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PEGylation is widely used in biopharmaceuticals to enhance protein stability and half-life, but the resulting mixtures typically contain multiple PEGylated derivatives alongside unmodified proteins, complicating purification. In this study, we developed a novel aqueous two-phase separation (ATPS) strategy for selectively purifying mono-PEGylated human serum albumin (HSA). HSA was PEGylated using polyethylene glycol (PEG) reagents of different molecular weights (20 kDa and 40 kDa) and subsequently purified using ATPS. Our results demonstrated that ATPS effectively isolated PEGylated HSA with purity >99% and extremely high selectivity in the top phase. Tie-line length (TLL) significantly influenced yield and purity, whereas the volume ratio (Vr) had a minimal effect. Optimal conditions for the separation of 20 kDa PEGylated HSA were identified at a TLL of 29% (w/w) and a Vr of 2.5, achieving a yield of 50% and an equilibrium constant of 1.6. Under identical conditions, the yield and equilibrium constants for 40 kDa PEGylated HSA increased to 58% and 18, respectively, attributed to enhanced hydrophobic interactions from the larger PEG reagent. Furthermore, ATPS reached equilibrium rapidly within 30 min, resulting in high productivity levels of 1.3 and 1.5 g/L/h for 20 and 40 kDa PEGylated HSA, respectively. These findings illustrate the high efficiency and industrial potential of ATPS as an effective purification strategy for PEGylated therapeutic proteins.
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1 INTRODUCTION
The introduction of therapeutic proteins and peptides as biotherapeutics marked a significant advancement in the healthcare industry during the 20th century. Since the early 1980s, progress in recombinant protein biomanufacturing has laid the foundation for treating various diseases, including cancer (Tripathi and Shrivastava, 2019). These advancements have driven the global market to a value of $333.1 billion in 2022, with projections estimating growth to $856.1 billion by 2030 (BioSpace, 2022). However, the rapid clearance of recombinant proteins from circulation, remains a significant challenge in protein therapeutics, necessitating frequent dosing, increased production demands, and escalating manufacturing expenses (Zaman et al., 2019). This challenge has led to ongoing efforts aimed at extending the circulation half-life of protein-based therapeutics.
Covalent conjugation of polyethylene glycol (PEG) polymers to amino acid residues, known as PEGylation, is widely employed to prolong the half-life of proteins. To date, over 25 PEGylated therapeutic proteins have been approved by the FDA (Holz et al., 2023). Although random PEGylation is commonly used to produce PEGylated protein therapeutics, it often produces a heterogeneous mixture of PEGylated species (PEGmers). These undesired variants can alter pharmacokinetics, reduce efficacy, or cause undesirable toxicological and immunological responses (Mao et al., 2022). Consequently, site-specific PEGylation is preferred to minimize heterogeneity and improve product consistency (Belén et al., 2019).
Targeting cysteine residues presents a promising approach for site-specific PEGylation, especially when free thiol groups are present. Although cysteines constitute only about 1% of amino acid residues in proteins, their selective reactivity with maleimide-functionalized PEG reagents enables efficient and specific conjugation with minimal side reactions (Nair et al., 2014; Dozier and Distefano, 2015; Wall et al., 2020). Notable examples of cysteine site-specific PEGylation include modification of human serum albumin (HSA) (Zhao et al., 2012; Mehtala et al., 2015), alpha-1 antitrypsin (AAT) (Liu et al., 2022a; Liu et al., 2022b), and antibodies or their derivatives targeting cancer-associated antigens (Alric et al., 2016; Kholodenko et al., 2019; Kalinovsky et al., 2023a; Kalinovsky et al., 2023b). Owing to the specificity of thiol-maleimide bioconjugation, its applications extend beyond site-specific PEGylation to the development of next-generation immunotherapies, such as antibody-drug conjugates (Benjamin et al., 2019; Jendryczko et al., 2022; Osgood et al., 2024).
PEGylation alters protein properties, influencing the selection of an appropriate chromatographic technique (Ramos-de-la-Peña and Aguilar, 2020). Therefore, various chromatographic techniques have been employed to separate unmodified proteins from PEGylated protein derivatives. Ion-exchange chromatography, for instance, differentiates proteins and their PEGylated derivatives based on net surface charge (Moosmann et al., 2010; Morgenstern et al., 2017; Sánchez-Trasviña et al., 2021). However, the separation of large biomolecules is primarily governed by diffusion within the pores of the stationary phase, which prolongs separation time and reduces productivity (Schultze-Jena et al., 2020). Consequently, chromatographic operations often fail to reach equilibrium binding, typically described by the batch Langmuir isotherm uptake model (Ghose et al., 2004). Traditional protein chromatography entails a tradeoff between resolution and productivity (Bigelow et al., 2021). As a result, productivity is constrained in large-scale protein processing due to the need for multiple chromatography cycles.
Aqueous two-phase separation (ATPS) is a liquid-liquid extraction technique in which two distinct phases formed at a critical concentration of two mutually incompatible solutes (Roque et al., 2020). ATPS systems consist of either polymer-polymer or polymer-salt combinations. Protein partitioning between phases depends on both protein properties and system characteristics (Azevedo et al., 2008). For example, Rosa et al. demonstrated that an ATPS comprising PEG 3350, phosphate, and NaCl could extract immunoglobulin G (IgG) from a model protein mixture containing IgG, HSA and myoglobin, achieving yield and purity of 97% and 99%, respectively (Rosa et al., 2007). Similarly, Azevedo et al. employed an ATPS consisting of PEG 3350, citrate buffer, and NaCl, which effectively recovered IgG from a hybridoma cell culture supernatant into the top phase with a yield of 99% and purity of 44% (Azevedo et al., 2009a). ATPS has been used as a harvest step in downstream processing of Chinese hamster ovary (CHO) cell culture supernatants (Azevedo et al., 2008; Azevedo et al., 2009b). Furthermore, ATPS has been applied to the fractionation and purification of PEGylated proteins from PEGylation reaction mixtures (González-Valdez et al., 2011; Santos et al., 2017). Moreover, ATPS has been integrated into PEGylation process merging reaction/fractionation steps (Mejía-Manzano et al., 2017; Santos et al., 2019; Campos-García et al., 2021).
In this study, HSA was selected as a model protein for site-specific PEGylation, and ATPS was evaluated as an extraction and purification method for PEGylated proteins. To the best of our knowledge, no prior studies have investigated ATPS as a purification platform for site-specific PEGylated proteins. Reactive cysteine PEGylation reagents (methoxy PEG maleimide) of two molecular weights (20 and 40 kDa) were reacted with HSA, and molar conversion was monitored over time using electrophoresis and ultra-performance liquid chromatography (UPLC). The ATPS model system consisted of PEG 3350 and citrate buffer (pH 6). The separation performance of ATPS for 20 kDa and 40 kDa PEGylated HSA was evaluated in terms of yield and equilibrium constant (Kp). Additionally, the effects of key operational parameters, including tie-line length (TLL), volume ratio (Vr), and the presence of NaCl, were investigated.
2 MATERIALS AND METHODS
2.1 Materials
HSA (part number A9731), PEG (molecular weight: 3350 g/mol), citric acid, trisodium citrate, ethylenediaminetetraacetic acid (EDTA), monobasic sodium phosphate, dibasic sodium phosphate, cysteine, sodium chloride, trifluoroacetic acid (TFA), and acetonitrile were purchased from Sigma-Aldrich. Methoxy PEG maleimides (20 kDa and 40 kDa) were obtained from JenKem Technology. The Bio-Rad protein assay dye reagent concentrate, Bio-Safe Coomassie stain, and Precision Plus Protein™ All Blue Standards were procured from Bio-Rad.
2.2 Methods
2.2.1 PEGylation reaction
HSA was PEGylated following a procedure similar to that reported by Mehtala et al. (2015) and Liu et al. (2022a). Briefly, HSA was dissolved in 10 mL reaction buffer (50 mM phosphate buffer with 10 mM EDTA, pH 6.5) at a concentration of 10 mg/mL (0.15 mM) in a 15 mL falcon tube. Methoxy PEG maleimide (mPEG-MAL; 20 or 40 kDa) was added at a 5:1 ratio relative to HSA, and the reaction was allowed to proceed for 3 h at 37 °C. Aliquots (0.2 mL) were withdrawn periodically and mixed with 10 µL of 20 mg/mL cysteine solution to quench the reaction. The samples were stored at −20°C for further assays/ATPS.
2.2.2 Bradford total protein assay
The total protein concentration was determined using the Bradford assay (Bradford, 1976). A standard calibration curve was prepared using HSA standards in 0.1 M phosphate buffer (pH 7.0) within the concentration range of 0.50–0.05 mg/mL. Unknown samples were diluted in the same buffer. The Protein Assay Dye Reagent Concentrate was diluted five-fold in double-distilled water (DD-H2O). HSA standards and unknown samples (20 µL) were mixed with 1 mL of the diluted dye reagent, and absorbance were measured at 595 nm using a Perkin Elmer Lambda 25 spectrophtometer.
2.2.3 SDS-PAGE
SDS-PAGE was performed using 4–20% Tris-HCl precast gradient gels (Bio-Rad) in a Mini-PROTEAN® II cell (Bio-Rad), following a procedure similar to that described by Alkanaimsh et al. (2019). Briefly, samples were mixed with 4× Laemmli buffer and heated at 95°C for 5 min. Precision Plus Protein ™ All Blue Pertained Protein Standards and samples were loaded into the gels and electrophoresis was run at 200 V for 35 min. The gels were washed thrice with double-distilled H2O (DD-H2O), and then stained with Bio-safe Coomassie Blue G-250 Stain for 1 h. The gels were then incubated overnight with double-distilled H2O for destaining.
2.2.4 ATPS extraction studies
ATPS was performed by mixing appropriate amounts of 50% (w/w) PEG 3350 stock solution, 40% (w/w) citrate buffer stock, protein solution, NaCl, and DD-H2O. The PEG 3350 stock solution was prepared by dissolving 50 g of PEG 3350 in 50 mL of DD-H2O. The citrate buffer stock solution was prepared by mixing 40% (w/w) citric acid and 40% (w/w) trisodium citrate to reach a pH of 6. The densities of both stock solutions were measured and used to determine the volumes required for ATPS formation. The protein solution from the PEGylation reaction was diluted in 0.1 M phosphate buffer at a concentration of 5 mg/mL (pH 7) and used as a stock. For each extraction, 0.3 g of this solution was transferred to a 2.0 mL Eppendorf microcentrifuge tube along with the appropriate volumes of 50% PEG 3350 stock and 40% citrate buffer stock (pH 6). DD-H2O was added until the system reached a total mass of 1.5 g. The final weight percentages of PEG 3350 and citrate in the ATPS were determined based on binodal curves established by Azevedo et al. (2009a). NaCl was added in powder form to adjust the system to the required final weight percentage. All system components were mixed thoroughly using a vortex and phase separation was allowed to proceed under gravity force at room temperature. Volume of each phase was recorded. Aliquots from each phase was taken for analysis. ATPS performance was evaluated by calculating the recovery percentage (yield %) of PEGylated HSA, the equilibrium constant (Kp), and selectivity. These parameters were calculated according to Equations 1-3 shown below.
Yield %=Mass of mono-PEGylated HSAMass of mono-PEGylated HSA in the feed(1)
Kp=Concentration of PEGylated HSA in the top phaseConcentration of PEGylated HSA in the bottom phase(2)
Selectivity=KpPEGylated HSAKpHSA(3)
2.2.5 Analytical procedure
Reaction aliquots and ATPS phase fractions (10 µL) were analyzed by reverse-phase UPLC (RP-UPLC) using an ACQUITY UPLC Protein BEH C4 column (300 Å, 1.7 µm, 2.1 mm × 50 mm; Waters Corporation). Gradient elution was performed at a flow rate of 0.2 mL/min, according to the manufacturer instructions. It was established using solvent A (0.1% (v/v) TFA in DD-H2O) and solvent B (71.4% acetonitrile and 28.6% DD-H2O containing 0.075% (v/v) TFA). The gradient profile was as follows: 0 min (A%: 72, B%: 28), 25 min (A%: 0, B%: 100), 27 min (A%: 0, B%: 100), and 45 min (A%: 72, B%: 28). Absorbance was measured at 280 nm using a diode array detector (DAD). The composition of each protein species was calculated as the ratio of the area under the curve (AUC) of each protein peak to the total AUC of all protein peaks. Based on the gradient elution conditions, the retention times (Rt) of HSA, 20 kDa PEG-HSA, and 40 kDa PEG-HSA were 10.5, 12.3, and 13.7 min, respectively.
2.2.6 Statistical analysis
All aqueous two-phase separation conditions were performed in duplicate, and samples from each replicate were analyzed in triplicate. For each sample replicate, a mean was calculated, and the data represents the mean of both sample replicates. Error bars indicate standard deviation calculated using GraphPad Prism 10.5.0.
3 RESULTS AND DISCUSSION
3.1 HSA site-specific PEGylation
Methoxy PEG maleimide reagents of two molecular weights (20 and 40 kDa) were employed for site-specific HSA PEGylation (Figure 1). In both cases, the starting HSA solution (10 mg/mL) in reaction buffer was mixed with a five-fold molar excess of the PEG reagent. Samples were collected at multiple time points (0, 5, 10, 15, 20, 30, 45, 60, 90, 120, and 180 min), and the progression of PEGylated HSA formation was monitored by RP-UPLC (Supplementary Figures S1 and S2). The PEG polymer increases the hydrophobicity of the PEGylated species, thereby increasing their Rt compared to unmodified HSA (Cisneros-Ruiz et al., 2014). Accordingly, the greater the molecular weight of the PEG reagent, the more PEGylated protein derivative is retained. This explains the observed Rt values of 10.5, 12.3, and 13.7 min for unmodified HSA, the 20 kDa PEG-HSA derivative, and the 40 kDa PEG-HSA derivative, respectively. The identity of these peaks in each sample aliquot was confirmed by SDS-PAGE (Figure 2), which demonstrated successful conjugation of PEG to HSA.
[image: Diagram showing the reaction between HSA-Protein, featuring a cysteine (Cys) with an SH group, and PEG-maleimide (20, 40 kDa). The process occurs at pH 6.5 and 37 degrees Celsius over 0 to 180 minutes, resulting in PEG(20, 40 kDa)-HSA-Protein with a connecting sulfur (S) bond.]FIGURE 1 | Proposed reaction system of HSA with PEG-maleimides (20, 40 kDa).[image: SDS-PAGE gel image showing protein bands in nine lanes. Lanes 2 to 9 display distinct bands at various molecular weights, with prominent bands around 50-75 kDa. Molecular weight markers range from 10 to 250 kDa.]FIGURE 2 | SDS-PAGE analysis of HSA PEGylation using 20 and 40 kDa methoxy PEG maleimide reagents. Lane 1: protein marker; Lane 2: 20 kDa PEGylation reaction at 0 min; Lane 3: 20 kDa PEGylation reaction at 30 min; Lane 4: 20 kDa PEGylation reaction at 60 min; Lane 5: 20 kDa PEGylation reaction at 120 min; Lane 6: 40 kDa PEGylation reaction at 0 min; Lane 7: 40 kDa PEGylation reaction at 30 min; Lane 8: 40 kDa PEGylation reaction at 60 min; and Lane 9: 40 kDa PEGylation reaction at 120 min.The concentrations of both native and PEGylated protein derivatives were calculated by determining the individual AUC for each RP-UPLC peak relative to the total protein concentration obtained from the Bradford assay. Figure 3 compares the concentration profiles of unmodified HSA and 20 kDa and 40 kDa PEGylated HSA. The figure illustrates that comparable conversions were achieved by the end of the 3-h reaction: 23% ± 0.1% for the 20 kDa PEG reagent and 22% ± 0.1% for the 40 kDa PEG reagent. The initial reaction rates were determined by analyzing the linear portion of the HSA concentration curves within the first 15 min of the reactions. The initial rates were calculated as 1.5 ± 0.1 μM/min and 1.8 ± 0.2 μM/min for the 20 and 40 kDa PEGylation reactions, respectively. PEGylated HSA formation rates decreased after 15 min and reached a plateau by 45 min. The increase in conversion was <5% from 45 to 180 min for both reactions.
[image: Graph depicting the concentration of different compounds over time in minutes. Circles represent HSA (20k Rxn) showing a gradual decrease from 0.15 mM to 0.11 mM. Squares and downward triangles represent 20 kDa PEG-HSA and 40 kDa PEG-HSA, remaining consistently low around 0.03 mM.]FIGURE 3 | HSA and 20 kDa and 40 kDa PEGylated HSA protein concentration profiles during the conjugation reactions.The observed decrease in reaction rate can be attributed to the susceptibility of PEG maleimide reagents to hydrolysis in aqueous buffers (Martínez-Jothar et al., 2018; Wang et al., 2019). For example, Wang et al. demonstrated that 40 kDa Y-shaped methoxy PEG maleimide deactivates in aqueous buffers following first-order kinetics, with a deactivation constant of 0.03 min-1 at 37°C, extrapolated from values obtained at 20°C and 30°C (Wang et al., 2018). Based on these data, it is anticipated that the deactivation constant in this study is similarly high, as a value of 0.03 min-1 corresponds to approximately 80% deactivation after a 45-min reaction. To evaluate the effect of protein concentration on PEGylation efficiency, the initial HSA concentration was varied between 2 and 20 mg/mL, while maintaining a fixed five-fold molar excess of the 20 kDa methoxy PEG maleimide reagent. Although previous studies have reported a positive correlation between increased initial protein concentration and higher conversion in thiol PEGylation of HSA and AAT (Mehtala et al., 2015; Liu et al., 2022a), no significant differences in conversion were observed under the conditions used in this study. These findings support the hypothesis that hydrolytic degradation of the PEG maleimide reagent significantly limits the PEGylated yield. Nonetheless, site-specific PEGylation of HSA was successfully achieved using the proposed protocol and served as the starting material for ATPS optimization studies.
3.2 ATPS of PEGylated HSA protein derivates
3.2.1 Establishment of high selectivity ATPS for purification of PEGylated HSA at shorter TTL
ATPS is considered one of the non-traditional protein purification techniques (Shukla et al., 2017; Phong et al., 2018; Almeida et al., 2023; Singla and Sit, 2023; Segaran and Chua, 2024), and has been used to extract/purify relevant biopharmaceutical protein like IgG (Ramalho et al., 2018; Capela et al., 2019; Capela et al., 2023) and others (Castro et al., 2020; Magri et al., 2020). ATPS performance was assessed based on PEGylated protein yield, selectivity, and the equilibrium partition coefficient, as calculated by Equations 1-3. Selectivity refers to the degree of effective separation, where target molecules preferentially migrate to one phase, while impurities are directed into the other. Figure 4 shows chromatographs of the loaded feed material and the resulting PEG-rich top and salt-rich bottom phases following ATPS. The feed material exhibited two peaks corresponding to unmodified HSA and its 20 kDa PEGylated derivative. In contrast, the PEG-rich top and salt-rich bottom phase chromatograms revealed predominantly single peaks: unmodified HSA partitioned into the salt-rich bottom phase, while the PEGylated HSA partitioned into the PEG-rich top phase. For ATPS systems with TLLs of 29% and 35% (w/w), the top phases were free of unmodified HSA, and the bottom phases contained HSA with a mass fraction ≥0.9. This demonstrates that PEG-based ATPS can efficiently separate PEGylated HSA from unmodified HSA with extremely high selectivity, calculated by Equation 3.
[image: UV absorption graph at 280 nm over time. Feed (black), top (red), and bottom (green) layers are compared. A peak at 10 minutes, mainly in the feed and bottom layers, with a smaller peak at 12 minutes, primarily in the top layer.]FIGURE 4 | Comparison of the chromatographs of the reaction mixture, top phase, and bottom phase after performing ATPS at a TLL of 29 (w/w) % and Vr of 1. The primary y-axis (left) represent the UV absorbance of the feed and the bottom phase, and the secondary y-axis (right) represents the UV absorbance of the top phase.Protein separation in ATPS is primarily influenced by several factors, including hydrophobicity, electrochemistry/ionizability, and biospecific affinity (Asenjo and Andrews, 2011). Various mechanisms govern the differential partitioning of HSA and its PEGylated derivatives into the bottom and top phases, respectively. HSA is a highly hydrophilic protein that preferentially partitions into the salt-rich bottom phase. This behavior can be attributed to the higher water activity in the bottom phase, which facilitates interactions with the charged groups of proteins and promotes the formation of hydration shells, thereby stabilizing protein structure, a phenomenon well recognized in aqueous environments (Morón, 2021). Großmann et al. showed that glycine, a hydrophilic amino acid, partitions into the bottom phase, further supporting the role of water-mediated stabilization (Großmann et al., 1995). Moreover, at higher ionic strengths, charge shielding occurs, which reduces electrostatic repulsion between negatively charged albumin and citrate ions, thereby enhancing albumin partitioning into the bottom phase (Haynes et al., 1989). In contrast, the PEG-rich top phase does not support favorable conditions for HSA partitioning. PEG molecules in the top phase impose steric hindrance on large proteins (e.g., HSA), effectively excluding them from this crowded environment (Liu et al., 2016). Moreover, the top phase is known to be more hydrophobic than the salt-rich bottom phase, making it unsuitable for accommodating highly hydrophilic proteins such as HSA (Asenjo and Andrews, 2011).
In contrast to native HSA, PEGylated proteins exhibit altered physiochemical properties that influence their partitioning. The increased hydrophobicity of PEGylated proteins drives their migration into the more hydrophobic top phase rather than the salt-enriched bottom phase (Dreyer et al., 2009). The hydrophilic properties of HSA decrease upon PEGylation, as evidenced by the increased retention times during hydrophobic interaction chromatography (Ghosh, 2005; Shang et al., 2013; Retnaningtyas et al., 2016). Enhanced partitioning of PEGylated proteins into the PEG-rich top phase, due to this increased hydrophobicity, has been consistently reported (González-Valdez et al., 2011; Mejía-Manzano et al., 2017; Campos-García et al., 2021). Furthermore, the salting-out effect reduces the solubility of hydrophobic proteins in salt-rich environments, such as the bottom phase of PEG-salt ATPS. Hachem et al. (1996) demonstrated that protein hydrophobicity strongly correlates with preferential partitioning into the PEG-rich top phase in PEG/phosphate systems (Hachem et al., 1996). This finding supports the hypothesis that PEGylated proteins, due to their reduced solubility in ionic environments, are excluded from the salt-rich bottom phase and preferentially recovered in the PEG-rich top phase. Supporting this, Azevedo et al. (2007), Azevedo et al. (2009a) showed that increasing NaCl content to 15% (w/w) facilitated the partitioning of IgG into the top phase of a PEG/salt system, whereas it was retained in the bottom phase under NaCl-free ATPS (Azevedo et al., 2007; Azevedo et al., 2009a). This can be extended to PEGylated proteins, which are more susceptible to salting out due to their increased hydrophobicity and thus favor partitioning into the top phase. Furthermore, PEGylated proteins may exhibit affinity-like behaviors due to the presence of PEG chains, which can interact with PEG-rich environments. Jorge et al. (2024) demonstrated that PEG-PEG self-interactions occur, as indicated by lateral packing between PEG chains, which may contribute to enhanced recovery of PEGylated proteins in the top phase (Jorge et al., 2024).
In contrast to the high selectivity observed at shorter TLL values (i.e., 29% and 35% w/w), operating at longer TLL (43% w/w) resulted in decreased selectivity, as HSA partitioned into both phases. As shown in Supplementary Figure S3, the top phase contained both proteins, with an HSA mass fraction of 0.31. In contrast, the bottom phase contained a minor amount of PEGylated protein, and the HSA mass fraction was 0.94. At high TLL, both PEG and citrate concentrations increase, leading to reduced water activity in both phases. Consequently, the bottom phase becomes more salt-rich and water-deprived, resulting in the loss of hydration shells that normally stabilize proteins. This phenomenon, known as salting-out, can explain the redistribution of HSA into both phases under longer TLL conditions (Huddleston et al., 1996). Moreover, the increased citrate ion concentration in the bottom phase may contribute to electrostatic repulsion with the negatively charged HSA at pH 6, further impacting protein partitioning. Our results are in agreement with Santos et al. who showed decrease in recovery of target protein with increasing TLL in ATPS and migration of contaminates hydrophilic proteins due to salting-out effects (Santos et al., 2018). To confirm that salting-out was the primary driving force for the migration of HSA into the top phase, ATPS was operated at 29% (w/w) TLL with the addition of 15% (w/w) NaCl. As shown in Supplementary Figure S4, the top phase contained both HSA and its PEGylated derivative, but the HSA mass fraction increased to 0.42. It is well established that NaCl induces salting-out, promoting the transfer of proteins from the salt-rich bottom phase into the PEG-rich top phase in PEG/salt systems (Azevedo et al., 2007; Azevedo et al., 2009a). These findings confirm that salting-out was the primary mechanism responsible for HSA migration into the top phase in both systems, with a greater salting-out effect induced by NaCl presence. At higher TLL, this effect was accompanied by the additional presence of concentrated citrate ions in the bottom phase. In such conditions, electrostatic repulsion serves as a secondary mechanism that further promotes protein migration. In contrast, in the high-ionic-strength system (15% w/w NaCl), minimal electrostatic repulsion occurs due to chloride ions, leaving salting-out as the dominant driving force.
3.2.2 Impact of TLL and volume ratio on output parameters for PEGylated HSA purification by ATPS
While selectivity refers to the extent of separation between target molecules and impurities across two phases, protein yield refers to the percentage recovery of the target protein in a single phase relative to its total amount in the system. In this context, yield is defined as the mass of PEGylated HSA recovered in the top phase relative to the total PEGylated HSA mass in the ATPS feed (Equation 1). The equilibrium constant reflects the distribution of PEGylated HSA between the top and bottom phases (Equation 2). Figure 5 shows the yield and equilibrium constant for 20 kDa PEGylated HSA as a function of TLL at a fixed volume ratio (Vr = 1). Operation the ATPS at a lower TTL (i.e., 29% w/w) resulted in a higher PEGylated HSA yield but a lower equilibrium constant. Specifically, the yields of PEGylated HSA in the top phase were 42.6% ± 0.5%, 31.6% ± 0.8%, and 29.7% for TLLs of 29, 35, and 43% (w/w), respectively. In contrast, the corresponding equilibrium constants were 1.60 ± 0.1, 2.13 ± 0.1, and 2.15, respectively. The effect of Vr was further examined at 29% (w/w) TLL, with Vr ranging from 1.0 to 2.5. The recovery yield of PEGylated has increased with increasing Vr. For instance, yields were 42.6% ± 0.5% and 49.8% ± 0.6% at Vr values of 1.0 and 2.5, respectively (Figure 6). Conversely, the equilibrium constant decreased with increasing Vr from 1.60 ± 0.1 to 1.36 ± 0.1 (Figure 6).
[image: Scatter plot depicting Yield and K constant against TLL percentage. Yield (circles) is on the left y-axis, ranging from 0.0 to 0.5, and K constant (squares) on the right y-axis, ranging from 0.0 to 2.5. TLL percentage on the x-axis ranges from 25 to 45. Legend indicates circles for Yield and squares for K constant, both with error bars.]FIGURE 5 | 20 kDa PEGylated-HSA yield in the top phase and equilibrium constant after ATPS fractionation.[image: Scatter plot comparing yield and K constant against volume ratio. Yield is represented by circles, and K constant by squares. Yield ranges from 0.0 to 0.5, while K constant ranges from 0.0 to 2.5. Volume ratio varies from 0 to 3.]FIGURE 6 | The effect of Vr on 20 kDa PEGylated-HSA yield in the top phase and equilibrium constant after ATPS fractionation.The enhancement of the equilibrium constant of PEGylated HSA with increasing TLL can be attributed to the increasing concentrations of PEG and citrate concentrations in the top and bottom phases, respectively. Higher concentrations of the phase-forming agents increase the hydrophobicity contrast between the two phases, favoring the partitioning of PEGylated HSA into the more hydrophobic top phase. Moreover, increased PEG concentration in the top phase enhances PEG-PEG affinity interactions, further promoting PEGylated HSA partitioning into this phase and resulting in a higher equilibrium constant. A minor contributing mechanism may be electrostatic repulsion between PEGylated HSA and citrate ions in the bottom phase. Because PEGylation shields surface charges on the protein, PEGylated HSA is less responsive to electrostatic interactions compared to native HSA. Therefore, a higher citrate concentration is required to induce repulsion, which may contribute to the exclusion of PEGylated HSA from the bottom phase.
However, the lower yield observed at higher TLL values can be explained by the loss of PEGylated protein at the phase interface. To account for the total protein mass, a mass balance was performed by summing the protein present in the top and bottom phases and at the interface. Interfacial tension increases with rising TLL due to greater compositional differences between the two phases (Wu and Zhu, 1999; Asenjo et al., 2002). This results in increased protein accumulation at the interface. Azevedo et al. (2009a) reported similar findings, where protein losses at the interface grew with increasing TLL (Azevedo et al., 2009a). Likewise, Nisslein et al. (2021) observed significant antibody loss at the interface when using longer TLLs in ATPS systems, attributing this to increased interfacial tension that causes target molecules to become trapped at the phase boundary (Nisslein et al., 2021). Consequently, the combined effects of interfacial trapping and bottom-phase partitioning of PEGylated HSA at higher TLLs led to reduced yields in the top phase (Figure 5). Our results are in agreement with Santos et al. who showed a decrease in recovery of target PEGylated cytochrome c protein with increasing TLL in ATPS (Santos et al., 2017). This was explained by decreasing in water content in top-phase leading to excluding the PEGylated protein derivate with intermediate hydrophobicity.
The findings of this study are consistent with those reported by González-Valdez et al. (2011), who attributed enhanced recovery of PEGylated derivatives in the top phase to increased free volume availability (González-Valdez et al., 2011). This aligns with other studies demonstrating that a reduced Vr increases the equilibrium constant, and that changes in equilibrium constants are smaller at shorter TLLs (Marcos et al., 1998; Nisslein et al., 2021). In our study, increasing the volume ratio resulted in a larger top phase volume, which diluted the concentration of PEGylated HSA. Although the PEG-concentration remained fixed at a given TLL, the dilution effect led to a reduced PEGylated protein mass per unit volume. This in turn weakened PEG-PEG affinity interactions, resulting in a decreased equilibrium constant at higher volume ratios (Figure 6). However, the lower concentration of PEGylated HSA in the top phase also reduced the chemical potential, thereby promoting additional protein transfer into the top phase. This is supported by Johansson et al. (1998), who demonstrated that partitioning in ATPS is entropy driven toward phases with a higher density of phase-forming agents relative to solute molecules (Johansson et al., 1998). As a result, despite a reduction in the equilibrium constant, increased volume ratios yielded higher PEGylated HSA recovery in the top phase.
3.2.3 Impact of mPEG-MAL size on the output parameters of PEGylated HSA purification by ATPS
We investigated the influence of PEG molecular weight on ATPS performance in separating PEGylated HSA derivatives. In our previous experiments, 20 kDa mPEG-MAL was conjugated to HSA, and the resulting mixture was subjected to ATPS for purification. Subsequently, ATPS was applied to purify the reaction mixture resulting from 40 kDa mPEG-MAL conjugation to HSA. As shown in Figures 2, 3, the reaction yields for both PEG sizes were similar, indicating that the conclusions drawn from ATPS performance reflect differences in PEG size rather than initial conjugation efficiency.
The yields and equilibrium constants for 20 and 40 kDa PEGylated HSA were compared under ATPS conditions of 29% (w/w) TLL and a Vr of 2.5 (Figure 7). Application of ATPS to the 40 kDa PEGylated HSA derivate resulted in improved separation performance. Specifically, the 20 kDa PEGylated HSA yielded49.8% ± 0.6% with an equilibrium constant of 1.36 ± 0.1, whereas the 40 kDa PEGylated HSA achieved a higher yield of 58.2% ± 0.9% and a significantly greater equilibrium constant of 18 ± 2, respectively. These results are consistent with the findings of Santos et al. who showed enhanced yield and equilibrium constants upon increasing reactive PEG conjugation polymer size (Santos et al., 2019). This improvement in both yield and equilibrium constant can be attributed to the increased hydrophobicity of the 40 kDa PEGylated HSA compared with its 20 kDa counterpart. A similar effect has been reported with increasing PEGylation degree (tri- > di- > mono-PEGylated forms), which results enhanced partitioning into the top phase (Mejía-Manzano et al., 2017). The enhancement in yield and equilibrium constant upon increasing the PEG conjugation size can be attributed to increased PEG-PEG affinity forces, leading to greater partitioning of the greater molecular weight PEGylated derivative HSA into the top phase. Moreover, due to its more hydrophobic nature, the greater molecular weight PEGylated is more susceptible to salting-out, resulting in reduced concentration in the salt-rich bottom phase and further improving separation efficiency.
[image: Scatter plot showing the relationship between mPEG-maleimide size (kDa) and two metrics: yield and K constant. Yield, represented by circles, ranges from approximately 0.5 to 0.6, while K constant, represented by squares, appears around 20. The size range is from 0 to 50 kDa.]FIGURE 7 | Comparison of the PEGylated HSA yield and equilibrium constant after ATPS fractionation as a function of methoxy PEG maleimide reagent size.SDS-PAGE was performed for the 20 and 40 kDa PEGylation reaction mixtures after ATPS purification (Figure 8). In both cases, the top phase samples (lanes 4 and 7) exhibited nearly pure PEGylated HSA, whereas the bottom phase samples (lanes 3 and 6) contained only unmodified HSA.
[image: Protein gel electrophoresis image showing seven lanes with protein bands. Molcular weight markers on teh left range from 10 to 150 kDa (lane 1). Lanes 2 and 5 repreesnt the PEGylation mixtures. Lanes 3 and 4 represent the fractionation of 20 kDa PEGylation reaction. Lanes 6 and 7 represent the fractionation of 40 kDa PEGylation reaction.]FIGURE 8 | SDS-PAGE electrophoresis of the ATPS of various HSA-PEGylation reaction mixtures. Lane 1: protein marker; Lane 2: 20 kDa HSA-PEGylation reaction mixture; Lane 3: bottom phase of the 20 kDa HAS-PEGylation reaction mixture after ATPS fractionation; Lane 4: top phase of the 20 kDa HSA- PEGylation reaction mixture after ATPS fractionation; Lane 5: 40 kDa HSA- PEGylation reaction mixture after ATPS fractionation; Lane 6: bottom phase of the 40 kDa HSA-PEGylation reaction mixture after ATPS fractionation; and Lane 7: top phase of the 40 kDa HSA-PEGylation reaction mixture after ATPS fractionation.3.3 Establishment of ATPS as an effective separation technique relative to traditional protein chromatography
After establishing an effective ATPS-based protocol for PEGylated HSA separation, we evaluated its performance relative to traditional chromatography by comparing key downstream bioprocessing metrics. In addition to protein yield, productivity is an essential metric for assessing the robustness of a separation strategy. While productivity in chromatography is typically defined as the mass of target protein recovered per unit volume of resin per operation time, here we are going to describe the productivity as the mass concentration of the target protein per unit time to compare chromatographic and non-chromatographic purification techniques.
Although protein chromatography is a powerful tool for protein purification due to its high resolution and selectivity (Sánchez-Trasviña et al., 2021), it is limited by factors such as resin underutilization and mass transfer resistance. These limitations are especially pronounced in large-scale columns with high process loads, resulting in reduced productivity (Behere and Yoon, 2020).
In our study, ATPS was applied to both 20 and 40 kDa PEGylation HSA reaction mixtures using a TLL of 29% (w/w) and a Vr of 2.5. Under these conditions, phase separation was completed within 30 min. Inferred from the results, the productivity for 20 and 40 kDa PEG-HSA was calculated to be 1.3 and 1.5 g/L/h, respectively. This high productivity is largely attributed to the significantly shorter processing time of ATPS. In comparison, chromatography typically requires multiple steps and extended processing times. For example, assuming a 10 mL reaction mixture loaded at a residence time of 5 min using a 1 mL resin column, and an additional five column volumes (CV) each for equilibration, washing, and elution, the total processing time would be approximately 125 min. This time-intensive cyclic process (i.e., equilibration, loading, washing, and elution) contributes to lower throughput compared to ATPS. By contrast, ATPS enables rapid, selective recovery of PEGylated HSA in a high-purity form with superior productivity. These results confirm that ATPS offers a robust and efficient alternative to traditional chromatography-based purification.
Previous reports have shown that batch chromatography imposes limitations on process productivities (Kim et al., 2022). Thus, ATPS serves as a viable alternative for purification of PEGylated proteins. Moreover, this study highlights the cost-effectiveness of ATPS-based separation over conventional chromatography for a wide range of recombinant proteins, including monoclonal antibodies and industrial enzymes (Aguilar et al., 2006; Naganagouda and Mulimani, 2008; Rosa et al., 2011; Bhavsar et al., 2012; Torres-Acosta et al., 2016).
Although selectivity and equilibrium constant observed in our studies were efficient for PEGylated HSA, the observed yield (∼60%) suggests losses at the phase interface. Reducing PEG molecular weight may decrease interfacial tension and minimize losses as higher molecular weight leads to greater interfacial tension (Giraldo-Zuniga et al., 2006; Hyde et al., 2017). Moreover, using sulfate (stronger salting-out agent (Jimenez et al., 2022)) as salt instead of citrate might improve PEGylated HSA yield by excluding PEGylated HSA into top phase.
4 CONCLUSION
This study demonstrates that ATPS offers a simple and effective purification strategy for the fractionation of PEGylated HSA derivatives. Different parameters, such as TLL, Vr, and NaCl content, were investigated for their impact on separation efficiency. Shorter TLL led HSA and PEGylated HSA to migrate into the bottom phase and top phase, respectively, establishing a selective purification scheme. Longer TLLs led to the migration of native HSA into the top phase, primarily due to salting-out and electrostatic repulsion, resulting in reduced selectivity and lower PEGylated HSA purity in the top phase. In contrast, increasing Vr enhanced the volume of the top phase and improved the recovery percentage of PEGylated HSA. A comparison of PEGylated HSA prepared with 20 and 40 kDa mPEG-MAL revealed that larger PEG conjugate achieved a higher equilibrium constant and a 36% greater yield in the top phase under the same ATPS conditions. These results were attributed to enhanced PEG–PEG interactions and increased salting-out sensitivity due to the greater hydrophobicity of the 40 kDa conjugate. Furthermore, the rapid equilibrium and shorter processing times of ATPS systems compared to traditional chromatographic methods result in significantly improved purification productivity. Thus, ATPS presents a promising alternative for the efficient recovery of PEGylated HSA. This study has several important implications. Firstly, it provides a robust, rapid, and scalable alternative to conventional chromatography for purifying PEGylated therapeutic proteins, potentially reducing production time and costs. Secondly, by explicitly evaluating and optimizing key ATPS parameters, the findings offer practical guidance for developing commercial-scale purification processes. Future research could explore strategies to enhance PEGylation reagent stability and ATPS yield, thus further increasing reaction yield and efficiency. Investigations into the scalability and economic feasibility of ATPS purification for diverse biotherapeutics beyond HSA would also be valuable, expanding the utility of ATPS as a mainstream downstream bioprocessing tool.
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