologically, MG is classified under category C-III
by FAO and WHO. Because of high solubility in water and non-judicious
use as coloring agent in textile and food industry, MG is one of the
major components of effluent of these productions. Utilization of ef-
fluent containing toxic chemicals including MG for irrigating crop
plants and fish farming can results into its incorporation in human food
chain. Although, MG is used as a potent antifungal agent in aquaculture
industry, it has been reported to show adverse effect in kidney and gill
cell lines of Channa striata fish as cytotoxic, genotoxic and oxidative
stress inducer [13]. Cytotoxic nature of MG on two human tumor cell
lines (Caco-2 and HEp-2) is also on record and has been observed to
reduce metabolic rate and proliferation capacity along with impairment
of mitochondrial activity [14]. Ingestion of MG from a commercially
available aquarium product was responsible for development of me-
themoglobinemia in a previously healthy 3 year old girl [15]. Con-
sidering these extreme toxicities of MG towards human cells; it is im-
perative to look for the remedy to counter its toxicity.

A number of studies have reported that the eukaryotic cells ex-
perience oxidative stress by various xenobiotic chemicals. For instance,
furfural was found to behave as an inducer of oxidative stress in S.
cerevisiae resulting in disintegration of nuclear chromatin, disruption of
vacuole membranes and damage to mitochondrial and actin cytoske-
leton [16]. The activation of oxidative event leads to elevation of in-
tracellular concentration of antioxidants and also enhances the ex-
pression of genes encoding antioxidant enzymes [17]. Menadione
(superoxide radical) induced oxidatively stressed S. cerevisiae cells were
shown to elucidate the regulation of gene expression of antioxidant
enzymes after studies on transcriptional, post transcriptional, transla-
tional and post translational processes [18]. Cell death, physiological
changes, enhanced caspase activity and mitochondria mediated apop-
tosis was observed in S. cerevisiae and Escherichia coli K-12 by inducing
oxidative stress using acroline, chromate and arsenic [19–21]. Dele-
terious effects of oxidative stress leading to inhibition of growth due to
arrested replication caused by nuclear damage, lipid peroxidation, ag-
gregation of proteins, necrosis, apoptosis and early aging in yeast has
also been observed in detail [22]. Cells are known to produce anti-
oxidants as a part of innate defense to counter the oxidative stress
mediated toxicity. Antioxidants neutralize the superoxide, peroxide,
hydroxyl radicals etc. and protect the cells from disturbed and/or dis-
tressed cellular metabolism [2]. It should be noted that when the

natural antioxidants defense system underperforms in stress conditions,
supplementation of external antioxidants becomes necessary. To ad-
dress this concern, augmentation of natural antioxidants may help in
enhancement of defense against xenobiotic induced oxidative stress
[23].

In the present report, use of natural antioxidants like Chebulinic
acid (CA) and Boeravinone B (BB) isolated from medicinal herbs
Terminalia chebula and Boerhaavia diffusa were used to reduce the toxic
effects of MG (H2O2 and associated hydroxymethyl or hydroxyperoxide
radical) in S. cerevisiae. Chebulinic acid (Molecular Formula:
C41H32O27) is a tannin having anti-cancer activity which is known to
selectively induce apoptosis in acute myeloid leukemia cells [24].
Chebulinic acid reduces the neuronal cell death in acute brain injuries
and chronic neurodegenerative diseases via inhibiting glutamate-
mediated oxidative stress [25]. Boeravinone B (Molecular Formula:
C17H12O6) is a rotenoid having anticancer and anti-inflammatory ac-
tivities [26, 27]. Boeravinone B has been reported to have therapeutic
effect and specifically useful in treating conditions like rheumatoid
arthritis, osteoarthritis, acute myoskeletal disorders, spondylosis, ten-
donitis, atherosclerosis, systemic lupus erythematosus and psoriasis in
mammals [28]. T. chebula and B. diffusa are known to show antioxidant,
anti-hyperglycemic, anticancer, anti-aging, anti-inflammatory, anti-
proliferative and immune-modulatory activities. These plants have also
demonstrated protective effects on various vital organs such as human
nerves, heart, kidney and liver [29, 30]. Being natural in origin CA and
BB do not have any adverse effects or secondary health complications.
Several studies have clearly revealed that CA has remedial activities
which include anti-ulcerogenic and antihypertensive action [31, 32].

For this study, it was hypothesized that the supplementation of
phytochemicals such as CA and BB may prove helpful in countering the
MG induced toxicity in eukaryotic cells through their antioxidant ac-
tion. In this communication, we report the protective effects of CA and
BB on S. cerevisiae stressed by MG (H2O2 and associated hydroxymethyl
or hydroxyperoxide radicals) and also their role in modulating apop-
tosis, necrosis and ultimately aging.

2. Materials and methods

2.1. Chemicals

MG was obtained from Hi media Laboratory, India. Superoxide
dismutase (SOD) assay kit (Cat. No. 19160), Glutathione peroxidase
(GPx) assay kit (Cat. No. CGP1), Catalase (CAT) assay kit (Cat. No.
CAT100), 4′, 6-Diamidino-2-phenylindole (DAPI) (Cat. No. D9542),
2′7′-Dichlorofluorescin (H2DCF) (Cat. No. D6883), GeneiPure™ total
RNA isolation kit and Readyscript cDNA synthesis kit were procured
from GeNei™, India and Sigma Aldrich, USA, respectively. QuantiFast™
SYBR® Green PCR kit (Qiagen), Annexin-V-FLUOS staining kit (Roche),
Caspase-Glo® 3/7 assay kit (Promega), Chebulinic acid and
Boeravinone B (M/s Natural Remedies, Bangalore, India) were obtained
from respective suppliers. Primers for gene expression studies were
procured from Eurofins Genomics India Pvt. Ltd., India. Rest of the
chemicals and solvents used were of highest purity available and ana-
lytical grade.

2.2. Culture maintenance and experimental design

Baker's yeast S. cerevisiae used in present study was obtained from
National Collection of Industrial Microorganisms (NCIM-3594), CSIR-
National Chemical Laboratory, Pune, India. Culture was routinely
maintained on 5% dextrose, 1% peptone, 1% yeast extract and 3% agar
(w/v). Cells used for present experimentation were always grown on
slightly modified medium containing 2% dextrose, 0.1% peptone, 0.1%
yeast extract (w/v). For the entire study, we kept four sets of experi-
ments in triplicate as control S. cerevisiae cells, S. cerevisiae cells exposed
to only MG (1.0 μM), S. cerevisiae cells exposed to MG with
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supplementation of CA and S. cerevisiae cells exposed to MG with sup-
plementation of BB in liquid medium at 35 ± 2 °C with shaking
(120–150 rpm).

2.3. Determination of optimum concentration of CA and BB using
intracellular H2O2 and associated hydroxymethyl or hydroxyperoxide
radicals accumulation as marker

Intracellular H2O2 and associated hydroxymethyl or hydroxyper-
oxide radical levels were determined using 2′7′- Dichlorofluorescin
(H2DCF) on Fluorescence Spectrophotometer [33]. The dye H2DCF
penetrates plasma membrane and reacts with H2O2 and associated
hydroxymethyl or hydroxyperoxide radicals present inside the cell.
Non-fluorescent H2DCF on oxidation by H2O2 and associated hydro-
xymethyl or hydroxyperoxide radicals shows fluorescence which is
determined spectrofluorometrically. For this analysis, actively growing
S. cerevisiae cells of control, MG exposed and cells exposed to MG
augmented with CA and BB respectively, with concentration ranges
from 1 μg/ml to 10 μg/ml were independently harvested during and
after MG exposure at 3 different time intervals (0, 1 and 2 h) by cen-
trifugation in 2ml aliquots. Harvested cells were washed with 2ml of
50mM phosphate buffer (pH 7.4) thrice and re-suspended in 2ml of
same buffer. The cell suspension was pre-incubated at 28 °C for 10min.
To this suspension, 1mM ethanolic stock solution of H2DCF was added
to achieve 10 μM final concentration of dye and incubated at 28 °C for
20min. After incubation, cell suspension was centrifuged and super-
natant was measured for fluorescence (excitation at 488 nm and emis-
sion at 520 nm for each sample) using Fluorescence Spectrophotometer
8300 (Agilent Technology, USA).

2.4. Effect of exposure of MG and augmentation of CA and BB on the
growth of S. cerevisiae

Growth curve of S. cerevisiae exposed to MG alone and MG in
combination with CA and BB respectively, along with control were
studied in order to understand growth pattern of S. cerevisiae. For this, a
loopfull culture of S. cerevisiae was inoculated in growth medium
mentioned earlier which was fortified with MG alone and MG in com-
bination with pre-optimized concentrations of CA and BB (5 μg/ml and
3 μg/ml, respectively). Growth of cells was monitored by measuring
absorbance at 620 nm at every 1 h interval for 72 h.

2.5. Studies on cell viability and chronological aging in S. cerevisiae

S. cerevisiae cells were investigated for their viability as a function of
exposure to MG alone and MG in combination with CA and BB. For this,
1 ml of culture media containing cells from the respective experiment
sets were serially diluted (up to 10−9) in 0.85% saline solution and
spread on Petri-plates with a slightly modified culture medium con-
taining 2% dextrose, 0.1% peptone, 0.1% yeast extract and 3% agar (w/
v). These cultures were incubated at room temperature (30 ± 2 °C) for
48 h and colony forming units (CFUs)/ml were counted by using colony
counter. For chronological aging study, we spotted 2 μl of each dilution
of above serially diluted cultures on YEPD plate, incubated at
30 ± 2 °C for 48 h and observed colony growth [34].

2.6. Evaluation of antioxidant enzyme status as a function of exposure to
MG alone and MG in combination with CA and BB

Actively growing S. cerevisiae cells of control, MG exposed and cells
exposed to MG augmented with CA and BB at 5 μg/ml and 3 μg/ml
concentrations respectively, were independently homogenized in
chilled 1ml of 50mM phosphate buffer (pH 7.4) using a homogenizer
and then sonicated with output at 60 amp, giving three strokes each of
30s at 2min intervals at 4 °C. The homogenate thus obtained was then
centrifuged and supernatant was used as a source of catalase,

superoxide dismutase and glutathione peroxidase. All enzyme assays
were performed as per the protocol provided by the manufacturer and
were run in triplicates. The protein content of all the samples was de-
termined as per Lowry's method [35].

2.7. Fluorescence microscopic analysis for determining H2O2 and associated
hydroxymethyl or hydroxyperoxide radicals accumulation, DNA damage,
apoptosis and necrosis

Fluorescence microscopic analysis was carried out on Zeiss Axio-
scope A.1 trinocular phase contrast microscope with fluorescent at-
tachment. The analysis of intracellular H2O2 and associated hydro-
xymethyl or hydroxyperoxide radicals accumulation, nuclear chromatin
damage, apoptosis and necrosis was done using fluorescent H2DCF,
DAPI, Annexin V and propidium iodide (PI). For analyzing intracellular
H2O2 and associated hydroxymethyl or hydroxyperoxide radicals ac-
cumulation, the cells were collected after all the treatments, washed
thrice with the sterile distilled water and re-suspended in 0.1ml of
50mM phosphate buffer (pH 7.4). To this, 1 mM ethanolic stock solu-
tion of H2DCF was added to achieve 10 μM final concentration of the
dye and incubated at 30 °C for 2 h. Cells were again centrifuged after
incubation, washed and re-suspended freshly in 50mM phosphate
buffer (pH 7.4). The cells were observed using FITC-Spectrum Green
(Chroma3101) comprising 25mm diameter filters, excitation filter (D
480/30), beam splitter (440 DCLP) and emission filter (D 535/40) and
images were taken.

For observing organization of nuclear chromatin, the cells were
harvested after all the treatments, washed with sterile distilled water,
re-suspended in 10 μl of sterile distilled water and fixed by addition of
formaldehyde (1%). The fixed cells were stained with 1 μl of 20mg/ml
of 4′,6-diamidino-2-phenylindole (DAPI) [16] and observed under DAPI
filter (Chroma 3100) comprising 25mm diameter filters, excitation
filter (D 350/50), beam splitter (400 DCLP), emission filter (D 460/50)
and images were taken.

Analysis of apoptosis and necrosis in the cells after all the treat-
ments was done using Annexin-V-FLUOS Staining Kit (Roche).
Phosphatidylserine, marker protein of preapoptotic cell on the outer
leaflet of cell-membrane binds with specific Annexin-V-Fluorescein and
give green fluorescence. Propidium iodide from the same kit binds to
the necrotic cells and gives red fluorescence. Images of apopototic and
necrotic S. cerevisiae cells were taken. For this, preparation of diluted
Annexin-V-FLUOS labeling solution was carried out taking pre-diluted
20 μl Annexin-V-Fluos labeling reagent in 1ml of incubation buffer and
adding 20 μl PI solutions. The cells from each treatment (106) were
collected, washed with phosphate buffer saline (PBS) and centrifuged at
3000 rpm for 5min. The cell pellet was re-suspend in 100 μl of diluted
Annexin-V-FLUOS labeling solution and incubated for 15min at 25 °C.
The cells were observed using FITC-Spectrum Green (Chroma3101)
comprising 25mm diameter filters, excitation filter (D 480/30), beam
splitter (440 DCLP) and emission filter (D 535/40).

2.8. Scanning electron microscopic analysis

The effect of MG alone and in combination with CA and BB on
overall morphology of S. cerevisiae cells was observed using scanning
electron microscope (SEM). All the treated cells were fixed using 50mM
phosphate buffer (pH 7.4) containing 2.5% glutaraldehyde for 12 h at
4 °C. After fixation, cells were washed with 50mM phosphate buffer
(pH 7.4) thrice and further treated with increasing concentration (10 to
100%) of ethanol for successive dehydration of cells [16]. After dehy-
dration, cells were coated with gold on sputter stub surface. The stubs
were examined using JSM-6360 scanning electron microscope at 30 kV
(JEOL Ltd., Japan) and images were taken.
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2.9. Caspase 3/7 activity during MG exposure along with CA and BB
supplementation

Caspase 3/7 activity in S. cerevisiae cells with each treatment was
measured using a Caspase-Glo® 3/7 assay kit. It is a luminescent ana-
lysis that measured caspase 3 and 7 activities in purified enzyme pre-
parations or cultures of adherent or suspension cells. Pro-luminescent
caspase-3/7 substrate with tetra peptide sequence (DEVD) is cleaved to
release amino luciferin, a substrate of luciferase leading to generation
of light. Addition of the single Caspase-Glo®3/7 reagent in an “addmix-
mixture” results in cell lysis followed by caspase cleavage of the sub-
strate and generation of a “glow-type” luminescent signal (Caspase-
Glo® 3/7 Assay kit Promega). In this, 100 μl of S. cerevisiae (106) cells
were collected from each treatment at time intervals of 0, 1 and 2 h and
were washed thrice with the sterile distilled water and re-suspended in
100 μl of 50mM phosphate buffer (pH 7.4) independently. Re-sus-
pended cells were homogenized and then sonicated at 60 amp, giving
three strokes each of 30s with 2min intervals at 4 °C. The homogenate
thus obtained was further centrifuged and used for monitoring the
caspase activity. The 1:1 proportion of Caspase-Glo®3/7 reagent and
above supernatants (caspase source) were incubated for 2 h at room
temperature. The luminescence of each sample was measured using
Fluorescence/Luminescence Spectrophtometer 8300 (Agilent
Technology, USA).

2.10. Quantitative real-time PCR (qRT-PCR) assay

S. cerevisiae cells of control, MG exposed and MG augmented with
CA and BB with optimum concentration 5 μg/ml and 3 μg/ml, respec-
tively were used for RNA isolation. Total RNA was isolated from the
cells with a GeneiPure™ Total RNA Isolation Kit (GeNei™, India) and
was quantified with a NanoDrop, Biospectrophotometer (Eppendrop,
USA). The cDNA was synthesized from 40 ng of total RNA in a final
volume of 20 μl with a ReadyScript™ cDNA Synthesis Mix (Sigma-
Aldrich, India). For qRT-PCR reactions, QuantiFast® SYBR® Green PCR
Kit (QIAGEN), 4 pM of both the forward and reverse primers and 100 ng
of respective cDNA templates were used for each time point. The primer
pairs used were as follows: Yap1-RT-F (5’-CGATGGTTTATGTTCCGAG
CTA-3′) and Yap1-RT-R (5’-GCATTGATGACAACCCCTCTTT-3′), Sir2-
RT-F (5’-TCCACTTGGGCACACTAAAG-3′) and Sir2-RT-R (5’-AGTGAA
GGAGGGACCATAGAA-3′), Bir1-RT-F (5’-CGATACGACTCCAGCATAG
AAG-3′) and Bir1-RT-R (5’-AGGTGACGATGATTGGGTTAG-3′) and ACT-
RT-F(5’-CGTCTGGATTGGTGGTTCTA-3′) and ACT-RT-F (5’-GTGGTGA
ACGATAGATGGAC-3′). Gene specific qRT-PCR was performed using a
StepOnePlus Real Time PCR System (Applied Biosystems, AB) and the
expression data were processed by the automatic quantification mode
of StepOnePlus Software version 1.0 (AB). Delta cycle threshold (ΔCT)
values were calculated by subtracting the CT of the ACT gene from the
CT of the Yap1, Sir2 or the Bir1 gene.

2.11. Statistical analysis

Data were analyzed by two-way analysis of variance (ANOVA) with
Tukey–Kramer multiple comparisons test. A value of p < 0.05 was
considered statistically significant. Coefficient of variation for all the
assays was calculated as per Aerts et al., 2015 [36].

3. Results and discussion

It is known that MG (H2O2 and associated hydroxymethyl or hy-
droxyperoxide radicals) induces cellular oxidative stress, alters meta-
bolic functions and disturbs the molecular events including up and
down regulation of gene expression in yeast [37]. The reason behind
alteration in metabolic functions and disturbance in molecular events
may be unavailability of sufficient self-defensive antioxidants which
protect S. cerevisiae cells from stress. However, in such a condition,

addition of external antioxidants may provide protection to the stressed
cells. We evaluated anti-aging and life span enhancing potential of
natural antioxidants Chebulinic acid (CA) and Boeravinone B (BB) by
minimizing toxicity of MG using model organism S. cerevisiae.

3.1. Effect of CA and BB on generation of intracellular H2O2 and associated
hydroxymethyl or hydroxyperoxide radicals

Xenobiotic exposure generates several potent oxidants and their
accumulation especially those which are generated from metal ion and
peroxidase catalyzed reaction and from proton and CO2 catalyzed de-
composition of peroxynitrile etc. can be detected with fluorescent dye
H2DCF [16, 38]. It was reported that a tremendous generation of oxi-
dants like H2O2 may lead to cell death in S. cerevisiae [39]. MG (H2O2

and associated hydroxymethyl or hydroxyperoxide radicals) stressed S.
cerevisiae cells were exposed to a range of concentrations of CA and BB
(1 μg/ml to 10 μg/ml) and it was found that 5 μg/ml of CA and 3 μg/ml
of BB significantly reduces the H2O2 and associated hydroxymethyl or
hydroxyperoxide radicals as compared to other concentrations of each.
It was observed that only MG exposed cells showed higher viz.
0.559 a.u., 2.1 a.u. and 2.99 a.u. of potent oxidant accumulation (0, 1
and 2 h), respectively, on the other hand cells treated with MG along
with 5 μg/ml of CA and 3 μg/ml of BB showed 0.520 a.u., 0.805 a.u.,
0.688 a.u. (Fig. 1A), and 0.631 a.u., 0.862 a.u., and 0.765 a.u. (Fig. 1B)
at (0, 1 and 2 h), respectively. Treatment with 5 μg/ml of CA and 3 μg/
ml of BB significantly reduced the intracellular oxidant levels as com-
pared to only MG exposed cells. Our findings advocate that treating S.
cerevisiae cell with 5 μg/ml of CA or 3 μg/ml of BB during exposure of
MG proved beneficial in scavenging generated MG associated oxidants
and avoided further cellular losses. Based on this optimization, CA and
BB at 5 μg/ml and 3 μg/ml respectively were used for all further the
experiments.

3.2. CA and BB retain the cell viability and growth dynamics of S. cerevisiae
after MG exposure

The effect of MG on growth of S. cerevisiae cells along with sup-
plementation of CA and BB was further investigated. Generation of
H2O2 and associated hydroxymethyl or hydroxyperoxide radicals in-
clined to reduce the growth rates, increase the length of lag phase and
reduce the growth efficiency after exposure of H2O2 [40]. Although,
potent oxidant generation retard the growth of yeast cells and lead to
apoptosis, the oxidative stress-induced DNA damage can also contribute
in inhibition of growth of S. cerevisiae [41]. In this work, the lag phase
of the S. cerevisiae cells was found to be extended up to 36 h during
exposure of MG, log phase lasted up to 54 h and the stationary phase
continued after 54 to 72 h. Whereas, control S. cerevisiae cells showed
4–6 h of lag phase, followed by a continued log phase up to 18–22 h and
then the stationary phase. While after supplementation of CA and BB
along with MG, a normalized lag phase, log phase and later the sta-
tionary phase was observed mimicking the control. This may have
happened because CA and BB significantly protected the cells from
oxidative damages and ultimately retained the growth similar to control
cells (Fig. 2A). MG induced oxidative stress was further found to be
accountable for the diminution of CFUs/ml of S. cerevisiae. While sup-
plementation of CA and BB played a vital role in scavenging H2O2 and
associated hydroxymethyl or hydroxyperoxide radicals and protected
the cells eventually enhancing their life span. MG exposure was ob-
served to reduce the CFUs/ml to 3×108 when compared to the control
CFUs/ml of 15× 108. On the other hand, supplementation of CA and
BB showed a near control vitality achieving 11×108 and 10× 108

CFUs/ml, respectively. Similarly, chronological aging was observed in
MG exposed cells at 10−2 dilution. On the other hand, supplementation
of CA and BB significantly enhanced the life span of cells up to 10−7

dilution and reduced the aging (Fig. 2B). Phenolics of muscadine grapes
and blueberry were shown to have a defensive effect on oxidatively
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stress HepG2 cells and could restore around 50% viability [42]. Simi-
larly, the cell viability and life span of yeast cells was enhanced by
supplementation of polyphenols from apple and these polyphenols
proved to counter the oxidative stress and prevented nuclei and mi-
tochondrial fragmentation protecting yeast cells from regulated cell
death [43, 44]. In another study, yeast strains PpIRD+ was reported to
be highly susceptible to greater salt concentration, heavy metal stress
and showed significant growth retardation; while, a noteworthy toler-
ance was provided to it after incorporation of serine protease inhibitor
[34].

3.3. Effect of CA and BB on alterations in expression of antioxidant
enzymes during MG exposure

Remarkable generation of oxidants like H2O2 and associated hy-
droxymethyl or hydroxyperoxide radicals during MG exposure was
found to be accountable for induction of antioxidant enzymes. The
activities of CAT, SOD and GPx enzymes were substantially induced due
to MG associated oxidants while presence of CA and BB augmentation
significantly reduced their activities. MG stressed S. cerevisiae cells
showed inductions in CAT, SOD and GPx activities after a 2 h MG ex-
posure by 241.35, 539.02 and 432.60%, respectively, which was clearly
representing load of oxidants on cells. Conversely, after CA and BB
supplementation, CAT activity reduced by 135.59 and 130.84%

Fig. 1. Effect of varying of concentrations of phyto-components used in the study on accumulation of intracellular H2O2 and associated hydroxymethyl or hydro-
xyperoxide radicals in S. cerevisiae, where, MG (1 μM) exposed cells were treated with various concentrations of A) Chebulinic acid (CA) (CA1 to CA10 stands for
concentration range 1 to 10 μg/ml at an interval of 1 μg/ml) and (B) Boeravinone B (BB) (BB1 to BB10 stands for concentration range 1 to 10 μg/ml at an interval of
1 μg/ml). Data presented are mean ± standard deviation of three parallel experiments. (n=3). Values were significantly different from Malachite green group with
*p≤ 0.03; CV≤ 0.04. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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(Fig. 3A), SOD activity reduced by 401.62 and 395.93% (Fig. 3B) and
GPx activity reduced by 326.29 and 326.57% (Fig. 3C) respectively,
when compared to respective controls. Significant reduction of CAT,
SOD and GPx activities after CA and BB supplementation indicate their
strong antioxidant potential and protect the cells from oxidative stress.

Supplementation of plant derived secondary metabolites act as non-
enzymatic antioxidants and stand as the second line defense against
H2O2 and associated hydroxymethyl or hydroxyperoxide radicals.
These metabolites improve the role of endogenous enzymatic anti-
oxidants and thus also fortify the cells against oxidative damage
through scavenging H2O2 and associated hydroxymethyl or hydro-
xyperoxide radicals [11, 45]. Augmentation of antioxidants from plant
sources may have scavenged H2O2 and associated hydroxymethyl or
hydroxyperoxide radicals and reduced the damage of cell organelles
which was clearly evident from reduced expression of antioxidant en-
zyme activities.

3.4. Supplementation of CA and BB protect S. cerevisiae cells by reducing
H2O2 and associated hydroxymethyl or hydroxyperoxide radicals
accumulation, apoptosis, necrosis, nuclear damage and restoring cellular
morphology

A number of toxic substances of the day to day life coming in
contact with living organisms lead to generation of potent oxidants
which ultimately results into cellular damages. In the present in-
vestigation, 87% cells were found to show accumulation of MG related
H2O2 and associated hydroxymethyl or hydroxyperoxide radicals after
MG exposure whereas only 10% control cells revealed oxidant accu-
mulation. While in MG exposed cells after CA and BB augmentation,
accumulation of MG associated oxidants was found to reduce to 18 and
23% of the cells, respectively (Fig. 4A). These observations clearly
signify the MG related H2O2 and associated hydroxymethyl or hydro-
xyperoxide radicals scavenging potential of CA and BB which helped
the MG challenged cells in maintaining the normal cellular functions.

High magnitude of oxidant accumulation may cause serious cellular

compensations such as nuclear disorganization leading to diffused nu-
clear material and ultimately reduced/ lost cell viability. For that
reason, MG exposed cells and MG along with CA and BB augmented
cells were further tested for nuclear damage using a DNA specific dye
(DAPI). Cells with disorganized or diffused nuclear material were ob-
served and counted under fluorescence microscope. Around 79% of the
MG exposed cells were observed to have disorganized or diffused nu-
clear material. While after CA and BB supplementation only 14 and
19% cells showed similar disorganizations of nuclear material, respec-
tively, comparable to control with 7% of the cells (Fig. 4B). Generation
of hydroxyl radicals does not only hamper cellular organelles but also
distort the cell morphology [46]. SEM imaging of MG exposed cells
revealed that 64% of the cells had damaged cell surface when compared
to control cells (4% cells); however, after CA and BB augmentation,
morphological disturbance was reduced to only 8–9 and 15–18%. Thus,
it can be concluded that CA and BB promisingly protect the cell surface
of S. cerevisiae from damage (Fig. 4C).

Tremendous generation of H2O2 was found to induce DNA damage
linked with apoptosis leading to cell death in S. cerevisiae [39, 47]. DNA
damage by oxygen radical or singlet oxygen was shown to be the actual
reason behind the apoptosis in S. cerevisiae [4]. In present study, 84%
apoptotic cells and 14% necrotic cells were observed during MG ex-
posure whereas control cells did not show apoptosis and necrosis. While
upon augmentation with CA, only 13% of the MG treated cells showed
apoptosis but none of the cells showed necrosis. BB supplementation,
however, showed 16% apoptotic and 1–2% necrotic cells (Fig. 5). It can
therefore be concluded that phytochemicals such as CA and BB support
better survival, provide longevity and also reduce oxidative stress in a
eukaryotic cell.

3.5. CA and BB protect S. cerevisiae from mitochondria mediated apoptosis
by reducing Caspase 3/7 activation

Throughout the study, it was observed that MG exposure to S. cer-
evisiae cells caused a large number of cells to undergo apoptosis and

Fig. 2. Effect of Chebulinic acid (5 μg/ml) and Boeravinone B (3 μg/ml) on A) growth dynamics of S. cerevisiae and B) S. cerevisiae cell viability with reference to
chronological aging. Data presented are mean ± standard deviation of three parallel experiments. (n= 3). Values were significantly different from Malachite green
group with *p≤ 0.001; CV≤ 0.003. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

S.P. Biradar et al. Mitochondrion xxx (xxxx) xxx–xxx

6



necrosis. Massive generation of oxygen radical or singlet oxygen was
triggered which is reported to activate caspases followed by the sti-
mulation of apoptosis cascade in S. cerevisiae cells [4]. Activation of
initiator caspases (2, 8, 9, 10 and 12) takes place in response to oxi-
dative stress which in turn activates executioner caspases (3, 6 and 7)
leading to cell death [48]. In the light of this, it was essential to study
the effect of CA and BB fortification on activation of caspase 3/7 in
presence of MG. This investigation showed a diminution in caspase 3/7
activity as a function of CA and BB supplementation representing re-
duced apoptosis and ultimately offering protection from cell death.

It was observed that after 2 h, caspase 3/7 activity in MG exposed

cells was found to be enhanced by 112.78% comparing with control.
However, both CA and BB supplementation proved effective in low-
ering the activity of caspase 3/7 and reduced it by 106.06 and 105.82%,
respectively (Fig. 6). CA and BB, thus, protected S. cerevisiae cells from
mitochondria mediated apoptosis and act as anti-aging by countering
oxidative stress.

3.6. CA and BB positively modulate the expression of Yap 1, Sir 2 and Bir 1
genes

The controlled nucleo-cytoplasmic shuttling of specific polypeptides

Fig. 3. Alterations in expression of (A) catalase, (B) superoxide dismutase and (C) glutathion peroxidise in S. cerevisiae as a function of exposure to MG (1 μM),
MG+Chebulinic acid (5 μg/ml) and MG+Boeravinone B (3 μg/ml). Each observation is expressed as mean ± standard deviation for three independent experi-
ments. (n= 3). Values were significantly different from Malachite green group with *p≤ 0.03; CV≤ 0.04.
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was found to regulate intracellular activities. This shuttling of proteins
was responding to cellular oxidative stress in the form of superoxide
radicals and other chemical oxidative agents [49, 50]. Under stress
conditions, a number of genes in response show elevated or lowered
expressions controlled by two distinct transcription factors, Yap1 and
Msn2-Msn4 [51, 52]. In the light of this, it was found that, the ex-
pression of Yap1 was higher during the exposure of MG and showed
3.933 RQ compared to control with 0.313 RQ. While after CA and BB
supplementation, reduced expression of Yap1 was observed and shown
0.417 and 0.729 RQ, respectively (Fig. 7A). Enhanced expression of
Yap1 during MG exposure is due to stimulation of Yap1p present in
cytoplasm by generated MG associated oxidants. This stimulated Yap1p
relocates itself into nucleus and activates self-expression as well as
genes expressing antioxidant enzymes in order to withstand oxidative
stress [53]. As per our findings, supplementation with CA and BB sca-
venge MG associated H2O2 and associated hydroxymethyl or hydro-
xyperoxide radicals as first line defense leading to reduced need of
antioxidant enzymes, indirectly relocation process of Yap1p is mini-
mized.

Budding yeast S. cerevisiae is one of the most important model or-
ganisms used in aging related research and extensively reported. As
compared to other systems, the relative ease and rapidity with which
longevity can be studied in this organism has allowed rapid progress in
defining the molecular mechanisms of aging [54]. Yeast Sir family
proteins mainly Sir2p (encoded by Sir2) hold NAD-dependent histone
deacetylase activity required for transcriptional silencing and delayed

aging [55]. The Sir2p is functionally involved in silencing and it has
been observed that it's over expression is associated with hypo-acet-
ylation of a subset of histones which are also found in yeast at silenced
loci [56, 57]. Disturbance in the expression of Sir2 strictly shortens
lifespan in S. cerevisiae, while it's over expression enhances lifespan and
ultimately slows aging [58]. In the present study, MG exposed S. cere-
visiae cells showed 0.641 RQ of Sir2 which is lower than control (1.802
RQ). While supplementation of CA and BB showed increased expression
of Sir2 with 1.614 and 1.516 RQ, respectively (Fig. 7B). Oxidative stress
exerted by high caloric diet was found to be responsible for reduced
lifespan of S. cerevisiae cells by diminishing Sir2 expression [59].
Findings of this study are in agreement with these observation as MG
also exerts oxidative stress which might be affecting the expression of
Sir2 in MG challenged S. cerevisiae. In case of CA and BB augmentation,
enhancement in the expression of Sir2 was observed by virtue of their
ability to reduce stress and/or scavenge oxidants and ultimately en-
hance the lifespan of S. cerevisiae cells when compaired to MG exposed
cells.

Baculoviral IAP repeats (BIRs) belong to the inhibitors of apoptosis
protein (IAPs) family and are known to regulate apoptosis in model
organism Drosophila melanogaster and vertebrates [60]. Bir1 is encoded
from single IAP in the yeasts S. cerevisiae [61]. S. cerevisiae has also been
reported to show typical apoptotic hallmarks when treated with various
agents including hydrogen peroxide and acetic acid [62]. MG was
shown to have adverse effects on S. cerevisiae cells and promoted the
programmed cell death by H2O2 mediated apoptosis and necrosis [11,

Fig. 4. Treating MG challenged cells with Chebulinic acid (5 μg/ml) and Boeravinone B (3 μg/ml) proved beneficial in reducing accumulation of MG associated
oxidants, nuclear damage and restoring the cell morphology.
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12]. In present communication, reduction in the expression of Bir1 in S.
cerevisiae cells upon MG exposure with 2.841 RQ when compared to
control cells with 9.154 RQ was observed. While after supplementation
of CA and BB, an enhancement in the expression of Bir1was observed to

show 7.580 and 6.882 RQ, respectively (Fig. 7C). MG exposed cells with
reduced expression of Bir1 due to tremendous generation of MG related
H2O2 and associated hydroxymethyl or hydroxyperoxide thus had a
high rate of apoptosis. At the same time, supplementation of CA and BB

Fig. 5. Supplementation of Chebulinic acid (5 μg/ml) and Boeravinone B (3 μg/ml) minimized apoptosis and necrosis in MG exposed S. cerevisiae cells.

Fig. 6. Reduction in caspase 3/7 activity in MG exposed in S.
cerevisiae as a function of supplementation with Chebulinic
acid (5 μg/ml) and Boeravinone B (3 μg/ml). Data presented
are mean ± standard deviation of three parallel experiments.
(n= 3). Values were significantly different from Malachite
green group with *p≤ 0.009; CV≤ 0.009. (For interpretation
of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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scavenged the generated oxidants during MG exposure and maintain
Bir1 expression levels needed for protection of cells form apoptosis.
Ultimately, fortification with pure herbal bioactive molecules such as
CA and BB helped to improve the health of S. cerevisiae and enhances
the lifespan by imparting an anti-aging action under the stress condi-
tions.

4. Conclusion

Oxidative stress generated by MG was noted to be harmful to S.
cerevisae in the manner of growth, viability and longevity.
Accumulation of MG related H2O2 and associated hydroxymethyl or
hydroxyperoxide led to nuclear damage, loss of CFUs and accelerated
aging of cells. Augmentation of CA and BB during the course of MG
exposure proved beneficial in reducing the MG induced oxidative stress.

These phyto-components scavenged MG associated oxidants, increased
the CFUs, decreased nuclear damages, reduced apoptosis, lowered ne-
crosis and enhanced the lifespan by acting as anti-aging molecules.
Additionally, CA and BB also lowered the activation of caspase 3/7
ultimately enhancing the life span of S. cerevisiae. CA and BB sig-
nificantly proved their anti-aging potential by showing alterations in
the expression of stress responsive Yap1, Sir2 and Bir1. The anti-aging
effect displayed by CA and BB on the model organism S. cerevisiae
clearly verifies the significance of plant derived natural component as
medicine against oxidative damages.
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Phytoextracts protect Saccharomyces cerevisiae from oxidative stress with 
simultaneous enhancement in bioremediation efficacy 
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Bioremediation efficacies are highly affected by abiotic stresses imparted by a verity of pollutants due to generation of 
reactive oxygen species (ROS). These stressed cells can be treated using natural or synthetic antioxidants. Such an approach 
could prove beneficial to bioremediation agents as the exogenously added antioxidant compounds would scavenge the 
generated free radicals. This would definitely lead to increased longevity of the involved organism and carry out superior 
treatments. In present study, Malachite Green (MG) was found to exert oxidative stress on Saccharomyces cerevisiae 
through generation ROS. A 2 h exposure of MG though achieved 99% decolourization, the cells revealed a significant 
decrease (97.8%) in colony forming units (CFU) upon further subculture. Natural antioxidants from Centella asiatica, 
Phyllanthus emblica, Asperagus racemosus and Tinospora cordifolia extracts, however, restored the CFU with a loss of 
only 16-33%. The MG stressed cells indicated an increase in ROS by 6.7 fold which was reduced to near normal due to 
augmentation with plant extracts. MG damaged the nuclear material up to 90% and inclusion of phytoextracts protected the 
cells revealing only 0-7% nuclear damage. Induction in apoptosis (92%) and necrosis (23%) in MG exposed cells was noted, 
while plant extracts augmentation reduced apoptosis to 15-49% and necrosis to 10-16%. Activities of antioxidant enzymes 
such as superoxide dismutase, catalase and glutathione peroxidase were significantly decreased in phyto-augmented cells 
when compared to MG stressed cells. Dye degrading enzymes, namely lignin peroxidase, laccase, NADH-DCIP reductase 
and MG reductase were found to show induction in activities during MG utilization. Since antioxidants from plant extracts 
could protect the cells form oxidative stress, they were used to treat MG for 20 continuous decolourization cycles. 
Augmentation of C. asiatica, P. emblica, A. racemosus and T. cordifolia extracts at 20th decolourization cycle revealed 75, 
79, 74 and 93% superior decolorization efficacies as compared to unaugmented cells. These natural antioxidants to protect 
bioremediation agents form oxidative stress, thus concluded to show enhanced treatment. 

Keywords: Abiotic stress, Asperagus racemosus, Ayurvedic, Centella asiatica, Decolourization, Herbal extracts, Laccase, 
Lignin peroxidase, Malachite Green, Phyllanthus emblica, Pollution, ROS scavenging, Saccharomyces cerevisiae, 
Tinospora cordifolia, Vayasthapana rasayana 

Bioremediation agents like bacteria, fungi and plants 
are under continuous abiotic stress for lack of nutrients, 
limited supply of oxygen and fluctuating pollutant 
loads. This stress is the key reason behind retarded 
growth, inhibited metabolic activity and ultimately the 
loss of viability of candidate microorganism1. Loss of 
viability of remediating microbe directly affects the 
treatment efficacies. A wide array of microorganisms 
have been shown to be stressed by the targeted 
contaminants, such as heavy metals, antimicrobial 
compounds, polychlorinated biphenyls, hydrocarbons, 
synthetic textile dyes, etc.2. Reduction of Cr (VI) to Cr 
(III) by various microorganisms like Escherichia coli, 
Shewanella oneidensis and a number of species of 
Pseudomonas and Bacillus spp. are reported3,4. 

However, efficient system of microbes capable of 
handling pollutant load containing heavy metals could 
not be developed. The reason underlying the 
inefficiency of in situ bioremediation of heavy metals 
is found to be the oxidative stress generated by the 
target contaminant4. Similar effects of Cr (VI) on yeast 
Candida intermedia was reported by Jamnik and 
Raspor5. 

Synthetic textile dye and a common antimicrobial; 
Malachite Green (MG) was found to have toxic effects 
on cultured mammalian cells through the formation of 
reactive oxygen species (ROS)6. It also acts as a tumor 
promoter leading to malignancies in mammals7. 
Toxicological implication makes it inevitable to 
remediate this chemical from the environment. 
Although, MG is a known antimicrobial, few 
microorganisms including Saccharomyces cerevisiae 
were proposed to degrade it8,9. Evaluation of toxicity as 
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an effect of abiotic stress exerted by such chemicals, 
however, has been left unattended. As far as 
bioremediation using microbial cells is concerned MG 
has been reported to cause DNA damage through 
formation of free radicals10. The antimicrobial agents 
that cause formation of ROS are capable of inducing 
necrosis or programmed cell death in eukaryotic 
systems like yeast11. It should be borne in mind that 
ROS production might have hampered the remediation 
efficacy of the microbial system over a period of  
time. Therefore, approach involving the use of 
natural/synthetic antioxidants or free radical 
scavenging compounds may help in protecting the 
microbial cells used for bioremediation of toxic 
compounds like MG.  

Ameliorative effects of apple polyphenols on ROS 
mediated aging in yeast was reported12. A synthetic 
antioxidant diphenylmethyl sellenocyanate was found 
effective in protecting mice from MG induced 
oxidative injuries through antioxidation and inhibition 
of DNA damage13. It can, thus, be hypothesized that 
the stressed cells might be treated using natural or 
synthetic antioxidants. This could prove beneficial to 
bioremediation agents as the exogenously added 
antioxidant compounds would scavenge the free 
radicals, and thereby lead to their increased longevity. 
In the present study, plants used in standard Ayurvedic 
formulation known as ‘Vayasthapana Rasayana’  
(an antiaging formulation) were selected as a source of 
antioxidants. Medicinal plants namely, Centella 
asiatica, Phyllanthus emblica, Asperagus racemosus 
and Tinospora cordifolia are reported to possess a 
strong in vitro free radical scavenging properties14-16. 
Ethanolic extracts of these plants were used as source 
of antioxidants supplement to the MG degrading S. 
cerevisiae.  

Bioremediation processes are clearly affected if 
remediation agents are stressed. Attempts towards 
reducing the abiotic stress faced by the bioremediation 
agent would be highly beneficial to involved 
microorganisms leading to more efficacious treatments. 
In this study, we investigated whether Malachite green 
(MG), a known dyestuff, exert any oxidative stress on 
Saccharomyces cerevisiae, a bioremediation agent, and 
also studied if the phytoextracts have any ameliorative 
effect on the stressed cells. 
 
Materials and Methods 
Dye and chemicals 

MG was obtained from Hi media Laboratory, 
India. ABTS (2,2-azino-bis-3-ethyl benzothiazoline-

6-sulphonic acid), superoxide dismutase assay kit 
(Cat. No. 19160), catalase assay kit (Cat. No. 
CAT100), glutathione peroxidase assay kit (Cat. No. 
CGP1), 2'7'-dichlorofluorescin (H2DCF) (Cat. No. 
D6883) and 4',6-diamidino-2-phenylindole (DAPI) 
(Cat. No. D9542) were procured from Sigma Aldrich, 
USA. Rest of the chemicals and solvents used were of 
analytical grade. 
 
Organism and culture conditions 

Baker’s yeast (S. cerevisiae) used in present 
study was obtained from Korean Collection for 
Type Cultures (KCTC-7296). Culture was routinely 
maintained on 5% (w/v) dextrose, 1% peptone,  
1% yeast extract and 3% agar. Cells used for 
present experimentation were always grown on 
slightly modified medium containing 2% dextrose, 
0.1% peptone, 0.1% yeast extract (w/v). The cells 
required for studies were harvested from the 
medium inoculated with 1.25× 107 Cells/mL 
containing inoculums at room temperature  
(33 ± 2ºC) for 24 h by centrifugation at 7000 rpm 
for 7 min at 4ºC 
 
Plant material and preparation of plant extracts 

Entire plants of Centella asiatica, Phyllanthus 
emblica, Asperagus racemosus and Tinospora 
cordifolia were procured from M/s Green Pharmacy, 
Pune, India. The plant material was finely powdered 
using domestic grinder and used further for 
extraction. 10 g of each plant powder was added in 
100 mL ethanol separately and kept for shaking at 150 
rpm, 30ºC for 24 h17. The extracts were then filtered 
through Whatman filter paper No. 1 and centrifuged 
at 10000 rpm, 10ºC for 10 min to obtain a clear 
supernatant. After determining the extraction yield 
concentration of the extract was adjusted in such a 
way to obtain 10 mg mL-1 working stock 
concentration and was stored in amber colored bottles 
at 4ºC till further studies14. 
 

Decolorization %= Initialabsorbance Observed absorbance 100
Initialabsorbance


  

… (1) 
 

Cell viability studies 
Cell of S. cerevisiae were investigated for their 

viability as a function of exposure to MG. In this,  
1 mL of culture media containing cells from the 
decolorization experiment were serially diluted (10-9) 
in 0.85% saline solution and spread on Petri plates 
containing slightly modified culture medium 
mentioned above. These cultures were incubated at 
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room temperature (33 ± 2ºC) for 48 h and colony 
forming units were counted by using colony counter. 

 
Effect of exposure of MG and augmentation of plant extracts 
on the growth of S. cerevisiae 

Growth curve of S. cerevisiae exposed to MG and 
plant extracts augmented dye along with control was 
studied in order to understand growth pattern of  
S. cerevisiae. 1 mL inoculum at the absorbance of  
1.0 at 620 nm was inoculated in growth medium 
mentioned earlier which was fortified with MG and 
MG in combination with 1 mL of C. asiatica,  
P. emblica, A. racemosus and T. cordifolia extracts 
independently at 1 mg mL-1. Growth of cells was 
monitored by measuring absorbance at 620 nm at an 
interval of 1 h for 72 h. 

 
Determination of intracellular ROS levels, scanning electron 
microscope and fluorescent microscopic analysis 

Intracellular ROS levels were determined by using 
2'7'-dichlorofluorescin (H2DCF) on Fluorescence 
Spectrophotometer18. The dye H2DCF has chemical 
property to penetrate plasma membrane and react with 
oxidants (ROS) present inside the cell. Non-
fluorescent H2DCF when oxidized by reactive oxygen 
species (oxidants) shows fluorescence, which is 
determined spectrofluorometrically. For this analysis, 
cells were harvested during and after decolourization 
at 3 time intervals (0, 1 and 2 h, respectively) by 
centrifugation in 2 mL aliquots. Harvested cells were 
washed with 2 mL of 50 mM phosphate buffer (pH 7.4) 
thrice and re-suspended in same buffer. The cell 
suspension was pre incubated at 28ºC for 10 min. To 
this suspension, 1 mM ethanolic stock solution of 
H2DCF was added to achieve 10 µM final 
concentration of the dye and incubated at 28ºC for  
20 min. After incubation, cell suspension was 
centrifuged and clarified. The supernatant was 
measured for fluorescence (excitation at 488 nm 
wavelength and emission at 520 nm wavelength for 
each sample) using Fluorescence Spectrophotometer 
8300 (Agilent Technologies, USA). 

The effect of MG alone and in combination with 
each plant extract on cell of S. cerevisiae was 
observed using scanning electron microscope (SEM). 
All the treated cells of S. cerevisiae were fixed using 
50 mM phosphate buffer (pH 7.4) containing 2.5% 
glutaraldehyde for 12 h at 4ºC. After fixation, cells 
were washed with 50 mM phosphate buffer (pH 7.4) 
thrice and further treated with increasing 
concentration (10 to 100%) of ethanol for successive 

dehydration of cells19. After dehydration, cells were 
coated with gold on sputter stub surface. The stubs 
were examined using JSM-6360 scanning electron 
microscope (SEM) at 30 kV (JEOL Ltd, Japan) and 
images were taken. 

Fluorescent microscopic analysis was carried out 
on Zeiss Axio-scope A 1 trinocular phase contrast 
microscope with fluorescent attachment. The analysis 
of intracellular oxidation and nuclear chromatin 
damage was studied using fluorescent H2DCF and 
DAPI which were specific for intracellular oxidation 
and nuclear chromatin. The cells were collected 
during and after decolourization at 3 time intervals  
(0, 1 and 2 h, respectively), washed thrice with the 
sterile distilled water and re-suspended in 0.1 mL of 
50 mM phosphate buffer (pH 7.4). To this, 1 mM 
ethanolic stock solution of H2DCF was added to 
achieve 10 µM final concentration of the dye and 
incubated at 30ºC for 2 h. Cells were again 
centrifuged after incubation, washed and re-
suspended in same buffer. The cells were observed 
using FITC-Spectrum Green (Chroma 3101) 
comprising 25 mm diameter filters, excitation filter 
(D480/30), beam splitter (440 DCLP) and emission 
filter (D535/40), and images were taken. For 
observing organization of nuclear chromatin, the cells 
were harvested during and after decolorization at  
3 time intervals (0, 1 and 2 h, respectively), washed 
with sterile distilled water, re-suspended in 10 µL of 
sterile distilled water and fixed by addition of 
formaldehyde (1%). The fixed cells were stained with 
1 µL of 20 mg ml-1 of 4’,6-diamidino-2-phenylindole 
(DAPI)19 and observed under DAPI filter (Chroma 
3100) comprising 25 mm diameter filters, excitation 
filter (D350/50), beam splitter (400 DCLP) and 
emission filter (D460/50). 
 
Enzymatic analyses 

S. cerevisiae cells (2 g) of control, exposed to MG 
and cells exposed to MG augmented with C. asiatica, 
P. emblica, A. racemosus and T. cordifolia extracts 
were homogenized in chilled 1 mL of 50 mM 
phosphate buffer (pH 7.4) using a homogenizer and 
then sonicated with output at 60 amp, giving three 
strokes each of 30 s, at 2 min intervals, at 4ºC. The 
homogenate, thus obtained, was then centrifuged. The 
supernatant was used as source of laccase, lignin 
peroxidase, NADH-DCIP reductase, MG reductase, 
glutathione peroxidase, superoxide dismutase and 
catalase. Activities of lignin peroxidase, laccase, 
NADH-DCIP reductase and MG reductase were 
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assayed spectrophotometrically in cell free extract of 
test as well as in the control supernatant. Lignin 
peroxidase activity was calculated by monitoring the 
formation of propanaldehyde at 300 nm in a reaction 
mixture of 2.5 mL containing 100 mM n-propanol, 
250 mM tartaric acid, 10 mM H2O2

20. Laccase activity 
was determined in a reaction mixture of 2 mL 
containing 10% ABTS in 0.1 M acetate buffer  
(pH 4.9), and increase in optical density was 
measured at 420 nm21. NADH-DCIP reductase 
activity was measured in cell-free extract. DCIP 
reduction was monitored at 620 nm, and calculated 
using an extinction coefficient 19 mM per 
centimeter22. The reaction mixture (5.0 mL) contained 
50 mM substrate (DCIP) in 50 mM potassium 
phosphate buffer (pH 7.4) and 0.1 mL enzyme. From 
this, 2.0 mL reaction mixture was assayed at 620 nm 
by addition of freshly prepared 50 mM NADH. 
Activity of MG reductase was measured as per the 
earlier reported method of Jadhav and Govindwar9. 
All enzymes assayed for test sample and biotic 
control sample were carried out in triplicates. 

During decolorization of MG; the cells of  
S. cerevisiae undergo oxidative stress and hence 
expression levels of glutathione peroxidase, 
superoxide dismutase and catalase were measured as a 
function of exposure to MG alone and cells exposed 
to MG augmented with C. asiatica, P. emblica,  
A. racemosus and T. cordifolia extracts. The enzyme 
activity was measured strictly as per the 
manufacturer’s protocol. All enzyme assays were 
performed at 27ºC and were run in triplicates. The 
protein content of all the samples was determined as 
per Lowry’s method23. 
 
Effect of herbal augmentation on repetitive decolorization by 
S. cerevisiae 

Role of augmentation with C. asiatica, P. emblica, 
A. racemosus and T. cordifolia extracts in increasing 
the decolourization efficacy of S. cerevisiae was 
investigated. For this, 2 g cells of S. cerevisiae were 
collected by centrifugation at 7000 rpm for 7 min 
under cold conditions and were transferred to a  
100 mL broth containing MG (100 mg L-1) alone and 
another three sets containing MG augmented with 
plant extracts of C. asiatica, P. emblica, A. racemosus 
and T. cordifolia (1 mg mL-1), respectively and kept at 
room temperature (33±2ºC) with shaking at 150 rpm. 
The decolourization of the MG was measured after 
every 2 h and cells were separated by centrifugation. 
The removed media was used for the study of 

decolourization by measuring the absorbance at  
620 nm. This process was considered as one cycle of 
MG decolourization. Further, fresh 100 mL growth 
medium containing MG and respective plant extract 
were added in previously separated cell mass and 
incubated as described earlier. Twenty decolorization 
cycles were performed and the decolorization 
percentage for all the treatments was noted. 
 
Statistical analysis 

All the data obtained was expressed as mean ±SD. 
Statistical analysis was performed using one-way 
analysis of variance (ANOVA). P-values at α less 
than 0.05 were considered to be statistically 
significant.. 
 
Results and Discussion 

MG has earlier been reported to be remediated by 
S. cerevisiae. It should be taken into consideration 
that the bioremediation efficacy depends on longevity 
and capacity of bioremediating organism to counter 
stress. During MG remediation by S. cerevisiae, the 
yeast must be under abiotic stress. Therefore, efforts 
to prepare the remediating organisms to withstand 
abiotic stress can ultimately lead to effective pollutant 
treatment. In this communication, toxicity of MG 
towards S. cerevisiae was evaluated by studying 
various morphological, cellular and stress related 
alterations. The toxic effects were hypothesized to be 
reduced by augmentation with the ethanolic extracts 
of C. asiatica, P. emblica, A. racemosus and  
T. cordifolia.  
 
Effect of MG exposure on S. cerevisiae cell viability with and 
without augmentation of herbal extracts 

The initial augmentation of plant extracts was not 
found to show any significant effect on dye removal 
and achieved decolourization in a range of 98.9-
99.8%. However, the cell viability assay after MG 
decolorization revealed that the S. cerevisiae cells 
were highly affected by the presence of dye. Exposure 
to MG was observed to reduce the CFU of  
S. cerevisiae by 97.8%. Whereas, independent 
augmentation with natural antioxidants in the form  
of C. asiatica, P. emblica, A. racemosus and  
T. cordifolia extracts decreased the CFU by 32.9, 
25.3, 23.1 and 16.5%, respectively, when compared to 
control cells (Fig. 1). These results clearly indicate 
that the cell viability of bioremediation agent was 
retained to significant levels upon augmentation of the 
herbal extracts. T. cordifolia was found to be superior 
among the tested plants as far as cell viability was 
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concerned. Textile dyes like Auramine, Methylene 
Blue, Gentian Violet, Phenol Red and Dichloran have 
been shown to decrease colony diameter and CFU in 
Deuteromycetes and Zygomycetes24. 

Effect of MG exposure and herbal augmentation on  
S. cerevisiae cells in terms of ROS accumulation, nuclear 
organization, apoptosis, necrosis and cellular morphology 

The oxidative stress gives more ROS accumulation 
which can be detected with ROS specific fluorescent 
dye19. Accumulation of ROS in S. cerevisiae due to 
MG stress with and without augmentation of  
C. asiatica, P. emblica, A. racemosus and  
T. cordifolia extract was visualized by using H2DCF 
dye. A 95% of cells exposed to MG showed 
accumulation of ROS when compared to control cells 
(2%) cells. On the other hand, augmentation of  
C. asiatica, P. emblica, A. racemosus and  
T. cordifolia extracts unveiled only 8, 15, 12 and 13% 
cells with accumulation of ROS, respectively  
(Fig. 2A). Reduced ROS accumulation after herbal 
augmentation can be attributed to natural antioxidant 
present in these extracts. Nuclear damage is 
considered as the key reason behind reduced/lost cell 
viability. Therefore, MG exposed cells and the herbal 
extract augmented cells were further tested for nuclear 
damage. In control set, only 20% of the cells were 
observed to show nuclear damage. On the other hand 

 
 

Fig. 2 — Effect of exposure of MG alone and in combination with plant extracts on (A) accumulation of ROS; (B) nuclear damage; 
C(a) apoptosis; C(b) necrosis; and (D) cell morphology. 

 
 

Fig. 1 — Decolorization of MG by S. cerevisiae and effect of 
phytoextract augmentation on cell viability. [Each observation 
expressed as means ± Standard Deviation for six independent 
experiments. (n=6)] 
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80% cells were found with nuclear damage in the MG 
exposed S. cerevisiae. Presence of C. asiatica,  
P. emblica, A. racemosus and T. cordifolia however 
could significantly arrest the nuclear damage and 
showed only 30, 28, 32 and 35% cells with damage, 
respectively (Fig. 2B). Accumulation of ROS 
followed by DNA damage was shown to be the real 
cause for apoptosis in S. cerevisiae25. Reduced 
nuclear damage in the augmented cells can, thus, be 
attributed to the strong radical scavenging potential of 
these plants which is reported earlier by Mukherjee et 
al.14. MG exposed cells showed apoptosis in 92% and 
necrosis in 23% cells, while C. asiatica, P. emblica, 
A. racemosus and T. cordifolia extracts augmentation 
reduced apoptosis to 28, 25, 15 and 49% [Fig. 2 C(a)] 
and necrosis to 15, 13, 10 and 16% [Fig. 2C(b)]. 
Imaging by SEM can be effectively used to study 
changes in cellular morphology during stress 
conditions. MG exposed cells and the herbal extract 
augmented cells showed morphological changes as 
compare to control cells. MG exposed cells shown 
damaged cell surface but in herbal extract augmented 
cells shown relatively less damaged cell surface as 
compare to MG exposed cells. It proves that the 
herbal extracts protect the cell surface of S. cerevisiae 
from damage (Fig. 2D). 
 
Effect of natural antioxidant from herbal extracts on growth 
of S. cerevisiae after MG exposure 

Generation of ROS in wide range of organisms 
including the yeast like S. cerevisiae is known as the 
key modulator of apoptosis26. In the light of the fact 
that MG causes ROS production and exerts stress on 
the cells, it can be concluded that the toxicity of MG 
is by virtue of its ability to generate oxidative stress27. 
Thus, it must be adversely affecting the growth of  
S. cerevisiae and therefore, the natural antioxidant 
should alter these effects. Induction of apoptosis due 
to MG stress may lead to drastically hampered 
quorum resulting in loss of viable cells. MG at a 
concentration of 100 mg L-1 was found to extend the 
lag phase up to 40 h prior to initiation of log phase 
which lasted up to 50 h of culture. On contrary, 
normal lag phase lasts only for 4-6 h and log phase 
lasted around 20 h. The delay in initiation of log 
phase in presence of MG must be because of its 
toxicity and antimicrobial action. Most of the actively 
dividing cells must have been destroyed in the lag 
phase itself.  

Augmentation of herbal extracts of C. asiatica,  
P. emblica, A. racemosus and T. cordifolia gave much 

superior growth even upon MG exposure. In presence 
of extract, the lag phase was found to lasts for 5-8 h 
followed by the log phase of growth which lasted for 
10-35 h. Among the tested plants, T. cordifolia extract 
augmented culture could attend the stationary phase 
of growth at 28 h and lasted up to 72 h even in 
presence of MG. Similar protective effect was 
observed with augmentation of P. emblica and  
A. racemosus extracts. The C. asiatica extract, 
however, assisted a long log phase of around 40 h 
followed by the stationary phase (Fig. 3). The 
restoration of normal growth curve patterns is an 
indication of protected cells after inclusion of plant 
extracts rich in natural oxidants, in presence of the 
ROS generating agent.  
Intracellular ROS level, antioxidant and dye degradation 
enzyme activity analyses during MG removal 

Measuring intracellular reactive oxygen species 
(ROS) was imperative as accumulation of ROS 
triggers apoptotic cell death in S. cerevisiae25. The 
MG exposed and herbal extract augmented cell 
revealed dissimilar accumulation when observed 
under fluorescent microscope. In the present study, 
herbal augmented cells stained with H2DCF showed 
significantly reduced fluorescence meaning that the 
ROS were notably scavenged. Presence of MG gave a 
fluorescence of 17.529 au which was 6.6 fold more 
when compared to control (2.749 au). Augmentation 
of C. asiatica, P. emblica, A. racemosus and  
T. cordifolia extracts, however, showed significant 
reduction in fluorescence i.e. 3.81, 4.73, 3.98 and 3.63 
au, respectively. These results revealed that the 
natural antioxidants scavenged the ROS generated 
after MG exposure. The fluorescence of augmented 
samples as clearly seen are comparable with the 
control cells [Fig. 4A(a)]. Exposure of MG to  
C. albicans was found to show a high rate of necrosis 
in flow cytometry analysis28. The accumulation of 

 
 
Fig. 3 — Changes in growth pattern of S. cerevisiae as a function 
of exposure to MG alone and in combination with C. asiatica, 
P. emblica, A. racemosus and T. cordifolia. [Each observation 
expressed as means ± Standard Deviation for six independent 
experiments. (n=6)] 
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ROS is believed to be the key factor for this damage. 
Accumulation of ROS resulted in oxidation of the 
vital biomolecules like carbohydrates, proteins, lipids 
and DNA ultimately resulting in abnormal cellular 
membrane, reproductive functions and lethality29. 
Depletion of ROS leading to hypoxia was proposed to 
prevent apoptosis in S. cerevisiae25. 

The activities of CAT, SOD and GPx enzymes 
tested after exposure to MG and independent 
augmentations of plant extracts revealed noteworthy 

reductions in activities in augmented cells.  
S. cerevisiae cells due to MG stress showed 
inductions in CAT, SOD and GPx activities by 100, 
166 and 248% after a 2 h exposure which was clearly 
indicating generation of ROS. On the contrary, 
activities of CAT, SOD and GPx after C. asiatica,  
P. emblica, A. racemosus and T. cordifolia extract 
augmentation showed inductions in (i) in CAT by 42, 
50, 33 and 1.69% [Fig. 4A(b)]; (ii) in SOD by 17, 12, 
16 and 0.4% [Fig. 4A(c)];  and (iii) in GPx by 33, 71, 

 
 

Fig. 4 — Effect of exposure of MG and herbal intervention on A(a) intracellular ROS generation, and induction in the activities of A(b) 
glutathion peroxidase, A(c) superoxide dismutase and A(d) catalase; B(a) Laccase, B(b) Lignin peroxidase, B(c) NADP-DCIP Reductase 
and B(d) MG Reductase in S. cerevisiae. [Each observation expressed as means ± Standard Deviation for six independent experiments. 
(n=6). Values were significantly different from that of Malachite green group at P <0·05] 
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57 and 53% [Fig. 4A(d)], respectively when 
compared to the respective controls. The presence of 
natural antioxidants of plant origin must have 
scavenged the ROS minimizing their exposure to cell 
organelles which is evident from reduced induction of 
antioxidant enzyme activities. These plants have 
already been reported to possess in vitro ROS 
scavenging activity and our findings are in agreement 
with the previous report by Mukherjee et al.14.  

Well known textile dye degrading enzymes like 
laccase, LiP, NADH-DCIP reductase and MG 
reductase checked before and after 2 h of dye 
exposure revealed their involvement to varying 
extents when compared to their controls (0 h). The 
yeast cells exposed to MG alone and supplied 
independently with extracts of C. asiatica, P. emblica, 
A. racemosus and T. cordifolia revealed an induction 
in activities of laccase, LiP, NADH-DCIP reductase 
and MG reductase by 250, 155, 164, 109, and 117% 
[Fig. 4B(a)]; 180, 85, 48, 53 and 84% [Fig. 4B(b)]; 
951, 505, 771, 700 and 400% [Fig. 4B(c)]; and 900, 
1900, 1400, 2150 and 1383% [Fig. 4B(d)], 
respectively. MG reductase among the tested enzymes 
was observed to be modulated most significantly due 
to its specificity towards this particular dye after 
herbal augmentation. Other enzymes were also 
induced but to lesser extents when compared to cells 
exposed purely to MG. Induction in the activity of 
MG reductase in S. cerevisiae has also been reported 
by Jadhav and Govindwar9. Aquatic hyphomycetes 
like Varicosporium elodeae and Heliscus submerses 
after an abiotic stress by Cu and Zn reviled 
enhancement in SOD and CAT activities30. 
Aspergillus niger due to presence to H2O2 in the 
media were also found to show induction in the 
actives of CAT, SOD and GPx31. 
 
Effect of augmentation with natural antioxidants from plants 
on restoration of bioremediation efficacy of S. cerevisiae over 
repeated exposure of MG 

It has earlier been reported that the yeast cells 
could remove toxic compound like MG9. In the 
present work, the effect of repeated exposure of MG 
on same biomass was evaluated and the dye removal 
efficacy of S. cerevisiae was observed to be 
significantly reduced. This may be due to the toxic 
effect of MG which was evident from earlier data that 
indicated reduced CFU, increased intracellular ROS, 
greater nuclear damage and enhanced induction of 
enzymes involved in antioxidant defence. These 
factors must have contributed in the reduced dye 

degradation capacity of the cells after repeated dye 
exposure. Accumulation of products after biocatalysis 
has been shown to be toxic to the cells inhibiting there 
growth and in some cases death32. The extract 
unaugmented set showed a 59% reduction in 
performance after 20th cycle when compared to the  
1st cycle of decolourization. The herbal augmentation 
was found to reveal much superior decolourization 
performances. Evaluation of all setups at 20th cycle of 
decolourization revealed that sets augmented with  
C. asiatica, P. emblica, A. racemosus and  
T. cordifolia showed 75, 79, 74 and 93% superior 
decolourization efficacies, respectively when 
compared to unaugmented set (Fig. 5). 

Stress tolerance ability imparted by the natural 
antioxidants in herbal extracts to MG remediating 
cells thus resulted in enhanced performance.  
T. cordifolia extract augmentation to cells was  
found to be the most effective among the tested  
plants. Chemically synthesized diphenylmethyl 
selenocyanate was found to show protection in mice 
against MG stress13. Polyphenols from apple has 
showed an increase in life span of S. cerevisiae which 
was drastically reduced in presence of H2O2

12. The 
protection of bioremediating cells from abiotic stress 
becomes inevitable if efficient bioreactors have to be 
designed and constructed. Approaches like herbal 
extract supplementation ultimately could be helpful in 
increasing efficiency of bioreactor system utilized for 
remediation of toxic chemicals and further can be 

 
 
Fig. 5 — Effect of augmentation with natural antioxidants from 
plants on restoration of bioremediation efficacy of S. cerevisiae
over repeated exposure of MG for 20 bioremediation cycles. 
[Each observation expressed as means ± Standard Deviation for 
six independent experiments. (n=6)] 
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advocated to develop sustainable, ecofriendly and cost 
effective technology for bioremediation. 
 
Conclusion 

Oxidative stress generated by MG was observed to 
be a retarding factor for the overall growth and 
proliferation of S. cerevisiae while performing 
bioremediation. This ultimately resulted in decreased 
treatment performance of the cell mass. The 
application of natural antioxidants from plants 
showed ameliorative effects on stressed cells by 
scavenging the ROS generated by MG. The inclusion 
of plant extract significantly retained the CFUs, 
restored the growth pattern, reduced the intracellular 
ROS accumulation, protected the cells from nuclear 
damage and altered the expression of antioxidant and 
dye degradation enzymes. The protective effect 
displayed by plant extracts allowed a prolonged use of 
same cell mass up to 20 decolourization cycles. The 
industrial scale bioreactor used for bioremediation of 
toxic materials if augmented with natural or synthetic 
antioxidants may show improved and prolonged 
efficacies. 
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while Tribolium castaneum and Callosobruchus chinensis 
(Coleoptera) α-amylases were completely inhibited. Molec-
ular docking of AhAI revealed tighter interactions with 
active site residues of T. castaneum α-amylase compared 
to C. chinensis α-amylase, which could be the rationale 
behind the disparity in their  IC50. Normal growth, develop-
ment and adult emergence of C. chinensis were hampered 
after feeding on rAhAI. Altogether, the ability of AhAI to 
affect the growth of C. chinensis demonstrated its potential 
as an efficient bio-control agent, especially against stored 
grain pests.

Keywords α-Amylase · α-Amylase inhibitor · 
Amaranthus hypochondriacus · Tribolium castaneum · 
Callosobruchus chinensis · Signal peptide

Introduction

A constant molecular battle exists between host plants 
and their insect pests. Plants synthesize various defen-
sive proteins including inhibitors against insect digestive 
enzymes (Ambekar et  al. 1996; Giri and Kachole 1998) 
while insects overcome the digestive inhibition by produc-
ing multiple isoforms of these enzymes having differential 
sensitivity (Zavala et  al. 2008; Sarate et  al. 2012). Insect 
digestive α-amylases play an important role in digestion 
and assimilation of starch and carbohydrates ingested by 
feeding on host plants (Franco et al. 2002). Plants, on the 
contrary, produce various proteinaceous α-amylase inhibi-
tor (α-AI) and protease inhibitors in response to insect 
feeding (Franco et  al. 2002; Mishra et  al. 2012). Mono-
meric, dimeric and tetrameric α-AIs from wheat and barley 
have been studied extensively and particularly against stor-
age insect pests (Petrucci et  al. 1976; Lazaro et  al. 1988; 

Abstract The smallest 32 amino acid α-amylase inhibitor 
from Amaranthus hypochondriacus (AAI) is reported. The 
complete gene of pre-protein (AhAI) encoding a 26 amino 
acid (aa) signal peptide followed by the 43 aa region and 
the previously identified 32 aa peptide was cloned success-
fully. Three cysteine residues and one disulfide bond con-
served within known α-amylase inhibitors were present 
in AhAI. Identical genomic and open reading frame was 
found to be present in close relatives of A. hypochondria-
cus namely Amaranthus paniculatus, Achyranthes aspera 
and Celosia argentea. Interestingly, the 3′UTR of AhAI var-
ied in these species. The highest expression of AhAI was 
observed in A. hypochondriacus inflorescence; however, 
it was not detected in the seed. We hypothesized that the 
inhibitor expressed in leaves and inflorescence might be 
transported to the seeds. Sub-cellular localization studies 
clearly indicated the involvement of AhAI signal peptide 
in extracellular secretion. Full length rAhAI showed differ-
ential inhibition against α-amylases from human, insects, 
fungi and bacteria. Particularly, α-amylases from Helicov-
erpa armigera (Lepidoptera) were not inhibited by AhAI 
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Sanchez-Monge et  al. 1986; Gomez et  al. 1989). Simi-
larly, α-AIs from rice, castor seeds and water jasmine were 
also evaluated for effective inhibition of insect digestive 
enzymes (Yamasaki et al. 2006; Do Nascimento et al. 2011; 
Nguyen et al. 2014). α-AI lectins were shown to affect nor-
mal growth and physiology of insect pests (Paes et al. 2000; 
Napoleao et  al. 2012; Lagarda-Diaz et  al. 2014). Various 
transgenic plants carrying heterologous α-AI have demon-
strated effectively in mitigating insect infestation (Pereira 
et al. 1999; Luthi et al. 2013).

Detailed analysis of molecular interactions between 
plant α-AI and insect digestive α-amylases is essential to 
design potent and effective inhibitors (Giri et  al. 2004, 
2016). Molecular insights of the underlying inhibitory 
mechanism of α-AI were studied through three-dimensional 
structures of enzyme-inhibitor complexes. Basic interaction 
of the α-AI with α-amylases involved specific hydrogen 
bonding interaction between the amino acid residue of the 
inhibitory loop and active sites of the enzyme (Chagolla-
Lopez et  al. 1994; Pereira et  al. 1999). Precise hydrogen 
bonding of arginine, tyrosine and tryptophan residues pre-
sent on an inhibitory loop of microbial α-AI, Tendamistat 
and active site residues of porcine pancreatic α-amylase 
was reported (Wiegand et al. 1995). Significant variation in 
conformational changes observed in the inhibitory loop of 
Phaseolous vulgaris α-AI upon binding to insect and mam-
malian α-amylases was suggested as an underlying mecha-
nism for the differential inhibitory activity (Nahoum et al. 
1999). Similarly, a distinct mode of interaction between 
wheat α-AI and α-amylase isoforms from Helicoverpa 
armigera was detected. Aggregation of one of the isoforms 
with wheat α-AI was predicted to be responsible for its 
respective higher inhibition (Bhide et al. 2015).

Much of the knowledge of inhibitory mechanism has 
come from the analysis of effects of various mutations in 
the inhibitory domain(s) of a particular inhibitor on its 
inhibitory activity. For example, peptide variants of pro-
teinaceous α-AI from Tephrosia villosa (TvD1) were gener-
ated through in vitro mutagenesis and the effect of muta-
tions on its overall inhibitory activity was studied (Liu et al. 
2006; Lin et al. 2007; Vijayan et al. 2012). A mechanism 
of steric hindrance was observed for bifunctional α-AI 
(BASI) from barley which inhibits endogenous α-amylases 
by binding to active site of the enzyme. In this case, an 
unusual completely solvated calcium ion was located at 
the protein–protein interface (Vallee et  al. 1998). Differ-
ent types of α-AI were also reported to possess proteolytic 
and chitinolytic activities along with the amylolytic activity 
(Strobl et al. 1998; Dayler et al. 2005).

α-AIs have various applications in medicine and fer-
mentation industries. For example, barley α-AI was found 
to be industrially important as it was involved in improv-
ing beer foam stability during processing (Limure et  al. 

2015). Moreover, α-AI also has positive effects on cancer 
progression. Additionally, micro-RNA-mediated β-catenin 
signalling was targeted by barley BASI which eventually 
impeded glioblastoma progression (Shi et al. 2014). Infor-
mation regarding induction and regulation of various α-AI 
expressions under different stress conditions is limited. 
However, a report suggests the synthesis of α-AI could 
be induced by abscisic acid and dehydration stress (Rob-
ertson et al. 1989). In the present study, a α-AI gene from 
Amaranthus hypochondriacus (AhAI) was characterized at 
molecular and biochemical levels. Although the interaction 
of AhAI with various α-amylases from bacterial, fungal, 
mammalian and lepidopteran insect showed moderate or 
no inhibition, coleopteran insect α-amylases were strongly 
inhibited by the same. Further, AhAI’s potential for in vivo 
suppression of growth and development of stored grain pest 
Callosobruchus chinensis was also investigated.

Materials and methods

Sequence and phylogenetic analysis of α-amylase 
inhibitors

Full-length amino acid sequences of all the α-AIs were 
extracted from NCBI database. Multiple sequence align-
ment of these sequences was carried out using Clustal 
Omega and the Neighbor-joining (NJ) tree was generated 
by MEGA6 (Tamura et al. 2013) using 1000 bootstrap rep-
licates, and fungal (Streptomyces avermitilis) α-AI (Gen-
Bank accession No. ACU45382.1) as an out-group. Mul-
tiple sequence alignment of AhAI and other α-AIs was 
performed using Clustal Omega and secondary structural 
features were evaluated and highlighted using online soft-
ware EsPript3 (Robert and Gouet 2014).

RNA isolation, cDNA synthesis and qPCR

Total RNA was extracted from young and mature leaves, 
young and mature inflorescence and seeds of Amaranthus 
hypochondriacus, A. paniculatus, Celosia argentea and 
Achyranthes aspera using Trizol reagent (Invitrogen, CA, 
USA). Crude RNA samples were treated with RQ1 DNase 
(Promega, USA). Two microgram of the DNA-free RNA 
samples was reverse-transcribed using oligo dT prim-
ers and reverse transcriptase (Promega, USA) as per the 
manufacturer’s recommendations. qPCR primer pairs were 
designed in non-homologous regions of α-AI (Table  S1). 
cDNA was diluted before use in a PCR reaction and quanti-
tative q PCR reactions were performed using AB 7900 Fast 
Start q PCR System (Applied Biosystems, USA; cycler 
conditions: 95 °C for 10 min; 40 cycles of 3 s at 95 °C and 
30 s at 55 °C with an additional dissociation stage of 15 s 
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each at 95, 55 and 95 °C) and SYBR Green PCR master 
mix (Roche Applied Science, Germany). Each plate was 
run with a standard curve and no template control. Rela-
tive quantification was carried out using the standard curve 
method with Elongation Factor 1α (EF1α) as a reference 
gene (Table S1). Amplification efficiency of each gene was 
assessed by plotting a standard curve using five serial dilu-
tions of cDNA from a template pool and similar efficien-
cies were calculated by LinRegPCR software (http://www.
hartfaalcentrum.nl/index.php). The target gene expression 
levels were then normalized using EF1α.

Sequence analysis of 3′UTR region

RNA was isolated and cDNA was prepared from young 
leaves of A. hypochondriacus. Degenerate primers 
were designed and amplified PCR products (~100  bp) 
were cloned into pGEM-T vector (Promega, USA) and 
sequenced. 5′ and 3′ sequence ends were amplified as per 
manufacturer’s instructions (Clontech, USA) and resulted 
products were sequenced to obtain full-length nucleotide 
sequence of the inhibitor. Sequenced 3′UTR regions of 
various full-length AhAI transcripts from A. hypochondria-
cus and its related species viz. A. paniculatus, A. aspera, C. 
argentea were aligned using clustal Omega.

Cloning, expression and purification of AhAI

Open reading frame (ORF) of AhAI (GenBank acces-
sion: KU641477) without the native signal peptide of 26 
amino acids (aa) was amplified using designed primer 
pairs (Table S1) and cloned in pET 28-a expression vector 
(Novagen, Madison, USA) in frame with N-terminus 6X 
His-tag. Recombinant plasmids were amplified and trans-
formed into Escherichia coli BL21 Star (DE3) cells. BL21 
cells transformed with AhAI constructs were induced with 
0.54  mM isopropyl-β-d-1-thiogalactopyranoside (IPTG) 
and incubated at 37 °C for 5 h. AhAI protein was purified 
from inclusion bodies using on-column refolding method 
(Oganesyan et al. 2005). In brief, cell lysis was performed 
in the lysis buffer (50 mM HEPES, pH 7.0, 100 mM NaCl) 
by sonication (5 min with 45% amplitude, alternating 8  s 
on; 12  s off cycles) on ice followed by centrifugation at 
8000 rpm for 20 min. The pellet was washed in same buffer 
containing 1 M Urea, 2% Triton X-100. Further, pellet was 
solubilized in the denaturing buffer (20  mM Tris pH 8.5, 
8  M Urea, 100  mM NaCl, 1  mM β-mercaptoethanol) by 
gentle vortex at room temperature. The solubilized protein 
from inclusion bodies was bound to Ni–NTA pre-equil-
ibrated resin at room temperature overnight. On-column 
refolding was achieved with different buffers (10 column 
volumes of each buffer) under gravity. All the working 
solutions were prepared in Buffer-A (20 mM Tris, pH 8.5, 

100  mM NaCl). First, column was washed with denatur-
ing buffer containing 10 mM imidazole followed by buffer 
A containing 0.1% Triton X-100 and 500 mM NaCl. The 
column was further washed with buffer A containing 5 mM 
cyclodextrin followed by another wash with buffer A. The 
protein was eluted with buffer A containing 500 mM imi-
dazole and 10% glycerol.

Eluted fractions of AhAI were pooled and subjected 
to buffer exchange (20 mM Tris, pH 8.5, respectively) by 
passing through 3 kDa cut-off column (Millipore, Billerica, 
USA). Protein was quantified by Bradford assay (Bio-Rad, 
USA) using BSA as a standard. Purified proteins were 
loaded on 12% SDS–PAGE to check the purity of samples.

Localization of GFP fused with AhAI signal peptide

CDS of GFP was amplified using designed long primer 
containing complete nucleotide sequence of AhAI signal 
peptide (Table  S1). Both signal peptide with GFP (SP-
GFP) and only GFP sequence were cloned in binary plant 
expression vector pRI101-AN (Takara Bio Inc., Japan). 
Constructs pRI101-AN:SP:GFP and pRI101-AN:GFP 
were electroporated into Agrobacterium tumefaciens strain 
GV3101 using a standard electroporation protocol. Empty 
pRI101-AN vector was used as a negative control. Cultures 
of A. tumefaciens GV3101 containing respective constructs 
were grown at 28 °C in Luria–Bertani medium contain-
ing selection markers (25 µg/mL rifampicin and 50 µg/mL 
kanamycin) at 120 rpm for 24 h. Agrobacterium cells were 
harvested by centrifugation at 3500 rpm for 5 min and sus-
pended in infiltration buffer (half strength MS medium, pH 
5.6, Hi-Media, India and 200  μM acetosyringone). Agro-
bacterium cells were pelleted and resuspended in infiltra-
tion buffer by adjusting an OD 1.0 at 600  nm. Cultures 
were incubated at 24 °C for 3  h before infiltration. After 
incubation, Agrobacterium cultures were infiltrated into the 
leaves of 2 weeks old Nicotiana benthamiana seedlings. 
Plants were maintained at 24 °C in a growth chamber. Leaf 
sections were visualized for sub-cellular localization of 
GFP using confocal scanning microscope (Zeiss LSM 710, 
Germany) at 4 dpi after agro-infiltration.

Extraction of apoplastic fluid and western blot analysis

Apoplastic fluid from tobacco leaves was extracted 4 
days post-agro-infiltration as described by O’Leary et  al., 
(2014). Briefly, syringe method was used to create a nega-
tive pressure inside the barrel containing leaves to infiltrate 
20  mM phosphate buffer (pH 7.0) inside leaves. Leaves 
after infiltration were carefully blotted and rolled around 
the 1 mL tip and were inserted inside the small syringe bar-
rel. Barrel was kept inside the 50 mL centrifuge tube and 
the whole assembly was centrifuged at 800 rpm for 10 min. 

http://www.hartfaalcentrum.nl/index.php
http://www.hartfaalcentrum.nl/index.php
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Care was taken not to cause any injury to leaves through-
out the process as it may lead to leak intracellular content 
into the apoplastic extract. Collected apoplastic extract was 
concentrated through 3  kDa cut-off column and protein 
was quantified by Bradford method. An equal quantity of 
protein (28 µg) from apoplastic fluid and the remaining tis-
sue was loaded on 12% SDS-PAGE gel. After running the 
gel, protein was transferred to PVDF membrane. Gel was 
stained with silver stain to ensure the complete transfer. 
Standard western blot protocol was followed using primary 
rabbit anti-GFP polyclonal antibodies (Abcam, Cambridge, 
UK) at 1:3000 dilution and secondary anti-rabbit goat poly-
clonal antibodies (Santa Cruz Biotechnology, Inc., USA) at 
1:7000 dilution. Recombinant GFP protein was also loaded 
and detected as a positive control.

Determination of accurate molecular weight 
and α-amylase inhibitory activity

AhAI (4.0  mg/mL) was mixed with sinapinic acid 
(Sigma–Aldrich, St Louis, USA) (50% CAN, 0.1% TFA) 
in 1:5 ratio. About 0.5 µL of this mixture was spotted on 
the MALDI target plate by dry droplet method. The mass 
spectral analysis was done on AB SCIEX MALDI-TOF/
TOFTM5800 system. Positive linear mode was used as a 
mode of operation. MS data were acquired at a laser repeti-
tion rate of 400 Mz with 1000 laser shots per spectrum over 
each sample spot in the range of 5.0–20 kDa for AhAI.

All the assays of α-amylase activity were performed 
by monitoring liberation of reducing sugars from starch 
using DNSA (Dinitrosalicylic acid) reagent. A premix of 
triplicate reactions was prepared in respective buffers and 
equal units of purified recombinant enzyme (determined 
by adjusting the absorbance at 0.5 at 540 nm as described 
earlier; Bhide et  al. 2015; Channale et  al. 2016) to which 
150 μL of starch (0.25%) was added. After 15 min of incu-
bation at 37 °C, the reaction was stopped by adding 500 μL 
of DNSA reagent and reaction tube was incubated in boil-
ing water bath for 5 min and absorbance was measured at 
540 nm. One α-amylase unit was defined as the amount of 
enzyme required to release 1 μM maltose/min at 37 °C from 
the substrate (starch) under the given assay conditions.

Insect rearing and feeding assay

C. chinensis culture was obtained from Entomology depart-
ment, CSIR-NCL, Pune. Freshly emerged C. chinensis 
adults were transferred to uninfected mung bean seeds and 
culture was maintained by transferring concurrent genera-
tions on fresh seeds. The cultures were maintained under 
controlled conditions at 25 °C, 65% relative humidity with 
12 h each dark and light cycle in insect growth chamber.

The effect of recombinant α-AI on the growth of C. 
chinensis was studied by treating mung bean seeds with 
α-AI at 0 (control), 10.0, 25.0 µM concentration prepared 
in 20 mM Tris pH 8.5, 10% glycerol and 100 mM NaCl. 
For α-AI treatment, 50 mung bean seeds were soaked in 
the above-mentioned concentration of α-AI for 60 min. The 
seeds were air-dried for 4 h. Five pairs of freshly emerged 
insects were allowed to lay eggs on the mung bean seeds; 
the insects were then separated from mung bean seeds 
after 72 h. The eggs were counted after 7 days of oviposi-
tion (Wisessing et al. 2010). The seeds were monitored and 
adults were counted after their emergence. Total weight of 
emerged adults was recorded and the percentage of adults 
emerged was calculated (Table S2).

Circular-Dichroism spectroscopy and homology 
modeling of AhAI

Circular-Dichroism (CD) assays were carried out using 
Jasco J-815 spectropolarimeter (Jasco, Tokyo, Japan) under 
constant nitrogen flow equipped with a Peltier-type temper-
ature cuvette holder. Far-UV spectra were recorded using 
0.1  cm path length quartz cuvette. Buffer conditions for 
purified AhAI (at a final concentration of 50 µg/mL) were 
exchanged to 20 mM Tris pH 8.5 to remove residual imi-
dazole. Three consecutive measurements were accumulated 
to obtain mean spectra. The observed ellipticities were con-
verted into molar ellipticities (θ) based on molecular mass 
per residue of AhAI. Percentage of secondary structures 
was calculated using CD-Pro software (http://sites.bmb.
colostate.edu/sreeram/CDPro/).

Homology modeling of 75 aa AhAI was performed by 
submitting protein sequence to I-TASSER server (http://
zhanglab.ccmb.med.umich.edu/I-TASSER/). A model was 
selected out of five predicted models based on CD spectro-
scopic data (Fig. S1). A separate motif analysis for 43 aa 
sequence was performed using Prosite server (http://pros-
ite.expasy.org/).

Docking studies of AhAI with CcAmy and TcAmy

The three-dimensional structures of CcAmy and TcAmy 
were predicted using MODELLER ver.9.15 (Sali and Blun-
dell 1993; Webb and Sali 2014). The crystal structure of 
Tenebrio molitor α-amylase (PDB ID: 1JAE, Strobl et  al. 
1998) was used as a template. The models were evaluated 
on the basis of the lowest discrete optimized protein energy 
(DOPE) score. The structural assessment of the models was 
performed using RAMPAGE (Lovell et al. 2003). The visu-
alization of the above models was performed using Pymol 
(https://www.pymol.org ; DeLano Scientific LLC, USA).

Prediction of AhAI inhibitor binding with CcAmy 
and TcAmy was carried out using docking studies. 

http://sites.bmb.colostate.edu/sreeram/CDPro/
http://sites.bmb.colostate.edu/sreeram/CDPro/
http://zhanglab.ccmb.med.umich.edu/I-TASSER/
http://zhanglab.ccmb.med.umich.edu/I-TASSER/
http://prosite.expasy.org/
http://prosite.expasy.org/
https://www.pymol.org
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Corresponding residues belonging to the inhibitor binding 
site, in the TmAmy structure (1TMQ) were correlated. The 
web-based protein–protein docking program GRAMM-X 
with default parameters was used for docking of proteina-
ceous AhAI inhibitor with CcAmy and TcAmy (Tovchigre-
chko and Vakser 2006).

Results

Gene structure and comparison of AhAI with other 
α-amylase inhibitors

A 32 aa long mature peptide showing α-AI activity was 
reported in the literature. The peptide was purified from 
Amaranth seeds, aa sequence was deduced by Edman deg-
radation and structure was determined by NMR (Chagolla-
Lopez et  al. 1994; Lu et  al. 1999). In the present study, 
complete DNA sequence (CDS) of AhAI was elucidated 
by amplifying cDNA ends. AhAI gene had signal peptide 
of 26 aa followed by 43 aa long region along with reported 
mature peptide of 32 aa (Fig. 1a). Biochemical or molecu-
lar function could not be assigned to internal fragment. 
A possible mechanism for in vivo cleavage of an internal 
fragment from mature peptide also remains unclear. Phy-
logenetic analysis of AhAI protein with known α-AIs from 
eudicots and monocots indicated a strict phylogenetic dif-
ferentiation of AhAI from monocot (Fig.  1b). A similar 
α-AI showing 53% identity with AhAI was deposited from 
B. vulgaris (GenBank accession No. XP_010672947.1). 
This α-AI showed unique secondary structural identity 
with AhAI (Fig. 1c). Structural alignment with other α-AIs 
showed conservation of three cysteine residues and single 
disulfide bond across AhAI secondary structure (Fig. 1d). 
This conserved disulfide bond is crucial in maintaining 
characteristic disulfide topology of knottin-type α-AI.

AhAI orthologs from Amaranthaceae members exhibit 
identical ORF and variation in 3′UTR sequence

One domestic and two wild relatives of A. hypochondria-
cus viz. A. paniculatus, Celosia argentea and Achyran-
thes aspera, respectively, were found to contain identical 
nucleotide sequence of AhAI ORF. Interestingly, genomic 
regions within this sequence of α-AI were namely indis-
tinguishable. However, various AhAI transcript sequences 
(clones) from these four species showed variation in their 
3′UTR regions (Fig.  2). Polyadenylation recognition site 
was identified in all of the transcripts. 3′UTR region was 
known to possess sites for binding of microRNAs (miR-
NAs) which play an important role in the regulation of 
translation of desired protein (Bartel 2009). In silico 
analysis of AhAI 3′UTR region did not show any possible 

miRNAs binding sites and had found no evidence for alter-
nate splicing.

AhAI transcript abundance varies across the plant 
tissues of candidate Amaranthaceae members

Relative transcript abundance was analyzed in various 
plant parts from one domestic and two wild relatives of 
A. hypochondriacus viz. A. paniculatus, C. argentea and 
A. aspera, respectively. AhAI transcripts were abundant in 
A. hypochondriacus tissues specifically in inflorescence as 
compared to the plant tissues from other species. Although 
abundant α-AI protein was found in A. hypochondriacus 
seeds (Chagolla-Lopez et al. 1994), in our study AhAI tran-
scripts remained undetectable in the seeds of all four spe-
cies. All selected members showed variation in transcript 
abundance within respective plant tissues viz. young leaves, 
mature leaves, young inflorescence, mature inflorescence 
and seeds (Fig.  3). A. hypochondriacus mature inflores-
cence showed 40-fold higher expression of AhAI transcripts 
compared to young leaves whereas A. paniculatus and C. 
argentea had only twofold higher expression in their mature 
inflorescence. In contrast, AhAI transcript abundance in the 
mature inflorescence of A. aspera was one-third of that in 
young leaves. Similarly, when compared within respective 
plant tissues, AhAI transcripts were higher in the mature 
inflorescence of all three species except in A. aspera where 
mature leaves indicated the highest AhAI expression. Over-
all, AhAI protein was reported only from A. hypochondria-
cus seeds, transcripts were found in various plant tissues of 
four relative Amaranthaceae species. Moreover, AhAI tran-
script abundance varied within plant tissues and across the 
four relative species.

AhAI signal peptide mediates extracellular transport

Although AhAI protein was reported earlier to present 
abundantly in A. hypochondriacus seeds, AhAI transcripts 
in A. hypochondriacus seeds were undetectable (Fig. 3). 
Hence, AhAI synthesized in leaves or inflorescence could 
be transported to the seeds. Functional analysis of AhAI 
signal peptide was carried out to understand its possible 
role in extracellular transport. The signal peptide was 
fused to GFP and agro-infiltrated into the young tobacco 
leaves. Transiently expressed GFP protein without sig-
nal peptide was prominently observed in nucleus, cyto-
plasm and periphery, while GFP protein fused with AhAI 
signal peptide was observed only at the periphery and 
in extracellular spaces of the plant cell known as apo-
plast (Fig. 4a). GFP protein was not visible either in the 
nucleus or in the cytoplasm when fused with AhAI signal 
peptide. To support the above findings, apoplastic fluid 
was extracted and extracellularly secreted GFP protein 
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was detected by western blot. GFP protein was detected 
in the apoplastic fluid of leaves infiltrated with AhAI sig-
nal peptide-GFP fused construct but was absent in cel-
lular extract devoid of apoplastic content. Contrary, GFP 
protein was not detected in the apoplastic fluid of leaves 
infiltrated with only GFP construct but evident in remain-
ing cellular extract (Fig.  4b and Fig. S2). Thus, these 
findings clearly demonstrated the involvement of AhAI 
signal peptide in the transport of attached protein to the 
extracellular space in plant cell.

AhAI is a potent inhibitor of coleopteran α-amylases

To evaluate the specific biochemical function, AhAI was 
heterologously expressed in the E. coli cells. Molecular 
weight of expressed protein was 13.2 kDa as determined by 
MALDI analysis (Fig.  5a). Inhibitory potential of recom-
binant AhAI (rAhAI) was evaluated against a wide range 
of α-amylases belonging to human, insect, fungi and bac-
teria (Fig. 5b). rAhAI was effective in complete inhibition 
of the amylolytic activity of coleopteran α-amylases i.e. 

Fig. 1  Comparison of AhAI protein sequence with known plant 
α-amylase inhibitors a Schematic representation of AhAI transcript. 
b Amino acid sequence divergence of plant α-AI. Cladogram with 
protein sequences was constructed using MEGA 6 software and 
Neighbor-Joining method with 1000 iterations. Fungal (Streptomyces 
tendae) α-AI (GenBank accession No. AAA26686.1) was used as an 
out-group. c Structure based sequence alignment of AhAI with puta-
tive Beta vulgaris α-AI (GenBank accession No. XP_010672947.1). 
Multiple sequence alignment was performed using Clustal Omega. 
The secondary structure elements above the sequence blocks corre-
spond to the reported crystal structure of Amaranth α-AI (AAI; PDB 
ID: 1QFD). Conserved residues are boxed in red. Similar residues are 
in black bold and boxed in yellow. α-helices are rendered as squig-

gles and strict β-turns as TT. Cysteine pairings for disulfide bridges 
are numbered as 1, 2 and 3. d Structure based sequence alignment 
of AhAI with other α-AIs. The sequences are as follows, α-AIs from 
A_hypochondriacus: Amaranthus hypochondriacus (UniProtKB 
accession ID: P80403), E_coracana: Eleusine coracana (UniProtKB 
accession ID: P01087), Z_mays; Zea mays (UniProtKB accession 
ID: P01088), W_religiosa: Wrightia religiosa (UniProtKB acces-
sion ID: V5W9K8), A_cathartica: Allamanda cathartica (UniProtKB 
accession ID: U5JE23), T_aestivum: Triticum aestivum (UniProtKB 
accession ID: P01085) and Beta vulgaris α-amylase inhibitor (Gen-
Bank accession No. XP_010672947.1). The figure was created using 
ESPript 3 program
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crude α-amylases from adult T. castaneum and C. chinen-
sis larvae. However, crude α-amylases from T. castaneum 
larvae and C. chinensis adults showed moderate inhibi-
tion (48 and 43%, respectively). Interestingly, the activity 
of human salivary α-amylase and crude α-amylases from 
adults and larvae of H. armigera were remained unaffected 
by rAhAI. Moreover, human pancreatic α-amylase and fun-
gal α-amylase diastase showed moderate inhibition (38 and 
50%, respectively) whereas purified α-amylase from Bacil-
lus licheniformis showed only 15% inhibition by rAhAI. 
Potential of rAhAI to inhibit the amylolytic activity of 

recombinant lepidopteran and coleopteran α-amylases were 
also tested (Fig. 5c). Recombinant α-amylases from T. cas-
taneum (TcAmy) and C. chinensis (CcAmy) showed com-
plete inhibition while two recombinant α-amylases from 
H. armigera viz. HaAmy1and HaAmy2 showed complete 
resistance to inhibition even at a very high concentration of 
rAhAI (Fig. 5c).

Further, a concentration-dependent effect of rAhAI 
on growth and development of C. chinensis was evalu-
ated. The effect was measured at a concentration of 10 and 
25 µM of rAhAI and indicated as a means of relative adult 

Fig. 2  3′ UTR variation within 
AhAI transcripts from four spe-
cies of Amaranthaceae family. 
Nucleotide sequences of varied 
AhAI transcripts were aligned 
using ClustalW. Nucleotides A, 
T, G and C were colored in red, 
green, brick red and magenta 
respectively. A stop codon 
was boxed at the beginning of 
the alignment. Poly ‘A’ tailing 
signal was highlighted using the 
blue box. Asterisk ‘*’ indicates 
identical residues, Colon ‘:’ 
indicates conservation between 
groups and period ‘.’ indicates 
conservation between dissimilar 
groups
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emergence and average weight per emerged insect (Fig. 5d, 
e). Reduction in adult emergence was noted (40%) in 
rAhAI exposed insect as compared to the insect fed without 
inhibitor. Insect fed with 10 and 25 µM rAhAI showed rela-
tively similar adult emergence. Further, the average weight 
for the insects fed with inhibitor was slightly higher than 
insect fed on control grains (without inhibitor). A similar 
increase in weight was also evident for Leptinotarsa decem-
lineata, Psylliodes chrysocephala and Spodoptera littoralis 
when fed with plant protease inhibitors (De Leo et al. 1998; 
Girard et al. 1998; Cloutier et al. 2000).

Differential interaction might be responsible 
for concentration-dependent inhibition of coleopteran 
α-amylases

Inhibitory activity of rAhAI was evaluated against recom-
binant TcAmy and CcAmy using a concentration range 
from 0 to 0.4 nM. Recombinant TcAmy was completely 
inhibited at 0.15 nM of rAhAI while 0.4 nM was required 
to inhibit rCcAmy (Fig.  6). This concentration-depend-
ent differential inhibition of rAhAI against rTcAmy and 
rCcAmy was explained using molecular docking. An 
inhibitory loop of AhAI showed a similar conforma-
tional arrangement in the binding pockets of TcAmy and 
CcAmy except that Arg7 and Tyr28 made differential 
contacts with active site residues of both the enzymes 

Fig. 3  AhAI transcript abundance across different plants tissues from 
Amaranthaceae family. AhAI transcript abundance was analyzed in 
different plant tissues viz. young leaves (light green), mature leaves 
(dark green), young inflorescence (light pink) and mature inflores-
cence (dark pink) using qPCR. Transcript abundance was compared 
between four species of Amaranthaceae family viz. A. hypochon-
driacus, A. paniculatus, Celosia argentea and Achyranthes aspera. 
Absolute quantification was carried out using the standard curve 
method with EF1α as a reference gene. In statistical analysis, one-way 
ANOVA was performed followed by Tukey’s post hoc test. Statistical 
data is significant at P-value *** < 0.001 and ** < 0.01

Fig. 4  Sub-cellular localization of GFP in absence and presence of 
AhAI signal peptide visualized in agro-infiltrated tobacco epider-
mal cells. a Images of agro-infiltrated tobacco epidermal cells using 
constructs pRI101-AN: GFP (A1–A3), pRI101-AN:SP-GFP (B1–
B3) and only pRI101-AN (C1–C3) were taken at roughly 4 dpi. All 
images were taken in a single optical plane. Arrowhead points to 
the nucleus. The last panel shows merged images of bright and flu-

orescence fields. Scale represents 100  µm distance. Fluorescence in 
tobacco epidermal cells infiltrated with only GFP construct was seen 
mainly in nucleus and cytoplasm whereas for SP-GFP construct, it 
was mainly seen in apoplasts. b Detection of GFP protein (27 kDa) 
by western blot in apoplast and total cellular leaf extract devoid of 
apoplast. Recombinant GFP was used as a positive control in the last 
lane. ‘TE’ represents total cellular leaf extract of tobacco leaves



327Plant Mol Biol (2017) 94:319–332 

1 3

(Fig.  6). In TcAmy, Arg7 alone made contact with two 
active site residues i.e. Asp187 and Glu224 and also with 
adjacent Tyr28 residue on the inhibitory loop. Tyr28 also 
formed hydrogen bond contact with TcAmy active site 
residue Asp187. In the case of CcAmy, Arg7 made a sin-
gle contact with active site residues Asp286 and also with 
adjacent Tyr28 residue on the inhibitory loop. Tyr28 also 
formed hydrogen bond contact with enzymes active site 
residue Glu221. In TcAmy, aa residues from inhibitory 
loops formed three hydrogen bonds with active site resi-
dues from enzymes which might be energetically more 
favourable than two hydrogen bonds as observed between 
AhAI and CcAmy.

Discussion

Insect pests are the major threat to the economically 
important crops as they cause severe economic losses. 
α-amylases of the insect pests through digestion of starch 
play a key role in overall energy assimilation and metabo-
lism. Plants, on the other hand, are equipped with various 
α-AIs to impede the growth of insect pests in order to miti-
gate the insect infestation. A 32 aa long proteinaceous α-AI 
from A. hypochondriacus was reported (Chagolla-Lopez 
et  al. 1994). We cloned the complete DNA sequence of 
AhAI, which had typical three cysteine residues and one di-
sulfide bond conserved within known α-AIs from eudicots 

Fig. 5  Inhibitory activity of rAhAI against various α-amylases. a 
Acquisition of accurate molecular weight of rAhAI from mass spec-
trometric measurements. Inset SDS-PAGE image shows rAhAI frac-
tion purified through Ni–NTA affinity column. b Inhibitory activity 
rAhAI against human salivary amylase (HSA), human pancreatic 
amylase (HPA), crude α-amylase from Helicoverpa armigera adults 
(Ha_Adult) and larvae (Ha_Larvae), crude α-amylase from Tribo-
lium castaneum adults (Tc_Adult) and larvae (Tc_Larvae), crude 
α-amylase from Callosobruchus chinensis adults (Cc_Adult) and 

larvae (Cc_Larvae), α-amylase from fungal source i.e. diastase and 
α-amylase from bacteria Bacillus licheniformis. c Inhibitory activity 
of rAhAI against recombinant α-amylases viz. H. armigera α-amylase 
1 and 2 (HaAmy1 and HaAmy2), T. castaneum α-amylase (TcAmy) 
and C. chinensis α-amylase (CcAmy). d and e. Effect of different con-
centrations of rAhAI on C. chinensis growth and development. One-
way ANOVA was performed followed by Tukey’s post hoc test. Sta-
tistical data is significant at P-value * < 0.005
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and monocots (Chagolla-Lopez et al. 1994; Lu et al. 1999; 
Franco et  al. 2002). Identical genomic and ORFs were 
characterized from four members of Amaranthaceae family 
having 26 aa signal peptide and 75 aa pro-peptide. How-
ever, 32 aa peptide alone shown to have inhibitory activ-
ity (Chagolla-Lopez et  al. 1994; Lu et  al. 1999). α-AI 
transcripts were differentially expressed in various plant 
tissues with the highest abundance in flowers. Fluorescent 
tag based sub-cellular localization revealed the role of 
AhAI signal peptide in extracellular secretion. Full-length 
75 aa rAhAI revealed a wide range of inhibition against 
α-amylases. In  vitro and in  vivo studies suggested that 
rAhAI was efficient in inhibiting the amylolytic activity of 
two coleopteran insects. Further, insect feeding assays on 
mung bean seeds showed the potential of rAhAI in limit-
ing overall development and adult emergence in the case of 
C. chinensis. On the other hand, rAhAI failed to inhibit H. 
armigera α-amylases as well as human salivary α-amylase.

When compared with other α-AIs from monocots and 
dicots, AhAI showed conserved α-helix and disulfide bond 
that are necessary to retain knottin fold and hence inhibi-
tory activity. Native pre-protein consisted of the signal pep-
tide and unprocessed protein (AhAI) which is a pro-form of 
previously reported 32 aa mature peptide. Proteolytic mat-
uration was reported for many types of proteins including 
peptide hormones, digestive enzymes and coagulation pro-
teins. Before entering to the vacuoles, many plant vacuolar 
proteins were processed to their C-terminal of Aspargine 

moiety by Asn-specific proteases (Hara-Nishimura et  al. 
1991). Similar activation of mature α-AI peptide from its 
pro-protein form towards carboxyl end of Asn was reported 
for Phaseolus vulgaris α-AI (Pueyo et  al. 1993). Another 
related P. vulgaris α-AI (α-AI-2) was processed at particu-
lar Asn site to release α and β subunits which were assem-
bled into its active heterodimer form. Such processing of 
pro-protein was predicted to remove conformational con-
straint and to produce a biochemically active form of the 
inhibitor (Pueyo et al. 1993; Nakaguchi et al. 1997). With 
respect to AhAI inhibitor, the similar Asn69 site was pre-
sent at N’-terminus of the mature peptide. Processing of 
AhAI into 32 aa mature form was evident as only mature 
peptide was known to be derived in abundant quantity from 
A. hypochondriacus seeds (Chagolla-Lopez et al. 1994; Lu 
et al. 1999; Martins et al. 2001). Further, we found rAhAI 
containing 75 aa was biochemically active with contrast to 
the earlier prediction of the need for processing of pro-pro-
tein to become an active inhibitor of 32 aa. The sequence 
similarity and motif search for uncharacterized 43 aa pep-
tide revealed that motifs present on this peptide are iden-
tical with those on proteins involved in sensing biological 
stress. Thus, this uncharacterized 43 aa peptide might be 
involved as stress sensor. As Asn specific pro-protein pro-
cessing pathway is evolutionary active in A. hypochon-
driacus seeds, the presence of active α-AI protein (75 aa 
AhAI) suggested an additional advantage to the inhibitory 
function.

Fig. 6  Inhibitory potential of 
rAhAI against recombinant T. 
castaneum and C. chinensis 
α-amylases. 0.02–0.15 nM and 
0.04–0.4 nM of rAhAI was 
tested for inhibitory activity 
against T. castaneum α-amylase 
(TcAmy) and C. chinensis 
α-amylase (CcAmy), respec-
tively. Insight molecular dock-
ing figures highlight molecular 
interactions of rAhAI against 
both the α-amylases
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α-AIs with small variations in their primary structure 
exist in a few plants and their related species. For exam-
ple, monomeric α-AIs with few nucleotide variations were 
present in wheat and aegilops which were thought to be 
evolved from common ancestral gene through duplica-
tion and mutation (Wang et  al. 2008). Similarly, a higher 
diversity of α-AIs was present in wild accessions than cul-
tivated accessions of common bean (Ishimoto et al. 1995). 
Hi-lysine barley mutants also showed higher accumulation 
of mRNA of BASI in seeds (Leah and Mundy 1989). Inter-
estingly, in the present study, AhAI transcripts with identi-
cal ORF were observed in one cultivated and two wild rela-
tives of A. hypochondriacus viz. A. paniculatus, A. aspera 
and C. argentea, respectively. Variation in expression of 
AhAI transcripts was observed across different tissues of 
the above-mentioned plants. In A. hypochondriacus, high-
est AhAI expression was observed in mature inflorescence 
which is an essential part for reproduction and requires 
more protection from insect attack before seeds mature. A 
similar variation of expression in α-AIs was also observed 
in wheat and its close relatives (Zoccatelli et  al. 2012). 
Although for most wheat and barley α-AIs genes are 
expressed only during seed development and remained at 
an undetectable level in other plant tissues (Sanchez et al. 
1994; Altenbach et al. 2011).

Variation in 3′UTR region is known to be responsible for 
regulation of translation of a particular transcript. We have 
sequenced various AhAI transcripts from A. hypochon-
driacus and related species to identify such variation only 
in 3′UTR region. 3′UTR regions of plant viral RNAs and 
mammalian RNAs have been studied extensively. However, 
3′UTR region in plants has not been studied thoroughly for 
its regulatory role under different conditions as very few 
examples exist. For example, 3′ UTR region of invertase 
gene in maize was studied for its involvement in sensing 
carbon starvation (Cheng et al. 1999). In sweet cherry also, 
3′UTR sequences were used as SNP and haplotype markers 
to improve plant genomic resources (Koepke et al. 2012). 
Further, polyadenylation sites in 3′UTR region were experi-
mentally determined in plants by high-throughput sequenc-
ing which has revealed the great potential for regulation of 
plant gene expression (Ma et al. 2014). In the present study, 
we have identified conserved single polyadenylation site in 
3′ UTR region of AhAI transcripts from all the four Ama-
ranthaceae members. However, no other regulatory sites 
or secondary structure variations were observed on AhAI 
3′UTR region and the molecular basis for polymorphism in 
3′UTR remains unknown.

Analysis of AhAI transcript abundance in different plant 
tissues of A. hypochondriacus and related species indi-
cated negligible expression of AhAI transcripts in mature 
seeds in spite of the fact that mature inhibitor peptide was 
reported abundantly from mature A. hypochondriacus seeds 

(Chagolla-Lopez et al. 1994). We hypothesize that protein 
produced in other parts of the plant was being transported 
to seeds. The appropriate signal sequence is required for 
effective transport of mature α-AI to seeds. Signal peptide 
composition in AhAI pre-protein showed charged N-termi-
nal, central hydrophobic and polar C-terminal region which 
was in well accordance with other known eukaryotic sig-
nal peptides (Heijne 1985; Heijne and Abrahmsen 1989). 
Additionally, we clearly demonstrated the role of this sig-
nal peptide in an extracellular transport of attached protein 
in vivo. To our knowledge, this is the first report of in vivo 
functional characterization of the signal peptide from plant 
α-AI.

To become an effective α-AI, it should be able to inhibit 
α-amylases from a wide range of sources with minimal 
concentration and high specificity. In the present study, 
the potential of rAhAI to inhibit α-amylases from differ-
ent sources showed distinct inhibition pattern. rAhAI indi-
cated more specificity towards coleopteran α-amylases than 
lepidopteran, fungal, bacterial and mammalian α-amylases. 
Moderate inhibition was observed in the case of fungal and 
bacterial α-amylases. A similar differential inhibition with 
respect to insect and mammalian α-amylases was observed 
for rye α-AI (Lulek et al. 2000). Also, rAhAI had moder-
ate inhibitory activity against human pancreatic α-amylase 
and was unable to inhibit human salivary α-amylase as well 
as α-amylases from H. armigera. Similar differential spe-
cificities were observed in interactions of wheat α-AI with 
human salivary and pancreatic α-amylase (O’connor and 
McGeeney 1981). Moreover, the variable inhibitory poten-
tial of common bean α-amylases was observed against 
coleopteran, hymenopteran and dipteran α-amylases (Kluh 
et  al. 2005). Analogous interactions between enzyme-
inhibitor complexes of bean α-AI with mammalian and T. 
molitor α-amylase (TMA) revealed deviations in the inter-
acting inhibitory loop (Nahoum et al. 1999). Further, very 
low concentrations (nanomolar) of rAhAI were required 
for complete inhibition of T. castaneum and C. chinensis 
α-amylases. CcAmy required a relatively higher quantity of 
rAhAI than TcAmy for complete inhibition of amylolytic 
activity.

Molecular docking studies highlighted differential 
hydrogen bonding between active site residues of enzyme 
and Arg7 and Tyr28 residues of the inhibitory loop. AhAI 
upon binding with α-amylases adopted more compact con-
formation with increased intramolecular hydrogen bonding 
(Carugo et al. 2001; Micheelsen et al. 2008). Similar bond-
ing was observed between Arg7 and Tyr28 of AhAI inhibi-
tory loop after interactions with TcAmy and CcAmy. These 
interactions stabilized AhAI inhibitory loop over the active 
sites of the target α-amylases (Martins et al. 2001). Interac-
tion of TMA with AhAI revealed that inhibitor bound to 
the active site groove of the enzyme by blocking substrate 
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entry site and central four sugar-binding sub-sites (Pereira 
et al. 1999). Arginine and tyrosine residues residing in the 
inhibitory loop of other α-AIs were imperative for these 
molecular interactions (Abe et al. 1993; Mirkov et al. 1995; 
Rodenburg et  al. 1995). We identified analogous AhAI 
residues interacting with active site residues of TcAmy and 
CcAmy with the difference in their hydrogen bonding pat-
tern. This could demonstrate the molecular basis for the 
concentration-dependent inhibition of AhAI to completely 
deactivate above coleopteran α-amylases.

Until now, the effectiveness of 32 aa α-AI in control-
ling insect pests growth and development has been stud-
ied by in vitro interactions of AhAI with purified insect 
digestive α-amylases. AhAI was found to be effective in 
inhibiting the amylolytic activity of α-amylases from a 
lepidopteran pest, Tecia solanivora (Valencia-Jimenez 
et  al. 2008). Another report highlighted the potential of 
α-AI in inhibiting the amylolytic activity of α-amylases 
from coleopteran pests viz. T. castaneum and Pros-
tephanus truncates (Chagolla-Lopez et  al. 1994). How-
ever, this is the first report showing the effectiveness of 
75 aa AhAI in mitigating growth and development of C. 
chinensis- a coleopteran pest by incorporating the inhibi-
tor into the insect diet. Besides AhAI, various other α-AIs 
were expressed in host plants of insect pests and the 
efficacy was tested by performing insect feeding assays 
(Morton et  al. 2000; De; Sousa-Majer et  al. 2007; Bar-
bosa et al. 2010; Luthi et al. 2013). In the present study, 
detailed genomic and functional analysis of AhAI sug-
gested its potential in mitigating insect infestation. Gen-
erating transgenic plants expressing rAhAI would be the 
next step to evaluate the efficacy of the AhAI as an inhib-
itor in environment-friendly pest management efforts.
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Abstract Nursery grown plants of Nerium oleander,
Pogonatherum crinitum, and Portulaca oleracea were ob-
served to remove fluoride up to 92, 80, and 73%, respectively,
from NaF solution at the concentration of 10 mg L−1 within
15 days. Concentration range of 10–50 mg L−1 of fluoride
revealed a constant decrease of removal from 92 to 51% with-
in 15 days by N. oleander, while the biomass (one to five
plants) showed enhancement in removal from 74 to 98% in
10 days. Translocation and bioaccumulation factors calculated
after fluoride contents in roots and leaves of N. oleander,
P. crinitum, and P. oleracea were 1.85, 1.19, and 1.43, and
9.8, 3.6, and 2.2, respectively. P. oleracea, P. crinitum, and
N. oleander showed reductions in chlorophyll contents by 40,
57 and 25 and 8%, carbohydrates by 50, 44, and 16%, and
proteins by 38, 53, and 15%, respectively. Activities of super-
oxide dismutase (SOD), catalase (CAT), and glutathione per-
oxidase (GPX) in the roots of P. oleracea, P. crinitum, and
N. oleander were observed to be induced by 400, 383, and
500%; 80, 105, and 424%; and 153, 77, and 71%, respective-
ly, while the leaves showed induction in SOD, CAT, and GPX
activities by 550, 315, and 165%; 196, 227, and 243%; and
280, 242, and 184%, respectively. Results endorsed the

superiority of N. oleander for fluoride removal over other
plant species.

Keywords Fluorides, toxicity .Nerium oleander .

Bioaccumulation . Phytoremediation

Introduction

Fluoride is widely distributed in soils and rocks in the ionic
forms of fluorine. It is considered as both an essential and a
pollutant at high concentrations that cause a number of disor-
ders. In India, nearly 90 million people including 6 million
children in 200 distinct territories in 17 states are affected with
dental and/or skeletal and non-skeletal fluorosis (Sinha et al.
2000; Duraiswami and Patankar 2011). Additionally, fluoride
ions may attack bones and cause dental and bone osteoporosis
(Cooke et al. 1990). Although it is required for protection
against dental caries and weakening of bones (Kumar 2011),
the effects of excessive intake may lead to stiffness, rheuma-
tism to permanent crippling, and kidney damage (Sivasamy
et al. 2001). Fluoridated water is associatedwith osteosarcoma
(bone cancer) in human males which is the third most com-
mon cancer in children with a death rate of 50% and most
survivors lose limbs to amputation (Bassin et al. 2006). The
World Health Organization advocates the permissible upper
limit for fluoride in drinking water to be 1.5 mg L−1. However,
high fluoride concentrations in groundwater (1–48 mg L−1)
are found in the parts of Africa, Asia, China, India, Ghana,
Kenya, Tanzania, Sri Lanka, and Rift Valley countries in
Africa and the USA (Jagtap et al. 2012). Additionally, indi-
vidual activities such as metal plating, coal mining, and semi-
conductor production also release fluorides in the environ-
ment (Paudyal et al. 2013). In view of these facts, it is highly
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desirable to work on the effective removal strategies to have a
solution over fluoride contamination.

Classically known defluoridation procedures mainly in-
volve precipitation, adsorption, electrodialysis, ion exchange,
electrocoagulation, membrane techniques, etc. (Mameri et al.
1998; Amor et al., 1998). These methods however possess
limitations when magnitude of the problem and its in situ
remediation are concerned. Moreover, they are costly and
therefore are not affordable by the common people.
Therefore, alternative strategies for fluoride removal needs
to be worked out and employed. Phytoremediation has
emerged as an economic and green technology for the treat-
ment of environmental pollutants present at larger enormities.
Heavy metals, radionucleoids, chlorinated biphenyls, pesti-
cides, solvent, endocrine disrupting chemicals, textile dyes,
and many other toxic compounds have been successfully re-
moved with phytoremediation approaches (Khandare and
Govindwar 2015). As far as phytoremediation of fluoride is
concerned, Ceratophyllum demersum, Hydrilla verticillata,
Potamogeton malaianus, Myriophyllum verticillatum,
Elodea nuttallii (Zhou et al. 2012), Camellia sinensis (Ruan
et al. 2003), Fraxinus pennsylvanica, Liriodendron tulipifera,
Taxodium distichum, Salix Willow, Platanus sp., Salix nigra,
etc. have earlier been explored for treatment of soil and leach-
ates (Kang et al. 2008). This work was carried out on the
notion that the plants are known to be relentlessly performing
the removal of fluorides from environment. Consequently,
searching efficient hyperaccumulator plants for fluoride re-
moval would be an appreciable approach to have a solution
over this natural contaminant. Plants with higher biomass and
fibrous root systems could prove to be ideal remediation of
fluorides from water. In the proposed work, garden ornamen-
tal plants such as Nerium oleander, Pogonatherum crinitum,
and Portulaca oleracea have been studied and explored for
the removal of fluoride from water. Use of ornamental plants
would be an aesthetically pleasant mode of phytoremediation.

Experimental

Chemicals and plant materials

Zirconium oxychloride, trisodium2-parasulfophenylazo-1,8-
dihydroxy-3,6-napthalene disulfonate (SPADNS) reagent, so-
dium arsenite, and sodium fluoride were purchased from
Himedia Pvt. Ltd., Mumbai, India. Superoxide dismutase
(SOD) assay kit (cat. no. 19160), catalase (CAT) assay kit
(cat. no. CAT100), glutathione peroxidase (GPX) assay kit
(cat. no. CGP1), 2′7′-dichlorofluorescin (H2DCF) (cat. no.
D6883), and 4′,6-diamidino-2-phenylindole (DAPI) (cat. no.
D9542) were procured from Sigma-Aldrich, USA. All the
chemicals and reagent used were of highest purity and analyt-
ical grade available. Plants of N. oleander, P. crinitum,

P. oleracea, Cascabela thevetia, Brassica oleracea, and
Cosmos bipinnatus were collected from Sajeev Nursery,
Kolhapur, India. Other plants namely Alocasia macrorrhizos,
Typha angustifolia, Spirodela polyrhiza, and Lawsonia
inermis were collected from the site of the Maharashtra
Industrial Development Corporation, Kagal, India.

Initial measurement of fluorides in roots and leaves
of plants before experiment

The plants roots were washed carefully under tap water treated
with 0.1 M HgCl2 solution for 2 min and washed again with
deionized water, and the leaves were also carefully rinsed.
Two and a half grams (fresh weight) of root and stem and leaf
(leaves from apical, medial, and basal regions) samples of
N. oleander, P. crinitum, P. oleracea, A. macrorrhizos,
T. angustifolia, S. polyrhiza, and L. inermiswere independent-
ly homogenized in 2.5 mL deionized water and centrifuged at
4561×g for 5 min to obtain cell-free extracts. The fluoride
concentrations in these samples were measured independently
using the SPADNS reagent (APHA 1998).

Screening of plant species for fluoride removal fromwater

The fluoride solution of a concentration of 5 mg L−1 was
prepared dissolving 11.5 mg of anhydrous NaF in 1 L deion-
ized water. Plant roots were independently exposed to 200 mL
of the solution in a 500-mL polypropylene Erlenmeyer flask.
Looking at the initial fluoride removal performances of the
plants (data not shown), N. oleander, P. crinitum, and
P. oleraceawere selected for further studies. Fluoride amounts
of the solutions were checked spectrophotometrically by
SPADNS method reported earlier (APHA 1998) at every
24 h during initial screening.

Phytoremediation trials with selected plants, and effect
of plant biomass and fluoride concentration on removal
by N. oleander

For further studies, the roots of N. oleander, P. crinitum, and
P. oleracea were further independently exposed to 200 mL
fluoride solution prepared separately by dissolving 22.1 mg
anhydrous NaF in 1 L deionized water attaining a concentra-
tion of 10 mg L−1 fluoride. The fluoride removal was moni-
tored for 15 days over every 72-h interval.

To check the effect of concentrations, different fluoride
solutions at concentrations of 10, 20, 30, 40, and 50 mg L−1

were separately prepared and plants of only N. oleander with
equal biomass were independently exposed to 200 mL fluo-
ride solution in 500-mL Erlenmeyer flasks and fluoride re-
moval from the solution was monitored for 15 days after every
72 h. To study the effect of plant biomass, one to five plants of
equal growth were exposed independently to 200 mL fluoride
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solution at a concentration of 50mg L−1. The fluoride removal
from the solution was monitored after every 48 h for 10 days.

Detection of fluoride in leaves and stem and subsequent
analysis

The fluoride concentrations in roots and leaf samples were
also measured after phytoremediation experiments indepen-
dently using the APHA protocol (1998) as mentioned in the
BInitial measurement of fluorides in roots and leaves of plants
before experiment^ section. The amount of fluoride accumu-
lated in roots and leaves were calculated in milligrams per
gram of the plant tissues. The fresh weights of the leaves that
were considered for translocation factors were 10 ± 1.2,
8 ± 0.78, and 7 ± 0.82 g for N. oleander, P. crinitum, and
P. oleracea, respectively.

The translocation factor and bioaccumulation factor were
calculated using the following equations.

Translocation factor

¼ Amount of fluoride in leaves mg g−1ð Þ
Amount of fluoride in roots mg g−1ð Þ ð1Þ

Bioaccumulation factor

¼ Amount of fluoride in roots and leaves mgð Þ
Amount of fluoride in the medium mgð Þ ð2Þ

Estimation of total chlorophyll, carbohydrates,
and proteins after fluoride removal

The total chlorophylls in the cell-free extracts of leaves were
measured using Arnon’s method (Arnon 1949). The carbohy-
drate concentrations were estimated using anthrone method
(Roe, 1966). The total protein contents were estimated using
Bradford’s method (Bradford 1976).

Analysis of abiotic stress marker enzymes after fluoride
removal by N. oleander, P. crinitum, and P. oleracea

The plants were thought to undergo oxidative stress after fluo-
ride (10 mg L−1) exposure, and therefore, the following mark-
er enzymes such as SOD, CAT, and GPX were assayed. The
assays were performed as per the manufacturer’s protocol.

All the experiments were performed in triplicates and the
data was analyzed with the Tukey-Kramer multiple compari-
son test.

Results and discussion

Screening of plant species for fluoride removal
from solution

Among the tested plants,N. oleander, P. crinitum, P. oleracea,
A. macrorrhizos, C. thevetia, T. angustifolia, B. oleracea,
S. polyrhiza, C. bipinnatus, and L. inermis showed fluoride
(5 mg L−1) removal up to 98, 84, 78, 73, 66, 67, 61, 59, 55,
and 51%, respectively, over a period of 8 days. Further exper-
iments with higher concentrations were carried out with
P. oleracea, P. crinitum, and N. oleander. Single plant of
P. oleracea, P. crinitum, and N. oleander when independently
exposed to 200 mL NaF solution at a concentration of
10 mg L−1 revealed 73, 80, and 92% fluoride removal, respec-
tively, within 15 days (Fig. 1). N. oleander was found to be
superior to other plants. Saccharum officinarum, Camellia
japonica, and Pittosporum tobirawere shown to remove fluo-
rides up to 40, 7.5, and 15%, respectively, from the solutions
at a concentration of 4 mg L−1 within 21 days in earlier works
(Santos-Díaz and Zamora-Pedraza 2010). Hydrilla
verticillata could also remove 24.4% of the fluoride from
solution at a concentration of 2.5 mg L−1 within 7 days
(Sinha et al. 2000).
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Effect of fluoride concentration and N. oleander plant
biomass on removal

With an increase in the fluoride concentration (10–
50 mg L−1), when monitored up to 15 days, N. oleander was
found to remove 92, 81, 71, 60, and 51% fluoride, respectively
(Fig. 2). Higher concentration was considered to be having
inhibitory effects on the removal process. With the increase
in the number of plants, i.e., 1, 2, 3, 4, and 5, when monitored
up to 10 days, N. oleander removed 74, 79, 84, 90, and 98%
fluoride, respectively (Fig. 3). The higher pollutant concentra-
tions have earlier been shown to reduce the removal process
whereas the increase in plant biomass favors the process
(Khandare and Govindwar 2015). The fluoride uptake capacity
ofH. verticillatawas also observed to be reduced by 40%when
fluoride concentration was increased from 2.5 to 25 mg L−1

during a 10-day exposure in a hydroponic solution (Sinha
et al. 2000). The efficiency of fluoride removal by Spirogyra

was also found to reduce from 64 to 20% when concentration
was increased from 5 to 25 mg L−1 (Mohan et al. 2007).

Accumulation of fluoride in plant tissues after a 15-day
exposure

The fluoride levels in root and leaf tissues tested after a 15-day
exposure of 200 mL fluoride solution at 10 mg L−1 concen-
tration revealed their different phytoremediation potentials
calculated in terms of the translocation and bioaccumulation
factors. N. oleander showed the highest translocation and bio-
accumulation factors which is a characteristic of an ideal
phytoremediator. P. oleracea and P. crinitum also followed
the trait after N. oleander. After 15 days, the roots of
N. oleander, P. crinitum, and P. oleracea showed 0.13, 0.16,
and 0.14 mg of fluoride, respectively, whereas the leaves
showed 0.24, 0.19, and 0.20 mg of fluoride in per gram of
the fresh tissues, respectively. Thus, the translocation factors
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for N. oleander, P. crinitum, and P. oleraceawere observed to
be 1.85, 1.19, and 1.43, respectively. After calculating the total
fluoride in roots and leaves together and comparing it with the
remaining fluoride in solution, the bioaccumulation factors of
9.8, 3.6, and 2.2 were noted for N. oleander, P. crinitum, and
P. oleracea, respectively. The values of the amount of fluoride
accumulated in plant tissues before experiments have also
been given as controls (Table 1). These particular attributes
are properties of efficient phytoremediators. The translocation
factor of greater than 1 is a characteristic property for an ideal
phytoremediation candidate plant (Gupta and Banerjee 2009).
The plants of Hypericum perforatum were also found to ac-
cumulate fluoride in the leaves (Fornasiero 2001). The roots of
Allium cepa and Prosopis juliflora conversely showed more
accumulation of fluoride in roots than in shoots (Jha et al.
2009; Saini et al. 2012).

Effect of fluoride uptake on chlorophyll, carbohydrate,
and protein contents in plants

The fluoride accumulation is known to reduce the chlorophyll
content of the leaves, thereby ultimately decreasing the carbo-
hydrate synthesis. The chlorophyll levels in P. oleracea,
P. crinitum, and N. oleander were also found to be reduced
from 26.8, 24.6, and 30.2 to 16.2, 10.6, and 28.3 μg mL−1,
respectively, after 15 days of fluoride exposure. The leaves of
H. perforatum andC. sinensis tested for fluoride removal were
also shown to reduce chlorophyll levels in the leaves
(Fornasiero 2003; Li et al. 2011. In another study, a 28-day
exposure to fluoride at a concentration of 2.5–10 mg L−1 de-
creased the chlorophyll contents up to 40–60% signifying that
such prolonged contact to this anion can directly affect the
photosynthesis (Camarena-Rangel et al. 2015). Reduction in
the chlorophyll content in the leaves of Pisum sativum, Oryza
sativa, and Triticum aestivum was also observed up to more
than 25% (Sabal et al. 2006; Gupta et al. 2009; Bhargava and
Bhardwaj 2010). The almond and apricot tree leaves were
observed to show necrosis after fluoride accumulation of

110 and 65 μg g−1 dry weights, respectively (Mezghani
et al. 2005). The decrease in chlorophyll ultimately reduced
the carbohydrate content in plant tissues. Fluorides are con-
sidered as influential enzymatic inhibitors which ultimately
affect the physiological processes such as carbohydrate me-
tabolism (Miller 1993). The carbohydrate levels in
P. oleracea, P. crinitum, and N. oleander leaves were reduced
by 50, 44, and 16%, respectively, after 15 days exposure
(Fig. 4). The fluoride accumulation was thought to reduce
the conversion of sugars to carbohydrates (Asthir and Singh,
1995). Sugar and starch contents in the leaves of Amygdalis
communis was also found to be reduced by 75 and 85%,
respectively, after 10 mM fluoride solution exposure
(Elloumi et al. 2005). Similarly, 10 mg L−1 NaF solution ex-
posure to paddy seedlings was found to show around 30%
reduction in sugar contents after 15 days (Gupta et al. 2009).
The total protein levels in the leaves of P. oleracea,
P. crinitum, and N. oleander were observed to be reduced by
38, 53, and 15% (Fig. 4). Protein levels were not altered sig-
nificantly in N. oleander leaves after 15 days of exposure.
However, the decrease in protein concentration in

Table 1 Accumulation of fluoride in leave and root (mg g−1) fresh plant tissues after 15 days exposure

Plant Samples Fluoride in
leaves

Fluoride in
roots

Accumulated fluoride
(mg)

Remaining fluoride in
solution (mg)

Translocation
factor

Bioaccumulation
factor

A B Ca D A/B C/D

N. oleander Control 0.17 ± 0.04 0.10 ± 0.03 2.7 ± 0.16 NA 1.70 NA

Test 0.24 ± 0.09 0.13 ± 0.08 3.7 ± 0.23 0.38 ± 0.07 1.85 9.8

P. crinitum Control 0.18 ± 0.06 0.14 ± 0.06 2.5 ± 0.22 NA 1.28 NA

Test 0.19 ± 0.04 0.16 ± 0.05 2.8 ± 0.20 0.77 ± 0.11 1.19 3.6

P. oleracea Control 0.15 ± 0.08 0.12 ± 0.06 1.9 ± 0.31 NA 1.25 NA

Test 0.20 ± 0.07 0.14 ± 0.04 2.4 ± 0.34 1.08 ± 0.18 1.43 2.2

NA not calculated as initial values were not available
a (A + B) × total weight of the leaves and roots in grams (given in the BDetection of fluoride in leaves and stem and subsequent analysis^ section)
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P. crinitum and P. oleracea was noted as in Salicornia
brachiata (Reddy and Kaur 2008) after sodium fluoride ex-
posure. Exposure of fluorides at 15–25 mg L−1 to
H. verticillata roots was found to show reductions in protein
contents of the leaves by 25–30% (Sinha et al., 2000). A
fluoride concentrat ion of 50 mg L−1 exposed to
Abelmoschus esculentus seedlings also exerted negative effect
on protein content reducing it by 50% (Iram and Khan 2016).

Analysis of oxidative stress marker enzymes

The oxidative stress is an inevitable phenomenon after plant
exposure to abiotic stress of various types. The root and leaf
samples of the tested plants before and after fluoride removal
from the solution were assayed for marker enzymes of the
oxidative stress. The activities of SOD, CAT, and GPX in
the roots of P. oleracea were observed to be induced by 400,
383, and 500%, respectively. P. crinitum root also revealed 80,
105, and 424% respective inductions in the activities.
N. oleander roots on the other hand showed lowered expres-
sion in the activities of SOD, CAT, and GPX with inductions
of 153, 77, and 71%, respectively. The leaves of P. oleracea
and P. crinitum showed induction in the activities of SOD,
CAT, and GPX by 550, 315, and 165%, and 196, 227, and
243%, respectively. N. oleander leaves however revealed
SOD, CAT, and GPX activities to be induced by 280, 242,
and 184%, respectively. These increased expressions might
have occurred due to superior translocation of fluoride exhib-
ited byN. oleander (Table 2). In earlier studies, SOD and CAT
activities in C. sinensis and mulberry cultivars were also
found to show significantly alleviated levels upon exposure
to fluoride (Kumar et al. 2009; Li et al. 2011). The

hydroponically grown C. sinensis seedlings when kept in con-
tact with 0.11 and 0.21 mM fluoride solution were reported to
reveal significant enhancement in CATand GPX activities (Li
et al. 2011). Activities of CAT and peroxidase were found to
be elevated by 3.2- and 2.7-folds, respectively, in P. juliflora
after fluoride exposure (Saini et al. 2013). Similarly, activity
of SOD was in the seeds of O. sativa was increased by 75%
(Chakrabarti and Patra 2015).

Conclusions

Among the tested plants, P. oleracea, P. crinitum, and
N. oleander showed noteworthy removal of fluoride from so-
lution. N. oleander was observed to be superior among these
plants. It also showed better translocation and bioaccumula-
tion factors which are key characteristics for an ideal
phytoremediator. The plants’ chlorophyll, carbohydrate, and
protein contents were observed to be decreased after fluoride
removal. N. oleander however remained least affected. Use of
fluoride hyper-accumulator plants which could withstand high
fluoride concentrations would be a benign, simple, and low-
cost approach for removal of these pollutants from soils and
water.
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Table 2 Enzyme analysis of plant tissues on 0 days and after 15 days of 10 mg L−1 fluoride solution exposure

P. oleracea P. crinitum N. oleander

Enzymes Control Test Control Test Control Test

Root tissues

Catalasea 0.40 ± 0.007 1.93 ± 0.07* 0.94 ± 0.13 1.924 ± 0.19* 1.62 ± 0.24 2.86 ± 0.30**

Superoxide dismutaseb 0.01 ± 0.002 0.05 ± 0.06** 0.03 ± 0.01 0.054 ± 0.01* 0.72 ± 0.08 1.82 ± 0.03*

Glutathione peroxidasec 0.04 ± 0.007 0.24 ± 0.01* 0.05 ± 0.03 0.262 ± 0.03* 0.21 ± 0.03 0.36 ± 0.05*

Leaf tissues

Catalasea 0.013 ± 0.001 0.045 ± 0.008* 0.022 ± 0.005 0.072 ± 0.008* 0.012 ± 0.003 0.041 ± 0.005**

Superoxide dismutaseb 0.010 ± 0.003 0.065 ± 0.008* 0.025 ± 0.009 0.074 ± 0.008* 0.005 ± 0.001 0.019 ± 0.006**

Glutathione peroxidasec 0.242 ± 0.002 0.642 ± 0.062* 0.032 ± 0.002 0.110 ± 0.009* 0.180 ± 0.011 0.512 ± 0.124*

Values are a mean of three experiments ± SD. Significantly different from respective control (0 h) at *P < 0.05, **P < 0.01, and ***P < 0.001 by one-way
ANOVAwith Tukey-Kramer comparison test

NA no activity
a 50% inhibition of the NBT photoreduction rate (U mg−1 protein)
b Nanomoles of H2O2 utilized (U mg−1 protein)
c Activity in units min−1 mg−1
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A glycoprotein 𝜶-amylase inhibitor from
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Abstract

BACKGROUND: Identification and characterisation of plant defensive molecules enrich our resources to design crop protection
strategies. In particular, plant-derived proteinaceous inhibitor(s) of insect digestive enzymes appear to be a safe, sustainable
and attractive option.

RESULTS: A glycoprotein having non-competitive 𝜶-amylase inhibitory activity with a molecular weight of 8.3 kDa was
isolated and purified from seeds of Withania somnifera 𝜶-amylase inhibitor (WSAI). Its mass spectrometry analysis revealed
59% sequence coverage with Wrightide II-type 𝜶-amylase inhibitor from Wrightia religiosa. A dose-dependent inhibition of
𝜶-amylases from Aspergillus oryzae, Bacillus subtilis, Helicoverpa armigera and Tribolium castaneum was recorded. Interestingly,
WSAI did not inhibit human salivary 𝜶-amylase significantly. When adults of T. castaneum were fed with WSAI (1.6 mg g−1),
decrease in consumption, growth and efficiency of conversion of ingested food was evident, along with over fourfold increases in
feeding deterrence index. A decline in larval residual𝜶-amylase activity after feeding of WSAI resulted in a reduction in longevity
of T. castaneum.

CONCLUSION: The study reflects the significance of WSAI in affecting the overall growth and development of T. castaneum.
Pre- and post-harvest pest resistive capability makes WSAI a potential candidate for insect pest management. Further, the
effectiveness of this inhibitor could be explored either in formulations or through a transgenic approach.
© 2016 Society of Chemical Industry

Supporting information may be found in the online version of this article.

Keywords: Withania somnifera; 𝛼-amylase; 𝛼-amylase inhibitor; glycoprotein; Tribolium castaneum

1 INTRODUCTION
Carbohydrates, an inevitable constituent of human diet world-
wide, are derived from a variety of crop plants.1 Along with
humans, a number of pre- and post-harvest insect pests satisfy
their energy requirement through starchy tissues of crop plants.
Larval and/or adult stages of these insects feed on various plant
parts, including seeds, leaves, stem, flower parts and roots, to
sustain larval growth and longevity of adults.2 Herbivorous insect
pests are considered to be a major competitor to humans for
agricultural resources, contributing nearly 37% to the loss of
agricultural produce (especially post-harvest) worldwide.3,4 Many
phytophagus insects, including stored-grain pests, are responsible
for massive losses by lowering the germination percentage and
overall nutritional quality of grains.5 A well-known devastating
stored-grain pest – the red flour beetle, T. castaneum (Herbst)
(Coleoptera: Tenebrionidae) – largely depends on starch and
requires highly active 𝛼-amylase in their gut for survival.6 A diges-
tive enzyme, 𝛼-amylase, responsible for catalysing the hydrolysis
of 𝛼-D-(1,4)-glucan linkages in carbohydrates, makes the insect

capable of deriving energy from starch.7 The improved digestive
capacity of insects can be attributed to the presence of differ-
ent isoforms of 𝛼-amylases, and this ultimately offers increased
sustainability to the insect in diverse conditions. Although pro-
teinases also contribute to insect digestion, 𝛼-amylases remain
dominant as they stay active during the non-feeding stage of the
insect, assuring its survival.8–10 In light of these facts, it is wise to
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use bioinsecticides having 𝛼-amylase inhibitor (𝛼-AI) action as far
as management of T . castaneum is concerned.

During the course of evolution, plants have developed various
defence mechanisms against herbivorous insect pests. Synthesis-
ing chemicals that can disrupt the nutrient acquisition system of
attacking insects is one of these defence strategies acquired by
plants.3 The induction of proteinaceous inhibitors of proteinases
and 𝛼-amylases is the best example of post-ingestive defence
demonstrated by plants.11 The role of such inhibitors in crop pro-
tection through inhibiting digestive enzymes, especially proteases
and 𝛼-amylases, is well documented and considered to be an
important tool in pest management strategies.12–15 A variety of
structurally different 𝛼-AIs belonging to six different classes and
their interactions with 𝛼-amylases from a number of insects have
been reviewed in detail.3,16 The diversity of their structures is
believed to be responsible for the variation in the mode of action
of inhibition and specificity towards target 𝛼-amylases.17 An ideal
𝛼-AI should demonstrate inhibitory action against a wide range of
insects and low or no activity towards mammalian 𝛼-amylases.3

With respect to the applicability of 𝛼-AIs in insect pest manage-
ment, we have studied a previously uncharacterised potent 𝛼-AI
from W. somnifera, a medicinally important Solanaceae member.
W. somnifera, commonly known as Ashwagandha (Sanskrit name)
is an important medicinal plant in the Indian system of medicine,
Ayurveda. It is extensively studied for the presence of a wide array
of medicinally important secondary metabolites and systemati-
cally reviewed for its wide range of pharmacological actions.18,19

We set our objectives bearing in mind the serious issue of pest
attack on crops. In the present work we isolated, purified and char-
acterised proteinaceous 𝛼-AI from W. somnifera seeds. Characteri-
sation of purified 𝛼-AI included determination of glycosylation and
carbohydrate content, stability at different temperatures and pH
values, kinetic behaviour of the inhibitor, molecular weight anal-
ysis and protein identification using mass spectrometry. We also
studied differential interactions of isolated 𝛼-AI with a number of
𝛼-amylases, along with its effects on the growth, development and
longevity of T. castaneum.

2 EXPERIMENTAL METHODS
2.1 Purification of W. somnifera 𝜶-amylase inhibitor (WSAI)
Seeds of W. somnifera were procured from Mahatma Phule Krishi
Vidyapeeth, Rahuri, Maharashtra, India. Total proteins from seeds
of W. somnifera were extracted by adopting the method described
by Kokiladevi et al.,20 with slight modifications. The resultant crude
extract was then centrifuged at 4712× g for 15 min at 4 ∘C, and
the supernatant was subjected to 70% ammonium sulphate pre-
cipitation followed by centrifugation at 3142× g for 20 min at
4 ∘C. The precipitate thus obtained was dissolved in a mini-
mum amount (5 mL) of Tris–HCl buffer (20 mM, pH 7.5), dialysed
overnight at 4 ∘C and lyophilised. Further, concentrated proteins
were subjected to ion exchange chromatography by applying
a sample (20 mg mL−1) to a column (10× 2.5 cm) of activated
DEAE Sepharose (Sigma-Aldrich, St Louis, MO) anion exchange
resin. Bound proteins were recovered from the column by elution
with a gradient (0–0.5 M) of sodium chloride in Tris–HCl buffer
(20 mM, pH 7.5). Fractions (3 mL each) were collected and anal-
ysed for protein content and 𝛼-AI activity. Active 𝛼-AI fractions
were pooled, concentrated using Amicon Ultra-15 centrifugal filter
units (Sigma-Aldrich) and subjected to a gel filtration chromatog-
raphy column (105× 1.3 cm) of preswollen Sephadex-G-50, with
equilibration using Tris–HCl buffer (20 mM, pH 7.5). Elution was

done at 10 mL h−1, fractions (1 mL) were collected and protein and
𝛼-AI activity was determined. All the chromatography operations
were performed at 4 ∘C in a cold room. The protein content in the
extracts was estimated by Bradford’s method.21

2.2 𝜶-Amylase sources
Commercially available 𝛼-amylases from A. oryzae and B. subtilis
were purchased from Sigma-Aldrich. Human saliva was diluted and
used as a source of crude salivary 𝛼-amylase. Larvae and adults
of T. castaneum (order Coleoptera) and H. armigera (order Lepi-
doptera) were used for enzyme extraction. Third-instar larvae of
H. armigera were dissected individually to remove gut tissue. The
gut tissue or the larvae of T. castaneum were taken individually
for homogenisation followed by sonication with 2 mM NaCl con-
taining chilled phosphate buffer (pH 6.9). The homogenates were
centrifuged at 1256× g for 10 min at 4 ∘C, and the supernatant was
filtered with a 0.2 μm membane and used as the source of crude
insect 𝛼-amylases.

2.3 𝜶-Amylase inhibition assay
Isolated WSAI was assayed by quantifying reducing sugar (mal-
tose equivalent) liberated under the assay conditions.20 For this,
it was preincubated with different 𝛼-amylases individually for
30 min, and (0.05% w/v) starch solution was added prior to incu-
bation at 37 ∘C for 15 min. The reaction was stopped by adding
3,5-dinitrosalicylic acid (DNSA) reagent (1% DNSA, 0.05% sodium
sulphite, 30% w/v potassium sodium tartrate dissolved in 1%
NaOH), and the contents were heated in a boiling water bath for
5 min. Experimental blanks were set by replacing inhibitor and
𝛼-amylase enzyme with equal quantities of extraction buffer, and
absorbance was measured at 540 nm in a UV–vis spectropho-
tometer (UV 1601; Shimadzu, Tokyo, Japan). The amount of reduc-
ing sugar released from starch was estimated as maltose equiva-
lent (𝜇M min−1) from the standard curve.22 One unit of 𝛼-amylase
was defined as the amount of enzyme required to release 1 μM of
reducing sugar (calculated as maltose) from substrate starch per
min at 37 ∘C under given assay conditions. One unit of 𝛼-AI was
defined as the amount of WSAI that inhibits one unit of 𝛼-amylase.
Inhibitory activity was expressed as the 𝛼-amylase inhibitor units
(AIU) of 𝛼-amylase enzyme activity. A similar assay system was
used for the determination of IC50 values of WSAI and its inhibitory
activity as a function of change in concentration against various
𝛼-amylases.

2.4 Molecular weight determination of WSAI using
SDS-PAGE and gel permeation liquid chromatography
Molecular weight determination of isolated and purified WSAI was
carried out using SDS-PAGE. Purified WSAI and standard molec-
ular weight marker were resolved together on (15%) polyacry-
lamide gel in a discontinuous buffer system, as described by
Laemmli.23 After electrophoresis, the gel was stained with CBB
R-250 for 75 min on a gel rocking platform, followed by destain-
ing with methanol+ acetic acid+water (30+ 20+ 50). The molec-
ular weight of the inhibitor was estimated by comparing its rel-
ative position with the molecular weight marker. Further, the
native mass of the purified WSAI protein was determined using
gel permeation liquid chromatography with a Sephadex G-50
Tris–HCl (20 mM, pH 7.5) preequilibrated column. The void vol-
ume of the column was determined by loading 2.0 mL of (0.2%)
blue dextran-2000 (MW∼ 2× 106) and eluting it at a flow rate of
10 mL h−1 by passing Tris–HCl buffer (20 mM, pH 7.5). The column
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was calibrated using standard proteins such as bovine serum albu-
min (66 kDa), ovalbumin (4 kDa), papain (23 kDa) and lysozyme
(14.3 kDa). A calibration curve (log MW× 104 versus Ve/V0) was
plotted, where Ve is the elution volume at which the protein
peak was obtained and V0 is the void volume. WSAI was chro-
matographed at the same flow rate, and fractions (1 mL each) were
collected. The native molecular mass was calculated from a plot of
Ve/V0 against the log molecular mass of protein standards used.

2.5 Identification of WSAI using LC-MSE analysis
Prior to LC-MS operations, WSAI was subjected to in-gel trypsin
digestion, and 2𝜇L of digested peptides was analysed using a
nanoACQUITY UPLC coupled to a SYNAPT HDMS system (MSE)
(Waters Corporation, Milford, MA) equipped with a NanoLockSpray
ion source with a flow rate of 300 nL min−1 (external lockmass stan-
dard: glufibrinopeptide). Peptide samples were injected onto a
5 μm symmetry C18 trapping column (180 μm i.d. × 2 cm length)
at a flow rate of 15𝜇L min−1. Peptides were separated by in-line
gradient elution onto a BEH 130 C18 (1.7 μm× 75 μm× 150 mm)
nanoACQUITY analytical column at a flow rate of 300 nL min−1

using a linear gradient (5–40% of B for 70 min) elution of the pep-
tides (A – 0.1% formic acid in water; B – 0.1% formic acid in ace-
tonitrile). The acquisition was performed in positive V mode with
a mass range of 50–1990 m/z, a scan time of 1 s and an alternat-
ing low (5 eV) and high (15–40 eV) collision energy. Each raw data
file was processed using Proteinlynx global server v.2.3 software
(Waters) to generate charge-state-reduced and deisotoped pre-
cursor mass lists as well as associated product ion mass lists for sub-
sequent protein identification and quantification. Each processed
file was then searched against the protein database obtained from
www.uniprot.org using the IDENTITYE database search algorithm
within PLGS.24

2.6 Starch in-gel activity staining and interactions of WSAI
with 𝜶-amylase
In-gel activity staining was performed according to the protocol
of Sivakumar et al.,25 with slight modifications. Briefly, 20𝜇L of
𝛼-amylase and preincubated 𝛼-amylase with WSAI mixture was
resolved by electrophoresis on non-denaturing (6%) polyacry-
lamide gel containing (0.25%) soluble starch using a phosphate
buffer system (pH 7.0). Further, the gel was incubated at 37 ∘C for
2.5 h in soluble starch (1%) prepared in Tris–HCl buffer (20 mM,
pH 7.5) with constant stirring, and the gel was visualised by stain-
ing with potassium iodide solution.

2.7 Effect of pH and temperature on stability of WSAI
Standard 𝛼-amylase (A. oryzae) was used for determination of the
stability of WSAI at different pH values and temperatures. The
effect of pH on the inhibitory potential of WSAI was determined
by preincubating the inhibitor with target enzyme under stan-
dard assay conditions with buffers of varying pH, namely 50 mM

glycine HCl (pH 1 and 3), 50 mM citrate buffer (pH 5), 50 mM phos-
phate buffer (pH 7), Tris HCl buffer (pH 9) and carbonate bicar-
bonate buffer (pH 11 and 13), and assays were performed using
(0.05%) starch at 37 ∘C at respective pH. Similarly, to study ther-
mal stability, the effect of different temperatures on the inhibitory
activity of WSAI was determined by incubating the inhibitor at
temperatures ranging from 30 to 90 ∘C for 30 min with an inter-
val of 10 ∘C, followed by the regular assay conditions described
above.

2.8 Kinetic behaviour of 𝜶-amylase with WSAI
The kinetics of 𝛼-amylase (A. oryzae) inhibition by WSAI
was studied with different concentrations of inhibitor [I]
against various concentrations of substrate [S]. To determine
the Michaelis–Menten constant (KM), 20𝜇L of enzyme was
assayed in the presence of varying concentrations of starch
(0.5–10 mg mL−1). The Km and Vmax values of the enzyme in the
presence and absence of WSAI were determined by direct and
double reciprocal plots of substrate concentration and velocity.
In order to calculate K i through Dixon’s plot, the enzyme was
assayed with different concentrations of WSAI at two different
starch concentrations (0.05 and 0.1%) under standard assay
conditions.

2.9 Determination of carbohydrate content and
glycosylation of WSAI
The glycoprotein nature of purified WSAI was determined
by periodic acid Schiff (PAS) staining as per Kapitany and
Zebrowski.26 In brief, purified WSAI was resolved on (15%)
SDS-PAGE and stained with Schiff’s (fuchsin-sulphite) reagent until
a dark-pink band was observed against a faint-pink background.
Similarly, the total carbohydrate content of WSAI was quantita-
tively determined by the method described by Dubois et al.27

Phenol-sulphuric-acid-positive carbohydrates were expressed
as percentage of glucose equivalent as determined from a
standard calibration curve using 0.1 mg mL−1 stock solution of
glucose.

2.10 In vivo biassay of WSAI against T. castaneum
T. castaneum, a primary pest of flour and a secondary pest
of stored wheat, was used for in vivo bioassay. Experiments
were performed with both adults and larvae maintained
in-house as continuous culture at 32 ∘C at 70% relative
humidity.

2.10.1 Antinutritional effects of WSAI on T. castaneum
To study the deterrent effects of WSAI on the growth and devel-
opment of T. castaneum, insects were fed on wheat flour discs
fortified with various concentrations of WSAI as described by
Xie et al.,28 with slight modifications. In order to prepare wheat
flour discs, 150𝜇L aliquots of thick suspension of wheat flour
in water (200 mg mL−1) having different WSAI concentrations
(0.32, 0.64, 0.96 and 1.6 mg g−1 and distilled water in the con-
trol) were dropped on clean parafilm to form discs. The films
with discs were left in an incubator for 12 h to dry at 25 ∘C
with 60% relative humidity. Flour discs were then treated with
50𝜇L of 50 mM sorbic acid solution in acetone to avoid fun-
gal contamination. After solvent evaporation, the preweighed
discs were kept in dry capped glass vials (diameter 1 cm,
height 3.5 cm), and a total of ten unsexed, preweighed, 24 h
starved adults of T. castaneum were added to each vial. For each
concentration of WSAI and the control, three replicates were
prepared.

After 5 days of exposure, the flour discs and live insects were
weighed. Nutritional indices were calculated, as described previ-
ously by Habib et al.,29 as relative growth rate (RGR) using the fol-
lowing formula:

RGR = (A − B) ∕B × days of exposure

where A is the weight of the live insects on the fifth day (mg)
divided by the number of live insects on the fifth day, and B is the
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Figure 1. Electrophoretic analysis of WSAI. (A) SDS-PAGE (15% gel-stained CBB R-250 for 75 min, followed by distaining with methanol+ acetic
acid+water) profile of WSAI, where 1 is the standard molecular weight marker, 2 is the partially purified fraction after DEAE Sepharose ion exchange
chromatography and 3 is the purified WSAI after Sephadex G-50 column chromatography. (B) PAS staining of WSAI, indicating its glycoprotein nature. (C)
1. 𝛼-Amylase of A. oryzae, 2. WSAI with 𝛼-amylase of A. oryzae, 3. 𝛼-amylase of T. castaneum and 4. WSAI with 𝛼-amylase of T. castaneum were loaded on
6% PAGE with 0.25% starch for gel zymography study.

original weight of the insects (mg) divided by the original number
of insects.

The relative consumption rate (RCR) was calculated as

RCR = D∕B × days of exposure

where D is the food biomass ingested (mg) divided by the number
of live insects on the fifth day.

The efficiency of conversion of ingested food (ECI%) was calcu-
lated as

ECI% = RGR∕RCR × 100

The antifeedant activity in terms of feeding deterrence index
(FDI%) was calculated as

FDI% = (C − T) ∕C × 100

where C is the food consumption in the control discs and T is the
food consumption in the treated discs. The point to be noted here
is that the control and treated discs were placed in separate vials
in no-choice tests.

2.10.2 Effects of WSAI feeding on residual 𝛼-amylase activity of
T. castaneum larvae
The effects of WSAI on the residual 𝛼-amylase activity of T. casta-
neum larvae were also studied. Wheat flour discs fortified with four
different concentrations of WSAI (0.32, 0.62, 0.96 and 1.6 mg g−1)
were prepared as described earlier. A total of 25 preharvested
(24 h) larvae were placed in each vial containing a WSAI-fortified
flour disc and observed for the next 10 days. For each concentra-
tion of WSAI and control, a total of six replicates were prepared,
with each vial containing the same number of larvae. After every
2 days, larvae from each treatment along with the control vial
were crushed separately, and the residual 𝛼-amylase activity was
estimated.

2.10.3 Effect of WSAI on the longevity of T. castaneum
The effect of various concentrations of WSAI on the longevity of
the next generation of T. castaneum was assessed. Wheat flour
discs fortified with four different concentrations (0.32, 0.64, 0.96
and 1.6 mg g−1) of WSAI were prepared as described earlier, and
ten freshly emerged pairs of adult T. castaneum (prior identified
male and female) were incubated in each vial with a WSAI-treated
flour disc. After 3 days of incubation (assuming that mating and
egg laying had been completed), adult insects were removed,
fresh, untreated wheat flour (100 mg) was added and the vials were
kept under assay conditions for the next 15 days. After 15 days of
incubation, freshly emerged larvae were counted, and the effect
on wheat flour was also observed. Emerged larvae were again
placed in fresh, untreated wheat flour, and vials were kept under
identical assay conditions. Emerged adult insects in the due course
of time were collected and kept separately on 200 mg of untreated
wheat flour, and insects were monitored at an interval of 2 days for
their lifespan, with periodic removal of dead insects.

2.11 Data analysis
Data from the 𝛼-amylase inhibition assay and flour disc feeding
index bioassay were subjected to statistical analysis, one-way
ANOVA followed by Tukey’s post hoc test. For acceptable results,
the P-value was considered to be greater than the 𝛼-value (level of
significance 0.001, i.e. P < 0.001).

3 RESULTS AND DISCUSSION
3.1 Purified WSAI is a low-molecular-weight glycoprotein
similar to Wrightide II-type 𝜶-AI
About 31-fold purification of WSAI was achieved by a four-step
purification process (supporting information Table S1). Active frac-
tions collected after IEC and GFC when loaded on SDS-PAGE
confirmed the homogeneity of isolated WSAI (Fig. 1A). The frac-
tion showing highest 𝛼-amylase inhibitory activity after GFC was
loaded on SDS-PAGE in the presence and in the absence of
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𝛽-mercaptoethanol. The analysis revealed it to be a single pep-
tide with a relative molecular weight of apporiximately 8 kDa when
compared with the standard molecular weight protein marker
(Fig. 1A). The exact molecular weight of isolated WSAI was found
to be 8.3 kDa, as determined by GPC (supporting information Fig.
S1). Monomeric Kunitz-type inhibitors from rice, wheat and bar-
ley have already been reported.30–32 Similarly, a 6 kDa 𝛼-AI from
Delonix regia and a 13.9 kDa 𝛼-AI from Carica papaya revealed a
single band on SDS-PAGE, suggesting its monomeric nature.33,34

Other low-molecular-weight 𝛼-AIs from cowpea, sorghum and
papaya were also reported.35–37

Purified WSAI resolved on SDS-PAGE, when further treated with
Schiff’s reagent (PAS staining), showed the development of a
magenta-coloured single band, indicating that WSAI is a glycopro-
tein (Fig. 1B) with a total carbohydrate content of 14.43%. Char-
acterisation of the glycoprotein nature of 𝛼-AI becomes impera-
tive, given that glycosilation of proteins is considered to be an
important post-translational modification that plays a crucial role
in biological activities displayed by the target protein.38 Varying
contents of carbohydrate moieties in 𝛼-AI from V. unguiculata,
M.uniflorum and Phaseolus bean have been reported.24,39,40

Mass spectrometry analysis of WSAI revealed a 59% sequence
coverage and a PLGS score of 520.493 with 𝛼-AI Wrightide R2
OS from Wrightia religiosa (supporting information Tables S2 and
S3). This sequence data may be useful in future to clone and
characterise the WSAI gene.

3.2 WSAI is stable in a wide range of pH and temperature
Temperature and pH are the most important factors for the main-
tenance of structural integrity of biologically active proteins. We
found that a purified WSAI protein was biochemically stable in
a wide range (20–50 ∘C) as it could maintain inhibitory potential
against target 𝛼-amylase (Fig. 2A). The thermal stability of 𝛼-AI is
important as it could determine the suitability of its application.41

Thermally stable 𝛼-AIs capable of withstanding temperatures of
more than 70 ∘C are reported from D. esculenta and a Himalayan
collection of Colocasia.42,34 The inhibitory potential of isolated
WSAI was evaluated as a function of pH. It was found that WSAI
displayed optimal inhibition of A. oryzae 𝛼-amylase at pH 7. On the
other hand, WSAI could inhibit the same units of 𝛼-amylase up to
58% at pH 5. It was noted that below pH 5 and above pH 7 the iso-
lated protein showed declines in inhibitory potential (Fig. 2B). The
pH optimum of purified WSAI was found to be similar to that of
𝛼-AI from D. esculenta.42 Other reports suggest variations in opti-
mum pH, as 𝛼-AIs isolated from P. vulgaris cv. KR-9 were found to
have two pH optima of 5 and 6.9,43 whereas 𝛼-AIs from C. esculanta
tubers showed a pH optimum of 6.44

3.3 WSAI inhibits A. oryzae 𝜶-amylase in a non-competitive
manner
In order to determine the inhibitory nature of WSAI and the
kinetics of A. oryzae 𝛼-amylase, a single-substrate, single-inhibitor
approach was used. The 𝛼-amylase enzyme exhibited classi-
cal Michaelis–Menten kinetics (Fig. 3A). The Lineweaver–Burk
plot (Fig. 3B) and Dixon’s plot (Fig. 3C) revealed that WSAI is a
non-competitive inhibitor, with Km and Vmax in the absence and
in the presence of WSAI of 1.56 g L−1 and 68.49 μM min−1 and
1.56 g L−1 and 42.91 μM min−1 respectively. The inhibitor dissoci-
ation constant (K i) was calculated to be 1.53× 10−3 g L−1, with
Vmax values of 8.62 and 13.33 μM min−1 for substrate concentra-
tions of 0.1 and 0.05% respectively. The K i value of an enzyme

Figure 2. Effect of temperature and pH on stability of WSAI: (A) WSAI
incubated with A. oryzae 𝛼-amylase at different temperatures; (B) WSAI
incubated with A. oryzae 𝛼-amylase at different pH. In statistical analysis,
one-way ANOVA was performed, followed by Tukey’s post hoc test. Statisti-
cal data are significant at P < 0.001.

inhibitor can be determined from the observed Km using linear
regression.43,45 A non-competitive type of 𝛼-amylase activity
inhibition by inhibitors isolated from seeds of Triticale and a
Himalayan collection of Colocasia with K i values of 1.1 and 7.5 μg,
respectively, were reported.17,34

3.4 WSAI interacts differentially with isolated 𝜶-amylases
from different sources
In order to study the differential inhibitory potential of WSAI,
five different 𝛼-amylases from A. oryzae, B. subtilis, larvae of H.
armigera and T. castaneum and human salivary 𝛼-amylase were
incubated with varying concentrations of WSAI (10–50 μg mL−1;
for human salivary 𝛼-amylase, the highest concentration used
was 90 μg mL−1). The inhibitory concentration required to inhibit
50% amylolytic activity of each of the 𝛼-amylase enzymes (IC50)
was also determined. It was observed that WSAI has IC50 val-
ues of 10 μg mL−1 (A. oryzae amylase), 50 μg mL−1 (B. subtilis
amylase), 10 μg mL−1 (H. armigera amylases) and 10 μg mL−1 (T.
castaneum amylases). However, WSAI did not show significant
inhibition towards human salivary 𝛼-amylase, even at the high-
est concentration used (90 μg mL−1). Variation in the inhibitory
potential of WSAI at different doses might result from differential
interactions of WSAI with the five 𝛼-amylases. Maximum inhibition
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Figure 3. Kinetic study of WSAI. Non-competitive type of inhibition of A. oryzae 𝛼-amylase by WSAI. (A) Michaelis–Menten kinetics of 𝛼-amylase in the
presence and in the absence of WSAI. (B) Lineweaver–Burk plot of 1/[V] versus 1/[S] of 𝛼-amylase in the presence and in the absence of WSAI. (C) Dixon’s
plot of 1/[V] versus [I] of 𝛼-amylase in the presence of different concentrations of WSAI at two different starch concentrations (0.05 and 0.1%).

of 𝛼-amylase from T. castaneum (93.6%) was observed at a very low
concentration (20 μg mL−1) of WSAI. At the lowest concentration
(10 μg mL−1), WSAI showed 75% activity inhibition of 𝛼-amylase
derived from H. armigera. At 50 μg mL−1, WSAI could inhibit
52.51% amylolytic activity of 𝛼-amylase isolated from B. subtilis.
The highest inhibition (75.12%) of A. oryzae 𝛼-amylase was noted
at 30 μg mL−1 of WSAI. Interestingly, WSAI was found minimally
to inhibit human salivary 𝛼-amylase. Even at the highest inhibitor
concentration (90 μg mL−1), only 2% inhibition of 𝛼-amylase activ-
ity was noted. The comparative inhibitory potential of WSAI with
all 𝛼-amylases tested is presented in Fig. 4. These findings were
very well corroborated by the in-gel inhibitory activity shown
by WSAI against 𝛼-amylases from A. oryzae and T. castaneum
using PAGE containing starch as a substrate. Here, light bands
against a blue background indicated the presence of 𝛼-amylase
activity, and dark bands against a blue background indicated
the presence of inhibitory activity (Fig. 1C). A dose-dependent
inhibition of different 𝛼-amylases with 𝛼-AIs from tubers of C.
esculenta and sorghum have been reported, with a maximum
of 70 and 80% inhibition respectively.34,46 Inhibitory effects of
sorghum 𝛼-AI on different 𝛼-amylase isoforms of red flour beetle,
T. castaeneum, has been reported.47 In the present study, WSAI
showed a very low inhibition potential towards human salivary
𝛼-amylase, which is in total agreement with studies conducted
with Wrightide-type 𝛼-AIs from W. religiosa (Wr-AI1, Wr-AI2 and
Wr-AI3).48 Mass spectrometry analysis of purified WSAI revealed
59% sequence coverage with Wrightide type II (Wr-AI2) 𝛼-AI.
However, interestingly, the inhibitors from W. religiosa Wr-AI1 and
Wr-AI2 did not inhibit fungal 𝛼-amylase (A. oryzae) even at a 100 μM

concentration, while WSAI showed 75% inhibition at a 30 μg mL−1

Figure 4. WSAI differentially inhibited 𝛼-amylases isolated from various
sources: (i) 93.6% inhibition of T. castaneum at 20 μg mL−1 of WSAI; (ii)
75% inhibition of H. armigera at 10 μg mL−1 of WSAI; (iii) 52.51% inhibition
of B. subtilis at 50 μg mL−1 of WSAI; (iv) 75.12% inhibition of A. oryzae
at 30 μg mL−1 of WSAI; (v) 2.5% inhibition of human salivary amylase at
90 μg mL−1 of WSAI. The concentration of WSAI required to demonstrate
maximum inhibition of the respective amylase is presented. In statistical
analysis, one-way ANOVA was performed, followed by Tukey’s post hoc test.
Statistical data are significant at P < 0.001.

concentration. Detailed structural comparison between WSAI and
reported Wrightide 𝛼-AIs from W. religiosa would be helpful in
gaining insights into underlying differential inhibition.

3.5 WSAI affects the metabolism of T. castaneum
Feeding indices demonstrate the metabolic efficiency or digestion
efficiency of insect feeding on a diet fortified with inhibitor and its
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Figure 5. Alterations in nutritional indices of T. castaneum as a function of WSAI feeding (wheat flour discs fortified with 0.32, 0.64, 0.96 and 1.6 mg g−1

of WSAI and distilled water in the control were prepared) at vaying concentrations after 5 days: (A) relative growth rate (RGR); (B) relative consumption
rate (RCR); (C) percentage efficiency of conversion of ingested food (ECI); (D) feeding deterrence index (FDI). In statistical analysis, one-way ANOVA was
performed, followed by Tukey’s post hoc test. Statistical data are significant at P < 0.001. The WSAI dose value is in mg g−1 of flour disc (artificial diet).

effects on insect metabolism.49 Taking into consideration the fact
that WSAI has highest inhibitory potential against T. castaneum,
we decided to study its effect on the growth and development of
larvae and adults of T. castaneum. The flour disc bioassay revealed
significant changes in RGR, RCR, ECI and FDI of T. castaneum
adults fed on different concentrations of WSAI after 5 days. With
increasing concentrations of WSAI, the RGR, RCR and ECI of T.
castaneum adults were significantly reduced, which led to a delay
in larval growth and formation of smaller pupae. Our findings are
in good agreement with studies reported by Teimouri et al.50 on
carob moth (Ectomyelois ceratoniae), where a reduction in these
growth indices was recorded that was responsible for delayed
larval growth and reduced size of pupae. Fecundity and longevity
of the adult insect are considered to be related to larval growth
and pupal size; any abnormality in this may lead to increase
the in susceptibility of an insect towards diseases and natural
enemies.50 Among all the concentrations tested, with WSAI at
1.6 mg g−1, RGR and RCR were found to be reduced nearly 67
and 37% respectively (Figs 5A and B). A substantial reduction
in ECI (53%) of T. castaneum adults occurred as expected at the
highest dose of WSAI (Fig. 5C). FDI of adult insects increased up
to 44% with increasing dose of WSAI (Fig. 5D). Changes observed
in various nutritional and feeding deterrence indices indicated
that WSAI had a antifeedant action against adults of T. castaneum.
Comparable results were reported for wheat 𝛼-AI WRP24, which
caused retardation in larval growth and loss of weight in adults of
red flour beetle insects.51 Similarly, Hivrale et al.52 reported highest
mortality in stored-grain pest Callosobruchus maculatus fed on a
diet containing seed powder of Achyranthus aspera on the fifth day
of feeding.

A dose-dependent decline in residual 𝛼-amylase activity as a
function of exposure time (2–10 days) was noted in larvae fed on

Figure 6. Dose-dependent decrease in residual 𝛼-amylase activity of
T. castaneum larvae: larvae were allowed to feed on wheat flour discs
enriched with 0.32, 0.64, 0.96 and 1.6 mg g−1 of WSAI and distilled water in
the control, and residual 𝛼-amylase activity was determined at an interval
of 2 days. In statistical analysis, one-way ANOVA was performed, followed
by Tukey’s post hoc test. Statistical data are significant at P < 0.001. The
WSAI dose value is in mg g−1 of flour disc (artificial diet).

WSAI (Fig. 6). A decrease of about 75% in T. casteneum larval resid-
ual𝛼-amylase activity was discovered on the tenth day of exposure
to 1.6 mg g−1 of WSAI over the control. A slight increase in residual
𝛼-amylase activity was noted on the eighth day by comparison
with the sixth day in larvae exposed to 0.96 and 1.6 mg g−1. This
increase in activity might be because of the effort of T. castaneum
to acclimatise to the exposure of WSAI. Gupta et al.43 reported
a significant decline in feeding and weight loss of T. castaneum
larvae after 3 days and 100% mortality after 5 days after feeding
on flour mixed with 333 μg of purified 𝛼-AI from P. vulgaris.

Finally, the effect of WSAI feeding on the longevity of the next
generation of T. castaneum was evaluated. Larval emergence was
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Figure 7. Effect of various concentrations of WSAI on the longevity of
F1-generation T . castaneum adults. Ten pairs of insects were allowed to
feed on wheat flour discs fortified with different concentrations of WSAI,
and F1-generation adult insects were monitored for longevity. The WSAI
dose value is in mg g−1 of flour disc (artificial diet)’.

found to be affected in a dose-dependent manner. From ten pairs
of adults, which were fed on flour disc without inhibitor (control), a
total of 18 larvae were found to have emerged. As the dose of WSAI
increased from 0.32 to 1.6 mg g−1, larval emergence was reduced
from 15 to 3. The survival of next-generation insects was found
to be adversely affected by increase in inhibitor concentration.
Insects of the control set (17 out of 18) survived up to day
14, whereas the number emerging from the 0.32 mg g−1 WSAI
treatment was found to be reduced from 15 insects on day 0 to
three insects on day 14. The longevity of the insects was drastically
affected in insects emerging from higher-dose treatments. We
observed that only three larvae emerged from eggs laid by adults
treated with 1.6 mg g−1 of WSAI, and the next generation of insects
in this treatment could live only up to the sixth day in culture
(Fig. 7). Earlier studies reported a reduced lifespan of C. maculatus
when fed on a diet mixed with crude extracts of Dipteryx alata at
three different concentrations.53

4 CONCLUSION
𝛼-AI glycoprotein from Solanaceous plant W. somnifera was iso-
lated, purified and characterised. WSAI was found to be thermally
stable at higher temperatures and showed a pH optimum of 7.
Mass spectrometry analysis of WSAI revealed that it shares 59%
sequence similarity with Wrightide II-type 𝛼-AI from W. religiosa.
WSAI interacted differentially with various 𝛼-amylases and signif-
icantly affected the overall growth and development of T. casta-
neum. This work, in our opinion, opens an avenue to study the
underlying mechanisms of inhibition through detailed structural
analysis using such small proteinaceous molecules and new bioin-
formatics tools. Similarly, investigations into molecular interac-
tions of recombinant inhibitors and 𝛼-amylases from agriculturally
important insect pests may serve as initial and essential steps
towards developing insect-resistant transgenic crop plants.
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Modeling mice Down syndrome through protein 
expression: An artificial neural network based approach
R. S. Kamath1*, T. D. Dongale2, Pankaj Pawar3, R. K. Kamat4

INTRODUCTION
Down syndrome (DS) is one of the most common 
genetic, congenital causes of learning or memory 
deficits.[1] DS is a genetic perturbation of considerable 
complexity due to trisomy of the long (q) arm of 
human chromosome 21 (Hsa21) and the consequently 
increased level of expression of some subset of the genes 
it encodes.[2] There are hardly any pharmacotherapies 
available for learning deficits in DS. A considerably 
high interest in identifying pharmacotherapies for 
DS is because of its high incidences (1 in 1000 live 
births worldwide).[1] Hsa21 encodes more than 500 
genes. Functional information of less than half of 
Hsa21 genes is available which is scanty. It is clear, 
however, that Hsa21 genes include protein modifiers 
such as kinases, phosphatases, methylases and 
several involved in ubiquitination and sumoylation, 
transcription factors, RNA splicing factors/modifiers, 

cell surface receptors and adhesion molecules, and 
components of many metabolic pathways. Abnormal 
expression of these genes occurs in DS and results in 
disturbed biological processes and pathways, of which 
many affecting brain development and function.[3] 
Investigation of a pathway gives an advantage to the 
detailed understanding of the functions of individual 
Hsa21 genes, when and where each is abnormally 
expressed. Memantine is currently in use for the 
treatment of Alzheimer’s disease[4] and has been 
proposed for the treatment of learning deficits in DS.[5,6] 
Memantine modulates excitatory neurotransmission 
through the antagonizing activity of N-methyl-D-
aspartate receptors.[7] There are a few reports about 
its effects on protein expression, either alone or in 
learning paradigms. Higuera et al. examined the 
effects of memantine on protein expression, with and 
without learning in context fear conditioning (CFC) 
in mice and further demonstrated an application of 
self-organizing maps clusters in identifying common 
critical protein responses, which in turn may aid in 
identifying potentially superior drug targets.[8] At 
present, protein expression modeling is also turning 
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into an undeniably supportive strategy in microbial 
cell factories as the learning of the three-dimensional 
structure of protein would be a precious guide to take 
care of issues on protein generation. International 
literature review reveals several researchers striving 
hard to model the protein expressions.

Centeno et al. present an introduction to comparative 
modeling with special emphasis on the basic concepts, 
opportunities and challenges of protein structure 
prediction.[9] There are several reported instances of 
using the artificial neural network (ANN) in general 
in the field of life sciences. Benuskova et al. have 
presented a methodology for using computational 
neurogenetic modeling to bring new original insights 
into how genes influence the dynamics of brain neural 
networks.[10] Alireza has presented an ensemble of 
neural networks to solve class imbalance problem of 
prediction of secondary protein structure.[11] Recently, 
Azizi and Abade have also reported sequential pattern 
matching for protein structure prediction.[12] Abd El-
Rehim et al. have effectively demonstrated multiple 
layer perceptron-ANN with a back propagation 
algorithm to identify key biomarkers driving the 
membership of archival tumor samples.[13]

Thus, the international scenario of modeling depicts 
the researchers striving hard to come out with an all-
encompassing ANN model for the purpose of testing 
and experimentation of protein expression levels. In 
the backdrop of the research endeavors portrayed 
above, the present paper reports the optimum ANN 
architecture for mice protein expression characteristics 
by varying the number of epochs and number of 
neurons in the hidden layer. An epoch is a measure 
of the number of times all of the training vectors 
are used once to update the weights. The reported 
ANN architecture comprises nonlinear sigmoid 
activation functions. The training algorithm is based 
on a Levenberg-Marquardt Back-propagation method. 
The research concludes that ANN model with lower 
numbers of hidden neurons measures less MSE and 
higher correlation coefficient. In this investigation, we 
demonstrate the modeling of 77 proteins expression 
levels measured in the cerebral cortex of 8 classes 
of control and DS mice exposed to CFC, a task 
used to assess associative learning. The dataset with 
1080 samples of protein is selected for training the 
network model.[14]

The rest of paper is structured as follows; after a 
brief introduction, second and third sections deal 
with the infusing theory of mice protein expression 
and ANN, respectively. The fourth section details out 
computational details of proposed ANN model. The 
results and discussion are reported in the fifth section. 
The conclusion at the end divulges aptness of the ANN 
for modeling the mice protein expression.

MATERIALS AND METHODS
The dataset for ANN modeling contains a total of 
1080 measurements per protein is taken from UCI 
data repository. It consists of the expression levels 
of 77 proteins/protein modifications that produced 
detectable signals in the nuclear fraction of the cortex. 
The eight classes of mice are described based on 
features such as genotype, behavior, and treatment.[8]

An ANN is a mathematical composition which 
comprises interconnected artificial neurons that try, 
the way the biological neural network works. ANN 
has the capability to learn from the data, either in a 
supervised or an unsupervised fashion.[15-18] ANN 
architecture consists of many neurons organized in 
layers, input hidden and the output layer. Each neuron 
in a layer is connected to all the neurons of the next 
layer. ANN models are mainly categorized based 
on:[16]

• Learning rules that are specified procedure for 
modifying the weights and biases of the network.

• Training is a procedure wherein a network is 
actually adjusted to do a particular job.

A schematic diagram of ANN model designed in 
the present investigation is shown in Figure 1. ANN 
architecture consists of nonlinear sigmoid activation 
function for hidden layer and linear activation 
function for the output layer. The network is trained 
by Levenberg-Marquardt feed forward method. The 
network consists of one hidden layer and one output 
layer. Each layer consists of multiple ANN nodes to 
perform intelligent accomplishment, and such one 
such node is illustrated in Figure 2. Equation (1) show 
net input function “η” and equation (2) present the 
nonlinear sigmoid activation functions.[16]

η = +
=
∑
i

n

i i
WX b

1  (1)

S
e

( )η η=
+ −
1

1  (2)

Where, Xi is input of network, Wi is a weight of input, 
and b is a bias of network.

Computational Details
The model is conceived as a multi-input single-output 
configuration. ANN model is simulated in MATLAB 
environment. It works basically with 80 inputs, 
namely, values of expression levels of 77 proteins, 
genotype, treatment type, and behavior. Class of a 
protein is considered as an output variable. Data pre-
processing applied for identifying the missing values 
from the dataset. As classification algorithms work 
on numeric values only, categorical variables are 
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converted into numerical form. The importance of 
variables is measured by executing “Random Forest” 
variable selection algorithm in Rattle, open source 
data mining tool.

The set of network algorithms and transfer functions 
are experimented to train the neural network. The 
experiment revealed that the Levenberg-Marquardt 
Back-Propagation algorithm with nonlinear sigmoid 
activation function is efficient for the training of 
ANN structure.[15] Table 1 summarizes the details 
of ANN architecture for present modeling. The 
learning of ANN is administered by cross-validation 
technique. This technique divides the data sets into 
three types, namely, training, validation, and testing 
by random sampling method.[15] The training dataset 
is used for the weight adjustment of ANN structure 
whereas validation set is used to get the parameters 
for learning algorithm as well as learning process 
control.

The quality assessment is carried out using test dataset 
and eventually evaluated in terms of mean squared error 
(MSE) and correlation coefficient (r). MSE is given by 
equation (3). The Yi represents the observed value, where, 
i = 1, 2,…….n denote the values of the class variable of 
the ith observation and denote the predicted value of the 
ith observation. The difference (Yi i−Y^ )  is termed as an 
error. Then, mean square error is defined as,[15]

MSE=
n

Y Y )
i i

i=1

n1 2

( −∑ 

 (3)

Figure 1 presents the typical feed forward ANN 
model used in this work. The number of neurons in 
the input layer is uniquely determined the shape of 
the training data, i.e., equal to the number of attributes 

in the dataset. ANN has exactly one output layer 
with a single node to determine protein class. The 
number of neurons in the hidden layer is determined 
by experimenting ANN with various parameters. The 
ANN provides the different form of output when the 
number of epochs is changed. In this investigation, 
number of hidden neuron and number of epochs have 
been varied to optimize the ANN architecture.

RESULTS AND DISCUSSIONS
We explored ANN modeling with different avenues 
regarding different network architectures that comprise 
network algorithm, training function, learning 
function, transfer function, number of hidden layers, 
number of neurons in hidden layer, number of epochs, 
dataset splitting, and performance combinations. This 
section expounds the investigation directed for the 
demonstrating of mice protein expression.

Figure 3a-d presents to the execution of ANN model 
of mice protein expression per variation in the number 
of epochs. An epoch is a measure of the number of 
times all of the training vectors are used once to update 
the weights. The greatest number of epochs can be 
set at the preceding end of the training procedure. In 
this investigation, number of hidden neurons is kept 
constant to 10. Table 2 summarizes the performance of 
ANN model with reference to gradient and mu (µ) for 
different combinations of hidden neurons and epochs. 
In addition to this, Table 3 also reveals the performance 
of ANN model related to MSE for networks with the 
hidden layer consisting 10, 30, and 50 neurons of a 
varied number of maximum epochs. Details of the 
experiment conducted by varying number of hidden 
neurons, number of maximum epochs and their 
performance are summarized in Table 3a-c.

Figure 1: Conceptual diagram of artificial neural network model.[7]

Figure 2: Single neuron node

Table 1: ANN architecture for mice protein expression 
modeling

ANN design 
parameters

ANN model for protein 
expression

Network type Feed forward back propagation
Training function Levenberg-Marquardt
Learning function LEARNGDM
Performance function Mean square error and 

correlation coefficient
Data division Random
ANN: Artificial neural network
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Tables 2 and 3a-c summarizes analysis of 
experiment conducted for the modeling of protein 
expressions. Table 2 summarizes the performance 
of the model in terms of gradient and mu (µ). 

Value of gradient converges to its minimum at a 
reasonably higher value of epoch and lower number 
of hidden neurons. The results clearly indicate that 
the model shows better performance at the higher 

Table 2: Performance of ANN model ‑ gradient, Mu(µ)

Maximum number of epochs 10 hidden neurons 30 hidden neurons 50 hidden neurons

Gradient Mu Gradient Mu Gradient Mu
25 0.0025643 1e-01 0.00037663 0.0001 0.019581 1e-01
50 1.01e-005 0.001 0.0003848 0.0001 0.00020 0.0001
75 4.37e-005 0.0001 0.0001322 1e-005 0.001234 0.01
100 4.86e-005 0.0001 0.0054231 1e-007 0.000789 0.01
MSE: Mean squared error, ANN: Artificial neural network

Table 3a: Performance of ANN when number of hidden neurons are 10

Maximum number 
of epochs

Training stopped 
at epoch

Best validation 
performance at epoch

MSE Pearson correlation coefficient

Training Validation Testing
25 17 11 5.6429e-005 1 0.9999 0.9999
50 50 50 1.0806e-005 1 1 1
75 6 0 2.9288e-007 1 1 1
100 6 0 6.0392e-007 1 1 1
MSE: Mean squared error, ANN: Artificial neural network

Figure 3: Variation of mean square error with a number of epochs for different hidden neurons. (a) Represents mean square 
error of the model at maximum epochs equals to 25 and hidden neurons equal to 10, (b) represents mean square error of the 
model at maximum epochs equals to 50 and hidden neurons equal to 10, (c) represents mean square error of the model at 
maximum epochs equals to 75 and hidden neurons equal to 10, and (d) represents mean square error of the model at maximum 
epochs equals to 100 and hidden neurons equal to 10

dc

ba
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value of epoch and lower value of a number of 
hidden neurons.

Table 3 summarizes that the MSE end up being least 
at higher values of epochs and lower value of hidden 
neurons. Figure 3a-d presents the variation of mean 
square error with a number of epochs for different 
hidden neurons and a maximum number of epochs.

The optimized ANN structure selected for the modeling 
of mice protein expression has 10 neurons in the hidden 
layer. The performance of ANN modeling pertaining 
to this is shown in Figure 4a-c. Figure 4a represents 
the MSE between training, testing and validation data 
at hidden neurons of 10, Figure 4b reveals gradient, 
mu, validation fail plot for the present model and 
Figure 4c depicts the correlation coefficient (r) of the 

Table 3b: Performance of ANN when number of hidden neurons are 30

Maximum number 
of epochs

Training stopped 
at epoch

Best validation 
performance at epoch

MSE Pearson correlation coefficient

Training Validation Testing
25 7 1 8.4368e-006 1 1 1
50 13 7 1.7791e-005 1 1 1
75 10 4 6.5383e-005 1 0.9999 1
100 15 9 0.00053404 1 0.99979 0.9999
MSE: Mean squared error, ANN: Artificial neural network

Table 3c: Performance of ANN when number of hidden neurons are 50

Maximum number 
of epochs

Training stopped 
at epoch

Best validation 
performance at epoch

MSE Pearson correlation coefficient

Training Validation Testing

25 14 8 0.00063884 1 0.99988 0.99995
50 26 20 0.00012594 1 0.99999 0.99999
75 6 0 2.9523e-005 1 1 1
100 6 0 8.9527e-005 1 1 1
MSE: Mean squared error, ANN: Artificial neural network

Figure 4: (a) Performance of selected artificial neural network (ANN) model for training, validation, and testing 
data, (b) performance of selected ANN model in terms of Gradient, Mu, and validation fail parameters, and (c) 
correlation coefficient for selected ANN model

c

ba
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expected output and output provided by the network at 
hidden neurons equal to 10. In this case, MSE is found 
to be 2.9288×10-7 at epoch 0 while the correlation 
coefficient (r) is 1, Gradient is 4.37×10-5, and Mu 
is 0.0001. Figure 4b shows variation in gradient 
coefficient with respect to a number of epochs. The 
final value of gradient coefficient at epoch number 
6 is 4.3754×10-5 which is approximately tending 
to zero. Minimum the value of gradient coefficient 
better will be training and testing of networks. From 
Figure 4b, it can be seen that gradient value goes on 
decreasing with increase in a number of epochs. The 
gradient attains the minimal range at epoch 6 which 
also leads to linear training graph indicating that there 
is no further training. From Figure 4c, it is clearly 
evident that the correlation coefficient becomes 1, 
which means that present model perfectly replicates 
the proteins expression levels in mice.

CONCLUSION
In this paper, we have reported modeling of expression 
levels 77 proteins which are considered critical to 
learning in the mouse model of DS using ANN. The 
dataset with 1080 samples of protein was selected for 
training the network model. The present investigation 
demonstrated optimum ANN architecture by varying 
its various attributes such as network algorithm, 
training function, learning function, transfer function, 
number of hidden layers, number of neurons in 
hidden layer, number of epochs, dataset splitting, 
and performance combinations. The resulted in ANN 
architecture Levenberg-Marquardt Back-Propagation 
method for training the model reveals preeminent 
performance at lower numbers of hidden neurons and 
further higher epochs. Thus derived neural network 
efficiently classifies protein samples into the given 
eight classes with very less error. The result suggests 
that the ANN has the potential to exhibit as the best 
tool for modeling of protein samples, thus learning by 
examples can be achieved. Authors are in a process 
to adopt the technique for prediction, modeling and 
designing of useful proteins for anti-aging drug design.
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ABSTRACT 

 
We report Random Forest (RF) modeling of expression levels of proteins critical to learning in a mouse 

model of Down syndrome and delivered detectable signals in the nuclear fraction of the cortex. A random 
forest is a collection of unpruned decision trees which are often used to model very large datasets. This work 
exhibits performance evaluation for various RF configurations and compare the classification accuracy. The 
reported investigation depicts optimum random forest architecture achieved by tuning the number of trees 
and choice of variables for partitioning the dataset. RF model, thus derived entails 50 trees in the forest with 8 
partitioning variables. Moreover the performance of the model is evaluated with reference to Out-of-bag 
(OOB) estimate of error rate.   
Keywords: Random Forest, Protein Expression, Down syndrome, Anti-aging, Decision Trees 
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INTRODUCTION 
 

Down syndrome (DS) is one of the most common genetic congenital causes of learning deficits [1]. DS, 
is a genetic perturbation of considerable complexity due to trisomy of the long (q) arm of human chromosome 
21 and the consequent increased level of expression of some subset of the genes it encodes [2]. There are 
barely any pharmacotherapies available for learning deficits in DS. Presently, protein expression modeling is 
also turning into an incontestably supportive strategy in microbial cell factories as the learning of the three-
dimensional structure of a protein would be a precious guide to take care of issues on protein generation. An 
interdisciplinary research program has recently been started by the authors with the goal of applying soft 
computational techniques for protein expressions, enzyme assays, phenotyping, metabolomics and 
engineering, selecting as well as identifying proteins with a desired activity. Protein expression modeling has 
been reported by number of researchers in the literature. Centeno et al presented an introduction to 
comparative modeling with special emphasis on the basic concepts, opportunities and challenges of protein 
structure prediction [3]. Alireza has depicted collection of Neural Networks to solve class imbalance problem 
of prediction of secondary protein structure [5]. Benuskova et al have revealed a methodology for using 
computational neurogenetic modeling to bring new original insights into how genes control the dynamics of 
brain neural networks [4]. Recently Azizi & Abadehave also reported sequential pattern matching for protein 
structure prediction [6]. Abd El-Rehim et al. have effectively demonstrated artificial neural network with a back 
propagation algorithm to identify key biomarkers driving the membership of archival tumor samples [7].  
 

In the backdrop of the research endeavors portrayed above, to the best of our knowledge there are 
no instances in the literature regarding application of optimum soft computing approach such as the random 
forest model for classifying mice protein expressions. This algorithm builds multiple decision trees, using a 
concept called bagging. Bagging is the idea of collecting a random sample of observations into a bag. Each bag 
of observations is then used as the training dataset for building a decision tree. In the present investigation, we 
demonstrate the modeling of 77 proteins expression levels measured in the cerebral cortex of 8 classes of 
control and Down syndrome mice exposed to context fear conditioning, a task used to assess associative 
learning. The dataset with 1080 samples of protein is selected for training the forest. The reported experiment 
is simulated in R and Rattle. R is an open source tool for statistical data processing data mining. Rattle is a 
graphical data mining package offers GUI for R. The results of the modeling are encouraging and show that the 
derived RF model efficiently classifies protein samples into the given eight classes with very less error. 

 
The rest of paper is structured as follows; after a brief introduction, second and third sections deals 

with the infusing theory of mice protein expression and Random Forest respectively. The fourth section 
outlines our computational details of the RF model with results and discussions. The conclusion at the end 
discusses aptness of the RF for modelling the mice protein expression. 
 
Mice Protein Expression: Theoretical Considerations  
 

The dataset for RF modeling contains a total of 1080 measurements per protein is taken from UCI 
data repository. It consists of the expression levels of 77 proteins/protein modifications that produced 
detectable signals in the nuclear fraction of the cortex.  The eight classes of mice are described based on 
features such as genotype, behavior and treatment. Table 1 lists set of mice classes and corresponding number 
of observations in the dataset.  Fig. 1 shows density of eight classes of mice described in the dataset. 
 

Table 1: Mice protein class details 
 

Mice Protein Class No. of Observations 

c-CS-s 135 

c-CS-m 150 

c-SC-s 135 

c-SC-m 150 

t-CS-s 105 

t-CS-m 135 

t-SC-s 135 

t-SC-m 135 
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Figure 1: Mice Class Density. Fig (a) Mice class density plot; Fig (b) Mice class plot. 

 
Random Forest: Theoretical considerations 
 

A random forest is collection of unpruned decision trees. It is often used when there is a very large 
training datasets and a very large number of input variables. This model is typically made up of tens or 
hundreds of decision trees [10]. These models are generally competitive with nonlinear classifiers.  

 
Random forests is a supervised learning method for classification, that operate by constructing a large 

number of decision trees at training time and outputting the class that is the mode of the classes or mean 
prediction of the individual trees [8, 11]. Here each individual tree will over fit the data and the randomness is 
in the selection of both observations and choice of variables for partitioning the dataset. The algorithm 
generates multiple classification and regression trees (CART), and the final classification result is voted among 
all the trees in the "forest". Random forest classification algorithm is given in fig. 1. 
 

 
 

Figure 2: Random forest classification algorithm 

 
In the present investigation, the performance of the resulting model is evaluated by OOB [9]. The out-

of-bag (OOB) estimate of the error rate is calculated using the observations that are not included in the “bag", 
the “bag" is the subset of the training dataset used for building the decision tree, hence the “out-of-bag" 
terminology. This overall measure of accuracy is then followed by a confusion matrix that records the 
disagreement between the final model's predictions and the actual outcomes of the training observations. 
Performance of the model can be pictorially represented using Receiver Operating Characteristic (ROC) curve. 
It plots the true positive rate against the false positive rate. Error plot is useful for deciding optimal number of 
trees to build. Plot error rate progressively for the number of trees built.  
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COMPUTATIONAL DETAILS, RESULTS AND DISCUSSIONS 
 

This section explores details of experiment conducted for the classification of mice protein 
expressions with different RF architectures. R and Rattle were used to analyze model structure, number of 
trees in the forest and choice of variables for partitioning the dataset [12]. We used the training data set for 
the parameter adjustment of model whereas validation set to control learning process. We carried out 
performance evaluation for various RF configurations and compare the classification accuracy. RF builds many 
decision trees using random subset of data and variables. We used the RANDOMFOREST package for 
classification by random forest classifiers. For classification, the corresponding method implements Breiman’s 
random-forest algorithm discussed elsewhere in the literature [7]. The said method is proven for assessing 
proximities among data points in unsupervised mode. 

 
In the present investigation, model is tuned with two parameters ntree and ntry to get optimized forest 

architecture. The parameter ntree specifies how many trees are to be built to populate the random forest 
where as ntry specifies the number of variables that will be considered at any time in deciding how to partition 
the dataset. We have demonstrated RF modeling per variation in ntree and ntry.  The entire experiment is 
summarized in table 2. We have varied value for ntree from 20 to 200 and value for ntry from 5 to 15. Table 2 
shows performance of RF model with reference to OOB estimate of error rate. Random forest has selected 756 
observations randomly to build the model. We have exploited error plot and ROC curve as useful diagnostic 
tool for our random forest modeling. Figure 3(a-d) presents error plots for the execution of RF models per 
variation in ntree and ntry. The plot reports the accuracy of the forest of trees (in terms of error rate on the y-
axis) against the number of trees that have been included in the forest (the x-axis). Figure 4(a-d) presents the 
ROC curves for different architectures based on the out-of-bag predictions for each observation in the training 
dataset. The performance of the resulting random forest model tends not to degrade as the number of trees 
increases, though computationally it takes longer time and implies more inherent complexity to use when 
scoring, and often there is little to gain from adding too many trees to a forest.  
 

 
 

Figure 3: Error plots for RF models per variation in ntree and ntry. Fig.(a) represents mean square error of RF model with 
ntree is 20 and ntry is 5; Fig.(b) represents mean square error of RF model with ntree is 30 and ntry is 12; Fig.(c) represents 

mean square error of RF model with ntree is 40 and ntry is 15; Fig.(d) represents mean square error of RF model with ntree is 
150 and ntry is 5. 
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Table 2: Performance evaluation for accuracy of Random forest Configurations 
 

 OOB estimate of error rate 

No. of Variables 
No. of Tree 

5 8 12 15 

20 4.76% 1.32% 1.46% 0.4% 

25 2.78% 0.53% 0.53% 0.13% 

30 1.72% 0.13% 0.53% 0 

35 0.66% 0.13% 0.13% 0.26% 

40 0.79% 0.4% 0 0.13% 

45 0.53% 0.13% 0% 0.26% 

50 0.79% 0 0 0.13% 

75 0.66% 0 0 0 

100 0.13% 0 0 0 

150 0.13% 0 0 0 

200 0 0 0 0 

 

 
Figure 3: the ROC curves for RF models per variation in ntree and ntry based on the out-of-bag predictions for each 
observation in the training dataset. Fig.(a) represents ROC curve of RF model with ntree is 20 and ntry is 5; Fig.(b) 

represents ROC curve of RF model with ntree is 30 and ntry is 12; Fig.(c) represents ROC curve of RF model with ntree is 40 
and ntry is 15; Fig.(d) represents ROC curve of RF model with ntree is 150 and ntry is 5. 

 
The optimized RF architecture selected for the modeling of Mice Protein Expression entails 50 trees in 

the forest with 8 partitioning variable. RF Model has selected 756 observations randomly to build the forest. 
Fig. 4 details the structure of optimized RF model selected. The performance of RF modeling pertaining to this 
is shown in figure 5(a-b). In this case, OOB estimate error rate found to be 0.  The dataset with 1080 samples of 
protein is selected for RF modeling. The selected RF model demonstrates importance of variables and based 
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on this 756 observations randomly selected for modeling of mice protein expressions. Fig. 5 shows the relative 
importance of the variables of the dataset taken under the study.  
 

 
 

Figure 4: Textual representation of selected RF model 

 
Figure 5: Performance of selected RF model with ntree is 50 and ntry is 8; Fig(a) represents mean square error plot; Fig(b) 

represents ROC curve based OOB 
 

 
 

Figure 5: Measure of variable importance 
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Thus derived RF architecture efficiently classifies new protein samples with very less error. We have 
tested model with known protein samples. Fig. 6 shows the result obtained in terms of error matrix by 
applying the test dataset on the derived RF model. Result concludes that RF modeling is a suitable approach 
since the resulting analysis is much more accurate and precise. 
 

 
 

Figure 6: Execution result of RF model on test dataset 

 
CONCLUSION 

 
In the present paper, we have reported modeling of expression levels 77 proteins which are 

considered critical to learning in the mouse model of Down syndrome using Random forest technique. The 
dataset with 1080 samples of protein were selected for aforesaid modeling. The present investigation 
demonstrated optimum RF architecture by varying its various attributes such as number of trees and choice of 
variables for partitioning the dataset. The resulted RF architecture entails 50 trees in the forest with 8 
partitioning variable. RF Model has selected 756 observations randomly to build the forest.  Thus derived RF 
model efficiently classifies protein samples into the given eight classes with very less error. The result suggests 
that the RF has the potential to exhibit as the best tool for modeling of protein samples. Authors are in a 
process to adopt the technique for prediction, modeling and designing of useful proteins for anti-aging drug 
design. 
 

ACKNOWLEDGEMENT 
 

We gratefully acknowledge the dataset obtained from the UCI Machine Learning Repository, specifically the 
Mice Protein Expression Data Set available at http://archive.ics.uci.edu/ml/datasets/Mice+Protein+Expression  
 

References 
 

[1] Irving C, Basu A, Richmond S, Burn J,  Wren C.  Eur J Hum Genet 2008; 16(11): 1336–40. 
[2] Wiseman F, Alford K, Tybulewicz V,  Fisher E. HumMolGenet 2009; 18(R1): 75–83.  
[3] Centeno N, Planas-Iglesias J,  Oliva B. Microb Cell Fact 2005; 4(1): 20.  
[4] Benuskova L, Jain V, Wysoski S, Kasabov N. Int. J. Neur. Syst. 2006; 16(03): 215-226.  
[5] Alirezaee M. Int. J. Artificial Intelligence & Applications 2012; 3(6): 9-20.  
[6] Azizi M, Abade M. J. Artificial Intelligence & Applications 2015; 6(4): 31-42. 
[7] Abd El-Rehim D, Ball G, Pinder S, Rakha, E, Paish C, Robertson J. et al. International Journal Of Cancer 

2005; 116(3): 340-350.  
[8] Breiman L. Machine Learning 2001; 45(1): 5-32. 
[9] Graham W. Data Mining with Rattle and R: The Art of Excavating Data for Knowledge Discovery. 

Springer, UK, 2011, pp. 50-53.  
[10] Kamath R, Kamat R. Educational Data Mining with R and Rattle, River Publishers, Netherland, 2016, 

pp. 30-32 
[11] Kamath R, Kamat R. Int. J. Information Technology, Modeling and Computing 2016; 4(1): 19-30.  
[12] Andy L, Matthew W. R News 2002; 2(3) 2-4. 



Indian Journal of Natural Products and Resources 
Vol. 7(2), June 2016, pp. 125-134 
 
 
 
 
 
 

Comprehensive investigation of free radical quenching potential,  
total phenol, flavonoid and saponin content, and chemical profiles  
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India represents eighteen species of genus Chlorophytum Ker Gawl., which are cumulatively known and used as Safed 
Musali. Out of these, Chlorophytum borivilianum Santapau & R.R.Fern is extensively utilized by virtue of a wide array of 
bioactivities. In the present study, comparative analysis of twelve species of the genus Chlorophytum including  
C. borivilianum was done to find its alternative with respect to phytochemical content and antioxidant potential. Among all 
species analyzed, C. amaniense Engl. showed highest phenol (654.5 mg/g), flavonoid (191.1 mg/g) and saponin (7.42 %) 
contents. Highest DPPH free radical quenching activity was observed in C. amaniense Engl. (86.97 %) which was nearly  
30 % more than that of C. borivilianum. HPTLC chemical fingerprint of all the Chlorophytum species was established 
showing a visible difference in the band pattern and intensities. HPTLC fingerprint of C. amaniense showed presence of 
maximum number of bands with high intensity. GC-MS analysis of all the extracts of twelve species revealed presence of  
35 different molecules and/or fragments of molecules. Present study may be the first systematic and comparative evaluation 
of the genus Chlorophytum, indicates C. amaniense Engl. as an alternative to C. borivilianum. 

Keywords: Antioxidant activity, Chlorophytum Ker Gawl., GC-MS, HPTLC, Saponins.  

IPC code; Int. cl. (2015.01)− A61K 36/00, A61K 125/00, A61P 39/00 

Introduction 
Family Asparagaceae covers one of the major 

genera, Chlorophytum Ker Gawl., a member of 
subfamily Agavoideae1. Genus Chlorophytum 
comprises of more than 215 species, 6 subspecies and 
8 varieties which are distributed around the world2. 
This genus is represented by 18 species in India; of 
which 16 species are found in Western Ghats alone3. 
Most of the members of genus Chlorophytum are 
known under general term Safed Musali and 
Chlorophytum borivilianum Santapau & R.R.Fern is 
the most popularly marketed medicinal herb under 
this common nomenclature since roots of this plant 
are regarded as a ‘Rasayana’ class of drug in 
Ayurveda4. More than 100 health related issues like 
rheumatoid arthritis, hemorrhagic shock, CVS disorders, 
cystic fibrosis, metabolic disorders, neurodegenerative 
diseases, gastrointestinal ulcerogenesis, etc. are 

managed or treated by using Rasayana drugs5-8. A 
systematic review of sixteen Chlorophytum species 
with special reference to their physiology, occurrence, 
chemical constitution, ethnobotanical usage and 
different biological activities in Ayurvedic perspectives 
has been reported earlier9.  

A number of researchers have investigated various 
species of Chlorophytum with respect to their 
biological activities; however, species like  
C. borivilianum and C. tuberosum (Roxb.) Baker have 
been studied extensively while others were largely 
overlooked. In India, out of available eighteen 
Chlorophytum species, only C. borivilianum is 
commercially cultivated, which maybe because of 
sufficient knowledge generated in respect to its 
phytochemical content and medicinal activities. A 
wide array of actions of C. borivilianum, viz. 
aphrodisiac, immunomodulatory, anthelmintic, 
antioxidant, antiulcer, anti-stress, anti-tumor and 
antimutagenic activities are reported10-16.  

The major consumers of root powder of Safed 
Musali (Chlorophytum species) are from USA, UK, 
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Australia, Japan, China and European Union 
countries. China and Japan are the top consumers 
having highest per capita consumption of herbal 
medicines. In the last decade, annual demand for  
C. borivilianum in India alone was 35000 tones as 
against supply of 5000 tones17. There is huge gap in 
supply because only C. borivilianum is in demand; 
which may be due to presence of detailed scientific 
studies on it. This situation arose because the need for 
finding an alternative to C. borivilianum and scientific 
comparison of rest of the species with respect to their 
phytochemical and pharmacological activities is 
largely overlooked. Reports, though scanty, suggest 
that all the species found in India demonstrate parallel 
bioactivities but due to lack of reliable scientific data, 
the demand is creating pressure on C. borivilianum 
only17. Hence, a systematic comparison of twelve 

Chlorophytum species with special reference to their 
antioxidant activity, total phenols, saponins  
and flavonoids content, HPTLC fingerprinting and 
GC-MS analysis was undertaken with the aim to find 
a suitable alternative to C. borivilianum. 
 

Materials and Methods 
Analytical grade organic solvents, chemicals, 

reference compounds, 2,2-diphenyl-1-picrylhydrazyl 
(DPPH) etc. were used and procured from Sigma-
Aldrich (India). HPTLC silica gel 60 (without 
fluorescence) plates were purchased from Merck 
(Mumbai, India). 
 
Plant material 

Twelve Chlorophytum species (Plate 1) were 
collected during rainy seasons of 2009 to 2012 from 
different locations of Western Ghats and after 

 
 
Plate 1—Chlorophytum Ker Gawl. species growing in natural habitat. a) C. nimmonii Dalzell, b) C. amaniense Engl., c) C. laxum R. Br., 
d) C. tuberosum (Roxb.) Baker, e) C. glaucoides Blatt., f) C. belgaumense, g) C. comosum (Thunb) Jacq., h) C. bharuchae Ansari, i) 
C. gothanense Malpure & S.R.Yadav, j) C. borivilianum Santapau and R.R.Fern, k) C. glaucum Dalzell and l) C. kolhapurense Sardesai) 
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phenotypic characterization, identification was done 
with the help of expert taxonomist Prof. S R Yadav, 
Department of Botany, Shivaji University, Kolhapur. 
Specimens were maintained in the botanical garden 
of the Department of Botany, Shivaji University and 
voucher specimens were deposited in the herbarium 
at Shivaji University. Details of specimen collected, 
location of collection with GPS coordinates along 
with voucher specimen number are given in Table 1.  
 

Preparation of plant extracts 
Tubers were harvested from intact plant body in 

the month of November 2012, washed with tap 
water and dried in hot air oven at 40 °C for 2-3 
days. For analysis of each plant, 5-7 similar size 
rhizomes were pooled together to avoid inter 
species difference in the chemical fingerprint. Dried 
tubers were homogenized in an electric blender to 
pass through 1 mm sieve and stored in airtight 
containers for further use. Powdered material (5 g) 
of each plant was defatted three times with 50 mL 
n-hexane and dried. Defatted powdered tubers were 
extracted with 50 mL of 60 % methanol in water. 

Extracts were filtered, concentrated and dried under 
vacuum. Dried extracts were dissolved in 30 mL 
water and extracted three times with equal volume 
of n-butanol. After partitioning, n-butanol extract 
was concentrated to dryness and the resultant 
residues were dissolved in 2 mL methanol and 
again precipitated using 40 mL diethyl ether. 
Precipitate so formed was collected by 
centrifugation (2000 rpm at 5 °C for 20 min) and 
re-dissolved in methanol to achieve stock 
concentration at 10 mg/mL for further analysis18. 
 
Total phenol content  

The amount of total phenolics present in extracts of 
all Chlorophytum species was determined (as gallic 
acid equivalent μg/mg of extract) using the  
Folin-Ciocalteau reagent as described earlier19. A 
gallic acid standard curve (R2 = 0.9) was used to 
measure the phenolic content. 
 
Total flavonoid content  

The amount of total flavonoids (as Quercitin 
equivalent μg/mg of extract) present in extracts of 

Table 1—List of Chlorophytum Ker Gawl. species, voucher information and GPS coordinates of collection location 

S. No. Chlorophytum species Voucher number (Collection year) Location (GPS) 

1. C. nimmonii Dalzell SUK 104 (2011) Kondushi 
(16°12'36.3"N 74°00'01.3"E) 

2. C. amaniense Engl. SUK 749 (2009) Ornamental plant 
3. C. laxum R. Br. SUK 105 (2012) Shivaji University, Kolhapur 

(16°40'24.9"N 74°15'15.1"E) 
4. C. tuberosum (Roxb.) Baker SUK 101 (2011) Ratnagiri 

(17°00'19.9"N 73°19'39.5"E) 
5. C. glaucoides Blatt. SUK 111 (2012) Tillari 

(17°56'23.7"N 73°37'57.9"E) 
6. C. belgaumense Chandore Chandore 1113 (2010) Khanapur belgaum 

(15°40’49.0”N 74°30’09.5”E) 
7. C. comosum (Thunb) Jacq. SUK 765 (2012) Ornamental plant 
8. C. bharuchae Ansari ANC 700 (2009) Adi Chikkodi 

(16°29'54.8"N 74°21'06.1"E) 
9. C. gothanense 

Malpure & S.R.Yadav 
SUK 103 (2011) Kondushi, Gargoti 

(16°12'41.1"N 73°59'24.1"E) 
10. C. borivilianum Santapau & 

R.R.Fern 
SUK 100 (2011) Kasedi Poladpur 

(17°54'07.8"N 73°26'14.2"E) 
11. C. glaucum Dalzell SUK 110 (2012) Tillari 

(15°46'42.6"N 74°10'18.4"E) 
12. C. kolhapurense Sardesai SUK 106 (2012) Sutagatti ghat 

(16°02'31.9"N 74°29'21.5"E) 
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collected Chlorophytum species was determined using 
aluminium chloride reagent20. A Quercetin standard 
curve (R2 = 0.9) was used to measure the total 
flavonoid content 
 
Total saponin content  

Total Saponin content (as Quillaja saponin 
equivalent μg/mg of extract) in final saponin rich 
extracts was determined by the colorimetric method 
using vanillin sulphuric acid. In this, extract (10 µL) 
diluted with distilled water (90 µL) was mixed with 
vanillin (8 % w/v in absolute ethanol) and sulphuric 
acid (72 %). This mixture was incubated for 10 min 
at 60 °C and cooled in ice bath. Following vigorous 
shaking, absorbance was measured at 538 nm. 
Quillaja saponin was used as a reference standard 
and standard curve (R2 = 0.9) was used to measure 
the total saponin content21. 
 
DPPH free radical scavenging assay 

Comparative antioxidant capacity of all the species 
of Chlorophytum collected was confirmed by the 
DPPH scavenging assay with slight modification22. 
Different concentrations (10 to 100 μg/mL) of the 
extracts and ascorbic acid (standard) were thoroughly 
mixed with 5 mL of methanolic DPPH solution  
(33 mg/L) in test-tubes and the resulting solution was 
kept standing for 10 min at 37 °C before the optical 
density (OD) was measured at 517 nm. The 
measurement was repeated with three sets and an 
average of the readings was considered. The 
percentage radical scavenging activity was calculated 
using the following formula: 
% scavenging [DPPH] = [(A0 − A1)/A0]  100 
where; A0 was the absorbance of the control and A1 is 
the absorbance in the presence of the samples.  
 
HPTLC fingerprint analysis 

Sample solutions (1 mg/mL) along with standard 
saponin (1 mg/mL) obtained from Sigma-Aldrich, 
USA were applied (band length 10 mm, 150 nL/s 
delivery speed, distance from the edge 10 mm) with 
the help of a Camag Linomat 5 applicator (CAMAG, 
Muttenz, Switzerland) on HPTLC silica gel 60  
pre-coated plates 20 cm x 10 cm (Merck). Nitrogen 
was used as carrier gas for the sample application.  
A mobile phase comprising of chloroform: acetic 
acid : methanol: water (6.4:3.2:1.2:0.8) was used. 
Solvent system was added to twin trough chamber 
for saturation for about 20 min and then the plate 
was allowed to develop in an upward direction with 

migration distance of 90 mm. After development, the 
plates were derivatized by vanillin sulphuric acid 
reagent, anisaldehyde reagent and phosphomolybdic 
acid reagent separately. It was air-dried at room 
temperature and then heated at 100 °C for 15 
min23,24. Data was processed by win CATS 
1.4.4.6337 (CAMAG) software. 
 
GC-MS analysis 

Gas chromatography coupled with mass 
spectrometry was used for identifying compounds 
present in the saponin-rich extracts of all 
Chlorophytum species. The analysis was executed 
with the help of Agilent Technologies 7890 
instrument comprising of head space injector and 
combipal auto sampler coupled to MS and was 
operating in 70 eV Electron Impact mode. HP5 
column (30.0 m x 0.25 mm x 0.25 µm) was used for 
separation of compounds. Helium was used as a 
carrier gas at a constant flow rate of 1.0 mL/min. The 
split ratio of 20:80 was used for injection of 1 µL of 
sample solution (1 mg/mL) at 280 °C. The 
temperature program of oven commenced at 80 °C, 
was held for 1 min and further increased to 280 °C  
(80 to 200 °C at 3 °C/min and 200 to 280 °C at  
7 °C/min), injector temperature was kept at 280 °C25. 
The qualitative analysis was done in full scan 
acquisition mode. Interpretation of mass spectrum 
from GC-MS was done using NIST/EPA/NIH Mass 
spectral database (NIST 11) with NIST MS search 
program v.2.0 g. The mass spectra of unknown 
compounds were compared with the spectrum of 
known molecules stored in NIST library. 
 
Results and Discussion 

The tubers of the twelve Chlorophytum species 
were processed and used for extraction and 
comparative radical scavenging, HPTLC finger print 
development and GC-MS profiling. 
 
Phytochemical analysis (Total phenol, flavonoids and saponin 
contents) 

Plant-derived compounds belonging to phenol 
group contribute largely in demonstrating free radical 
scavenging26. Among all the species analyzed,  
C. amaniense gave highest total phenol contents 
(654.5 mg/g) followed by C. borivilianum  
(429.5 mg/g) whereas C. glaucoides Blatt. had least 
total phenol content (57.5 mg/g) of the total extract. 
The total phenol content of remaining species ranged 
in between 72.5 to 159.5 mg/g of total extract.  
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The phenol content of individual sample is shown in 
Table 2. 

Total flavonoid contents of the twelve species 
reported as quercetin equivalent were found between 
48 to 191.1 mg/g (Table 2). C. amaniense had the 
highest flavonoid content (191.1 mg/g), where as  
C. nimmonii Dalzell had lowest flavonoid content 
(48.0 mg/g). Flavonoid content of most utilized and 
studied C. borivilianum was found to be 93.4 mg/g, 
which was far lower than C. amaniense even  
C. bharuchae Ansari was superior to it with respect to 
flavonoids content (154.3 mg/g).  

A wide range of biological activities are attributed 
to saponin class of plant-derived secondary 
metabolites and comprehensive studies have been 
conducted by researchers to validate bioactivities of 
saponins27. The presence of saponins, viz. 
stigmasterol and hecogenin is considered to be the 
molecules responsible for imparting aphrodisiac 
properties to members of the genus Chlorophytum, 
especially C. borivilianum28,29. These qualities of 
Musali may be responsible for gaining it a very 
respectable place as Vajikaran Rasayana in the 
Indian System of medicine i.e. Ayurveda30. Hence, 
the saponin content was evaluated in the twelve 
species which ranged from 1.89 to 7.42 % (w/w). 
The most investigated C. borivilianum ranked third 
with 4.85 % saponin content. C. amaniense had 
highest total saponin content (7.42 %) followed by 

C. laxum R. Br. (6.53 %). C. glaucoides and C. 
tuberosum (Roxb.) Baker showed comparable 
saponin content (4.61 and 4.76 %, respectively)  
to that of C. borivilianum. Other species, viz.  
C. gothanense Malpure & S.R.Yadav, C. comosum 
(Thunb) Jacq. and C. belgaumense showed 3.05, 
3.20 and 3.78 % total saponins, respectively. 
Whereas, C. kolhapurense Sardesai, C. bharuchae, 
C. nimmonii and C. glaucum Dalzell showed less 
than 3 % saponin content i.e. 1.89, 2.01, 2.22 and 
2.33 %, respectively (Table 2). The saponin content 
in various species of genus Chlorophytum with 
special reference to their types, content and 
biological activities have been reviewed with major 
focus on C. borivilianum by a number of researchers 
and are systematically compiled and documented31. 
Variation in the saponin content (2-17 %) in  
C. borivilianum has been reported32, which may be 
due to change in the genotypes. Literature search 
revealed maximum number of reports on saponin 
content focused on C. borivilianum indicating that 
less attention has been paid towards the remaining 
species.  
 
DPPH free radical scavenging activity 

DPPH free radical scavenging potential was 
evaluated at various concentrations (10-100 μg/mL) 
of methanolic extracts. For the ease of comparison, 
antioxidant activity and radical scavenging activities 
at 100 μg/mL only are given here. A significant 

Table 2—Total phenol content (TPC), Total flavonoid content (TFC), Total saponin content and % DPPH scavenging activity  
of twelve different Chlorophytum species 

S. No Name of Chlorophytum species TPC 
(mg GAE/g extract) 

TFC 
(mg quercetin/ 

g extract) 

Total saponin 
content 

(%) 

% DPPH scavenging 
( at 100 µg/mL) 

1. C. nimmoni Dalzell 83.5 48.0 2.22 32.18 
2. C. aminense Engl. 654.5 191.1 7.42 86.97 
3. C. laxum R. Br. 113.0 50.3 6.53 33.43 
4. C. tuberosum (Roxb.) Baker 93.5 104.3 4.76 28.33 
5. C. glaucoides Blatt. 57.5 74.6 4.61 29.75 
6. C. belgaumense Chandore 139.5 74.6 3.78 33.96 
7. C. comosum (Thunb) Jacq. 118.5 57.4 3.20 32.60 
8. C. bharuchae Ansari 159.5 154.3 2.01 34.53 
9. C. gothanense Malpure &  

S. R. Yadav 
154.5 110.1 3.05 33.00 

10. C. borivilanum Santapau and  
R. R. Fern 

429.5 93.4 4.85 62.86 

11. C. glaucum Dalzell 72.5 56.5 2.33 31.88 
12. C. kolhapurense Sardesai 78.5 48.0 1.89 31.24 
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variation in all the species was observed ranging 
from 28.33 to 86.97 % (Table 2). Highest DPPH  
free radical quenching activity was observed in  
C. amaniense (86.97 %). C. borivilianum showed 
62.86 % antioxidant activity, which was around  
30 % lower than that of C. amaniense.  
The remaining species showed much lower 
antioxidant activities ranging from 29.75 to 34.53 % 
at 100 μg/mL concentration. Saponins, phenolics, 
flavonoids, alkaloids, pigment molecules, etc. are the 
major groups of compounds which demonstrate 
antioxidant properties33. A highly significant 
correlation between total phenols and radical 
scavenging potential has been reported in various 
studies in a number of plant species26,25. Similarly a 
correlation between saponin content and antioxidant 
activity has been reported earlier27. The present 
observations are in partial agreement with these 
reports regarding the total phenol and saponin 
content and its positive correlation with antioxidant 
activity. The present study indicates that total phenol 
plays a vital role in imparting radical scavenging 
activity and C. amaniense emerged as a superior 
alternative to C. borivilianum with respect to total 
phenols, flavonoids, saponins and antioxidant 
activity.  
 
HPTLC profiling 

In the present study, a chemical fingerprint of 
twelve different Chlorophytum species with respect to 
saponins was established. A solvent system 
comprising of chloroform, glacial acetic acid, 
methanol, water (6.4: 3.2: 1.2: 0.8) showed optimum 
resolution and better separation as compared to all 
other solvent systems tried. There was a need of 
derivatization with the help of chemical reagent for 
visualization of saponins since they do not show 
fluorescence quenching in UV range (254 and 366 
nm). Saponins were derivatized using three different 
reagents, viz. anisaldehyde, phosphomolybdic acid 
and vanillin-sulphuric acid23. As far as the stability of 
colour developed on chromatogram was concerned, 
vanillin-sulphuric acid reagent gave better colour 
stability of bands than that of anisaldehyde reagent. 
Use of phosphomolybdic acid could not display 
colour variation in chromatogram as in vanillin-
sulphuric acid and anisaldehyde reagent. Display of 
various characteristic colour bands of varying 
intensities were observed in a qualitatively developed 
HPTLC plate (Plate 2). Distinct bands of blue, violet, 
grey, reddish brown and brown colours representing 

different saponins could be observed and are in 
agreement with earlier reports34,35. Each track 
corresponding to individual Chlorophytum species 
was scanned at 540 nm as a function of Rf value; each 
peak at different Rf value represented individual 
compound. Number of bands in different species of 
Chlorophytum ranged in between 7 to 12. The 
chromatogram revealed that most of the molecules  
are common in all the species though there are 
variations in the area under peak of the respective 
band. C. amainense showed maximum 12 distinct 
peaks where as other species showed merging of 
major bands of lower Rf values suggesting presence 
of more than one molecule having similarity in 
structures. The peak pattern of lower Rf value 
molecules in C. borivilianum, C. belgaumense,  
C. laxum, C. gothanense, C. nimmonii, C. glaucum,  
C. kholapurense, C. glaucoides and C. tuberosum  
was almost similar with slight difference in the 
concentrations of corresponding molecules as 
observed by variation in the area under peak. A track 
wise comparative HPTLC profile scanned at 540 nm 
after application of equal concentration of extracts of 
all the Chlorophytum species studied is presented in 
Plate 3.  
 
GC-MS analysis 

Extracts of the twelve Chlorophytum species 
under study were subjected to GC for separation  
and further to MS analysis of separated molecules. 

 
 
Plate 2—HPTLC analysis for separation of saponins, HPTLC 
plate after derivatization by vanillin sulphuric acid reagent (white 
light), profiles of 12 Chlorophytum Ker Gawl. species (where 1- 
C. nimmonii Dalzell, 2- C. amaniense Engl., 3- C. laxum R. Br., 
4- C. tuberosum (Roxb.) Baker, 5- C. glaucoides Blatt., 6- C. 
belgaumense, 7- C. comosum (Thunb) Jacq., 8- C. bharuchae 
Ansari, 9- C. gothanense Malpure & S.R.Yadav, 10- C. 
borivilianum Santapau & R.R.Fern, 11- C. glaucum Dalzell and 
12- C. kolhapurense Sardesai). 
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Interpretation of mass spectrum from GC-MS  
was done using NIST/EPA/NIH mass spectral 
database (NIST 11) with NIST MS search program 
v.2.0 g. The mass spectra of unknown compounds 
were compared with the spectrum of known 
molecules stored in NIST library. An array  
of molecules was observed to be present in the 
extracts subjected to GC-MS analysis. Cumulatively, 
peaks with retention times (Rt) ranging from 3.1  
to 32.2 min were detected. NIST 11 database  
could detect nearly 35 molecules, out of which 
nearly 40 % compounds appeared to be fragments  
of some other molecules which were not available  
in the database. A comprehensive list of all 
compounds and their presence or absence in the 
respective Chlorophytum species is presented in 
Table 3.  

World Health Organization estimates that nearly  
80 % world population still relies on plant based 
medicines to cater its primary health care needs36. In 
developed countries, phyto-pharmaceuticals are 
regarded as complementary or alternative medicine 

and their popularity is observed to be increasing. 
United State Food Drug Administration regulates 
such botanicals as food rather than drugs37. In the 
last twenty years, pharmaceutical sector all over the 
world has invested a lot of money to conduct 
research on pharmacological, clinical and 
phytochemical analysis in anticipation of developing 
more potent plant drugs38. As far as genus 
Chlorophytum is concerned, its members harbor a 
wide array of secondary metabolites, saponins being 
the dominant with varying concentrations.  
C. borivilianum is considered to be economically 
important probably due to higher content of saponins 
and is utilized to prepare a variety of drug 
formulations like tonic, massage oil, capsule, 
powder, etc. by different phytopharmaceutical 
companies39. More than 95 % of the available 
quantum of C. borivilianum is collected from the 
forests17. Continuous increase in the magnitude  
of medicinal plant market indicates a very  
high economic importance of Safed Musali at 
international level30.  
 
 

 
 
Plate 3—A track wise comparative HPTLC profile scanned at 540 nm after application of equal concentration of extracts of all 
the species of Chlorophytum Ker Gawl. (where 1- C. nimmonii Dalzell, 2- C. amaniense Engl., 3- C. laxum R. Br., 4- C. 
tuberosum (Roxb.) Baker, 5- C. glaucoides Blatt., 6- C. belgaumense, 7- C. comosum (Thunb) Jacq., 8- C. bharuchae Ansari, 9- C. 
gothanense Malpure & S.R.Yadav, 10- C. borivilianum Santapau & R.R.Fern, 11- C. glaucum Dalzell and 12- C. kolhapurense 
Sardesai). 
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Table 3—Compound and/or fragments of molecules detected in extracts of twelve Chlorophytum Ker Gawl. species by GC-MS 
Plant species S. No. Compound name  Rt 

(min) 1 2 3 4 5 6 7 8 9 10 11 12 
1. Formic acid, ethenyl ester 3.1 + + - - - + + - + - - + 
2. 1H-Tetrazole, 1-methyl- 3.4 - - - - - + - - - - - - 
3. Glycerin 3.5 - - - - + - - - - - - - 
4. 2-Cyclopenten-1-one,  

2-hydroxy- 
3.5 - - - - - + - - - - - - 

5. Benzeneacetaldehyde 4.6 - - - - - - + - - - - - 
6. 1-amino-2,6-

dimethylpiperidine 
4.7 - - - - - + - - - - - - 

7. Guanethidine 4.9 - + - - - - - - - - - - 
8. Cyclopropylcarbinol 5.5 - - - - - - - - + - - - 
9. 4H-Pyran-4-one,2,3-dihydro-

3,5-dihydroxy-6-methyl- 
6.4 - - - - - - + - - - - - 

10. 2-Furancarboxaldehyde, 
5-(hydroxymethyl)- 

7.4 - - - + - + + - - - - - 

11. Hydroquinone 7.9 + + - + - - - + - - - - 
12. DL-Proline, 5-oxo-, methyl 

ester 
9.6 + + - - + - - + - + - - 

13. 4-Hydroxy-2-
methylacetophenone 

10 - - - - - - - - - - + - 

14. Benzene, 1-chloro-4-
methoxy- 

10.1 - - - + - - - - - - - - 

15. L-phenylalanine, methyl ester 10.4 - - - - - - - - - + - - 
16. 1,3-Propanediol,2-

(hydroxymethyl)-2-nitro 
10.9 - - - - - - - - - + - - 

17. Ethanone,1-(4-hydroxy-3-
methoxyphenyl)- 

11.5 - - + - - - - - - - - - 

18. Methyl-α-d-ribofuranoside 11.6 - + - + - - - - - - - - 
19. Phenol, 2,4-bis(1,1-

dimethylethyl)- 
11.8 + - - - + - - - - + - - 

20. Adipic acid, diphenyl ester 11.9 - + - - - - - - - - - - 
21. Benzoic acid, 4-ethoxy-,  

ethyl ester 
12 - - - - - - - + - - - - 

22. 2-Butenedioic acid (Z)-, 
dibutyl ester 

12.2 - - - - - - - + + - - - 

23. Lactose 12.4 - - - - - - - - - - - + 
24. 3’,5’-Dimethoxyacetophenone 12.6 - - + - - - - - - - - - 
25. Benzeneacetic acid,  

4-hydroxy-3-methoxy- 
13.9 - - + - - - - - - - - - 

26. Tertadonium bromide 14.3 - - - + - - - - - - - - 
27. 1-Tetradecanamine, N,N-

dimethyl- 
14.6 - - - - - + - - - - - - 

28. Phenol,4-(3-hydroxy-1-
propenyl)-2-methoxy- 

15.1 - - - + - - - - - - - - 

29. 1-Nonanamine, N,N-
dimethyl- 

17.7 - - - - - - + - - + - + 

(contd.)
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Table 3—Compound and/or fragments of molecules detected in extracts of twelve Chlorophytum Ker Gawl. species by GC-MS (contd.) 

Plant species S. No. Compound name  Rt 
(min) 1 2 3 4 5 6 7 8 9 10 11 12 

30. 1-Naphthalenecaboxaldehyde, 
2-methoxy- 

19.7 - - - - - - - - - - + - 

31. 9,12-Octadecadienoic acid, 
methyl ester, (E, E)- 

20.9 - - - - - - - - - + - - 

32. Dibutyl phthalate 22.3 - - - - - - - + + - - - 
33. Hexadecanoic acid, 2,3-

dihydroxypropyl ester 
26.7 - - + - - - - - - - - - 

34. 1,2-benzenedicarboxylic acid, 
diisooctyl ester 

27.3 - + - - - - - - - - - - 

35. Squalene 32.2 + - - - - - - - - + - - 

*Where 1: Chlorophytum nimmonii Dalzell; 2: C. amaniense Engl.; 3: C. laxum R. Br.; 4: C. tuberosum (Roxb.) Baker; 5: C. glaucoides 
Blatt.; 6: C. belgaumense Chandore ; 7: C. comosum (Thunb) Jacq.; 8: C. bharuchae Ansari; 9: C. gothanense Malpure & S. R. Yadav; 
10: C. borivilianum Santapau & R.R.Fern; 11: C. glaucum Dalzell and 12: C. kolhapurense Sardesai 
 

Conclusion 
Twelve Chlorophytum species were collected 

from different locations of Western Ghats and 
analyzed comparatively for total saponin, flavonoid 
and phenol contents. In vitro comparative 
antioxidant potential of all the species was also 
determined along with chemical fingerprinting with 
HPTLC and GC-MS. Of the twelve species 
analyzed, C. amaniense Engl. showed highest 
phenol, flavonoid and saponin contents. It also 
demonstrated 30 % higher DPPH free radical 
scavenging activity than that of C. borivilianum. 
HPTLC chemical fingerprint of all the studied 
Chlorophytum species showed a significant variation 
in saponin and flavonoid content. HPTLC fingerprint 
of C. amaniense showed presence of maximum 
number of bands with high intensity. In present 
study, better performance of C. amaniense was 
found over C. borivilianum in terms of total saponin, 
flavonoid, phenol content and in vitro antioxidant 
activity. Considering the vulnerability of  
C. borivilianum, C. amaniense can serve as a 
potential alternative for this valuable plant.  
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Abstract: Saccharomyces cerevisiae was able to degrade a highly toxic textile dye malachite green (MG) at 100 mg/L
concentration. Although 99% decolourization was observed, a tremendous metabolic and oxidative stress was exerted on
the cells. Ethanolic extracts of Terminalia chebula, Clitoria ternatea and Boerhaavia diffusa at a concentration of 1 mg/mL
were independently supplied to S. cerevisiae cells to counter the stress. T. chebula, C. ternatea and B. diffusa extracts
reduced the activities of glutathione peroxidase (67, 8 and 71%), superoxide dismutase (2, 7 and 16%) and catalase (16, 52
and 57%), respectively. Inductions in the activities of laccase (66, 82 and 50%), lignin peroxidase (35, 75 and 10%), NADH-
DCIP reductase (43, 52 and 91%) and MG reductase (66, 126 and 117%) were observed respectively. Presence of dye
(MG) extended the lag phase of the growth cycle of S. cerevisiae up to 36 h, which was observed to be restored to normal
(4 h) after phytoextract supplementation. Scanning electron microscope imaging revealed the restored cell morphology
upon exposure to plant extracts. The accumulation of reactive oxygen species (ROS) was observed to be 355% greater in
cells exposed to MG, which was significantly reduced after phytoextracts augmentation when compared to control cells.
Phytoextracts proved to be beneficial in increasing the viability of S. cerevisiae cells and reduced the intracellular ROS and
nuclear damage. Inclusion of plant extracts during decolourization proved to be beneficial and protected the cells so that
20 treatment cycles could be run achieving significant removal of MG.

Key words: malachite green; decolourization; Saccharomyces cerevisiae; oxidative stress; herbal extracts; toxicity.

Abbreviations: ABTS, 2,2-azino-bis-3-ethyl benzothiazoline-6-sulphonic acid; a.u., arbitrary unit; CFUs, colony forming
units; DAPI, 4’,6-diamidino-2-phenylindole; H2DCF, 2’7’-dichlorofluorescin; MG, malachite green; ROS, reactive oxygen
species; SEM, scanning electron microscope.

Introduction

Malachite green (MG), 4-[(4-dimethylaminophenyl)-
phenyl-methyl]-N,N-dimethylaniline is one of nearly
10,000 different chemicals, which are used as dyes and
considered as an important class of xenobiotics. It is
used as colouring agent for silk, wool, jute, leather, cot-
ton, paper and also as food additive, disinfectant and
anthelmintic (Culp & Beland 1996). MG is regarded as
a potent antifungal agent routinely used in aquaculture
industries. It was considered as practically irreplace-
able disinfectant in fish farming and most frequently
used until recently (Sudova et al. 1996). On the other
hand, it is considered as a toxicant to microbial and
mammalian cells, and therefore needs to be removed
from the environment. MG has been reported to be ex-
tremely toxic to cultured mammalian cells (Panandiker
et al. 1992) inducing free radical formation in the cells
(Panandiker et al. 1993). It acts as a potent tumour pro-
moter (Fernandes et al. 1991) and is known to induce

malignancy (Mahudawala et al. 1999). Toxicologically,
MG is classified under category C-III by FAO andWHO
(Bose et al. 2005). MG is one of the major components
of effluent of these textile and food industries. Textile
dyes including MG having a complex structure can tol-
erate sunlight, biological activities and many degrada-
tive environmental conditions making it recalcitrant to
degradation (Asgher & Bhatti 2012). This recalcitrant
nature of MG makes the dyes like MG capable of escap-
ing conventional waste water treatment processes thus
remaining persistent in the environment (Couto 2009).
The uses of microorganisms for purifying dye-

contaminated water have extensively been demon-
strated and possess limitations during scaling up of the
processes (Khandare et al. 2013). Bacterial strains, like
Achromobacter xylosoxidans MGI (Wang et al. 2011),
Bacillus cereus DC 11 (Deng et al. 2008), Aeromonas
hydrophila DN322 (Ren et al. 2006), Pseudomonas oti-
tidis W/L3 (Wu et al. 2009), Citrobacter strain KCTC
(An et al. 2002) and waterborne mycobacteria (Jones
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& Iii 2003) have been reported to degrade MG. Fungal
strains, such as Phanerochaete chrysosporium, Cyathus
bulleri, Cyathus stercoreus,Cyathus striatus (Vasdev et
al. 1995) and yeast like Saccharomyces cerevisiae (Sa-
farik et al. 2002) are some of the examples of microor-
ganisms capable of degrading MG. S. cerevisiae was
found to decolourize MG up to 95.5% under aerobic
conditions (Jadhav & Govindwar 2006), the biotrans-
formation of the dye being analysed with HPLC, UV-
VIS, FTIR and TLC approaches, which revealed the
formation of different metabolites from the parent com-
pound. Most of the studies on dye removal have been
carried out at laboratory bench scales and therefore the
actual issue of countering the difficulties faced by biore-
mediating organisms at larger scales has remained ne-
glected.
Toxicity of compounds like MG must be posing

limitations for the successful use of microbes in reme-
diation of these complex chemicals. It has earlier been
shown that MG at 1 ppm concentration was able to
reduce the growth of a wide array of Candida isolates
(Dhamgaye et al. 2012). MG has been reported to prob-
ably damage the DNA of the cells through the forma-
tion of free radicals (Panandiker et al. 1993; Sudova et
al. 1996). These facts indicate that the toxicity of MG
may be responsible for reduction in the degradation po-
tential of microorganisms over the period of time. The
challenged maintenance and cell survival during biore-
mediation must be addressed to carry out continuous
effective treatment. The issue of toxic effect of dyes on
degrading microbes has remained largely overlooked,
which can be addressed by using antioxidants from
natural sources. So far no study has been undertaken
to address the protection of degrading microbial cell
during the course of bioremediation. Mukherjee et al.
(2011) reported Terminalia chebula, Clitoria ternatea
and Boerhaavia diffusa extracts to possess antioxidant
properties.
In present work, effect of supplementation of these

plant extract on S. cerevisiae during MG decolouriza-
tion was studied. It was observed that plant extracts
were able to support the survival of S. cerevisiae cells.
Thus, the decolourization potential of the organism was
also increased and maintained up to 20 treatment cy-
cles. The strategy of antioxidant augmentation could be
advocated to extend protection and induce longevity of
the cells at bioreactor-based treatment systems.

Experimental

Dye and chemicals
MG was obtained from Hi Media Laboratory, India. 2,2-
azino-bis-3-ethyl benzothiazoline-6-sulphonic acid (ABTS),
superoxide dismutase assay kit (Cat. No. 19160), catalase
assay kit (Cat. No. CAT100), glutathione peroxidase assay
kit (Cat. No. CGP1), 2’7’-dichlorofluorescin (H2DCF) (Cat.
No. D6883) and 4’,6-diamidino-2-phenylindole (DAPI) (Cat.
No. D9542) were procured from Sigma Aldrich, USA. Rest
of the chemicals and solvents used were of laboratory grade.

Organism and culture conditions
Baker’s yeastS. cerevisiae used in present study was ob-
tained from Korean Collection for Type Cultures (KCTC-
7296). Culture was routinely maintained on 5% (w/v) dex-
trose, 1% peptone, 1% yeast extract and 3% agar. Cells used
for present experimentation were always grown on slightly
modified medium containing 2% (w/v) dextrose, 0.1% pep-
tone, 0.1% yeast extract. The cells required for studies were
harvested from the medium inoculated with 10% (v/v) in-
ocula at room temperature (30 ± 2◦C) for 24 h by centrifu-
gation at 7,000 rpm for 7 min at 4◦C.

Plant material and preparation of plant extracts
Entire plants of B. diffusa, C. ternatea and unripe fruits of
T. chebula were procured from M/s Green Pharmacy, Pune,
India. The plant material was finely powdered using domes-
tic grinder and used further for extraction. Ten grams of
each plant powder was added in 100 mL ethanol separately
and kept for shaking at 150 rpm, 30◦C for 24 h (Parekh
& Chanda 2007). The extracts were then filtered through
Whatman filter paper No. 1 and centrifuged at 10,000 rpm
at 10◦C for 10 min to obtain a clear supernatant. After de-
termining the extraction yield, the concentration of the ex-
tract was adjusted in such a way to obtain 1 mg/mL working
concentration and stored in amber coloured bottles at 4◦C
till further studies (Mukherjee et al. 2011).

Study of decolourization pattern
Two grams of S. cerevisiae cells were transferred to
100 mL medium containing MG alone (100 mg/L). Sim-
ilarly, extracts were augmented to flask, independently
and MG augmented with each plant extract separately
(1 mg/mL), which was kept at 150 rpm and room temper-
ature (30 ± 2◦C). A biotic control at the static condition
was kept at the same temperature. Similarly, abiotic con-
trols with dye and devoid of yeast cells were also kept at
shaking as well as static conditions. The decolourization of
the MG was observed at different time intervals. For this, an
aliquot (3 mL) of the medium was withdrawn, centrifuged
to separate the cell mass and the optical density of the su-
pernatant was measured at 620 nm.

The percentage decolourization was calculated using
the following equation:

% decolourization = [(initial absorbance – observed ab-
sorbance) / initial absorbance] × 100

Cell viability studies
After decolourization, the cell of S. cerevisiae was inves-
tigated for their viability. One milliliter of culture media
containing cells from the decolourization experiment was
serially diluted (10−9) in 0.85% saline solution and spread
on Petri plates containing slightly modified culture medium
containing 2% (w/v) dextrose, 0.1% peptone, 0.1% yeast ex-
tract and 3% agar agar. These cultures were incubated at
room temperature (30 ± 2◦C) for 48 h and colony forming
units (CFUs) were counted by using colony counter.

Effect of exposure of MG and augmentation of plant extracts
on the growth of S. cerevisiae
Growth curve of S. cerevisiae exposed to MG alone and MG
in combination with plant extracts along with control was
studied in order to understand growth pattern of S. cere-
visiae. For this, a loop full culture of S. cerevisiae was in-
oculated in growth medium mentioned earlier, which was
fortified with MG alone and MG in combination with 1 mL
of T. chebula, C. ternatea and B. diffusa (1 mg/mL) extracts
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separately. Growth of cells was monitored by measuring ab-
sorbance at 620 nm at an interval of 1 h for 72 h.

Determination of intracellular reactive oxygen species
(ROS) levels
Intracellular ROS levels were determined using H2DCF on
Fluorescence Spectrophotometer (Jakubowski et al. 2000).
The H2DCF dye penetrates plasma membrane and reacts
with ROS present inside the cell. Non-fluorescent H2DCF
when oxidized by ROS shows fluorescence, which is deter-
mined spectrofluorometrically. For this analysis, cells were
harvested during and after decolourization at 3 time inter-
vals (0, 1 and 2 h, respectively) by centrifugation in 2 mL
aliquots. Harvested cells were washed with 2 mL of 50 mM
phosphate buffer (pH 7.4) thrice and re-suspended in the
same buffer. The cell suspension was pre incubated at 28◦C
for 10 min. To this suspension, 1 mM ethanolic stock solu-
tion of H2DCF was added to achieve 10 µM final concentra-
tion of the dye and incubated at 28◦C for 20 min. After in-
cubation, cell suspension was centrifuged and clarified. The
supernatant was measured for fluorescence (excitation at
488 nm wavelength and emission at 520 nm wavelength for
each sample) using Fluorescence Spectrophotometer 8300
(Agilent Technologies, USA).

Enzymatic analyses
Two grams of S. cerevisiae cells of control, exposed to MG
and cells exposed to MG augmented with T. chebula, C. ter-
natea and B. diffusa extracts were homogenized in chilled
1 mL of 50 mM phosphate buffer (pH 7.4) using a homog-
enizer and then sonicated with output at 60 amp, giving
three strokes each of 30 s, at 2 min intervals, at 4◦C. The
homogenate thus obtained was then centrifuged. The su-
pernatant was used as source of laccase, lignin peroxidase,
NADH-DCIP reductase, MG reductase, glutathione perox-
idase, superoxide dismutase and catalase.

Activities of laccase, lignin peroxidase, NADH-DCIP
reductase and MG reductase were measured as per the
methods described by Jadhav & Govindwar (2006). During
decolourization of MG, the cells of S. cerevisiae undergo ox-
idative stress and hence expression levels of glutathione per-
oxidase, superoxide dismutase and catalase were measured
as a function of exposure to MG alone and cells exposed
to MG augmented with T. chebula, C. ternatea and B. dif-
fusa extracts. The enzyme activity was measured strictly
as per the manufacturer’s protocol. All enzyme assays were
performed at 27◦C and were run in triplicates. The protein
content of all the samples was determined as per Lowry’s
method (Lowry et al. 1951).

Fluorescence microscopic analysis
Fluorescence microscopic analysis was carried out on Zeiss
Axio-scope A.1 trinocular phase contrast microscope with
fluorescent attachment. The analysis of intracellular oxida-
tion and nuclear chromatin damage was studied by using
fluorescent H2DCF and DAPI, which were specific for in-
tracellular oxidation and nuclear chromatin. The cells were
collected during and after decolourization at 3 time intervals
(0, 1 and 2 h, respectively), washed thrice with the sterile
distilled water and re-suspended in 0.1 mL of 50 mM phos-
phate buffer (pH 7.4). To this, 1 mM ethanolic stock solution
of H2DCF was added to achieve 10 µM final concentration of
the dye and incubated at 30◦C for 2 h. Cells were again cen-
trifuged after incubation, washed and re-suspended in the
same buffer. The cells were observed using FITC – Spec-
trum Green (Chroma3101) comprising 25 mm diameter fil-
ters, excitation filter (D 480/30), beam splitter (440 DCLP)

and emission filter (D 535/40), and images were taken. For
observing organization of nuclear chromatin, the cells were
harvested during and after decolourization at 3 time inter-
vals (0, 1 and 2 h, respectively), washed with sterile distilled
water, re-suspended in 10 µL of sterile distilled water and
fixed by addition of formaldehyde (1%). The fixed cells were
stained with 1 µL of 20 mg/mL of DAPI (Allen et al. 2010)
and observed under DAPI filter (Chroma 3100) comprising
25 mm diameter filters, excitation filter (D 350/50), beam
splitter (400 DCLP) and emission filter (D 460/50), and
images were taken.

Scanning electron microscopic analysis
The effect of MG alone and in combination with each plant
extract on cells of S. cerevisiae was observed using scanning
electron microscope (SEM). All the treated cells of S. cere-
visiae were fixed using 50 mM phosphate buffer (pH 7.4)
containing 2.5% glutaraldehyde for 12 h at 4◦C. After fixa-
tion, cells were washed with 50 mM phosphate buffer (pH
7.4) thrice and further treated with increasing concentra-
tion (10–100%) of ethanol for successive dehydration of cells
(Allen et al. 2010). After dehydration, cells were coated with
gold on sputter stub surface. The stubs were examined using
JSM-6360 SEM at 30 kV (JEOL Ltd., Japan) and images
were taken.

Application of plant extracts during repetitive decolouriza-
tion cycles
Role of augmentation with T. chebula, C. ternatea and
B. diffusa extracts in increasing the decolourization efficacy
of S. cerevisiae was investigated. For this, 2 g of S. cere-
visiae cells were collected by centrifugation at 7,000 rpm
for 7 min under cold conditions and were transferred to a
100 mL broth containing MG (100 mg/L) alone and another
three sets containing MG augmented with plant extracts
of T. chebula, C. ternatea and B. diffusa (1 mg/mL), re-
spectively, and kept at room temperature (30 ± 2◦C) with
shaking at 150 rpm. The decolourization of the MG was
measured after every 2 h and cells were separated by cen-
trifugation. The removed media was used for the study of
decolourization by measuring the optical density at 620 nm.
This process was considered as one cycle of MG decolour-
ization. Further, fresh 100 mL growth medium containing
MG and respective plant extract were added in separated
cell mass and incubated as described earlier. Twenty de-
colourization cycles were performed and the decolourization
percentage for all the treatments was noted.

Results and discussion

MG was reported to be decolourized up to 95.5% by
S. cerevisiae at 30 ± 2◦C under shaking conditions
(Jadhav & Govindwar 2006). In that study the effect of
dye on growth of S. cerevisiae, investigation of oxida-
tive stress-related enzymes and cellular toxicity, how-
ever, were not explored. Present work reports a novel
use of three phytoextracts (T. chebula, C. ternatea and
B. diffusa) to protect and vitalize S. cerevisiae cells
during bioremediation of MG.

Decolourization of MG by S. cerevisiae
The efficacy of S. cerevisiae to decolourize MG was
revisited with slight modifications in the media com-
position. A very significant dye removal (99.51%) was
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Fig. 1. Percentage decolourization of MG by S. cerevisiae over the span of 2 h along with effect of dye and phytoextract augmentation
on cell viability (CFU 109) assayed after 48 h.

Fig. 2. Changes in growth pattern of S. cerevisiae as a function of exposure to MG alone and in combination with T. chebula,
C. ternatea and B. diffusa extracts.

achieved within 2 h under shaking conditions. The aug-
mentation of phytoextracts of T. chebula, C. ternatea
and B. diffusa did not affect the decolourization, and
99.62, 99.38 and 99.29% dye removal, respectively, was
achieved (Fig. 1). Decolourization of MG by S. cere-
visiae alone and augmented with different plant ex-
tracts was confirmed by HPTLC analysis (data not
shown). The ameliorative effect of plant extracts could
not be observed because similar decolourization per-
centages were achieved in all cases.

Enhancement of cell viability of S. cerevisiae after ap-
plication of plant extracts
Although the dye removal potential of S. cerevisiae was

observed to be similar, the cell viability was greatly af-
fected. The exposure of MG to yeast cells significantly
decreased the number of viable cells and showed only
2 × 109 CFUs when compared to control, which gave
49 × 109 CFUs. Independent augmentation of extracts
of T. chebula, C. ternatea and B. diffusa, however, re-
vealed a protective effect on the yeast cells at 1 mg/mL
concentrations and showed 31 × 109, 33 × 109 and
37 × 109 CFUs, respectively (Fig. 1). The antifungal
potential of MG might have caused cell death in initial
phases of dye exposure resulting into a heavy loss of
cell viability. Exposure of MG tested against Candida
albicans revealed initial cell death due to accumulation
of ROS (Dhamgaye et al. 2012).
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Fig. 3. Effect of exposure of MG and herbal intervention on (A) intracellular ROS generation, and induction in the activities of (B)
glutathion peroxidase, (C) superoxide dismutase and (D) catalase in S. cerevisiae.

Effect of plant extracts on the growth of S. cerevisiae
exposed to MG
The studies on growth patterns of S. cerevisiae as a
function of MG exposure revealed the adverse effect of
MG in the very initial phases. Lag phase of the cycle
was extended up to 36 h in presence of MG, which nor-
mally lasted for only 4 h in case of control cells. The
supplementation of T. chebula, C. ternatea and B. dif-
fusa extracts to the cells exposed to MG was observed
to protect the cells from the toxic effect of dye and
demonstrated a normal lag phase of 4–6 h. Further, the
log phase continued up to 20 h and stationary phase ini-
tiated in case of control and the cells challenged with
MG that intervened with herbal extract. Presence of
MG alone, however, caused the log phase to be initi-
ated at 40 h, which lasted only for 9 h before entering
in stationary phase (Fig. 2).

Effect of plant extracts on accumulation of ROS and
analyses of antioxidant enzymes
ROS accumulation was reported to be solely responsible
for initial cell death of C. albicans after MG exposure
and a significant population of the organism had under-

gone necrosis (Dhamgaye et al. 2012). Excessive genera-
tion of ROS was reported to induce cell death in S. cere-
visiae (Hauptmann et al. 2006). In the light of these
reports, it was imperative to look into the role of cel-
lular ROS and its effect on cell growth as a function of
treatment with extracts of T. chebula, C. ternatea and
B. diffusa. The percent fluorescence after reaction of
H2DCF dye with ROS revealed heavy accumulation in
MG-exposed cells. In control cells the fluorescence was
observed to be 3.6 arbitrary unit (a.u.), while a sharp
increase (355% over control) with 16.4 a.u. was noted
in MG-challenged cells. Fortification with T. chebula,
C. ternatea and B. diffusa extracts, however, resulted
in reduced fluorescence to 3.8 a.u., 3.7 a.u. and 4.1 a.u.,
respectively, indicating a lowered accumulation of ROS
in S. cerevisiae (Fig. 3A). These findings suggested that
treating S. cerevisiae with the phytoextracts during
MG exposure, the generation of ROS was arrested by
virtue of the antioxidants present in the extracts.
Inclusion of extracts of T. chebula, C. ternatea and

B. diffusa showed reductions in the activities of glu-
tathione peroxidase (67, 8 and 71%; Fig. 3B), super-
oxide dismutase (2, 7 and 16%; Fig. 3C) and catalase
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Fig. 4. Effect of exposure of MG alone and in combination with plant extracts on (A) accumulation of intracellular ROS, (B) cell
morphology and (C) nuclear damage.

(16, 52 and 57%; Fig. 3D), respectively. Of the stud-
ied antioxidant enzymes, superoxide dismutase, which
is one of the most important enzymes in cellular an-
tioxidant defence, was observed to be highly modulated
after inclusion of plant extracts. Non-enzymatic antiox-
idant system, such as plant-derived secondary metabo-
lites serve as a second line defence system against the
free radicals. These metabolites can not only provide di-
rect protection against oxidative damage, but also sup-
port the function of endogenous enzymatic antioxidants
by synergistically scavenging the reactive free radicals
(Balsano & Alisi 2009). Overexpression of enzymes in
response to xenobiotic stress must have put additional
pressure on cellular machinery, which was reflected as
reduction in survival efficiency.

Cellular morphology and nuclear organization of S. ce-
revisiae during decolourization of MG
Fluorescence microscopic analysis of the cells exposed
to MG alone revealed the accumulation of intracellu-
lar ROS in 90% of the S. cerevisiae cells showing fluo-
rescence as evidence. However, the treatment of plant
extracts because of ROS scavenging activity showed
only 21–25% fluorescence indicating better survival and
reduced stress to the cells (Fig. 4A). SEM images of
S. cerevisiae exposed to MG with T. chebula, C. ter-
natea and B. diffusa extracts supplementation revealed
intact surfaces and healthy morphologies. Whereas, the
MG-exposed cells without augmentation were observed

to be distorted, shrunk and broken when compared to
control cells (Fig. 4B). SEM images were suggestive of
the protective effect of the above plant extracts.
Yeast nuclei on exposure to ROS become disor-

ganized, appear larger and diffused when stained with
DNA-specific dye, DAPI (Madeo et al. 1999). In this
work, cells exposed to MG alone showed 93% nuclear
damage. Addition of extracts of T. chebula, C. ternatea
and B. diffusa on the other hand protected the cells
revealing only 11, 15 and 9% nuclear damage, respec-
tively, which were comparable with the control cells
(Fig. 4C).
Generally, a wide range of vital molecules like nu-

cleic acids, proteins, lipids, etc. are destroyed by ROS,
which leads to loss of cell viability (Perrone et al. 2008).
ROS-induced DNA damage has been shown to be linked
with apoptosis in S. cerevisiae (Burhans et al. 2003).
The plant extracts used in the present study are al-
ready known to have strong radical scavenging potential
(Mukherjee et al. 2011), which proved to be beneficial
for the yeast cells exposed to MG. Overall, phytoex-
tracts help restore cell morphology of S. cerevisiae by
modulating activities of glutathione peroxidase, super-
oxide dismutase and catalase (Fig. 5).

Analysis of dye degrading enzymes during decolouriza-
tion of MG
Inductions in the activities of four different enzymes,
namely laccase, lignin peroxidase, NADH-DCIP reduc-
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Fig. 5. Restoration of cell morphology in S. cerevisiae after augmentation with phytoextracts via modulation of antioxidant enzymes
during exposure to MG.

tase and MG reductase during degradation of MG have
earlier been reported (Jadhav & Govindwar 2006). Ac-
tivities of laccase, lignin peroxidase, NADH-DCIP re-
ductase and MG reductase were observed to be induced
by 85, 144, 214, 205%, respectively, upon exposure
to MG in this study. Augmentation with T. chebula,
C. ternatea and B. diffusa extracts to the S. cerevisiae
cells showed induction in the activities of laccase (66,
82 and 50%; Fig. 6A), lignin peroxidase (35, 75 and
10%; Fig. 6B), NADH-DCIP reductase (43, 52 and
91%; Fig. 6C) and MG reductase (66, 126 and 117%;
Fig. 6D), respectively. The presence of plant extracts
showed ROS scavenging and thus must have reduced
oxidative stress. This must have vitalized the cells, in-
creased stress tolerance and therefore lowered induc-
tions of dye-degrading enzyme activities was evident.

Role of plant extracts in restoration of MG degradation
efficiency of S. cerevisiae
Continued exposure of MG to the cell mass reduced the
decolourization potential of the S. cerevisiae and it was
observed to be dropped from 99.66% to 82.59% at the
end of 7th cycle. It was further drastically reduced at
the end of 20th cycle and only 38.67% decolourization
was achieved. The supplementation of phytoextracts
during MG decolourization on the contrary showed
protection of cells achieving noteworthy decolouriza-
tion on repeated dye exposure. Independent addition of
T. chebula, C. ternatea and B. diffusa extracts revealed
89.30, 91.41 and 91.23% MG removal, respectively, at
the end of 7th cycle. At the end of 20th cycle of MG
decolourization, 68.48, 72.18 and 75.05% removal was
observed on supplementation with T. chebula, C. ter-
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Fig. 6. Effect of exposure of MG alone and in combination with plant extracts on (A) laccase, (B) lignin peroxidase, (C) NADP-DCIP
reductase and (D) MG reductase.

Table 1. Retention of MG decolourization potential (%) of S. cerevisiae as a function of supplementation with extracts of T. chebula
(Tc), C. ternatea (Ct) and B. diffusa (Bd).

Cycles every 2 h MG (%) MG + Tc (%) MG + Ct (%) MG + Bd (%)

1 99.6 99.6 99.6 99.6
2 93.2 96.2 95.3 97.6
3 89.2 92.4 93.1 93.7
4 86.8 92.4 93.1 93.3
5 84.7 90.7 91.8 92.5
6 82.6 90.6 91.7 92.1
7 82.5 89.3 91.4 91.2
8 78.3 89.0 89.8 91.1
9 76.2 87.8 89.6 90.3
10 74.2 87.5 87.2 88.2
11 67.7 87.1 86.7 85.8
12 62.0 85.6 86.4 85.0
13 57.2 85.6 86.0 84.5
14 53.1 85.1 85.7 82.1
15 49.1 82.4 83.6 80.1
16 47.5 80.6 80.0 79.7
17 45.2 79.1 79.7 78.1
18 43.6 75.5 76.8 77.2
19 40.5 70.2 74.5 76.3
20 38.6 68.4 72.1 75.0
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natea and B. diffusa extracts, respectively (Table 1).
Microbial bioreactor efficacies can thus be maintained
with phytoextracts or natural antioxidants.

Conclusions
Augmentation with T. chebula, C. ternatea and B. dif-
fusa extracts during decolourization of MG proved to be
beneficial in reducing the xenobiotic stress. The supple-
mentation of plant extract also restored normal growth
phases of S. cerevisiae. Incorporation of plant extracts
to the medium along with MG contributed to increas-
ing the decolourization efficiency of S. cerevisiae cells
up to 20 cycles. Protective effect displayed by plant ex-
tracts allowed a prolonged use of the same cell mass for
decolourization of MG. It was observed that the aug-
mentation with phytoextracts increases the efficiency of
a bioremediation system involving S. cerevisiae.
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a b s t r a c t

Post-harvest insect infestation of stored grains makes them unfit for human consumption and leads to
severe economic loss. Here, we report functional and structural characterization of two coleopteran a-
amylases viz. Callosobruchus chinensis a-amylase (CcAmy) and Tribolium castaneum a-amylase (TcAmy)
along with their interactions with proteinaceous and non-proteinaceous a-amylase inhibitors. Secondary
structural alignment of CcAmy and TcAmy with other coleopteran a-amylases revealed conserved motifs,
active sites, di-sulfide bonds and two point mutations at spatially conserved substrate or inhibitor-
binding sites. Homology modeling and molecular docking showed structural differences between
these two enzymes. Both the enzymes had similar optimum pH values but differed in their optimum
temperature. Overall, pattern of enzyme stabilities were similar under various temperature and pH
conditions. Further, CcAmy and TcAmy differed in their substrate affinity and catalytic efficiency towards
starch and amylopectin. HPLC analysis detected common amylolytic products like maltose and malto-
triose while glucose and malto-tetrose were unique in CcAmy and TcAmy catalyzed reactions respec-
tively. At very low concentrations, wheat a-amylase inhibitor was found to be superior over the acarbose
as far as complete inhibition of amylolytic activities of CcAmy and TcAmy was concerned. Mechanism
underlying differential amylolytic reaction inhibition by acarbose was discussed.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Pulses serve as an important source of income for farmers in
developing countries like India. However, cereals and pulses are

often infested with insect pests during their storage. Stored grain
pests are responsible for about 37% agricultural loss worldwide
(Franco et al., 2002). Among Coleopteran pests, species of Chrys-
omelidae and Tenebrionidae family feed and breed on stored le-
gumes or cereals that eventually make them unfit for human
consumption (Southgate, 1979). Stored wheat and mung bean are
the preferred host of the red flour beetle (Tribolium castaneum) and
pulse beetle (Callosobruchus chinensis), respectively, for their sus-
tenance and breeding. Infestation of these pests is not only
responsible for economic losses but also affect human health. For
example, T. castaneum is known to secrete benzoquinone in wheat
flour, which might show toxic effects on human health, if
consumed. T. castaneum has the ability to survive dry weather by
virtue of a cryptonephridial organwhich imparts tolerance towards
dry conditions and increases chances of its survival (Ladisch et al.,
1967; Lis et al., 2011).

Insect gut is a major interface between insect and its

Abbreviations: a-AI, a-Amylase inhibitor; AgAmy1, Anthonomus grandis a-
amylase; CcAmy: Callosobruchus chinensis a-amylase, HaAmy1; Helicoverpa armi-
gera a-amylase 1, HaAmy2; Helicoverpa armigera a-amylase 2, HhAmy: Hypoth-
enemus hampei a-amylase; 1OSE, Porcine pancreatic a-amylase in complex with
acarbose; PcAmy, Phaedon cochleariae a-amylase; RACE, Rapid amplification of
cDNA ends; RMSD, Root mean square deviation; 1JAE, PDB ID for crystal structure of
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environment (Darvishzadeh et al., 2012). Digestive enzyme pool of
the coleopteran insects primarily consists of a-amylases along with
proteases to break down starch, other carbohydrate components
and proteins that are present in food grains. a-amylases belong to
GH13 glycoside hydrolases family of enzymes that hydrolyze a-1,4-
glucosidic bond in starch to produce maltose, glucose and other
products and these serve as energy sources for insect pests
(Svensson, 1994; Janecek et al., 1997; MacGregor et al., 2001;
Cantarel et al., 2009). Along with the coleopteran a-amylases,
many proteinaceous and non-proteinaceous a-amylase inhibitors
(a-AIs) have been studied for their potential a-amylase inhibitory
activity towards bruchid digestive a-amylases in vitro as well as
in vivo (Svensson et al., 2004; Nielsen et al., 2004). For example,
purified a-AI from Phaseolus vulgaris was more effective against a-
amylases from larval crude extracts of T. castaneum and C. chinensis
(Gupta et al., 2014). Similarly, purified a-AI from Carica papayawas
found to be active against Callosobruchus maculatus larvae (Farias
et al., 2007). In another approach, Pisum sativum transgenic
plants expressing bean a-AI-1 inhibitor were resistant to the pea
weevil infestation in field conditions (Shade et al., 1994; Morton
et al., 2000). Several reports are available on biochemical charac-
terization of a-amylases from crude extracts of bruchid larvae but
detailed study highlighting their molecular and structural in-
teractions with a-AIs are lacking (Yamada et al., 2003). Further,
crude gut extract represents a mixture of various a-amylase iso-
forms, which limits systematic interpretation of themolecular basis
of a-amylase inhibitions.

In present study, we functionally characterized a-amylases from
two coleopteran pests viz. C. chinensis and T. castaneum. Homology
modeling of these two recombinant a-amylases, namely, CcAmy
and TcAmy revealed the structural differences. Additionally,
biochemical properties of CcAmy and TcAmy were determined
using starch and amylopectin substrates. Differential biochemical
interactions and inhibitory potential of proteinaceous and non-
proteinaceous inhibitors against CcAmy and TcAmy were studied.
An attempt was made to understand the structural basis of inhi-
bition using molecular docking and dynamics studies. Present
study might increase our current understanding of starch degra-
dation and assimilation in the gut region of coleopteran insect
pests. Moreover, insights into underlying mechanism of differential
inhibition between coleopteran a-amylases by non-proteinaceous
a-amylase inhibitor, acarbose could potentially be useful in
designing improved strategies for insect control.

2. Materials and methods

2.1. Phylogenetic analysis of coleopteran a-amylases

Full-length amino acid sequences of all the coleopteran a-am-
ylases were extracted from NCBI database. Multiple sequence
alignment of these sequences was carried out using ClustalW and
the corresponding alignments were used to reconstruct phyloge-
netic tree. The Neighbor-joining (NJ) tree was generated by MEGA6
(Tamura et al., 2013) using 1000 bootstrap replicates, wherein
bacterial (Bacillus subtilis) a-amylase (GenBank accession No.
ADH93706.1) was used as an out-group.

2.2. Insect rearing

C. chinensis and T. castaneum cultures were obtained from
Entomology department, CSIR-NCL, Pune. Freshly emerged C. chi-
nensis adults were transferred to uninfected mung bean seeds and
culture was maintained by transferring concurrent generations on
fresh seeds. T. castaneum adults were sub-cultured on wheat flour.
The cultures were maintained under controlled conditions at 25 �C,

65% relative humidity with 12 h dark/12 h light cycles in insect
growth chamber.

2.3. RNA extraction and cDNA synthesis

Total RNAwas extracted from 100mg tissue of C. chinensis larvae
and T. castaneum adults using Trizol reagent (Invitogen, Carlsband,
CA, USA) followed by RQ1 DNase (Promega, Madison, WI, USA)
treatment. DNA-free RNA (1 mg) isolated from T. castaneum adults
was reverse transcribed using oligo-dT (Promega, USA) following
the manufacturer's instructions. Reverse transcription of 1 mg of
total RNA isolated from C. chinensis larvae was achieved using
SMARTer™ RACE cDNA Amplification Kit (Clontech, St Germainen
Laye, France) following the manufacturer's instructions.

2.4. Cloning, expression and purification of CcAmy and TcAmy

Open reading frames of CcAmy (GenBank accession: KU641476)
and TcAmy (NM_001114376.1) without the native signal peptide of
17 and 18 amino acids, respectively, were amplified using designed
primer pairs (Supplementary Table 1) and cloned in pET 28-a
expression vector (Novagen, Madison, WI, USA) in frame with N-
terminus 6X His-tag. Recombinant plasmids were amplified and
transformed into Escherichia coli BL21 Star (DE3) cells. BL21 cells
transformed with CcAmy and TcAmy constructs were induced with
0.25 mM and 0.5 mM isopropyl-b-D-1-thiogalactopyranoside
(IPTG), respectively and incubated at 16 �C for 16 h. For CcAmy,
bacterial protein homogenate was extracted after cell lysis by
sonication (5 min with 47% amplitude, alternating 5 s on; 5 s off
cycles) on ice in the lysis buffer (25 mMHEPES pH 7.0, 2 mMMgCl2,
20 mM Imidazole, 0.1% Triton X-100, 1 mM b-mercaptoethanol,
150 mM NaCl). Clear lysate obtained by centrifugation at
12,000 rpm for 30 min at 4 �C was loaded on pre-equilibrated
300 ml ProBond NieNTA resin (Invirogen) in Bio-Rad gravity col-
umn (Bio-Rad, Hercules, CA, USA) and washed with 25 mL wash
buffer (25 mM HEPES pH 7.0, 2 mM MgCl2, 3 mM Imidazole,1 mM
b-mercaptoethanol, 150 mM NaCl, 10% glycerol). The bound protein
was eluted with 150 mM imidazole solubilized in the same buffer.

For TcAmy, proteinwas purified from inclusion bodies using on-
column refoldingmethod (Oganesyan et al., 2005). In brief, cell lysis
was performed in lysis buffer (50 mMHEPES, pH 7.0, 100 mMNaCl)
by sonication (5 min with 47% amplitude, alternating 5 s on; 5 s off
cycles) on ice followed by centrifugation at 12,000 rpm for
20 min at 4 �C. The pellet was washed in same buffer containing
1 M Urea, 2% Triton X-100. Further, pellet was solubilized in
denaturing buffer (20 mM Tris pH 8.5, 8 M Urea, 100 mM NaCl,
1 mM b-mercaptoethanol) by gently vortexing at room tempera-
ture. The solubilized protein from inclusion bodies was bound to
Ni-NTA pre-equilibrated resin at room temperature overnight. On-
column refolding was achieved with different buffers (10 column
volumes for each buffer) under gravity. All the working solutions
were prepared in Buffer-A (20 mM Tris, pH 8.5, 100 mMNaCl). First,
column was washed with denaturing buffer containing 40 mM
imidazole followed by buffer A containing 0.1% Triton X-100 and
500 mM NaCl. The column was further washed with buffer A
containing 5 mM cyclodextrin followed by another wash with
buffer A. The protein was eluted in buffer A containing 250 mM
imidazole and 10% glycerol.

Eluted fractions of CcAmy and TcAmy were pooled separately
and were subjected to buffer exchange (25 mM HEPES, pH 7.0 and
20 mM Tris, pH 8.5 respectively) by passing through 10 kDa cutoff
column (Millipore, Billerica, MA, USA). Protein was quantified by
Bradford assay (Bio-Rad, USA) using BSA as a standard. Purified
proteins were loaded on 12% SDSePAGE to check the purity of
samples.
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2.5. Homology modeling and docking studies of CcAmy and TcAmy

The three dimensional structures of CcAmy and TcAmy were
predicted using MODELLER ver.9.15 (Sali and Blundell, 1993; Webb
and Sali, 2014). The crystal structure of Tenebrio molitor a-amylase
(PDB ID: 1JAE, Strobl et al., 1998a), was used as a template. The
models were evaluated on the basis of lowest discrete optimised
protein energy (DOPE) score. The structural assessment of the
models was performed using RAMPAGE (Lovell et al., 2003). The
visualization of the above models was performed using Pymol
(https://www.pymol.org; DeLano Scientific LLC, USA).

Prediction of acarbose binding with CcAmy and TcAmy were
carried out using docking studies. Corresponding residues at posi-
tions 109e113, 211e214 and 303e307 belonging to inhibitor
binding site in T. molitor a-amylase (TmAmy) structure was
assigned (PDB ID: 1TMQ, Strobl et al., 1998a, b). Docking studies of
the acarbose was performed using Glide 6.0 (Schrodinger, LLC,
Portland, USA). Grid was generated using porcine pancreatic a-
amylase with inhibitor (1OSE, Gilles et al., 1996). Grid based rigid
receptor and flexible ligand docking program Glide 6.0 (Friesner
et al., 2004) was used to predict binding modes of the inhibitor in
the receptor-binding site. Proteins were prepared using protein
preparation wizard in Maestro (http://www.schrodinger.com/
Maestro/). Hydrogens were added subsequently to carry out
restrain using impref utility of Maestro. The root mean square de-
viation (RMSD) of the atomic displacement for terminating the
minimization was set as 0.3 A�. Similarly, ligands were refined with
the help of LigPrep 2.5 (http://www.schrodinger.com/LigPrep/) to
define their charged state and enumerate their stereo isomers. The
processed receptors and ligands were further used for the docking
studies using Glide 6.0 (Friesner et al., 2004).

2.6. In-gel a-amylase activity and molecular weight determination

Equal quantity of purified recombinant CcAmy and TcAmy each
was loaded on nativeePAGE. After electrophoresis, gel was gently
washed with 20 mM citrate-phosphate buffer; pH 5.0 and incu-
bated in 2% starch solution, prepared in same buffer, at 37 �C for
90 min (Giri and Kachole, 1996). Gel was rinsed with buffer and
stained with iodine solution (1 mM Iodine in 0.5 M KI). Gel was
scanned and image was inverted for better visualization.

For molecular weight determination, equal quantity (5 mg) of
recombinant CcAmy and TcAmy was loaded on SDS-PAGE. After
electrophoresis, gel was stained with Coomassie Brilliant Blue R-
250 dye. Molecular weight of recombinant a-amylases was deter-
mined by calculating relativemobility of the bands (Rf) with known
reference run in parallel. Theoretical molecular weights excluding
native signal peptide and including 6X His-tag were calculated
using ExPASy tool (http://web.expasy.org).

2.7. Determination of a-amylase activity

All the assays of a-amylase activity were performed by moni-
toring liberation of reducing sugars from starch using DNSA
(Dinitrosalicylic acid) reagent. A premix of triplicate reactions was
prepared containing 20 mM citrate phosphate buffer (pH 5.0) and
equal units of purified recombinant enzyme (determined by
adjusting the absorbance at 0.5 at 540 nm) to which 150 mL of
starch (0.25%) was added. After 15 min of incubation at 37 �C, re-
action was stopped by adding 500 mL of DNSA reagent and reaction
tube was incubated in boiling water bath for 5 min and absorbance
was measured at 540 nm. One a-amylase unit was defined as the
amount of enzyme required to release 1 mM maltose/min at 37 �C
from substrate (starch) under the given assay conditions.

2.8. Effect of pH and temperature on the activity of enzyme

To determine the optimum pH, the activity of a-amylase was
measured at different pH ranging from 3 to 12 where equal units of
enzyme were used for each reaction. Citrate-phosphate, sodium
phosphate, Tris and glycine-NaOH buffers were used for the
following specified pH values: 3 to 6, 7, 8 to 9, and 10 to 12,
respectively. For determining the optimum temperature to hydro-
lyze starch, the activity of purified a-amylase was measured under
pH 5.0 using 20 mM citrate sodium phosphate buffer at various
temperatures ranging from 10 �C to 80 �C. An equal amount of
enzyme was used for each reaction.

2.9. Analysis of end products of starch hydrolysis

Purified a-amylases; CcAmy and TcAmy, were incubated sepa-
rately with 0.25% potato starch (Sigma-Aldrich, MO, USA) in 20 mM
citrate phosphate buffer pH 5.0 at 37 �C for 30 min. The reaction
was stopped by placing the reaction tube on ice. For quantitative
analysis, the end-products of starch hydrolysis by a-amylases were
analyzed with HPLC. All the samples and standards viz; glucose,
maltose, maltotriose, malto-tetrose and malto-pentose (Sigma-
Aldrich, USA) were filtered through 0.22 mm filter and 50 mL of each
standard and sample were injected in SupelcogelPb column
(5 cm � 4.6 mm internal diameter, Sigma-Aldrich). The mobile
phase was distilled water at a flow rate of 0.3 mL/min and column
oven temperature was set at 70 �C. Sugars were detected using
refractive index detector (Shodex RI-21, NewYork, USA) and quan-
tified using standard sugars. Quantifications were based on the
peak area measurements of standards run under identical
conditions.

2.10. Determination of kinetic parameters and a-amylase inhibitory
activity

Michaelis-Menten analysis was performed by substrate satura-
tion assay to compare the kinetic parameters of both CcAmy and
TcAmy. All the assays were performed at 37 �C and pH 5.0 by using
starch and amylopectin as substrates. KM, Kcat and Kcat/KM were
calculated for CcAmy and TcAmy using GraphPad Prism v6.0
(GraphPad Software, San Diego, CA).

Alpha-amylase inhibitor (a-AI) activity was performed by
similar way as indicated in section 2.7 except that enzyme and
inhibitor were incubated for 15 min at 37 �C before incubating with
the substrate. a-AIs viz acarbose (non-proteinaceous) and wheat AI
(proteinaceous) were tested in a concentration range of 2e193 nM
and 0.1e21 nM, respectively, against CcAmy and TcAmy. Inhibition
of crude a-amylase activity from adult and larval extracts of T.
castaneum and C. chinensis were also performed for comparison.
Crude extracts were prepared by incubating 200 mg of crushed
larval and adult tissue in 2 mL of 20 mM citrate phosphate buffer;
pH 7.0 at 4 �C overnight. Crude extract was centrifuged at
15,000 rpm for 20 min and the supernatant was used as crude a-
amylase source. a-AI activity was calculated by measuring the
reduction in liberated reducing sugars from starch compared to the
standard a-amylase activity mentioned above. a-AI activity was
expressed as percentage inhibition.

3. Results

3.1. Phylogenetic analysis of coleopteran a-amylases

A cladogram was generated by ClustalW through alignment of
a-amylases from three families of the insect order Coleoptera
(Fig. 1). Two distinct clades were generated out of which one clade
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Fig. 1. Phylogenetic tree of Coleopteran a-amylases. A cladogramwas constructed using Neighbor-joining method using MEGA6 software with 1000 bootstrap replicates. Bacterial
a-amylase Bacillus subtilis was used as an out-group. Accession numbers are given in parentheses. For Tenebrio molitor a-amylase, the accession number (P56634.1) belongs to
UniProt database. All the coleopteran a-amylases belong to subfamily GH13_15 a-amylase whereas Bacillus subtilisa-amylase belongs to subfamily GH13_28. The two a-amylases
used for the study are highlighted in pink and green color. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 2. Molecular structure prediction of Coleopteran a-amylases using structure based sequence alignment. Multiple sequence alignment of Coleopteran a-amylases was
performed using ClustalW. The secondary structure elements above the sequence blocks correspond to the different domains of a-amylase based on reported crystal structure of
TmAmy. Conserved residues are boxed in red. Similar residues are in black bold and boxed in yellow. Cysteine-pairings for disulphide bridges are boxed in blue, green, cyan and pink
color. Signal sequence is indicated with purple line. The seven conserved regions of GH13 a-amylase family are indicated with blue box bearing number on the top and active sites
are marked with red asterisk. The sequences are as follows: TmAmy: Tenebrio molitor a-amylase, PDB accession number: 1TMQ_A, TcAmy: Tribolium castaneum a-amylase, NCBI
reference number: NP_001107848.1; AgAmy1: Anthonomus grandis a-amylase, AAN77139.1; HhAmy: Hypothenemus hampei a-amylase, AHY03307.1; PcAmy: Phaedon cochleariae a-
amylase, CAA76926.1; CcAmy: Callosobruchus chinensis a-amylase, KU641476. The figure was created using ESPript 3. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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exhibited similarities between a-amylases from Tenebrionidae and
Chrysomelidae families whereas other clade represented a-amy-
lases from Curculionidae family. Alpha-amylases from Tene-
brionidae formed separate cluster within single clade. Furthermore,
T. castaneum a-amylases formed separate sub-cluster within Ten-
ebrionidae. In Chrysomelidae cluster, C. chinensis a-amylases
showed higher similarity with Zabrotes subfasciatus a-amylase and
formed a distinct sub-cluster. Amino acid sequence alignment
showed 74.3% similarity between CcAmy and TcAmy.

3.2. Homology modeling and docking analysis of CcAmy and TcAmy

The coding sequences for CcAmy and TcAmy have predicted
signal sequence of 17 and 18 amino acids, respectively, which target
them to secretory pathway for extracellular secretion. Sequence
analysis showed 60% and 78% identity for CcAmy and TcAmy with
TmAmy. Secondary structure prediction revealed seven conserved
sequences, super secondary fold and (b/a)8 or TIM-barrel. The
catalytic residues of CcAmy at the strands beta 4 the nucleophile
Asp203 (Asp185), beta 5 the proton donor Glu239 (Glu222) and the
beta 7 transition state stabilizer Asp304 (Asp287) and similarly in
TcAmy Asp204 (Asp185), Glu241 (Glu222), Asp306 (Asp287) were
conserved (Matsuura et al., 1984). The four-disulfide bonds were
also conserved among all the six species except in that of Phaedon
cochleariae a-amylase (PcAmy) (Fig. 2). The seven conserved re-
gions of a-amylase family were positioned near Ab2, Ab3, Ba1, Ab4,
Ab5, Ab7 and Ab8 secondary structure.

The three dimensional structure obtained using homology

modeling showed that CcAmy and TcAmy closely resemble to re-
ported crystal structure of TmAmy (Supplementary Fig. 1). The
RMSD values for the superimposed structure of entire Ca chain of
CcAmy and TcAmy with TmAmy were 0.46 and 0.44, respectively. A
high structural resemblance on superimposition of a-amylases was
observed with respect to conservation of a-helix and b-strand. The
architecture consisted of three domains found in a-amylase family,
i) domain A, dominating 3-D unit forming (b/a)8 barrel, ii) domain B
which inserts into domain A andwas the least conserved domain in
a-amylase family and iii) domain C - forming Greek keymotif made
up of exclusively b-strands. The electrostatic surface calculation
implied that CcAmy had only a few electropositive residue distri-
bution on the surface compared to TcAmy and TmAmy. Active sites
of CcAmy and TcAmy were well conserved and aligned perfectly
well in structures.

3.3. Amylolytic products and molecular weight determination of
recombinant CcAmy and TcAmy

SDS-PAGE and relative mobility analysis revealed molecular
weight of purified recombinant CcAmy to be 55 KDa consistent
with the theoretical value and that of TcAmy to be 60 KDa, close to
the theoretical molecular weight of 57 KDa (Fig. 3A). Both recom-
binant proteins were enzymatically active (Fig. 3B). Starch hydro-
lysis products generated as a result of amylolytic reactions
catalyzed by i) recombinant CcAmy were glucose, maltose, malto-
triose and ii) recombinant TcAmy included maltose, malto-triose
and malto-tetrose (Fig. 3C and D).

Fig. 3. SDSePAGE, in-gel activity and reaction product analysis of CcAmy and TcAmy. CcAmy and TcAmy were cloned in E. coli (BL21) and expressed protein was purified using
NieNTA affinity column. Purified protein was loaded in each well. A) Purified protein was loaded on 12% SDSePAGE and stained with Coomassie Brilliant Blue R-250 stain. Lane 1,
Pre-stained protein molecular weight marker; Lane 2, TcAmy; Lane 3, CcAmy. B) In-gel a-amylase activity; purified TcAmy and CcAmy were loaded on 8% native PAGE and a-amylase
activity was performed using soluble starch as a substrate. Gel was stained by iodine solution and image was inverted for better visualization. C) and D) HPLC analysis of the
products of the reactions of the CcAmy and TcAmy using starch as substrate. The products were identified using standards as described in methodology. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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3.4. Kinetic parameters for CcAmy and TcAmy

Kinetic parameters KM, Kcat and Kcat/KM for CcAmy and TcAmy
were calculated using starch and amylopectin as substrates. CcAmy
showed more substrate affinity towards starch compared to the
amylopectin (Table 1). However, turnover number (Kcat) and cata-
lytic efficiency (Kcat/KM) for CcAmy catalyzed amylolytic reaction
using starch and amylopectin as substrates remained equivalent.
TcAmy showed higher substrate affinity towards amylopectin as
compared to the starch. Similarly in the TcAmy catalyzed reaction,
turnover number for amylopectin was higher than that of the
starch. Further when compared with CcAmy, TcAmy showed higher
substrate affinity and higher catalytic efficiency towards amylo-
pectin as a substrate. On the contrary, CcAmy showed higher sub-
strate affinity towards starch as compared to TcAmy, but catalytic
efficiency was similar for both the enzymes.

3.5. Biochemical properties of CcAmy and TcAmy

Coleopteran a-amylases are reported to possess optimal pH
activity between slightly acidic to near neutral pH (Vatanparast and
Hosseininaveh, 2010; Darvishzadeh et al., 2012). CcAmy and TcAmy
showed optimum a-amylase activity at pH 5.0 (Fig. 4A), which was
in agreement with the reported optimum pH values for crude a-
amylases from C. chinensis and T. castaneum (Applebaum and
Konijn, 1964; Podoler and Applebaum, 1971). Stability of both the
a-amylases was tested in a wide range of pH (3.0e11.0) and assay
was performed at optimum pH (Fig. 4B). It was observed that
CcAmy and TcAmy displayed increased enzyme stability towards
alkaline pH.

Effect of various temperatures ranging from 30 to 60 �C was
studied on amylolytic activity of recombinant CcAmy and TcAmy.
Enzymes were incubated at respective temperature and activity
was determined at 37 �C (pH 5.0). Optimum activity of CcAmy and
TcAmy was observed at 50 �C and 40 �C, respectively (Fig. 4C).
Stability of CcAmy and TcAmy at various temperatures viz. 30 �C,
40 �C, 50 �C and 60 �C was evaluated and represented as relative a-
amylase activity compared to the equivalent non-incubated stan-
dard (Fig. 4D). CcAmy was stable at 40 �C and activity was gradually
reduced to 20% at 60 �C. Similarly, TcAmy retained 78% amylolytic
activity at 40 �C which gradually reduced to 10% at 60 �C. Though,
CcAmy and TcAmy had optimum amylolytic activity between 40
and 50 �C, they tend to lose their activity significantly after incu-
bation above 40 �C which indicated their sensitivity towards higher
temperatures; probably because of rapid denaturation as a function
of increased temperatures.

3.6. Interactions of proteinaceous and non-proteinaceous inhibitors
with CcAmy and TcAmy

Interactions of a-AIs viz. acarbose (non-proteinaceous) and
wheat a-AI (proteinaceous) with CcAmy and TcAmy were analyzed

using starch as a substrate (Fig. 5A and B). Amylolytic activities of
CcAmy and TcAmy were inhibited from 20 to 100% by acarbose at
the concentration of 2e40 nM and 2e193 nM, respectively,
whereas wheat a-AI showed 10e100% inhibition at the concen-
tration of 0.1e21 nM for both the enzymes. Similar pattern of in-
hibitionwas observed for inhibitory reactions of wheat a-AI against
CcAmy and TcAmy. However, there was a remarkable difference
between inhibitory concentration of acarbose required to
completely inhibit the amylolytic activity of CcAmy and TcAmy.
Variable pattern of inhibition was observed for inhibitory reactions
of wheat a-AI and acarbose against crude extract of CcAmy and
TcAmy. Activity of crude CcAmy (adult and larvae) was inhibited up
to 80% with 77 nM of acarbose and up to 100% with that of 28 nM of
wheat a-AI. In case of crude TcAmy (adult and larvae), 95% of
enzyme activity was inhibited using 193 nM of acarbose while
28 nM of wheat a-AI showed 90% inhibition.

Further, to understand the underlying differential inhibitory
mechanism at molecular level, docking of CcAmy and TcAmy was
performed with acarbose. The ligand interactions were compared
based on docking score, which highlights the difference in spatial
binding of acarbose in the active sites of CcAmy and TcAmy (Fig. 6A
and B, Table 2). Valienamine unit of acarbose interacted with active
site residues of CcAmy viz. Asp185 and Glu221 and binding site
residue viz. His189 while a-D glucose and D-glucose moiety inter-
acted with Asp334 residue. In case of TcAmy, acarviosine moiety of
acarbose interacted with active site residues viz. Glu224 and
Asp289 while a-D glucose and D-glucose moiety interacted with
Tyr141 and His191 residues (Figs. 6 and 7A and B). Protein sequence
alignment between CcAmy and TcAmy revealed that all the cata-
lytic and binding pocket residues were spatially conserved. Except
all other identical residues, Ser290 and Val223 in CcAmy were
replaced by Thr293 and Ile226 in TcAmy, respectively
(Supplementary Figs. 2 and 3). A spatial replacement of Ser290
toThr293 in TcAmy resulted into introduction of turn in the place of
loop as observed in CcAmy (Fig. 7C and D). Moreover, Ser290 in
CcAmy formed hydrogen bondwith Asp286while Thr293 in TcAmy
formed hydrogen bonds with Asp289 as well as Gly295 (Fig. 7E and
F). This dual bonding made binding site more rigid, which hindered
the orientation of acarbose and restricted its complete access to
TcAmy active site.

4. Discussion

T. castaneum and C. chinensis are recognized worldwide as
economically important pests which feed on stored grains and are
responsible for considerable economic loss. Both of these insects
show strong food preference as T. castaneum particularly feeds on
cereal grains while C. chinensis survives on legumes. Thus, unique
dietary food preferences led us to investigate the comparative
response of insect gut a-amylases with respect to biochemical
properties as well as inhibitory potential of proteinaceous and non-
proteinaceous inhibitors towards the activity of these enzymes.

Using full-length amino acid sequences of CcAmy and TcAmy
with known coleopteran insect a-amylases, NJ tree revealed the
phylogenetic relationship of both the a-amylases. Although a-am-
ylases belonging to individual coleopteran families clustered
together and were more closely related to each other, it was hard to
define a strict evolutionary difference among a-amylases based on
the individual enzyme specificities from all the clusters (Janecek,
1995). Our findings were in well accordance with the recently re-
ported phylogenetic analysis of coleopteran insect a-amylases
(Bezerra et al., 2014). In order to know the similar or differential
biochemical properties, enzymatic characterization viz. enzyme
kinetics, pH and temperature optima, enzyme stability under
different pH and thermal conditions were performed using

Table 1
Enzyme kinetics of CcAmy and TcAmy. Substrates viz starch and amylopectin
(concentration range 0.1e3 mg/mL) were used for a-amylase catalyzed reaction to
compare the kinetic parameters. Kinetic parameters vizKM, KcatandKcat/KM for
CcAmy and TcAmy were calculated using GraphPadPrizm v.6 software.

Enzyme/substrate KM (g/L) � 10�3 Kcat (s�1) Kcat/KM [(g/L)�1 s�1] � 103

CcAmy
Starch 3.20 ± 0.41 0.92 ± 0.11 0.29 ± 0.04
Amylopectin 4.11 ± 0.01 1.10 ± 0.008 0.26 ± 0.0002
TcAmy
Starch 4.20 ± 0.43 1.13 ± 0.08 0.27 ± 0.009
Amylopectin 2.31 ± 0.0007 1.40 ± 0.007 0.59 ± 0.003
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recombinant TcAmy and CcAmy. Optimal thermal condition for
TcAmy and CcAmy was similar with respect to a-amylases from
Periplanata americana (order, Blattodea) and Tecia solanivora (order,

Lepidoptera) whereas comparatively higher thermal optima was
reported for Morimus funerenus a-amylase (order, Coleoptera)
(Agrawal, 1980; Dojnov et al., 2008; Valencia-Jimenez et al., 2008).

Fig. 4. Activity and stability of CcAmy and TcAmy under different pH and thermal conditions. A) Alpha-amylase activity of CcAmy and TcAmy at various pH. B) Stability of
CcAmy and TcAmy was checked by incubating enzyme in the buffer of respective pH overnight and activity was carried out under standard assay conditions. Data was represented
as a-amylase activity relative to the activity at pH 5.0. In statistical analysis, One-way ANOVA was performed followed by Tukey's post hoc test. Statistical data is significant at p-
value (a) or *** <0.001, (b) or** <0.01 and (c) or ns as non-significant. C) Alpha-amylase activity was carried out at various temperatures from 10 to 80 �C for CcAmy and TcAmy. D)
Stability of CcAmy and TcAmy was checked by incubating enzyme at 30 �C, 40 �C, 50 �C and 60 �C for 30 min. Activity was carried out using standard assay method. Data was
represented as a-amylase activity relative to the activity of non-treated samples. In statistical analysis, One-way ANOVAwas performed followed by Tukey's post hoc test. Statistical
data is significant at p-value (a) or *** < 0.001, (b) or **<0.05 and (c) or ns for non-significant.

Fig. 5. Inhibitory activity of acarbose and wheat a-amylase inhibitor (AI) against recombinant and crude CcAmy, TcAmy. A) 2.0e193 nM acarbose, a non-proteinaceous a-
amylase inhibitor and B) 0.1e21 nMwheat AI, a proteinaceous a-amylase inhibitor was tested for inhibitory potential against recombinant CcAmy and TcAmy. Inhibitory activity was
represented as percent inhibition. C)193 nM acarbose and D) 28 nM wheat AI, was tested for inhibitory potential against crude CcAmy and TcAmy. Inhibitory activity was rep-
resented as percent inhibition.
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Further, CcAmy had higher thermal stability than TcAmy. This sta-
bility can be explained by considering proline rule proposed by
Suzuki and co-workers for the thermo-stability of the proteins.
Increased number of proline residues corresponds to increased
thermo-stability of the protein which matched well considering
higher thermo-stabilities of CcAmy with 25 proline residues
compared to TcAmy (19 proline residues) (Suzuki et al., 1987;
Suzuki, 1989; Watanabe et al., 1996). Optimal pH condition for
TcAmy and CcAmy (pH 5.0) was similar to other reported coleop-
teran a-amylases from Hypothenemus hampei (pH 4.5e5.2), C. chi-
nensis (pH 5.2e5.4), Morimus funerenus (pH 5.2), Sitophilus oryzae
(pH 5.0) and Diabrotica vergifera (pH 5.7) (Podoler and Applebaum,
1971; Valencia et al., 2000; Titarenko and Chrispeels, 2000; Dojnov
et al., 2008; Celinska et al., 2015). According to Svensson and co-
workers, different functional and stability properties of proteins
from a-amylase family including stability at various pH conditions
were attributed to the domain B which is present as a loop between
b3 strand and a3 helix (Rodenburg et al., 1994; Juge et al., 1995). No
significant difference was observed in domain B sequences of
TcAmy and CcAmy. Both the recombinant enzymes were stable at
alkaline pH while the midgut pH of the coleopteran insects was
reported to possess acidic environment (Vinokurov et al., 2006;
Vatanparast and Hosseininaveh, 2010; Darvishzadeh et al., 2012).
However, functional significance of this difference between midgut
pH and the pH at which both the enzymes were most stable (i.e
alkaline) could not be ascribed. Reaction products were different
considering the catalytic reaction by TcAmy and CcAmy to degrade
the soluble potato starch. Malto-tetrose was exclusively produced
by TcAmy, when compared with the reaction products of Heli-
coverpa armigera (order Lepidoptera) recombinant a-amylases

(HaAmy1 and HaAmy2). Maltose was produced as a commonmajor
product in both the reactions (Bhide et al., 2015). Experimental
evidence suggested that TcAmy and CcAmy lacked the exo-alpha-
glucosidic activity; thus, glucose might be formed as a byproduct
in hydrolytic reaction by CcAmy. As in the case of TmAmy with
respect to the other a-amylases, a similar difference in substrate
affinity towards potato starch was observed for TcAmy and CcAmy
(Buonocore et al., 1976).

Homology modeled structure of TcAmy and CcAmy displayed
overall structural similarity with the existing crystal structures of a-
amylases. TcAmy and CcAmy had three domains viz. A, B and C,
where domain A found to be similar with TIM barrel except a
protruding loop between b3 strand and a3 helix known as domain
B and which is a characteristic domain of a-amylases (Banner et al.,
1975; Klein and Schulz, 1991; Qian et al., 1993). Initially, a-amylases
were known to possess four conserved regions (Toda et al., 1982:
Friedberg, 1983; Rogers, 1985; Nakajima et al., 1986). Later, the
presence of additional conserved sequences was suggested
(MacGregor, 1988) which were also found in enzymes of a-amylase
family (Svensson, 1988; MacGregor and Svensson, 1989; Jespersen
et al., 1991, 1993). Further, three additional conserved sequence
regions were identified (Janecek, 1992, 1994a, b, 1995, 2002). In the
current study of TcAmy and CcAmy, all these seven conserved sites
were present (Fig. 2). Additionally, three His residues were known
to be involved in substrate recognition and transition state stabi-
lization near active site (Ishikawa et al., 1992; Sogaard et al., 1993;
Robert et al., 2003). These His residues were conserved at the
equivalent positions viz. His101/99, His191/189 and His288/285 in
TcAmy and CcAmy, respectively. Moreover, Lys209 residue pre-
ceding the very important His residue in Taka-amylase was
essential for the substrate binding and hence, crucial for a-amylase
activity. Equivalent Lys residue was identified at Lys190/188 posi-
tion in TcAmy and CcAmy, respectively (Matsuura et al., 1984;
Nagashima et al., 1994).

Few reports have highlighted the interactions of coleopteran a-
amylases with the proteinaceous a-AIs from various sources
although thorough explanation for the mechanism of action of

Fig. 6. Differential mode of interaction of acarbose with CcAmy and TcAmy. 2D-view of ligand-protein interactions. Hydrogen-bonded interactions are shown using purple
dotted arrows with the base of the arrow representing the donor and the head representing the acceptor. Cation-p interaction has been shown using a solid red line ending in a
filled red circle pointing towards aromatic residue and NH2

þ represents cation donor. Panel A) shows interaction of acarbose with CcAmy. The residues indicated by red solid arrows
are not conserved in CcAmy and TcAmy. Hydrogen bond triplet interactions with valienamine unit of acarbose are represented by dotted purple arrows. Panel B) shows interaction
of acarbose with TcAmy. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 2
Glide docking showing Standard precision binding scores.

S.No. Title Docking score Glide score Glide emodel

1 TcAmy_Top Score �6.95 �6.965 �77.803
2 CcAmy_top Score �6.368 �6.383 �78.725
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inhibition is largely lacking (Feng et al., 1996; Yamada et al., 2003;
Svensson et al., 2004; Farias et al., 2007; Gupta et al., 2014). Similar
inhibition pattern was observed for TcAmy and CcAmy with pro-
teinaceous wheat a-AI. On the contrary, acarbose, a non-
proteinaceous inhibitor showed differential inhibition and hence,
binding interactions of acarbose with TcAmy and CcAmy were
explored in-detail to investigate the mode of differential inhibition.
Molecular docking indicated that acarbose not only interacted with
active site residues of a-amylases as similar to the interactions of
inhibitory loop of proteinaceous AIs, but also with the substrate
binding residues (Svensson et al., 2004). This interaction differed
with respect to the TcAmy and CcAmy binding site residues owing
to differential inhibition of a-amylase activity. Moreover, there was
a variation in two amino acids near the active sites of TcAmy and
CcAmy. Composition of these two residues in TcAmy hampered the
entry to the active site which resulted into superficial binding of
acarbose with increase in binding energy. This could be one of the
potential reasons why TcAmy required more concentration of
acarbose for the complete inhibition of enzyme activity. Further
mutational studies might be useful to understandmolecular events
of this enzyme inhibition mechanism.
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ABSTRACT

Bioremediation mediated by microorganisms is proving to be cost effective, ecofriendly and sustainable 
technology. Genome enable experimental and modeling techniques are of a great help in evaluating 
physiology and enhancing performance of life forms to be used for bioremediation purpose. Similarly, the 
application of proteomics in bioremediation research provides a global view of the protein composition 
of microbial cell and offers promising approach to understand the molecular mechanism of removal of 
toxic material from the environment. Combination of proteomics and genomics in bioremediation is an 
insight into global metabolic and regulatory network that can enhance the understanding of gene func-
tions. Present chapter give a bird’s eye view of genomics and proteomics and their potential utilization 
in bioremediation and for the clearer understanding of the cellular responses to environmental stimuli. 
An understanding of the growth conditions governing the expression of proteome in a specific environ-
ment is essential for developing rational strategies for successful bioremediation.

1. INTRODUCTION

Bioremediation is a process in which naturally occurring organisms are used for rapid degradation / 
removal of hazardous pollutants from environment in order to obtain healthy soil, sediments, substances 
and ground water (Kumar et al., 2011). In natural way biodegradation is the recycling of waste or break-
ing down organic matter in to nutrients for the other organisms (Alexander, 1994). Bioremediation is 
carried out with the help of life forms, including bacteria, fungi, insects, worms, plants, etc. by taking 
nutrients such as C, N and P from the contaminant ultimately transforming xenobiotics in to environ-
ment friendly products (Vidali, 2001). Bioremediation approach becomes important when it comes to 
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remediation of water reserves. Industrial effluents especially textile industry waste are responsible for 
contamination of water bodies which result in limiting the water availability for drinking and agriculture 
purpose (King et al., 1997).

Microbes and Bioremediation

Dynamic behavior, flexibility in nutritional requirements and ability to adopt under extreme stress condi-
tions makes the microbe the most eligible life forms for survival. This virtue of the microbe is proving 
to be beneficial to human kind especially when it comes to removal of contaminants / toxic entities 
from environment. A large number of microorganisms have been reported for degradation of different 
industrial wastes such as dyes (Sartale et al., 2011, Keharia & Madamwar, 2003); hydrocarbons, specially 
related to petrochemiscal waste (Chhatre et al., 1996; Kapley et al., 2009; Mishra et al., 2001); tannery 
effluent (Shrivastava et al., 2003); chlorinated aromatics (Banta and Kahlon, 2007); distillery spentwash 
(Kumar et al., 2007); pesticides (Malhotra et al., 2007) heavy metals (Tripati & Shrivastava, 2007) and 
so on. Similarly, a phenomenon such as chemotaxis and its relevance in bioremediation using the pure 
culture system in model study has also been reported (Paul et al., 2006). The Energy Research Institute, 
New Delhi, demonstrated an application of carrier based hydrocarbon- degrading bacterial consortium 
for bioremediation of crude oil contaminated agricultural land in northeastern and western part of India 
(Mishra et al., 2001). Utilization of genomic tools in the identification of microbial community has led 
to the discovery of unique bacteria that were not accessible by traditional techniques. DNA extraction 
from target niches and amplification of the DNA bar-coding region by polymerase chain reaction (PCR) 
has proved extremely useful in meaningful characterization of microbial community (Malik et al., 2008). 
Real time microbial community analysis is also possible with the help of sequencing based approach 
where microbial population dynamics can be studied at different time interval and as function of carbon 
sources utilized by microbes.

Cellular Building Blocks: Role in Microbial Analysis

Recent advantages in molecular biology techniques have enable to researcher to overcome the drawback 
of the culture based analysis resulting in increased to understand of microbial diversity and functionality 
in the environment. However, these mew method rely on characterization of cellular constituents such as 
fatty acid, proteins and nucleic acid that can be extracted directly from environmental sample without the 
need for culturing and their analysis can be used to elucidate the of the microbial community (Rossello 
& Amann, 2001). Phospholipids is an important fraction of the cell biomass, and PLFA (Phospholipids 
fatty acids analysis) have been used previously to identify microorganism especially bacteria. Invention 
of Gas- Liquid chromatography (GLC) have changed the dimension of chromatography technology and 
considered as revolution in the analysis of fatty acid and lipid based microbial fingerprinting is sly de-
pendent on GLC techniques now days. Since every microorganism has unique FAME (fatty acid methyl 
ester) profiles which can be used as a tool for microbial source tracking. Fatty acid composition can be 
influenced by temperature and nutrition and individual fatty acid cannot be used to represent specific 
species (Kirk et al., 2004). Though, protein profile is used to understand functional families in vast 
diversity, but certain drawbacks are associated with this (Jansson et al., 2000). The most popular cell 
constituent used in microbial analysis is nucleic acid. DNA sequences provide the basis for our current 
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classification of microbial species and most tools focus on the use of DNA for analyzing the microbial 
secret (Muyzer, 1999).

Molecular biology approaches such as genetic engineering, transcriptomics, proteomics and interac-
tomics are now routinely been used in bioremediation process to study exact mechanism involved. The 
efficiency of bioremediation system definitely increased if precise molecular approaches are used and 
systematically followed. Even combination of genomics and proteomics data may be utilized to under-
stand / study the metabolism of organism involved in the bioremediation process. This kind of study 
will help in developing efficient stains of microbes to enhance the metabolism of xenobiotics (Desai 
et al., 2010). Currently wide array of molecular biology techniques are used to identify and analyze 
various aspects of microorganism such as gene and protein function, their interactions, metabolic and 
regulatory pathways. These techniques are facility quick analysis at molecular level to understand the 
cellular metabolism of microorganism (Desai et al., 2010). Biodegradation and bioremediation area 
open a opportunity for interesting and unexplored possibilities in the field of proteomics, genomics and 
bioinformatics, which provides the details structure and reactivity of the organic compound, sequence, 
structure and function of protein (enzymes), comparative genomics and so on. Similarly, bioremediation 
can be studies with respect to degradation pathway, prediction of genes in degradation pathways and 
degradation of compounds (Ellis et al., 2002).

This chapter is an attempt to assist the researchers working in the area of bioremediation by provid-
ing the linkage of bioremediation with cutting edge sciences like genomics, transcriptomics, proteomics 
and bioinformatics (Fleming et al., 1993; Schena et al., 1998; Sikkema et al., 1995; Kuhner et al., 2005; 
Ellis et al., 2000).

2. GENOMICS IN BIOREMEDIATION

Genomics is a related to the genetics that applies recombinant DNA, DNA sequencing methods, and 
bioinformatics to sequence, assemble, and analyze the function and structure of genomes (the complete 
set of DNA within a single cell of an organism). In traditional bioremediation, contaminated samples 
from the environment are incubated in the laboratory and rates of contaminant degradation or biotrans-
formation are monitored and lead to estimation of the potential of metabolic activity of the microbes 
responsible for bioremediation. A large magnitude of research in the area of bioremediation, initially, 
was focused on isolation and characterization of efficient microbes for pure culture and characterization 
of biotransformed/ biodegraded metabolites at molecular level using a sophisticated instrumentation in 
chromatography and spectroscopy (Fulekar, 2005a). As the research progressed, evolutionary approaches 
are proving to be extremely useful for the correct identification and isolation of an efficient strain of 
potential bioremediator (may be a novel one) from a microbial community present in the complex 
mixture of pollutants (Wilfred, 2005). Improved technologies in genomics, especially those which are 
useful for correct identification of microorganisms led to increased interest in the use of isolation and 
establishment of pure culture of the candidate organisms for bioremediation of organic and inorganic 
environmental pollutants (Nierman & Nelson, 2002). Currently, whole genome sequences of most of the 
known microorganisms useful in bioremediation are available in public domain. Sequencing technol-
ogy, especially next generation sequencing (NGS) technology is proving to be vital in the enrichment 
of sequence database and gene sequence information thus obtained is important in understanding the 
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physiological and genomic features of microorganisms involved in bioremediation (Bihari, 2013). Ex-
pression analysis of genes under various environmental conditions using DNA microarray technology 
is also possible because of availability of whole genome sequence (Nierman & Nelson, 2002). Such ge-
nome wide expression analysis provides a global picture of genetic interplay during environmental stress 
which can be useful in identifying regulatory circuits in these organisms (Baldi & Hatfield, 2002). This 
becomes significant as currently, the mechanism that controls the regulation of catalytic and respiratory 
genes that are most important in bioremediation are unknown (Lovely D. 2003). Availability of detailed 
information of genetic system of environmentally significant organisms makes the elucidation of many 
genes of previously unknown function and understanding bioremediation pathway possible (Fulekar, 
2005). This information, further lead to isolation of key genes in the bioremediation pathway for their 
future use in the development of genetically modified organisms with enhanced bioremediation ability.

Use of GMOs in Bioremediation

Recent development in the field of rDNA technology allows the incorporation of novel genes coding for 
specific proteins which may play a vital role in the degradation or biotransformation of toxic contami-
nants in the environment. Now it is known fact that genetically engineered microbes are more efficient 
in removing the organic pollutants and ultimately improves the rate of degradation of these chemicals 
and their transformation into less toxic to non-toxic products at least at laboratory level (Sayler & Ripp, 
2000). A lot of genetic systems are currently being and will be used as potential bioremediation agents 
(Menn et al., 2008; Sayler et al., 1998). A large number of opportunities that can be utilized for enhanc-
ing degradation performances using recombinant DNA technology approaches have been described by 
Timms and Pieper (1999). Degradation rate can be increased by manipulation at the rate limiting steps 
of metabolic pathways of microbes or entire novel pathway can also be incorporated into previously 
non performing bacteria (Mann et al., 2008). One of the pioneering examples of utilization of genetic 
modifications in bioremediation is of Pseudomonas fluroescens which was isolated from manufactured 
gas plant facility which is heavily contaminated with polyaromatic hydrocarbons (PAHs) and utilized for 
genetic modification and designated as P. fluroescens HK44. Wherein, a naphthalene catabolic plasmid 
pUTK21 was introduced and in addition to this, transposon based lux gene responsible for production of 
bioluminescence was fused with a promoter for naphthalene catabolic genes. Increased catabolic gene 
expression along with bioluminescent response was observed after exposure of HK44 strain to naphthalene 
or the intermediate metabolite salicylate (King et al., 1990). Genetic engineering approaches appear to 
be fascinating, but are also associated with technical and ethical difficulties. The lack of information on 
the key genes involved in the degradation / bioremediation pathway of a wide range of pollutants poses 
a hurdle in the process of identifying a candidate gene for developing genetically engineered organism. 
There are ethical issues like horizontal gene transfer, which currently is the most debated issue world-
wide. Isolation and characterization of an efficient microbe from the natural sources using traditional 
techniques, though, appears to be cumbersome, but often preferred by researchers because once screened 
and isolated, the microbe is free from all such debates (Cha et al., 1999). Complementation of traditional 
isolation techniques with modern molecular tools for correct identification of potential organism still 
remains an approach of choice.
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2.1 16S rRNA Approach in Bioremediation

The advances in the field of microbial ecology was the discovery of 16S r RNA sequence with highly 
conserved gene and involved similar phylogenic characteristics of microorganism with their communities 
(Pace et al. 1986; Amann et al. 1995). The advantages of 16S rRNA sequence analysis in bioremediation 
is to analyzed the sequence in contaminated environment and determine phylogenic characteristics of 
microorganism with bioremediation processes (Rogers & McClure, 2003; Watanabe & Baker, 2000). 
Besides this, using this techniques researcher can observe dominant microorganisms during bioremediation 
which are obtained from environmental sample (Lovley, 2001). In general, it is very difficult to isolate 
the environmentally useful organisms in culture (Amann et al, 1995) but using the 16S rRNA approach 
researcher can able to analyzed the closely related organism which may be helpful for biodegradation. 
For example, in aquifers, most microorganisms oxidize the contaminants with reduction of Fe having 
closely similar phylogeny with the Geobactor species (Rooney-varga et al. l999; Snoeyenbos-West et 
al. 2000; Roling et al. 2001). This Geobacter species effectively removes the uranium from the pol-
luted water (Lovley et al. 1991). The major drawback of 16S rRNA technique is that information of the 
phylogeny of organisms that are linked with bioremediation unable to predict important aspect in their 
phylogenetic characteristics (Pace, l997, Achenbach and Coates, 2000). The prediction of similarity in 
phylogeny is more difficult when absence of no closely related organisms.

2.2 DNA Microarray in Bioremediation

Though, the complete genome sequence of microorganism having potential in bioremediation studies 
are not yet accelerated in quick way (Golyshin et al., 2003; Tiedje, 2002; Heidelberg et al.,2002; Ses-
hadri et al., 2005; Rabus et al., 2005). Using the complete genome sequence researchers can analyzed 
the expression of all genes in each genome under different environmental condition with the help of 
DNA microarray technique (Gao et al., 2004; Muffler et al., 2002; Schut et al., 2003). Such type of 
genome expression analysis provides important information for identification of regulatory pathway in 
the microorganisms (Lovley, 2003; Rabus et al., 2005; Muffler et al., 2002). Now days, DNA microar-
ray are routinely used to evaluate the structure and gene expression profile of microorganism involved 
in bioremediation (Schut et al., 2003; Dennis et al., 2003). For example, using DNA microarray mRNA 
expression in Bacillus subtilis was achieved in anaerobic conditions (Ye et al., 2000). DNA microarray 
is effectively used to monitor microbial communities which are helpful in bioremediation by knowing 
genes and pathways involved in biodegradation (Rhee et al., 2004). Such type of DNA microarray use-
ful to analyze the naphthalene enriched soil microorganism by changing the some parameter (Cho & 
Tiedje, 2002). DNA microarrays now routinely used to determine bacterial species identification, gene 
analysis of microbial genomes and genome-wide transcriptional profiles (Muffler et al.2002; Greene 
& Voordouw, 2003).

2.3 Next-Generation Sequencing in Bioremediation

Next- Generation sequencing (NGS) technology lead to start real revolution in environmental biotechnology 
and bioremediation, it extends its novelty with the other edge of science such as genomics, proteomics, 
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metagenomics and transcriptomics (Ma & Zhai, 2012). Bioremediation and biodegradation is the now 
developed with standard molecular technologies and play important role in degradation process. NGS 
technology is capable to produced new monoclonal and digital DNA data in huge amount with negli-
gible prices. Because of this, it may be more convenient tools and techniques for researcher working 
in the field of environmental science (Eiler et al., 2012). NGS approach is helpful for the identification 
and quantification of microbes which are uncultivable in laboratory condition and very important in 
the bioremediation studies. This type of long read sequence contains two hyper variable region which 
enables specific taxonomic classification of bacteria, archaea, fungi, protozoa and algae (Sims, 2013). 
NGS technology enhanced the functional genomics for cultivated microorganism laboratory and with 
the help of daily routing molecular techniques such as fragmentation of DNA, restriction digestion and 
sequencing it leads to standardize the organisms and this will be helpful in development of bioremedia-
tion area (Bihari, 2013). This technology may help to investigate the novel catabolic pathways, muta-
tions, peculiar genetic arrangements in chromosomes or in cryptic plasmids. NGS technique is strong, 
straightforward and cost effective technology with high accuracy but it required proper instrumental and 
infrastructure. Now days this technology is much closer among the scientists, technologists, biologists 
expert to build order in bioremediation and biodegradation.

2.4 Stable Isotope Probing (SIP) Technique in Bioremediation

The new technology, who gives information to study about complex nature of microorganism in lab 
scale, is the application of Stable Isotope Probing (SIP) technique. Here, known labeled isotopes are 
added in the microbial community and important fraction of gDNA was isolated and analog study was 
conducted (Radajewski et al., 2000). SIP technology gives entire genome data of microbes which are 
involved in biodegradation. In this whole genome amplification can be achieved by shotgun sequencing 
and assembly and annotation of catalytic enzymes can be achieved. The SIP technology now routinely 
applied to absorbed the number of substances such as naphthalene (Yu and Chu, 2005); phenol (DeRito 
et al., 2005); methanol (Lueders et al., 2004); methane (Morris et al., 2002); propionate (Lueders et al., 
2004); methyl bromide, methyl chloride (Miller et al., 2004), pentachlorophenol (Mahmood et al., 2005), 
ammonium (Cupples et al., 2007), and 2,4-D (Cupples et al., 2006).

3. PROTEOMICS IN BIOREMEDIATION

Proteomics is the large-scale study of proteins, particularly their structures and functions. The terms 
‘proteomics’ was coined by Wasinger and co-workers in 1995 (Wasinger et al., 1995); which involved 
post genomic characteristic of organisms that emerge from the growth of large and complex genome 
sequencing datasets. Proteomics analysis of microorganism is very important because researcher can 
directly observed phenotypes of microorganism that may not be possible in the genome sequence (Fulekar 
& Sharma, 2008; Kumavath & Devarapalli, 2013). Proteomics is totally based on method of separation 
of protein using modem techniques such as two-dimensional polyacrylamide gel electrophoresis (2-DE) 
and mass spectrometry (MS) (Hochstrasser, 1995). The advent of proteomics has allowed an extensive 
examination of global changes in the composition or abundance of proteins as well as identification of 
key proteins involved in the response of microorganisms in a given physiological state. A number of 
reports have described sets of proteins that are up- or down regulated in response to the presence of 
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specific pollutants. In bioremediation membrane protein is the high interest for proteomics analysis For 
example’ PAHs ubiquitous environmental pollutants are extremely important to remove from the environ-
ment In situ and ex situ bioremediation of pAHs has been partially achieved using natural and genetically 
engineered microorganisms. Using a proteomics approach, the physiological changes in an organism 
during bioremediation provide further insight into bioremediation-rerated genes and their regulation. 
In pAH biodegradation, alterations occurred in bacterium affects cell-surface proteins and receptors 
(Sikkema et al. 1995). While here 2-DE is very useful and alternative approach for multidimensional 
protein identification technology (MudpIT) (Santos, 2004). The other 81-kDa proteinto catalase –per-
oxidase that expressed in response to pyrene exposure was recovered using 2-DE from mycobacterium 
sp. Strain PYR-1. Later, six major proteins were significantly induced and over expressed on 2-DE 
when Mycobacterium sp. Starin PYR-1 was exposed to phenantherene, dibenzothiophene and pyrene. 
Several pyrene- specific polypeptides were identified by N-terminal and internal peptide sequencing as 
putative enzyme. Furthermore, the induction of two ring hydroxylating dioygenses, i.e. Pdo1 and Pdo2. 
In response to pyrene was proposed during pyrene catabolism by mycobacterium sp. Stain 6PY1. A 
composite profile for 20 PAH induced protein was presented when organism mycobacterium sp. Stain 
PY1 was grown in the presence of high molecular weight PAHs.

Mass spectroscopy has modernized techniques for the environmental proteomics here researcher can 
analyses the small molecules to peptides and proteins (Aebersold & Mann. 2003). The MS techniques 
coupled with standard database and played a crucial role in proteomics for protein identification. Matrix 
associated laser desorption/ionization time-offlight MS (MALDI-TOF-MS) is the most commonly used 
approach to identifying proteins of interest with the help of 2-D gel electrophoresis by mass peptide 
fingerprinting (Aebersold & Mann. 2003.; Aitken and Learmonth.2002., Landry et al. 2000). Another 
technique surface-enhanced laser-desorption-ionization MS (SELDI-TOF-MS) is the combination of 
direct sample fractions on a chip integrated with MALDI-TOF-MS analysis (Merchant and Weinberger, 
2000; Seibert et al., 2005). The different expressed proteins were analyzed using SELDITOF- MS in 
blue exposed to PAHs and heavy metals (Knigge et al., 2004). The liquid chromatography MS (LC-MS) 
technique has been now routinely used for direct detection and identification of potential contaminants 
in water (Joo and Kim. 2005).

3.1 Environmental Proteomics in Bioremediation

In nature, microorganism always faced many expeditious and harsh changes of environmental parameter 
such as temperature, humidity, nutrients and predators. The main approach of microbes to overcome 
these problems is the modification of their protein expression profile. Transcriptomics and proteomics 
are playing important role to investigate the physiology of complex microbial consortium at molecular 
level while here, individual genes are not enough to understand the microbial adaptation. Environmen-
tal proteomics involved of new technologies ranging simple protein purification to the quantitative and 
comparative proteomics of a new identified proteins. It means that mapping of proteins in ecosystem 
to the protein expression at different environmental condition. The advances in proteomics are post 
translational modification which involves protein functionality, protein-protein interaction and protein 
sequence analysis. Hence, prospective applications of modern proteomics techniques in microbial ecology 
are identification of novel functional genes, identification of new enzymatic and metabolic pathways, 
to identify the novel proteomes in the biodegrading organisms. Besides this, it is helpful to monitor 
dynamic and sustainability of other environmental factor (Maron et al., 2007).
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3.2 Insight of Bioremediation Using Proteomics

The protein expression in the organisms varies with their environmental condition, which change their 
physiological state as well as changes may occurs in the adaptive response to different external stimuli. 
The proteomics technology allows an extensive examination of composition of proteins, also helpful 
for identification of key proteins involved physiological state of microorganism (Vasseur et a1., 1999; 
Wilkins et al., 200l). These key proteins regulated the response that occurs in the presence of specific 
pollutants (Kim et al., 2002). The proteomics approach is helpful to analyze the physiological changes 
in an organism during bioremediation or researcher can observed related genes and their regulation us-
ing proteomics. The advents of proteomics technology led to identify the unknown genes and proteins 
during the anaerobic biodegradation of toluene and ethyl-benzene (Kuhner et al., 2005). In anaerobic 
biodegradation of toluene, various genes and related proteins are expressed besides this, two toluene 
related operon (bss and bbs) was specially induced ion the adapted cells. In expression study of ethyl-
benzene pathway, Ebd protein was formed in ethyl-benzene-adapted cells but not in acetophenon-adapted 
cells, while Apc proteins were formed in both conditions (Kuhner et al., 2005). The proteomics approach 
exposed new pathway for aerobic and anaerobic biodegradation of toxic wastes which certainly gives an 
idea for identification of new proteins. The most of the regulated proteins involved in different category 
such as oxidative stress response, general stress response, energy metabolism, transcription regulation and 
transport molecule besides this, it involved nucleotide biosynthesis and cell mobility (Santos et al., 2004).

The standard proteomics experiment having basically in four steps such as sample preparation, 
protein denaturation, Protein separation by MS analysis and last one is protein identification based on 
obtained MS/ MS data. The proteomics analysis can be further increased if data is validated by other 
complementary method such as transcriptome analysis, phenotypical analysis. This is the state of art of 
proteomics analysis of environmental sample or environmental proteomics.

3.3 Stress Response Study Using Proteomics in Bioremediation

In the prokaryotes, variety of changes may occurs in the cellular constituents due to heat shock, cold shock 
and presence of heavy metals which results into change in the existing proteomes of an organism. The 
resolution of 2D gel proteomics analysis having important to cellular protein contents in bioremediation. 
The proteomics analysis exposes the microorganism to stress inducing conditions or toxic pollutants. This 
can help to identify the stress proteins that were expressed in environmental pollutant. The combination 
of flow cytometry and proteomics now recently used to show the cell physiology of microorganisms 
involved in the bioremediation (Wiacek et al., 2006). For example, P. alcaligenes degrade gentisate at 
420C and proteomic analysis shows the over expression of regulatory protein or catabolic enzymes and 
it is possible to facilitate the degradation of aromatic hydrocarbon with change in the proteomes with 
high temperature during bioremediation. The role of different proteins in the resistance of P. fluorescens 
against heavy metals such as lead, copper and cobalt was analyzed by using the proteomics approaches 
(Sharma et al., 2006). The proteomics techniques helpful to understand the cellular mechanism of un-
identified mixed cultured of variable environmental conditions. The proteomics techniques such as 2-D, 
MALDI-TOF/TOF MS and de novo sequencing are helpful for the identification of ATPases synthesis, 
oxido-reductases and several transport proteins associated with several efflux pumps. The 2-DE is very 
useful to study the stress response proteomes to solve the post-translational modification of proteins. 
This modified protein have very important role in bioremediation and it will become an interesting new 
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area of research in the field of bioremediation. The other application of proteomics in bioremediation is 
to understand the stress response such as acid and base stress response in useful microorganism.

4. CONCLUSION

The application of modern technologies such as proteomics and genomics to study the bioremediation/ 
biodegradation is an excellent approach to study at molecular level and become a novel approach in 
environmental biotechnology. The proteomics approach for protein analysis in environmental biotech-
nology is still fancy. Proteomics analysis of degradative bacteria gives novel information of proteins/ 
genes involved in degradation pathways. While, the genomics approach used to understand function of 
genes, genes pathways but for this pure culture of environmentally friendly organisms is required. The 
other techniques of molecular biology such as genetic engineering, microarray, and transcriptomics are 
used to study the details mechanism in the degradation pathways. Application of these technologies 
provides large amount of data in environmental biotechnology field and there is need to organized data 
in stepwise manner within database. The other molecular technique such as genetic engineering shows 
more prominent progress towards the bioremediation. All this modern techniques gives the knowledge 
about biodegradation pathways, structure and functions of key proteins and molecular characterization 
of microorganism.
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Abstract Laccases from various sources like higher

plants, fungi as well as bacteria are known to have wide

range of applications in various industries such as paper,

textile and beverage. This enzyme is extensively studied

because of its vital role in bioremediation, biosensors and

diagnostics. Phylogenetic analysis of retrieved sequences

of laccases from selected bacteria and fungi inferred vari-

ation in sequences and these laccases were grouped inde-

pendently. All laccases of selected organisms are acidic

showing computed pI\ 7 and hydrophilic in nature.

Presence of disulfide bridges was observed in laccases of

bacteria Pseudomonas putida, Haemophilus parasuis

HPS11 and Endozoicomonas numazuensis as well as in all

selected fungal laccases. N-myristoylation and phospho-

rylation sites for Protein kinase C and Casein kinase II

were found in all selected laccases. Secondary structure

prediction revealed dominance of random coils in selected

laccases. Validation results of predicted 3D structures of

laccase enzymes confirmed that the modeled structures

were of good quality. All selected bacterial laccases were

intracellular and those of fungal were found to be extra-

cellular. These investigations provide functional informa-

tion about these laccases and may help to design successful

experimental work aiming towards isolation and

purification of laccases from closely related organisms.

Experimental structures of these laccase enzymes are not

yet available, so till then this study will provide a platform

for knowing the structural organization responsible for

functioning of these enzymes.

Keywords Laccase � Physico-chemical properties �
Bioremediation � Random coil structure � Disulfide bonds �
Homology modeling

1 Introduction

Laccase or p-diphenol oxidase (EC 1.10.3.2), an enzyme of

multi-copper enzyme family, capable of catalyzing oxida-

tion of a wide variety of organic and inorganic substrates

was first reported from the exudates of lacquer tree, Rhus

vernicifera (Yoshida 1883). This enzyme has been inten-

sively studied by virtue of its ability to oxidize phenolic

compounds as well as capability of reducing molecular

oxygen to water (Thurston 1994). Occurrence of laccase

has been reported in a wide range of higher plants, fungi as

well as in bacteria (Benfield et al. 1964; Diamantidis et al.

2000). As compared to plants, glycosylated monomeric or

homodimeric laccases from fungi and bacteria have

10–25 % fewer sugar moieties (Rogalski and Leonowicz

2004). Molecular weight of laccases ranges in between 60

and 100 kDa out of which 10–50 % is attributed to gly-

cosylation which is responsible for its secretion, suscepti-

bility to protease, activity, copper retention and

thermostability (Xu 1999). Fungal and plant laccases differ

from each other with respect to their isoelectric points (pI)

and pH optima (pI fungal laccases 3–7, pI plant laccases 9

and pH optima fungal laccase 3.6–5.2, pH optima plant

laccase 6.8–7.4) (Vernekar and Lele 2009). The variation
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in the optimal pH of both the laccases is attributed to the

dissimilarity in its physiological functions. Fungal laccase

plays an important role in removal of toxic phenolic

compounds when the organism grows in natural conditions

while laccases from plant are responsible for lignin

biosynthesis (Benfield et al. 1964). Laccase shares a

common substrate range with that of tyrosinase and hence

it becomes difficult to define laccase on the basis of sub-

strate specificity. Because of remarkable non-specificity,

each laccase differs from other with respect to its substrate

requirement (Wood 1980). Though, wide in occurrence,

plant laccases are not significantly characterized because of

difficulties in their detection and purification. The probable

reason for this appears to be the presence of varieties of

oxidoreductase with varied substrate specificities in crude

extracts of plants (Ranocha et al. 1999). In case of bacteria,

complete purification and characterization of three laccases

are reported from Azospirillum lipoferum and Mari-

nomonas mediterranea (Givaudan et al. 1993; Solano et al.

1997). These bacterial laccases occurred as multimeric

enzymes which included catalytic subunits and one or two

large chains, and were found to play a role in cell pig-

mentation and utilization of plant-derived phenolic com-

pounds (Faure et al. 1994, 1995).

Laccase has a wide range of applications including

catalysis of oxidation of both phenolic and non-phenolic

compounds (Archibald et al. 1997). Nonspecific mechanism

of action of laccase opens a window of an opportunity to this

enzyme to be used as a biocatalyst for several applications

such as to mineralize wide range of synthetic dyes (Swamy

and Ramsy 1999), biopulping, bioleaching and industrial

wastewater treatment. Purified laccase from Trametes ver-

sicolor in the presence of chemical mediators HBT and

ABTS demonstrated oxidation of 3–5 ring polyaromatic

hydrocarbons (Majcherczyk et al. 1998). Detoxification of

toxic urushiol (a causative agent in poison ivy dermatitis) is

also achieved by laccase and can effectively be utilized in

pharmaceutical preparations for topical applications to

reduce the symptoms of poison ivy dermatitis (Xu 1996).

These oxidoreductase enzymes are also reported to be used

as ingredients in cosmetics and even as catalyst for the

manufacture of anticancer drugs (Kunamneni et al. 2008).

Traditionally, polyvinylpyrrolidone (PVP) and sulphur

dioxide are utilized in beverage industries for the removal of

phenolic groups and prevention of flavor alteration in wines

which can effectively replaced by laccase (Minussi et al.

2002). Recently, laccases are reported to be used in biosensor

and diagnostic application, i.e., in detection of phenol, ani-

line, oxygen and other substances (Xu 1999). Laccase

catalysis could be useful as biosensors for detecting O2 and

wide verity of reducing substrates. Studies suggest that lac-

case can also be used for enzyme immunoassay (Skorobo-

gat’ko et al. 1994).

Computational method (Bioinformatics approach) pro-

vides an insight to understand structural as well as physico-

chemical properties of proteins. In this study, we focused

on various computed physico-chemical properties of some

bacterial and fungal laccase such as isoelectric point (pI),

extinction coefficient (EC), instability index (Ii), aliphatic

index (Ai) and grand average hydropathicity (GRAVY).

Considering the wide range of industrial applications of

laccases, in silico information on secondary structure,

occurrence of disulfide bridges, cellular location and

computed physico-chemical properties may help in the

meaningful designing and successful execution of experi-

mental work on these laccase enzymes. The aim of present

study was to analyze the physico-chemical and structural

properties of selected bacterial and fungal laccases indi-

vidually along with simultaneous comparison in silico. 3D

structure prediction of laccases of selected organisms

through homology modeling technique is also attempted.

2 Materials and methods

2.1 Retrieval of laccase enzyme sequences

Bacterial and fungal laccase enzyme sequences were

retrieved from the National Centre for Biotechnology

Information (NCBI) (http://www.ncbi.nlm.nih.gov/). For

present study, laccase sequences of five bacteria, viz.,

Pseudomonas putida, Xanthomonas sp. M97, Steno-

trophomonas maltophilia MF89, Haemophilus parasuis

HPS11 and Endozoicomonas numazuensis and laccase

sequences of five fungi, viz., Cryphonectria parasitica,

Ganoderma lucidum, Phomopsis liquidambaris, Pycno-

porus coccineus and Trametes sanguine were selected.

2.2 Phylogenetic analysis

The bacterial and fungal laccase sequences were aligned

using clustal W (Larkin et al. 2007). Based on clustal W

alignment, phylogenetic tree was constructed using NJ

(neighbor-joining) method based on p-distance model in

MEGA4 (Tamura et al. 2007). Bootstrap resampling of

1000 replicates were applied for evaluation of the topolo-

gies of phylogenetic tree.

2.3 Physico-chemical characterization

Physico-chemical parameters including theoretical iso-

electric point (pI), extinction coefficient (EC) (Gill and

Hippel 1989), instability index (Ii) (Guruprasad et al.

1990), aliphatic index (Ai) (Ikai 1980), grand average

hydropathicity (GRAVY) (Kyte and Doolittle 1982),

number of negative residues (-R), number of positive
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residues (?R) were computed with help of Expasy Prot-

Param bioinformatics tool (Gasteiger et al. 2005).

2.4 Structural and functional analysis

Secondary structure elements were calculated by SOPMA

tool (Self-Optimized Prediction Method with Alignment)

(Combet et al. 2000). For the identification of known

motifs in the selected laccase protein sequences Motif Scan

server was used (Pagni et al. 2007). CELLO v.2.5 server

was used to determine the cellular localization of laccase

enzymes under study (Yu et al. 2006). The presence of

disulfide bonds was analyzed using the CYS_REC tool

which is able to predict total number of cysteine residues in

protein sequence and most probable ‘‘S–S bonds’’ between

available cysteine residues (http://linux1.softberry.com/

berry.phtml).

2.5 Homology modeling and validation

Prediction of 3D structures of bacterial and fungal laccase

sequences was done using SWISS-MODEL server with

automated mode (Schwede et al. 2003). SWISS-MODEL

server is automated comparative modeling server for pre-

diction of 3D structure of protein (http://swissmodel.

expasy.org). Automated mode of this server requires only

amino acid sequence of protein. Template selection,

alignment and model building are done completely auto-

mated by the server. Energy minimization of predicted 3D

protein structure was done by this server by applying

steepest descent energy minimization method using

GROMOS96 force field. This server provides model

summary which includes selected templates, sequence

identity and estimation of model quality based on

QMEAN4 Score and Z-Score (Benkert et al. 2011). Pre-

dicted model is further validated by submitting the pre-

dicted structures to RAMPAGE (Lovell et al. 2002), PROQ

server (Cristobal et al. 2001) and ERRAT server (Colovos

and Yeates 1993). Predicted 3D structures of laccases were

viewed in RasMol v.2.5 molecular Visualisation Program

(http://www.RasMol.org/).

3 Results

3.1 Retrieval of laccase enzyme sequences

and phylogenetic analysis

Laccase sequences of bacteria Pseudomonas putida, Xan-

thomonas sp. M97, Stenotrophomonas maltophilia MF89,

Haemophilus parasuis HPS11 and Endozoicomonas

numazuensis and fungi Cryphonectria parasitica, Gano-

derma lucidum, Phomopsis liquidambaris, Pycnoporus

coccineus and Trametes sanguinea were retrieved in

FASTA format from NCBI database (Table 1). Phyloge-

netic tree constructed based on NJ method showed that

bacterial and fungal laccases were grouped into two dis-

tinct clusters. Cluster I contains only bacterial laccases and

Cluster II contains only fungal laccases (Fig. 1).

3.2 Physico-chemical characterization

The amino acid composition and various physiochemical

parameters were computed using ExPasy ProtParam tool. It

was observed that the percentage of non-polar amino acids

(G, A, P, V, L, I) is greater in selected bacterial laccases

than those of fungal laccases (Supplementary material 1).

The computed pI of all laccases were found to be \7

(Table 2). The EC values of selected bacterial laccases

were in range of 34,420–58,815 M-1 cm-1 and for fungal

laccases from 59,610 to 128,145 M-1 cm-1. The values of

instability index (Ii) for bacterial laccases were [40 and

that of for fungal laccases it was\40. GRAVY index of

most of the laccases under study were in negative value

(Table 2).

3.3 Structural and functional analysis

Secondary structure elements of bacterial and fungal lac-

cases were calculated using SOPMA tool (Table 3). Alpha

helix content was greater in bacterial laccases

(30.08–32.82 %) than fungal laccases (8.29–11.0 %).

Motif scan server determines the known motifs present in

the selected bacterial and fungal laccase sequences

(Table 4). N-myristoylation site was observed in all lac-

cases under investigation with higher number of times. All

selected fungal laccases have N-glycosylation site in their

protein sequence and in case of bacteria only Xanthomonas

Table 1 Laccase sequences retrieved from NCBI database (http://

www.ncbi.nlm.nih.gov/)

Organism Accession number

(A) Bacteria

Pseudomonas putida KEX94498.1

Xanthomonas sp. M97 WP_022971466.1

Stenotrophomonas maltophilia MF89 EQM76846.1

Haemophilus parasuis HPS11 KDB49936.1

Endozoicomonas numazuensis KEQ16748.1

(B) Fungi

Cryphonectria parasitica AAA09235.1

Ganoderma lucidum ACR24357.1

Phomopsis liquidambaris AGZ62514.1

Pycnoporus coccineus BAB69776.1

Trametes sanguinea AAR92463.1
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sp.M97 laccase has N-glycosylation site. Motif scan results

also inferred that the all selected laccases have phospho-

rylation site for protein kinase C and casein kinase II. All

selected bacterial laccases belongs to multi-copper oxi-

doreductase family, as they have multi-copper

oxidoreductase motif in their protein sequence. Selected

fungal laccases have multi-copper oxidase motif in their

protein sequence. Amidation site was present only in the

laccase of selected fungi. CELLO v.2.5 server results

indicate that laccases of bacteria Pseudomonas putida,

 Pseudomonas putida

 Haemophilus parasuis HPS11

 Endozoicomonas numazuensis

 Xanthomonas sp. M97

 Stenotrophomonas maltophilia MF89

 Cryphonectria parasitica

 Phomopsis liquidambaris

 Trametes sanguinea

 Ganoderma lucidum

 Pycnoporus coccineus

100

36
63

100

99

55
100

0.05

Fig. 1 Phylogenetic tree of

laccase enzyme sequences of

selected bacteria and fungi.

Evolutionary history was

inferred using NJ method based

on p-distance model with

bootstrap resampling of 1000

replicates which are listed as

percentage at branching points

Table 2 Physico-chemical

parameters of bacterial and

fungal laccases computed using

Expasy’s ProtParam program

Organism Seq. length MW pI EC Ii Ai GRAVY -R ?R

(A) Bacteria

P. putida 250 26,602.4 5.93 43,345 47.50 86.36 0.194 22 19

X. sp. M97 259 26,654.3 6.29 37,595 46.82 94.86 0.180 22 19

S. maltophilia MF89 256 26,939.4 6.29 38,960 54.17 85.20 -0.027 22 18

H. parasuis HPS11 245 27,377.5 4.65 34,420 43.21 80.45 -0.213 34 18

E. numazuensis 246 272,966 5.28 58,815 47.79 74.59 -0.364 33 26

(B) Fungi

C. parasitica 591 64,696.1 5.44 128,145 34.26 81.30 -0.247 47 29

G. lucidum 520 56,172.7 5.58 68,215 27.22 81.08 -0.076 40 25

P. liquidambaris 576 62,553.6 4.80 113,955 25.52 74.81 -0.158 52 26

P. coccineus 518 55,909.4 4.79 59,610 30.12 80.79 -0.088 49 22

T. sanguinea 518 56,313.6 5.59 64,080 26.40 83.57 -0.117 48 27

MW, molecular weight (g/mol); pI, isoelectric point; EC, extinction coefficient (M-1 cm-1); Ii, instability

index; Ai, aliphatic index; GRAVY, grand average hydropathicity; -R, number of negative residues; ?R,

number of positive residues

Table 3 Secondary structure

elements calculated using

SOPMA tool

Organism Alpha helix (%) Extended strands (%) Beta turn (%) Random coil (%)

(A) Bacteria

P. putida 32.40 21.60 5.20 40.80

X. sp. M97 32.82 18.53 6.56 42.08

S. maltophilia MF89 30.08 19.92 5.47 44.53

H. parasuis HPS11 30.20 23.27 5.71 40.82

E. numazuensis 30.89 22.36 4.47 42.28

(B) Fungi

C. parasitica 8.29 26.40 6.60 58.71

G. lucidum 9.62 29.42 6.54 54.42

P. liquidambaris 10.42 26.56 6.08 56.94

P. coccineus 11.00 27.99 6.95 54.05

T. sanguinea 8.88 28.57 6.18 56.37
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Table 4 Predicted motifs in selected bacterial and fungal laccase protein sequences using MOTIF SCAN server

Organism Motif information No. of

sites

Amino acid residue

P. putida N-myristoylation site 6 14–19, 70–75, 93–98, 113–118, 125–130, 210–215

cAMP- and cGMP-dependent protein kinase

phosphorylation site

2 52–55, 225–228

Protein kinase C phosphorylation site 3 20–22, 223–225, 230–232

Casein kinase phosphorylation site 1 215–218

Multi-copper polyphenol oxidoreductase 1 30–239

Scan box profile 1 148–185

X. sp. M97 N-glycosylation site 1 42–45

N-myristoylation site 8 27–32, 84–89, 109–114, 129–134, 141–146, 190–195,

219–224, 227–232

Protein kinase C phosphorylation site 4 23–25, 158–160, 241–243, 248–250

Casein kinase phosphorylation site 3 44–47, 185–188, 232–235

Multi-copper polyphenol oxidoreductase 1 34–257

Alanine rich region profile 1 85–218

Bacterial Ig like domain 1 1–7

Protein of unknown function 1 80–97

Glycosyl transferase family 9 1 25–73

S. maltophilia

MF89

N-myristoylation site 6 41–46, 107–112, 127–132, 139–144, 217–222, 225–230

Protein kinase C phosphorylation site 3 22–24, 238–240, 245–247

Casein kinase phosphorylation site 2 170–173, 230–233

Multi-copper polyphenol oxidoreductase 1 34–254

Casein 1 58–81

TraL protein 1 154–164

Wound induced protein 1 98–112

H. parasuis

HPS11

N-myristoylation site 2 127–132, 213–218

Protein kinase C phosphorylation site 6 19–21, 48–50, 71–73, 188–190, 227–229, 234–236

Casein kinase phosphorylation site 5 9–12, 19–22, 48–51, 136–139, 218–221

Multi-copper polyphenol oxidoreductase 1 29–243

E. numazuensis N-myristoylation site 7 27–32, 39–44, 98–103, 118–123, 130–135, 214–219, 233–238

Protein kinase C phosphorylation site 6 22–24, 94–96, 139–141, 219–221, 228–230, 236–238

Casein kinase phosphorylation site 4 42–45, 161–164, 213–216, 219–222

Multi-copper polyphenol oxidoreductase 1 32–245

LDL-receptor Class B repeat profile 1 240–246

C. parasitica N-glycosylation site 7 121–124, 234–237, 242–245, 265–268, 323–326, 407, 416,

425–428

N-myristoylation site 9 11–16, 153–158, 181–186, 246–251, 328–333, 348–353,

358–363, 543–548, 558–563

cAMP- and cGMP-dependent protein kinase

phosphorylation site

1 402–405

Protein kinase C phosphorylation site 3 40–42, 355–357, 400–402

Casein kinase phosphorylation site 8 54–57, 74–77, 212–215, 266–269, 282–285, 409–412,

492–495, 547–550

Multi-copper oxidase 3 73–193, 199–349, 412–554

Multi-copper oxidase signature 1 1 528–548

Multi-copper oxidase signature 2 1 533–544

Amidation site 1 255–258

ATP/GTP Binding site motif A 1 328–335

Tyrosine kinase phosphorylation site 1 211–219
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Haemophilus parasuis HPS11 and Endozoicomonas

numazuensis are located in the cytoplasm of respective

organism. Laccase of Xanthomonas sp. M97, Steno-

trophomonas maltophilia MF89 localized in intermem-

brane and periplasm of bacterial cell, respectively. All

fungal laccases were found to be extracellular. The number

of cysteine residues and probable disulfide bonding prob-

abilities in bacterial and fungal laccases were predicted

using CYC_REC tool (Table 5). Laccases from Xan-

thomonas sp. M97 and Stenotrophomonas maltophilia

Table 4 continued

Organism Motif information No. of

sites

Amino acid residue

G.lucidum N-glycosylation site 10 75–78, 162–165, 210–213, 229–232, 272–275, 354–357, 362–365,

398–401, 457–460

N-myristoylation site 8 93–98, 186–191, 194–199, 294–299, 342–347, 379–384, 390–395,

450–455

Protein kinase C phosphorylation site 1 459–461

Casein kinase phosphorylation site 4 168–171, 240–243, 303–306, 516–519

Multi-copper oxidase 3 30–152, 163–305, 365–494

Multi-copper oxidase signature 1 1 125–145

Amidation site 1 213–216

Aspartyl protease retroviral type family

profile

1 154–241

Domain of unknown function 1 219–228

P.

liquidambaris

N-glycosylation site 11 49–52, 84–87, 91–94, 118–121, 230–233, 236–239, 349–352, 407–410,

425–428, 440–443, 486–489

N-myristoylation site 10 45–50, 82–87, 149–154, 219–224, 227–232, 336–341, 384–389,

478–483, 516–521, 545–550

Protein kinase C phosphorylation site 2 42–44, 215–217

Casein kinase phosphorylation site 9 22–25, 72–75, 200–203, 211–214, 238–241, 318–321, 389–392,

405–408, 442–445

Multi-copper oxidase 3 72–189, 195–350, 412–542

Amidation site 2 247–250, 257–260

Bipartite nuclear localization signal

profile

1 249–263

Borrelia burgdorferi protein of unknown

function

1 108–142

P. coccineus N-glycosylation site 5 72–75, 229–232, 354–357, 398–401, 455–458

N-myristoylation site 5 93–98, 186–191, 200–205, 293–298, 379–384

Protein kinase C phosphorylation site 2 317–319, 457–459

Casein kinase phosphorylation site 7 156–159, 168–171, 202–205, 240–243, 399–402, 451–454, 502–505

Multi-copper oxidase 3 30–152, 163–305, 365–492

Multi-copper oxidase signature 1 1 125–145

Amidation site 1 213–216

Domain of unknown function 1 219–228

Coagulation factor V 1 223–231

Type III secretion system lipoprotein

chaperone (YscW)

1 210–230

T. sanguinea N-glycosylation site 7 74–77, 187–190, 228–231, 237–240, 311–314, 354–357, 362–365

N-myristoylation site 9 17–22, 39–44, 185–190, 193–198, 285–290, 292–297, 303–308,

379–384, 390–395

Protein kinase C phosphorylation site 3 40–42, 57–59, 457–459

Casein kinase phosphorylation site 5 167–170, 201–204, 239–242, 399–402, 502–505

Multi-copper oxidase 3 29–151, 162–304, 365–492

Multi-copper oxidase signature 1 1 124–144

Amidation site 2 57–60, 212–215
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MF89 does not have any disulfide bridges. Pseudomonas

putida laccase has only one disulfide bond, Haemophilus

parasuis HPS11 and Endozoicomonas numazuensis have

three disulfide bridges in their laccase enzyme. In case of

fungal laccases, Phomopsis liquidambaris laccase has high

number of disulfide bonds (five S–S bonds), Cryphonectria

parasitica, Ganoderma lucidum, Pycnoporus coccineus

and Trametes sanguine have two disulfide bridges.

3.4 Homology modeling and validation

3D structures of bacterial and fungal laccases were pre-

dicted using SWISS-MODEL server (Fig. 2). This server

also evaluates the quality of model based on QMEAN4

global score and QMEAN Z-score. QMEAN4 score pro-

vided by the SWISS-MODEL workspace is used to eval-

uate the quality of the generated target model. Details of

selected templates, sequence identity, QMEAN4 score and

Z-score are shown in Table 5. Each predicted model was

further validated using RAMPAGE, PROQ and ERRAT

Server. QMEAN4 score and Z-score of all predicted

models were observed to be ranged from 0.604 to 0.811

and -2.48 to 0.62, respectively (Table 6). RAMPAGE

analysis indicated that all predicted models have [90 %

residues in favored region except Stenotrophomonas mal-

tophilia MF89 (89.5 %). PROQ analysis showed LG score

more than 4 for all predicted models. MAX subscore of

bacterial laccase model was [0.5 and for fungal laccase

model it was [0.1. ERRAT server results shows that

overall quality factor for predicted 3D structures of bac-

terial laccases was[55 and for fungal laccases it was[70.

ERRAT analysis plots were shown in Fig. 3. The results of

QMEAN4 scores, Z-scores, RAMPAGE server, ERRAT

server and PROQ server showed that predicted models of

bacterial and fungal laccases were of good quality

(Table 7).

4 Discussions

4.1 Physico-chemical characterization

Computed pI indicate the acidic nature of laccases under

study, probably due to the presence of higher content of

negatively charged amino acids (D, E). Extinction coeffi-

cient of protein reflects concentration of cys, trp, tyr resi-

dues in a particular protein (Gill and Hippel 1989). EC

values of selected bacterial laccases were lower than those

of fungal laccases probably due to the low content of

aromatic amino acids (F, Y, W) and cysteine residue.

Laccase of Cryphonectria parasitica has higher EC value

among all the fungal laccases investigated and in case of

bacterial laccases Endozoicomonas numazuensis laccase

has high EC value. Instability index tells about the in vivo

half-life of proteins (Guruprasad et al. 1990). Previous

reports show that the proteins which have Ii more than 40,

has in vivo half-life\5 h and those which have Ii\40 have

in vivo half-life period of 16 h (Rogers et al. 1986). In our

study, we found that selected bacterial laccases have Ii

value [40, which indicates these laccases have in vivo

half-life of 5 h. In case of selected fungal laccases Ii value

was\40, which indicates these laccase have long in vivo

half-life period of 16 h. Aliphatic index defines the relative

volume occupied by aliphatic side chains (A, V, L, I).

Aliphatic index regarded as positive factor for increase in

thermal stability of globular protein (Ikai 1980). The Ai

values of all laccases under investigation were found to be

in range of 74.81–94.86 suggesting stability for wide range

of temperature. GRAVY indices were used to define

hydrophobicity or hydrophilicity of protein (Kyte and

Doolittle 1982). GRAVY index of Pseudomonas putida

and Xanthomonas sp. M97 is positive which indicates that

these two bacterial laccase enzymes are hydrophobic in

nature. Negative GRAVY index values of bacteria Steno-

Table 5 Number of cysteine

residues and disulfide bridge

prediction using CYS_REC tool

(http://linux1.softberry.com/

berry.phtml)

Organism No. of cysteine residues Disulfide bridge prediction

(A) Bacteria

P. putida 6 18–96

X. sp. M97 2 None

S. maltophilia MF89 1 None

H. parasuis HPS11 9 98–148, 105–111, 217–220

E. numazuensis 7 28–114, 59–101, 108–218

(B) Fungi

C. parasitica 7 36–332, 147–571

G. lucidum 6 106–509, 138–226

P. liquidambaris 11 37–46, 78–243, 87–144, 237–559, 332–367

P. coccineus 5 106–507, 138–226

T. sanguinea 5 105–507, 137–225
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trophomonas maltophilia MF89, Haemophilus parasuis

HPS11, Endozoicomonas numazuensis and fungi Cry-

phonectria parasitica, Ganoderma lucidum, Phomopsis

liquidambaris, Pycnoporus coccineus, Trametes sanguine

laccases showed that these laccases interact better with

water (Table 2).

Organism Predicted 3D structure Organism Predicted 3D structure 
ignuF)BairetcaB)A

P. putida C. parasitica

X. sp. M97 G. lucidum

S. maltophilia 
MF89 

P. liquidambaris

H .parasuis HPS11 P. coccineus

E. numazuensis T. sanguinea 

Fig. 2 Predicted 3D structures of selected bacterial and fungal laccase enzyme
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4.2 Structural and functional analysis

Secondary structure analysis reveals that the random coiled

secondary structure is dominant in all selected laccases

(Table 3). A random coil plays an important role in protein

flexibility, conformational changes and enzymatic turnover

(Buxbaum 2007). Function and activity of protein includ-

ing intrinsic biological activity, half-life and subcellular

Table 6 SWISS-MODEL

server generated data: selected

template (PDB ID), sequence

identity, predicted models

quality estimation

Organism Model summary Model quality estimation

Template Sequence identity (%) QMEAN4 score Z-score

(A) Bacteria

P. putida 1RW0 55.73 0.675 -1.54

X. sp. M97 1RW0 46.03 0.604 -2.48

S. maltophilia MF89 1RW0 44.22 0.677 -1.48

H. parasuis HPS11 1RW0 54.69 0.666 -1.64

E. numazuensis 1RW0 47.10 0.729 -0.80

(B) Fungi

C. parasitica 3DKH 60.96 0.650 -1.75

G. lucidum 1KYA 79.15 0.719 -0.65

P. liquidambaris 3V9E 61.93 0.627 -2.09

P. coccineus 2XYB 90.94 0.811 0.63

T. sanguinea 1GYC 78.40 0.794 0.62

Organism ERRAT plot for predicted 3D structure Organism ERRAT plot for predicted 3D  structure
A) Bacteria B) Fungi

P. putida C. parasitica

X. sp. M97 G. lucidum

S. maltophilia MF89 P.liquidambaris

H. parasuis HPS11 P.coccineus

E. numazuensis T.sanguinea

Fig. 3 Overall quality factor evaluated by ERRAT for predicted 3D structures of selected laccases
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location and docking with other proteins are affected by the

phosphorylation of protein (Cohen 2000). Motif scan ser-

ver results show that all selected bacterial and fungal lac-

cases have many sites of phosphorylation for kinases,

which support that these laccases may be regulated fre-

quently (Table 4). Myristoylation is post-translational

modification in protein which occurred due to the attach-

ment of myristic acid to the protein. Myristoylation affects

the conformational stability of protein by interacting with

membranes or the hydrophobic domains of the proteins

(Podell and Gribskov 2004; Zhang et al. 1993; Olsen and

Kaarsholm 2000). Myristoylation plays an important role

in signal transduction, apoptosis and extracellular export of

proteins (Podell and Gribskov 2004). The higher number of

myristoylation sites in all selected laccases indicates that

these laccases could attain conformational stability for

catalytic activity. The proteolytic susceptibility, activity,

copper retention and thermal stability of laccases are due to

the glycosylation in laccases (Xu 1999). Our finding shows

that all fungal laccases under investigations have many

sites of glycosylation, which may be responsible for their

thermal stability. Replacement of proteins C-terminal car-

boxyl group with an amide group is referred as Amidation,

this post-translational modification is characteristic of

some bioactive peptides (Bradbury and Smyth 1991). The

exact role of amidation remains to be fully elucidated, but

it may be responsible for peptide stability or activity (Gary

2009). Selected fungal laccase has one or two amidation

sites which indicate that these laccases may attain stability

or activity due to the amidation. Based on the localization

of laccase in a cell and clusters in phylogenetic tree, it was

observed that sub-cluster IA consisting laccases are local-

ized in cytoplasm, sub-cluster IB consisting laccases are

located in intercellular membrane and periplasm of bacte-

rial cell. All fungal laccases in cluster II were found to be

extracellular (Fig. 1). Those proteins are secreted in the

extracellular medium; disulfide bonds in that proteins play

an important role for folding and stability of that protein

(Bradshaw 1989). Extracellular proteins include more

number of disulfide bonds and cysteine residues (Naka-

shima and Nishikawa 1994). Intracellular proteins have

lower number of cysteine residues and disulfide bonds

(Nakashima and Nishikawa 1994). The CYS_REC tool

results indicated that all selected fungal laccases have at

least two disulfide bonds, which may be responsible for

stability and folding of these laccases. In case of selected

bacterial laccases, few of them have S–S bonds (Table 5).

Most of the bacterial laccase so far studied are located

intracellularly, which were reported in A. lipoferum (Dia-

mantidis et al. 2000), M. mediterranea (Solano et al. 1997)

and B. subtilis (Martins et al. 2002). CELLO v.2.5 results

show that selected bacterial laccases were located intra-

cellularly, which shows our findings are in agreement with

previously reported intracellular bacterial laccases. Most of

the purified fungal laccases are localized in both intracel-

lularly and extracellularly (Schlosser et al. 1997). Our

findings shows that selected fungal laccase are

extracellular.

4.3 Homology modeling and validation

Three-dimensional (3D) structure of proteins gives valu-

able information about the functioning of protein, which

allows designing successful experiments. When there is no

experimental structures available for interested proteins or

enzymes, homology modeled protein or enzyme structures

Table 7 Validation parameters

computed for built 3D protein

structures of target bacterial and

fungal laccase sequences using

RAMPAGE, PROQ and

ERRAT server

Organism RAMPAGE analysis PROQ analysis ERRAT analysis

RFR (%) RAR (%) ROR (%) LG score Max sub Overall quality factor

(A) Bacteria

P. putida 92.8 5.1 2.1 5.824 0.543 71.429

X. sp. M97 90.4 5.2 4.4 5.596 0.519 70.370

S. maltophilia MF89 89.5 7.3 3.2 6.078 0.529 55.372

H. parasuis HPS11 92.1 4.6 3.3 6.165 0.561 68.085

E. numazuensis 92.5 6.3 1.3 5.727 0.517 57.940

(B) Fungi

C. parasitica 93.0 5.6 1.4 5.841 0.346 70.248

G. lucidum 94.4 4.2 1.4 5.068 0.459 83.096

P. liquidambaris 93.9 4.8 1.3 5.068 0.459 77.170

P. coccineus 96.7 2.7 0.6 6.211 0.445 94.885

T. sanguinea 95.2 3.8 1.0 5.725 0.498 92.197

RFR, number of residues in favored region; RAR, number of residues in allowed region; ROR, number of

residues in outlier region
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will be helpful for planning and analyzing biological

experiments. The modeling of selected bacterial and fungal

laccase enzyme sequences was performed by SWISS-

MODEL server (Fig. 2). The QMEAN4 score is a com-

posite score consisting of linear combination of four sta-

tistical potential terms which estimate model reliability

between 0 and 1 with higher values for better models

(Benkert et al. 2011). QMEAN 4 score of all the modeled

structures was [0.5 which indicates the good quality of

predicted 3D structures of selected laccases. Z-score esti-

mates the quality of model based on structurally solved

proteins as references (Benkert et al. 2011). Z-score of all

modeled laccase structures was found to be in range of

-2.48 to 0.62 (Table 6). Ramchandran plot analysis shows

that most of the modeled structures have[90 % of residues

in allowed region which also indicate the good quality of

predicted structures. PROQ server evaluates the quality of

generated model based on LG score and Max subscore. The

criterion for good modeled 3D structure based on PROQ

analysis is that the modeled structure have LG score[4

and Max sub score[0.8 (Cristobal et al. 2001). LG score of

all the modeled structures of selected laccases was [4,

which is an another indication of having good quality of 3D

structures. ERRAT verifies the protein structure based on

algorithm which analyzes statistic of non-bonded interac-

tions between different atom types based on characteristic

atomic interaction (Colovos and Yeates 1993). The overall

quality factor for all predicted 3D structures of selected

laccases was[50, which also infers that homology mod-

eled structures of selected laccase were of good quality

(Table 7).

5 Conclusions

Physico-chemical characterization of selected bacterial and

fungal laccases gave detailed insight of properties like pI,

EC, Ai, Ii, GRAVY, etc. Random coils are dominant sec-

ondary structure element in all laccases of selected

organisms, which may be responsible for conformational

changes in these laccases. High number of glycosylation

sites in all selected fungal laccases indicates that glyco-

sylation may contribute to the thermal stability of the

selected fungal laccases. All these laccases have many sites

of phosphorylation for different kinases, which indicate

that these laccases may be regulated by phosphorylation.

These investigations provide good idea about functional

analysis of these laccases. Predicted 3D structures can be

useful for further studies such as molecular docking to

analyze the active site residues in these bacterial and fungal

laccase enzymes.
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a b s t r a c t

Alternanthera philoxeroides Griseb. a macrophyte was found to degrade a highly sulfonated textile dye
Remazol Red (RR) completely within 72 h at a concentration of 70 mg L�1. An induction in the activities
of azoreductase and riboflavin reductase was observed in root and stem tissues; while the activities of
lignin peroxidase, laccase and DCIP reductase were induced in leaf tissues. Some enzymes namely
tyrosinase, veratryl alcohol oxidase, catalase and superoxide dismutase displayed an increase in their
activity in all the tissues in response of 72 h exposure to Remazol Red. There was a marginal reduction in
contents of chlorophyll a (20%), chlorophyll b (5%) and carotenoids (16%) in the leaves when compared to
control plants. A detailed anatomical study of the stem during uptake and treatment revealed a stepwise
mechanism of dye degradation. UVevis spectrophotometric and high performance thin layer chro-
matographic analyses confirmed the removal of parent dye from solution. Based on the enzymes ac-
tivities and gas chromatography-mass spectroscopic analysis of degradation products, a possible
pathway of phytotransformation of RR was proposed which revealed the formation of 4-(phenylamino)-
1,3,5-triazin-2-ol, naphthalene-1-ol and 3-(ethylsulfonyl)phenol. Toxicity study on Devario aequipinnatus
fishes showed that the anatomy of gills of fishes exposed to A. philoxeroides treated RR was largely
protected. The plants were further explored for rhizofiltration experiments in a pilot scale reactor. A.
philoxeroides could decolorize textile industry effluent of varying pH within 96 h of treatment which was
evident from the significant reductions in the values of American dye manufacturers' institute color,
chemical oxygen demand, biological oxygen demand, total dissolved and total suspended solids.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Textile dyes are an important class of xenobiotic compounds
which represent more than 10,000 different chemicals with
multifarious and complex structures. Conventional methods of
treating textile industry effluents include chemical coagulation/
flocculation, membrane separation, ultra-filtration, reverse osmosis
and activated carbon adsorption approaches performing only a
phase transfer of pollutants (Lucas et al., 2007). These methods are
associated with lower efficiencies, higher costs, secondary

pollution problems and the inability to treat a wide array of dyes
having structural diversity (Kabra et al., 2013). Attributes like high
stability to light, temperature, water, detergents and resistance to
biological degradation due to the presence of anti-microbial agents
make these dyes recalcitrant entities capable of escaping conven-
tional wastewater treatment processes and persisting in the envi-
ronment (Couto, 2009). Use of microorganisms for cleansing the
dye contaminated water has extensively been studied and
demonstrated but is still associated with some limitations intended
for in situ administration (Khandare et al., 2013a).

Detoxification and decolorization of these recalcitrant dyes us-
ing plants appears to be an attractive, ecofriendly and cost effective
approach. Solar driven nature, aesthetic advantages and long
standing applicability makes phytoremediation as an ideal* Corresponding author.
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alternative for removal of dyes from textile effluents. Direct
employability of this technique at the polluted sites makes it more
admirable and comparatively cost effective approach over other
existing methods. Some wild plants like Phragmites australis, Blu-
mea malcolmii, Typhonium fagelliforme and Ipomoea hederifolia have
been proposed for textile dye removal (Davies et al., 2005; Kagalkar
et al., 2009, 2010; Ong et al., 2011; Rane et al., 2014) and common
garden ornamental plants such as Aster amellus, Glandularia pul-
chella, Portulaca grandifora, Petunia grandifora, Zinnia angustifolia
and Tagetes patula have been shown to have great potential for
textile dye degradation (Kabra et al., 2011a, b; Khandare et al.,
2011a, b; Patil and Jadhav, 2013; Watharkar et al., 2013a, b). How-
ever, use of aquatic macrophytes emerges as more valid, attractive
and effective for the wastewater treatment because of the plant
habits and stress tolerance characteristics. If information on phy-
toremediation of textile dyes is available, the cellular mechanisms
of metabolism behind the plant based treatments remain largely
unknown.

Alternanthera philoxeroides, an aquatic macrophyte, possesses a
creeping and layering root system forms interwoven dense mats
over surface of water. Stems are long having large and hollow in-
ternodes which provide buoyancy to the plant body. This mat
forming root system is the most important and salient property of
this plant, making it a favorable candidate for phytoremediation of
dye effluents. The present study aimed to evaluate the potential of
A. philoxeroides for removal of a toxic and highly sulfonated azo dye
Remazol Red (RR), a simulated mixture of different textile dyes and
real textile effluent. This communication reports, i) a detailed in-
duction pattern of various oxido-reductive enzymes in three
different plant tissues viz. root, stem and leaves during dye
removal; ii) photosynthetic pigment and stress tolerance enzy-
matic analysis during the treatment; iii) anatomical evidence of dye
removal and degradation pattern; iv) toxicity analysis and histo-
logical investigations of treated dye RR using a freshwater fish
Devario aequipinnatus; and v) a pilot scale rhizofiltration reactor
systemwith A. philoxeroides plants was developed and successfully
employed for the treatment of real textile effluents.

2. Material and methods

2.1. Collection of plant material and generation of plant stock for
decolorization studies

Plants of A. philoxeroides were collected from local fresh water
lake ‘Rankala’ at Kolhapur, India and were allowed to grow in the
water tanks. A stock of the plant was produced by placing them in
normal tap water for onemonth to achieve vigorous and dense root
system to be used further for in vitro dye degradation and pilot scale
rhizofiltration reactor studies. Decolorization experiments were
initially carried out with the wild plants using the dye Remazol Red
(RR) and a dye mixture containing Rubin GFL, Scarlet RR and
Disperse Yellow 4G. The experiments were carried out in 500 mL
rectangular container having 200mL of 70mg L�1 of dye solution in
plain distilled water. Absorbance of dye solutionwas recorded in an
interval of 6 h each by removing 1 mL of solution. This solutionwas
centrifuged at 4561� g for 10min (Khandare et al., 2012) to remove
any solid residue from plant if present, and the absorbance of the
clear solution was measured at the wavelength of 530 nm and
decolorization percentage was calculated.

2.2. Characterization of dye mixture and textile effluent

Simulated mixture of dyes and textile effluent were character-
ized for American Dye Manufacturers Institute (ADMI) value
(Khandare et al., 2013a), Biological Oxygen Demand (BOD) and

Chemical Oxygen Demand (COD) before and after dye degradation
(APHA, 1998).

2.3. Preparation of cell free extract and enzyme assays

Root, stem and leaves of the plants of A. philoxeroides were cut,
equally weighed (2 g), finely chopped and then separately sus-
pended in 50 mM potassium phosphate buffer (pH 7.4). The
chopped tissues were then ground in a mortar and pestle followed
by homogenization in a glass homogenizer and centrifugation at
8481 � g for 20 min. The cell free extract thus obtained was used as
an enzyme source. The supernatant obtained after harvesting the
plant root, stem and leaves was used as a source of extracellular
enzymes after centrifugation (Khandare et al., 2012).

Activities of the enzymes lignin peroxidase (LiP), laccase, DCIP
reductase, tyrosinase, azoreductase, veratryl alcohol oxidase (VAO),
riboflavin reductase, catalase and superoxide dismutase (SOD)
were determined spectrophotometrically at room temperature in
the case of control and test plants. LiP activity was determined by
monitoring the formation of propanaldehyde at 300 nm in a reac-
tion mixture of 2.5 mL containing 100 mM n-propanol, 250 mM
tartaric acid, and 10 mM H2O2 (Shanmugam et al., 1999). Laccase
activity was determined using o-toludine as a substrate. Stocks of o-
toludine were prepared as 50 mM o-toluidine in 95% ethanol and
for the final assay reaction 2 mM o-toluidine in 200 mM sodium
acetate was used. In a reaction mixture of 2 mL containing 1.5 mL of
0.1 M acetate buffer (pH 4.8), 0.3 mL of o-toluidine and 0.2 mL of
enzyme was used. Change in optical density was measured at
366 nm (Miller et al., 1997). Tyrosinase activity was determined as
described in earlier report (Zhang and Flurkey, 1997). NADH-DCIP
reductase was measured in cell-free extract as reported earlier by
Salokhe and Govindwar (1999). Veratryl alcohol oxidase activity
was determined by using veratryl alcohol as a substrate. The re-
action mixture contained 1 mM veratryl alcohol in 0.05 M citrate
phosphate buffer (pH 3.0) and enzyme in a total volume of 2 mL.
Oxidation of the substrate at room temperature was monitored by
an absorbance increase at 310 nm due to the formation of vera-
traldehyde. Riboflavin reductase and azo reductase activity was
assayed by methods earlier reported by Kurade et al. (2011). Anti-
oxidant enzyme status was assessed by spectrophotometric assays.
Antioxidant enzymes that were analyzed include catalase and su-
peroxide dismutase (Vafaei et al., 2013). All enzyme assays were
run in triplicate, average rates and enzyme activities were calcu-
lated in katals.

All enzyme assays were performed out at 27 �C with reference
blanks that contained all components except the enzyme. The
protein contents of all the samples were determined using Lowry's
method (Lowry et al., 1951).

2.4. Anatomical studies of stem and root during dye degradation

Transverse sections of root, stem and leaves were taken and
mounted in glycerin after overlaying with cover slip and result
were micro-photographed with a Zeiss Axio Imager 2 Upright
Trinocular Microscope with attached camera at 100X
magnification.

2.5. Photosynthetic pigments analysis

Plants contain two types of pigments chlorophylls (chlorophyll
a and b) and carotenoids (carotenes and xanthophylls). 0.20 g
leaves (major veins and fibrous tissues were removed) of both
control and test plants were taken in mortar and pestle, 20 mL of
acetone was added and crushed, while crushing a pinch of MgCO3
powder was added. The formed homogenate was filtered and
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centrifuged for 10 min at 2000 g. Chlorophyll a, chlorophyll b and
carotenoids were determined spectrophotometrically taking 80%
acetone as a blank. Chlorophyll content was measured by taking
readings at 645 and 663 nm. Carotenoid content was estimated at
the wavelength of 470 nm and Arnon's equations were used to
convert absorbance measurements to mg Chl g�1 leaf tissue
(Arnon, 1949).

Calculations:
For total chlorophyll

Chla (mg g�1) ¼ [(12.7 � A663)�(2.6 � A645)] � ml acetone/mg
leaf tissue
Chlb (mg g�1) ¼ [(22.9 � A645)�(4.68 � A663)] � ml acetone/mg
leaf tissue

For carotenoids
Cxþc ¼ 1000 A470�1.90Chla�63.14 Chlb/214, (x ¼ xanthophylls

and carotenes)

2.6. Analysis of the degradation products

HPLC analysis of the control as well as treated samples was
carried out (Waters model no. 2690; Waters Corp., Milford, MA) on
C18 column (symmetry, 4.6 mm � 250 mm) by using methanol
with flow rate of 1 mL/min for 10 min and UV detector at 254 nm
(Kabra et al., 2013). The control and phytotransformed samples
were characterized by FTIR (Agilent Cary 630 FTIR spectrometer)
and compared with the control sample. The FTIR analysis was
conducted in the mid-IR region of 400e4000 cm�1 (Rane et al.,
2014).

HPTLC analysis was carried out by using HPTLC system
(CAMAG, Switzerland). Samples of dye RR, dye mixture and its
biodegradation metabolites (dissolved in HPLC-grade methanol)
were loaded on precoated HPTLC green fluorescent plate (Silica
gel, Merck, Germany), by using nitrogen as a spraying gas and
TLC sample loading instrument (CAMAG LINOMAT 5). TLC plate
was developed in solvent system toluene:methanol (8:2 v/v).
After development, the plate was observed in UV chamber
(CAMAG) and scanned at 366 nm with slit dimension
5 � 0.45 mm by using TLC scanner (CAMAG). The results were
generated by using HPTLC software WinCATS 1.4.4.6337 (Rane
et al., 2014).

Identification of the metabolites produced was carried out using
GCeMS using a Shimadzu 2010 MS Engine, equipped with inte-
grated gas chromatograph with a HP1 column (60 m long and
0.25 mm). Helium was used as carrier gas at a flow rate of
1 mL min�1. The injector temperature was maintained by oven at
80 �C for 2 min. The temperature was increased up to 200 �C with
the rate of 10 �C min�1 and then raised up to 280 �C with
20 �C min�1. The compounds were identified on the basis of mass
spectra and using database of the National Institute of Structure
and Technology (NIST) library (Rane et al., 2014).

2.7. Toxicity

Fresh water fish, Devario aequipinnatus were collected from the
Kalmba Lake, Kolhapur, India. They were acclimatized to laboratory
conditions under normal day/night at 27± 1 �C for two months in
glass aquaria. Before experimentation, 45 fishes of approximately
equal scales width (55e60 mm) and body weight (50e60 g) were
sorted. For histological study, fishes were split into 3 groups (con-
trol, untreated RR and treated RR), 15 fishes in each group and
maintained under laboratory condition. After exposure period (7
and 14 d) fishes were sacrificed and the gills were quickly excised
and independently utilized for histological studies. The obtained

tissues were fixed in aqueous Bouins fluid. After fixation for 24 h,
the tissues were processed and embedded in paraffin wax (Harris,
1900). Sections were cut at 5 mm thickness and stained with he-
matoxylin and eosin and examined under microscope. Damage to
the tissues of fishes exposed to untreated and treated RR was
recorded by comparing the data obtained from control. Hemato-
logical investigations were also done for studying the effect of dye
and its metabolites. Blood smear of the fishes exposed to RR,
treated RR and fresh water was done on slide (Lee et al., 1993) and
observed at 40x.

2.8. Pilot scale rhizofiltration reactor system for bioremediation of
textile industry effluent

Considering the bioremediation potential of A. philoxeroides, it
was thought to use it for phytoremediation of textile industry
effluent at pilot scale. For initial analysis of pH tolerance, A.
philoxeroides plants were cultivated in 500 mL tap water with a
pH range of 3e10 with manual pH adjustments. The plants with
an average initial root length of 15 cm were used for this study
which was found to grow throughout the experiment which ul-
timately helped in the treatment. Further, a phytoreactor was
designed and constructed by taking an iron tank with the di-
mensions of (1.2 m � 0.61 m � 0.61 m) with an inlet (0.45 m
above the ground) and outlet on opposite side at the bottom
were provided. An iron grid just below the inlet was placed in
such a manner that it was able to hold the plants and allow the
roots to float and grow in the effluent. The effluent was filled in
the tank through inlet up to 0.45 m height of the tank allowing
340 L of effluent in each batch. Plants with 15 cm long roots were
specifically used for reactor scale rhizofiltration studies (Fig. 1A).
The treatment of each effluent sample was monitored for a
retention time of 6 d (144 h) and effluent samples were analyzed
for pH, ADMI, COD, BOD, and total solids after every 24 h. Four
different surface area coverage by plants viz. 25, 50, 75 and 100%
were tested for evaluation of effluent treatment efficiency. Fig. 1B
shows the cross section view of pilot scale rhizofiltration reactor
system.

3. Results and discussion

3.1. Evaluation of dye decolorization potential of Alternenthera
philoxeroides

A. philoxeroides was evaluated for its dye degradation potential
using eight different textile dyes at 70 mg L�1 concentration. Of the
different dyes screened, single plantlet of A. philoxeroides showed
complete (100%) decolorization of Remazol Red within 72 h. A.
philoxeroides demonstrated the decolorization of Rubin GFL, Navy
Blue HE2R, Scarlet RR, Brown 2GR, Green HE4B, Disperse Yellow 4G
and Reactive orange HER up to 93, 89, 88, 80, 72, 64 and 40% within
72 h. All the tested dyes have different structures and the plant
showed a great potential and versatility in decolorization. One of
the earlier studies by Khandare et al. (2011a) have also reported 96%
decolorization of RR by multiple plantlets of A. amellus at a much
lower concentration (20 mg L�1) within 60 h. Considering the
higher decolorization capacity of A. philoxeroides with RR at
comparatively higher concentrations, further studies were carried
out with RR at 70 mg L�1 concentrations. Decolorization studies
monitored with UVevis spectrophotometer in the range of
400e800 nm showed decrease in the concentration of the dye over
time (Fig. 2). RR has also been earlier shown to be removed by G.
pulchella from a simulated dye mixture at a concentration of
20 mg L�1 (Kabra et al., 2013).
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3.2. Role of A. philoxeroides in the treatment of simulated dye
mixture and real textile industry effluent

Industrial wastewaters, especially textile effluents are charac-
terized by elevated levels of COD, BOD, ADMI units, turbidity (NTU),
TDS, TSS, hardness and pH. A. philoxeroides was tested for decol-
orization of a real textile effluent and a simulated dyemixture. After
72 h retention 65 and 59% reduction in COD and 60 and 56%
reduction in BOD was observed for effluent and simulated mixture
of dyes, respectively. The ADMI removal value and turbidity (NTU)
of the textile effluent was found to be reduced by 84 and 88%,
respectively after the treatment. The simulated dye mixture was
also treated effectively with ADMI removal value and turbidity
reduced by 72 and 56%, respectively. TDS and TSSwere also reduced
in both effluent (66 and 11%, respectively) and simulated dye
mixture (38 and 39%, respectively). A reduction in hardness of the
effluent and simulated dye mixture was noted up to 65 and 70%,
respectively after treatment by A. philoxeroides. A significant
reduction in the pH was also noted in both effluent and simulated
dye mixture. Table 1 depicts the quantitative and comparative in-
formation of all the above physicoechemical parameters. Previ-
ously, A. amellus has been used for the treatment of textile effluents,
achieving a BOD, COD and TOC removal of 75, 60 and 54%,
respectively after 60 h (Khandare et al., 2011a). In vitro grown
Portulaca grandiflora can also treat the effluent and reduce the

ADMI value, BOD and COD by 54, 50 and 25%within 40 h (Khandare
et al., 2011b).

3.3. Changes in various oxidoereductase activities in A.
philoxeroides during the course of degradation

Root, stem and leaf tissues were independently studied for
various enzymes involved in the dye degradation process. Induc-
tion pattern of nine different enzymes namely lignin peroxidase
(LiP), laccase, DCIP reductase, tyrosinase, azoreductase, veratryl
alcohol oxidase (VAO), riboflavin reductase, catalase and superox-
ide dismutase (SOD) was studied before and after degradation of
Remazol Red. A comparative account of changes in the activities of
above mentioned enzymes in response to Remazol Red is given in
Table 2. Specific activities of lignin peroxidase, laccase and DCIP
reductase were found to be reduced in root and stem tissues while
they were elevated in leaf tissue. Whereas, azoreductase and
riboflavin reductase activities were increased in root and stem
tissues while reduced in leaf tissues. Remaining enzymes like
tyrosinase, VAO, catalase and SOD displayed an increase in their
activity in all tissues in response of the exposure to Remazol Red for
72 h. Enzymes possess no risk of biological contamination and
hence appear as an ecofriendly approach of textile dye degradation
(Rane et al., 2014). Enzymes of microbial and plant origin have
already been reported to have capacity to precisely metabolize a
number of toxic organic compounds up to complete mineralization.
In a recent study, the above mentioned enzymes from I. hederifolia
were reported to play an important role in the degradation of
Scarlet RR (Rane et al., 2014). VAO, tyrosinase, LiP, laccase and DCIP
reductases of B. malcomii, A. amellus, Z. angustifolia, P. grandifolia
and G. pulchella have also been shown to play a significant role in
decolorization of Direct Red 5B, Remazol Red, Brilliant Blue R and
Green HE4B (Kabra et al., 2011a, b; Kagalkar et al., 2011; Khandare
et al., 2011a, b, 2012).

3.4. Histological analysis of root, stem and leaf tissue of A.
philoxeroides after exposure to RR

Root, stem and leaf tissues were harvested at an interval of 8 h
up to 72 h and were analyzed to understand the histology, move-
ment of dye and subsequent removal (metabolism). Of the three
different organs, only stem could visually show the intake and
further metabolism of RR. Root and leaf tissue did not show any
signs of dye accumulation and the cellular organization was also

Fig. 1. A) The photographic image of the constructed rhizofiltration reactor system showing massive root system of A. philoxeroides plants grown on iron grid support and exposed
to effluent and B) the cross section view of the reactor showing other details.

Fig. 2. UVeVis spectrophotometric analysis of Remazol Red, root exudates of A. phil-
oxeroides and the metabolites of the dye after treatment.
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observed to remain unaffected. In stem tissues, no coloration was
observed at 0 h of exposure (Fig. 3A). A progressive increase in the
dye intensity in the cells of stem was clearly seen up to 32 h of
exposure to RR (Fig. 3BeE). At 8 h of exposure the movement of dye
was observed up to epidermal cells which further reached cortical
cells after 32 h (Fig. 3C and E). A dense accumulation of RR did occur
in epidermal and cortical cells at 32 h; the decolorization was

observed to be initiated and was evident from the decrease in the
intensity of dye in cellular structure after 40 h (Fig. 3F). The color
was observed to disappear from cortex and a lowered intensity of
dye was also seen in epidermal cells. This stage was comparable to
that of 16 h exposure. After 48 h, almost all the dye retained in all
the cells disappeared (Fig. 3G). After 72 h of exposure, the plants
were transferred to normal tap water and were further analyzed for

Table 1
Characterization of textile effluent and mixture of dyes before and after 72 h of treatment.

Parameter Untreated effluent Treated effluent Untreated dye mixture Treated dye mixture

COD (mg L�1) 1680 ± 7.64 580 ± 12.58 1378 ± 8.50 570 ± 7.02
BOD (mg L�1) 1540 ± 6.56 620 ± 8.06 1190 ± 12.58 520 ± 7.64
ADMI units 768 ± 9.02 120 ± 5.51 862 ± 6.00 102 ± 1.53
Turbidity (NTU) 310 ± 5.51 86 ± 4.51 93 ± 6.44 41 ± 3.28
TDS (mg L�1) 2900 ± 13.53 990 ± 9.52 56 ± 3.51 35 ± 2.46
TSS (mg L�1) 590 ± 12.40 528 ± 5.03 36 ± 7.50 22 ± 1.16
Hardness 390 ± 7.21 136 ± 2.08 368 ± 8.30 112 ± 3.05
pH 8.7 7.9 9.2 7.8

Values are a mean of three experiments with SD.

Table 2
Enzyme activities of A. philoxeroides plant control tissue at 0 h and after 72 h of RR dye exposure.

Enzymes A. philoxeroides root cells A. philoxeroides stem cells A. philoxeroides leaf cells

Control Test Control Test Control Test

Lignin peroxidise 8.83 ± 0.09 � 10�4 2.60 ± 0.33 � 10�4 2.62 ± 0.15 � 10�4 2.56 ± 0.04 � 10�4 1.24 ± 0.03 � 10�4 2.78 ± 0.02 � 10�4**
Laccase 2.21 ± 0.08 � 10�6 0.02 ± 0.14 � 10�6 1.18 ± 0.24 � 10�5 0.68 ± 0.22 � 10�5 1.63 ± 0.32 � 10�5 2.83 ± 0.77 � 10�5*
DCIP reductase 2.22 ± 0.18 � 10�5 2.19 ± 0.21 � 10�5 1.77 ± 0.25 � 10�5 1.24 ± 0.88 � 10�5 4.25 ± 0.97 � 10�5 8.52 ± 0.65 � 10�5**
Tyrosinase 2.19 ± 0.01 � 10�6 5.27 ± 0.20 � 10�6*** 1.53 ± 0.99 � 10�6 3.21 ± 0.46 � 10�6** 3.61 ± 0.76 � 10�6 3.80 ± 0.23 � 10�6

Azo reductase 6.67 ± 0.28 � 10�5 9.13 ± 0.04 � 10�5** 5.14 ± 0.92 � 10�5 7.39 ± 0.76 � 10�5* 2.70 ± 0.64 � 10�4 2.08 ± 0.33 � 10�4

Veratryl alcohol oxidase 2.35 ± 0.26 � 10�7 7.56 ± 0.18 � 10�7*** 1.31 ± 0.12 � 10�7 5.91 ± 0.22 � 10�7*** 2.78 ± 0.63 � 10�7 6.05 ± 0.54 � 10�7**
Riboflavin reductase 4.44 ± 0.06 � 10�2 6.68 ± 0.42 � 10�2* 3.26 ± 0.97 � 10�2 3.01 ± 0.50 � 10�2 4.90 ± 24 � 10�2 2.68 ± 0.11 � 10�2

Catalase 4.16 ± 0.33 � 10�4 5.44 ± 0.86 � 10�4* 5.83 ± 0.38 � 10�4 6.20 ± 0.34 � 10�4* 6.5 ± 0.02 � 10�4 8.1 ± 0.32 � 10�4*
Superoxide dismutase 2.68 ± 0.02 � 10�2 2.7 ± 0.07 � 10�2 1.9 ± 0.22 � 10�2 2.2 ± 0.19 � 10�2* 3.2 ± 0.36 � 10�2 3.6 ± 0.81 � 10�2

Enzyme activities are given as specific activity mg�1 of protein and expressed in katals. Values are a mean of three experiments significantly different from control at *P < 0.05,
at **P < 0 and at ***P < 0.001 by one-way ANOVA test with TukeyeKramer comparison test.

Fig. 3. Anatomy of stem of A. philoxeroides A) control plant, RR exposed plants B) at 8 h, C) 16 h, D) 24 h, E) 32 h, F) 40 h, G) 48 h, H) plants exposed to normal tap water after 72 h of
RR exposure.
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histological status; here a very clear cortical regionwith no cellular
distortion was seen (Fig. 3H).

3.5. Status of photosynthetic pigments

Alterations in the levels of photosynthetic pigments are
considered as indicators of stress and cellular energy requirement.
In the present study, exposure to RR at 70 mg L�1 concentration for
72 h, A. philoxeroides showed some reduction in Chlorophyll a
(20%), chlorophyll b (5%), total chlorophyll content (14%) and ca-
rotenoids (16%) over control, which generally is not considered as a
significant decrease (Vafaei et al., 2013). Table 3 shows the variation
in the levels of different photosynthetic pigments of A. philoxeroides
in response to exposure of RR.

3.6. Analysis of biotransformation

HPLC analysis of the untreated dye RR showed the presence of
peaks at 1.82 and 2.419 min (Fig. S1a) while in treated RR; new
peaks at 2.96 and 3.21 min were seen (Fig. S1b). The untreated dye
mixture showed the presence of different peaks at 1.76, 1.96, 1.849,
3.128, 3.608, 3.9, 6.8 and 7.106 min (Fig. S1c) which were found to
disappear with the appearance of new peaks at 2.524, 3.854 and
4.40 min (Fig. S1d). Similarly, HPLC analysis of the untreated textile
effluent showed the presence of peaks at 2.81, 3.10 and 5.46 min
(Fig. S1e) while the treated sample revealed the presence of new
peaks at 2.31, 3.28, 4.75 min (Fig. S1f). The peak at 3.10 min was
found to remain in the sample even after treatment. Thus the dif-
ferential HPLC spectra of the treated and untreated, textile effluent
and dye mixture confirmed their degradation.

The FTIR spectra of the untreated dye RR showed peaks at
3415.31, 2358.88, 1756.05, 1597.78, 1489.6, 1319.41, 1291.04,
1126.64, 1042, 843.49 and 793 cm�1 representing NeH stretching
as in secondary amides, NeH stretching as in charged amines, C]O
stretching of amide, combination of CeH stretching NeH of pri-
mary amides, N]O stretching of nitrosamines, S]O stretching of
sulfones, OeNO2 vibrations in nitrates, CeH deformation in
trisubstituted benzenes, S]O stretching of sulfonic acids, CeH
deformation as in benzene ring containing two adjacent free
hydrogen atoms (Fig. S2a). While treated dye sample showed peaks
at 3294.46, 2406.28, 1593.65, 1107, 985.55 cm�1,representing weak
and broad absorbance of OeH stretching in ReCOOH and bonded
OH, NeH deformation of charged amines, amino acids with ionized
carboxyl C]O stretching, CeOH stretching in secondary alcohols,
CeH deformation in monosubstituted alkenes (Fig. S2b). Similarly
untreated dye mixture showed peaks at 3433.15, 2931.53, 2277.84,
1342.05, 1132.3, 1048.51 and 842.05 cm�1 representing OH
stretching in ReOH intermolecularly H bonded, CeH stretching in
alkanes, diazonium salts (ReC]NeN), NO2 stretching in aromatic
nitro compounds, S]O stretching of sulfoxides, S]O stretching of
sulfonic acids, CeH deformation as in benzene ring containing two
adjacent free hydrogen atoms (Fig. S2c). while after treatment, the
mixture of dye gave new peaks at 3245.82, 1710.77, 1385.23, 1099
and 866.52 cm�1 representing OeH stretching in ReCOOH and
bonded OH, C]O stretching of dicarboxylic amino acids, CeH
deformation as in alkanes, R-O-R stretching in aliphatic ethers
(Fig. S2d). Untreated effluent showed peaks at 3262.15, 2406.25,

1657.51, 1401.90, 983.22 and 866.38 cm�1 OeH stretching in ReOH
and AreOH intramolecular H bonded chelate, NHþ stretching of
charged amines, C]O stretching of quinines and azomethines, PeO
stretching in phosphorous compounds (Fig. S2e); whereas after
treatment, the effluent gave new peaks at 3449.21, 2918.54,
1802.12, 1490.91, 1223.47, 746.83 cm�1 representing OeH stretch-
ing in ReOH and AreOH intramolecular H bonded, charged amines,
C]O stretching in acid halides, N]O stretching of nitrosamines,
S]O stretching of sulfites, CeH deformation as in benzene ring
containing five adjacent free hydrogen atoms (Fig. S2f). Thus the
differential spectra of the treated and untreated samples of dye RR,
textile dye mixture and textile effluent confirmed their degrada-
tion. The HPLC and FTIR profiles have been appended as
Supplementary Data.

HPTLC analysis (Fig. 4) of the control dye RR (Lane 1) showed
three peaks at Rf value 0.49, with a major band at 0.67 and a third
band at 0.74 with an absorbance of 103.8, 327.3 and 33.7 AU,
respectively. In lane 2 (degraded products of dye RR), there was no
visible band, confirming the decolorization of RR. Lane 3 (untreated
dye mixture) showed a distinguished appearance of 3 bands at the
Rf of 0.34, 0.50 and 0.73 with an absorbance of 112.4, 466.4 and
582.2, Lane 4 (treated dye mixture) revealed the presence of dye
metabolites at Rf of 0.28 and 0.65 having an absorbance of 198.2
and 432.7 AU. Untreated textile effluent (Lane 5) showed 2 bands at
Rf of 0.67 and 0.72 with an absorbance of 377.6 and 178.0, whereas
treated effluent showed removal of color and only two peaks were
seen at Rf of 0.71 and 0.76with reduced absorbance of 75.4 and 62.0
AU.

Treated sample of dye RR was analyzed by GCeMS to know the
chemical nature of extracted metabolites. Six separate peaks were
obtained. The pathway of degradation of RR was predicted with the
help of metabolites obtained and analysis of induction in the ac-
tivities of the enzymes in the root, stem and leaves of A. philoxer-
oides. RR undergoes asymmetric cleavage by lignin peroxidase and/
or laccase, and forms intermediates I and II. Intermediate I un-
dergoes deamination and gives 3-[(4-chloro-1,3,5-triazin-2-yl)
amino] benzenesulfonate which upon further desulfonation,
dechlorination and hydroxylation leads to form 4-(phenylamino)-
1,3,5-triazin-2-ol. Intermediate II undergoes desulfonation to form
naphthalene-1-ol. While the intermediate II undergoes desulfo-
nation and denitrification forms the another metabolite 3-(ethyl-
sulfonyl)phenol (Fig. 5). LiP and VAO are known to cleave the dye
molecules asymmetrically (Kabra et al., 2011b; Khandare et al.,
2011a, 2013b; Patil and Jadhav, 2013). Laccase has been reported
to attack dyes by oxidative cleavage (Chivukula and Renganathan,
1995).

3.7. Toxicity evaluation

Exposure of fishes to untreated RR for 7e14 d resulted in fading
in color of scales, shade off of scales and tumorogenesis on various
parts of body, indicating an extreme toxicity of the textile effluent.
While the fishes kept in control (fresh water) and treated RR did not
show any of suchmorphological abnormalities (Fig. 6A). Changes in
the behavioral patterns upon exposure to untreated and treated RR
over the control were also monitored for 14 d. When the fishes
were introduced to the tank containing untreated RR, a disturbance

Table 3
Chlorophyll and carotenoid content (mg g�1 of tissue) of Alternenthera leaves before and after 72 h exposure to 70 mg L�1 with Remazol Red.

Sample Chlorophyll a Chlorophyll b Total chlorophyll content Carotenoids

Control plant 20.54 ± 0.88 11.23 ± 0.74 31.77 ± 0.28 21.31 ± 0.08
Test plant 16.61 ± 0.81 10.75 ± 0.57 27.36 ± 0.74 18.00 ± 0.43

Values are a mean of three experiments.
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Fig. 4. HPTLC plate image with 3-D spectral scan at 366 nm.
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in their behavior like rapid movement and uneasiness was
observed which took 2e3 h for fishes to get acclimatized to the
untreated dye. Whereas, the fishes introduced to treated RR and
fresh water took only 20e30 min to get acclimatized and were
observed to be normal in their behavior. After 3 h the fishes in
untreated RR were observed to be restless and uncharacterized
benthic movement was observed in around 75% of the fishes. Fishes
in untreated RR showed uncharacterized and erratic behavior
probably due to the toxicity of dye.

Fish mortality is considered as one of the most important pa-
rameters for evaluating toxicity of the major environmental pol-
lutants of water. However, the pollutants may not always kill the
exposed fish but they may still be toxic. Blood being very sensitive
to the pollutants like dyes, it was imperative to look at the hema-
tological aspects during toxicity analysis as membrane of erythro-
cytes have earlier been reported to be permeable to pollutants
including textile dyes (Moss and Hathway, 1964). Membrane
destruction of erythrocytes results in alteration in their structure
and function (Udden, 2000). Keeping this fact in mind, the effect of
exposure of untreated RR, treated RR and fresh water on the
erythrocyte morphology was observed as a function of time. At 0 d,
erythrocytes were oval and uniform in size and shape, and kept the
same shape and size for the rest of the period of the experiment in
case of control fishes (Fig. 6 B1). In case of fishes exposed to RR, the
morphology of erythrocytes was observed to change significantly
as a function of exposure time. However, after 7 d of exposure

occasional changes in erythrocyte morphology were observed viz.
oval to triangular, oval to quadrilateral and oval to pentagonal
(Fig. 6 B2). At the end of the experiment after 14 d, most of the
erythrocytes showed morphological changes in their size and
shape and were highly distorted (Fig. 6 B3). Antagonistically, the
morphology of erythrocytes of the fishes exposed to treated dye RR
were found to remain largely unchanged as to that of the control
(Fig. 6 B4).

Vital functions like respiration, osmoregulation, acid base bal-
ance and nitrogenous waste excretion in fish are associated with
gills and make this a very crucial organ for its survival; morpho-
logical changes in gill architecture due to stress may reduce its
efficiency for respiration and osmoregulation (Korai et al., 2010). At
the end of 14 d of exposure, histological observations of gills of
fishes in fresh water (control), untreated RR and treated RR were
taken. In control group, a typical lamellar architecture of gills was
observed (Fig. 6 C1). In contrast, the untreated RR group showed
several architectural distortions like lamellar curling, blood
congestion (Fig. 6 C2), loss of secondary lamellae (Fig. 6 C3),
lamellar disorganization, vasodilatation (Fig. 6 C4) and telangiec-
tasis at tips of secondary lamellae (Fig. 6 C5). Histology of gills of
fishes exposed to treated dye RR showed no significant structural
deformities and most of the gill architecture was undamaged when
compared with the histology of gills of fishes in fresh water (Fig. 6
C6). Being externally located and in intimate contact with the wa-
ter, gills are considered to be the most vulnerable organs of fishes

Fig. 6. Morphology of the fishes exposed to A1) fresh water, A2) untreated RR, A3) treated RR for 14 d, Erythrocytes (RBCs) of the fishes exposed to B1) fresh water, B2) RR after 7 d
showing abnormal cells, B3) RR after 14 d showing extreme distortions in the cells, B4) treated RR after 14 d showing regular cells, histology of gills of Devario aequipinnatus after
14 d exposure to C1) fresh water showing normal gill structure, and untreated RR showing architectural distortions like C2) lamellar curling and blood congestion (BC), C3) loss of
secondary lamellae (L), C4) lamellar disorganization (LD) and vasodilatation (V), C5) telangiectasis at tips of secondary lamellae (T) and C6) undamaged gill architecture of fishes
exposed treated RR as compared to untreated RR group.
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and hence are prone to damage if exposed to dissolved or sus-
pended irritants in water. It is a well-documented fact that the
exposure to pollutants like salts, heavy metals, pesticides, sewage,
fertilizers, and textile dyes etc. can directly damage the gills of
fishes (Temmink et al., 1983). Recently, a static hydroponic reactor
using Pogonatherum crinitumwas constructed and augmented with
immobilized Bacillus pumilus cells. Histological studies performed
on fishes exposed to untreated effluents revealed severe toxic ef-
fects on gill cells, showing of inflammation, hyperplasia, hyper-
trophy, abnormal cell sizes, desquamation of lamellae and
hemorrhage. The treated effluent however, could manage intact
lamellae and no toxic effect was seen in the gills of the fishes
exposed to treated sample (Watharkar et al., 2015). These facts
make the histological investigation approach a criterion of choice to
demonstrate the toxicity of treated and untreated RR in the present
study.

3.8. Exploration of A. philoxeroides in pilot scale rhizofiltration
reactor for treatment of dye containing wastewaters

Plants of A. philoxeroides with dense and vigorous root system
were kept and grown in water tank as mentioned earlier for one
month after collection. A. philoxeroides could grow well in a wide
range of pH (3e10) beyond which the plants were found to show
wilting. The wilted plants could not be revived even after culturing
in nutrient rich medium. Optimally developed plants were exposed
to the textile industry effluent in rhizofiltration reactor system for
6 d (Fig. 1A). A degradation and reclamation of effluent as evaluated
from reduction in ADMI value, BOD, COD, TDS and TSS (Table 4) was
achieved in 96 h. Out of four different surface area coverage with A.
philoxeroides (25, 50, 75 and 100%), 75% surface coverage was
observed to be optimum as it showedmaximum reduction in ADMI
value, BOD, COD, TDS and TSS (Table 4), confirming cleanup of
contaminated water by this plant. Covering the entire surface of the
reactor with plants was observed to reduce the degradation efficacy
of the reactor system which may probably be because of reduced
availability of air. Interestingly, in a separate experiment, six
different textile industry effluents (340 L) of varying pH were filled
in the reactor tank individually and approximately 75% surface area
of reactor was covered by placing A. philoxeroides plants. It was
observed that irrespective of varying initial pH values, the final pH
of the treatedwastewater was always found to be around to neutral
(Fig. 7). Rane et al. (2014) have reported a reduction in pH of textile
industry effluent and simulated textile dye mixture from 10.2 to 8.1
to 7.9 and 7.5 respectively after treated with I. hederifolia. Findings
of this study did not only suggest the reduction in pH from alkaline
to near neutral but also an increase from acidic to neutral pH upon
treatment by A. philoxeroides. Different values of reduction in COD,
BOD, ADMI and total solid content were obtained after treatment of
6 different effluent samples in the reactor. Effluent samples I, II, III,

IV, V and VI showed 78, 87, 91, 88, 89 and 64% reduction in COD,
respectively. The BOD reductionwas up to 70, 80, 56, 56, 86 and 83,
respectively. The color removal viz. ADMI value was found to be
decreased by 68, 71, 72, 79, 75 and 77, respectively. Whereas, the
total solids were reduced up to 44, 51, 73, 77, 66 and 64%, respec-
tively (Table 4). A lab scale phytoreactor with P. grandiflorawas also
found to be effective in treating textile effluents to less toxic levels
and attained the COD, BOD, TOC, turbidity, TDS and TSS by 59, 38,
37, 41, 71 and 60%, respectively (Khandare et al., 2013a). A similar
kind of reactor with G. pulchella plantation was found to show an
average COD, TOC and BOD removal of 70, 74 and 70% within 60 h
(Kabra et al., 2013). In an independent experiment, a static hydro-
ponic system with P. crinitum can also achieve reductions in COD,
BOD, ADMI, conductivity, turbidity, TDS and TSS by 59, 54, 74, 0.60,
44, 11 and 7% (Watharkar et al., 2015). The involvement of root
associated micro-organisms in dye degradation cannot be denied
and bacterial assisted phytoremediation has been shown to be
more effective and efficient (Kabra et al., 2013; Khandare et al.,
2012, 2013b; Watharkar et al., 2015). The microbes can have
modulator effect on dye metabolism and in synergism with plants
could prove to be more efficacious.

Other treatment technologies have also been tried for textile
effluent. Chemical precipitation is known to remove 50% of BOD but
the decolorized effluents still possess very high COD (Zaharia et al.,
2012). Anaerobic treatment of textile effluents in a fluidized bed
reactor was found to reduce BOD, COD, and color by 94, 82, 94 and
59%, respectively, for a retention time of 24 h (Sen and Demirer,
2003). Ozonation treatment in a pilot scale plant showed 95e99%
color removal. However, the COD are still in the range of
75e120 mg L�1. In the same study electrochemical treatment was
found to be efficient in removing color by 80e100% and COD by
70e90% (Ciardelli and Ranieri, 2001). Plant based methods have
always shown effective color removal along with noteworthy re-
ductions in environmentally important parameters like COD and
BOD (Kabra et al., 2013; Watharkar et al., 2015).

4. Conclusion

The alligator weed A. philoxeroides by virtue of its ability to
survive in extreme environmental conditions could completely
decolorize RR dye within 72 h. A. philoxeroides also demonstrated
its potential in decolorizing real textile industry effluent of varying
pH at laboratory and pilot scale. The enzyme expression patterns of
A. philoxeroides during decolorization were also suggestive of hav-
ing role of different oxido-reductases in decolorization of RR. An
anatomical analysis of decolorization of RR in actual plant tissues
was also made which revealed the systemic degradation in plant
tissues. Fish toxicity analysis with Devario aequipinnatus fishes on
gill histology proved nontoxic nature of the effluent after treatment
by A. philoxeroides. This study endorsed efficient phytoremediation

Table 4
Characterization of textile effluent of various pHs before and after treatment with coverage of 75% on surface area.

Parameter Effluent 1 Effluent 2 Effluent 3 Effluent 4 Effluent 5 Effluent 6

UT T UT T UT T UT T UT T UT T

pH 3.5 5.8 4.5 6 6 6.2 7.5 6.4 9 6.8 10.5 7.1

COD (mg L�1) 1070 ± 12.45 240 ± 4.50 2500 ± 8.66 320 ± 6.50 3810 ± 8.85 380 ± 7.55 4160 ± 13.60 490 ± 9.52 2440 ± 8.22 280 ± 3.60 970 ± 5.50 350 ± 3.52
BOD (mg L�1) 260 ± 6.80 78 ± 2.85 450 ± 3.88 90 ± 2.66 870 ± 4.00 380 ± 2.52 940 ± 6.88 410 ± 5.32 720 ± 4.62 98 ± 2.54 480 ± 3.80 80 ± 1.65
ADMI units 988 ± 8.62 318 ± 3.30 1066 ± 3.50 306 ± 3.66 1388 ± 12.88 390 ± 6.80 894 ± 9.62 190 ± 1.50 1080 ± 12.62 266 ± 2.95 780 ± 6.80 178 ± 2.36
Total solids

(mg L�1)
640 ± 7.44 360 ± 2.68 980 ± 9.68 484 ± 5.30 1020 ± 8.80 280 ± 2.54 760 ± 3.60 176 ± 1.45 936 ± 2.78 320 ± 3.65 530 ± 4.75 190 ± 2.50

Values are a mean of three experiments with SD.
UT: Untreated.
T: Treated.
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potential of A. philoxeroides in cleaning up and detoxification of dye
contaminated waters. Overall studies strongly suggest that A.
philoxeroides, a massively rooted macrophyte can efficiently be
used for the treatment of textile industry effluent at large scale
(constructed wetland system) through rhizofiltration approach.
Further research for treatment of textile wastewater at actual site of
dye disposal is underway.
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a  b  s  t  r  a  c  t

Strawberry  is  one  of the  most  popular  fruits  globally  because  of  its color,  texture,  and  aroma.  Previ-
ous  studies  have  shown  that  the fruits  are  rich  in antioxidant  compounds  like flavonoids,  anthocyanins
and  proanthocyanins.  We,  for  the  first  time,  comprehensively  evaluated  the total  phenol  content,  and
antioxidant  activity  (based  on 1,1-diphenyl-2-picrylhydrazyl  (DPPH)  free-radical  scavenging,  anti-lipid
peroxidation  and  ferric  reduction  potential  (FRP)  assay)  of  two  popular  strawberry  cultivars  namely,
Sweet  Charlie  and  Camarosa,  at four  different  fruit  developmental  stages.  A  significant  decrease  in  phe-
nol content  (nearly  89%)  was  observed  in  ripened  fruits  as  compared  to  green  fruits.  The  antioxidant
potential,  as  evidenced  by  DPPH  and  FRP  assays,  increased  gradually  during  fruit  maturation  with  dose-
dependent  increase  in  activity.  The  EC50 values  for  DPPH  and  FRP assays  ranged  from  23.71  ± 6.40%  to
296.85  ± 3.50%  and  120.06  ± 4.9 �g to 219.50  ± 1.0  �g, respectively.  The  anti-lipid  peroxidation  assay  also
revealed  a steady  increase  in activity  from  green  to red fruit. The  HPLC-DAD  profiling  of  fruits  revealed
stage-specific  chemical  patterns  during  the  four  stages  of  fruit  development.  We  studied  the  changes  in
concentrations  of  Chlorogenic  acid,  Catechin,  Rutin  and  Quercetin  during  fruit  developmental  stages.  It
was clearly  demonstrated  that  the antioxidant  activity  varies  during  fruit  maturation  stages.  Maximum
antioxidants  were  found  to accumulate  during the  fruit  ripening  stage.  To the  best  of  our  knowledge,
this  is the  first  report  of  such  a comprehensive  analysis  of  antioxidant  potential  of  strawberry  fruits  from
commercial  varieties  in  India.

©  2014  Elsevier  B.V.  All  rights  reserved.

1. Introduction

Recently, there has been increased interest in natural antiox-
idants of plant origin that are viewed as promising therapeutic
agents against oxidative damage caused by free radicals (Nogochi
and Nikki, 2000; Hamid et al., 2010; Sen and Chakraborty, 2011).
The radical scavenging activity of plants has been mainly attributed
to various phenolic compounds that are increasingly becoming
popular in the processed food industry because of consumer
demands of healthy neutraceutical food (Kahkonen et al., 1999).
Fruits and vegetables contain high levels of antioxidant compounds

∗ Corresponding author. Tel.: +61 3 9925 7152.
E-mail address: nitin.mantri@rmit.edu.au (N. Mantri).

that have proven capacity of reducing oxidative stress responsible
for DNA, protein and membrane damage. They therefore lower the
incidence and mortality rates of various cancers and heart diseases
(Cao et al., 1996; Bagchi and Puri, 1998; Lobo et al., 2010; Sen and
Chakraborty, 2011).

Strawberry (Fragaria × ananassa Duch.) (Family: Rosaceae) is an
evergreen shrub with spherical to ovoid dark red berry fruits. Due
to their highly desirable taste and unique flavor, they are eaten
raw as well as used for production of jams, jellies and marmalades
(Alarcao-E-Silva et al., 2001; Pallauf et al., 2008). Attractive char-
acteristics of strawberry fruits include aroma, taste, color, texture
and chemical compounds including minerals, vitamins, antioxi-
dants and secondary metabolites (Aharoni et al., 2002). There are
many reports about the health benefits of strawberry and its puri-
fied components, such as Quercetin and ellagic acid, on diabetic
nephropathy (Anjaneyulu and Chopra, 2004); apoptosis, oxidative

http://dx.doi.org/10.1016/j.scienta.2014.03.002
0304-4238/© 2014 Elsevier B.V. All rights reserved.
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stress (Kanter et al., 2012); and on pathophysiology of diabetes
(Malini et al., 2011).

A number of studies have shown that strawberries generally
possess high level of antioxidant activity, which is linked to the lev-
els of pigments and phenolic compounds in fruits (Wang and Jiao,
2000; Vinson et al., 2001; Sun et al., 2002). Wang and Jiao (2000)
showed that strawberry juice exhibits a high level of antioxidant
activity against free radicals, including superoxide radicals, hydro-
gen peroxide, hydroxyl radicals, and singlet oxygen. Besides, they
also demonstrated that the percent inhibition of reactive oxygen
species varied among the strawberry cultivars. Since antioxidant
content is an important property of fruits and vegetables, it is
of great interest to evaluate changes in the antioxidant status of
strawberries during fruit maturation and storage (Perez and Sanz,
2001). Several strawberry cultivars have been found to display sig-
nificantly higher levels of antioxidant activity than others (Wang
et al., 2002; Meyers et al., 2003). Moreover, the individual phenolic
compounds differ among cultivars (Hakkinen and Torronen, 2000).
Cheel et al. (2007) demonstrated strawberry extracts had signif-
icantly higher antioxidant activity compared to 11 other fruits.
Qualitative and quantitative variations in the antioxidant activity
have been observed among strawberry cultivars as well as within
the same variety, depending on the genetic background, degree
of ripening, postharvest storage of the fruits, and climatic factors
(Maatta et al., 2004; Lopes-da-Silva et al., 2007).

The chemical and antioxidant profiles of strawberries and the
influence of genetic differences among cultivars may  point to a bet-
ter understanding of the role of these substances in physiology and
organoleptic-sensorial quality of the fruit (Tulipani et al., 2008).
Extensive work has already been done on the polyphenolic com-
position and antioxidant properties of mature red fruit. However,
no clear comparison has been made to understand the maturation
stages of these fruits in relation to the total phenol content and
antioxidant activities. Therefore, the aim of the present work was
to compare two main varieties of strawberry (cv. Sweet Charlie and
Camarosa)  in terms of their total phenol content and in vitro antiox-
idant properties as evaluated by 1,1-diphenyl-2-picrylhydrazyl
(DPPH), anti-lipid peroxidation and the ferric reducing antioxidant
power (FRAP) assays. HPLC was also used to establish the compar-
ative chemical profiles of the two varieties. Sweet Charlie is very
sweet to taste and cultivated globally for its good flavor. Camarosa
is comparatively less sweet but has more shelf-life than Sweet Char-
lie. The cost of Sweet Charlie in global market is around $8–9 per kg.
In 2006, some 600 tones strawberry was exported to France and
Belgium among other countries. It is for the first time that the above
two varieties of strawberry are being compared for their antioxi-
dant profiles and HPLC chemical patterns during fruit development.

2. Materials and methods

2.1. Chemicals

All chemicals used were of analytical grade. 1,1-diphenyl-2-
picrylhydrazyl (DPPH), Gallic acid, Thiobarbituric acid, Butylated
Hydroxy Toluene (BHT) and Ascorbic acid (vitamin C) were
obtained from Sigma–Aldrich (USA). Methanol, ethanol, disodium
hydrogen ortho-phosphate, potassium dihydrogen phosphate,
trichloroacetic acid, ferric chloride anhydrous, Folin–Ciocalteu
reagent, sodium carbonate, sodium chloride and potassium chlo-
ride were procured from Qualigens Ltd. (Mumbai, India).

2.2. Plant material

Fruits of Fragaria × ananassa Duch. cv. Sweet Charlie and
Camarosa were harvested from commercial plantation (All India

Strawberry Growers Association) located at Mahabaleshwar,
Maharashtra, India, 1438 m above the mean sea level (MSL). The
fruits were harvested in the morning time before 12 pm.  We  also
recorded the environmental parameters, namely mean monthly
temperature and relative humidity, as well as analyzed the soil for
nutrient availability (see Supplementary Tables 1 and 2). Fruits at
four different ripening stages (Fig. 1) namely green, greenish white
(GW), whitish red (WR) and red were collected and immediately
stored in liquid nitrogen. Then the fruits were stored at −80 ◦C
until analyzed.

2.3. Extraction

Fruits were crushed in liquid nitrogen to prepare fine powder,
which were extracted separately using absolute ethanol and 0.2%
acetic acid. Briefly, 5 g of fruit powder was  added to 100 ml  of each
solvent in a conical flask that was  incubated overnight with con-
stant shaking (60 ◦C and 80 rpm). Filtration was done using fine
Muslin cloth and Whatman filter paper no. 1. Filtrates were cen-
trifuged at 10,000 rpm for 15 min  and clear supernatant was  used
for further assays.

After calculating the yield, 10 mg/ml  extract stocks were pre-
pared and the extracts were stored at −20 ◦C for further analysis.
All the assays were performed in triplicate and mean ± SD (standard
deviation) value was considered.

2.4. Total phenol content (TPC)

Determination of total phenol compounds was  performed by the
Folin–Ciocalteu method (Pourmorad et al., 2006). Briefly, to each
test tube, 100 �g extract (or solvent, in case of control), 5 ml  of 1:10
Folin–Ciocalteu’s reagent and 4 ml  of 1 M Na2CO3 were added. The
test tube was incubated for 15 min  at room temperature in dark
and absorbance was  measured at 765 nm.  Gallic acid (1 mg/ml) was
used as the standard and the results were expressed in mg  of Gallic
acid equivalents per g of fresh fruit tissue weight.

2.5. DPPH-free radical scavenging assay

1 ml  of various concentrations (10–100 �g) of the fruit extracts
were taken in test tubes. The extracts were assayed for the discol-
oration of a methanolic solution of DPPH (0.1 mM)  as previously
reported (Oyaziu, 1986). The free radicals scavenging potential of
extracts was evaluated spectrophotometrically at 517 nm against
the absorbance of the DPPH radical. Ascorbic acid was used as
a standard compound (10–100 �g concentration range). The per-
centage scavenging was calculated using the following formula:

% Scavenging = OD control − OD sample
OD control

× 100

The degree of discoloration indicates the free-radical scaveng-
ing efficiency of the extract. The extract concentrations providing
50% inhibition (EC50) was  calculated from the graph of % DPPH
inhibition against extract concentration.

2.6. Anti-lipid peroxidation assays (ALP)

Goat liver tissue (10%, w/v) was macerated in ice-cold 0.15 M
KCl. This homogenate was  employed to assay the anti-lipid per-
oxidation potential of our test samples. Each test tube contained
500 �l of homogenate, 1 ml  of ice-cold 0.15 M KCl and 500 �l of
various concentrations (10–100 �g). Then ice-cold 100 �l of 1 mM
FeCl3 was added. The test tube was incubated at 37 ◦C for 30 min.
The reaction was stopped by adding 2 ml  ice-cold 0.25 N HCl con-
taining TCA and TBA mixture (dissolve 7.5 g of TCA and 0.190 mg
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Fig. 1. Strawberry fruits at four developmental stages. Strawberry fruits at four natural gradual developmental stages namely, (A) Green, (B) Greenish white, (C) Whitish Red
and  (D) Red. Fruits were directly collected from the field at designated developmental stages and further processed for biochemical analyses as mentioned in the text. (For
interpretation of the references to color in this figure legend, the reader is referred to the web  version of the article.)

of TBA in 50 ml  of 0.25 N HCl). Subsequently, 200 �l of ice-cold
BHT solution was added and test tubes were incubated in water
bath at 80 ◦C for 60 min  followed by cooling to room temperature
and finally the absorbance was measured at 532 nm (Wade and
Rij, 1985). Percentage scavenging was calculated using following
formula:

% ALP = OD induced − OD sample
OD induced − OD normal

×  100

The extract concentrations providing 50% inhibition (EC50) was
calculated from the graph of % inhibition of lipid peroxidation
against extract concentration.

2.7. Ferric reduction power assay

1 ml  of various concentrations (10–200 �g) of the fruit extract
was taken in test tubes. To this, 2.5 ml  of Phosphate Buffer (200 mM,
pH 6.6) and 2.5 ml  of potassium ferricyanide (1%) were added. The
tubes were incubated at 50 ◦C for 15 min. Subsequently, 2.5 ml
of TCA was added and the tubes were centrifuged at 3000 rpm
for 10 min. The 2.5 ml  supernatant was collected and equal vol-
ume  of distilled water was added to it. Finally, 0.5 ml  of FeCl3
(0.1%) was added and absorbance read at 700 nm after 5 min  incu-
bation (Chidambara et al., 2002). Ascorbic acid was used as a
reference compound (10–100 �g concentration range). The extract
concentrations providing 0.5 of absorbance (EC50) was  calculated
at 700 nm.

2.8. Chemical profiling by HPLC-DAD

Chromatographic analysis of different extracts (1 �g of stock)
was performed using HPLC-DAD Merck-Hitachi (La Chrom, Tokyo,
Japan) equipment consisting of (i) a SP930 D pump, (ii) a L-730
UV diode array detector and (iii) D-7000 chromato-integrator. The
separation was  achieved on a (250 mm × 4.6 mm,  5 �m) C18-RP
column (Phenomenex, Torrence, CA). The solvent system was  an
isocratic mode using a mobile phase consisting of buffer (10 mM
KH2PO4, pH 5) and Acetonitrile in the ratio of 70:30 (v/v) respec-
tively. Column temperature was  ambient. The flow rate was
0.8 ml/min and chromatograms were recorded at 280 nm (Yung
et al., 2012). The method was  optimized using different concentra-
tions of buffer and Acetonitrile simultaneously changing the flow
rate and column length. Relative concentration of desired com-
pounds was calculated by following formula:

Relative conc.  (mg/kg)  of desired compound

=
(

peak area of desired compound
sum of peak area of all compounds

)

× conc. (mg/kg)  of mixture injected.

2.9. Statistical analysis

The experimental results concerning the study were mean ±
standard deviation of three parallel measurements. Linear regres-
sion analysis was used to calculate the EC50 values. Student T-test
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Fig. 2. Total phenol content (mg  GAE/g fresh weight tissue) of fruits from two  straw-
berry cultivars at 100 �g of fruit extract. GAE – Gallic acid equivalent. The value
represents mg  of Gallic acid equivalent per one gram fresh weight tissue. Data are
shown as mean ± standard deviation (n = 3). Four fruit stages are namely green, GW
(greenish white), WR (whitish red) and red.

and correlation coefficient were calculated to indicate statistical
significance and correlation, respectively.

3. Results

The present study describes the changes in phenol content and
antioxidant activity of strawberry fruits during four maturation
stages in two commercially preferred varieties. Since Sweet Char-
lie and Camarosa are the most popular strawberry varieties grown

in India, we obtained the above information in these two  varieties
during four different fruit maturation stages viz. green, greenish
white (GW), whitish red (WR) and red. The environmental param-
eters like mean monthly temperature and relative humidity along
with the edaphic data for nutrient availability were also recorded
(see Supplementary Tables 1 and 2). To our knowledge it is the
first time that such type of data has been collected for these two
varieties.

3.1. Changes in phenol content during ripening stages

Fig. 2 shows the total phenol content of the two strawberry cul-
tivars during the four fruit maturation stages. 10–100 �g of fruit
extracts were used for the experiment. Gallic acid (1 mg/ml) was
used as a standard. The phenol content was represented as mg
of Gallic acid equivalent per one gram fresh weight tissue. The
phenol content was found to be decreasing from the unripe to
the ripened stage. In both, 0.2% acetic acid and ethanol extracts,
the phenol content of Camarosa fruits was found to be higher
than that of Sweet Charlie fruits at ripened stage (224.0 ± 0.61
and 207.4 ± 0.96 mg  GAE/g fresh weight tissue in Camarosa and
190.8 ± 0.16 and 99.4 ± 0.16 mg  GAE/g fresh weight tissue in Sweet
Charlie, respectively). Further, in both the varieties, the phenol con-
tent was more in 0.2% acetic acid solvent than in ethanol. This could
be due to increased solubility of phenols in aqueous acetic acid sol-
vent. During initial developmental stages, total phenol content was
highly correlated (r = 0.9886) among the two varieties.

3.2. DPPH free-radical scavenging assay

The comparative DPPH free radical scavenging activity of
the two  varieties was investigated at 10–100 �g concentrations.

Fig. 3. Comparative DPPH scavenging activity and Anti-lipid peroxidation potential of fruit extracts from two strawberry cultivars. Concentration of extract (�g) and max
%  inhibition: concentrations of extract (�g) at which the maximum percentage inhibition was  occurred. (n = 3). AA Std: Ascorbic acid standard. Four fruit stages are namely
green,  GW (greenish white), WR (whitish red) and red.
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Table  1
EC50 values of the Antioxidant assays of fruit extracts from the two  strawberry cultivars.

Variety/standard Maturation stages 0.2% acetic acid extract Ethanol extract

DPPH ALP FRAP DPPH ALP FRP

Ascorbic acid (Std) – 03.45 ± 5.67 05.92 ± 1.26 20.69 ± 1.3 03.45 ± 2.37 05.92 ± 2.61 20.69 ± 1.3
Sweet Charlie Green 23.71 ± 6.40 455.65 ± 2.31 198.34 ± 6.7 180.00 ± 4.58 105.02 ± 3.10 131.69 ± 5.6

GW  99.72 ± 1.95 326.62 ± 1.82 197.35 ± 1.2 147.67 ± 7.08 59.01 ± 3.59 105.66 ± 4.2
WR  77.95 ± 4.08 88.93 ± 1.22 156.74 ± 2.5 97.34 ± 9.16 28.73 ± 1.26 94.66 ± 4.9
Red  09.71 ± 4.96 51.50 ± 1.47 137.93 ± 3.4 58.05 ± 2.48 13.90 ± 1.51 41.61 ± 5.9

Camarosa Green 130.24 ± 5.40 467.09 ± 1.59 219.50 ± 1.0 296.85 ± 3.50 202.03 ± 1.61 120.06 ± 4.9
GW  14.21 ± 6.12 216.04 ± 1.62 139.35 ± 3.5 97.57 ± 5.27 83.53 ± 1.29 105.00 ± 2.8
WR  29.86 ± 6.19 091.5 ± 1.37 136.53 ± 2.1 220.98 ± 6.81 48.76 ± 1.58 35.83 ± 2.4
Red  29.86 ± 5.80 31.74 ± 1.95 57.11 ± 4.9 39.01 ± 4.92 44.42 ± 1.40 24.16 ± 6.7

For DPPH and ALP EC50 (mg/ml): effective concentrations at which 50% inhibition ± standard deviations are scavenged. For FRP EC50: 50% effective concentrations ± standard
deviation (�g) at which 0.5 absorbance recorded.

Maximum inhibition along with the concentration of the extracts
is summarized in Fig. 3. Ascorbic acid (1 mg/ml) was  used as a
standard compound. EC50 values are depicted in Table 1. The
scavenging activity was found to increase as a function of the mat-
uration stages in both the solvents used for extraction. The EC50 of
cv. Sweet Charlie at the red fruit stage was 9.71 ± 4.96% in 0.2% acetic
acid and 58.05 ± 2.48% in ethanol. Comparatively, in Camarosa, it
was 29.86 ± 5.80% in 0.2% acetic acid and 39.01 ± 4.92% in ethanol.

3.3. Anti-lipid peroxidation (ALP) assay

A comparative ‘anti-lipid peroxidation potential’ of the fruit
extracts from the two varieties at four different maturation stages
was investigated. Various concentrations of the fruit extract from
10 to 100 �g were evaluated. Ascorbic acid (1 mg/ml) was  used as
the standard. Maximum inhibition along with the concentration
of the extracts of two varieties is shown in Fig. 3. Both the straw-
berry varieties prevented lipid peroxidation in vitro as evidenced
from the anti-lipid peroxidation experiment. Anti-lipid peroxida-
tion potential increased significantly with maturity level of the
fruits. Significant difference in anti-lipid peroxidation potential was
found between the two varieties (P ≤ 0.009). Mature fruits of both
varieties had maximum anti-lipid peroxidation potentials as indi-
cated by low EC50 values (Table 1). Further, both 0.2% acetic acid and
absolute ethanol had comparable efficiency in extracting antioxi-
dants that are responsible for this activity. However, the ethanol
extract of both the varieties showed maximum inhibition.

3.4. Ferric reduction potential (FRP) assay

Various concentrations of the fruit extracts from 10 to 200 �g
were evaluated. Ascorbic acid (1 mg/ml) was used as a standard. The
results of ferric reduction potential assay of the two cultivars at four
different fruit maturation stages are summarized in Fig. 4. The EC50
value (Table 1) and concentration showing maximum absorbance
are indicated. For both the varieties, ethanol extract exhibited
comparatively higher antioxidant activity (lower EC50 value). The
ferric reduction potential of Camarosa was comparatively higher
than that of Sweet Charlie. Maximum ferric reduction potential was
found to be OD 1.146 at a concentration of 194 ± 1.48 �g in the
ethanol extract of the red Camarosa fruits. Standard Ascorbic acid
showed a maximum inhibition of OD 1.248 at a concentration of
98.54 ± 1.50 �g.

3.5. High-performance liquid chromatography analysis of fruits

The preliminary extraction was performed with two  different
solvents, i.e. absolute ethanol and 0.2% acetic acid. Chromatograms
revealed that the 0.2% acetic acid extract had more soluble com-
pounds than the ethanol extract. Figs. 5–8 depict the HPLC-DAD

profiles at 280 nm of 0.2% acetic acid and absolute ethanol extracts
of the two strawberry varieties. Subsequently, chromatographic
profiles of fruits of the two  varieties at different maturation stages
were compared. The relative concentrations of the compounds are
given in Tables 2 and 3. Based on the chromatographic profiles
and retention time, the analysis can be classified in three groups
as follows.

3.5.1. Group 1: Retention time (TR) 3.0–3.1 min  (Chlorogenic acid)
The first region comprised of antioxidant peaks observed

between 3.0 and 3.1 min  after sample injection. In both the sol-
vent extracts of Sweet Charlie variety, peak values and % area at
red fruit stage (peak values 60 mV  and % area 26.69) were lower as
compared with early stages of maturation (peak values 300 mV  and
% area 37.08) (Figs. 5 and 7). However, in Camarosa variety, simi-
lar trend was  observed (Figs. 6 and 8). The peak value gradually
decreased during the fruit maturation stages, green to red, i.e. the
concentration of this compound declined with the maturation of
fruit. On comparing with standard chromatograph, this peak was
of Chlorogenic acid. As seen in the chromatographs, it is highest
extracted in ethanol extract. The concentration of the Chlorogenic
acid in mg/kg of fresh fruit is given in Tables 2 and 3.

3.5.2. Group 2: Retention time (TR) 3.3–3.5 min (Catechin)
In both the extracts of Sweet Charlie variety, the peak values and

% area of this compound was  lower at red fruit stage (peak values
165 mV  and % area 266.89) as compared with early stages (peak
values 490 mV  and % area 459.9 mV)  of maturation (Figs. 5 and 7).

Fig. 4. Ferric reduction potential of fruit extracts from two strawberry cultivars
concentration of extract (�g): concentrations at which the maximum percentage
inhibition was occurred. (n = 3). AA Std: Ascorbic acid standard. Four fruit stages are
namely green, GW (greenish white), WR  (whitish red) and red.
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Fig. 5. HPLC analysis of acetic acid extracts of cv. Sweet Charlie at different fruit maturation stages. (A) Chromatogram of 0.2% acetic acid extract of green fruits of Sweet
Charlie. (B) Chromatogram of 0.2% acetic acid extract of greenish-white fruits of Sweet Charlie. (C) Chromatogram of 0.2% acetic acid extract of whitish-red fruits of Sweet
Charlie.  (D) Chromatogram of 0.2% acetic acid extract of red fruits of Sweet Charlie.

Table 2
Phenolics content of cv. Sweet Charlie (mg/kg fresh weight) derived using HPLC. The fruits were extracted in 0.2% acetic acid and absolute ethanol overnight. The extracts
were  filtered thorough muslin cloth, centrifuged and supernatant was concentrated to 1 mg/ml. From this stock, 20 �l of sample was injected for analysis.

Compounds Green GW WR  Red

AA OH AA OH AA OH AA OH

Chlorogenic acid 372.1 ± 2.38 639.6 ± 2.26 352.2 ± 2.77 843.4 ± 1.39 320.3 ± 1.61 654.1 ± 2.91 267.6 ± 1.17 636.9 ± 4.8
Catechin  460.6 ± 1.32 181.1 ± 2.13 477.6 ± 1.26 10.1 ± 0.55 446.8 ± 2.78 217.4 ± 1.95 314.1 ± 2.93 225.0 ± 3.00
Rutin  28.4 ± 1.19 97.3 ± 1.63 75.9 ± 1.41 108.2 ± 1.26 33.3 ± 1.03 90.8 ± 0.65 53.6 ± 0.62 84.5 ± 1.96
Quercetin 3.4 ± 0.43 23.2 ± 1.15 4.6 ± 0.33 33.5 ± 1.99 0.99 ± 0.04 4.6 ± 0.24 ND 9.77 ± 0.21

ND, not detected.

Table 3
Phenolics content of cv. Camarosa (mg/kg fresh weight) derived using HPLC. The fruits were extracted in 0.2% acetic acid and absolute ethanol overnight. The extracts were
filtered  thorough muslin cloth, centrifuged and supernatant was  concentrated to 1 mg/ml. From this stock, 20 �l of sample was  injected for analysis.

Compounds Green GW WR  Red

AA OH AA OH AA OH AA OH

Chlorogenic acid 389.4 ± 0.84 647.0 ± 2.15 416.1 ± 1.24 789.8 ± 5.32 369.2 ± 4.31 323.0 ± 2.17 298.4 ± 0.76 712.1 ± 4.69
Catechin  488.6 ± 1.73 169.9 ± 2.38 454.9 ± 5.70 ND 429.8 ± 2.48 189.0 ± 1.23 386.0 ± 2.29 197.4 ± 1.40
Rutin  66.1 ± 3.33 76.4 ± 0.91 47.72 ± 1.74 91.7 ± 2.64 33.9 ± 1.06 45.3 ± 0.28 27.83 ± 0.10 68.33 ± 0.50
Quercetin 2.5 ± 0.43 9.0 ± 0.42 2.12 ± 0.28 0.7 ± 0.19 5.7 ± 0.46 ND 1.4 ± 0.39 6.0 ± 0.88

ND, not detected.
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Fig. 6. HPLC analysis of acetic acid extracts of cv. Camarosa at different fruit maturation stages. (A) Chromatogram of 0.2% acetic acid extract of green fruits of Camarosa. (B)
Chromatogram of 0.2% acetic acid extract of greenish-white fruits of Camarosa. (C) Chromatogram of 0.2% acetic acid extract of whitish-red of Camarosa. (D) Chromatogram
of  0.2% acetic acid extract of red of Camarosa.

However in Camorasa variety, the % area of green and red stage
was found to be 48.76% and 19.82%, respectively whereas, the peak
value of green and red stage was found to be 425 mV and 95 mV,
respectively. Red stage showed a decrease in the % area as well as in
the peak value (Figs. 6 and 8). The peak value gradually decreased
during fruit maturation stages, green to red, i.e. the concentration
of this compound declined simultaneously with development of
the fruit. The concentration of the Catechin in mg/kg of fresh fruit
is given in Tables 2 and 3.

3.5.3. Group 3: Retention time (TR) 4.5 and 9.0–10.0 min (Rutin
and Quercetin)

During retention time (TR) 4.5–10.0 min, many small peaks were
observed on the chromatograph (Figs. 5–8) which corresponded to
Rutin and Quercetin upon comparison with standard chromato-
graph. In both the varieties, the peak values and % area were less
than 50 mV  and 10%, respectively. The concentration of the Rutin
and Quercetin in mg/kg of fresh fruit is given in Tables 2 and 3.

4. Discussion

In the past decade, strong attention has been given to the
antioxidant power of fruits as an indicator of its quality. This
parameter is strictly proportional to the presence of efficient

reactive-oxygen/radical scavenging phenolic compounds and other
secondary metabolites.

4.1. Changes in phenol content during ripening stages

The total phenol content was determined using Folin and Cio-
calteu’s phenol reagent. The phenolic compounds in plants are
generally bioactive as antioxidants due to their ability to chelate
metals, inhibit lipoxygenase and scavenge free radicals. Phenols
are one of the major groups of non-essential dietary components in
fruits. They are a wide range of chemical compounds with different
activities and chemical structures, and are considered as secondary
plant metabolites (Valverde et al., 2000).

Several studies have confirmed that the concentrations of phe-
nolic compounds are generally higher in young fruits and tissues
(Britton, 1983; Macheix et al., 1990; Hakkinen et al., 1999) and our
results are in agreement with these reports. Scalzo et al. (2005)
determined the phenolic content of thirteen fruits and vegetables
and found higher phenolic content in red strawberry fruits. How-
ever, there is a significant difference in phenol content among the
varieties of the same species (Hakkinen et al., 1999; Scalzo et al.,
2005). In our study, the phenolic contents of the fruits from two
cultivars varied significantly even though they were grown under
the same environmental conditions at the same time, and the fruits
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Fig. 7. HPLC analysis of ethanol extracts of cv. Sweet Charlie at different fruit maturation stages. (A) Chromatogram of absolute ethanol extract of green fruits of Sweet Charlie.
(B)  Chromatogram of absolute ethanol extract of greenish-white fruits of Sweet Charlie. (C) Chromatogram of absolute ethanol extract of whitish-red fruits of Sweet Charlie.
(D)  Chromatogram of absolute ethanol extract of red fruits of Sweet Charlie.

were harvested at same maturation stages. This may  indicate the
involvement of plant genotype in determining the qualitative and
quantitative variations in the phenolic compounds. This finding is in
accordance with the previous report (Wang et al., 2008). Camarosa
variety is more adapted or acclimatized to growing conditions in
India and has been found to be less susceptible to plant diseases. It
is well known that the developing fruit is more prone to pathogen
attack and phenols are involved in the defense mechanism against
pathogens (Vincenzo et al., 2006). At the green stage both vari-
eties had significant difference (P ≤ 0.004) in phenol content as
compared to mature fruits (P ≤ 0.067).

4.2. DPPH free-radical scavenging assay

DPPH assay is one of the best known, frequently employed and
accurate method of assessing free radical scavenging activity. DPPH
is a stable free radical because of its spare electron delocalization
over the whole molecule. Decolorization causes deep violet color
with �max around 520 nm.  When a solution of DPPH is mixed with a
substrate acting as a hydrogen ion donor, a stable non-radical form
of DPPH is obtained with simultaneous change from violet to pale
yellow.

Sweet Charlie therefore demonstrated better antioxidant poten-
tial than Camarosa (lower EC50 values), which is not in agreement

with the lower phenol content found in it. We  therefore propose
that Sweet Charlie cultivar may  probably have some additional
factors contributing to its antioxidant activity. Hassimotto et al.
(2005) suggested that the antioxidant activity is a result of the
combination of different compounds having synergistic and antag-
onistic effects. Pinto et al. (2008) studied the DPPH activity of
aqueous extracts (refluxed at 95 ◦C for 30 min) of seven varieties
of strawberry including the two  varieties under consideration at
fully ripened stage. In their study, the DPPH activity of Sweet Char-
lie and Camarosa varieties was in the range of (36.12–92.70%),
whereas in this study it is in the range of 55–93% (Pinto et al.,
2008).

4.3. Anti-lipid peroxidation (ALP) assay

It has been established that lipid peroxidation is one of the
central damages induced by free-radicals in our body (Hall and
Braughler, 1989). It is also known to be involved in numerous
pathological events, including inflammation, metabolic disorders
and cellular aging (Chandrashekar et al., 2010). Therefore, inhibi-
tion of lipid peroxidation is an indication of antioxidant potential
and health promoting activity of a substance.

Various flavonoids are known to inhibit lipid peroxidation
(Pietta, 2000). Strawberries are rich source of flavonoids and
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Fig. 8. HPLC analysis of ethanol extracts of cv. Camarosa at different fruit maturation stages. (A) Chromatogram of absolute ethanol extract of green fruits of Camarosa. (B)
Chromatogram of absolute ethanol extract of greenish-white fruits of Camarosa. (C) Chromatogram of absolute ethanol extract of whitish-red of Camarosa. (D) Chromatogram
of  absolute ethanol extract of red of Camarosa.

anthocyanins. However, there are only few reports on anti-lipid
peroxidation activity of strawberry fruit extracts. Ours is probably
the first report on anti-lipid peroxidation potential of strawberry
extracts at different fruit ripening stages. Ozsahin et al. (2012)
tested three strawberry varieties for their in vitro anti-lipid per-
oxidation potential and discovered that all varieties were effective
against lipid peroxidation.

Our results revealed that the total phenol content showed neg-
ative correlation with anti-lipid peroxidation (r = 0.009119). This
might be first report suggesting the correlation of the total phenol
content and anti-lipid peroxidation in strawberry. Ferric reduction
potential activity along with anti-lipid peroxidation activity contin-
uously increases during development but phenol content decreases
simultaneously. This indicates that compounds other than phenolic
compounds have important role in antioxidant activity.

4.4. Ferric reduction potential (FRP) assay

Ferric reduction potential assay is another popular antioxi-
dant assay. Presence of antioxidants in the extract results in the
reduction of Fe3+ to Fe2+ by donating an electron. The amount of
Fe2+ complex can be subsequently monitored by measuring the
formation of Perl’s blue at 700 nm.  Increasing absorbance indicates
an increase in the reductive ability (Sasikumar et al., 2010) and

reducing power of a compound serves as a significant indicator of
its antioxidant activity (Bhaumik et al., 2008).

Some previous studies describe the ferric reduction potential
of fully ripened strawberries but this is the first report comparing
ferric reduction potential at four different fruit maturation stages.
Antonio (2007) suggested that Camarosa was  efficient in ferric
reduction in vitro and our data is in agreement with this report. The
ferric reduction potential has also been studied in fruits of other
plants (Isabel et al., 2007; Lim et al., 2007).

4.5. High-performance liquid chromatography analysis of fruits

In order to investigate the changes in chemical profile dur-
ing strawberry fruit development, non-targeted metabolic profile
analyses were conducted. Chemical profiling of fruits of both
the varieties from four different ripening stages was performed
using high-performance liquid chromatography (HPLC). Chloro-
genic acid, Catechin, Rutin and Quercetin were used as standards.
The peaks obtained in various chromatographs were compared
with the standards. Although HPLC data is available for red straw-
berry fruits, no such information has been reported for the two
strawberry varieties we assessed. Further, only a couple of reports
are available on the HPLC analysis of fruits from four different devel-
opmental stages (Zhang et al., 2011).
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There are a few reports on HPLC analysis of strawberries (Aaby
et al., 2007; Buendia et al., 2010). From Figs. 5–8, we  determined
that more compounds were observed in 0.2% acetic acid extract
(which were eluted at 280 nm)  than the ethanol extract. Addition-
ally, in the antioxidant assays described above, more activity was
seen in the 0.2% acetic acid extracts except for the ferric reduc-
tion potential assay. A recent study revealed significant changes in
metabolite levels during the ripening stages, specially the transi-
tion stage from green to red (Zhang et al., 2011). Though reported
for the first time in Sweet Charlie and Camarosa varieties, our HPLC
data is similar to what was reported for other varieties (Zhang et al.,
2011).

4.6. Relationship between the antioxidant activity and HPLC
compounds with respect to total phenol content

We  report here that the phenol content decreases during fruit
development along with simultaneous increase in antioxidant
activity (negative correlation, r = −0.96557). Chlorogenic acid, Cat-
echin, Rutin and Quercetin also indicated decreasing trend. Wong
et al. (2006) studied correlation of the TPC with antioxidant activ-
ity. They suggested that polyphenols in the extracts were partly
responsible for the antioxidant activities. Polyphenols also have a
major role in plant defense mechanism. Decrease in phenol con-
tent observed during maturation may  be due to the conversion of
phenolics to compounds with high antioxidant activity of particular
stage/fruit (Macheix et al., 1990). Chlorogenic acid and Quercetin
are reported to be abundant in young stages and decrease rapidly
during development along with the phenol content (Ding et al.,
2001). Our results are in accordance with these findings.

It is important to know the changes in phenolics and antioxi-
dant activities of the fruits during the maturation. It is well known
that the hormones, yield improving synthetic chemicals and pes-
ticides/insecticides can alter these activities in a specific way. The
development linked alterations in the antioxidant compounds and
activities of these fruits may  prove to be beneficial in recommen-
ding the precise time and regimen for application of such synthetic
chemicals for improvement of the crop. There are fragmentary
reports indicating the alterations in the contents of phenolics and
antioxidant activities of strawberry during fruit development lead-
ing to practical applications of such information in fields (Luthria
et al., 2010). Finally, since demonstration of in vitro antioxidant
activity may  not reflect in vivo biological activity (Ozsahin et al.,
2012), it will be prudent to carry out cell culture and animal stud-
ies to confirm the data obtained from the in vitro investigations of
these two strawberry varieties.

5. Conclusions

We  studied the changes in phenol content and antioxidant activ-
ity of strawberry fruits during four fruit maturation stages viz,
green, greenish white, whitish red and red in two economically
important varieties, Sweet Charlie and Camarosa.  From the results of
total phenol and DPPH radical scavenging activity, we  conclude that
apart from phenols many other bioactive compounds are involved
in antioxidant activity. To our knowledge, this is a first report of
such comprehensive analysis of antioxidant potential of straw-
berry fruits in commercial varieties. Here, we clearly demonstrate
that the antioxidant activity varies during fruit maturation stages
even in the material collected from same geographical locations.
The antioxidant activity of the fruits increased with maturation
and maximum antioxidants accumulated at fully ripened stage.
Further, we demonstrate that a slightly acidic solvent (0.2% acetic
acid) is more suitable for extracting the soluble antioxidants com-
pared to ethanol. With the maturation of the fruits, total phenol

content decreased, as indicated by the in vitro assays and HPLC
profiles of principal compounds. Finally, the HPLC-DAD profiles
revealed stage-specific chemical patterns during the four stages of
fruit development.
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ABSTRACT: Metabolic engineering has the potential to steadily
enhance product titers by inducing changes in metabolism.
Especially, availability of cofactors plays a crucial role in improving
efficacy of product conversion. Hence, the effect of certain trace
elements was studied individually or in combinations, to enhance
butanol flux during its biological production. Interestingly, nickel
chloride (100 mg L−1) and sodium selenite (1 mg L−1) showed a
nearly 2-fold increase in solvent titer, achieving 16.13 ± 0.24 and
12.88 ± 0.36 g L−1 total solvents with yields of 0.30 and 0.33 g g−1,
respectively. Subsequently, the addition time (screened entities) was
optimized (8 h) to further increase solvent production up to 18.17 ±
0.19 and 15.5 ± 0.13 g L−1 by using nickel and selenite, respectively.
A significant upsurge in butanol dehydrogenase (BDH) levels was
observed, which reflected in improved solvent productions. Addi-
tionally, a three-dimensional structure of BDH was also constructed
using homology modeling and subsequently docked with substrate,
cofactor, and metal ion to investigate proper orientation and
molecular interactions.

KEYWORDS: Biobutanol, Butanol dehydrogenase, Homology modeling, Molecular docking, Trace elements

■ INTRODUCTION

Butanol is an imperative industrial chemical, possessing
excellent fuel properties, and thus can be thought to have
potential to replace/supplement fossil gasoline.1,2 Especially,
the Asia−Pacific region is known to cover the biggest market
of n-butanol, which accounted for 51.3% consumption by
volume in 2014.3 Moreover, the global n-butanol market is
expected to reach USD 9.9 billion by 2020.4 Due to such an
eye-catching worldwide market, the historical biobutanol
production, usually referred to as acetone-butanol-ethanol
(ABE) fermentation by solventogenic Clostridia, has rean-
nounced its importance as a green alternate renewable fuel.4

Conventional ABE fermentation process observed major
challenges viz. low butanol concentration, yield, productivity,
and solvent intolerance resulting in a high overall production
cost, thus impeding its commercialization.5 To alleviate these
concerns, increasing butanol concentration and the B:A
(butanol:acetone) ratio without sacrificing the total solvent
productivity have been considered to be key points by many
research groups.6,7 In this view, a couple of techniques

including strain mutagenesis, genetic engineering, and
metabolic regulation have been implemented.8 Additionally,
overexpression of targeted functional genes in the engineered
host has also been practiced to overcome butanol toxicity
obstruction in microorganisms.9 However, unstable butanol
production shows difficulty and complexity in transferring
related pathways to host bacteria, due to the inherent
instability and inactive expression in contrast to a wild-type
strain.10

In relation to the aforesaid approaches, studies pertaining to
alteration in metabolic flux with the help of microbial electro-
synthesis and electro-fermentation have demonstrated poten-
tial and feasibility in enhancing microbial production.11−13

Additionally, cofactors involved in biosynthetic pathways
would be considered to be possible targets to induce changes
in metabolism.9 In the case of solventogenic Clostridia, butanol
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dehydrogenase (BDH) is a key enzyme that catalyzes
conversion of butyraldehyde to butanol, and the reaction is
cofactor dependent (Figure 1). Thus, constant availability of

cofactor (NADH and NADPH) in the solventogenic phase is
essential to achieve a redox balance so as to improve butanol
titer.10,14 Recently, numerous electron carriers/pigments are
studied to overproduce NADH which ultimately accelerates
butanol flux.15 On the other hand, literature reports also
explain the role of trace elements as cofactors for enzymes
involved in the metabolic pathway.16 Rajagopalan et al.14

discussed that BDH from C. acetobutylicum ATCC 824
requires a metal ion and a reduced condition for its activity.
However, BDH from Clostridium sp. BOH3 requires neither
any metal ion nor reduced conditions thus inferring that
enzyme requirements differ from species to species.
Several in silico approaches have been usually performed to

reveal the interactions involved in enzyme−substrate/inhibitor
binding.17−19 Further, the protein sequences of BDH from
different Clostridia are also available at the National Center for
Biotechnology Information (NCBI). However, the 3D
structure of BDH from C. acetobutylicum ATCC 824 is neither
determined experimentally (X-ray and/or NMR) nor predicted
by computational techniques, to date. Hence, the crystal
structure of BDH from Clostridia is not available in the Protein
Databank (PDB). Indeed, to understand the biophysical
properties of enzymes, it is essential to have 3D structures of
the target molecule. At the same time, obtaining X-ray
diffraction quality crystals of a protein is quite difficult.20

Thus, homology modeling is thought to be reliable and an
efficient method for 3D structure prediction.21 Besides, active
sites in crystal structures can be resolved using molecular
docking protocols.22

The present study attempted to enhance butanol titer in
fermentation broth by using Clostridium acetobutylicum NRRL
B-527 (ATCC 824). Therefore, trace elements (act as enzyme
cofactors) were screened to investigate their effect for
improved production. Additionally, this study also highlights
physiological changes occurring during ABE fermentation.
Furthermore, the 3D model was constructed with the help of
homology modeling and assessed using different assessment
tools to reveal the catalytic potential of BDH from C.
acetobutylicum ATCC 824. The current study also enlightens
the mode of possible interactions of the substrate and/or
inhibitor with BDH, using molecular docking studies. This
work proves the significance of trace elements in enhancing
butanol production, and in silico studies confirm that BDH is a
metalloenzyme possessing a Rossmann fold in its structural
domain.

■ MATERIALS AND METHODS
Cell Culture and Fermentation Experiments. The bacterial

strain of C. acetobutylicum NRRL B-527 was a kind gift from ARS
Culture Collection, U.S.A. The cells were stored as spores in 6% (w/
v) starch solution. These spores were activated in reinforced

clostridial medium (RCM) as mentioned by Harde et al.23 and
further used as seed inoculum for fermentation batches.

The production medium used in this study consisted of the
following (g L−1): glucose (60), magnesium sulfate (0.2), sodium
chloride (0.01), manganese sulfate (0.01), iron sulfate (0.01),
dipotassium hydrogen phosphate (0.5), potassium dihydrogen
phosphate (0.5), ammonium acetate (2.2), biotin (0.01), thiamin
(0.1), and p-aminobenzoic acid (0.1), at pH 6.5. Fermentation
experiments were performed in 100 mL airtight glass bottles with 80
mL of production medium. The production medium was purged with
nitrogen to maintain anaerobic environment and sterilized at 121 °C
for 20 min.

Trace elements investigated in this study were: sodium selenite
(Na2SeO3·5H2O), sodium tungstate (Na2WO4·2H2O), nickel chlor-
ide (NiCl2·6H2O), zinc sulfate (ZnSO4), and iron(II) chloride
(FeCl2·4H2O). Each element was prepared in a varied concentration
range (1−100 mg L−1) and added by filter sterilization (0.22 μm),
before inoculation. Subsequently, 5% (v/v) (OD600 = 1.56) of actively
growing cells (from seed culture) were inoculated and fermentation
was continued until 120 h at 37 ± 2 °C. All of the chemicals used in
this study were of analytical grade. All experiments were carried out at
least in triplicate, and the results mentioned are average ± standard
deviation.

Analytical Methods. Fermentation samples were withdrawn at
regular time intervals and centrifuged at 20 000g for 10 min. The
resulting supernatant was analyzed for total solvents (acetone,
butanol, and ethanol) and total acids (acetic and butyric acid) by
gas chromatography (Agilent Technologies 7890B) equipped with a
DB-WAXetr column (30 m × 0.32 mm × 1 μm) and a flame
ionization detector. The oven temperature was programmed as 80 (1
min hold) to 200 °C at 30 °C/min rise (1 min hold), and the injector
and detector were set at 200 and 250 °C, respectively. A 0.5 μL
sample was injected with a split ratio of 20:1. Clostridial growth was
also monitored by measuring optical density (OD) at 600 nm using
UV−visible spectrophotometer (3000+, LabIndia). In addition, a
medium pH was observed throughout the fermentation process by
using a laboratory pH meter (Global, India). The glucose
concentration was determined by phenol-sulfuric acid method.24

Besides, BDH activity was also assayed at certain times of interest
according to the method reported by Rajagopalan et al.14

Homology Modeling and Structural Assessment. Amino acid
sequence of targeted protein, BDH (accession no. AAA23206) was
retrieved from NCBI (https://www.ncbi.nlm.nih.gov/). The online
BLAST (Basic Local Alignment Search Tool) search algorithm was
used in order to find out homologous template. Afterward, the
pairwise sequence alignment between target and template sequences
was carried out using CLUSTALW to discover sequence similarity.25

Further, MODELLER 9.19 software was employed to build a 3D
structure of the target protein.21 The best model was opted among 50
generated structures, which was based on certain scoring parameters
such as MODELLER objective function, DOPE (discrete optimized
protein energy) pseudoenergy value, and GA341 score.21 The
predicted model was evaluated using ERRAT, PROCHECK, and
ProSA which was then visualized with UCSF Chimera.26−29

Moreover, unfavorable nonbonded contacts were removed by energy
minimization using the steepest decent algorithm in UCSF Chimera.

Molecular Docking Studies. Molecular docking is a simulation
process in which a receptor−ligand conformation can be predicted.
The receptor can either be a protein or nucleic acid, whereas the
ligand is quite a tiny molecule which can be any organic compound.22

In the present study, the stabilized 3D structure of BDH was used to
dock ligand (NADH) and substrate (butyraldehyde) to binding-site
using PATCHDOCK online program.30 On the other hand,
experimentally known fermentation inhibitors such as furan
derivatives and weak acids were also docked with BDH protein to
investigate the binding mode between them. Particularly, 3D
structures of the ligand, substrate, and inhibitor were retrieved from
the PubChem database in SDF (Structure data file) format.
Furthermore, these structures were converted to PDB format using
Openbabel.31 Finally, they were individually sent along with the

Figure 1. Reaction catalyzed by BDH from C. acetobutylicum ATCC
824.
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receptor (BDH) to PATCHDOCK server for docking. The resulting
docked complex with best geometric shape complementarity score
was analyzed using UCSF Chimera to elucidate interacting residues.

■ RESULTS AND DISCUSSION
Effect of Varying Trace Element Concentration on

Biobutanol Production. The impact of different trace
elements namely sodium selenite, nickel chloride, zinc sulfate,
iron chloride, and sodium tungstate was studied with respect to
butanol production and overall solvent yield by using C.
acetobutylicum NRRL B-527. These elements were selected
based on their active role in different biochemical reactions.
Various concentration ranges for each element were individ-
ually supplemented to fermentation medium in order to find
the optimal concentration responsible for the increment in
butanol level. Figure 2 highlights butanol and total solvent

production under varied trace elements concentration. It was
observed that the addition of almost all trace elements had
significantly improved biobutanol production when compared
with the control experiment.
Regular P2 medium (control) produced butanol up to 5.34

± 0.10 g L−1 with a total ABE of 7.88 ± 0.25 g L−1 after 120 h
fermentation. On the other hand, selenite addition (1 mg L−1)
enhanced butanol production up to 8.21 ± 0.13 g L−1 with
total solvents of 12.88 ± 0.36 g L−1. Further increase in
selenite concentration up to 100 mg L−1 drastically reduced
solvent production, because of restricted Clostridial growth.
Kousha et al.32 observed a similar finding, and they concluded
that higher selenium concentration (>1 mg L−1) activates the

detoxification processes, which transforms selenite to elemental
selenium which gets deposited near the periphery of bacterial
cells thus affecting microbial growth.
Supplementation of iron chloride also showed significant

increment in butanol concentration, irrespective of its
concentration addition (Figure 2). A similar trend was
observed when the fermentation medium was supplemented
with tungstate with butanol accumulation up to 7.02 ± 0.29 g
L−1. Interestingly, zinc sulfate also showed a positive effect on
butanol production accounting to have 9.09 ± 0.12 g L−1

butanol together with 14.08 ± 0.48 g L−1 total ABE. The
highest butanol (10.81 ± 0.15 g L−1) and total solvent (16.13
± 0.24 g L−1) production were achieved in a medium
supplemented with 100 mg L−1 nickel chloride, which is
around 50% higher than in the control experiment (without
trace element). The butanol concentration remained un-
changed with further addition (>100 mg L−1) of nickel
chloride.
Interestingly, an exogenous inclusion of trace elements in

this study have led to step up in ABE and butanol
concentrations which thought to be due to enrichment of
BDH activity.10 Several researchers have also studied the effect
of reducing agents and/or precursors for improved butanol
titer.7,10,33 Isar and Rangaswamy34 showed moderate increase
in butanol production by using Clostridium beijerinckii when
the medium has been supplemented with calcium ions.
Furthermore, Saxena and Tanner35 also demonstrated that
ethanol production by C. ragsdalei was improved 4-fold by
optimizing the trace metal concentrations because of enhanced
metalloenzyme activities. The improved performance by nickel,
selenite, and zinc propelled us to evaluate their performance
with a more detailed study such as time of addition during the
fermentation experiment.

Time of Trace Element Addition for Enhanced
Butanol Production. Nickel chloride, sodium selenite, and
zinc sulfate with optimal concentrations of 100, 1, and 100 mg
L−1, respectively, were used to study their effect on “addition
time” in fermentation medium. These elements were added at
different fermentation time intervals of 0, 4, 8, 18, and 24 h.
Since, Clostridia tend to enter into the stationary phase after
36 h, to produce solvents, this study was not extended after 24
h of fermentation.
From Figure 3A, it was found that the highest butanol

concentration (12.22 ± 0.09 g L−1) was achieved when nickel
chloride was added after 8 h of fermentation. Initial
supplementation (0 h) of nickel chloride resulted in
comparatively lower butanol production (9.32 ± 0.19 g L−1).
Interestingly, the growth profiles of C. acetobutylicum B-527
(data not shown) with and without nickel chloride did not
show any substantial difference. Furthermore, the ethanol
production profile was also unaffected without change in
concentration. Incidentally, acetone production was slightly
fluctuated with a different time of addition.
Sodium selenite was also effective in enhancing the butanol

concentration when included after 8 h of fermentation. The
maximum amount of butanol achieved was 10.69 ± 0.52 g L−1

along with 4.67 ± 0.21 g L−1 acetone and 1.37 ± 0.12 g L−1

ethanol. Considering the time profile of addition, selenite did
not show remarkable variations in individual solvent
production (Figure 3B). Conversely, it significantly affected
growing Clostridia, which was indicated by the growth profile
(data not shown). This was evident from the observation that
selenite slowed down the growth (OD600 = 1.55) when added

Figure 2. Effect of trace elements on butanol (A) and total solvent
production (B) in batch fermentation by C. acetobutylicum NRRL B-
527: SE, selenite; FE, iron; WO, tungstate; ZN, zinc; NI, nickel.
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at beginning (0 h) and supported the growth (OD600 = 2.12)
after intermittent additions. Usually, the initial time of the
growth curve corresponds to adaptation of microbial cells, and
incorporation of selenite during this period may alter the
physiological environment, causing oxidative stress to reduce
microbial growth.36 On the other hand, zinc sulfate showed
improvement in butanol production when added after 4 h of
fermentation. Wu et al.37 also reported an increase in butanol
concentration of around 77% with zinc supplementation, and
attributed this increase to rapid acids reassimilation to solvents.
However, results obtained by zinc sulfate addition in this study
were not significantly higher than other trace elements used
(Figure 3C).
Many researchers reported that the addition time of

stimulators and/or activators influences the solvent produc-
tion. Ding et al.38 added 2 g L−1 sodium sulfate (electron
receptor) after 24 h fermentation and reported 12.96 g L−1

butanol, which was 34.8% higher than in the control.
Furthermore, Nasser Al-Shorgani et al.33 also showed the

highest butanol concentration (18.05 g L−1) when benzyl
viologen was incorporated after 4 h of fermentation. Moreover,
in order to enhance the butanol/acetone ratio, Li et al.39 added
neutral red at 60 h when the butanol production rate was
relatively higher.
Therefore, it was concluded that the addition of nickel

chloride and sodium selenite to the fermentation medium was
of vital importance which ultimately resulted in better solvent
production. Hence, nickel chloride and sodium selenite were
critically investigated further in order to study their effect on
growth, pH, glucose consumption, and total solvent
production.

ABE Fermentation Profile in the Presence of Nickel
and Selenite. According to earlier results, nickel chloride
(100 mg L−1) and sodium selenite (1 mg L−1) were
individually added to the fermentation medium at 8 h, and
their effects were evaluated by analyzing the samples at
particular time intervals. The obtained results were then
compared with control experiment in order to figure out the
changes during fermentation operation.
As can be seen in Figure 4a, the cell growth was

comparatively increased in the presence of trace elements.
Supplementation of nickel and selenite resulted in higher
biomass formation at 72 h compared to that in the control,
although its behavior was quite aligned until 24 h. A lag period
of ∼4 h was observed (with or without trace element) wherein
Clostridial cells adapted themselves to growth conditions.
Thereafter, a gradual increase in cell density was recorded
indicating exponential behavior of cells. Trace element
incorporation positively affected cell behavior without being
lethal to budding Clostridia. This outcome is in agreement
with Li et al.,10 who found improved cell growth due to a large
quantity of reduced equivalents (NADH and NADPH) with
the aid of a precursor (nicotinic acid) in the fermentation
medium.
Furthermore, medium pH plays a crucial role during ABE

fermentation, thus being responsible for shifting microbial
acidogenic phase toward solventogenesis. However, addition of
trace elements during fermentation did not severely affect the
pH profile (Figure 4b). A classical pH trend was observed both
in the control and trace element supplemented experiments.
The sugar consumption profile was also studied to see the

effect of trace elements on sugar uptake and solvent
production. Residual glucose concentrations in the control
and in selenite were nearly similar (Figure 4c). However, a
suitable amount of selenium in the fermentation medium may
elevate the content of essential elements and total amino acids
which in turn enhances bacterial growth followed by better
solvent production.32 On the other hand, nickel supplementa-
tion aided almost complete sugar utilization which is thought
to be because of the regulatory effect on sugar utilization and
metabolism. However, in-depth transcriptional analysis should
be essential to elucidate the detailed mechanism underlying
complete utilization. Xue et al.8 explained that micronutrients
have a regulatory effect on sugar utilization and showed
significant improvement in butanol production and fructose
utilization with the addition of zinc in a culture medium.
Solvent production profiles were also studied with the

addition of trace elements in order to get detailed insight on its
effectiveness for biobutanol production (Figure 4d−f). The
highest butanol and ABE as 10.08 ± 0.14 and 18.17 ± 0.19 g
L−1, respectively, were achieved by nickel supplementation
(Figure 4e). Nickel supplementation improved biobutanol

Figure 3. Time course of trace elements addition: (A) nickel chloride,
(B) sodium selenite, and (C) zinc sulfate.
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production up to 68% higher than in the control (Figure 4e).
Looking into Figure 4d,f, acetone and ethanol production were
started late (18−24 h) while butanol production was initiated

at 8 h (Figure 4e) in the control as well as in the trace element
supplemented medium. Nair and Papoutsakis40 also demon-
strated that butanol production gets initiated in priority than

Figure 4. ABE fermentation profile by C. acetobutylicum NRRL B-527: (a) Clostridial growth, (b) pH, (c) residual sugar, (d) acetone, (e) butanol,
(f) ethanol, (g) acetic acid, and (h) butyric acid.
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acetone and ethanol when cells sense a hostile environment

(reduced pH), which is mainly due to the active role of

aldehyde-alcohol dehydrogenase (AAD).

Acetic and butyric acid are main metabolic precursors for
solvent formation. Figure 4g,h shows the acid formation
profiles. A time course revealed that the first acidogenic phase
was supplemented at 36 h with a second acidogenic phase with

Figure 5. (A) Overlay similarity between BDH (cyan) and template 1VLJ (magenta). (B) Ramachandran plot of BDH model. (C) ERRAT analysis
of refined BDH model.
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rapid reassimilation of acids into solvents thereafter. This
indicates acidogenesis and solventogenesis took place twice
during the entire fermentation process. The dual acidogenesis
in the current study is also supported by Pang et al.,41 who
carried out fed-batch fermentation for butanol production
using sugar cane baggase by Clostridium acetobutylicum GX01.
They observed second acidogenesis after 40 h fermentation,
mainly due to rapid assimilation of produced acids into
solvents during early stages. Acetic acid levels were also
comparatively elevated during the current fermentation
experiments with trace element addition, thereby observed
an increase in acetone concentration and thus unimproved B:A
ratio.
Of interest, both solvent yield and productivity were notably

higher with trace element addition suggesting their consequent
effect on aforesaid parameters. Certainly, selenite was found to
be more effective in enhancing solvent yield (0.33 g g‑1) than
nickel (0.30 g g‑1) with solvent productivities to be 0.12 g L−1

h−1 and 0.15 g L−1 h−1, respectively. Therefore, the synergistic
effect of selenite (1 mg L−1) and nickel (100 mg L−1) was
investigated by adding them after 8 h fermentation. The
resulting total solvents (16.78 ± 0.21 g L−1) were fairly less as
compared to individual addition of nickel (data not shown),
thus proving the fact that higher metal ions in medium could
be detrimental to microorganisms.32,42 Overall, nickel was
found to be potent cofactor which significantly improved the
solvent titer.
The improved butanol concentration in the presence of

nickel was attributed to BDH activity at particular instances
viz. in acidogenic and solventogenic phases. As expected,
NADH-dependent BDH exhibited reasonably higher activities
of about 0.41−0.44 (acidogenic phase) and 0.63−0.69 U mg−1

protein (solventogenic phase) with trace element addition.

Similarly, Li et al.10 reported NADH-dependent BDH activity
in the range of 0.40−0.60 U mg−1 when nicotinic acid was
used as a precursor in culture medium. On the other hand,
Rajagopalan et al.14 detected comparatively lower BDH activity
(0.03 U mg−1) in cell extract of Clostridium sp. BOH3 after 24
h of fermentation. Overall, the activity of NADH-dependent
BDH was improved by 42% with the addition of trace elements
as compared to control. Hence, it was thought desirable to
characterize BDH by developing a three-dimensional structure
and subsequently molecular docking studies to elucidate
interactions involved.

Homology Modeling and Structural Assessment. The
retrieved target sequence of BDH enzyme from C.
acetobutylicum ATCC 824 (accession no. AAA23206)
comprises 389 amino acids. The template of NADH-
dependent BDH from Thermotoga maritima was identified
using the BLASTp program which showed 41% identity and
99% query coverage with target BDH sequence. In addition,
sequence alignment which was carried out using CLUSTALW
also showed homology between the target and template
sequences with conserved regions (Figure S1).25 A three-
dimensional structure of target BDH was constructed by
homology modeling based on the crystal structure of chain A
of Thermotoga maritima BDH (resolution = 1.78 Å, PDB:
1VLJ, chain A). The model was built with the help of
MODELLER 9.19 software. A total of 50 models were
generated, out of which the best model with the lowest DOPE
score and highest GA341 value was selected for further
processing. Additionally, the initial selected model was refined
by 5000 steps of energy minimization using the steepest
descent with the help of UCSF Chimera to eliminate
nonbonded interactions.

Figure 6. Structural overview with substrate (blue = butyraldehyde), inhibitor (red = acetic acid and yellow = hydroxymethylfurfural), cofactor
(green = NADH), and metal ion.
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The final refined model was superimposed with the template
structure which showed a root-mean-square deviation
(RMSD) value of 0.265 Å and thus implies a close relationship
between these structures (Figure 5A). Usually, RMSD is
calculated between C-alpha atoms of matched residues in 3D
superposition of the target and template.22 The RMSD values
indicate a closeness among superimposed structures. The
greater the RMSD value, the more distant the matched
structures.19 Further, the Ramachandran plot shows the
relationship between phi and psi angles of a protein which
can be helpful for determining the role of the amino acid in the
secondary structure. It is derived through the PROCHECK
online server and depicted the backbone dihedral angle
distributions of all amino acid residues.43 The Ramachandran
plot showed that 94.4% of residues were to be in the core
region while 5% were in the allowed region and only 0.3% in
the disallowed region, thereby showing that the backbone
dihedral angles of the model are reasonably perfect (Figure
5B). Besides, ERRAT analyzes statistics of nonbonded
interactions between different atom types, and its score was
found to be 96.54% signifying the constructed structure is of
good quality with high resolution (Figure 5C). On the other
hand, the ProSA web server compares the Z-score of the
predicted model with all protein chains present in protein data
bank which have already been determined experimentally
through X-ray diffraction and NMR techniques.28 In present
study, the Z-scores estimated by ProSA were −9.38 and
−11.51 for target and template, respectively, which also
supported the quality of the model (Figure S2). All of these
findings indicate that the 3D structure of BDH obtained by
homology modeling is acceptable and can be used for
subsequent docking studies.
Molecular Docking Studies. The validated model was

further used for the docking study to examine the interactions
between ligand−receptor bindings. Interestingly, the structure
of BDH represents a typical α/β fold particularly dominated by
helical bundles that are linked by unordered loops. Like other
NADH/NADPH dependent dehydrogenases, BDH features an
extended β-sheet domain, which contains the Rossmann
fold44,45 and is crucial for cofactor (NADH) binding (Figure
6). A similar motif was reported by Sommer et al.46 during
characterization of ß-hydroxybutyryl CoA dehydrogenase.
Additionally, Sulzenbacher et al.45 identified the glycine-rich
cofactor (NADH and/or NADPH) binding site in alcohol
dehydrogenase (ADH). However, such region was not found
in NADH-docked BDH from the current study which is in line
with the report by Walter et al.47 Since, BDH is involved in
conversion of butyraldehyde to butanol,47 their docking was
carried out using the PATCHDOCK server. Figure 6 shows
the binding pose of butyraldehyde in BDH. The substrate is
situated in front of the cofactor binding domain, near to the
catalytic site. Similar conformations have been reported by
other researchers.46,48 The interactions of butyraldehyde in
active cleft are shown in the “substrate-inhibitor pocket”
callout (Figure 6). Furthermore, the substrate docked structure
exhibited proper intermolecular hydrogen bonding, and
possible interacting residues are TYR276, TYR277, GLU272,
and PHE385.
Our previous studies reported that numerous inhibitors

hamper the solvent production during ABE fermentation.5,49

Hence, it was decided to investigate the effect of few inhibitors
on BDH by incorporating in silico techniques. Two
experimentally known inhibitors namely acetic acid and

hydroxymethyl furfural were docked with BDH protein using
the PATCHDOCK server. Surprisingly, these inhibitors were
found to have similar binding domain as like substrate
(butyraldehyde) with consistent interacting residues (Figure
6). This resemblance may result in competitive inhibition
which in turn affects BDH activity resulting in lowered solvent
titer.
BDH is a metalloenzyme and thus requires a metal ion for its

effective activity. Figure 6 callout “catalytic triad” revealed that
three histidine residues along with aspartate formed a perfect
metal binding groove, and residues involved are conserved
with template BDH protein for ferrous ion, depicted by
sequence alignment (Figure S1). This perfect metal binding
groove formed is mainly due to the hydrophobic nature of
BDH which is evaluated through amino acid composition and
hydrophobicity profile (Figure S3). Furthermore, an analogous
metal binding groove within modeled BDH is expected to form
when nickel is present in culture medium. Hence, all together
(BDH + cofactor + metal ion) drives the reduction of
butyraldehyde, and proper possible interactions confirmed the
major role of BDH in enhancement of butanol concentration
with trace element incorporation. Schwarzenbacher et al.44

demonstrated the same interacting residues in catalytic cleft
with square pyramidal coordination for iron in 1,3-propanediol
dehydrogenase (TM0920) from Thermotoga maritima.

■ CONCLUSIONS

The purpose of the present research was to improve butanol
concentration in order to make it a future alternate liquid
biofuel. Hence, supplementation of cofactors in the fermenta-
tion medium would be considered as a potential approach to
increase solvent titers in C. acetobutylicum NRRL B-527. The
addition of trace elements viz. nickel chloride, and sodium
selenite have led to significant improvement in butanol
concentrations which is thought to be due to redirection of
metabolic flux toward more reduced products. This study also
showed the remarkable impact of varying the addition time on
solvent production (10−20% increment in solvent titer).
Furthermore, fermentation profiling revealed that the solvent
production was positively triggered as soon as cells entered
into the stationary phase and achieved maximum butanol
concentration of 8−10 g L−1 which is higher than that of the
control. Additionally, the 3D structure of the crucial BDH
enzyme was also developed. The subsequent molecular
docking experiments helped to understand the possible
substrate−inhibitor interactions in the BDH protein.
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z Catalysis

Aerosil-Supported Ionic-Liquid-Phase (ASILP) Mediated
Synthesis of 2-Substituted Benzimidazole Derivatives as
AChE Inhibitors
Babasaheb D. Sonawane,[a] Gajanan S. Rashinkar,[b] Kailas D. Sonawane,[c]

Maruti J. Dhanavade,[c] Vikas D. Sonawane,[d] and Suresh V. Patil*[a]

Aerosil supported ionic liquid phase (ASILP) has been prepared
by confinement of ionic liquid [Bmim]PF6 on the aerosil support
by adsorption interactions. This novel ASILP served as robust
heterogeneous catalyst in the synthesis of biologically relevant
2-substituted benzimidazoles from o-phenylenediamines and

aryl aldehydes in high yields under mild reaction conditions.
The molecular docking studies revealed potential of 2-
substituted benzimidazoles to act as acetyl cholinesterase
inhibitors (AChE).

Introduction

The advent of green chemistry principles has raised a strong
attention in redesigning synthetic processes so that use of
hazardous substances and the generation of toxic waste can be
avoided.[1] A number of strategies and scientific tools have
been explored to realize sustainable chemical processes.[2] With
this regard, much attention has recently been focused on the
concept of supported ionic liquid phase (SILP) catalysis
involving immobilization of ionic liquids (ILs) onto a surface of
a porous high area support material.[3] This novel class of
advanced materials constitutes one of the powerful green tools
for catalyzing sustainable chemical processes. The interest in
SILP catalysts stems from their interesting properties such as
environmentally benign nature, high activity, selectivity, easy
handling, ease of product separation and efficient catalyst
recycling. In addition, the processes applying SILP catalysts can
be performed in continuous mode using fix bed reactors.[4] The
concept of SILP catalysis has significantly progressed in the last
few years, resulting in new applications for various organic
transformations.[5] The SILP catalysts are usually prepared by
depositing ILs on the surface of high area porous material
either by covalent bonding or adsorption interactions.[6a,b,c] The
majority of the supports used in SILP catalysis are either porous
silica gels or polymer based materials.[7] In addition, carbon

nanotubes,[8] active carbon cloth,[9] chitosan,[10] magnetic nano-
particles[11] and carbon nanofibers supported on sintered metal
fibers[12] have also been sporadically employed as supports. To
expand the scope of SILP catalysis, it is necessary to explore
new fundamental approaches to current catalytic systems. To
achieve this objective, it is necessary to evaluate compatibility
of new supports in the synthesis of SILP catalysts since their
performance is strongly dependent upon the choice of support
material. In this regard, we sought to explore the compatibility
of aerosil which is commercially available, pyrogenic, amor-
phous silica powder with primary particles of spherical shape
with average diameter of 7–40 nm with high specific surface
area of 200 m2/g. These intriguing features of aerosil spurred us
to investigate its compatibility as a support in the synthesis of
SILP catalysts.

Benzimidazoles are a class of pre-eminent heterocycles and
the molecular scaffold of prime medicinal importance.[13] 2-
Substituted benzimidazoles constitute important class of
benzimidazoles that have received significant attention be-
cause of their biological activities such as antibacterial,
anticancer, anti-oxidants, anti-inflammatory, anti-diabetic, anti-
viral, antiproliferative and antituberculosis activity.[14] Owing to
their high therapeutic potential, synthesis of 2-substitiuted
benzimidazoles has received increasing attention from various
scientific communities. The traditional routes for synthesis of 2-
substituted benzimidazoles involve the reaction between o-
phenylenediamine and carboxylic acid or their derivatives[14]

and thermal or acid promoted cyclization of N-(N-arylbenzimi-
doyl)-1,4-benzoquinoneimines.[15] Recently, direct condensation
of o-phenylenediamine and aryl aldehydes is reported to be
the most convenient method for the preparation of 2-
substituted benzimidazoles.[16] A variety of catalyst such as
TiO2NPs,[17] UHP/12,[18] CeCl3-7H2O,[19] saccharose,[20] zeolite,[21]

CAN /methanol,[22] solid acid Scolicite,[23] heteropoly acid,[24]

imidazolium trifluoroacetate protic ionic liquid,[25] carbon disul-
phide,[26] CoCl2.6H2O,[27] have been reported to catalyse this
reaction. However, despite the remarkable progress achieved in
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this area, there is still a scope for improvement especially
towards developing an efficient protocol for synthesis of 2-
substituted benzimidazoles using robust heterogeneous cata-
lyst.

In continuation of our studies related to heterogeneous
catalysis,[28] we report herein synthesis 2-substituted benzimida-
zoles from o-phenylenediamine and aryl aldehydes by using
aerosil supported ionic liquid phase catalyst and their molec-
ular docking studies to reveal their unexplored potential as
AChE inhibitors.

Result and Discussion

Our initial studies were directed towards preparation of aerosil
supported ionic liquid phase catalyst by anchoring [BMIM]PF6

on the surface of aerosil by adsorption interactions. Accord-
ingly, a mixture of [BMIM]PF6 and aerosil was stirred in
methanol at ambient temperature for 72 h. The removal of
solvent under vaccuo afforded desired aerosil supported ionic
liquid phase catalyst acronymed as [BMIM]PF6@aerosil in the
form of dry powder that was used without any treatment for
further studies.

The confinement of [BMIM]PF6 on aerosil was confirmed by
FTIR spectroscopy and by solid state 13CNMR spectroscopy. The

FTIR spectrum of [BMIM]PF6@aerosil revealed characteristic
bands at wavelength 3400 cm�1 (Si-OH stretch), 1090 cm�1 (Si-
O�Si stretch), 3120 and 3160 cm�1 (C�H ring stretching
vibration of imidazolium ring) suggesting the formation of
ASILP. In addition, solid state 13C NMR of [BMIM]PF6@aerosil
(Figure 1) displayed peaks at 13.05, 19.33, 32.11, 33.14, 36.52,
50.00, 122.75, 124.04, 133.90 confirming the anchoring of
[BMIM]PF6 on aerosil without any obvious changes

The loading of ionic liquid in [BMIM]PF6@aerosil was
quantified by EDX analysis (Figure 2). The results reveal loading
of 0.53 mmol of [BMIM]PF6 per g�1 of [BMIM]PF6@aerosil.

The [BMIM]PF6@aerosil was characterized by X-ray diffrac-
tion (XRD) profile with CuKa as a radiation source. The XRD
pattern was obtained from Bragg’s law nl= 2dSinq and is
displayed in Figure 3. The XRD pattern reveal that [BMIM]
PF6@aerosil is non crystalline or amorphous in nature as it
displays the distinguishing broad peak within the range 2q=

20o to 2q= 30o. The study suggests that the confinement of
[BMIM]PF6 layer does not persuade crystallinity as the amor-
phous nature of pristine aerosil is replicated in [BMIM]
PF6@aerosil.

The transmission electron microscopy (TEM) was employed
in order to warrant surface morphology of [BMIM]PF6@aerosil
(Figure 4). The typical TEM images of [BMIM]PF6@aerosil with

different magnifications (Figures 4a and 4b) revealed that par-
ticles are irregular spherical in shape with an average diame-
ter of ~50 nm.

Figure 1. 13C NMR (Solid state) of [BMIM]PF6@aerosil

Figure 2. EDX of [BMIM]PF6@aerosil

Figure 3. X-ray diffraction (XRD) pattern of [BMIM]PF6@aerosil

Figure 4. TEM images of [BMIM]PF6@aerosil
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The pore size and surface area of [BMIM]PF6@aerosil was
evaluated using nitrogen adsorption/desorption isotherms and
Barrett-Joyner-Halenda (BJH) model. The [BMIM]PF6@aerosil has
BET surface area of 59.66 m2/g with pore radius ~ 1446.3 A8

which was comparatively less in comparison with the pristine
aerosil (200 m2/g).[29] The decrease in the BET surface area
provides indirect evidence for confinement of ionic liquid on
the surface of aerosil.[30]

The thermal stability profile of [BMIM]PF6@aerosil was
assessed by TGA analysis over the temperature range of 25–
1000 8C at a heating rate of 10 8C/min (Figure 5). The TGA curve
displayed initial weight loss of 10.50 % centred at 75 8C due to
desorption of physically adsorbed water on aerosil and ionic
liquid matrix. Further, a cramped weight loss about 8.56 % in
the range of 75–277 8C and a steep weight loss about 16.37 %
in the range 278–426 8C are ascribed to the thermal collapse of
confined [BMIM]PF6 ionic liquid. Finally, large residual weight is
attributed to aerosil which is having high thermal stability.

Our next task was to assess the catalytic activity of [BMIM]
PF6@aerosil in the synthesis of 2-substituted benzimidazoles. The reaction between o-phenylenediamine (1 mmol) and

benzaldehyde (1 mmol) in presence of [BMIM]PF6@aerosil was
selected as a model reaction to optimize reaction parameters.
The effect of catalyst loading on the model reaction was
initially investigated. As shown in Table 1, the yield of
corresponding product viz 2-phenyl-1H-benzimidazole in-
creased by increasing quantity of catalyst from 50 to 100 mg
(Table 1, entries 1 and 2). However, further increase in the
amount of the catalyst did not have a significant effect on the
product yield and reaction time (Table 1, entries 3 and 4).

Next, we investigated the influence of various solvents on
the outcome of the model reaction. An array of solvents was
employed for this purpose. It was observed that polar protic
solvents such as water, ethanol and methanol were effective in
providing higher conversion (Table 2, entries 1–3) whereas non-
polar solvents such as acetonitrile, toluene, CHCl3 1,4-dioxane
resulted in moderate yields of product. (Table 2, entries 4–9).
Among all the screened solvents, ethanol was found to furnish
excellent yield of product in shorter reaction time (Table 2,
entry 3).

After examining the effect of different reaction parameters
on the model reaction, we turned our attention towards the
synthesis of a series of 2-substituted benzimidazoles using o-
phenylenediamine and a variety of substituted aldehydes
(Table 3). In all the cases, reactions proceeded smoothly
affording corresponding 2-substituted benzimidazoles in quan-
titative yields. There were no irregularities such as formation of
2,2-disubstituted benzimidazoles were noted. It is noteworthy
to mention that aryl aldehydes with electron withdrawing as
well as electron donating substituents (Table 3, entries B–H and
O) afforded the corresponding 2-substituted benzimidazoles in
good yields. In addition, sterically hindered aldehydes such as
salicylaldehyde and 3,4,5-trimethoxy benzaldehyde (Table 3,
entries I-J) were also tolerated with equivalent chemical
efficiency even though yields were relatively moderate.
Remarkably, heterocyclic aldehydes such as furfuraldehyde and
thiophene-2-aldehyde (Table 3, entries K-L) reacted smoothly
furnishing the expected products in excellent yields. Notably,

Figure 5. TGA of [BMIM]PF6@aerosil

Table 1. Optimization of catalyst loading of [BMIM]PF6@aerosil

Entry Catalyst Amount of catalyst
(mg)

Reaction time
(min)

Yield
%

1 [BMIM]
PF6@aerosil

50 94 70

2 [BMIM]
PF6@aerosil

100 90 95

3 [BMIM]
PF6@aerosil

200 90 94

4 [BMIM]
PF6@aerosil

300 90 91

Reaction conditions: o-phenylenediamine (1mmol), benzaldehyde
(1mmol), [BMIM]PF6@aerosil, ethanol (5 mL).

Table 2. Screening of solvents for synthesis of 2-substituted benzimida-
zoles

Entry Solvent Reaction time (min) Yield (%)

1 Water 300 55
2 Methanol 80 60
3 Ethanol 90 95
4 Acetonitrile 240 70
5 Toluene 160 40
6 CHCl3 230 45
7 CH2Cl2 220 55
8 1,4-dioxane 170 35
9 THF 290 65

aReaction conditions: o-phenylenediamine (1mmol), benzaldehyde
(1mmol), [BMIM]PF6@ aerosil (100 mg), solvent (5 mL).
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Table 3. [BMIM]PF6@aerosil catalysed reaction of o-phenylenediamines and aryl aldehydes

Entry Amine Aldehyde Product Time (min) Yield % M.P. (8c) [lit.]

A 90 95 290-292 [290-293]27

B 80 85 >300 [322-323]27

C 75 93 300-302 [301]28

D 80 85 281-283 [283-284]28

E 110 88 252-255 [254-256]29

F 90 90 223-225 [223-226]28

G 95 87 212-214 [214-215]

H 95 77 268-270 [270]28

I 100 72 238-240 [242]20

J 110 75 260

K 85 82 283-284 [284-286]20

L 90 86 >300 [330]31

M 90 85 208-210
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organometallic aldehyde such as ferrocenecarboxyldehyde also
reacted sufficiently affording the desired product in excellent
yields (Table 3, entry M). To further expand the scope of
protocol, a couple of substituted o-phenylenediamnes were
employed. To our delight, 4-nitrobenzene-1,2-diamine and 4-
methylbenzene-1,2-diamine reacted successfully with aryl alde-
hydes affording the desired products in good yields (Table 3,
Entries N and O).

It is noteworthy to mention that when aerosil (100 mg) was
used as catalyst, the model reaction did not give quantitative
yield of corresponding product (Isolated yield of 37%) after
prolonged reaction time (5 h). Use of only [BMIM]PF6 (20 mol%)
showed significant catalytic activity furnishing 92% of corre-
sponding product after 2 h using ethanol as a solvent.
However, with [BMIM]PF6@aerosil (100 mg), the model reaction
afforded 95% yield of product within 90 min (Table 1, Entry 3).
Moreover, the amount of [BMIM]PF6 in [BMIM]PF6@aerosil
(100 mg) corresponds to 0.053 mmol. These results suggest
that [BMIM]PF6 in combination with aerosil exhibit synergistic
effect in catalysis.

The plausible mechanism of [BMIM]PF6@aerosil catalysed
synthesis of 2-substituted benzimidazoles from o-phenylenedi-
amine and benzaldehyde is shown in Scheme 1. Initially [BMIM]
PF6 in [BMIM]PF6@aerosil causes electrophilic activation of the
carbonyl group of aryl aldehyde thereby facilitating nucleo-
philic attack of amino group from o-phenylenediamine leading
to the formation of the intermediate (II) which loses a water
molecule and subsequently undergoes air oxidation furnishing
the corresponding 2-substituted benzimidazoles.

To ascertain whether the reactions are truly heterogeneous,
multiple experimental methods were performed. Initially, leach-
ing studies were performed by analysing the reaction filtrate
after the recovery of [BMIM]PF6@aerosil by using atomic
absorption spectroscopy (AAS). The results revealed that the P
content in the filtrate was less than the detection indicating
that most of ionic liquid remains strongly confined to the

aerosil support making the catalyst leaching resistant for a
good retrieval and reusability. Further, split test was performed
for the model reaction under optimized reaction conditions.
After completion of 50% of reaction (GC), the reaction mixture
was split, with one half filtered into a separate flask. The
portion containing suspended catalyst proceeded to 94% yield
in 1.5 h whereas the filtered portion did not show increase in
the yield beyond 50% even after prolonged reaction time (4 h).

The recovery and recyclability of the supported catalyst is
an unavoidable parameter for industrial and commercial scale
that must be tackled for any catalytic process. The reusability of
[BMIM]PF6@aerosil was tested for model reaction. After the
reaction, the [BMIM]PF6@aerosil was separated from reaction
mixture by simple filtration and washed with copious amount
ethanol to remove organics wedded in the catalyst sites and
dried under vacuum at room temperature. The catalyst
displayed appreciable reusability as the corresponding yields
started at 85% and reached at 62% at the tenth run (Figure 6).
The decrease in the yields of product is ascribed to the loss of

Table 3. continued

Entry Amine Aldehyde Product Time (min) Yield % M.P. (8c) [lit.]

N 80 75 130

O 90 85 178

Reaction Conditions: o-phenylenediamine (1mmol), benzaldehyde (1mmol) and [BMIM]PF6@aerosil (100 mg) in ethanol (5 mL) were stirred at room
temperature.

Scheme 1. Plausible mechanism for [BMIM]PF6@aerosil catalysed synthesis of
2-substituted benzimidazoles
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[BMIM]PF6@aerosil due to attrition. The mechanical stability of
[BMIM]PF6@aerosil was assessed by FTIR spectroscopy. The FTIR
spectrum of reused [BMIM]PF6@aerosil was similar to that of
the fresh catalyst confirming the retention of [BMIM]PF6 in the
matrix of aerosil support. Further, TEM analysis of reused
[BMIM]PF6@aerosil did not reveal any obvious changes in the
morphology confirming the mechanical robustness of catalyst.

To show the advantage of [BMIM]PF6@aerosil in comparison
with other reported catalysts, we have summarized some of
the previous reports for the preparation of 2-Phenyl-1H-
benzimidazole in Table 4. The comparison of results clearly

demonstrates that [BMIM]PF6@aerosil is a good catalyst in
terms of reaction time and yields of product.

Alzheimer’s disease is a neurodegenerative disease caused
due to progressive neuronal loss of cognitive function encoun-
tered in old age people and indicative of commonest cause of
dementia. Various hypotheses have been proposed for devel-
opment of Alzheimer’s disease. As per cholinergic hypothesis,
the deficiency of choline is responsible for development of
Alzheimer’s disease. As AChE enzyme catalyzes the breakdown
of neurotransmitter acetyl choline which is crucial for cognition
and memory, the inhibition of Acetyl Cholinesterase (AChE) is
one of the prime strategies for the treatment of Alzheimer’s
disease. The currently used AChE inhibitors include drugs such
as tacrine, donepezil, galantamine and rivastigmine. Donepezil
is one of the most routinely employed drug for Alzheimer’s
disease treatment which suffers from some serious side effects.
Although many current therapies against Alzheimer’s disease
can alter unwanted growth however in most cases the effect is
not long-lasting. Alzheimer’s drug resistance is a major obstacle
which greatly hampers the effectiveness of currently practiced
therapies. To overcome these constrains, it is desirable to
scrutinize various molecules for their ability to act as AchE
inhibitors. This prompted us to perform molecular docking
studies between the acetylcholinesterase (PDBID:1GQR)[37] and
synthesized 2- substituted benzimidazoles using patch dock
server.[38] Initially all the three dimensional structures of 2-
substituted benzamidazoles were built by using SPARTAN ver
6.0.1 Software[39] Further, all the structures were minimized by
using Hartree Fock (HF) method in SPARTAN.[40] These mini-
mized models were used for molecular docking studies with
acetylcholinesterase (1GQR:PDBID).[41] After the molecular dock-
ing experiment was over, all the docked complexes of
acetylcholinesterase (1GQR:PDBID) with 2-substituted benzami-
dazoles were visualized and further analysed using CHIMERA.
The hydrogen bonding interactions between acetylcholinester-
ase (1GQR:PDBID) and 2-substituted benzimidazoles were
accessed using CHIMERA. The docking energy values are shown
in Table 5. The active site of AChE is positioned at the base of
20 oA deep and narrow gorge from the enzyme surface and
include two subsites: (1) catalytic esteratic site (CES) and (2)
peripheral anionic site (PAS). The active site consists of Gln71-
Tyr-Val-Asp-Thr-Leu76, Gly82-Thr-Glu84, Trp86-Asn-Pro88,
Tyr121, Leu130, Tyr133, Glu199, Ser200, Glu202-Ser-Ala204,
Trp279, Trp286, Phe295, Phe297, Glu327, Phe330, Glu334,
Tyr337-Phe338, Tyr341, Trp439, His447-Gly-Tyr449, Ile451. The
negative docking energy indicates the proper binding mode of
2-substituted benzimidazol within the active site of acetylcholi-
nesterase (1GQR: PDBID) (Table 5).

Figure 6. Reusability of [BMIM]PF6@aerosil

Table 4. Comparison of different catalysts for synthesis of Phenyl-1H-
benzimidazole

Entry Catalyst Quantity Temp
(oC)

Time
(min)

Yield
(%)

Reference

1 Cu@bCD-PEG-
mesoGO

5 mol% 85 oC 120 93 [31]

2 SiO2/
Co@Fe2O4

10mol% 608C 30 96 [32]

Co@Fe2O4 10 mol% 608C 30 94
3 MgCl2 6H2O 10 mol% 608C 95 93 [33]
4 NH4OAC (1 mmol) 75 8C 270 95 [34]
5. LaCl3 10 mol% rt 180 88 [35]
6 Saccharose 20 mol% 45 oC 60 80 [19]
7 CeCl3.7H2O 0.3 equi rt 150 87 [20]
8 [Bmim]HSO4 0.1 mmol MW

(45 W)
5 95 [36]

9 [BMIM]
PF6@aerosil

100 mg rt 90 94 Present
work

MW is Microwave

Table 5. Molecular docking between 2-substituted benzimidazoles and
acetylcholinesterase (1GQR: PDBID)

Sr.
No.

Benzimidazole
derivatives

Energy (in kcal/
mol)

PATCHDOCK
score

1 A -133.43 3900
2 H -170.88 4024
3 J -149.08 3588
4 K -263.32 4728
5 M -252.03 4700
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The binding mode of the most potent compounds A, H, J,
K and M is as shown in Figure 7. These compounds exhibited

hydrogen bonding interactions with the active site residues of
acetylcholinesterase (1GQR: PDBID). The H-bond interactions of
compound A with the active site residues of acetylcholinester-
ase are shown in Figure 7 (a). The compound A is having
hydrogen bond interactions with the TYR 70 by inter-atomic
distance 2.4 oA (Table 6). Similarly, the compound H showed
hydrogen bond interactions with TYR 121 at a distance 1.575
oA. The compound J exhibited hydrogen bond interactions
with HIS 440 at 2.440 oA whereas, the compound K showed

hydrogen bonding interaction with the TYR 121 by distance
1.380 oA. The compound M showed H-bond interactions with
the TYR 121 at 1.751 oA. Molecular docking studies revealed
that the 2-substituted benzimidazoles exhibited hydrogen
bonding interactions with the acetylcholinesterase residues
such as TYR 70, ASP 72, TYR 121, TYR 130, GLU 199, TRP 279,
PHE 330, PHE 331, TYR 334 and HIS 440 (Table 6 and Figure 7).
The docking analysis revealed that the 2-substituted benzimi-
dazoles effectively inhibit acetylcholinesterase and could play
significant role in development of new scaffold for efficient
Alzheimer’s disease therapy.

In order to extend our studies, we also evaluated antifungal
activity of synthesized 2-substituted benzimidazoles against
Candida albicans (NCIM-3466) and Aspergiillus niger (NCIM-
3495)
by well plate agar diffusion method. Antifungal activity was
determined by evaluating the diameter of the inhibition zone
and their results are summarized in Table 7. The compounds A,
B and E displayed good antifungal activity against Candida
albicans (NCIM-3466) and Aspergiillus niger (NCIM-3495) while
rest of the compounds also showed significant antifungal
activity.

Conclusion

We have developed simple and efficient method for synthesis
of 2-substituted benzimidazoles from o-phenylenediamnes and
aryl aldehydes using aerosil supported ionic liquid phase
acronymed as [BMIM]PF6@aerosil. The current protocol grants
several benefits including high yields, effective simplicity, less
reaction time and smooth reaction conditions. The synthesized
benzimidazoles displayed good antifungal activity against
Candida albicans (NCIM-3466) and Aspergiillus niger (NCIM-
3495). Additionally, molecular docking studies of synthesized
benzimidazoles revealed hydrogen bonding interactions with
receptor enzyme of acetylcholinesterase (AChE).

Supplementary Information Summary

Supporting information contain the description of the methods
and material used in this work and catalyst characterization
including FTIR, TGA, XRD, FESEM, TEM, BET, CP-MAS 13C NMR

Figure 7. Binding mode of A, B, C, D and E with AchE (a, b, c, d and e
respectively)

Table 6. Hydrogen bonding interactions between 2-substituted benzimida-
zoles and acetylcholinesterase (1GQR: PDBID)

Sr.
No.

Interaction between active site residues of
acetylcholinesterase with benzimidazole derivatives
(A, H, J, K and M)

Distance
in Å

1 TYR 121 HH–A.het C: 2.802
2 TYR 70 OH–A.het C: 2.400
3 TYR 334 OH–A.het C: 2.837
4 A.het H–ASP 72 OD1: 2.761
5 TYR 121 HH–H.het C: 1.575
6 TYR 130 HH–H.het C: 2.695
7 H.het C–HIS 440 HE2: 2.231
8 TYR 334 HH–H.het H: 2.869
9 PHE 331 CE2–H.het C: 3.261
10 J.het H–GLU 199 OE1: 2.725
11 J. het C–HIS 440.A HE2: 2.440
12 TYR 130.A HH–J. het C: 2.717
13 J. het C–TYR 334.A HH: 2.438
14 TYR 121 HH–K.het C: 1.380
15 HIS 440 HE2–K.het S: 2.349
16 TYR 121 HH–M.het C: 1.751
17 PHE 330.A CZ–M.het O: 2.740
18 M.het O–HIS 440 HE2: 2.608
19 TRP 279.A CZ3–M.het C: 2.789

Table 7. Antifungal activity of 2-substituted benzimidazoles against Candi-
da albicans (NCIM-3466) and Aspergiillus niger (NCIM-3495)

Sr. No Compound Candida albicans (NCIM-
3466)

Aspergiillus niger (NCIM-
3495)

0.5 1.0 1.5 0.5 1.0 1.5

1 A 09 08 08 08 08 08
2 B 06 08 09 07 06 08
3 C 03 04 05 03 04 06
4 D 03 02 04 08 09 04
5 E 08 07 06 04 05 09
6 F 05 06 07 06 08 05
7 G 03 04 03 03 062 04
8 H 03 05 04 09 04 06
9 I 05 03 03 09 09 05
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spectrum as well as 1H, 13C NMR and mass spectra of
synthesized 2-substituted benzimidazoles.
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STABILITY OF ψ-HILFER IMPULSIVE FRACTIONAL DIFFERENTIAL

EQUATIONS

J. VANTERLER DA C. SOUSA, KISHOR D. KUCCHE1, AND E. CAPELAS DE OLIVEIRA

Abstract. In this paper, we investigate the sufficient conditions for existence and unique-
ness of solutions and δ-Ulam-Hyers-Rassias stability of an impulsive fractional differential
equation involving ψ-Hilfer fractional derivative. Fixed point approach is used to obtain our
main results.

Keywords : Impulsive fractional differential equation, δ-Ulam-Hyers-Rassias, ψ-Hilfer frac-
tional derivative, Banach fixed point.
MSC 2010 subject classifications. 26A33, 34A08, 34A12, 34A37, 34DXX.

1. Introduction

Impulsive differential equations are used to describe the evolutionary processes that abruptly
change their state at a certain moment. This subject received great importance and remark-
able attention from the researchers because of its rich theory [1] and applicability in various
branches of science and technology. A natural framework for mathematical modeling of
many physical phenomena appearing in the field of mechanics, ecology, medicine, biology
and electrical engineering can be provided via impulsive differential equations.

Wang and Zhang [2] investigated the existence and uniqueness of solutions to differential
equations with not instantaneous impulses in a Pβ-normed space of the form:

{
x′(t) = f (t, x(t)) , t ∈ (si, ti+1], i = 0, 1, · · · , m,

x(t) = gi(t, x(t)), t ∈ (ti, si], i = 1, 2, · · · , m.

Wang et al. in [3], considering the ordinary nonlinear differential equation with not instanta-
neous impulses obtained existence and uniqueness of solutions and introduced an interesting
concept of stability viz. generalized β-Ulam-Hyers–Rassias. Zeng et al. [4] extended the
above investigations to the class of impulsive integro-differential equations with not instan-
taneous impulses.

With the expansion of the fractional calculus [5, 6, 7], the impulsive fractional differential
equations gained a much attention and began to be studied, mainly due to the variety of
results, from the stability study, existence to uniqueness [8, 9, 10, 11, 12, 13]. Impulsive
differential equations in the space of Banach spaces have been dealt in [14, 15, 16, 17].

1
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Discussions on concept of solutions, existence and uniqueness results pertaining to impulsive
fractional Cauchy differential equations (IFDE) can also be found in the survey paper [18].

Wang and Zhang [19] recently, introduced a new class of nonlinear differential equations
with fractional integrable impulses and established existence and uniqueness results and
introduced new concepts of Bielecki-Ulam’s type stability.

As discussed above, in the last years there are many published works related to stability,
especially on impulsive differential equations of arbitrary order. Thus, one of the mains
purpose of this paper is to expand this range of works in the literature involving stability
and thus contribute to the expansion of the area.

In this paper, we apply fixed point approach to study stability of the modified impulsive
fractional differential equations

(1.1)

{
H

D
α,β;ψ
0+ x (t) = f (t, x (t)) , t ∈ (si, ti+1] , i = 0, 1, ..., m
x (t) = gi

(
t, x

(
t+i
))
, t ∈ (ti, si] , i = 1, 2, ..., m

where H
D
α,β;ψ
0+ (·) is the ψ−Hilfer fractional derivative with 0 < α ≤ 1, 0 ≤ β ≤ 1 and

0 = t0 = s0 < t1 ≤ s1 ≤ t2 < · · · < tm ≤ sm < tm+1 = T are prefixed numbers,
f : [0, T ]× R → R is continuous and gi : [ti, si] × R → R is continuous for all i = 1, 2, ..., m
which is not instantaneous impulses.

The motivation for the elaboration of this paper is the contribution in the stability of frac-
tional differential equations, in particular of the impulsive type. In this sense, as the main
purpose of this paper, we investigated the δ-Ulam-Hyers-Rassias stability of the impulsive
fractional differential equation by employing the fixed point approach.

For the fundamental properties of ψ-Hilfer fractional derivative and the basic theory of
fractional differential equation involving ψ-Hilfer fractional derivative, we refer the readers
to the papers of Sousa and Oliveira [7, 20].

This paper is divided as follows: in Section 2, we present the concepts of weighted and
piecewise weighted function spaces. We also recall the definitions of ψ-Riemann-Liouville
fractional integral, ψ-Hilfer fractional derivative and define the concept of generalized δ-
Ulam-Hyers-Rassias stability. In Section 3, we investigate through the Theorem 2 the gen-
eralized δ-Ulam-Hyers-Rassias stability of the fractional differential equation.

2. Preliminaries

Definition 1. [3] Suppose E is a vector space over K. A function ‖·‖δ : E → [0,∞)
(0 < δ ≤ 1) is called a δ−norm if and only if it satisfies :

(1) ‖x‖δ = 0, if and only if x = 0;

(2) ‖λx‖δ = |λ|δ ‖x‖δ for all λ ∈ K and all x ∈ E;
(3) ‖x+ y‖δ ≤ ‖x‖δ + ‖y‖δ.
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Let J = [0, T ] , J ′ = (0, T ] and C (J,R) the space of continuous functions. The weighted
space C1−γ;ψ (J,R) of functions x on J ′ is defined by [7]

C1−γ;ψ (J,R) =
{
x ∈ C (J ′,R) ; (ψ (t)− ψ (0))1−γ x (t) ∈ C (J,R)

}
, 0 ≤ γ < 1

with the norm

‖x‖C1−γ;ψ ,δ
= sup

t∈J ′

{
(ψ (t)− ψ (0))1−γ ‖x (t)‖δ

}
.

Obviously the space C1−γ;ψ (J,R) is a Banach space.

The piecewise weighted space PC1−γ;ψ (J,R) of functions x on C ((tk, tk+1] ,R) is defined by

PC1−γ;ψ (J,R) =

{
(ψ (t)− ψ (tk)− ψ (0))1−γ x (t) ∈ C ((tk, tk+1] ,R) and

lim
t→tk

(ψ (t)− ψ (tk)− ψ (0))1−γ x (t) , exists for k = 1, 2, ..., m

}

with norm

‖x‖PC1−γ;ψ ,δ
:= max

k=1,2,...,m

{
sup

t∈(tk ,tk+1]

(ψ (t)− ψ (tk)− ψ (0))1−γ ‖x (t)‖δ

}

and there exists x
(
t−k
)
and x

(
t+k
)
, k = 1, 2, ..., mwith x

(
t−k
)
= x

(
t+k
)
. The space PC1−γ;ψ (J,R)

is also a Banach space.

Let n − 1 < α ≤ n with n ∈ N, J = [a, b] be an interval such that −∞ ≤ a < b ≤ +∞
and let f, ψ ∈ Cn ([a, b] ,R) be two functions such that ψ is increasing and ψ′ (t) 6= 0, for all
t ∈ J. The ψ−Hilfer fractional derivative denoted by [7]

H
D
α,β;ψ
0+ y (t) = I

β(n−α);ψ
0+

(
1

ψ′ (t)

d

dt

)n

I
(1−β)(n−α);ψ
0+ y (t) ,

where Iξ;ψ0+ (·) (0 < ξ ≤ 1) is the ψ-Riemann-Liouville fractional integral [7].

Banach’s fixed-point theorem is fundamental in this study, so we will enunciate it below.

Theorem 1. [3, 21] Let (X, d) be a generalized complete metric space. Assume that Ω :
X → X is a strictly contractive operator with the Lipschitz constant L < 1. If there exists a
nonnegative integer k such that d

(
Ωk+1,Ωk

)
< ∞ for some x ∈ X , then the following are

true:

(1) The sequence
{
Ωkx

}
converges to a fixed point x∗ of Ω;

(2) x∗ is the unique fixed point of Ω in Ω∗ =
{
y ∈ X/d

(
Ωkx, y

)
<∞

}
;

(3) If y ∈ X∗, then

d (y, x∗) ≤
1

1− L
d (Ωy, y) .

Let the space of piecewise weighted space continuous functions

X = {g : J → R/g ∈ PC1−γ;ψ (J,R) , 0 ≤ γ < 1} ,
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with the generalized metric on X given by
(2.1)

d (g, h) = inf
{
C1 + C2 ∈ [0,∞] / |g (t)− h (t)|δ ≤ (C1 + C2)

(
ϕδ (t) + εδ

)
, for all t ∈ J

}

where C1 ∈
{
C ∈ [0,∞] / |g (t)− h (t)|δ ≤ Cϕδ (t) , for all t ∈ (si, ti+1] , i = 0, 1, ..., m

}
and

C2 ∈
{
C ∈ [0,∞] / |g (t)− h (t)|δ ≤ Cεδ, for all t ∈ (ti, si] , i = 1, ..., m

}
. Note that that

(X, d) is a complete generalized metric space.

The function x ∈ Ũ := PC1−γ;ψ (J,R)

m⋂

i=0

C1 ((si, ti+1] ,R) is a solution of the impulsive frac-

tional differential equations





H
D
α,β;ψ
0+ x (t) = f (t, x (t)) , t ∈ (si, ti+1] , i = 0, 1, ..., m
x (t) = gi

(
t, x

(
t+i
))
, t ∈ (ti, si] , i = 1, 2, ..., m

I1−γ;ψ0+ x (0) = x0 ∈ R

where I1−γ;ψ0+ (·) is the ψ-Riemann-Liouville fractional integral with γ = α + β(1 − α), if x

satisfies I1−γ;ψ0+ x (0) = x0, x (t) = gi
(
t, x

(
t+i
))
, t ∈ (ti, si] , i = 1, 2, ..., m and






x (t) = Ψλ(t, 0)x0 +
1

Γ (α)

∫ t

0

Nα
ψ (t, s) f (s, x (s)) ds, t ∈ [0, t1]

x (t) = gi
(
si, x

(
t+i
))

+
1

Γ (α)

∫ t

si

Nα
ψ (t, s) f (s, x (s)) ds, t ∈ (si, ti+1] , i = 1, 2, ..., m.

with Nα
ψ (s, t) := ψ′ (s) (ψ (t)− ψ (s))α−1 and Ψλ(t, 0) =

(ψ(t)− ψ(0))γ−1

Γ(γ)
.

Let 0 < δ ≤ 1, ξ ≥ 0, ϕ ∈ PC1−γ;ψ (J,R+) is nondecreasing and

(2.2)

{ ∣∣∣HD
α,β;ψ
0+ y (t)− f (t, y (t))

∣∣∣ ≤ ϕ (t) , t ∈ (si, ti+1] , i = 0, 1, ..., m∣∣y (t)− gi
(
t, y

(
t+i
))∣∣ ≤ ξ, t (ti, si] , i = 1, 2, ...., m

Definition 2. The Eq.(1.1) is generalized δ−Ulam-Hyers-Rassias stable with respect to (ϕ, ξ)

if there exists Cf,δ,gi,ϕ > 0 such that for each solution y ∈ Ũ of the inequality Eq.(2.2) there

exists a solution x ∈ Ũ of the Eq.(1.1) with

|y (t)− x (t)|δ ≤ Cf,δ,gi,ϕ
(
ξδ + ϕδ (t)

)
, t ∈ J.

A function y ∈ Ũ is a solution of the inequality Eq.(2.2) if and only if there is G ∈
m⋂

i=0

C1 ((si, ti+1] ,R) and g ∈

m⋂

i=0

C ([ti, si] ,R), such that:

(a) |G (t)| ≤ ϕ (t), t ∈
m⋃

i=0

(si, ti+1] and |g (t)| ≤ ξ, t ∈
m⋃

i=0

(ti, si];
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(b) H
D
α,β;ψ
0+ y (t) = f (t, y (t)) +G (t) , t ∈ (si, ti+1], i = 0, 1, ..., m;

(c) y (t) = gi
(
t, y

(
t+i
))

+ g (t), t ∈ (ti, si] , i = 1, 2, ..., m.

Remark 1. If y ∈ Ũ is a solution of the inequality Eq.(2.2) the y is a solution of the
fractional integral inequality:

(2.3)
∣∣y (t)− gi

(
t, y

(
t+i
))∣∣ ≤ ξ, t ∈ (ti, si] , i = 0, 1, ..., m

and
∣∣∣∣y (t)−Ψλ(t, 0)y (0)−

1

Γ (α)

∫ t

0

Nα
ψ (t, s) f (s, y (s)) ds

∣∣∣∣ ≤
1

Γ (α)

∫ t

0

Nα
ψ (t, s)ϕ (s) ds, t ∈ [0, t1]

and
∣∣∣∣y (t)− gi

(
si, y

(
t+i
))

−
1

Γ (α)

∫ t

si

Nα
ψ (t, s) f (s, y (s)) ds

∣∣∣∣

≤ ξ +
1

Γ (α)

∫ t

si

Nα
ψ (t, s)ϕ (s) ds, t ∈ (si, ti+1] , i = 1, 2, ..., m.(2.4)

3. δ−Ulam-Hyers-Rassias stability

In this section, we present the main result of this paper, the stability of the type generalized
δ−Ulam-Hyers-Rassias for the impulsive fractional differential equation Eq.(1.1), by means
Banach’s the fixed point theorem.

Before investigating the main result in this paper, we list some essential conditions for proof
of the theorem:

(H1) f ∈ C1−γ;ψ (J × R,R);

(H2) There exists a positive constant Lf such that

|f (t, u1)− f (t, u2)| ≤ Lf |u1 − u2| , for t ∈ J and u1, u2 ∈ R;

(H3) gi ∈ C1−γ;ψ ([ti, si]× R,R) and there are positive constants Lgi , i = 1, 2, ..., m such that

|gi (t, u1)− g2 (t, u2)| ≤ Lgi |u1 − u2| , for t ∈ [ti, si] and u1, u2 ∈ R;

(H4) Let ϕ ∈ C1−γ;ψ (J,R+) be a nondecreasing function. There exists Cϕ > 0 such that

1

Γ (α)

∫ t

0

Nα
ψ (t, s)ϕ (s) ds ≤ cϕϕ (t) , for t ∈ J .
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Theorem 2. Assume the conditions (H1)-(H4) be satisfies. If there exists a function y ∈ Ũ
satisfying Eq.(2.2), then there exists a unique solution y0 : J → R such that

(3.1) y0 (t) =





Ψλ(t, 0)x (0) +
1

Γ (α)

∫ t

0

Nα
ψ (t, s) f (s, y0 (s)) ds, t ∈ [0, t1]

gi
(
t, y0

(
t+i
))
, t ∈ (ti, si] , i = 1, 2, ..., m

gi
(
si, y0

(
t+i
))

+
1

Γ (α)

∫ t

si

Nα
ψ (t, s) f (s, y0 (s)) ds, t ∈ (si, ti+1]

i = 1, 2, ..., m.

and

(3.2) |y (t)− y0 (t)|
δ ≤

(
1 + Cδ

ϕ

) (
ϕδ (t) + ξδ

)

1− Φ
, t ∈ J

where

(3.3) Φ := max
i=1,2,...,m

{
Lδgi + LδfC

δ
ϕ

}
.

Proof. For prove of this result, consider the operator Ω : X → X given by

(3.4) Ωx (t) =





Ψλ(t, 0)x (0) +
1

Γ (α)

∫ t

0

Nα
ψ (t, s) f (s, x0 (s)) ds, t ∈ [0, t1]

gi
(
t, x0

(
t+i
))
, t ∈ (ti, si] , i = 1, 2, ..., m

gi
(
si, x0

(
t+i
))

+
1

Γ (α)

∫ t

si

Nα
ψ (t, s) f (s, x0 (s)) ds,

t ∈ (si, ti+1] , i = 1, 2, ..., m.

for all x ∈ X and t ∈ [0, T ]. Note that, Ω is a well defined operator according with condition
(H1).

In order to use Banach’s fixed point theorem, we prove that Ω is strictly contractive on X,
in three cases. Note that

|g (t)− h (t)|δ ≤

{
C1ϕ

δ (t) , t ∈ (si, ti+1] , i = 0, 1, ..., m
C2ξ

δ, t ∈ (ti, si] , i = 1, ..., m

is equivalent to

(3.5) |g (t)− h (t)| ≤

{
Cδ

1ϕ (t) , t ∈ (si, ti+1] , i = 0, 1, ..., m
Cδ

2ξ, t ∈ (ti, si] , i = 1, ..., m

Using the definition of Ω in Eq.(3.4), (H2), (H3) and Eq.(3.5), we have the following cases:
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Case 1: For t ∈ [0, t1], and by the hypothesis (H2), (H4) and Eq.(3.5), we get

|Ωg (t)− Ωh (t)|δ ≤

∣∣∣∣
1

Γ (α)

∫ t

0

Nα
ψ (t, s) f (s, g (s)) ds−

1

Γ (α)

∫ t

0

Nα
ψ (t, s) f (s, h (s)) ds

∣∣∣∣
δ

≤ Lδf

(
1

Γ (α)

∫ t

0

Nα
ψ (t, s) |g (s)− h (s)| ds

)δ

≤ LδfC1c
δ
ϕϕ (t)δ .

Case 2: For t ∈ (ti, si] , and by the hypothesis (H3) and Eq.(3.4), we obtain

|Ωg (t)− Ωh (t)|δ ≤
∣∣gi

(
t, g

(
t+i
))

− gi
(
t, h

(
t+i
))∣∣δ ≤

(
Lgi

∣∣g
(
t+i
)
− h

(
t+i
)∣∣)δ ≤ LδgiC2ξ

δ.

Case 3: For t ∈ (si, ti+1] and using the hypothesis (H1), (H2), (H3) and Eq.(3.4), we have

|Ωg (t)− Ωh (t)|δ

≤
∣∣gi

(
si, g

(
t+i
))

− gi
(
si, h

(
t+i
))∣∣δ +

∣∣∣∣
1

Γ (α)

∫ t

si

Nα
ψ (t, s) (f (s, g (s))− f (s, h (s))) ds

∣∣∣∣
δ

≤ LδgiC2ξ
δ + LδfC1

(
1

Γ (α)

∫ t

0

Nα
ψ (t, s)ϕ (s) ds

)δ

≤
(
Lδgi + Lδfc

δ
ϕ

)
(C1 + C2)

(
ϕδ (t) + ξδ

)
.

Then, we obtain

|Ωg (t)− Ωh (t)|δ ≤ max
i=1,2,...,m

(
Lδgi + LδfC

δ
ϕ

)
(C1 + C2)

(
ϕδ (t) + ξδ

)

= Φ(C1 + C2)
(
ϕδ (t) + ξδ

)
, t ∈ J.

Hence, we get

d (Ωg,Ωh) ≤ Φd (g, h)

for any g, h ∈ X and since the condition Eq.(3.3).

Now, we take g0 ∈ X and from the piecewise continuous property of g0 and Ωg0, then there
exists a constant 0 < G1 <∞ so that

|Ωg0 (t)− g0 (t)|
δ =

∣∣∣∣Ψ
λ(t, 0)x (0) +

1

Γ (α)

∫ t

0

Nα
ψ (t, s) f (s, g0 (s)) ds− g0 (t)

∣∣∣∣
δ

≤ G1ϕ
δ (t) ≤ G1

(
ϕδ (t) + ξδ

)
, t ∈ [0, t1] .

On the other hand, also G2 and G3 with 0 < G2 <∞ and 0 < G3 <∞, such that,

|Ωg0 (t)− g0 (t)|
δ =

∣∣gi
(
t, g0

(
t+i
))

− g0 (t)
∣∣δ

≤ G2ξ
δ ≤ G2

(
ϕδ (t) + ξδ

)
, t ∈ (ti, si] , i = 1, 2, ..., m
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and

|Ωg0 (t)− g0 (t)|
δ =

∣∣∣∣gi
(
si, g0

(
t+i
))

+
1

Γ (α)

∫ t

si

Nα
ψ (t, s) f (s, g0 (s)) ds− g0 (t)

∣∣∣∣
δ

≤ G3

(
ϕδ (t) + ξδ

)
, t ∈ (si, ti+1] , i = 1, 2, ..., m

since f, gi and g0 are bounded on J and ϕ (·) + ξδ > 0. In this sense, Eq.(2.1) implies that

d (Ωg0, g0) <∞.

Note that, exists a continuous function y0 : J → R such that Ωny0 → y0 in (X, d) as n→ ∞
and Ωy0 = y0, that is y0 satisfies Eq.(3.4) for every t ∈ J (Banach’s fixed point theorem).

For finally the proof this theorem, we check that 0 < Cg <∞ such that

|g0 (t)− g (t)|δ ≤ Cg
(
ϕδ (t) + ξδ

)
, for any t ∈ J

and assuming that g, g0 are bounded on J and min
t∈J

(
ϕδ (t) + ξδ

)
> 0.

Then, we get d (g0, g) <∞ for all g ∈ X , that is X = {g ∈ X/d (g0, g) <∞} . Therefore, we
obtain that y0 is the unique solution continuous function with the property Eq.(3.4).

On the other hand, using the hypotheses (H1)-(H4), Eq.(2.3), Eq.(2.4) and Eq.(2.4) it follows
that

(3.6) d (y,Ωy) ≤ 1 + Cδ
ϕ.

Thus, from Eq.(3.6), we have

d (y, y0) ≤
d (Ωy, y)

1− Φ
≤

1 + Cδ
ϕ

1− Φ
,

which means that Eq.(3.2) is true for t ∈ J .
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