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Abstract

The present study has an objective to optimize the extraction of Polyphenol Oxidase (PPO) from potato (Solanum tuberosum 
L.) peel. Response surface methodology (RSM) was used to design experiments and study the effect of six influential extraction 
parameters: extraction buffer concentration (100-500 mM), pH of extraction buffer (4.5-8.5), time (1-12 hours), temperature (4-40°C), 
concentration of PMSF (1-5 mM) and volume of extraction buffer (200-1000 ml) on the extraction of PPO. The dependent variable 
was considered as response function which was specific activity (SA) of extracted PPO. ANOVA was performed to obtain the regression 
equation that could predict the responses within given range. From RSM generated model, the optimum conditions for the maximum 
extraction of PPO were phosphate buffer concentration of 100 mm, buffer pH of 4.5, extraction time of 1 hour, 40°C temperature, PMSF 
concentration of 5 mM and buffer volume of 200 ml. Finally, this study illustrates a cost effective and less time consuming method to 
maximize the extraction of PPO from a vegetable waste.
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Introduction 

PPO is a copper-containing enzyme that catalyses both 
molecular oxygen-dependent hydroxylation of monophe-
nols to their corresponding o-diphenols and oxidation of 
o-diphenols such as L-DOPA to their cognate o-quinones 
(Ni Eidhin et al., 2010; Palma-Orozco et al., 2011). Im-
portant properties of PPO viz. wider substrate specificity, 
ability of catalyzing reaction in wider range of pH and 
temperature (Seo et al., 2003), protease activity (Gomez-
Lopez, 2002) etc have been utilized for various purposes. 
The ability of oxidizing large group of phenolic com-
pounds has been utilized in removal of phenolic contami-
nants from waste water, effluents and contaminated soil 
(Klibanov et al., 1980; López-Molina et al., 2003; Torres 
et al., 2003). The same property of PPO has also been uti-
lized for removal of reactive textile dyes. Researchers have 
reported the use of both soluble and immobilized PPO in 
the biotransformation of phenolic contaminants but later 
provide better performance in terms of reusability and ca-
talysis (Amjad et al., 2009; Duran et al., 2002; Niladevi 
and Prema, 2008). Immobilization of PPO onto porous 

and conducting surface has led to the development of bio-
sensor for monitoring of aqueous phenolic components. 
Construction of biosensor using immobilized PPO on 
Carbon Nanotube (Mohammadi et al., 2009) and calcium 
carbonate nanoparticles (Shan et al., 2007) are the better 
examples of this fact. Since the enzymatic browning by 
PPO causes decrease of nutritional quality and affects the 
appearance of food, inactivation of PPO is desirable for 
preservation of foods (Langdon, 1987; Lee et al., 2007). 

All these mentioned purposes require PPO either in 
crude or purified form. Therefore the need, demand and 
market value of PPO in its different fields of application is 
quite high. However, high production cost has limited the 
feasibility of its uses in industries. The cost of the sources 
of PPO is also a matter of concern. Keeping in view of the 
usefulness and cost effectiveness of PPO for various indus-
trial purposes, it is very important to develop some ana-
lytical methods for the extraction of this enzyme in such 
a way that will be of high yield and cost effective. Usually, 
the method for determining optimal conditions in extrac-
tion processes is varying one parameter while keeping oth-
ers at a constant level. This is a time consuming and cost 
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periments were designed using central composite design 
(CCD) with a quadratic model in order to study the com-
bined and individual effects of six influential experimen-
tal parameters on the extraction of PPO. These variables 
were A: concentration of the extraction buffer (BC), B: 
pH of extraction Buffer (PB), C: extraction time (ET), D: 
extraction temperature (ETM), E: PMSF concentration 
in extraction buffer (PC) and F: volume of extraction buf-
fer (VB). Each parameter had two levels which were-1 and 
+1, shown in Tab. 1. A total of 74 sets of experiments were 
performed to determine significant factors for the extrac-
tion of PPO.

Specific activity (SA) of extracted PPO was considered 
as the only dependent variable or response function. As the 
objective of this study was to optimize the yield of PPO in 
the extract, the response, SA has been considered as key 
factor because optimization of SA will ensure maximum 
activity of PPO per mg of protein in the extract. Relation-
ships between six parameters (BC, PB, ET, ETM, PC and 
VB) and process responses (SA) for the extraction of PPO 
were analyzed using RSM. All the experimental condi-
tions and value of the corresponding response studied are 
depicted in Tab. 2.

Extraction of PPO
One hundred g of potato peel was blended with phos-

phate buffer of different concentration and pH under dif-
ferent experimental conditions based on the combinations 
programmed by RSM (as per Tab. 2). 1% Triton X-114 
was also added to the extraction medium. The extraction 
was performed under continuously stirring using mag-
netic stirrer. After extraction each mixture was centrifuged 
at 18,000 rpm for 20 minutes using a compufuge (Remi, 
India) and the supernatant was filtered through Whatman 
no. 4 filter paper. The filtrate was taken as crude enzyme 
extract and it was stored at-20°C.

Assay of PPO 
PPO activity was assayed using the procedure of Oktay 

et al. (1995) with some modification. Briefly, 0.1 ml en-

ineffective method that does not include interaction ef-
fects among variables (Ranjan et al., 2009). Optimization 
employing central composite design (CCD) and response 
surface methodology (RSM) can overcome such draw-
backs (Bas and Boyaci, 2007; Vohra and Satyanarayana, 
2002). Researchers have reported the utility of CCD in 
optimization of experimental determinants (Ebrahimpour 
et al., 2008; Hameed et al., 2009) and RSM for process 
development as it provides all the information regarding 
the combinatorial effects of variables, regression modeling 
and optimization of the variables to maximize the desired 
product (Chen et al., 2002; Gaur et al., 2008; Manohar 
and Divakar, 2004; Sztajer et al., 1988). 

Although considerable research works have been car-
ried out on extraction, purification and characterization of 
PPO from various fruits and vegetables (Aydemir, 2010; 
Marri et al., 2003; Sener and Ümit Ünal, 2011; Yang et 
al., 2001). There was no evidence on the improvement of 
extraction of PPO from potato peel through statistical 
optimization. In this paper, RSM was conducted to study 
the effects of different influential extraction parameters to 
maximize the yield of PPO from potato peels. The opti-
mum extraction conditions (environmental, process and 
solution parameters) were predicted and validated using 
statistical methodologies.

Materials and methods

Plant materials
Potato (Solanum tuberosum) peels were collected from 

the hotels near National Institute of Technology, Dur-
gapur. These peels were washed several times with double 
distilled water and used for study. The reasons behind the 
selection of potato peels as experimental material were 
firstly, researchers have reported the presence of PPO in 
potato (Do-Yoon and Woo-Yean, 1996; Thygesen et al., 
1995). Secondly, potato tuber is mainly used as the source 
of dietary carbohydrate whereas peels are mainly consid-
ered as waste and easily available. Therefore it is an eco-
nomic source of PPO.

Chemicals
Di-sodium hydrogen phosphate (Na2HPO4), Sodium 

di-hydrogen phosphate (NaH2PO4), Sodium Hydroxide 
(NaOH) and Catechol (Pyrocatechol) were purchased 
from Merck (Germany). Triton X-114 (Sigma-Aldrich, 
USA) and PMSF (Sisco research laboratory, India) were 
used in this study. All the chemicals used were of analytical 
grade commercially available in India. 

Development of suitable design matrix
RSM was employed to find the optimum experimental 

condition with definite values of key experimental deter-
minants for the maximum yield of PPO in the potato peel 
extract. The experimental design and statistical analysis 
was performed using design expert software. All the ex-

Tab. 1. Independent variables and their coded levels used in 
RSM studies

Level

Factors Units Low 
(-1)

High 
(1)

A: Buffer Concentration of 
Extraction Buffer (BC) mM 100 500

B: Buffer Concentration of 
Extraction Buffer (BC) 4.5 8.5

C: Extraction Time (ET) Hours 1 12

D: Extraction Temperature (ETM) ºC 4 40

E: PMSF Concentration (PC) mM 1 5

F: Volume of Extraction Buffer (VB) ml 200 1000
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Tab. 2. CCD design for six variables showing observed values of SA of PPO

Run A: BC (mM) B: PB C: ET (Hour) D: ETM (°C) E: PC (mM) F: VB (ml) Response:
SA Unit/mg protein 

1 300 6.5 6.5 22 3 600 3235
2 300 6.5 6.5 22 3 600 3235
3 500 4.5 12 4 5 200 3105
4 500 4.5 12 40 1 1000 3112
5 100 4.5 1 4 5 200 3383
6 100 4.5 12 4 1 200 3309
7 500 8.5 12 4 5 1000 3007
8 300 6.5 6.5 22 3 600 3235
9 500 4.5 1 40 5 200 3107

10 100 8.5 12 40 1 1000 3381
11 500 8.5 1 40 1 1000 3017
12 100 8.5 12 40 5 200 3511
13 500 8.5 1 40 1 200 3047
14 500 4.5 12 40 5 200 3171
15 500 8.5 12 4 5 200 3103
16 500 4.5 1 4 1 1000 3043
17 500 4.5 12 4 1 200 3103
18 500 8.5 1 4 5 200 3077
19 300 6.5 6.5 22 3 600 3235
20 100 8.5 1 4 5 200 3305
21 500 4.5 12 40 5 1000 3157
22 500 4.5 12 40 1 200 3142
23 500 8.5 12 4 1 200 3077
24 100 8.5 12 4 1 200 3304
25 500 8.5 12 40 1 200 3103
26 100 8.5 1 40 5 1000 3357
27 500 4.5 12 4 1 1000 3077
28 100 8.5 1 40 1 200 3307
29 100 8.5 1 40 5 200 3441
30 100 4.5 12 4 5 200 3422
31 300 6.5 6.5 22 3 600 3235
32 500 8.5 1 4 5 1000 3043
33 100 8.5 12 4 5 200 3357
34 100 4.5 1 40 5 200 3493
35 100 4.5 1 40 5 1000 3422
36 500 4.5 1 4 1 200 3077
37 100 8.5 1 4 1 200 3269
38 500 4.5 1 4 5 200 3103
39 500 8.5 1 4 1 1000 3000
40 300 6.5 6.5 22 3 600 3235
41 100 4.5 12 40 1 1000 3441
42 100 8.5 1 4 1 1000 3263
43 100 4.5 1 40 1 1000 3333
44 300 6.5 6.5 22 3 600 3235
45 100 4.5 1 4 5 1000 3306
46 500 8.5 12 4 1 1000 3043
47 500 4.5 1 40 1 200 3103
48 100 4.5 12 40 1 200 3478
49 500 8.5 12 40 5 1000 3142
50 500 8.5 12 40 1 1000 3103
51 500 4.5 12 4 5 1000 3103
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and interaction terms, respectively, and Xi, and Xj are the 
independent variables. For coded independent variables 
(A, B, C, D, E and F), the selected polynomial equation 
could be expressed as:

Y = β0 + β1A + β2B + β3C + β4D + β5E + β6F + β12AB 
+ β13AC + β14AD + β15AE + β16AF + β23BC + β34CD + 
β45DE + β56EF + β11A2				    (2)

The design expert software was used to generate re-
sponse surfaces and three dimensional (3D) plots. The 
adequacy and significance of the regression model was 
tested using ANOVA method. Test for significance on in-
dividual model coefficients and test for lack-of-fit was also 
estimated.

Determination of optimum extraction and validation of 
the final model
Optimum condition for the possible maximum extrac-

tion of PPO from potato peel depends on all the six pa-
rameters were obtained using the predictive equation of 
RSM. The software design expert was applied to search the 
optimum desirability of the response which is maximum 
SA of PPO. The verification of the validity and adequacy 
of the predictive extraction model with respect to all the 
six variables within the design space was done by perform-
ing a random set of 6 experimental combinations to study 
specific activity. Three verification run experiments were 
previously and remaining three experiments were those 
which have not been used but are within the range of the 

zyme extract was added to 2.9 ml of Catechol (100 mM) 
in 0.1 M phosphate buffer (pH-6.5) solution and change 
in absorbance at 420 nm was measured using a dual beam 
UV-Visible spectrophotometer (UV 3600, Shimadzu, Ja-
pan) against reference (3.0 ml catechol). Change in absor-
bance was recorded every 1 second for 3 minutes. One unit 
of PPO activity was defined as the change in absorbance of 
0.001 per minute per milliliter of enzyme. Finally, enzyme 
activity was expressed in units/ml. Activity measurements 
were carried out in triplicate.

Measurement of specific activity of PPO
Protein quantity was estimated from the supernatant 

of each extract by the method of Lowry et al. (1951) and 
protein quantity was expressed in mg/ml using bovine se-
rum albumin as standard. Specific activity (SA) of PPO 
was expressed in Units/mg of protein.

Mathematical modeling 
Analysis of variance (ANOVA) was performed for the 

independent and dependent values to obtain regression 
equations that could predict the responses within a given 
range. The generalized second order regression equation 
used in the response surface study was as follows:
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Where Y is the predicted response, β0, βi, βii, and βij are 
the regression coefficients for intercept, linear, quadratic 

Tab. 2. CCD design for six variables showing observed values of SA of PPO (cont.)

Run A: BC (mM) B: PB C: ET (Hour) D: ETM (°C) E: PC (mM) F: VB (ml) Response:
SA Unit/mg protein 

52 100 8.5 12 4 5 1000 3307
53 100 8.5 1 40 1 1000 3305
54 500 4.5 1 4 5 1000 3077
55 300 6.5 6.5 22 3 600 3235
56 500 4.5 1 40 5 1000 3125
57 500 8.5 1 40 5 200 3142
58 100 8.5 12 40 5 1000 3461
59 500 4.5 1 40 1 1000 3103
60 500 8.5 1 40 5 1000 3103
61 500 8.5 12 40 5 200 3157
62 100 4.5 12 40 5 1000 3550
63 100 4.5 12 40 5 200 3616
64 300 6.5 6.5 22 3 600 3235
65 300 6.5 6.5 22 3 600 3235
66 500 8.5 1 4 1 200 3043
67 100 4.5 12 4 1 1000 3305
68 100 4.5 1 4 1 1000 3271
69 100 4.5 1 40 1 200 3381
70 100 4.5 12 4 5 1000 3381
71 100 8.5 12 4 1 1000 3273
72 100 8.5 1 4 5 1000 3273
73 100 4.5 1 4 1 200 3304
74 100 8.5 12 40 1 200 3401
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ficient of variation (C.V %) is 0.59 and this lower value of 
C.V % designates a better reliability of the model (Khuri 
and Cornell, 1987). A corelation coefficient (R2) of 0.9861 
was obtained indicating high degree of corelation between 
the experimental parameters and response (SA of PPO in 
Unit/mg of protein).

The experimental results of the CCD design were fit-
ted with a second order polynomial equation. The Eq. 3 
depicts the empirical relationship between specific activity 
of extracted PPO (SA) and the six independent variables 
in coded units obtained by applying RSM.

SA = 3232.09-140.55 × A-21.58 × B + 24.67 × C + 
40.61 × D + 27.95 × E-16.52 × F + 5.92 × A × B-9.20 × 
A × C-17.08 × A × D-11.42 × A × E + 10.95 × C × D + 
9.48 × D × E-4.70 × E × F			   (3)

While, the final empirical relationship between  
response:SA and the six independent process variables in 
actual units obtained by the applyication of RSM is given 
by Eq.4: 

SA (U mg of protein-1) = 3395.26878-0.55455 × 
BC-15.23047 × PB + 4.56171 × ET + 2.16974 × ETM 
+ 20.2743 × PC-0.023652 × VB + 0.014805 × BC × 
PB-0.00836648 × BC × ET-0.00474392 × BC × ETM-
0.028555 × BC × PC + 0.11064 × ET× ETM + 0.26345 
× ETM × PC-0.00587891 × PC × VB		  (4)

The normal probability described in Fig. 1. which 
shows some scatters along the line which indicates that 
the residuals follow a normal distribution. This designates 
that the model satisfies the assumptions of the ANOVA 

levels defined previously. The experimental and predictive 
values of SA were compared to validate the model.

Results and discussion

ANOVA analysis
As summarized in Tab. 3, the ANOVA analysis of 

response 1: SA, the model F-value of 328.96 implies the 
model is significant. There is only a 0.01% chance that a 
“Model F-Value” could be large which may occur due to 
noise. Values of “Prob > F” less than 0.0500 indicate mod-
el terms are significant. In this case A, B, C, D, E, F, AB, 
AC, AD, AE, CD, DE are significant model terms. The 
insignificant model terms can be eliminated to improve 
the model. In this study, backward elimination procedure 
was used to reduced the insignificant terms . The predicted 
R2 of 0.9775 is in reasonable agreement with the adjusted 
R2 of 0.9832. The adjusted R2 value corrects the R2 value 
for the sample size and for number of terms used in the 
model. The high adjusted R2 value (0.9832) obtained from 
ANOVA analysis indicating that the developed model is 
highly significant (Akhnazarova and Kafarov, 1982; Box 
et al., 1978). “Adeq Precision” measures the signal to noise 
ratio. A ratio greater than 4 is desirable. From this study, 
the obtained ratio of 65.547 indicates an adequate signal. 
This model can be used to navigate the design space. 

The model shows standard deviation (SD), mean, and 
predicted residual sum of squares (PRESS) value of 19.07, 
3232.09 and 35513.75. Here, the calculated value of coef-

Tab. 3. ANOVA table for response surface quadratic model (Response: SA of PPO)

Source Sum of Squares df  Mean Square F Value p-value
Prob > F

Model 1555515.953 13 119655.0733 328.9579291 < 0.0001 Significant
A-BC 1264219.141 1 1264219.141 3475.614522 < 0.0001
B-PB 29799.39063 1 29799.39063 81.92503299 < 0.0001
C-ET 38956.89063 1 38956.89063 107.1010005 < 0.0001

D-ETM 105543.7656 1 105543.7656 290.1628624 < 0.0001
E-PC 50008.14062 1 50008.14062 137.4833003 < 0.0001
F-VB 17457.01563 1 17457.01563 47.99314855 < 0.0001
AB 2244.390625 1 2244.390625 6.170320001 0.0158
AC 5420.640625 1 5420.640625 14.90252494 0.0003
AD 18666.39063 1 18666.39063 51.31798455 < 0.0001
AE 8349.390625 1 8349.390625 22.95429833 < 0.0001
CD 7678.140625 1 7678.140625 21.10888548 < 0.0001
DE 5757.015625 1 5757.015625 15.82729328 0.0002
EF 1415.640625 1 1415.640625 3.891905253 0.0531

Residual 21824.38471 60 363.7397452
Lack of Fit 21824.38471 51 427.929112
Pure Error 0 9 0
Cor Total 1577340.338 73
Std. Dev. 19.07196228 R-Squared 0.986163807

Mean 3232.094595 Adj R-Squared 0.983165966
C.V. % 0.590080572 Pred R-Squared 0.97748504
PRESS 35513.75454 Adeq Precision 65.54743972
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was the most significant factor that contributed to the ex-
traction of PPO and had the most pronounced quadratic 
effect. 

The 3D response surface plots obtained from RSM 
study shows the interaction or combined effect of the vari-
ables on SA. As presented in Fig. 3(A), sharp increase in 
SA was observed with the decrease of both BC and PB 
when other parameters were kept as constant. Similarly, 
the value of SA gradually increases with the increase of PC 
and decrease of VB (Fig. 3B). Therefore lowering of volume 
and concentration of extraction buffer (Phosphate buffer) 
facilitates the extraction of PPO as value of SA increases. 
The reason may be that lowering of buffer concentration 
may facilitate the interaction between potato peel and 
extraction media whereas lowering volume of extraction 
buffer concentrates the enzyme. PMSF is serine protease 

which depicting the accuracy and applicability of RSM in 
optimizing all six parameters to maximize the extraction 
of PPO. 

Effect of experimental parameters on PPO extraction
The perturbation plot describes the comparative effect 

of all the parameters at the midpoint (coded 0.00) in the 
design space shown in Fig. 2. The most influential factor is 
characterized by a steep slope or curvature in a perturba-
tion plot which shows that the response is very sensitive to 
that factor. In this study, perturbation plot suggests that all 
variables exerted different degree of quadratic effects. But 
the curve with the most significant change was the per-
turbation curve of variable A i.e. BC compared to those 
of the other factors fixed at their maximum levels. Thus, it 
is obvious that BC i.e. concentration of phosphate buffer 

Fig.1. Normal plot of residuals for SA (Unit/ mg of protein)

Fig. 2. Perturbation plot of independent process variables
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mational change in the 3D structure of PPO which may 
results to expose the active site of PPO. Though this fact 
needs experimental proof, researchers have reported the 
allosteric behavior of PPO (Ricquebourg et al., 1996) and 
it has also been reported that PPO activity increases with 
increase in acidity (Valero et al., 1992).  

Extraction of PPO is greatly influenced by time and 
temperature (Fig. 3(C)) because increase of extraction 
time prolongs the interaction between potato peels ho-
mogenate and extraction media. But, longer extraction 

inhibitor and increase concentration of this compound in 
the extraction buffer positively influence SA as it prevents 
the proteolysis of PPO by irreversibly blocking the serine 
residue of protease present in its active site (Gauillard and 
Richard-Forguet, 1997; Staszczak et al., 2000). 

Significant increase in SA is observed with the increase 
of both ET and ETM (Fig. 3(C)). From Fig. 3(A), it is 
evident that extraction of PPO is positively influenced by 
acidic pH as SA increases with the decrease with pH. It 
may be due to the fact that acidic pH may induce confor-

Fig. 3A. Three dimensional plots for the interaction effect of volume of ex-
traction buffer (VB) and PMSF concentration (PC) on SA

Fig. 3B. Three dimensional plots for the interaction effect of extraction time 
(ET) and temperature (ETM) on SA

Fig. 3C. Three dimensional plots for the interaction effect of concentration 
of extraction buffer (BC) and pH of extraction buffer (PB) on SA
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ity which designates the accuracy of the developed meth-
od. It also describes that the developed model satisfy the 
variance requirement and these also reflect applicability 
and accuracy of RSM for improved extraction of PPO.

The developed model was further validated by perform-
ing six additional experiments which constitutes three ex-
perimental combinations from the design and remaining 
three experiments were those which have not been used 
previously. As summarized in Tab. 4, experimental values 
were reasonably close to the predicted values confirming 
the validity and adequacy of the proposed model. More-
over, the validation experiments also proved that the pre-
dicted values of SA could be satisfactorily achieved within 
0.80% of predicted error of experimental values.

Optimization of extraction condition 
In the present study, desirability function optimization 

of the RSM has been employed for the optimization of the 
extraction of PPO by means of the response; SA. The op-
timization module searches a combination of factor levels 
that simultaneously satisfies the requirements placed on 

period increases process economics and also chances of 
proteolysis. Rise in temperature increases SA of PPO by 
increasing the activity of PPO. So, the magnitude of all 
these parameters should be optimized to maximize the ex-
traction of PPO.

Validation of developed model
Plot of experimental or actual value vs. predicted values 

of SA (given in Fig. 4) represents a high degree of similar-

Tab. 4. Validation of the final reduced quadratic model

Parameters Run 1 Run 2 Run 3 Run 4 Run 5 Run 6 
Buffer Concentration (BC) 50 200 400 450 550 600

pH of Buffer (PB) 4 5 5.5 7 9 9.5
Extraction time (ET) 0.5 2 4 6 8 13

Extraction temperature (ETM) 2 6 12 24 36 42
PMSF Concentration (PC) 0.5 1.5 2 4 5.5 6

Volume of Buffer (VB) 50 100 250 500 700 1100
Predicted error (%)a) 0.07 0.09 0.146 0.304 0.90 0.058

Specific activity (SA) in Units/mg of protein 
Predicted 3323.5 3254.09 3139.19 3090.4 2978.26 2919

Actual 3320 3260 3130 3080 2970 2940
Predicted error (%)a) 0.10 0.18 0.29 0.33 0.26 0.72

Predicted error = (actual value-predicted value)× 100/predicted value

Tab.5. Constraints for optimization of extraction conditions

Constraints
Name Goal Lower Limit UpperLimit
A:BC  Minimize 100 500
B:PB  Is in range 4.5 8.5
C:ET Minimize 1 12

D:ETM  Is in range 4 40
E:PC  Is in range 1 5
F:VB  Minimize 200 1000

SA  Maximize 3000 3616

Fig. 4. Plot of predicted versus actual values of response (SA in Units/mg of protein)
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purification, characterization and immobilization of PPO 
from potato peel are currently under way.
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