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ABSTRACT  
 
An experimental design was used to optimize protein partitioning from shrimp waste using Polyethylene 
glycol/sodium citrate aqueous two-phase systems (ATPS). Four factors like PEG’s molecular weight (A), pH (B), 
Addition of sodium chloride (C), and Tie Line Length (D) affecting the protein partitioning were studied. To build 
the mathematical model and minimize the number of experiments for the design parameters, response surface 
methodology (RSM) with a central composite design was defined based on the conditions found for the highest 
partitioning by preliminary tests. The best conditions of partioning were achieved using ATPS composed of PEG 
4000, sodium citrate salt, pH8, 1M Addition of sodium chloride, and 40 Tie Line Length. The maximum percentage 
yield of protein extracted from shrimp waste was about 90.54%. Analysis of response surface plots as a function of, 
PEG molecular weight, pH, and concentration of sodium chloride, and Tie Line Length was studied.  
 
Keywords: Protein partitioning; PEG- sodium citrate aqueous two-phase systems; Response surface methodology; 
Central composition design.  
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INTRODUCTION 
 

Aqueous two-phase system (ATPS) is an effective, environmental friendly and economically viable separation 
method. ATPS is an ideal technology where clarification, concentration, and partial purification can be integrated in 
one step, thus it is recognized for offering reduction and shortening of the purification process of protein. When 
compared to the conventional liquid–liquid extraction, ATPS has the advantage of preserving the targeted bio 
molecule with high water content of both phases (70 – 85% w/w), high biocompatibility and low interfacial tension, 
low degradation of biomolecules, good resolution, high separation yield, relatively high capacity, ease of scale-up, 
low material costs and the possibility of polymer and salt recycling [1-3]. For these reasons, ATPS have been widely 
studied on a laboratory scale for the partitioning of whey milk protein [4], lysozyme [5], amino acids and peptides 
[6].  
 
Aqueous two-phase systems are composed of aqueous solutions of either two water-soluble polymers, usually 
polyethylene glycol (PEG) and dextran (Dx), or a polymer and a salt, usually PEG and phosphate or sulphate. 
Aqueous polymer-salt systems have several advantages over the polymer-polymer systems due to the larger 
differences in density, greater selectivity, lower viscosity, less cost, etc. Utilization of citrate as a phase forming 
component has been suggested to be preferable to phosphate and sulphate systems, because of its biodegradability 
and non-toxicity [7].The phosphate or sulphate salts led to a strong negative impact on the environment. The value 
of the partition coefficient relies on the physico–chemical properties of the target bio molecule and other molecules 
and their interactions with those of the chosen system.  
 
Processing techniques for sea food waste are needed to convert the underutilized wastes into more marketable, 
valuable and acceptable products. Processing of shrimp invariably generates solid waste in the form of head and 
body carapace. As the waste generation from processing of Indian shrimps ranges from 48% to 56% of the total 
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weight depending on the species [8].The major components (on dry weight basis) of shrimp waste are protein (35–
50%), chitin (15–25%), minerals (10–15%) and carotenoids. This biotechnological process results in a liquor 
fraction rich in proteins, minerals and carotenoids (especially astaxanthin) along with a solid fraction rich in chitin 
[9]. These globular proteins have potential application in food and biopharmaceutical industries [10-11].  
 
RSM is a collection of mathematical and statistical techniques useful for designing experiments, building models 
and analyzing the effects of the several independent variables. The main advantage of RSM is the reduced number 
of experimental trials needed to evaluate multiple factors and their interactions [12-13]. The four-level factorial 
design was used to study the partition behaviour of the protein in ATPS.  To link to individual and interactive 
effects, a systematically statistical method response surface methodology (RSM) was applied to investigate how 
factors would affect the partitioning of protein. To expose the relationship between the partitioning of protein and 
the compositions of the system and also to simplify the further process optimization in examined Aqueous Two 
Phase system, a statistical analysis was performed by response surface methodology (RSM) which appeared itself to 
be very useful tool for modelling of processes of isolation and partitioning of biomolecules in ATPSs Hence, there is 
scope for the recovery of valuable material from the shrimp waste.  Present work aims to identify the most suitable 
operating conditions for partitioning of protein from shrimp waste. A central composite design was used to optimize 
the operation conditions such as PEG’s molecular weight, pH, and concentration of sodium chloride, and Tie Line 
Length for this process. The objective of this study is to develop a relationship between the factors and the response 
through the partitioning of protein in ATPS and to determine the optimum conditions for the next step of protein 
purification directly from the crude waste. 

 
EXPERIMENTAL SECTION  

 
Materials 
Polyethylene glycol with molecular weights of 4000, 6000 and 10000 was obtained from Merck-Schuchardt 
(Munich,Germany) and bovine serum albumin (BSA) was purchased from Sigma (St. Louis, MO, USA). Tribasic 
sodium citrate dehydrate was obtained from Merck-Schuchardt (Munich,Germany). The polymer and salts were 
used without further purification. Milli porewater was used throughout the experiments. Shrimp head waste was 
collected from local market in India. 
 
Preparation of shrimp waste  
Fresh shrimp waste was collected from the local market. Known weight of shrimp waste was ground in cell lysis 
buffer, centrifuged and the supernatant was collected. The shrimp extract was stored at 4°C and required quantities 
were taken as and when required for different experiments and directly subjected to Aqueous two phase system 
(ATPS). 
 
Preparation of Aqueous two-phase system 
Partitioning of soluble proteins from shrimp waste was carried out in PEG - sodium citrate - water system. BSA was 
used as model protein for partitioning. The criterion for selecting this system was based on the reported selectivity of 
PEG for proteins [14]. All partition experiments were carried out at different pH (6, 7 and 8) values at temperature 
30◦C.These pH values were chosen so that the aqueous phase is neither too acidic nor too basic. This is important 
since, too acidic or too basic solution cannot be discharged to the environment without further treatment. Phase 
systems were prepared in 50 ml graduated centrifuge tubes by weighing out appropriate quantities of the PEG of 
desired molecular weight, sodium citrate stock solutions and added to crude shrimp extract to make the total weight 
of the system 100 % (w/w). The pH of the system was maintained by using citric acid monohydrate and the contents 
were mixed thoroughly. Complete phase separation was achieved by centrifugation at 3000 rpm for 20 min to speed 
up the phase separation, and then placed at room temperature for 24 hour to ensure complete equilibration. After 
equilibration, estimates of the volumes of top and bottom phases were made in graduated centrifuge tubes. In order 
to determine the concentration of proteins in each of the co-existing phases, samples from each solution phase was 
collected using a syringe. The top and bottom phases were withdrawn separately. Due to high viscosity of the 
polymer solution, it is necessary to dilute the sample prior to estimation of protein [15]. 
 
The partition coefficient determines the extent of separation of the protein in the polymer phase. The partition 
coefficient is influenced by the molecular weight of polymer, salt and polymer concentration, and pH. The 
conditions were optimized for achieving the maximum partition coefficient for the partitioning of the soluble 
proteins using ATPS. The percentage yield was also calculated based on the partition coefficient to study the 
efficiency of the system.  
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Yield percentage was calculated by using the Eq (1) 
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 where K is a partition coefficient, R is a phase volume ratio  
 
Protein quantification 
Total protein was quantified by the Bradford method using a Coomassie assay reagent supplied by Pierce Rockford, 
IL,USA). To avoid interference from phase components, samples were analysed against blanks containing the same 
phase composition but without proteins. Bovine serum albumin (BSA) was used as a protein standard and 
absorbance was monitored at 595 nm.  
 
Experimental design 
To establish the optimum conditions for partitioning of protein in ATPS, response surface methodology (RSM) was 
used [16]. The CCD system is an effective model and used for sequential experimentation which provides 
information for testing ‘the goodness of fit’ and does not require unusual large number of design points thereby 
reducing the overall cost associated with the experiment. A four-factor central composite design (CCD) obtained by 
using Design-Expert 8.0.5 software, (State-Ease Inc., Minneapolis MN, USA), was applied. The four factors 
considered to affect the protein partitioning in the ATPS systems were the PEG’s molecular weight (A), pH (B), 
Addition of sodium chloride(C), and Tie Line Length (D). The level and ranges chosen for the factors are shown in 
Table 1. The complete design consisted of 30 experimental points which included six replications at the center point. 
The 30 samples were prepared in random order. In each experiment the yield percentage was calculated and each 
trial was performed in duplicates. 
 

Table 1 : Factors and value levels used in the central composite design 
 

Variables (factor) Low value (-1)  Centre value (0) High value (+1) 
Molecular weight (A) 4000 6000(-0.333) 10000 
pH(B) 6 7 8 
Addition of Nacl(C) 0 0.5 1 
Tie Line Length (E) 32 36 40 

 
Statistical analysis 
The experimental data obtained from the design were analyzed by the response surface regression procedure using 
the following second-order polynomial equation: 
 

∑∑∑ +++=
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where Yi is the predicted response, βo, βi , βii and βij   are regression coefficients for the intercept, linear, quadratic 
and interaction coefficients, respectively and Xi  and Xj are the coded independent variables.  
 
The statistical software package, Design-Expert 8.0.5 was used for regression analysis and graphical analysis of the 
data obtained during the experiment. Analysis of variance (ANOVA) was used to estimate the statistical parameters. 
The second-order polynomial equation was employed to fit the experimental data. The significance of the model 
equation and model terms were evaluated by f-test. The quality of fit of the polynomial model equation was 
expressed by the coefficient of determination (R2), adjusted R2 and ‘‘adequate precision’’. The fitted polynomial 
equation was expressed as three-dimensional surface plots to visualize the relationship between the responses and 
the experimental levels of each factor used in the design. To optimize the level of each factor for maximum response 
‘‘numerical optimization’’ process was employed. The combination of different optimized parameters, which gave 
maximum response, i.e. maximum protein partitioning in PEG phase was tested experimentally to confirm the 
validity of the model. 
 

RESULTS AND DISCUSSION 
 

Effect of PEG molecular weight on the partitioning  
 The effects of PEG molecular weight on the partitioning yield at pH 6 and without additional of Nacl are shown in 
Figure 1. The increase of the molecular weight PEG is less available space for protein partitioning in the top phase 
which leads to the decrease the extraction efficiency. The result indicated that better partitioning was achieved with 
lower molecular weight PEG.  
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Figure 1 : Effect of Tie Line Length and PEG molecular weight on the partitioning yield at pH 6 ■ 4000, 

●6000, ▲, 10000 
 

Effect of added salt on protein partitioning 
Salts are often used in aqueous two phase system to direct partitioning of protein between phases. In order to 
improve the partition of protein to the top phase different concentration of Nacl added to a PEG 4000/sodium citrate 
at pH 8 are shown in Figure 2. The extraction efficiency was increased with increasing concentration of Nacl. The 
hydrophobic and electrostatic interactions between the proteins and the phase forming components are probably 
responsible for the protein partition to the top phase. The addition of Nacl to a PEG/sodium citrate system increases 
the hydrophocity difference between the phases and thus promotes partition of the more hydrophobic protein to the 
top phase. Another one the added salt creates an electrical potential between the two phases that can drive proteins 
to one or another phase depending on charge. While positively charged proteins are partitioned more to the top 
phase and negatively charged proteins are partitioned more to the bottom phase [1].  
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Figure 2 : Effect of Addition of Nacl on the protein partitioning PEG4000-sodium citrate system at pH 8.■ 

0M, ●0.5M, ▲, 1M 
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Model building  
The partitioning of protein in a PEG / sodium citrate ATPS was optimized using a statistical experimental design 
involving four variables, namely PEG molecular weight (A), pH(B), addition of Nacl(C), and Tie Line Length (D) at 
two levels. Table 2, presents the design matrix of the variables and data where the actual and the predicted data for 
protein partitioning were compared. Actual values were the measured response data for a particular run and the 
predicted values were determined by approximating functions employed for the models.  
 

Table 2 : Central composite design matrix measured and predicted responces of protein partition in PEG / 
sodium Citrate System 

 
Order Factors Response(Y) 

 
A B C D Actual Predicted 

1 -1 -1 -1 -1 65.14 64.53 
2 1 -1 -1 -1 51.06 50.69 
3 -1 1 -1 -1 75.58 77.10 
4 1 1 -1 -1 64.07 64.08 
5 -1 -1 1 -1 72.02 73.12 
6 1 -1 1 -1 61.29 61.68 
7 -1 1 1 -1 84.03 83.63 
8 1 1 1 -1 73.05 73.02 
9 -1 -1 -1 1 75.41 75.23 
10 1 -1 -1 1 62.47 63.06 
11 -1 1 -1 1 85.38 84.83 
12 1 1 -1 1 74.44 73.49 
13 -1 -1 1 1 83.52 83.33 
14 1 -1 1 1 74.92 73.57 
15 -1 1 1 1 90.54 90.89 
16 1 1 1 1 81.32 81.94 
17 -1 0 0 0 80.93 79.85 
18 1 0 0 0 67.42 68.46 
19 -0.333 -1 0 0 66.53 67.10 
20 -0.333 1 0 0 78.06 77.44 
21 -0.333 0 -1 0 69.23 69.72 
22 -0.333 0 1 0 78.37 77.84 
23 -0.333 0 0 -1 72.51 70.86 
24 -0.333 0 0 1 78.79 80.39 
25 -0.333 0 0 0 74.13 74.14 
26 -0.333 0 0 0 74.13 74.14 
27 -0.333 0 0 0 74.13 74.14 
28 -0.333 0 0 0 74.13 74.14 
29 -0.333 0 0 0 74.13 74.14 
30 -0.333 0 0 0 74.13 74.14 

 
The analysis of variance (ANOVA) was performed in order to verify the validity of the models and the results are 
presented in Table 3. According to the analysis of variance, f-value for the overall regression model (117.25) is 
significant at 5% level and the lack of fit is insignificant indicating that the first-order model with interaction is very 
adequate in approximating the response surface of the experimental design. The regression analysis of the 
experimental design showed that the linear model terms (A, B, C, and D), quadratic model terms (A2, B2 and D2) and 
interactive model term (AC, BD) are significant (P < 0.05). However, quadratic model term (C2) and interactive 
model terms (AB, AD, BC, and CD) were found to be insignificant (P > 0.05). The coefficient of determination (R2) 
and adjusted R2 values were 0.9909 and 0.9825, respectively. This indicates that the model could explain 99.09% of 
the variability in response. Adequate Precision measures the signal to noise ratio and a ratio greater than 4 is 
desirable.  In this case, a ratio of 53.30 was achieved indicating an adequate signal and so this model can be used to 
navigate the design space.The analysis of variance is employed for the determination of significant variables. The 
regression equations were submitted to the F-test in order to determine the coefficient R2. Table 3 lists the 
significant parameters and statistical test results of the models. The F-values and ‘probability > F’ values of all the 
regression equations show that these models are significant and the model determination coefficient R2 indicates a 
good response between model prediction and experimental data. For further convenience, the relative model 
equations of uncoded variables fitted by regression analysis are given by Eq (3) 
 

2222 48.137.087.114.212.074.0

51.042.060.021.091.426.424.570.501.72

DCBACDBD

BCADACABDCBAYield

+−−+−−

−++++++−=
(3) 

Figure 3, shows the predicted against the experimental yield using the model equation derived. The graph shows that 
the actual and predicted values were also correlated well equation.  
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Model analysis 
The response surface plots provide a method to visualize the relationship between responses and experimental levels 
of each variable and the type of interactions between two test variables [17]. Through the response surface plots, the 
interactions between two variables and their optimum ranges can be well understood. The maximum values of the 
response appeared near the centres of the graph, indicating that the centre points chosen for this experiment were 
appropriate.  
 

Table 3 : Analysis of variance for the experimental results of the Central composite design 
 

Source SS DF MS F-V Prob > F 
Model 1866.59 14 133.33 117.25 < 0.0001 
A*  583.79 1 583.79 513.29 < 0.0001 
B* 492.04 1 492.04 433.22 < 0.0001 
C* 326.16 1 326.16 286.77 < 0.0001 
D* 432.68 1 432.68 380.43 < 0.0001 
AB 0.69 1 0.69 0.61 0.4483 
AC* 5.83 1 5.83 5.13 0.0388 
AD 2.83 1 2.83 2.49 0.1357 
BC 4.20 1 4.20 3.69 0.0738 
BD* 8.79 1 8.79 7.73 0.0140 
CD 0.24 1 0.24 0.21 0.6558 

A2* 9.25 1 9.25 8.13 0.0121 

B2* 9.10 1 9.10 8.00 0.0127 

C2 0.35 1 0.35 0.31 0.5855 

D2* 5.68 1 5.68 4.99 0.0411 
Residual 17.06 15 1.14 

  
Lack of Fit 17.42 10 1.71 

  
Pure Error 0 5 0 

  
Core Total 1884.01 29 

   
R2 0.9909 

    
Adj R2 0.9825 

    * significant at 5% level 
A Molecular weight 

 B pH 
 CAddition of Nacl 
 D Tie Line Length 

The quadratic model for the recovery yield was used to calculate the area contours of constant response and to plot 
the response surfaces present in Figure 4, in which the effect of PEG molecular weight and pH and (Figure 4a), Tie 
Line Length and pH (Figure 4b), and PEG Molecular weight and Addition of Nacl (Figure 4c) is shown. 

 
Figure 3: Actual and predicted plot for protein partioning. 

 
These plots indicate high yields, when high concentrations of NaCl, high pH values, low molecular weight of PEG 
are used. The response surface plots for the protein partitioning extraction yield the figure showed a pronounced 
increase as the concentration of NaCl is increased, and a slight increase when the pH increases. A decrease on PEG 
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molecular weight leads to a small decrease in the extraction yield. The higher the molecules mass of PEG, the lower 
extraction of yield of the ATPS. Due the excluded volume effect ie, this could be attributed to reduction of space 
available for proteins in top phase when the polymer chain length increased [18-20].The increasing pH will affect 
the ionisable groups of protein which will in turn alter the protein surface charges, (i.e) the negative charge of the 
protein surface above the isoelectric point, the negative charge protein partitioning in top phase and vice versa [21-
22]. Globular proteins were negatively charged and PEG behaved as a positively charged molecule and there by 
polyanions of the target protein was attracted by the top phase. As result, Globular proteins partitioned to the top 
phase. The increasing pH protein partitioning extraction yield increases. The addition of sodium chloride in the 
ATPS increasing the hydrophobicity difference between the two phases and creates electrical potential between the 
two phases, it could be the more hydrophobic protein partitioning in top phase. Ultimately, our obtained data 
suggested that addition of NaCl could improve effectively the partitioning of protein in top phase [23]. The 
increasing TLL caused both the partition coefficient of protein and the estimated protein yield from the top phase to 
increase, because the free volume of the bottom phase decreases and promotes the partition of protein from the 
bottom phase to the top phase or to the interface [24]. According to optimized mathematical models, the optimum 
level of yield and purification factor of the four parameters is: PEG 4000, pH 8, Nacl concentration (1M), and Tie 
line length 40 which correspond to the predicted maximum protein partitioning in PEG phase was estimated yield to 
90.89%.In order to confirm the predicted result, experiment were performed in triplicates using the optimized 
conditions and a partitioning of protein yield of 90.54% was obtained. This experimental value 90.54% is in good 
agreement with that of the Predicted one, 90.89%. 
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Figure 4 : 3D response surface plot for percentage yield of protein partioning in shrimp waste (a) PEG 
Molecular weight and pH ; (b) Tie Line Length and pH; (c) PEG Molecular weight and Addition of 

Nacl;while other variables are set at optimized value. 
 

CONCLUSION 
 

This work has presented the potential application of ATPS processes for the recovery of protein from shrimp waste 
extracts, as a initial purification step in the development of a biotechnological process with commercial application. 
A central composite design allowed a thorough analysis of the factors that influence the partition of protein in the 
aqueous two phase systems, leading to the definition of the conditions that maximize the recovery yield. When PEG 
4000 / sodium citrate ATPS was operated at pH 8, and 40 TLL with addition 1M of sodium chloride, approximately 
90.54% of protein can be extracted from the shrimp waste. 
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