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ABSTRACT

Egg white proteins (ovalbumin, ovotransferrin, lysozyme, ovoinhibitor and ovomucin) are 

used in a wide range of applications, thus requiring the development of cost-effective 

purification platforms for their isolation and recovery. In this work, aqueous biphasic systems 

(ABS) and three phase partitioning (TPP) were investigated as combined approaches to 

separate egg white proteins. ABS composed of poly(ethylene)glycol of different molecular 

weights and potassium phosphate buffer at pH 7 were first characterized and optimized to 

simultaneously separate ovalbumin and lysozyme. Within the ABS concept, there is the 

preferential partition of both proteins to the PEG-rich phase. However, by increasing the PEG 

molecular weight or phase-forming components content, there is the selective precipitation 

of lysozyme over ovalbumin at the ABS interface, falling within the TPP concept. The best 

TPP systems were then applied to separate proteins directly from egg white. With the best 

TPP identified, there is the fractionation of 3 main proteins from egg yolk, namely ovalbumin 

in the PEG-rich phase, lysozyme at the ABS interface and ovoinhibitor in the salt-rich phase. 

The obtained results reinforce the potential of ABS/TTP combined strategies to fractionate 

high-value proteins from complex matrices in a single-step.

KEYWORDS. Egg white proteins; Ovalbumin, Lysozyme; Three phase-partitioning; 

Aqueous biphasic system; Separation.

1. INTRODUCTION

Egg white is a low-cost source of proteins; nevertheless, these proteins have high commercial 

value if recovered with high purity and stability. Egg white contains 88% of water and 11% 

of proteins, including ovalbumin, ovotransferrin, lysozyme, ovoinhibitor and ovomucin [1]. 
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Among these, lysozyme represents ca. 3.5% of the total proteins content in egg white, has a 

low molecular weight (14.3 kDa) and a high isoelectric point (10.7) [2,3], whereas ovalbumin 

represents ca. 54% of the total proteins content, being a phosphoglycoprotein with a 

molecular weight of 45 kDa [4] and isoelectric point of 4.5-4.6 [2,5,6]. Lysozyme is 

recurrently used as an antimicrobial agent and food preservative [7]. Furthermore, due to its 

antiviral, antitumor and immunomodulatory activities, lysozyme is frequently used as a 

model protein in enzymatic reactivity, proteins aggregation and crystallization studies [8–

10]. On the other hand, ovalbumin is widely used as a nutrient supplement, in allergen studies 

[4,11], and in foaming and gelling applications [12]. For most of these applications, both 

proteins should be applied with high purity, thus demanding for the development of cost-

effective methods for their isolation from egg white.

Different methods have been described for the separation and recovery of proteins from egg 

white, such as induced precipitation, filtration-related techniques, reverse micelle-based 

approaches, electrophoresis, affinity chromatography, among others [13–15]. However, 

when dealing with complex matrices such as egg white, the downstream processing of 

proteins is a difficult task due to the requirement of achieving high protein yields with the 

desired purity level, while retaining their biological activity [16]. In order to fulfill such 

requirements, a large interest has been devoted to aqueous biphasic systems (ABS) as an 

alternative separation technique [17]. ABS are composed of two water-soluble compounds 

dissolved in aqueous media, which above given concentrations form two immiscible aqueous 

phases, able to provide mild and biocompatible conditions for the separation of biologically 

active products such as proteins [18]. Due to these advantages, ABS formed by 

poly(ethyleneglycol) (PEG) and salts or PEG and dextran have been investigated for the 

extraction of a wide number of proteins, including ovalbumin or lysozyme [19–24]. 
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In addition to ABS, Three Phase Partitioning (TPP) has been used to purify a series of 

proteins and enzymes[25–29]. TPP is achieved by the precipitation of target proteins at the 

interface of an organic liquid phase (usually t-butanol) and an aqueous solution of a salt (e.g. 

ammonium sulfate) [30]. This technique can be directly applied to crude suspensions, 

allowing the recycling of solvents and the direct recovery of the target protein at the interface 

[31]. If no losses of stability occur, the precipitated protein can be easily recovered and 

resuspended in an appropriate aqueous buffer solution. Borbás et al. [32,33] studied the 

application of TPP based on t-butanol to recover standard proteins (bovine serum albumin, 

ovalbumin, β-lactoglobulin, and lysozyme), demonstrating that interfacial mechanical and  

rheological properties play a significant role. Senphan and Benjakul [34] studied TPP based 

on t-butanol to recover proteases from hepatopancreas of Pacific white shrimp, and then 

applied the precipitated fraction of proteins in an ABS formed by polymers and salts for 

further proteins fractionation. Dobreda et al. [25] compared the performance of TPP based 

on t-butanol and ABS to separate lipase from a crude fermentation extract, demonstrating 

that the best results are achieved with the TPP approach, whereas Simental-Martínez et al. 

[35] demonstrated a better performance of the ABS strategy to recovert superoxide dismutase 

from a clarified medium. Although promising results have been achieved, TPP based on 

ABS, in which both phase are water-rich, can be created as well [36–39]. However, most 

studies in this field have been carried out with model proteins, and few addressed the 

TPP/ABS combined approach to separate proteins directly from raw and complex samples 

[40,41], being these works carried out with IL-based ABS. 

In this work, ABS formed by polyethylene glycol of different molecular weights (PEG 400, 

PEG 1000, PEG 1500 and PEG 2000) and a phosphate-buffered salt at pH 7 were investigated 

within the TPP concept to fractionate egg white. The phase diagrams of each ABS were 
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determined at 25°C to appraise the mixture compositions required to form ABS. ABS/TPP 

were then optimized regarding their separation performance for commercial lysozyme and 

ovalbumin, and finally employed to fractionate proteins directly from egg white samples. 

2. EXPERIMENTAL SECTION

2.1. Materials

The ABS studied in this work were established using PEGs of different molecular weights, 

namely 400 g.mol-1 (PEG 400), 1000 g.mol-1 (PEG 1000), 1500 g.mol-1 (PEG 1500), and 

2000 g.mol-1 (PEG 2000). Polymers were acquired from Sigma-Aldrich. The prepared 

buffered salt aqueous solution is constituted by potassium dihydrogen phosphate, KH2PO4, 

≥ 99 wt% pure from Sigma–Aldrich, and K2HPO4·3H2O, 100 wt% pure from Fisher 

Scientific. Pure ovalbumin and lysozyme from hen egg white were acquired from Sigma–

Aldrich. Fresh eggs were bought in a local supermarket. 

2.2. Phase diagrams

The binodal curve of each ABS phase diagram was determined using the cloud point titration 

method at (25 ± 1)°C and at atmospheric pressure, as described elsewhere [42]. Aqueous 

solutions of different PEGs (ca. 90 wt%) and potassium phosphate buffer (≈ 40 wt% of 

K2HPO4/KH2PO4 pH 7) were prepared gravimetrically. The pH of phosphate buffer was 

adjusted through the stoichiometric mixture of the two salts at a ratio of 2.298. The phase 

diagrams were determined through the consecutive identification of a cloudy solution 

(corresponding to the biphasic region), and a clear solution (corresponding to the monophasic 

region) by the drop-wise addition of the potassium phosphate buffer aqueous solution and 

water, respectively, to each PEG aqueous solution. This procedure was carried out under 

constant stirring. Each mixture composition was determined by the weight quantification of 
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all components added within ±10−4 g (using an analytical balance, Mettler Toledo Excellence 

XS205 Dual Range). Tie-lines (TLs), which give the composition of each phase for a given 

mixture composition, were gravimetrically determined at 25°C according to the method 

reported by Merchuk et al. [43]. Further details are given in the Supporting Information.

2.3. Extraction and precipitation of pure ovalbumin and lysozyme using ABS/TPP

After the determination of the ABS phase diagrams to appraise the mixture compositions 

required to form two-phase systems, in which TPP can be applied, mixture compositions in 

the several ABS were selected and used to evaluate their performance to separate commercial 

ovalbumin and lysozyme. The mixture points studied, their compositions, respective TLs and 

tie-line lengths (TLLs) are described in the Supporting Information. Aqueous solutions of 

commercial proteins diluted in PBS (phosphate buffered saline aqueous solutions at 50 mM, 

pH ≈ 7.4) at a concentration around 1 gˑL−1 were used in the formation of each ABS. At least 

three replicates of each mixture composition with a total mass of 1g were prepared in 

Eppendorf vials. After proteins addition, the pH of the phases was always verified, and 

whenever required aqueous solutions of KOH or H3PO4 were added to reach pH ≈ 7.4, while 

keeping the same species in solution. These additions were considered to determine the 

weight fraction composition of each phase-forming component. Each ABS was mixed in a 

vortex, centrifuged (10 min at 1000 rpm) and left at (25 ± 1)°C for 120 min. It should be 

remarked that control samples using only the salt- or PEG-rich phases were performed, 

demonstrating that the vortex effect is not the main factor ruling the proteins precipitation. 

The upper and lower phases were separated, and the ovalbumin and lysozyme concentrations 

in each ABS phase determined. The proteins concentration at the interface was determined 

by mass balance, i.e. correspoding to the precipitated proteins that are not in the top and 

bottom phases. The proteins content in both the top and bottom phases was determined by 
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size exclusion high performance liquid chromatography (SE-HPLC). Before injection in the 

SE-HPLC, each phase was diluted at a 1:10 (v:v) ratio in PBS buffer (50 mM, pH ≈ 7.4). 

The percentage extraction efficiency of each protein by each ABS to the PEG-rich, 

EEProtein%, was determined according to Eq. (1):                                                                           

                                                                                           (1)𝐸𝐸Protein% =
wProteinPEG

wProteinPEG +  wProteinSalt
×  100

where wProteinPEG and wProteinSalt are the total weight of each protein in the PEG-rich, and 

in the salt-rich aqueous phases, respectively. “Protein” is replaced by “Ova” and “Lys” when 

referring to the respective proteins. EEProtein% describes the relative amount of each protein 

extracted into the PEG-rich phase in respect to that in the coexisting phases, thus not 

addressing protein losses or precipitation effects. 

The recovery yield of each protein in the PEG-rich phase or as a precipitate by TPP, 

RYProtein/PEG% or RYProtein/TPP%, is the percentage ratio between the amount of protein in the 

PEG-rich aqueous phase (wProteinPEG) or in the precipitate (wProteinTPP) to that present in 

the initial/original mixture (wProteinInitial , defined according to Eq. (2), )

                                                                                                            (2)                         𝑅𝑌Protein% =  
𝑤ProteinPEG/TPP

𝑤ProteinInitial
 ×  100

where “Protein” is replaced by “Ova” and “Lys” when referring to the respective proteins. 

The recovery yield describes the relative amount of each protein in a given phase or in the 

precipitate in respect to that added or present in the original mixture, thus considering 

proteins losses and/or precipitation.

After identifying the most favorable systems for the lysozyme and ovalbumin simultaneous 

separation, they were applied to separate proteins directly from egg white samples. ABS were 

prepared using egg white diluted in water at 1:10 (v:v). The pH of each phase was verified 

and adjustments were made if required, as previously described. Each mixture was mixed, 
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centrifuged (10 min at 1000 rpm), and left for 120 min at (25 ± 1)°C. After the separation of 

the coexisting phases, each protein was quantified by SE-HPLC. The percentage extraction 

efficiency and recovery yield of lysozyme and ovalbumin to the PEG-rich phase or in the 

precipitate were determined according to Eqs. (1) and (2), respectively. At least three 

individual ABS/TPP at each set of conditions were prepared (total mass of 1g) in Eppendorf 

vials and analyzed. The standard deviations associated to RYProtein/PEG%, RYProtein/TPP% and 

EEProtein% are given in detail in the Supporting Information, ranging between 1.0 and 3.1% 

in the assays with the commercial proteins, and between 1.0 and 5.7% in the assays with egg 

white.

2.4. Size exclusion high performance liquid chromatography (SE-HPLC) 

A Chromaster HPLC system (VWR Hitachi) equipped with a binary pump, column oven, 

temperature controlled auto-sampler and DAD detector was used as the quantification 

technique for proteins. SE-HPLC was performed using an analytical column Shodex Protein 

KW-802.5 (8 mm × 300 mm). For the detection of each protein, different HPLC conditions 

were chosen. For lysozyme, solvent A (100 wt% solution I: 38.4 wt% solution II, namely 

solution I = water/0.1% trifluoroacetic acid (v:v) and solution II = acetonitrile/0.1% 

trifluoroacetic acid (v:v)) and solvent B (acetonitrile/0.1% trifluoroacetic acid (v:v)) were 

run in gradient (expressed as proportion of solvent A: 0-20 min, 100%; 20-21 min, 100-50%; 

21-22 min, 50%; 22-23 min, 50-100%; 23-35 min, 100%) with a flow rate of 1 mL·min-1. 

For ovalbumin, a 100 mM phosphate buffer pH 7.0 with NaCl 0.3 M was run isocratically 

with a flow rate of 0.5 mL·min-1. The temperature of the column and auto-sampler were kept 

constant at 25°C. The injection volume was 25 µL. The wavelength was set at 280 nm, 

whereas the retention time of lysozyme and ovalbumin were found to be 9 and 15 min, 
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respectively. For each condition, a standard calibration curve (Peak area as function of 

protein concentration) was established with the commercial proteins.

2.5. Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE)

For the SDS-PAGE analysis, samples of the phases of each ABS were diluted at 1:1 (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). The solution was heated at 95°C for 5 min to denature the proteins by reducing 

disulfide linkages. Gels were electrophoresed for 1.5 h at 135V on polyacrylamide gels 

(stacking 4%; resolving 20%) with a running buffer constituted by 250 mM Tris-HCl, 1.92 

M glycine, and 1% SDS, and then 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), for 3–4 h in an orbital 

shaker at room temperature. Gels were further distained in a solution comprising acetic acid 

at 7% (v/v), methanol at 20% (v/v) and water at 73% (v/v) in an orbital shaker during 3–4 h 

at room temperature. SDS-PAGE Molecular Weight Standards, namely marker molecular 

weight full-range from VWR, were used.

3. RESULTS AND DISCUSSION

3.1. ABS phase diagrams

The liquid-liquid phase diagrams of ABS formed by PEGs of different molecular weight and 

K2HPO4/KH2PO4 at pH 7 were determined at 25°C and atmospheric pressure. The 

determined phase diagrams are depicted in Figure 1, in both weight fraction and molality 

units (mol·kg-1). The phase diagrams in molality units are shown since they allow a more 

accurate analysis of the effect of individual solutes on promoting the liquid−liquid demixing, 

allowing to eliminate the effect of the molecular weight of the phase-forming components.  
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The detailed experimental weight fraction data are given in the Supporting Information. The 

binodal data were fitted according to the regression proposed by Merchuk et al. [43], shown 

in Figure 1, whose respective regression parameters are given in the Supporting Information. 

Experimental tie-lines, which give the composition of each phase for a given mixture 

composition, and respective length (TLLs), are provided in the Supporting Information. 

Although the phase diagrams of some ABS have been previously reported [44,45], with our 

data being in close agreement, they were determined in this work to additionally determine 

the TLs at which the separation assays (discussed below) were carried out. In all studied ABS 

the top phase is rich in PEG and water, while the bottom phase is enriched in salt and water. 

The closer each binodal curve is to the axes, the lower the amount of each compound required 

to form two-phase systems. Accordingly, the results depicted in Figure 1 show that the phase 

separation ability increases with the increase of the size of the polymer (PEG 2000 > PEG 

1500 > PEG 1000 > PEG 400). This effect is well-known in polymer/ionic liquid, 

polymer/salt and polymer/polymer ABS combinations [21,46,47], being connected with the 

hydrophobicity or lower affinity for water of polymers with higher molecular weight. 

Overall, the formation of ABS by a salting-out phenomenon induced by the phosphate-based 

salt is more favorable for polymers of higher molecular weight and higher hydrophobicity.

Amongst the studied polymers, PEG 400 has a higher affinity for water and thus requires 

more salt to induce the separation of the phases. However, the difference between the several 

binodal curves is more evident with PEG 400. Between PEG 1000 and PEG 2000 the 

differences between the several binodal curves are less significant, showing that the effects 

of the PEG molecular weight and respective hydrophobicity is more relevant in polymers of 

lower molecular weight.  

3.2. Extraction and precipitation of ovalbumin and lysozyme using ABS/TPP
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Two proteins present in egg white, namely ovalbumin and lysozyme, were chosen to carry 

out a first set of experiments using pure proteins. These were choosen due to their properties 

and relevant applications, as well as due to their different molecular weight, pI and content 

in egg white, allowing to depict some of the molecular-level mechanisms ruling their 

separation towards the design of efficient ABS/TPP approaches. The pH 7 was used as an 

intermediate pH fiting within the pI of both proteins, allowing to appraise the charge 

influence of each protein and its tendency to precipitate.

It is well-known that the polymer molecular weight and its concentration have a strong 

influence on the partitioning behavior of proteins in PEG-salt ABS [22,48–50]. Accordingly, 

the effect of PEG 400, 1000, 1500 and 2000 at different concentrations (25, 30 and 35 wt%) 

in the extraction of commercial lysozyme and ovalbumin was investigated. In this set of 

studies, a fixed amount of 12 wt% of phosphate buffer (K2HPO4/KH2PO4, pH 7) was used. 

The results obtained in terms of extraction efficiencies and recovery yields of lysozyme and 

ovalbumin in the PEG-rich phase are shown in Figure 2. Detailed data are provided in the 

Supporting Information.

3.2.1. ABS approach

With the exception of ovalbumin in the ABS composed of 25 wt% of PEG 2000, both 

proteins preferentially partition towards the PEG-rich (top) phase instead of the salt-rich 

phase, independently of the polymer molecular weight and mixture composition. 

Furthermore, the ovalbumin partition to the PEG-rich phase is favored in ABS composed of 

higher amounts of polymer, whereas the opposite trend occurs with the increase of the 

polymer molecular weight (i.e. with the increased hydrophobicity of the PEG-rich phase). 

This behavior is in accordance with the results reported by Pereira et al. [21] using other 

PEG-salt ABS. Although an increase in the polymer molecular weight leads to a decrease in 
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the ovalbumin extraction efficiency, in all ABS composed of 35 wt% of PEG there is the 

complete extraction of the protein added to the PEG-rich phase. At pH 7, ovalbumin is 

negatively charged (isoelectric point = 4.5-4.6 [2,5,6]) and preferentially partitions to the 

phase of lower ionic strength (polymer-rich). This behavior is promoted by the salting-out 

effect exerted by the phosphate buffered salt and favorable interactions that may be 

established between ovalbumin and the PEG-rich phase components (including water). 

As observed with ovalbumin, lysozyme also has a preferential partitioning to the PEG-rich 

phase when considering the ABS approach. However, the increasing size of the PEG chain 

length results in slightly higher extraction efficiencies to the PEG-rich phase when using 

mixture compositions with higher amounts of polymer, whereas the opposite occurs when 

using ABS with lower contents of PEG. At pH 7 lysozyme is positively charged (isoelectric 

point = 10.7 [2,3]) and, as ovalbumin that is negatively charged at this pH, the protein 

preferentially partitions to the phase with lower ionic strength (PEG-rich) in ABS. 

Although the extraction efficiencies of all studied systems are significantly high for both 

proteins (> 83%, with the exception of ovalbumin in the ABS composed of 25 wt% of PEG 

2000), the recovery yields are more significantly affected by the polymer molecular weight 

and ABS composition. Recovery yields of both proteins to the PEG-rich phase ranging from 

20 to 100% were obtained. For both proteins, ABS formed by PEGs of lower molecular 

weight and lower amounts of polymer in the mixture compositions lead to 100% of protein 

recovery yield (no losses of protein) in the PEG-rich phase. On the other hand, the increase 

of the polymer molecular weight leads to lower recovery yields of both lysozyme and 

ovalbumin in the ABS phase enriched in polymer. The effect of the ABS composition is 

however different for both proteins. Higher concentrations of polymer lead to higher losses 

of lysozyme in the PEG-rich phase (lower recovery yields), whereas the opposite effect is 
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observed with ovalbumin. The losses of lysozyme mainly correspond to protein precipitation 

occurring during the ABS extraction step (as shown in the Supporting Information). 

3.2.2. TPP approach

Although not promising from the ABS separation perspective, losses in the recovery yield in 

the PEG-rich phase observed with lysozyme are quite relevant when considering the TPP 

approach, since this protein can be recovered as a precipitate at the ABS interface. 

Furthermore, by recovering lysozyme at the interface, higher concentrations of lysozyme can 

be achieved by the respective dissolution in smaller volumes of solvent, as highlighted by 

Kim and Rha [51], thus avoiding the requirement of additional enrichment techniques. The 

recovery yields of lysozyme as a precipitate in the different systems investigated are shown 

in Figure 3. 

It is known that the partitioning and solubilization of biomolecules in ABS is affected by 

several factors, including the biomolecule characteristics, molecular weight and 

concentration of the polymers, ionic strength, pH, among others. Overall, there is the 

preferential precipitation of lysozyme over ovalbumin at the ABS interface. These results are 

in agreement with the findings of Dennison and Lovrient [30], who reported that if the pH of 

the TPP process is below the pI of the protein, the respective protein will be precipitated and 

enriched in the middle phase, being this the case of lysozyme. Overall, positively charged 

proteins preferentially precipitate at the interface in TPP systems over negatively charged 

ones, which has been explained by the salt anion binding (with a high charge density) to 

positively charged moieties of the protein [30]. Although both phenomena are dependent on 

added electrolytes, the solubility of proteins as function of pH follows a sigmoidal curve for 

TPP with an inflection point at the protein pI, in contrast to the catenary parabolae displayed 

by isoelectric precipitation (precipitation of proteins at their pI induced by salts) [30]. It is 
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here shown that this behavior is thus transferred from TPP systems formed by t-butanol and 

salts aqueous solutions to TPP approaches based on ABS, meaning that similar molecular 

level mechanisms occur in both types of systems.

Within the TPP approach, recovery efficiencies of lysozyme at the ABS interface increase 

with the PEG molecular weight increase and with the PEG content increase. Both conditions 

enhance the hydrophobicity of the PEG-rich phase, being beneficial to induce the 

precipitation of lysozyme. This trend is in close agreement with the molecular-level 

mechanism ruling the precipitation of proteins in conventional butanol-ammonium sulphate 

TPP systems, where there is a salting-out effect exerted by the salt combined with 

hydrophobic interactions afforded by the butanol phase. In summary, recovery efficiencies 

of lysozyme at the ABS interface largely depend on the PEG molecular weight and its 

content, ranging between 2 and 79%, being these results similar to other proteins separated 

by means of TPP [30,52].  

Several studies demonstrated that an increase in the salt concentration results in an increase 

in the partition of biomolecules towards the upper phase or creation of a precipitate enriched 

in proteins at the ABS interface, being both phenomena promoted by salting-out effects [53–

55]. Accordingly, and aiming at identifying promising conditions to separate and recover 

ovalbumin and lysozyme, the effect of different concentrations of K2HPO4/KH2PO4 (at 11, 

12, and 13 wt%, pH 7) in the ABS composed of PEG 400, 1000, 1500 and 2000 was 

investigated. Based on the previous results regarding the polymer concentration, a fixed 

content of 30 wt% of PEG 400, 1000, 1500 and 2000 was used. The detailed extraction 

efficiency and recovery yield results toward the PEG-rich phase are given in the Supporting 

Information, being depicted in Figure 4. 
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Similarly to what observed in the polymer content effect, and within the ABS approach, both 

proteins preferentially partition to the PEG-rich phase. With ovalbumin no significant 

differences occur with the salt concentration, being the effect of the PEG molecular weight 

more significant when addressing the protein extraction efficiencies. On the other hand, with 

lysozyme, the effect of the salt concentration is more pronounced, with a decrease in the 

protein extraction efficiency occurring at higher salt concentrations. Furthermore, for both 

proteins there is a decrease on the extraction yield towards the PEG-rich phase, both with the 

salt concentration and PEG molecular weight increase. Generally, an increase in the salt 

content promotes the protein salting-out, which in the particular case of lysozyme is reflected 

by the protein precipitation at the interface. 

The extraction efficiencies to the PEG-rich phase range between 82 and 100% for ovalbumin, 

and between 87 and 100% for lysozyme. On the other hand, the recovery yields to the PEG-

rich phase range between 61 and 100% for ovalbumin, and between 20 and 100% for 

lysozyme, being the last protein the one that preferentially precipitates at the interface as 

discussed above.

The results of the recovery yields of lysozyme by the TPP approach at different salt 

concentrations is shown Figure 3, ranging between 2 and 79%. In ABS composed of PEG of 

higher molecular weights, an increase in the salt content supports the salting-out of the 

lysozyme favoring thus the protein precipitation at the interface. These results are in 

agreement with the work reported by Kim [56], who investigated interfacial partition as a 

separation step for protein recovery in polymer–salt ABS based on the protein solubility in 

the two phases. The author [56] demonstrated that the precipitation at the interface is a result 

of salting-out effects in both bottom and top phases. According to the TLs data given in the 

Supporting Information, an increase in the salt content in the mixture leads to an increase in 
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the salt concentration at the salt-rich phase, thus decreasing the protein solubility in the 

respective phase.

3.3. Simultaneous separation of proteins from egg white using ABS/TPP 

After the evaluation of a possible separation process based on ABS/TPP with commercial 

ovalbumin and lysozyme, the performance of these systems to separate both proteins from 

real egg white samples was addressed. The best separation strategy identified is by means of 

ABS/TPP, where ovalbumin is enriched in the PEG-rich phase and lysozyme simultaneously 

precipitates at the ABS interface. With this goal in mind, three mixture compositions (30 

wt% of  PEG 1000 or 2000 + 11, 12 or 13 wt% of K2HPO4/KH2PO4 at pH 7 + aqueous 

solution containing egg white diluted at 1:10 (v:v)) were investigated. PEGs with higher 

molecular weight were used since these lead to higher precipitation extents of lysozyme 

without significantly compromising the ovalbumin recovery yield in the PEG-rich phase, as 

shown and discussed above. Figure 5 depicts the recovery yield of ovalbumin in the PEG-

rich phase and of lysozyme as a precipitate applying ABS/TPP directly to egg white.

As observed and discussed before with pure proteins, ovalbumin tends to partition to the 

PEG-rich phase, with recovery yields ranging between 74 and 100%. An increase in the 

polymer molecular weight leads to a decrease in the recovery yield of ovalbumin in the PEG-

rich phase. On the other hand, the recovery yield of lysozyme at the interface as a precipitate 

ranges from 16 to 77%, in which an increase in the polymer molecular weight is favorable to 

induce the lysozyme precipitation. These results are in agreement with those obtained with 

pure proteins. Overall, the best systems identified to separate both proteins is the ABS/TPP 

formed by 30 wt% of PEG 2000 + 13 wt% of K2HPO4/KH2PO4 (pH 7), which leads to a 

recovery yield of ovalbumin in the PEG-rich phase of 82% and of lysozyme as a precipitate 

of 77%. Although a small loss of ovalbumin occurs when using PEGs of higher molecular 
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weight, it is the most advantageous system taking into account that ovalbumin is in 

significantly higher amounts in egg white when compared to lysozyme.

Since SE-HPLC was used to specifically quantify ovalbumin and lysozyme, the coexisting 

phases and the precipitated proteins at the interface (which were recovered and resuspended 

in phosphate buffer solution at 50 mM and pH 7.4) occurring in the ABS/TPP composed of 

30 wt.% of PEG 1000 or 2000 + (11-13) wt.% of K2HPO4/KH2PO4 + egg white aqueous 

solution (1:10, v:v) were analyzed by SDS-PAGE, whose results are shown in Figure 6.  

According to the SDS-PAGE results, it is clear the wide number of proteins and complexity 

of the egg white sample (lane EW in Figure 6). Furthermore, it is shown that the PEG-rich 

phase is majorly enriched in ovalbumin, as shown in lanes (a), (c), (e), (g), (i) and (l),  being 

in agreement with the results obtained by SE-HPLC. On the other hand, it is confirmed that 

lysozyme is mainly precipitated at the ABS interface. However, the precipitated fraction 

contains a series of other proteins present in egg white in addition to the target lysozyme, 

which were identified according to molecular weight markers and are estimated to be 

ovotransferrin (76 kDa), ovoinhibitor (52 kDa), and ovalbumin (45KDa). These results are 

in agreement with the SE-HPLC results where losses of ovalbumin in the PEG-rich phase by 

precipitation have been depicted. Although lysozyme recovered at the interface still requires 

further purification steps, e.g. low-cost ultrafiltration or precipitation steps can be included 

to increase the purification factor [57,58], it should be remarked that ovalbumin can be 

obtained at the PEG-rich phase with high purity, as well as ovoinhibitor that is preferentially 

enriched with  high purity in the salt-rich phase. The presence of ovoinhibitor in the salt-rich 

phase is shown in lanes (b), (d), (f), (h), (j) and (m) in Figure 6. 

Although SDS-PAGE results with higher definition would be relevant, the moderate 

viscosity and salinity of the ABS phases compromise the obtained results. Improvements 
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could be achieved by increasing the dilution factor of the ABS phases; however, this 

approach would result in lower proteins concentration and lack of identification of the 

proteins present in lower quantity in egg white. Even so, it should be remarked that the results 

shown in Figure 6 allow to identify the several proteins present in egg white according to 

their molecular weigth and to infer the selectivity of the studied ABS/TPP strategies to 

separate several proteins from egg white. 

Results previously reported in the literature [21] show the complete purification of ovalbumin 

from egg white with a recovery yield of 65% 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). In this work, also the complete purification of ovalbumin was achieved, with a 

recovery yield at the PEG-rich phase of 82%. In summary, comparing these results, it is clear 

that appropriate polymer-salt-based ABS allow the selective extraction of ovalbumin from 

egg white. However, it is also shown here that lysozyme can be precipitated (although 

requiring further purification steps), and that ovoinhibitor can be simultaneously recovered 

in the salt-rich phase.

Separation of more than one protein from egg white has been addressed by few research 

groups, but none of these studies correspond to a single-step process. Tankrathok et al. 

[59]  separated ovalbumin, lysozyme, ovotransferrin, and ovomucoid using Q-Sepharose 

fast-flow anion exchange and CM-Toyopearl 650M cation exchange chromatography, with 

yields of 54, 55 and 21%, respectively. Lysozyme, ovomucin, ovotransferrin and ovalbumin 

were separated in sequential steps by Abeyrathne et al. [60]. The authors separated first 

lysozyme, using a FPC3500 cation exchange resin and then ovomucin by isoelectric 

precipitation; ovalbumin and ovotransferrin were separated from the lysozyme- and 

ovomucin-free egg white by precipitating ovotransferrin, first using 5.0% of (NH4)2SO4 and 
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2.5% of citric acid. The supernatant obtained was used for the ovalbumin separation and the 

precipitate was dissolved in water, and reprecipitated using 2.0% of ammonium sulfate and 

1.5% of citric acid. Finally, the precipitate was used as ovotransferrin fraction, and this 

supernatant was pooled with the first supernatant obtained, followed by ultrafiltration and 

heat-treatment to remove impurities [60]. 

Although there is still a path to take to fully explore the potential of TPP based on ABS, it is 

here shown that this combination is highly advantageous to simultaneously separate several 

proteins from real and complex matrices. High yields of proteins can be obtained, whereas 

the protein collected at the interface can be easily collected and dissolved in an adequate 

buffered aqueous solution. 

4. CONCLUSIONS

In this work, the separation of ovalbumin and lysozyme was first optimized with pure and 

commercial proteins by means of ABS/TPP, and then the best systems were applied to 

separate proteins directly from egg white. The phase diagrams of ABS formed by PEGs of 

different molecular weight and K2HPO4/KH2PO4 (pH 7) were determined to ascertain the 

respective biphasic/monophasic regimes. In all systems investigated with pure proteins, it 

was observed the preferential extraction of ovalbumin and lysozyme to the PEG-rich phase. 

However, with an increase in the PEG molecular weight, as well as with the PEG and salt 

contents, it was observed the preferential precipitation of lysozyme over ovalbumin at the 

ABS interface, falling within the TPP approach.  The best ABS/TPP were then applied to egg 

white, in which similar trends were obtained. It was observed a preferential partition of 

ovalbumin to the PEG-rich phase, whereas lysozyme tends to precipitate at the ABS 

interface. The best system identified to separate both proteins is the ABS/TPP formed by 30 
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wt% of PEG 2000 + 13 wt% of K2HPO4/KH2PO4 (pH 7), which leads to a recovery yield of 

ovalbumin in the PEG-rich phase of 82%, and of lysozyme as a precipitate in the ABS 

interface of 77%. The separation of ovalbumin and lysozyme was also confirmed by SDS-

PAGE. These results have confirmed that ovalbumin is present in the PEG-rich phase with 

high purity, that lysozyme is mainly precipitated (although requiring further purification 

steps since other egg white proteins also tend to precipitate), and that ovoinhibitor can be 

simultaneously recovered with high purity in the salt-rich phase. Overall, it is here shown 

that ABS/TPP is a promising combination of techniques to separate proteins (ideally in one-

step) from complex matrices.
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FIGURE CAPTIONS

Figure 1. Phase diagrams at 25°C and atmospheric pressure in weight fraction (A) and 

molality units (B) of ABS composed of PEG + K2HPO4/KH2PO4 (pH 7) + water: PEG 400, 

◊; PEG 1000, △; PEG 1500, □; PEG 2000, . Solid lines correspond to the fitting proposed 

by Merchuk et al. [43].

Figure 2. Extraction efficiency (EEProtein%, bars) and recovery yield (RYProtein/PEG %, symbols 

and line) in the PEG-rich phase of (A) Ovalbumin and (B) Lysozyme in ABS composed of 

12 wt% of K2HPO4/KH2PO4 and different concentrations of PEG (25, 30 and 35 wt%) at 

25°C and pH 7.

Figure 3. Recovery yield (RYProtein/TPP%, bars) of Lysozyme as a precipitate within the TPP 

concept in ABS composed of (A) 12 wt% of K2HPO4/KH2PO4 and different concentrations 
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of PEG (25, 30 and 35 wt%) and (B) 30 wt% of each PEG and different concentrations of 

K2HPO4/KH2PO4 (11, 12 and 13 wt%) at 25°C and pH 7. 

Figure 4. Extraction efficiency (EEProtein%, bars) and recovery yield (RYProtein/PEG%, symbols 

and line) of (A) Ovalbumin and (B) Lysozyme in ABS composed of 30 wt% of PEG and 

different concentrations of K2HPO4/KH2PO4 (11, 12 and 13 wt%) at 25°C and pH 7.

Figure 5. Recovery yield (RYProteinPEG/TPP%, bars) of (A) Ovalbumin in the PEG-rich phase 

and (B) Lysozyme as a precipitate from egg white dissolved in water (1:10, v:v) in ABS 

composed of 30 wt% of PEG 1000 or PEG 2000 and different concentrations of 

K2HPO4/KH2PO4 (11, 12 and 13 wt%) at 25°C and pH  7.

Figure 6. SDS-PAGE of the ABS phases and recovered precipitate at the interface, using the 

ABS composed of 30 wt% of PEG 1000/2000 + (11-13) wt% of K2HPO4/KH2PO4 + egg 

white aqueous solution (1:10, v:v). Lanes (a), (c), (e), (g), (i) and (l): proteins profile in the 

PEG-rich phase; lanes (b), (d), (f), (h), (j) and (m): proteins profile in the salt-rich phase 

Lanes (P1-P6): proteins profile in the interface (the recovered pelleted was re-dissolved in a 

buffer solution); lane (EW): proteins profile of egg white diluted at 1:10 (v:v); lane M: 

molecular weight markers.
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FIGURES

Figure 1
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Figure 2
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Highlights 

 Three-phase partitioning based on aqueous biphasic systems allow proteins 
fractionation.

 The precipitation of lysozyme is favored by the polymer molecular weight increase.
 The precipitation of lysozyme is favored by increasing the polymer/salt contents.
 Ovalbumin and ovoinhibitor are enriched in opposite phases.
 Lysozyme is enriched/precipitated at the systems interface.  


