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Highlights 
 

 ABS composed of PEG and potassium citrate/citric acid were investigated. 

 Ovalbumin preferentially migrates to the PEG-rich phase. 

 Extraction efficiencies up to 98.9% were attained using commercial and 

pure ovalbumin. 

 The isolation of pure ovalbumin with a recovery yield of 65% was attained 

in a single-step. 
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ABSTRACT 

The ability of aqueous biphasic systems (ABS) composed of polyethylene glycols of 

different molecular weights (PEG 400, 600 and 1000) and buffered aqueous solutions of 

potassium citrate/citric acid (pH = 5.0 - 8.0) to selectively extract ovalbumin from egg 

white was here investigated. Phase diagrams, tie-lines and tie-line lengths were 

determined at 25ºC and the partitioning of ovalbumin in these systems was then 

evaluated. Aiming at optimizing the selective extraction of ovalbumin in the studied 

ABS, factors such as pH, PEG molecular weight and amount of the phase-forming 

components were initially investigated with pure commercial ovalbumin. In almost all 

ABS, it was observed a preferential partitioning of ovalbumin to the polymer-rich 

phase, with extraction efficiencies higher than 90%. The best ABS were then applied in 

the purification of ovalbumin from the real egg white matrix. In order to ascertain on the 

ovalbumin purity and yield, sodium dodecyl sulphate polyacrylamide gel 

electrophoresis (SDS-PAGE) and size exclusion high performance liquid 

chromatography (SE-HPLC) analyses were conducted, confirming that the 

isolation/purification of ovalbumin from egg white was completely achieved in a single-

step with a recovery yield of 65%. The results obtained show that polymer-salt-based 

ABS allow the selective extraction of ovalbumin from egg white with a simpler 

approach and better performance than previously reported. Finally, it is shown that 

ovalbumin can be completely recovered from the PEG-rich phase by an induced 

precipitation using an inexpensive and sustainable separation platform which can be 

easily applied on an industrial scale. 

 

Keywords: Ovalbumin, Protein Recovery, Separation, Aqueous Two Phase, 

Downstream Processing, Egg White. 
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Introduction  

Egg white is an aqueous-rich medium mainly composed of proteins, circa 10-12%, such 

as ovalbumin, ovotransferrin, lysozyme and ovomucin [1]. In addition to their 

nutritional importance, egg white proteins display multiple functional properties, such 

as foaming, emulsification and heat-setting. As a result, egg white plays a major role in 

the food industry [2]. Furthermore, new applications involving egg white proteins are 

increasingly being found due to their antimicrobial and antioxidant properties [3], which 

have contributed for the production of health- and pharmaceutical-related products. 

Ovalbumin is the main protein of egg white, being responsible for most of its functional 

properties, and represents about 54% of the total protein content [4]. Ovalbumin is a 

glycoprotein consisting of 385 amino acids (45 kDa) with an isoelectric point of 4.5 [5]. 

Because of the remarkable applications involving egg white proteins of high purity level 

[6–9], the development of novel cost-effective purification techniques is in great 

demand. 

Ovalbumin was one of the first proteins isolated from egg white [10]. For that purpose, 

Hopkins [10] developed a method using high amounts of ammonium sulfate for 

ovalbumin precipitation. Nevertheless, the high amount of salt used can lead to the 

proteins irreversible unfolding. Nowadays, proteins from egg white are typically 

separated by  electrophoresis, ion-exchange chromatography, size exclusion liquid 

chromatography, ultrafiltration, adsorption, among others [11-18]. However, some of 

these methods currently employed are multi-stage and with high equipment and 

operating costs. In the context of the development of alternative processes for the 

purification of proteins, a large interest has been devoted to aqueous biphasic systems 

(ABS) in the past decades [13]. ABS are a liquid-liquid extraction/purification 

technique which provides a highly biocompatible media since they are mainly 



6 
 

composed of water [19]. Nevertheless, the extraction and purification of proteins from a 

complex matrix, such as egg white, is a difficult task due to some similarities between 

the proteins present in the raw material.  

Most works in the literature have been focused on the evaluation of the extraction and 

recovery ability of ABS employing commercial and pure egg white proteins. For 

instance, Saravan et al. [20] studied the partitioning behavior of ovalbumin in 

poly(ethyleneglycol) (PEG)–poly(acrylic acid) ABS, achieving an extraction yield of 

87.4%. Nerli et al. [21] investigated the thermodynamic forces involved in the 

partitioning of ovalbumin in various aqueous two-phase polymer systems (constituted 

by PEGs of different molecular weights and dextran). The authors [21] demonstrated 

that the ovalbumin transfer to the top phase is exothermic, which suggests an 

electrostatic interaction between the hydroxyl groups of PEG and the hydrophilic side 

chain of the protein. Dallora et al. [22] investigated the partition coefficients of trypsin 

and lysozyme, and demonstrated that they can range between 1.0 and 2.4 for trypsin and 

from 2.3 to 9.0 for lysozyme, depending on the polymer chain size and on the tie-line 

length. The analysis of the separation factor, defined as the ratio of partition coefficients 

of two proteins, shows that high degrees of separation could be achieved [22]. In 

addition to these studies employing pure proteins, Coen et al. [23] investigated the 

purification of egg white proteins using ammonium-sulfate precipitation and found 

some difficulties in the separation of lysozyme and ovalbumin. The extraction of 

lysozyme from egg white was also attempted using an ABS composed of PEG 600 and 

a sulfate-based salt at 25ºC and pH = 10 [24]. The authors reported an extraction of 70% 

of lysozyme from egg white with no loss in the enzymatic activity. Yang and co-

workers [25] demonstrated the application of PEG 4000/potassium citrate ABS to 

extract lysozyme from egg white. Diederich et al. [26] showed the selective separation 
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of avidin from the remaining proteins from egg white using an ABS composed of PEG 

600 + potassium phosphate + 3 wt% NaCl, with a purity level higher than 60% and 

recovery  yields > 90% (for avidin). In an attempt to reach higher purification levels, 

multi-stage ABS separations, by means of liquid-liquid chromatography, have been also 

investigated. Shibusawa et al. [27-28] fractionated chicken egg white proteins by high-

speed counter-current chromatography (HSCCC) using an ABS composed of PEG 1000 

and potassium phosphate salts at different pH values. After the optimization of several 

operational conditions, the authors [27-28] demonstrated to be able to purify the 

proteins present in the crude sample solution prepared from fresh egg white using CCC. 

Zhi et al. [29] also employed ABS coupled to HSCCC aiming at purifying the major 

protein components in hen egg white, including ovaltransferrin, ovalbumin and 

lysozyme. Ovalbumin was successfully purified (up to 95%) from the hen egg white 

sample with a PEG 1000 + potassium phosphate ABS [29]. Other approaches have been 

described for the purification of egg white proteins, namely by the use of ion exchange 

columns followed by precipitations steps [30-31]. It should be however highlighted that 

most works reporting higher purification levels of egg white proteins comprise several 

stages of equilibrium and require specialized equipment, such as those using HSCCC 

[27-29]. 

This work is focused on the development of an one-step extraction/purification process 

of ovalbumin from egg white using ABS constituted by polyethylene glycol of different 

molecular weights (PEG 400, PEG 600 and PEG 1000) and a citrate-buffered medium 

(pH = 5, 6, 7 and 8 according to different K3C6H5O7:C6H8O7 mole fraction ratios). 

Initially, the phase diagrams of each ternary system, i.e., the description of the binodal 

curves which separate the monophasic from the biphasic regimes, were determined at 

25ºC. The respective tie-lines and tie-line lengths were also determined. These biphasic 
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systems were then optimized regarding their extraction performance for commercial 

ovalbumin and finally employed to separate ovalbumin from egg white. 

 

Experimental Section 

Materials 

The ABS studied in this work are composed of a buffer aqueous solution constituted by 

potassium citrate monohydrate, K3C6H5O7·H2O, ≥ 99 wt% pure from Sigma–Aldrich, 

and citric acid monohydrate, C6H8O7·H2O, 100 wt% pure from Fisher Scientific. 

Polyethylene glycol of different molecular weights, namely 400 g.mol-1 (PEG 400), 600 

g.mol-1 (PEG 600), and 1000 g.mol-1 (PEG 1000), and ovalbumin from hen egg white, 

were acquired from Fluka. All compounds were used as received. Fresh eggs were 

bought in a local supermarket. 

 

Phase diagrams, tie-lines and tie-line lengths 

Aqueous solutions of polyethylene glycol (PEG 400, PEG 600 and PEG 1000) at 90 

wt% and aqueous solutions of the buffer K3C6H5O7/C6H8O7 (pH = 5, 6, 7 and 8 

according to different K3C6H5O7:C6H8O7 mole fraction ratios) at ≈ 50 wt% were 

prepared and used for the determination of the binodal curves. The phase diagrams were 

determined through the cloud point titration method [32-33] at 25ºC and atmospheric 

pressure. The system compositions were determined by the weight quantification of all 

components added within   10-4 g.  

The tie-lines (TLs) were determined by a gravimetric method originally proposed by 

Merchuk et al. [34]. A mixture point in the biphasic region of the phase diagram was 

prepared using small ampules (ca. 10 mL) especially designed for the purpose, 

vigorously stirred and allowed to reach equilibrium by the separation of the phases for 
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(5) 

(4) 

(3) 

(2) 

(1) 

(6) 

at least 12 h at (25 ± 1)ºC. After separation of the two phases, both the top and bottom 

phases were weighted. Each individual TL was determined by application of the lever-

arm rule to the relationship between the top phase weight and the overall system 

composition. The experimental binodal curves were correlated using Eq. (1) [34]: 

 

 

 

The determination of the TLs was accomplished through the solution of the following 

system (Eqs. (2) to (5)) with four unknown values, namely , , 

 and ) [34]: 

 

 

 

 

 

 

where the subscripts "PEG", "salt" and "M" represent the polymer (top) and the salt 

(bottom) rich phases and the mixture composition, respectively. The parameter α is the 

ratio between the weight of the top phase and the weight of the total mixture.  

The tie-line lengths (TLLs) were determined according to Equation 6, 

 

 

 

Partitioning of commercial ovalbumin in PEG-salt ABS 
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(7) 

Fixed mixture compositions in several ABS were selected and used to evaluate their 

performance for the extraction of ovalbumin. Initial optimization tests were carried out 

with pure commercial ovalbumin. Then, the best ABS was employed in the separation 

of ovalbumin from egg white. Commercial ovalbumin was diluted in water at a 

concentration of circa 0.5 g.L-1 while egg white was diluted in water at 1:10 (v:v). 

These aqueous solutions were then used in the formation of each ABS (plus PEG and 

K3C6H5O7/C6H8O7) at given concentrations. Each mixture was vigorously stirred and 

left to equilibrate for 12 h at (25 ± 1)ºC. Finally, the two liquid phases were separated 

and weighted followed by the determination of the concentration of ovalbumin in each 

phase. The protein amount was quantified through UV-spectroscopy, using a 

SHIMADZU UV-1700, Pharma-Spec Spectrometer, at a wavelength of 280 nm, and 

using a calibration curve previously established.  

The partition coefficient of ovalbumin, KOva, was determined according to Equation 7: 

 

 

 

where  and  are the concentration of protein in the PEG-rich and in 

the salt-rich aqueous phases, respectively. 

The percentage extraction efficiencies of ovalbumin, , are defined as the 

percentage ratio between the amount (total weight) of ovalbumin in the PEG-rich 

aqueous phase and that in the total mixture, according to Equation 8: 

 

 

 

(8) 
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where  and  are the total weight of protein in the PEG-rich and in the salt-

rich aqueous phases, respectively. Control or “blank” solutions at the same mixture 

compositions used in the extraction/separation studies (with no protein added) were 

always used to reduce possible interferences of the phase-forming components through 

the ovalbumin quantification.  

 

Partitioning of ovalbumin directly extracted from egg white in PEG-salt ABS 

After the initial optimization tests carried out with commercial ovalbumin, a fixed 

mixture composition (25 wt% of PEG + 25 wt% of K3C6H5O7/C6H8O7 (pH 7) + 50 wt% 

of an aqueous solution containing egg white at 1:10 (v:v)) was used to evaluate the 

performance of the studied ABS for the extraction and further purification of ovalbumin 

from egg white. Each mixture was vigorously stirred and left to equilibrate for 12 h at 

(25 ± 1)ºC. The two liquid phases were separated and weighted followed by the 

determination of the concentration of ovalbumin and total proteins in each phase. The 

total protein amount was quantified through UV-spectroscopy, using a SHIMADZU 

UV-1700, Pharma-Spec Spectrometer, at a wavelength of 280 nm, and using a 

calibration curve previously established. The quantification of ovalbumin, purification 

efficiency and identification of all proteins in each phase were carried out by SDS-

PAGE and SE-HPLC. At least three independent ABS were prepared and 3 samples of 

each phase were quantified. 

The percentage recovery yield of ovalbumin, , is the percentage ratio between 

the amount of protein in the PEG-rich aqueous phase to that in the initial egg white 

solution, and is defined according to Eq. (9): 

 

 (9) 
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where  and  are the total weight of ovalbumin in the egg white solution 

and in the PEG-rich phase, respectively.  

The purification efficiency was calculated dividing the HPLC peak area corresponding 

to ovalbumin by the total area of the peaks corresponding to all proteins in the PEG-rich 

phase (taking into account all the dilution factors applied to each solution) according to 

Eq. (10):  

 

 

 

where   are the peak areas corresponding to ovalbumin and the 

total area of the peaks corresponding to all proteins present in the PEG-rich phase, 

respectively.  

 

Recovery of ovalbumin from the PEG-rich phase 

After the optimization of the extraction/purification conditions using ABS, the isolation 

of ovalbumin from the PEG-rich phase was carried out. For this purpose the following 

ABS was used as a proof of concept: 25 wt% of PEG 400 + 25 wt% of 

K3C6H5O7/C6H8O7 (pH = 7) + 50 wt% of an aqueous solution containing egg white at 

1:10 (v:v). The PEG-rich phase containing ovalbumin from egg white was separated 

and further centrifuged at (4.0 ± 0.5) ºC during 20 minutes at 5000 rpm. This procedure 

was adapted from the literature [35] and allows the precipitation of proteins as a result 

of their low solubility in PEG aqueous solutions at low temperatures. The pellet 

obtained was then resuspend in a phosphate buffer solution (50 mM and pH 7.4). This 

solution containing ovalbumin was further evaluated by FT-IR and SE-HPLC. After the 

(10) 
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induced precipitation step, the PEG-rich phase was also analyzed by SE-HPLC in order 

to ensure that all proteins were precipitated. 

 

Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE)  

Taking into account the UV-spectroscopy quantification of the total amount of proteins 

in each phase, all samples were diluted so that the amount of total protein in each gel 

lane in the SDS-PAGE was circa 0.5 µg. Samples of the aqueous phases of each ABS 

containing ovalbumin were diluted at 2:1 (v:v) in a dissociation buffer consisting of 2.5 

mL of 0.5 M Tris-HCl pH 6.8, 4.0 mL of 10 % (w/v) SDS solution, 2.0 mL of glycerol, 

2.0 mg of bromophenol blue and 310 mg of dithiothreitol (DTT). This overall solution 

was heated at 95ºC for 5 min to denature the proteins by reducing disulfide linkages, 

and thus overcoming some forms of the tertiary protein folding and breaking up the 

quaternary protein structure. Electrophoresis was run on polyacrylamide gels (stacking: 

4 % and resolving: 20 %) with a running buffer constituted by 250 mM Tris-HCl, 1.92 

M glycine, and 1 % SDS. The proteins were stained with Coomassie Brilliant Blue G-

250 0.1 % (w/v), methanol 50 % (v/v), acetic acid 7 % (v/v) and water 42.9 % (v/v). All 

gels were placed in an orbital shaker at a moderate speed during 2-3 h at room 

temperature. The gels were further distained in a solution containing acetic acid at 7 % 

(v/v), methanol at 20 % (v/v) and water at 73 % (v/v) in an orbital shaker at a moderate 

speed during 3-4 h at room temperature. SDS-PAGE Molecular Weight Standards, 

namely marker molecular weight full-range from VWR, were used as protein standards. 

All gels were analyzed using the Image Lab 3.0 (BIO-RAD) analysis tool. 
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Size Exclusion High-Performance Liquid Chromatography (SE-HPLC) 

A mixture composed of 25 wt% of PEG 400 + 25 wt% of K3C6H5O7/C6H8O7 (pH = 7) + 

50 wt% of an aqueous solution containing egg white at 1:10 (v:v) was studied to 

evaluate the yield and purity of ovalbumin. After 12h at 25ºC to attain the equilibrium, a 

careful separation of the phases was performed and the amount of ovalbumin and 

remaining proteins in each phase was quantified by SE-HPLC (Size Exclusion High-

Performance Liquid Chromatography). The phases were diluted at a 1:10 (v:v) ratio in a 

phosphate buffer saline solution before injection. A Chromaster HPLC (VWR, Hitachi) 

coupled to a DAD detector was used. SE-HPLC was performed with an analytical 

column (25 cm  2 mm i.d., 25 m), Lichrospher 100 RP-18, from Merck. A 100 mM 

phosphate buffer in MiliQ water (mobile phase) was run isocratically with a flow rate of 

1 mL·min-1. The temperature of the column and auto-sampler was kept constant at 

25°C. The injection volume was of 25 µL. The wavelength was set at 280 nm whereas 

the retention time of ovalbumin was found to be circa 18 min within an analysis time of 

30 min. The quantification of ovalbumin in each phase was carried out by an external 

standard calibration method in the range of 0.01 to 1.0 g.L-1 of protein.  

 

Fourier transform infrared spectroscopy (FT-IR) 

FT-IR spectra were recorded using a Perkin Elmer Spectrum Bx spectrophotometer with 

a resolution of 4 cm−1. Several aqueous solutions containing ovalbumin at a fixed 

concentration (1.0 g.L−1) and PEGs at different concentrations were used to perform the 

FT-IR analysis. The spectra were obtained in the wavelength range from 1800 to 1400 

cm−1. 
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Results and Discussion 

Phase diagrams and tie-lines 

All phase diagrams (PEG + water + K3C6H5O7/C6H8O7) were determined at 25ºC and at 

atmospheric pressure. The binodal curves depicted in Fig. 1 illustrate the impact of pH 

(pH = 5, 6, 7 and 8) on the behavior of PEG-400-based phase diagrams. The effect of 

the molecular weight of the polymer (PEG 400, PEG 600 and PEG 1000) is shown in 

Fig. 2. The detailed experimental weight fraction data are reported in the Supporting 

Information. In all studied ABS, the top phase corresponds to the PEG-rich aqueous 

phase while the bottom phase is mainly composed of the K3C6H5O7/C6H8O7 aqueous 

buffer. In all calculations, the water amount in the original salt was considered in the 

total amount of water.  

Fig. 1 shows the binodal curves for ABS composed of PEG 400 at different pH values 

achieved by the use of different K3C6H5O7/C6H8O7 mole fractions. In general, the 

higher the pH of the aqueous solution the larger is the biphasic region, i.e., lower 

amounts of salt are required to form an ABS at a given concentration of PEG. In ABS 

composed of polymers and salts, the latter tends to be preferentially hydrated (Gibbs 

free energy of hydration of C6H5O7
3- (ΔhydG) = −2765 kJ.mol−1) [36], and to induce the 

salting-out of the more hydrophobic substance (PEG). Therefore, the variations on the 

binodal curves observed with the pH values are a direct consequence of the 

K3C6H5O7/C6H8O7 ratio and further speciation and relative abundance of the trivalent, 

divalent and monovalent citrate anions. Larger amounts of the trivalent citrate anion 

(C6H5O7
3-) exist at higher pH values, a stronger salting-out species when compared with 

C6H6O7
2- and C6H7O7

- (according to the Hofmeister series [37]), and thus, lower 

amounts of the phase-forming components are required to undergo liquid-liquid 

demixing.  
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Fig. 2 depicts the phase diagrams for ABS formed by PEGs of different molecular 

weights and the citrate-based salt at a fixed pH value (pH = 7). PEG-based ABS reveal 

different abilities for phase separation induced by the length of their polymeric chains. 

The capacity for forming ABS according to the polymer molecular weight follows the 

order: PEG 1000 > PEG 600 > PEG 400. This effect was also observed with 

polymer/ionic liquid, polymer/salt and polymer/polymer combinations [38–40]. The 

increase of the polymer molecular weight leads to an increased hydrophobicity of these 

molecules, reducing their affinity for water. Therefore, the formation of ABS by a 

salting-out phenomenon induced by the citrate-based salt is more favorable for 

polymers of higher molecular weight.  

The experimental data corresponding to the binodal curves were fitted using Eq. (1). 

The regression parameters estimated by a least-squares regression method, standard 

deviations (σ) and correlation coefficients (R2) are displayed in Table 1. Eq. (1) is able 

to correlate the experimental binodal curves with high accuracy as shown by the 

correlation coefficients obtained (R2 > 0.9961). The experimental TLs in each ABS, 

along with their respective length, and at the compositions for which the extraction 

studies of ovalbumin were determined are reported in Table 2. An example of the TLs 

obtained is depicted in Fig. 3. 

Extraction of commercial ovalbumin  

Fig. 4 shows the partitioning of commercial ovalbumin, expressed both in partition 

coefficient and in extraction efficiency, in an ABS composed of PEG 400 and 

C6H5K3O7/C6H8O7 at different pH values. All these experiments were carried out at a 

common mixture composition (30 wt% of PEG 400 + 30 wt% of C6H5K3O7/C6H8O7). 

For all investigated systems, ovalbumin preferentially migrates to the top phase (PEG-

rich phase) with KOva > 1. The partition coefficients range between 12.67 and 54.74 and 
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the extraction efficiencies between 94.8 and 97.7%. Amongst the pH values 

investigated, the higher partition coefficients and extraction efficiencies were obtained 

with the buffered systems at pH 7 and 8. Given that the isoelectric point of ovalbumin is 

4.5 [5], in all systems evaluated the protein is negatively charged. In PEG–salt ABS it 

has been reported that proteins prefer the top or the bottom phase depending on the 

nature of the phase forming-components and their concentration [41-42]. At pH 7.0, 

ovalbumin is negatively charged (isoelectric point = 4.5 [5] and still prefers the phase of 

lower ionic strength (polymer-rich) in all systems evaluated. Based on the overall 

results, the salting-out effect exerted by the salt plays an important role since the higher 

extraction efficiencies for the polymer-rich phase were obtained at higher pH values – 

those in which the amount of the strongest salting-out species (C6H5O7
3-) is higher. 

Given that the best results were obtained at pH 7-8 (which further imply a lower loss of 

the target protein for the opposite phase and higher recovery yields), further mixtures at 

pH 7 for various concentrations of PEG 400, 600 and 1000 (from 20 to 30 wt%) and 

K3C6H5O7/C6H8O7 (from 25 to 35 wt%) were investigated and their impact on the 

protein partition evaluated. Fig. 5 depicts the effect of the salt concentration. 

Interestingly, depending on the PEG employed, opposite trends are observed. An 

increase in the salt content leads to an increase in the partition coefficients and 

extraction efficiencies of ovalbumin for the polymer-rich phase in systems composed of 

PEG 1000 while the opposite effect is observed with PEG 400. With ABS constituted 

by PEG 600 there are no major differences on the partition coefficients and extraction 

efficiencies as a function of the salt concentration. Therefore, there is a combined effect 

of the forces acting on the protein migration in ABS composed of polymers of different 

molecular weight. For ABS composed of PEG of higher molecular weight, an increase 

in the salt content supports the salting-out of the protein (exerted by the citrate-based 
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salt) favoring thus its migration for the polymer-rich phase. The volume exclusion 

effects derived from the high molecular weight polymers do not seem to play a 

significant role, whereas higher amounts of salt seem to exert a large effect on the 

protein preferential migration. On the other hand, for more hydrophilic polymers, i.e. 

those of lower molecular weight, an increase in the salt content is not favorable for the 

proteins migration for the phase of lower ionic strength. According to the TLs data 

given in Table 2, the amount of PEG 1000 in the salt-rich phase is almost negligible, 

supporting thus the salting-out mechanism exerted by the citrate-based salt and 

favorable protein-PEG hydrophobic interactions, while for PEG 400 an increase in the 

salt content leads to a decrease of the PEG amount at the salt-rich phase, with its 

concomitant increase at the polymer-rich phase, which seems to be not favorable for the 

preferential protein partitioning.  Nevertheless, for an ABS constituted by 30 wt% of 

salt and 30 wt% of polymer there are no major differences in the partition coefficients 

and extraction efficiencies afforded by PEGs of different molecular weight. Even so, in 

all the evaluated situations, ovalbumin preferentially migrates to the most hydrophobic-

(PEG)-rich phase confirming that protein-polymer interactions and salting-out effects 

play a significant role. 

Fig. 6 shows the effect of the PEG concentration on the ovalbumin partitioning process. 

The ABS investigated are composed of 25 wt% of K3C6H5O7/C6H8O7 and PEG 

concentrations ranging from 25 to 35 wt%. At all concentrations, the partition 

coefficients decrease in the following order: PEG 400 > PEG 600 > PEG 1000 (based 

ABS). For PEG 600 and 1000, an increase in the PEG concentration leads to a decrease 

on both partition coefficients and extraction efficiencies of ovalbumin for the polymer-

rich phase. At higher concentrations of PEG, ovalbumin starts to lose its affinity for the 

polymer-rich phase that is predominately less rich in water (cf. Table 2 with the TLs 
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data). This effect is less notorious in systems composed of PEG 400 (the most 

hydrophilic polymer investigated), and therefore no major differences are observed 

amongst the partition coefficients and extraction efficiencies of ovalbumin at different 

concentrations of PEG 400. 

 

Extraction/separation of ovalbumin directly from egg white 

After optimizing the extraction/separation process with commercial ovalbumin, the 

ABS with better performance were then applied to extract and separate ovalbumin from 

a real matrix, egg white. A mixture composition (25 wt% of PEG + 25 wt% of 

K3C6H5O7/C6H8O7 (pH 7) + 50 wt% of an aqueous solution containing egg white at 1:10 

(v:v)) was used and the effect of the molecular weight of PEG was evaluated. In all 

these experiments the pH was maintained at 7, since according to the previous 

optimization experiments carried out with commercial ovalbumin a lower loss of the 

target protein for the opposite phase was observed which imply higher recovery yields 

at this pH value. Several mixtures at pH 7 for various concentrations of PEG 400, 600 

and 1000 (from 20 to 30 wt%) and K3C6H5O7/C6H8O7 (from 25 to 35 wt%) were 

investigated and their impact on the protein partition evaluated. The total amount of 

proteins in egg white, partition coefficients and extraction efficiency are provided in 

Supporting Information.. Fig. 7 depicts the partition coefficient and extraction 

efficiency values obtained for the total proteins extracted from egg white. 

Although the partition coefficients and extraction efficiencies of commercial ovalbumin 

and the total protein extracted from egg white are similar, a large amount of precipitated 

proteins at the interface was observed when working with the water soluble fraction of 

proteins from egg white. Therefore, based on the UV spectroscopy quantification there 

are no guarantees that the protein extracted to the PEG-rich phase is preferentially 
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ovalbumin. Therefore, all the coexisting phases and the precipitated proteins at the 

interface (after the respective recovery and re-suspension in a phosphate buffer solution) 

were analyzed by SDS-PAGE. It is visible from Fig. 8, that only ovalbumin is present in 

the PEG-rich phase whereas the contaminant proteins were precipitated at the interface. 

The precipitated proteins were identified according to molecular weight markers and are 

estimated to be ovotransferrin, ovoinhibitor, ovomucin and a smaller fraction of 

ovalbumin. Moreover, from the SE-HPLC chromatograms used for the proteins 

quantification, shown in Fig. 9, it can be concluded that only ovalbumin is present at the 

PEG-rich phase since no other peaks were identified (meaning that pure ovalbumin was 

obtained in the one-step ABS process). These SE-HPLC chromatograms also confirm 

that that there is no significant ovalbumin aggregation or fragmentation under the 

studied conditions since no other peaks were identified. Thus, and although polymers 

such as PEG are used in the precipitation and aggregation of proteins [43], the amount 

of water in the PEG-rich phase, as well as its low molecular weight, is favorable for 

maintaining a protein-friendly environment for ovalbumin. Previously, it was showed 

that chicken egg white lysozyme tends to cluster into aggregates in presence of PEG 

1000 after incubation at 90 °C for 30 min [44-45]. At high temperatures, and due to the 

lower critical solution temperature behavior of PEG-water systems, there is a decrease 

on the hydration shell of the proteins [44-45]. In this work, the extractions were carried 

out at a low temperature, 25ºC, and using polymers of low molecular weight (from 400 

to 1000 mol·kg-1).  

According to the quantification of ovalbumin in the coexisting phases of the system 

composed of 25 wt% of PEG 400 + 25 wt% of K3C6H5O7/C6H8O7 (pH 7) + 50 wt% of 

an aqueous solution containing egg white at 1:10 (v:v)) carried out by SE-HPLC, (32.6 

± 0.2)% of ovalbumin precipitates at the interface, whereas the remaining ovalbumin 
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from egg white (64.8 ± 2.5)% is extracted and remains stable in the PEG-based ABS. 

Despite this loss in ovalbumin, no other proteins were detected by SE-HPLC at the 

PEG-rich phase, in agreement with the results obtained by SDS-PAGE. These results 

confirm that PEG-based ABS can be used for the extraction and purification of 

ovalbumin from egg white, with a recovery yield of 65%, supporting thus their viability 

for the extraction/purification of proteins from complex matrices. Moreover, it is shown 

that a simple and easily scalable single-step process can be used to purify ovalbumin 

from egg white without using sophisticated equipment, such as CCC or centrifugal 

partition chromatography (CPC) as previously attempted [27-29]. 

Fig. 10 display a FT-IR spectra of ovalbumin in water and in several aqueous solutions 

of PEG 400 at different concentrations (up to 50 wt%) in equilibrium for 12h. FT-IR 

spectroscopy provides information about the secondary structure of proteins based on 

energy absorption bands of their functional groups or chemical bonds. Most analyses 

are between 1690-1600 cm-1 (in the spectra range) for the specific investigation of the 

protein structure which corresponds to the vibration of the amide I group [46]. The 

results obtained show that aqueous solutions of PEG 400 do not change the absorbance 

peaks of amide I suggesting that the protein maintains its spatial structure in the PEG-

rich phase. 

 

Recovery of ovalbumin from the PEG-rich phase 

After the purification step, the ovalbumin recovery from the PEG-rich phase was 

achieved by an induced precipitation step, and separated by centrifugation at 4ºC. This 

procedure was adapted from literature and is based on the low solubility of proteins in 

polymers aqueous solutions at low temperatures. The pellet obtained was then 

resuspended in a phosphate buffer solution (50mM and pH 7.4). This “new” aqueous 
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solution rich in ovalbumin was further evaluated by FT-IR and SE-HPLC. The PEG-

rich phase was also analyzed by SE-HPLC confirming the complete precipitation of 

ovalbumin. According to the FT-IR results, shown in Fig. 10, there are no changes in 

the absorbance peaks of amide I suggesting that the recovered protein maintained its 

structure. Moreover, from the SE-HPLC results, depicted in Fig. 9, the recovered 

protein does not present the formation of aggregates or even complexation (monomers 

and dimers). A comparison between the chromatograms of commercial ovalbumin and 

the extracted, purified and isolated ovalbumin from egg yolk achieved in this work is 

also provided in Fig. 9. In summary, the obtained results confirm the viability of using 

the proposed ABS for the extraction of ovalbumin from egg white and a following 

precipitation step for its recovery from the PEG-rich phase. This “cleaning” step also 

allows the reuse of the coexisting phases of ABS for further purification stages.  

Since ABS separations do not require a solid support matrix, adsorptive loss and 

denaturation of proteins are minimized, as previously confirmed by the stability studies 

of the recovered protein. According to the identification and quantification of 

ovalbumin and remaining proteins (by SDS-PAGE and SE-HPLC) in the coexisting 

phases of the optimized system, only ovalbumin is present at the PEG-rich phase while 

the remaining and contaminant proteins present in egg white precipitate at the interface. 

If only ovalbumin is identified at the PEG-rich phase it thus confirms the selective 

nature of the studied systems for albumin and their ability to act as purification routes, 

with a recovery yield of (64.8 ± 2.5)% of the total ovalbumin present in egg white.  

Only three works [27-29] were found in the literature with values of ovalbumin purity 

similar to those found in this work while working with a real egg white matrix. 

Shibusawa et al. [27-28] separated the proteins present in chicken egg white by counter-

current chromatography (CCC) and high-speed counter-current chromatography 
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(HSCCC) using ABS composed of 16 wt% of PEG 1000 and 12.5% wt% of K2HPO4. 

The authors [27-28] separated ovotransferrin, ovalbumin, ovomucin and lysozyme by 

collecting different fractions at different times of elution and by applying reverse modes 

when required. Zhi et al. [29] successfully purified ovalbumin from hen egg white using 

an ABS formed by 16 wt% of PEG 1000 and 17 wt% of K3PO4 at pH 9.2 with HSCCC, 

using the PEG-rich phase as the stationary phase. CCC is essentially a form of liquid-

liquid partition chromatography. Amongst other chromatographic techniques, this 

method does not require the use of a solid support as the stationary phase; instead, one 

of the ABS phases acts as the stationary phase by being retained in the column by 

gravity or centrifugal force. In CPC (centrifugal partition chromatography) and CCC it 

is necessary first to equilibrate the ABS in a separatory funnel and then to separate the 

two phases for further use as mobile and stationary phases. Also, individual partition 

coefficients (in separated experiments) need to be determined first for each protein to 

optimize the chromatographic conditions. In this context, and according to our results, 

the major novelty of our work consists on the development of a simpler, cheaper and 

less time-consuming method that does not require the use of chromatographic 

equipment. In fact, in our work, only one stage of equilibrium is required to successfully 

separate ovalbumin from the remaining proteins in egg white. Contrarily to previous 

works [27-29], we also used a lower molecular weight polymer (PEG 400 instead of 

PEG 1000) and a biodegradable and less toxic salt (citrate-based instead of phosphate-

based) which could justify the high performance obtained in a single-step ABS 

separation without requiring the multiple stages of equilibrium occurring in CPC and 

CCC. Finally, the recovery of ovalbumin from the PEG-rich phase and the viability of 

recovering and reusing the coexisting phases was also demonstrated, which certainly 

decreases the cost of the process and increases its sustainable nature. In summary, in 
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this work, it is shown that a simple and easily scalable and recyclable single-step 

process can be used to purify ovalbumin from egg white without requiring the use of 

sophisticated chromatographic equipment. The flowchart of the developed process for 

purifying ovalbumin directly from egg white is shown in Fig. 11. The developed 

process allows to purify ovalbumin from a crude sample solution prepared from fresh 

egg white, in an one-step operation and in a relatively short time. 

 

Conclusions 

The extraction and purification of ovalbumin using a cost-effective method based on 

ABS formed by polymers and a salt, followed by a precipitation step for the protein 

recovery, is here proposed. The ABS phase diagrams were initially determined, at 

different pH values and with PEGs of different molecular weight, to ascertain on the 

biphasic/monophasic regimes. These two-phase systems where then employed in 

studies concerning the partition of commercial ovalbumin aiming at identifying the best 

ABS. In all model systems, ovalbumin preferentially migrates to the PEG-rich phase 

and the best results were obtained with PEGs of lower molecular weight and at pH 7. 

Extraction efficiencies of ovalbumin for the PEG-rich up to 98.9% were attained in a 

single-step. After the optimization study conducted with the model systems using a 

standard solution of ovalbumin, the enhanced ABS were then applied in the extraction 

and purification of ovalbumin from egg white. The extraction efficiency values obtained 

range between 90.6% and 97.8%. The separation of albumin was also confirmed by 

SDS-PAGE and SE-HPLC analysis in the extraction carried out with the ABS 

constituted by PEG 400. The systems investigated reveal to be a promising approach to 

extract ovalbumin from egg white since all contaminant proteins precipitate at the 
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interface while ovalbumin selectively migrates tothe polymer-rich phase. The complete 

purification of ovalbumin from egg white with a recovery yield of 65% was achieved in 

one-step using an ABS composed of 25 wt% of PEG 400 + 25 wt% of 

K3C6H5O7/C6H8O7 + 50 wt% of an egg white aqueous solution (1:10, v:v). An induced 

precipitation step was also optimized to allow the recovery of the protein from the 

polymer-rich phase aiming at guarantying its further applicability while decreasing the 

cost of the overall process and enhancing its sustainable nature. The protein stability 

after the recovery step was confirmed by FT-IR and SE-HPLC.  In summary, in this 

work, it was shown that a simple and easily scalable and recyclable single-step process 

can be used to purify ovalbumin from egg white without requiring the use of 

sophisticated chromatographic equipment.  
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Figure Captions: 

Fig. 1. Phase diagrams for the systems composed of PEG 400 + K3C6H5O7/C6H8O7 + 

H2O at 25ºC: pH 5 (); pH 6 (); pH 7 (); pH 8 (). Adjusted binodal data using 

Equation 1 (__). 

Fig. 2. Phase diagrams for the systems composed of PEG + K3C6H5O7/C6H8O7 + H2O at 

25ºC and pH 7.0: PEG 400 (); PEG 600 (); PEG 1000 (). Adjusted binodal data 

using Equation 1 (__). 

Fig. 3. Phase diagram for the system composed of PEG 400 + K3C6H5O7/C6H8O7 + H2O 

at 25ºC and pH 7.0: binodal curve data (); TL data (); adjusted binodal data using 

Equation 1 (__). 

Fig. 4. Influence of the pH in the extraction efficiency (EEOva%, bars) and partition 

coefficient (KOva, symbols) of ovalbumin in ABS composed of 30 wt% of PEG 400 + 30 

wt% of K3C6H5O7/C6H8O7 ABS at 25ºC and different pH values.  

Fig. 5. Extraction efficiency (EEOva%, bars) and partition coefficient (KOva, symbols) of 

ovalbumin in ABS composed of 30 wt% of PEG 400 (green bars and  ), PEG 600 (red 

bars and ), and PEG 1000 (orange bars and ) and different concentrations of 

K3C6H5O7/ C6H8O7 at 25ºC and pH = 7.0.  

Fig. 6. Extraction efficiency (EEOva%, bars) and partition coefficient (KOva, symbols) of 

ovalbumin in ABS composed of 25 wt% of K3C6H5O7/C6H8O7 and different 

concentration of PEG 400 (green bars and ), PEG 600 (red bars and ), and PEG 1000 

(orange bars and ) at 25ºC and pH = 7.0.  

Fig. 7. Extraction efficiency (EEOva%, bars) and partition coefficient (KOva, symbols) of 

commercial ovalbumin (green bars and ) and proteins from egg white dissolved in 

water (1:10, v:v) (blue bars and ) in ABS composed of 25 wt% of PEG  + 25 wt% 

K3C6H5O7/C6H8O7 at 25ºC and pH = 7.0. 

Fig. 8. SDS-PAGE of the (a) egg white in water (1:10 (v:v, egg white:buffer)), and (b) 

PEG–rich phase), (c) precipitated proteins re-dissolved in a buffer solution and (d) salt –

rich phase of the ABS composed of 25 wt% of PEG 400 + 25 wt% of 

K3C6H5O7/C6H8O7 + 50 wt% of an egg white aqueous solution (1:10, v:v).  
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Fig. 9. Size exclusion chromatograms of (a) egg white in water (1:10, v:v, egg 
white:buffer), (b) PEG–rich phase, (c) precipitated proteins re-dissolved in a buffer 
solution, (d) salt-rich phase of the ABS composed of 25 wt% of PEG 400 + 25 wt% of 
K3C6H5O7/C6H8O7 + 50 wt% of an egg white aqueous solution (1:10, v:v), (e) 
commercial ovalbumin; and (f) recovered ovalbumin after the purification and 
precipitation steps. 

Fig. 10. FT-IR spectra of a standard aqueous solution containing ovalbumin (1 g.L-1) 
(──); ovalbumin in a 12.5 wt% PEG 400 aqueous solution (──); ovalbumin in a 25 
wt% PEG 400 aqueous solution (-----); ovalbumin in a 50 wt% PEG 400 aqueous 
solution (··─···─··); and precipitated ovalbumin re-suspended in a buffer solution. 

Fig. 11. Flow chart of the developed process for the purification of ovalbumin from egg 
white. 
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Table 1 

Correlation parameters used to describe the experimental binodal data by Equation 1. 
 

PEG pH A ± σ B ± σ 105 (C ± σ) R2 

PEG + K3C6H5O7/C6H8O7 + water 

400 

5.0 160.0 ± 7.4 -0.302 ± 0.010 0.54 ± 0.04 0.9998 

6.0 257.8 ± 6.0 -0.469 ± 0.018 0.01 ± 0.07 0.9991 

7.0 158.3 ± 2.0 -0.378 ± 0.045 0.47 ± 0.06 0.9980 

8.0 103.4 ± 1.3 -0.317 ± 0.005 3.23 ± 0.16 0.9979 

PEG + K3C6H5O7/C6H8O7 + water 

600 7.0 149.8 ± 2.4 -0.398 ± 0.006 3.3 ± 0.19 0.9975 

1000 7.0 179.4 ± 8.4 -0.480 ± 0.016 4.8 ± 0.41 0.9961 
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Table 2 

Experimental TLs (tie-lines) and TLLs (tie-lines length) of ABS composed of 
C6H5K3O7/C6H8O7 and PEG. 
 

Weight fraction composition / (wt %) 

PEG 400 + K3C6H5O7/C6H8O7 + water 

pH [PEG]PEG [salt]PEG [PEG]M [salt]M [PEG]salt [salt]salt TLL 

5.0 
41.56 18.86 30.01 29.99 9.93 49.38 43.96 

54.60 12.43 35.00 29.99 6.70 55.36 64.33 

6.0 
42.57 14.74 29.96 25.02 14.54 37.87 37.87 

45.94 13.52 29.99 29.85 8.60 51.76 53.45 

7.0 

38.35 13.82 29.72 19.92 21.39 25.80 20.76 

45.44 10.79 29.75 25.20 8.13 45.03 50.63 

49.27 9.46 29.98 29.97 3.50 58.13 66.80 

36.00 15.02 25.28 24.75 13.50 35.45 30.38 

48.82 9.61 25.22 34.66 3.03 60.09 68.15 

67.33 5.10 40.08 30.01 2.09 64.73 88.38 

8.0 
53.36 4.32 25.06 24.99 1.09 42.50 64.72 

64.69 2.19 30.13 29.84 0.06 53.90 82.77 

PEG + K3C6H5O7/C6H8O7 + water at pH 7.0 

PEG [PEG]PEG [salt]PEG [PEG]M [salt]M [PEG]salt [salt]salt TLL 

600 

73.68 3.16 30.17 25.92 1.19 41.08 81.81 

74.70 3.04 30.13 30.33 0.21 48.66 87.35 

63.64 4.57 29.98 19.99 6.19 30.88 63.18 

60.27 5.15 25.01 25.02 2.14 37.89 66.71 

86.69 1.87 35.05 24.96 1.47 39.96 93.34 

1000 

57.95 5.45 29.95 25.09 0.05 46.04 70.70 

59.43 5.21 29.94 30.03 0.00 55.16 77.63 

46.49 7.64 29.97 20.06 0.04 46.87 60.80 

58.47 5.37 35.05 25.03 0.00 54.44 76.33 

41.72 8.79 25.04 25.00 0.01 49.29 58.13 

 


