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Abstract 

Aqueous two-phase systems (ATPSs) are promising liquid–liquid platforms for protein 

extraction and purification. In this study, novel ATPSs composed of choline-based ionic 

liquids (ILs) and polyethylene glycol methyl ether (PEGME 550) were characterized and 

then evaluated for protein separation. Phase diagrams were determined by turbidimetry 

at 298 K and 0.1 MPa, indicating that phase formation is governed by hydrogen-bonding 

interactions between IL ions and water, promoting the salting-out effect. The largest 

biphasic region was observed for choline bitartrate ([Ch][BIT]) systems. Separation 

performance was assessed using bovine serum albumin – BSA (model protein), and 

immunoglobulin G – IgG (biopharmaceutical compound). BSA partitioning was studied 

in systems containing 45 wt% PEGME 550 and 40 wt% IL, while IgG extraction was 

evaluated under different compositions and temperatures. BSA preferentially migrated to 

the IL-rich (bottom) phase, mainly driven by electrostatic interactions and hydrogen 

bonding, reaching extraction efficiencies up to 55% ([Ch][BIT] and choline dihydrogen 

citrate ([Ch][DHC]). Protein stability analysis via amide I spectral deconvolution showed 

minor structural changes, especially in [Ch]Cl systems. Consequently, [Ch]Cl-based 

ATPSs were selected for IgG extraction, where increasing temperature from 298 to 318 

K improved efficiency to 49%, while preserving structural integrity. Molecular docking 

supported the experimental findings by elucidating IL–protein interactions, highlighting 

the potential of [Ch]Cl-based ATPSs as effective platforms for IgG purification. 

 

 

 

Keywords: Aqueous two-phase system, partitioning, immunoglobulin G, protein 

stability. 

 

1. Introduction 

The demand for low-cost, simple, and sustainable processes for extracting and 

purifying high-value proteins is increasing. In this context, aqueous two-phase systems 

(ATPSs) have been widely explored due to their sustainability, mild conditions, and high 

biocompatibility [1–3]. ATPSs are formed by two water-soluble compounds that, above 

critical concentrations, separate into immiscible aqueous phases with high capacity for 

biomolecule extraction and purification [4,5]. They are widely used for processing 

proteins, enzymes, pigments, antibodies, and antioxidants, highlighting their efficiency 
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and relevance in biotechnological applications [6–10]. These systems are described by 

phase diagrams showing compositions at thermodynamic equilibrium. Selecting mixture 

points in the biphasic region and their tie lines enables their use as separation and 

enrichment platforms, since phases share properties like density and viscosity but differ 

in mass and volume [11]. 

In general, phase-forming components of ATPSs include polymers, inorganic and 

organic salts, sugars, ionic liquids, organic solvents, and deep eutectic solvents. Among 

the various possible combinations, polymer/salt and polymer/ionic liquid systems are the 

most reported [12,13]. The formation of polymer-based ATPSs is closely related to the 

intrinsic hydrophobicity of the polymers. Polyethylene glycol (PEG), a widely used 

synthetic polymer, exhibits unique physicochemical properties, including high water 

solubility, tunable viscosity, and excellent compatibility with biomolecules, making it 

particularly suitable for the formation of ATPSs [14,15]. 

The formation of ATPSs by combining PEG with ionic liquids (ILs) is enabled by 

ILs' unique properties, including high separation efficiency, thermal and chemical 

stability, recyclability, and tunable physicochemical properties [16,17]. In 2012, the 

introduction of choline-based ILs—more biocompatible and less toxic than imidazolium-

based ones—expanded the biotechnological applications of ATPSs [2]. More recently, 

polyethylene glycol methyl ether (PEGME 550) has been proposed due to its high 

solubility, low toxicity, and biocompatibility [18]. Its ether groups promote hydrogen 

bonding, influencing phase separation and solute partitioning, while the terminal methoxy 

group enhances tunability and protein selectivity compared to conventional PEGs. These 

features make PEGME 550 particularly suitable for biomolecule separation under mild 

conditions, preserving protein structure and activity [19–20]. 

ATPSs based on choline-derived ionic liquids and polymers are widely used for 

protein partitioning due to their easy phase formation. Santos et al. [21] formed ATPSs 

with choline-based ILs and acetonitrile for capsaicin purification. Similarly, systems 

combining choline-based ILs with PPG 400 enabled BSA partitioning into the IL-rich 

phase and IgG purification from rabbit serum [22]. Overall, ATPSs are versatile platforms 

for separating proteins of pharmaceutical, chemical, and food interest [23]. 

BSA is widely used as a model protein due to its well-characterized 

physicochemical properties and biological relevance, including roles in transport, 

detoxification, and antioxidant activity [24]. It is a stable protein composed of 583 amino 

acids, 17 disulfide bonds, and a molecular weight of 66.4 kDa [25]. In contrast, 
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immunoglobulin G (IgG) is a polyclonal antibody produced by plasma cells that plays a 

central role in the immune system. Beyond directly recognizing and neutralizing antigens, 

IgG activates the complement system, contributing to key defense mechanisms such as 

inflammation and phagocytosis [26]. Investigating IgG partitioning in ATPS is therefore 

highly relevant, particularly for purification processes, as IgG is one of the most abundant 

and biologically important antibody classes. Its broad applicability in disease diagnosis, 

therapeutic development, and vaccine production further highlights its biotechnological 

and pharmaceutical importance [27]. 

In this context, novel ATPSs composed of choline-based ILs and PEGME 550 

were developed to evaluate their applicability for the extraction of BSA as a model protein 

and, subsequently, IgG. Molecular docking simulations were employed to investigate the 

interactions between the anions and cation of the choline-based ILs and the proteins, 

providing mechanistic insights into the partitioning behavior observed in the studied 

ATPSs. Emphasis was placed on assessing the structural stability of these biomolecules 

after the partitioning process within the proposed systems. 

 

2. Material and Methods 

 

2.1. Material 

 Polyethylene glycol methyl ether 550 g gmol-1 (90 wt% pure) and choline-based 

ionic liquids (choline bitartrate - [Ch][BIT], choline dihydrogen citrate - [Ch][DHC], and 

choline chloride – [Ch]Cl), all with purities above 98 wt%, were acquired by Sigma-

Aldrich and used for the determination of the phase diagrams. The synthetized choline 2-

[4-(2-hydroxyethyl)piperazin-1-yl]ethane-1-sulfonate - [Ch][HEPES] (purity > 99.5 

wt%), was synthesized by us [28]. Detailed information on the ATPS constituents is 

presented in Table 1. 
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Table 1. Information on the ATPS constituents 

Constituent Abbreviatio

n 

Supplier CAS 

Reg. 

no 

Chemical Structure Mass 

Fractio

n Purity 

(wt%) 

Polyethylen

e glycol 

methyl ether 

550 

PEGME 550 Sigma-

Aldrich 

9004

-74-4  

> 90 

Choline 

bitartrate 

[Ch][BIT] Sigma-

Aldrich 

87-

67-2 
 

> 98 

Choline 

dihydrogen 

citrate 

[Ch][DHC] Sigma-

Aldrich 

77-

91-8 

 

> 98 

Choline 

chloride 

[Ch]Cl Sigma-

Aldrich 

67-

48-1  

> 98 

Choline 

HEPES 

[Ch][HEPES

] 

Synthesize

d by us 

 

 

> 99.5 

 

Protein partitioning studies were carried out using bovine serum albumin (BSA) 

at 90 wt% purchased from INLAB as the model protein. Sheep serum immunoglobulin G 

(IgG) ≥ 95 wt% was acquired from Sigma-Aldrich. All other reagents were of analytical 

grade, and ultrapure water was produced by double distillation followed by reverse 

osmosis (Milli-Q Plus 185). 

 

2.2. Phase Diagram 

The solubility (binodal) curves were determined by cloud-point titration at 298 ± 

1 K and 0.10 ± 0.01 MPa, a procedure widely employed by our research group [29,30]. 

An aqueous solution of the choline-based ionic liquid (75 wt%) was added dropwise to a 

10 mL tube containing pure PEG methyl ether 500 (PEGME 500, 100 wt%) until the 

onset of turbidity, indicating phase separation (biphasic region). Subsequently, ultrapure 

water was added dropwise until the system became completely transparent, 

corresponding to the monophasic region. This procedure was repeated to obtain enough 
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experimental data points for constructing the binodal curve. The composition of each 

system was determined gravimetrically by quantifying all added components using an 

analytical balance (Shimadzu AUW220D) with an uncertainty of  1.0 × 10⁻⁴ g. The 

experimental data were fitted using Equation (1) proposed by Merchuk et al. [31]. 

 

[𝑃𝐸𝐺𝑀𝐸] = 𝐴 exp[(𝐵[𝐼𝐿]0.5) − (𝐶[𝐼𝐿]3)]              (1) 

 

where [PEGME] and [IL] are the mass fractions of PEGME 550 and ionic liquid, 

respectively. A, B, and C are the adjusted parameters obtained by non-linear regression. 

The parameters of this equation are empirical and lack a direct physicochemical 

interpretation. 

Two mixture points were selected within the biphasic region for all systems, and 

the corresponding tie lines (TLs) were determined. Briefly, the appropriate amounts of 

each constituent were weighed gravimetrically, thoroughly mixed by vigorous stirring, 

and subsequently centrifuged (Centrilab 80-2B) at 2,000 rpm for 10 min to accelerate 

phase separation. The systems were then allowed to equilibrate in a thermostatic bath at 

298 K and 0.10 ± 0.01 MPa for 4 h. Upon reaching equilibrium, the bottom phase was 

carefully withdrawn using a syringe fitted with a long needle. At the same time, the top 

phase was collected using a pipette. The masses and volumes of the coexisting phases 

were measured and used to calculate the phase compositions by solving Equations (2–5), 

applying the lever rule method. 

 

[𝑃𝐸𝐺𝑀𝐸]𝑇 = 𝐴 exp[(𝐵[𝐼𝐿]𝑇
0.5 ) − (𝐶[𝐼𝐿]𝑇

3  )]            (2) 

[𝑃𝐸𝐺𝑀𝐸]𝐵 = 𝐴 exp [(𝐵[𝐼𝐿]𝐵
0.5 ) − (𝐶[𝐼𝐿]𝐵

3  )]            (3) 

[𝑃𝐸𝐺𝑀𝐸]𝑇 =
[𝑃𝐸𝐺𝑀𝐸]𝑀

𝛼
− 

1−α

α
    [𝑃𝐸𝐺𝑀𝐸]𝐵            (4) 

[𝐼𝐿]𝑇 =  
[𝐼𝐿]𝑀 

𝛼
−

1−𝛼

𝛼
   [𝐼𝐿]𝐵                (5) 

 

where the subscripts M, T, and B denoting the mixture point, top, and bottom phases, 

respectively, and α corresponds to the ratio between the mass of the top phase and the 

total weight of the mixture. 

 

 The tie-line lengths (TLLs) were determined according to Equation (6), 
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𝑇𝐿𝐿 =  √([𝑃𝐸𝐺𝑀𝐸]𝑇 − [𝑃𝐸𝐺𝑀𝐸]𝐵 )2 + ([𝐼𝐿]𝑇 − [𝐼𝐿]𝐵)2                 (6) 

 

2.3. Partitioning/Extraction of Proteins 

Initially, the mixture point with the largest biphasic area (45 wt% PEGME 550 

and 40 wt% IL) was used to study the partitioning of BSA (1 mg mL-1) as a model protein. 

The constituents were vigorously stirred, centrifuged at 2,000 rpm, and left in a 

thermostatic bath at 298 ± 1 K and 0.10 ± 0.01 MPa for 4 h. After the separation of 

coexisting phases, the volume and mass were determined, and protein concentration was 

measured by Bradford’s method [32]. Protein concentrations were determined in 

triplicate, and the results are expressed as mean ± standard deviation. For the IgG 

partitioning, the ATPS composition with the best stability for the protein model was 

chosen. In this case, the effects of PEGME 550 (35–50 wt%) and IL (30–45 wt%) 

concentrations, as well as temperature (298–318 K), on IgG partitioning were 

investigated. 

For all systems, the partition coefficient of proteins (K), volumetric ratio (RV), and 

extraction efficiency (EE%) were determined according to Equations (7–9). 

 

𝐾 =  
[𝐶𝑇]

[𝐶𝐵]
                  (7) 

𝑅𝑉 =
𝑉𝑇

𝑉𝐵
                 (8) 

[𝐸𝐸]𝐵% =  
𝐾100

1+𝑅𝑉 𝐾
                      (9) 

where C corresponds to BSA or IgG concentration, V is the volume of the phase, and the 

subscripts T and B represent the top and bottom phases, respectively. 

The van’t Hoff equation was used to determine the standard molar thermodynamic 

functions of transfer such as Gibbs free energy of transfer (∆trGo
m), the standard molar 

enthalpy of transfer (∆trHo
m) and standard molar entropy of transfer (∆trSo

m), correlated 

with the IgG partition coefficient at different temperatures (298 a 318 K), as described in 

the Equations (10–12). 

 

∆𝑡𝑟𝐺𝑚
𝑜 = −𝑅𝑇𝑙𝑛(𝐾)              (10) 

𝑙𝑛(𝐾) =
𝛥𝑡𝑟𝐻𝑚

𝑜

𝑅
 

1

𝑇
+ 

𝛥𝑡𝑟𝑆𝑚
𝑜

𝑅
             (11) 

∆trGm
o = ∆trHm

o − T∆trSm
o              (12) 
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where T is temperature (Kelvin), and R is the ideal gas constant. The enthalpy and entropy 

contributions can be directly deduced from the linear approximation of ln(K) versus T-1. 

 

2.4. Protein Stability 

The analysis of protein stability was performed by evaluating the secondary 

structure changes of each protein using Fourier transform infrared (FTIR) spectroscopy 

(Cary 630 FTIR spectrometer - Agilent Technologies) before and after the partitioning 

process in ATPS formed by PEGME 550 (45 wt%) + IL (40 wt%) + protein aqueous 

solution (15 wt%). The FTIR was equipped with an attenuated total reflection (ATR) 

sampling unit. The spectra were recorded in transmittance mode between 500 and 4,000 

cm-1 with a resolution of 4 cm-1 and 32 scans. FTIR spectra were performed in the amide 

I region (1700–1600 cm-1), identifying peak frequencies through secondary derivative 

analysis and deconvoluted peaks using Origin 8.5 software. 

 

2.5. Molecular Docking 

Molecular docking simulations between BSA and IgG with ILs, including both 

cations and anions, were performed using the AutoDock Vina 1.1.2 program [33]. The 

three-dimensional atomic coordinates of the ILs (ligands) were generated using 

Discovery Studio, v20 (Accelrys, San Diego, CA, USA). Ligand rigid roots were defined 

using AutoDockTools (ADT), setting all possible rotatable bonds as active by torsions 

[34]. Receptor structures for BSA (PDB ID: 4f5s) and IgG (PDB ID: 1igt) were prepared 

by removing chain B from BSA and the light chains from the IgG. Non-polar hydrogen 

atoms were merged, and partial atomic charges and atom types were assigned using 

AutoDockTools (ADT). The grid box was centered at the center of mass of each receptor 

(x-, y-, and z-axes). For BSA, the grid was 8.437 Å × 21.632 Å × 106.577 Å, while for 

IgG, it was 3.917 Å × -37.056 Å × 31.389 Å. The grid dimensions were set to 98 Å × 78 

Å × 96 Å for BSA, and 72 Å × 72 Å × 62 Å for IgG. For each ligand (IL cations and 

anions considered individually), the binding modes were explored by generating and 

evaluating 10 distinct docking conformations. 

 

2.6. SDS-PAGE Gel Electrophoresis 

The SDS-PAGE protein analysis was performed using a vertical slab apparatus, 

the Mini-PROTEAN Tetra System (Bio-Rad, Brazil), with 12% resolving gels and 4% 

stacking gels at pH 8.8, following the method of Laemmli [35]. The electrophoretic 
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process lasted 15 min at 90 V and 40 min at 180 V. Proteins were visualised by staining 

with an ethanolic solution of Coomassie blue (0.25 wt%). Protein markers, purchased 

from Sigma-Aldrich, contained aprotin (6.5 kDa), a-lactalbumin (14.2 kDa), trypsin 

inhibitor (20.1 kDa), trypsinogen (24.0 kDa), carbonic anhydrase (29.0 kDa), 

glyceraldehyde-3-phosphate dehydrogenase (36.0 kDa), ovalbumen (45.0 kDa), and 

albumin (66.0 kDa), and were separated on stacking gels at pH 8.8. 

 

2.7. Statistical Analysis 

Protein concentrations were measured in at least triplicate, and the results are 

expressed as mean ± standard deviation. The data were statistically evaluated using one-

way analysis of variance (ANOVA), followed by Tukey’s post hoc test for multiple 

comparisons. Differences were considered statistically significant at p ≤ 0.05. 

 

3. Results and Discussion 

 

3.1. Phase Diagram 

Figure 1 (detailed data in Tables S1–S4 in the Supporting Information) depicts the 

binodal (solubility) curves of the novel ATPSs composed of PEGME 550, choline-based 

ILs, and water, which were obtained at 298 ± 1 K and 0.10 ± 0.01 MPa. The binodal 

curves are expressed in molality units to avoid misinterpretation arising from differences 

in the molecular weights of the system constituents, being defined as the molality of 

PEGME 550 per kilogram of solvent (water + IL) versus the molality of IL per kilogram 

of solvent (water + PEGME 550). Analysis of the phase diagrams allowed assessment of 

the IL ability to induce ATPS formation, as indicated by the area above the binodal curve 

corresponding to the biphasic region, which is directly related to the easiness of phase 

separation. The remaining curves are presented as weight percentages to facilitate the 

interpretation of the selected compositions used for system preparation, being this more 

useful to address the protein partitioning studies and potential application. 
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Figure 1. Phase diagram of ATPS based on PEGME 550 + IL + water at 298 ± 1 K and 

0.10 ± 0.01 MPa. [Ch]Cl - ●, [Ch][DHC] - ●, [Ch][HEPES] -● and [Ch][BIT] - ●. 

 

According to Pereira et al. [19], phase formation in polymer–IL-based ATPSs 

depends on the hydrogen-bond donor/acceptor interactions among the polymer, water, 

and IL. In this context, the hydroxyl group of PEGME 550 acts as a hydrogen-bond donor, 

while the IL anions act as hydrogen-bond acceptors [36]. Consequently, and given that 

the cholinium cation is common to all ILs studied, the increase in the hydrogen-bond 

acceptor amount (values in parentheses) of the IL anions facilitate phase formation, 

following the order Cl⁻ (0) < [HEPES]⁻ (6) ≈ [BIT]⁻ (6) < [DHC]⁻ (7). As a result, [Ch]Cl 

exhibits the weakest interaction capability and, therefore, the lowest salting-out effect. 

Similar phase-separation behavior was reported by Santos et al. [21] for ATPSs 

formed by choline-based ionic liquids and acetonitrile, where the driving force for phase 

separation was attributed to the hydrophilic–lipophilic balance, as reflected in the 

octanol–water partition coefficient (log Kow). In that study, the reported values followed 

the order [Ch][DHC] (−1.32) > [Ch][BIT] (−1.43) >> [Ch]Cl (−3.70), which is consistent 

with the trend observed in the present work. It is also important to highlight that systems 

based on organic solvents may pose limitations regarding protein stability. For instance, 

although acetonitrile is widely used in analytical chemistry (e.g., HPLC), it may affect 

protein structure. In contrast, polymers such as PEG and their ether derivatives are 

generally regarded as non-toxic under typical conditions of use, making them more 

suitable for applications involving sensitive biomolecules. 

The experimental binodal data were fitted using Equation (1), where the 

parameters A, B, and C were estimated by least-squares regression. The mean value, 

standard deviation, and regression coefficient (R² = 0.997 < R² < 0.999) are shown in 
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Table 2. Additionally, the tie-lines obtained from Equations (2–5) are presented in Figure 

2. The compositions of the mixture points and of the coexisting phases, as well as the 

lengths of the tie-lines, are provided in Table 3. 

  

  

 

Figure 2. Phase diagrams, including the tie-lines, of ATPSs formed by PEGME 550 + IL 

+ water at 298 ± 1 K and 0.10 ± 0.01 MPa. [CH]Cl- ●; [CH][BIT]- ●; [CH][HEPES]- ●; 

[CH][DHC]- ●. 

 

Table 2. Regression parameters and standard deviation of equation (1) for ATPSs formed 

by PEGME 550 + IL + water at 298 ± 1 K and 0.10 ± 0.01 MPa. 

 

IL 

Regression Parameters  

R2 (A ± σ) (B ± σ) 10-6(C ± σ) 

[Ch]Cl 118.3 ± 0.9 -0.169 ± 0.002 7.9 ± 0.1 0.999 

[Ch][BIT] 216 ± 1 -0.29 ± 0.01 5.2 ±0.4 0.997 

[Ch][DHC] 122 ± 3 -0.161 ± 0.005 2.9 ± 0.2 0.999 

[CH][HEPES] 120 ± 4 -0.141 ± 0.009 3.7 ± 0.4 0.998 
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Table 3. Mass composition for the tie-lines (TLs) and respective tie-line lengths (TLLs) for 

ATPSs composed of IL + PEGME 550 + H2O at 298 K and 0.1 MPa.a 

 

IL 

Mass Composition (wt%)  

TLL [PEGM

E]M 

[IL

]M 

[H2O]

M 

[PEGM

E]T 

[IL]

T 

[H2O]

T 

[PEGM

E]B 

[IL]

B 

[H2O]B 

 

 

[Ch]Cl 

34.97 39.9

2 

25.11 73.21 7.8

0 

18.9

9 

5.12 62.

83 

32.0

5 

103.

54 

40.23 39.7

4 

20.03 85.94 3.5

5 

10.5

1 

1.91 70.

06 

28.0

3 

107.

16 

45.45 39.6

3 

14.92 92.44 1.9

5 

5.61 2.13 72.

50 

25.3

7 

121.

45 

49.83 39.8

0 

10.37 96.69 1.2

9 

2.02 1.54 75.

74 

22.7

2 

129.

69 

[Ch][DHC] 39.59 38.8

3 

21.58 62.07 16.

97 

20.9

6 

21.39 56.

51 

22.1

0 

56.7

3 

 44.67 39.6

8 

15.65 81.76 6.2

2 

12.0

2 

12.19 68.

96 

18.8

5 

93.6

8 

[Ch][BIT] 38.42 38.6

2 

22.96 75.57 13.

31 

11.1

2 

6.46 61.

61 

31.9

3 

82.6

8 

 44.99 39.4

2 

15.59 87.91 9.1

2 

2.97 5.06 64.

63 

30.3

1 

106.

26 

[Ch][HEPES

] 

40.24 39.7

2 

20.04 73.92 11.

43 

14.6

5 

26.60 51.

16 

22.2

4 

61.7

9 

 45.16 40.0

3 

14.81 90.24 4.0

3 

5.73 13.90 64.

99 

21.1

1 

67.6

6 

a Standard uncertainties u is u([PEGME], [IL] or [water]) = 0.01, u(T) = 1 K, and u(p) = 

10 kPa. 

 

 

3.2. Partitioning and Stability of Bovine Serum Albumin 
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BSA was selected as a model protein due to its wide availability, low cost, high-

water solubility, and well-characterized molecular structure [37,38]. These features make 

BSA a standard reference protein for preliminary evaluation of the performance and 

applicability of ATPSs in partitioning processes. The primary objectives were to 

investigate the structural stability and behavior of BSA in the presence of the constituent 

ILs and to establish a robust methodology for other relevant separations. For this purpose, 

each ATPS was prepared with a fixed mass composition, consisting of 45 wt% PEGME, 

40 wt% of each IL, and 15 wt% of water containing BSA (1 mg mL-1). The partitioning 

parameters, namely the partition coefficient (K) and extraction efficiency (EE%), were 

determined for each system, whose results are presented in Figure 3 (Table S5 in the 

Supporting Information provides the detailed data). 

 

 

Figure 3. Partition coefficient (KBSA) (●) and extraction efficiency [EEBSA]B (■) of BSA 

in the bottom phase (IL-rich) of ATPSs composed of PEGME 550 (45 wt%) and 

cholinium-based ILs (40 wt%) at 298 K and 0.1 MPa. Means followed by the same letter 

(lowercase for KBSA and uppercase for [EEBSA]B) do not differ significantly according to 

Tukey’s test (p ≥ 0.05) 

 

The protein partitioning mechanism in ATPSs is a highly complex process 

governed by multiple physicochemical factors, among which the hydrophilicity of the IL 

anion plays a decisive role. In IL-based ATPSs, electrostatic interactions between charged 

amino acid residues and IL ions, together with hydrogen-bonding interactions involving 
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polar protein domains, water molecules, and IL components, constitute the main driving 

forces controlling protein distribution between the coexisting phases. Variations in anion 

hydration ability significantly influence protein solvation, stability, and affinity toward 

each phase, ultimately determining partition coefficients and extraction efficiencies [39-

41]. 

All investigated systems were able to partition BSA without any evidence of 

protein precipitation at the interface of the coexisting phases. The partition coefficient 

values (K < 1.0) obtained for all systems indicate a preferential partitioning of the model 

protein toward the bottom phase, which is predominantly enriched in the IL. Since all 

systems share the same cholinium cation, differences in protein partitioning primarily 

reflect the nature of the IL anions and their ability to form hydrogen-bonding interactions 

with water molecules and polar amino acid residues on the BSA surface [42]. An 

exception was observed for the system containing [Ch][HEPES], which exhibited a 

partition coefficient close to unity (KBSA = 0.91). This behavior may be associated with 

specific π–π interactions between the imidazolium-like aromatic moiety of the HEPES-

based anion and aromatic amino acid residues present in the BSA structure, leading to a 

more balanced distribution of the protein between the two phases [36,43]. The most 

favorable partitioning towards the IL-rich phase is indicated by the lowest KBSA values, 

which were observed for the systems containing [Ch]Cl (0.81 ± 0.04) and [Ch][BIT] (0.85 

± 0.02), which are statistically similar at a 95% confidence level (p < 0.05). In addition, 

the [EEBSA]B follows the same trend as the log Kow values of the cholinium-based ionic 

liquids, suggesting that the hydrophilic–lipophilic balance of the ILs plays a key role in 

governing protein partitioning. The best values were observed for [Ch]Cl (50.31 ± 1.30 

%) and [Ch][DHC] (48.71 ± 0.10 %), which were statistically similar (p > 0.05), 

indicating that these ILs allow more protein to be extracted into the IL-rich phase. The 

best extraction condition was achieved with [Ch]Cl, as it exhibited the lowest KBAS values 

and the highest [EEBSA]B. 

Molecular docking simulations were employed to investigate the mechanism 

underlying BSA partitioning in ATPSs with ILs. This approach allowed the identification 

of preferential interactions between IL ions and specific residues on the protein surface. 

The results (Table S6 and Figures S1-S2 in the Supporting Information) revealed that, 

except for Cl⁻, IL anions exhibited more negative binding free energy values than the 

[Ch]⁺ cation, indicating stronger interactions with BSA. However, a stronger binding 
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affinity did not directly translate into a higher extraction efficiency, highlighting the 

importance of the interaction type and reversibility for effective protein partitioning. 

The [Ch]⁺ cation displayed limited affinity, forming only a single hydrogen bond 

with Thr44, suggesting limited affinity toward the protein surface. Among the anions, 

[BIT]⁻ displayed multiple hydrogen bonds with Asp108, Tyr147, and Lys465, promoting 

favorable yet reversible interactions that correlate with moderate extraction efficiency. In 

contrast, [HEPES]⁻ and [DHC]⁻ engaged in several electrostatic interactions in addition 

to hydrogen bonding, primarily involving arginine and alanine residues. [HEPES]⁻ 

interacted through a combination of hydrogen bonding and electrostatic interactions with 

residues Arg208 and Ala209, indicating contributions from both electrostatic and 

hydrophilic interactions. In addition, [DHC]⁻ exhibited a more complex anchoring 

pattern, involving several electrostatic interactions and hydrogen bonds with Arg198, 

Arg217, Arg256, and Ala290. Hydrogen bonds were observed at short distances (1.93–

3.00 Å), while electrostatic interactions occurred at distances greater than 4.00 Å. Overall, 

these findings indicate that effective BSA partitioning in ATPSs is governed not solely 

by binding affinity, but by the nature and reversibility of protein–IL interactions. ILs with 

moderate hydrogen-bonding interactions, such as [Ch]Cl and [Ch][BIT], have a more 

efficient extraction. In contrast, ILs dominated by strong electrostatic interactions, such 

as [Ch][HEPES] and [Ch][DHC], promote protein migration toward the opposite phase. 

This partitioning trend is consistent with observations reported in previous studies, 

in which BSA preferentially partitioned into IL-rich phases in systems composed of 

PEGDME-250 and cholinium-based ILs [45,46]. In addition, other ATPSs incorporating 

cholinium-based ILs, such as [Ch][Pro], [Ch][Lac], [Ch][Ben], [Ch][Cit], and 

[Ch][Glyco], in combination with polymeric phase-forming agents, have also 

demonstrated effective BSA partitioning and purification toward the IL-enriched phase 

[2]. 

In addition to molecular interaction analyses, the structural behavior of BSA in 

media containing salts and chemical constituents was evaluated to elucidate possible 

changes in its conformational stability. For this purpose, FTIR spectra were obtained 

recorded for standard BSA, BSA in water, and BSA in the presence of each IL 

investigated, allowing the identification of characteristic bands and functional groups 

associated with each system (Figure 4). 
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Figure 4. FTIR spectra of BSA: standard BSA (▬), aqueous BSA solution (▬), and 

bottom phases of ATPSs containing BSA and cholinium-based ILs: [Ch]Cl (▬), 

[Ch][BIT] (▬), [Ch][DHC] (▬), and [Ch][HEPES] (▬). 

 

The FTIR spectra exhibited multiple absorption bands, with particular emphasis 

on the high-wavenumber region (2500–4000 cm⁻¹). Stretching vibrations observed in the 

3200–3500 cm⁻¹ range — absent only in the standard BSA spectrum — were attributed 

to O–H groups and water molecules, confirming the high moisture content of the samples 

[47]. All spectra displayed the characteristic bands of BSA, notably the amide I band 

(1600–1700 cm⁻¹, C=O stretching) and the amide II band (~1500 cm⁻¹, C–N stretching), 

confirming the preservation of the protein backbone structure [48]. The presence of C–

C–O stretching vibrations at approximately 953 cm⁻¹, attributed to the [Ch]⁺ cation, was 

observed in all IL-containing systems. This finding indicates that, despite the coexistence 

of amide I and II bands and the formation of protein–IL interactions, the cholinium 

structure remains intact, showing no significant band shifts or vibrational changes. 

Moreover, these bands confirm the presence of the ILs in the bottom phase of the systems 

[49]. Possible conformational changes in BSA were further investigated by spectral 

deconvolution of the amide I region (1600–1700 cm⁻¹), which enabled quantitative 

assessment of secondary structure elements, including α-helix, β-sheet, β-turn, and 

random coil (Figure 5). 
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Figure 5. Deconvoluted FTIR (secondary-derivative) spectra in the Amide I region 

(1,700–1,600 cm−1) of BSA in different solvents: (A) aqueous solution (model system); 

(B) [Ch]Cl; (C) [Ch][BIT]; (D) [Ch][DHC]; and (E) [Ch][HEPES]. 

 

The deconvoluted spectra shown in Figure 5 (C and D) revealed an increased 

exposure of β-structure content in the presence of the ILs [Ch][BIT] and [Ch][DHC], with 

a more pronounced effect observed for [DHC]⁻. This behavior suggests that interactions 

between the hydrophobic regions of BSA and the IL anions are dominant, particularly for 

[DHC]⁻, whose strong electrostatic interactions, combined with a reduced capacity for 

hydrogen bonding, may contribute to partial protein destabilization. These findings are 

β-sheet Random coil

α-helix

β-turn

(E)
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consistent with previous studies [50], which associate an increase in β-sheet content with 

the conversion of α-helical structures into β-conformations, a process often linked to 

protein fibrillation and precipitation phenomena. According to Shmoo et al. [51], 

[Ch][DHC] exhibits the highest stabilizing effect, whereas [Ch]Cl shows the weakest. 

Therefore, it is crucial to identify the most suitable cholinium-based ionic liquid before 

performing partitioning studies with IgG. 

 In contrast, the presence of [Ch]Cl (Figure 5B) led to an increase in the α-helical 

content of BSA. This effect can be attributed to the small size and high charge density of 

the chloride anion, which favors interactions with the protein hydration shell. Such 

interactions may promote the rearrangement of internal hydrogen bonds, leading to an 

expansion and enhancement of the spectral features characteristic of α-helical structures. 

Similarly, the [Ch][HEPES] system (Figure 5E) also exhibited an increase in α-helical 

content, albeit to a lesser extent. This observation indicates that the [HEPES]⁻ anion 

interacts with the protein in a more distributed manner, leading to a balanced structural 

reorganization. The relatively high α-helix content of [Ch]Cl and [Ch][HEPES] suggests 

that only minor conformational perturbations occur, preserving the overall structural 

integrity and functional stability of BSA [25, 52-54]. 

 

3.2. Partitioning and Stability of Immunoglobulin G 

Based on the preceding results, [Ch]Cl was selected for proceeding the study due 

to its lower partition coefficient, higher protein extraction efficiency in the bottom phase, 

and the promising structural stability of the model protein BSA. The optimal conditions 

for IgG partitioning were subsequently investigated using the proposed system composed 

of PEGME 550 (35, 40, 45, and 50 wt%), [Ch]Cl (30, 35, 40, and 45 wt%), evaluated 

over a temperature range of 298–318 K at 0.1 MPa. The results of the IgG partitioning 

experiments under these conditions are presented in Tables 4–6. 

Initially, the effect of PEGME 550 concentration was investigated in ATPSs 

composed of PEGME 550, [Ch]Cl (40 wt%), and water at 298 K and 0.1 MPa, as 

summarized in Table 4. 

The results demonstrated that the concentration of PEGME 550 strongly 

influenced IgG partitioning behavior. In systems containing 35–45 wt% of the polymer, 

IgG preferentially partitioned into the bottom phase, which is enriched in [Ch]Cl. 

However, a critical increase to 50 wt% PEGME 550 led to a complete inversion of 

partitioning, driving IgG toward the top or polymer-rich phase. This transition can be 
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attributed to a shift in the balance of forces governing protein partitioning. According to 

Spelzine et al. [55], the partitioning of medium- to high-molecular-weight proteins can 

be controlled by either specific interactions and affinities between the macromolecule and 

the surrounding medium or by excluded-volume effects. Up to 45 wt% PEGME, the 

salting-out effect induced by [Ch]Cl in the bottom phase is the dominant driving force, 

overcoming the moderate excluded-volume effects present in the polymer-rich phase and 

resulting in partition coefficients lower than unity (K < 1). At 50 wt% PEGME, however, 

the system reaches a critical threshold at which the adequate excluded volume in the top 

phase increases sharply and nonlinearly. Under these conditions, the high degree of chain 

entanglement and increased polymer density generate a sterically restrictive environment, 

making the presence of the large IgG macromolecule energetically unfavorable. 

Consequently, the steric exclusion force surpasses the salting-out effect, reversing the 

system selectivity and yielding partition coefficients greater than unity (K > 1). This 

behavior underscores the crucial role of polymer concentration in regulating the partition 

equilibrium of high-molecular-weight proteins in ATPSs [22,36,56]. All KIgG and 

[EEIgG]B values differ significantly from one another at the 95% confidence level (p ≤ 

0.05). 

 

Table 4. Partition coefficient (KIgG) and extraction efficiency [EEIgG]B of IgG in ATPSs 

composed of PEGME 550 + [Ch]Cl (40 wt%) + water at 298 K and 0.1 MPa. 

[PEGME 550] (wt%) KIgG [EEIgG]B (%) 

35 0.87 ± 0.01a 32.9 ± 0.2A 

40 0.83 ± 0.01b 34.1 ± 0.6B 

45 0.70 ± 0.01c 48.68 ± 0.33C 

50 1.155 ± 0.003d 46.30 ± 0.06D 

Means followed by the same letter (lowercase for KIgG and uppercase for [EEIgG]B)) do 

not differ significantly according to Tukey’s test (p ≥ 0.05) 

 

Based on these findings, the condition containing 45 wt% PEGME 550 was 

selected for subsequent studies, as it represents the optimal operating point, combining 

high IgG recovery in the bottom phase (KIgG = 0.70) with robust system stability, while 

remaining below the phase-inversion threshold observed at higher polymer 

concentrations. With the PEGME 550 concentration fixed at its optimal value (45 wt%), 

the effect of the ionic liquid [Ch]Cl concentration on IgG partitioning was systematically 

Jo
ur

na
l P

re
-p

ro
of



20 
 

investigated at 298 K and 0.1 MPa. The [Ch]Cl content ranged from 30 to 45 wt%, with 

the corresponding results summarized in Table 5. 

 

Table 5. Partition coefficient (KIgG) and extraction efficiency [EEIgG]B of IgG in ATPSs 

composed of PEGME 550 (45 wt%) + different concentrations of [Ch]Cl + water at 298 

and 0.1 MPa. 

[Ch]Cl (wt%) KIgG [EEIgG]B (%) 

30 0.80 ± 0.02a 34.9 ± 0.6A 

35 0.78 ± 0.04a 46.3 ± 0.9B 

40 0.70 ± 0.01b 48.68 ± 0.33C 

45 1.364 ± 0.001c 42.30 ± 0.01D 

Means followed by the same letter (lowercase for KIgG and uppercase for [EEIgG]B)) do 

not differ significantly according to Tukey’s test (p ≥ 0.05) 

 

The migration behavior of IgG changed markedly with increasing concentrations 

of the system constituents. At lower concentrations, the protein preferentially partitioned 

into the bottom phase of the systems. However, when the concentration exceeded 40 wt%, 

IgG migration shifted toward the top phase, resulting in higher values of both KIgG and 

[EEIgG]B. This behavior can be attributed to a reduction in protein solubility in the bottom 

phase as the ionic liquid concentration increases, in agreement with the finding of Barbosa 

et al. [57]. The higher ionic strength enhances the salting-out effect, weakening protein–

solvent interactions in the IL-rich phase and promoting protein migration toward the 

polymer-rich phase. Consequently, this salting-out-driven mechanism becomes the 

dominant force governing IgG partitioning at higher concentrations of ionic liquid. The 

KIgG and [EEIgG]B values differ significantly from one another (p ≤ 0.05), except the KIgG 

at 30 and 35% of [[Ch]Cl, which are statistically similar. 

Considering the optimal partitioning conditions, defined by the lowest KIgG value 

and the highest [EEIgG]B, namely PEGME 550 (45 wt%) + [Ch]Cl (40 wt%) + water (15 

wt%) at 298 K and 0.1 MPa, the effect of temperature on IgG partitioning was evaluated 

at 298, 303, 308, 313, and 318 K. The corresponding results are provided in Table 6. 
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Table 6. Partition coefficient (KIgG) and extraction efficiency ([EEIgG]B) of IgG in ATPSs 

composed of PEGME 550 (45 wt%) + [Ch]Cl (40 wt%) + water (15 wt%) at different 

temperatures and 0.1 MPa. 

Temperature (K) KIgG [EEIgG]B (%) 

298 0.70 ± 0.01a 48.68 ± 0.33A 

303 0.76 ± 0.06a,b 45.13 ± 0.01B 

308 0.78 ± 0.07a,b 46.17 ± 2.24A,B,C 

313 0.789 ± 0.005b 45.81 ± 0.15C,D 

318 0.85 ± 0.04c 43.92 ± 1.15B,D 

Means followed by the same letter (lowercase for KIgG and uppercase for [EEIgG]B) do not 

differ significantly according to Tukey’s test (p ≥ 0.05) 

 

The literature consistently highlights temperature as a crucial parameter 

influencing biomolecule partitioning in ATPSs [40, 58,59]. The results demonstrate that 

KIgG exhibits a direct and positive dependence on temperature, increasing from 0.70 at 

298 K to 0.85 at 318 K. This behavior can be attributed to the increase in thermal energy, 

which promotes the migration of IgG from the lower phase (ionic liquid-rich) to the upper 

phase (polymer-rich), thereby reducing the extraction efficiency of the bottom phase. This 

trend is consistent with the findings of Zafarani-Moattar et al. [45], who reported a 

decrease in protein extraction efficiency with increasing temperature, reinforcing that 

milder conditions are generally more favorable for efficient protein recovery. 

The temperature effect may also be associated with changes in protein 

conformation. Denatured proteins exhibit altered partitioning behavior due to an 

increased surface area resulting from unfolding and the exposure of hydrophobic residues 

[41,60]. For instance, BSA preferentially migrates to the IL-rich phase, and its 

partitioning toward this phase increases with temperature. In addition, elevated thermal 

energy weakens electrostatic interactions and modifies the hydration of system 

components, further influencing phase behavior and biomolecule distribution [61,62]. 

The study was deliberately limited to 318 K, which represents a critical upper 

threshold for biotechnological applications, as higher temperatures are commonly 

avoided in protein partitioning processes due to the increased risk of thermal denaturation 

[63]. IgG inactivation would compromise not only process yield but also the functional 

integrity of the final product, which is essential for pharmaceutical and diagnostic 

applications. Therefore, 298 K emerges as the most advantageous temperature, as it 
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combines higher extraction toward the target phase (IL-rich, KIgG = 0.70) with the 

preservation of IgG conformational stability and biological activity. It is worth noting that 

this value is statistically similar to those obtained at temperatures up to 308 K (p ≥ 0.05), 

while [EEIgG]B reaches its highest value (p ≤ 0.05). 

The thermodynamic parameters of the IgG partitioning process, namely the Gibbs 

free energy change (∆trGo
m), enthalpy change (∆trHo

m), and entropy change (∆trSo
m), were 

determined from the KIgG values obtained at different temperatures. Table 7 presents the 

thermodynamic parameters associated with the partitioning of IgG. Van't Hoff's analysis 

was employed to relate the logarithm of the partition coefficient to the inverse of the 

absolute temperature. In addition, the Flory-Huggins theory was applied to describe the 

driving force governing solute partitioning in the system. A linear fit to the experimental 

data yielded a regression coefficient (R²) of 0.93, indicating good agreement between the 

model and the experimental results. 

 

Table 7. Thermodynamic parameters of IgG in ATPSs composed of PEGME 550 (45 

wt%) + [Ch]Cl (40 wt%) + water (15 wt%) at different temperatures and 0.1 MPa. 

Temperature (K) ∆trGo
m (kJ mol-1) T.∆trSo

m (kJ mol-1) ∆trHo
m (kJ mol-1) 

298.15 568.15 -574.90  

 

-6.74 

 

303.15 577.79 -584.54 

308.15 587.44 -594.18 

313.15 597.08 -603.82 

318.15 606.72 -613.46 

 

From a thermodynamic perspective, a positive Gibbs free energy change (∆trG°m 

> 0) indicates that the transfer of IgG from its preferred phase (i.e., the ionic liquid-rich 

bottom phase) to the opposite phase is non-spontaneous, as also reported in the literature 

[64,65]. Therefore, the protein exhibits a higher affinity for the ionic liquid-rich phase, 

resulting in a partition coefficient lower than unity (KIgG < 1). However, it is important to 

emphasize that a non-spontaneous transfer does not imply the absence of mass transfer. 

Rather, it indicates that the equilibrium strongly favors the ionic liquid-rich phase, 

although a fraction of the protein may still distribute to the other phase. The negative 

values of ∆trHo
m demonstrate that the process is exothermic, reflecting a favorable 

enthalpic contribution. However, the strongly negative values of T.∆trSo
m reveal that IgG 

partitioning is entropically unfavorable, and this contribution dominates the 
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thermodynamic balance. Consequently, the process is enthalpically favored but entropy-

controlled, becoming less efficient at higher temperatures and more favorable under 

milder conditions, particularly at 298 K. In this work, the focus was limited to IgG 

partitioning behavior, and no direct evaluation of contaminant removal was performed. 

From an industrial perspective, particularly in biopharmaceutical applications, process 

feasibility is primarily dictated by the purity of the target protein, rather than recovery 

alone. In many cases, especially for high-value biomolecules such as monoclonal 

antibodies, achieving a high purification factor is more critical than maximizing recovery 

in a single step. Moreover, it is well established that, in some systems, the partitioning of 

the target protein cannot be significantly shifted by adjusting process variables. In such 

situations, the separation strategy relies instead on the preferential migration of 

contaminants toward the phase with lower affinity for the target protein. This differential 

partitioning between the target molecule and impurities increases purification efficiency, 

even when the target protein remains predominantly in one phase. Nonetheless, the 

observed thermodynamic tendency suggests that appropriate process optimization could 

enable efficient separation by driving impurities away from the IgG-enriched phase. 

Molecular interaction analyses of IgG were conducted with the same objective 

established for BSA. The binding modes, interaction types, amino acid residues involved, 

and interaction distances (Å) between IgG and the constituent ions of [Ch]Cl were 

systematically determined. Three-dimensional representations of the molecular 

interactions, highlighting the interacting amino acid residues, are presented in Figure 6 

(A and B). In addition, the binding affinities, interacting residues, interaction types, and 

geometric distances (Å) for [Ch]Cl are summarized in Table S7 of the Supporting 

Information. 

The results demonstrate that the choline cation ([Ch]⁺) interacts more strongly 

with the IgG surface, exhibiting a more significant interaction energy than the Cl⁻ anion. 

[Ch]⁺ establishes an electrostatic interaction with an aspartic acid residue at a distance of 

5.50 Å. It forms a hydrogen bond with a valine residue at a distance of 2.66 Å. This 

interaction pattern is consistent with the trends observed for BSA–ionic liquid 

interactions, confirming that hydrogen-bonding interactions are more distance-sensitive 

and typically occur at distances of up to 3.0 Å. In contrast, more hydrophobic and 

electrostatic interactions prevail at distances greater than 4.0 Å [66]. 
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Figure 6. Docking pose with the lowest absolute value of affinity (kcal mol⁻¹) for IgG 

with [Ch]⁺ and Cl⁻ and diagram of the molecular interaction between IgG with [Ch]+. 

 

The stability of IgG during the partitioning process was investigated by FTIR 

spectroscopy. Spectra of the IgG standard in aqueous medium and in the presence of the 

ionic liquid [Ch]Cl were recorded at the same temperatures used in the partitioning 

experiments (Figure 7). The characteristic absorption bands of both IgG and the ionic 

liquid were clearly identified in all systems. Notably, despite temperature variations, the 

spectral features of IgG in the bottom phase remained stable, with no significant shifts or 

intensity changes. 

 

 

Figure 7. FTIR spectra of standard IgG (▬), aqueous IgG solution (▬), and bottom 

phases of ATPSs containing IgG and [Ch]Cl at different temperatures such as (▬) 298 

K, (▬) 303 K, (▬) 308 K, (▬) 213 K; (▬) 318 K. 
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This behavior indicates the absence of relevant conformational alterations in IgG, 

particularly in the amide I region (≈1650 cm⁻¹), which is highly sensitive to changes in 

protein secondary structure. The preservation of this band up to 318 K suggests that IgG 

maintains its structural integrity under the experimental conditions evaluated, confirming 

the suitability of the partitioning process for applications requiring protein stability. 

Deconvolution of the FTIR spectra in the 1600–1700 cm⁻¹ region (Figure 8) was 

performed to investigate the secondary structure of IgG. The results obtained for IgG in 

the presence of the ionic liquid [Ch]Cl at different temperatures did not reveal 

conformational alterations indicative of protein denaturation or precipitation. 

Comparative analysis revealed that the IgG standard spectrum (Figure 8A) exhibited the 

lowest content of β-sheet and β-turn structures, with α-helix content predominating and 

displaying well-defined, isolated bands.  

This structural profile remained stable under the evaluated conditions, indicating 

that IgG did not undergo significant conformational changes that could compromise its 

structural integrity and, consequently, its functional properties. In contrast, the spectra 

shown in Figure 8E, corresponding to IgG partitioned at 318 K, revealed an increase in 

β-structure content along with a noticeable overlap between α-helix and β-turn bands. 

This behavior suggests more pronounced alterations in the protein secondary structure at 

higher temperatures, possibly reflecting partial conversion of α-helix structures into β-

turn or β-sheet conformations. 

Protein thermal denaturation is commonly described as a two-stage process: (i) 

reversible unfolding of the native structure, followed by (ii) irreversible aggregation 

and/or chemical modifications that ultimately lead to a denatured, often insoluble state 

[67]. A parallel can be drawn with the study by Usoltsev et al. [68], which supports the 

methodological approach adopted in the present work. In that study, human serum 

albumin (HSA) was subjected to temperatures ranging from 323 to 343 K, and 

conformational stability was monitored through changes in the amide I region of the 

spectrum. The authors reported that HSA aggregation begins at approximately 329 K, 

characterized by a pronounced loss of α-helix content and a concomitant increase in β-

sheet structures, indicating partial protein unfolding. This process was quantified by an 

approximately 2.3-fold reduction in α-helix content, reflecting a significant structural 

rearrangement toward more disordered conformations. In contrast, the results obtained 

for IgG in the present study demonstrate conformational stability up to 318 K, with no 

analogous α-helix–to–β-sheet transition observed in the amide I region. These findings 
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suggest that IgG exhibits higher thermal resistance under the investigated conditions, 

thereby reinforcing its structural robustness during the partitioning process. 

 

 

 

Figure 8. Deconvoluted FTIR (secondary-derivative) spectra in the amide I region 

(1,700–1,600 cm−1) of IgG in ATPSS formed by PEGME 550 (45 wt%) + [Ch]Cl (40 

wt%) + water (15 wt%) at different temperatures: (A) – 298 K; (B) – 303 K; (C) – 308 K; 

(D) – 313 K and (E) – 318 K. 

 

The combined results from electrophoretic (SDS-PAGE) analysis and FTIR 

spectral evaluation of the amide I region confirm the structural integrity of IgG under the 

experimental conditions investigated. In the SDS-PAGE analysis, samples collected from 

both phases of the system—the PEGME 550–rich top phase and the [Ch]Cl–rich bottom 

phase—obtained at 298.15 K with 40 wt% [Ch]Cl, displayed the characteristic IgG bands 

(A)

(B)

(C)

(D)
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at the expected molecular weights of approximately 50 kDa (heavy chain) and 25 kDa 

(light chain), with no evidence of degradation products. This electrophoretic evidence, 

together with the preservation of the conformational profile observed in the amide I region 

by FTIR, conclusively demonstrates that no significant denaturation or degradation of 

IgG occurred during the partitioning process. 

 

 

Figure 9. SDS-PAGE stained with coomassie blue (12 wt% gel) of the phases of the 

ATPSs formed by PEGME 550 (45 wt%) + [Ch]Cl (40 wt%) + aqueous solution of IgG 

(15 wt% - 1 mg mL⁻¹) system at 298.15 K and 0.1 MPa. Lanes: (1) molecular weight 

marker and IgG standard; (2) top phase of the system (PEGME 550–rich polymer phase); 

(3) bottom phase of the system ([Ch]Cl–rich phase containing IgG). 

 

4. Conclusion 

This work demonstrates that ATPSs composed of PEGME 550 and cholinium-

based ionic liquids can be successfully formed and further investigated as promising 

platforms for separation processes. Phase formation is primarily driven by hydrogen-

bonding, indicating that intermolecular interactions play a central role in phase 

separation. 

BSA was initially employed as a model protein to evaluate partitioning behavior 

in systems composed of PEGME 550 (45 wt%) and cholinium-based ionic liquids (40 

wt%) at 298 K and 0.1 MPa. Among the ionic liquids investigated, [Ch]Cl was identified 

as the most suitable for protein partitioning, as it promoted preferential migration of BSA 

Jo
ur

na
l P

re
-p

ro
of



28 
 

to the bottom phase (KBSA = 0.81±0.04). However, the extraction efficiency in the bottom 

phase remained low ([EEBSA]B = 50.31 ± 1.30 %). This system also exhibited minimal 

impact on protein structural stability, as confirmed by FTIR spectroscopy. The 

applicability of this system was extended to IgG, enabling optimization of partitioning 

conditions. The lowest KIgG (0.70 ± 0.01) was obtained for the system composed of 

PEGME 550 (45 wt%) and [Ch]Cl (40 wt%) at 298 K and 0.1 MPa; however, the 

extraction efficiency remained relatively low ([EEIgG]B = 48.68 ± 0.33 %). Partitioning 

trends were further supported by molecular docking simulations, which revealed specific 

interactions between the cholinium-based ionic liquid ions and the protein surfaces. 

Thermodynamic analysis indicated that IgG partitioning toward the target phase is non-

spontaneous (ΔG > 0), suggesting a preference for the ionic liquid-rich (bottom) phase. 

The process was found to be exothermic, with entropy contributions dominating the 

overall thermodynamic balance. FTIR spectroscopy confirmed that IgG maintained its 

structural integrity under optimized conditions, as further supported by SDS-PAGE 

analysis, which showed intact protein bands at approximately 50 kDa and 25 kDa, 

corresponding to the heavy and light chains, respectively. 

Overall, the results here presented demonstrate that proteins retain their structural 

integrity in PEGME 550–[Ch]Cl ATPSs, while preferentially partitioning to the bottom 

IL-rich phase. However, further studies are required to infer their selectivity and potential 

to purify high-value proteins from complex biological media. 
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• ATPS composed of PEGME 550 and cholinium-based ionic liquids can be formed 

• Phase formation is primarily driven by intermolecular interactions  

• Optimal BSA (K=0.81) and IgG (K=0.70) partitioning was achieved in [Ch]Cl-based ATPS 

• Molecular docking simulations confirmed the experimental partitioning trends 

• FTIR spectroscopy confirmed the structural integrity of IgG after separation 
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