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Abstract 

Protein partitioning in an Aqueous Two-Phase System (ATPS) has been found to be a powerful 

method for extracting and separating mixtures of biomolecules. In Aqueous Two-Phase Systems, 

many factors influence the Partition coefficient (K) (which is the ratio of protein concentration in the 

top phase to that in the bottom phase) and the Recovery percent (Rec%). Two systems of ATPS were 

used: first, polyethylene glycol (PEG4000)/sodium phosphate (SPH), and second, PEG4000/Dextran. 

The behavior of Rec% and (K) of pure Bovine Serum Albumin (BSA) in (ATPS) has been investigated 

throughout the study of the effects of five parameters: (temperature (T), the concentration of 

polyethylene glycol (PEG4000), the concentration of sodium phosphate or Dextran, pH, and the 

addition of sodium chloride as a supporting agent). In both systems, pH was the more significant 

parameter on a Recovery percent (Rec%) and partition coefficient (K). In the first system, the 

maximum (Rec%) and (K) was 98.08% and 50.99, respectively, at a temperature of 31°C, the 

concentration of PEG4000 of 1.5 g/10 ml, the concentration of sodium phosphate at 2.4 g/10 ml, pH 

10, and the concentration of NaCl at 0.5 M. While in the second system, the parameter that has a 

more significant effect on (Rec%) and (K) was the temperature. The maximum (Rec%) and (K) were 

97.54% and 39.7 respectively at a temperature of 31°C, with a concentration of PEG4000 1.5 g/10 

ml, the concentration of Dextran 2.4 g/10 ml, pH 5, and concentration of NaCl at 0.1 M. 

 

Keywords: Aqueous two-phase system (ATPS), Polymer/Polymer, Polymer/Salt, Protein partition, 

recovery percent, partition coefficient, Bovine serum albumin (BSA) 

 

 

INTRODUCTION 

An aqueous two-phase system is typically produced by mixing two water-soluble substances that 

are incompatible with each other. The system can be produced by mixing two different water-soluble 

substances, such as mixing two types of polymers like polyethylene glycol (PEG) and dextran, or a 

polymer and a salt, like a phosphate or citrate in water over a threshold concentration. This creates 

two immiscible liquid phases [1–3]. Water makes up the majority of both liquid phases, and each 

component is saturated inside one of the phases. 

ATPS provides a number of benefits over 

conventional downstream processing methods for 

extraction, recovery, and biomolecule separation, 

including biocompatibility, technical simplicity, 

high capacity, and easy scalability [4, 5]. Given 

these benefits, ATPS has been used as a moderate 

liquid-liquid extraction and bioseparation process 

with extensive applications in biotechnology, 

biochemistry, and cell biology, which would 

include diverse biological products, such as 

proteins, enzymes, and nucleic acids, on a massive 

scale separated, partially purified, or recovered in 

their parent forms since the mid-20th century [6, 7]. 

PEG-salt ATPS has been used mainly for bio 
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separation due to the inexpensive nature, lower viscous, and rapid separation period of the phase-

forming constituents [8–10]. 

 

Despite the many benefits of using salt ATPS, there is a lack of understanding of how biomolecules 

partition in these systems, which makes it difficult to predict how they will behave. The concentration 

of a particular chemical (e.g. phosphate) and the surface characteristics of the target biomolecules 

(e.g. proteins) are both important factors when it comes to how the biomolecules behave in a system 

(e.g. water). In addition, the interactions between the biomolecules and system variables (e.g. pH, 

temperature, etc.) are also important [11–13]. 

 

Bovine serum albumin (BSA) is a protein that is like other proteins-horse serum albumin (ESA), 

leporine serum albumin (LSA), and human serum albumin (HSA) [14] has been studied extensively 

and is considered a model protein in a number of fields. Various techniques have already been used to 

extract and purify it, including using reverse-micelles [15], ultrafiltration [16], and tangential flow 

filtration [17]. 

 

The partitioning of Bovine Serum Albumin between two aqueous phases is a complex process that 

can be difficult to understand. It is important to know that the partitioning of a biomaterial into 

separate phases is due to the interactions between it and the surrounding molecules, these 

interactions create a variety of forces that help to create the desired structure [18, 19]. In order to 

study the effects of partitioning biomolecules in a liquid mixture, scientists have to conduct many 

experiments. This can often be expensive, so it is important to make the best choices when doing 

these experiments. This is because the process of partitioning a substance between different 

substances is complicated and unpredictable, based on the system variables and the characteristics of 

the biomolecules involved [20]. 

 

In this study, two different systems were used to study the partitioning of bovine serum albumin 

(BSA): PEG4000/Sodium sulphate and PEG4000/Dextran. The impact of system variables on the 

behavior of partitioning for our model protein was investigated, such as PEG4000 concentrations 

(1.5–2.4 g/10 ml), phase-forming salts or polymers, Sodium phosphate (SPH)/Dextran 1100 

concentrations (1.5–2.4 g/10 ml), temperature (17–38°C), pH (7–10) and (5–8) for PEG/SPH and 

PEG/Dextran, respectively, and NaCl (0.1–0.5 M). The protein content for PEG/(salt or polymer) 

ATPS was (0.1 g/100 ml). We can use the different physical characteristics of model proteins to 

predict how they might interact with other substances. Additionally, a thorough investigation into the 

partitioning behavior of a model protein was conducted using Classical Factorial Design (CFD). This 

was done as a design experiment to improve our understanding of the proteins' behavior. 

 
This research is aimed at finding out which factors (temperature, Concentration of PEG4000, 

sulphate, and Dexran1100, pH or adding NaCl) have the best effect on the partitioning of BSA, and 

then designing a manufacturing process that results in the highest recovery rate and partition 

coefficient. 

 
MATERIALS AND EXPERIMENTAL 

Materials 

Polyethylene glycol (PEG) was purchased from HIMEDIA Laboratories Pvt. Ltd., India, the 

molecular weight of the item was 4000 g/mol, disodium phosphate (Na2HPO4) were acquired from 

Central Drug House Ltd., India, Dextran 1100 from AVONCHEM, UK, and Sodium chloride (NaCl) 

was provided by Alpha Chemika, India. The Coomassie Brilliant Blue G-250 dye and bovine serum 

albumin (BSA) were bought from HIMEDIA Laboratories Pvt. Ltd., India. A high quality of reagents 

was used in the analysis. The water utilized in this investigation was double distilled and deionized, 

which was acquired from a nearby store. 
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Methods 

Aqueous Two-phase Preparation 

We need to weigh the amount of different system components of PEG4000 to make it work. This 
includes Sodium phosphate (Na2HPO4) and Dextran1100 to prepare solutions with the desired 

concentration (1.5–2.4 g/10 ml) each. 0.01 g of BSA is dissolved in the solution of Sodium phosphate 

or Dextran 1100 to obtain of simulated solution with a concentration of 0.01 g/10 ml of BSA. ATPS 
of PEG/SPH were created based on the requirement of binodal curves [21–23]. The appropriate pH 9 

value was used to create the phosphate stock solution. ATPS of the PEG/Dextran system were 
prepared based on binodal curves [24, 25]. PH value for the prepared system was 7. 

 
The two ATPS of the PEG/SPH and PEG/Dextran that were investigated to extract the BSA were 

made with screw tubes. All the two system parts were vortexed and completely blended with a 
magnetic stirrer for 10 minutes. The samples were spun around in a centrifuge device at 6000 rpm for 

20 min so that the different parts of the samples could be separated. To make sure the systems were in 
equilibrium, they were left to sit at the desired temperature for around 24 hours. A syringe was used to 

properly separate the phases once phase equilibrium had been reached. The bottom phases' volumes 
were finally calculated, and samples were collected for protein concentration analysis [15, 24, 26, 27]. 

 

BSA Concentration Determination 

To measure the concentration of the protein in a sample, a Bradford technique using Coomassie 
Blue G250 was used [28]. To determine the protein concentration, we diluted samples taken from the 

bottom phase with a known volume of distilled water. Their ultraviolet absorbance was then analyzed 

using a single-beam spectrophotometer or photometer equipment [28–30]. Similar solutions that 
avoided protein interference were used as blanks to make the necessary adjustments to prevent 

interference from PEG and phosphate or dextran. At 595 nm, the optical density was determined. At a 
minimum, three duplicates of each experiment or measurement were performed. The degree of protein 

separation in the polymer phase is determined by the partition coefficient (K). To ensure the system is 
working as intended, we also calculated the percentage of recovery using the partition coefficient [6, 

31, 32] The partition coefficient (K) is a measure of how much protein is left over after being 
extracted from a liquid. The higher the partition coefficient, the more protein is left over in the bottom 

phase, i.e., 

K = 𝐶𝑇 𝐶𝐵⁄  (1) 

Where; CT is the protein concentration in the top layer. 

 

CB is the protein concentration in the bottom layer [2, 20, 33].  

 

The recovery percent (Rec%) measures the degree of how well the extraction process is. The 

following equation was used to calculate the recovery percentage (Rec%): 

𝑅𝑒𝑐% = (1 −
𝐶𝐵

𝐶𝑖𝑛
) × 100%  (2) 

 

Where; Cin is the initial concentration of protein in the bottom phase [20]. 

 

RESULTS AND DISCUSSIONS 

Temperature Effect 

The effect of temperature on the recovery percent of BSA and its partition coefficient has been 

studied when the concentrations of PEG4000 and Na2HPO4 (Or Dextran) are 1.5 g/10 ml each, pH 9 

for the first system and pH 7 for the second system, and without adding NaCl. The way that 

temperature affects an aqueous composition behaves is very complicated because of the way its parts 

are connected–electrostatic and hydrophobic forces, for example [26]. When the temperature is 

elevated, proteins can experience changes in their shape, structure, and stability, so the range of 

temperature is taken from (17–38°C). Figures 1 and 2 show the effect of temperature for systems 
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PEG4000/Sodium phosphate and PEG4000/Dextran respectively. It can be seen from Figures 1 and 2 

that the partition coefficient for protein increases as the temperature rises. This means that the 

percentage of protein that is recovered after being heated in the range of (17–31°C) is greater at higher 

temperatures, then they start decreasing with increasing temperature from (31–38°C). Higher 

temperature and excess heating make proteins vibrate more energetically, breaking hydrogen bonds 

and disrupting non-polar hydrophobic interactions. This can cause proteins to start to break down and 

denature [34]. However, the liquids in an ATPS will also change, as the temperature goes up, the PEG 

molecule becomes more extended, which means it has a less favorable interaction with the protein 

molecules, which in turn decreases the partition coefficient [35]. Temperature changes cause the 

molecules in a substance to move around more, which can affect how easily the substance can be 

divided into smaller pieces. This is because molecules move more easily through substances that are 

less viscous, denser, and tension-free [36, 37]. This result is in agreement with [20] which allowed the 

increase in temperature to affect the phase composition of ATPS alongside the protein structure, 

which increases K and Rec% [22]. Had a different opinion when he discovered that the increase in 

temperature reduces the amount of protein that is recovered in the upper phase. Because of 

temperature rises, the polymer becomes more hydrophobic; as a result, the contacts between the 

molecules of the polymer and water tend to weaken, and the amount of water in both phases decreases 

over time. As scientists know that the temperature of an ATPS experiment may influence the results, 

they still recommend keeping the temperature constant. 

 

  
Figure 1. Effect of temp on the recovery 

 % and K at conc. of PEG 4000 and SPH 

of 1.5 g/10 ml each, pH 9, and without 

adding NaCl.  

Figure 2. Effect of temp on the recovery%  

and K at conc. of PEG4000 and Dextran  

of 1.5 g/10 ml each, pH 7, and without  

adding NaCl.  

 

Concentration Effect of PEG  

Protein and PEG interact differently; sometimes the interaction between the two is more 

hydrophobic, which means that the proteins stay apart more easily, and as a result, more BSA can 
move to the top phase. Raising the PEG concentration in the system makes it harder for the protein to 

recover and makes the partition coefficient (K) much lower [38]. The concentration of PEG4000 has a 
significant impact on how quickly and evenly BSA is partitioning, which affects how much of the 

protein can be recovered. The effect of the concentration of PEG for system PEG4000/Sodium 

phosphate and system PEG4000/Dextran is shown in Figures 3 and 4 respectively. For 1.5 g/10 ml of 
PEG4000 with (Na2HPO4 or Dextran) at pH 9 and pH 7 respectively without adding NaCl, Rec% and 

K of BSA were found to be (96.62%, 28.59) and (94.44%, 16.97) respectively. It can be seen from 
Figures 3 and 4 that as the concentration of Polyethylene Glycol (PEG) increases in the range of (1.5–

2.4 g/10 ml), the percentage of protein recovered decreases. This result is agreed with [39] who 
illustrated in their research that when PEG concentration is raised, proteins move from the lower to 
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the upper phase in ATPS, which leads to  rising in the partition coefficient  automatically. That is what 

we call the salting-out effect, when you salt something, the salt molecules move from the bottom up 
and this happens to the proteins as well. In contrast to what is shown in this work, [40] and [41] had a 

conflicted opinion when they concluded that increasing PEG concentration levels had a beneficial 
effect on Rec% and K which are increased according to PEG increment. The most hydrophobic anions 

or cations will tend to spread out in the most hydrophobic phase, while co-ions, which are less 
hydrophobic, will spread out in the hydrophilic phase. BSA is hydrophilic and is therefore drawn 

towards the bottom phase. This causes water molecules to be expelled to the upper phase, which 
translates into more BSAs being partitioned to the salt phase [42]. 

 

 

 

Figure 3. Effect of PEG 4000 on the recovery 

% and K at T = 31°C, conc. of SPH  

1.5 g/10 ml, pH 9, and without adding NaCl 

Figure 4. Effect of PEG 4000 on the 

recovery% and K at T = 31°C, conc of Dextran 

1.5 g/10 ml, pH 7, and without adding NaCl 

 

Concentration Effect of Salt/Dextran  

By doing experiments, it was found that the amount of Na2PO4 salt (or Dextran) in a solution has an 

effect on how much protein is extracted in ATPS and how well it is partitioned. According to [23, 43], 

they found in PEG/(salt or Dextran) systems, the recovery percentage and partitioning coefficient 

increases when the salt or Dextran concentration increases. By checking Figures 5 and 6, it is clear to 

see that the recovery percentage is increased because when salt and/or Dextran are added, this makes 

the solution more concentrated and helps to improve the extraction process and thus the partition 

coefficient rises. It was found by increasing salt concentration from 1.5 g/10 ml to 2.4 g/10 ml for 

PEG/SPH system the recovery percent increased from 96.56% to 97.71%, and the partition coefficient 

increased from 28.07 to 42.72, as shown in Figure 5. In PEG/Dextran system, it is shown that the 

recovery percent increased from 94.38% to 94.99%, and the partition coefficient increased from 16.78 

to 18.98, by increasing Dextran concentration from 1.5 g/10 ml to 2.4 g/10 ml as in Figure 6. In this 

study, it was found that the optimum proportion of PEG to (Dextran/SPH) was 1.5 g/10 ml of PEG to 

2.4 g/10 ml of (Dextran/SPH). This result was convenient to [20, 23, 40, 41, 44], and there were no 

incompatible opinions found. 

 

pH Effect 

Biomolecules can be partitioned between two phases according to their different charges and 

surface properties. This can change depending on the pH of the aqueous solution. Protein molecules 

with a positive net charge will try to pull electrons away from other proteins, creating an electric 

force. However, if the pH is higher than the pI (which stands for "pH-indicator" or "Potential 

isoelectric point"), the electric force is weakened, and the proteins will end up with a net negative 

charge, and if it is lower, it becomes positive and there will be no net fee if pH and pI values are the 

same [37]. According to reports, when a system has a higher pH, the negatively charged biomolecules 
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will partition more easily and the target biomolecule will tend to be found in the top phase. Because of 

the positive dipole moment, proteins with a high pH value than their (potential isoelectric point) pI, 

are more attracted to PEG-rich phases [45, 46]. In Figure 7, the effect of pH change shows as the pH 

of the solution goes up, the partition coefficient increases which means that more protein will be 

recovered for PEG/SPH system. At pH 10, the Rec% and K values are the highest and were 98.08% 

and 50.99 respectively. In Figure 8, you can see how pH changes can have different effects on the 

PEG/Dextran system. In the pH range (5–7) the system shows decrease in Rec% and K with 

increasing pH, and higher values of Rec% and K were 96.28% and 25.89 respectively at pH 5, then 

for pH (7–8) the values of Rec% and K were increased. After pH 8 the system lost the two-phase 

formation and specifically in pH 8.3. [22, 25, 31, 40, 44, 47, 48] all had a good agreement with our 

investigation, while [20, 49] had different results according to their studies for different ATPS 

systems. They went with an opinion that negatively charged protein molecules partition to the bottom 

phase at high pH, because of the negative net charge of the protein, which has a pI of 4.7. At pH 

levels of 5 and 7, the protein is partially negatively charged, whereas at higher pH levels, the protein 

is fully negatively charged. 

 

 

 

Figure 5. Effect of SPH on the recovery % and 

K at T = 31°C, conc. of PEG4000 = 1.5 g/10 ml, 

pH 9, and without adding NaCl. 

Figure 6. Effect of Dextran on the recovery% 

and K at T = 31°C, conc. of PEG4000 = 1.5 

g/10 ml, pH 7, and without adding NaCl. 

 

  
Figure 7. Effect of pH on the recovery% and K 

at T = 31°C, conc. of PEG4000 and SPH of 1.5 

g/10 ml each, and without adding NaCl. 

Figure 8. Effect of pH on the recovery% and K 

at T = 31°C, conc. of PEG4000 and Dextran of 

1.5 g/10 ml each, and without adding NaCl. 
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Through the results obtained and based on scientific facts, we recommend that the pH can be 

adapted to be 7 in industrial processes because acidic or alkaline media can lead to damage and 

corrosion in industrial equipment. Furthermore, proteins are comprised of amino acids, which are 

small molecules, held together by strong chemical bonds. At very high pH (over 10), some of these 

bonds are broken, which may affect the structural stability of the targeted proteins. Thus, pH may be 

considered an improvement factor rather than a major factor in these systems. 

 

Effect of NaCl Adding 

As a final step in the present work, the effect of NaCl addition has been studied as a way to 

improve the protein partitioning and the recovery rate of a protein, called BSA. The partition 

coefficient in ATPSs is influenced by the addition of salts such as NaCl, and KCl [50]. These salts 

work as partitioning accelerators, ions in these salts have varying degrees of hydrophobicity, and the 

hydrophobic ions drive the partitioning of the opposite ions to a phase that has ions of higher 

hydrophobicity and vice versa [37, 38]. The biomolecule transitions from a phase that is salt-rich to 

one that is polymer-rich due to the salting-out effect [2]. In Figure 9 the addition of NaCl at a 

concentration range (0.1–0.5 M) to the PEG/SPH system shows an increment in the recovery percent 

and partition coefficient, higher values recorded at (NaCl 0.5 M) were 98.97% of recovery, and 

105.34 for partition coefficient. [20, 21, 23, 25, 31, 33, 42, 51] all went with similar findings and there 

is no any incompatible opinion. However, a different behavior was recorded in the PEG/Dextran 

system, as shown in Figure 10. Adding NaCl concentrations of (0.1–0.5 M) results in a change in how 

much of the protein is recovered and how well it partitioned at a concentration of NaCl = 0.1 M, 

where Rec% and K reached 97.54% and 39.70 respectively. Over 0.1 M of NaCl concentration, a 

noticeable drop in the Rec% and K with increasing NaCl concentration as they dropped from 97.54% 

and 39.70 at (NaCl 0.1 M) to 96.16% and 25.04 respectively at (NaCl 0.5 M). When the system 

included neutral salts, partition coefficients dropped linearly as the electrostatic potential between the 

phases differed [49]. The results of these experiments disagreed with the findings of [36, 52], as they 

found that adding salt (NaCl) to the systems made the top phase (PEG-rich phase) more negatively 

charged. As the concentration of salt in the system increases, the positively charged proteins and other 

molecules are more likely to end up in the top phase. At higher NaCl concentrations, the PEG/dextran 

systems have a higher percentage of recovery and partition coefficients. According to the case studies, 

certain biomolecules can have various impacts depending on how they are investigated, which might 

lead to different results. 

 

 

 

Figure 9. Effect of NaCl conc. on the  

recovery% and K at T = 31°C, conc.  

of PEG and SPH are 1.5 and 2.4 g/10 ml 

respectively, pH 10. 

Figure 10. Effect of NaCl conc. on the 

recovery% and K at T = 31°C, conc. of PEG 

and dextran are 1.5 and 2.4 g/10 ml 

respectively, pH 5. 
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CONCLUSIONS 

An aqueous two-phase system (ATPS) is an alternative to traditional methods of extraction, which 
involve using solvents to extract the proteins. It is a type of method that can be used to recover 

valuable soluble proteins from aqueous phases. The two systems that have been used in this study for 
the extraction of BSA were (PEG4000/Sodium phosphate and PEG4000/Dextran); they have a high 

degree of efficiency. The ATPS is a simple process that can be used to separate bioproducts. This is a 
cheaper option than using traditional methods, and it is likely to be more effective in purifying 

products. The results showed that under certain conditions like concentration of PEG, sodium 
phosphate/Dextran, pH, temperature (T) and NaCl salt addition, it was possible to change the way 

BSA was partitioned. The study found that the optimal conditions for using a PEG4000/SPH system 
were, T = 31°C, with concentrations of PEG and SPH of 1.5 and 2.4 g/10 ml, respectively, pH = 10, 

and NaCl = 0.5 M. The optimal conditions for the PEG4000/Dextran system were as follows: T = 

31°C, PEG and dextran concentrations of 1.5 and 2.4 g/10 ml, respectively, pH = 5, and NaCl = 0.1 
M. According to these conditions, the BSA recovery percentage reaches 98% and 97% in a single 

stage for the first and second systems, respectively, implying that no more stages are necessary.  
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