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Abstract

Good’s buffers ionic liquids (GB-ILs), composed of cholinium-based cations and Good’s buffers 

anions, display self-buffering characteristics in the biological pH range, and their polarity and 

hydrophobicity can be easily tuned by a proper manipulation of their ions chemical structures. In 

this work, the extraction ability for bovine serum albumin (BSA) of aqueous biphasic systems 

(ABS) formed by polypropylene glycol 400 (PPG 400) and several GB-ILs was evaluated. ABS 

formed by PPG 400 and cholinium chloride ([Ch]Cl), GBs, and sucrose were also investigated for 

comparison purposes. It is shown that BSA preferentially migrates for the GB-IL-rich phase, with 

extraction efficiencies of 100%, achieved in a single-step. Dynamic light scattering, and circular 

dichroism (CD) and Fourier transform infrared (FTIR) spectroscopies were employed to evaluate 

the effect of the investigated cholinium-based GB-ILs on the BSA stability, and compared with 

results obtained for the respective GBs precursors, [Ch]Cl and sucrose, a well-known protein 

stabilizer. Molecular docking studies were also carried out to investigate on the binding sites of 

GB-IL ions to BSA. The experimental results confirm that BSA has a higher stability in GB-ILs 

than in any of the other compounds investigated.
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Introduction

Proteins play crucial roles in many biological processes and are of fundamental value in 

biotechnological, therapeutic and diagnostic applications [1]. Their production has rapidly 

grown up in the last decade [1]. Usually, proteins are produced in highly complex media 

comprising cell wall materials and nucleic acids. Therefore, the development of cost-

effective and sustainable separation and purification techniques for proteins is of major 
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relevance. Nevertheless, these techniques should be of a biocompatible nature due to the 

poor stability of proteins when removed from their native environments. Proteins can lose 

their native structure by slight changes in the surrounding environment, such as pH, 

temperature, mechanical stress or by the addition of chemical denaturants [2]. The active 

state of proteins is the well-known folded state, whereas the denatured or the inactive state 

corresponds to the unfolded form.

In the past years, the most common techniques used for the separation and purification of 

proteins included precipitation, filtration-related techniques, reverse micelle-based 

approaches, gel chromatography, electrophoresis, affinity chromatography, among others [3, 

4]. In general, to obtain highly pure proteins, several purification steps are required, which 

frequently cause losses on the protein yield and might represent high energy and solvents/

materials consumption. Thus, most of these methods are not suitable for large-scale 

applications. In this aspect, aqueous biphasic systems (ABS) are an alternative and scalable 

technique for the separation and purification of proteins. ABS also allow proteins to 

maintain their biological activities due to their water-rich environment [5]. In most 

circumstances, ABS consist of a polymer-rich top phase and a second polymer- or salt-rich 

bottom phase [5]. Amongst the investigated polymers, polyethylene glycol (PEG), 

polypropylene glycol (PPG) and dextran are frequently used. When considering polymer–

salt systems, ABS formed by phosphate-based salts are commonly employed due to the 

buffering capacity over the physiological pH (6-9) range afforded by the combination of 

different salts. This type of systems have been used in the extraction of proteins, enzymes 

and antibodies from their biological-containing medium, in single or two-staged primary 

purification processes [6].

In addition to the more deeply investigated polymer-based ABS, in the last decade, 

Gutowski et al. [7] demonstrated the formation of a novel class of ABS by combining 

inorganic salts and ionic liquids (ILs) in aqueous media. ILs are salts composed of large 

organic cations and organic or inorganic anions, which contribute to a decrease on their 

melting temperatures. Their application as media for maintaining the protein stability has 

been extensively studied, either employed as co-solvents with water, in biphasic systems, or 

as “neat” solvents [8–11]. Some reports also demonstrated that some ILs are able to 

maintain or even increase the proteins stability [11–13].

An attractive feature of ILs relays on the possibility of tuning their solvent properties by the 

manipulation of the ions chemical structures, and thus, IL-based ABS appear as liquid-liquid 

partitioning systems with tuneable features, such as extraction performance and selectivity 

[14–16]. IL-based ABS have been used for the extraction of proteins and enzymes, while 

demonstrating to provide higher extraction efficiencies than the traditional PEG-based ABS 

[17–34]. Alkylimidazolium-based ILs combined with phosphate-based salts were the most 

widely investigated phase-forming components of ABS [15]. However, such ILs display 

some toxicity and are poorly biodegradable [35]. On the other hand, the presence of high 

charge density salts is deleterious to proteins. To overcome these drawbacks, ABS composed 

of polypropylene glycol 400 (PPG 400) and cholinium-based ILs have been proposed, since 

both the cholinium-based ILs and PPG 400 are non-toxic and biodegradable [36]. Despite 

these systems being able to provide high extraction efficiencies for proteins, they still 
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present some limitations, mainly related with the pH values of the coexisting phases, since 

no buffering compounds are used as phase-forming components. The use of carbohydrates to 

replace the highly charged salting-out salts to form IL-based ABS has also been proposed 

[37]; yet, these ABS are still unable to perform as buffered liquid-liquid extraction systems. 

Consequently, the need for self-buffering ILs has emerged. Until recently, few works have 

reported ILs with buffering characteristics, and those were mainly based on anions such as 

phthalate, tartrate and phosphate [38–40]. Nevertheless, these anions are not sufficiently 

“inert” for biochemical- and biotechnological-related processes. They may participate in the 

cellular metabolism and interact with some chelate metal ions, like calcium, zinc or 

magnesium, that are important for maintaining the cells functions; e.g., phosphate anions 

interact with calcium leading to the precipitation of calcium phosphate [41].

Recently, we have devoted our efforts aiming at synthesizing novel ILs with buffer 

characteristics, in the physiological pH range, comprising anions derived from biological 

buffers - Good’s buffers [42]. Nevertheless, the selection of a suitable buffer does not 

depend only on providing appropriate pKa values for attaining a desired pH of the medium, 

but also on the biocompatible nature of the buffer used. The buffer chemical structure, either 

zwitterionic or non-zwitterionic, plays a key role on proteins stability. In fact, it was already 

demonstrated that buffers with similar pKa values lead to different effects or results when 

dealing with proteins [43]. Most of the biological buffers used today were developed by 

Good and co-workers [41, 44]. Good’s buffers (GBs) are designed based on several criteria, 

guarantying their inertness, while able to stabilize proteins, especially at high concentrations 

[45–49]. They are based on zwitterionic amino acids, which can act as anions of ILs by 

neutralizing them with organic bases [42].

In previous works, GBs-based anions (Tricine, TES, CHES, HEPES, and MES) were paired 

with alkylimidazolium [42], tetraalkylammonium [42], and cholinium cations [50]. The 

developed GB-ILs were found to offer a great buffer capacity in the biological pH range, and 

exhibited marked stabilizing effect on the proteins structure [42]. The tetrabutylammonium-

based GB-ILs formed aqueous biphasic systems (ABS) with high-charge density salts [42]. 

These ABS were shown to be able to extract BSA with an extraction efficiency of 100 % for 

the GB-IL-rich phase [42]. However, high-charge density salts should be avoided since a 

high ionic strength can be deleterious to proteins. To overcome this drawback, cholinium-

based GB-ILs were recently proposed, both to substitute the more toxic imidazolium- and 

tetraalkylammonium-based ILs, and to create more biocompatible ABS combined with 

biodegradable polymers, namely polypropylene glycol (PPG 400, with a molecular weight 

of 400 g.mol-1) [50]. PPG 400 is a biocompatible and biodegradable polymer, with a lower 

critical solution temperature in binary mixtures with water (LCST ≈ 46 °C), and which 

could be recovered conveniently by heating at a temperature above the LCST [36]. However, 

these biocompatible ABS still need to be characterized in what concerns their extraction 

performance for a broad variety of proteins and on their effect upon the proteins’ stability. 

Therefore, in this work, a wide variety of ABS composed of GB-ILs and PPG 400 were 

initially ascertained for the extraction of bovine serum albumin (BSA). BSA was chosen 

since it is commonly used in the separation of enantiomers [51]. BSA has been used in 

counter-current resolution or chromatography to separate D,L-tryptophan [52], ofloxacin 

[53], and D,L-Kynurenine [54]. Still, the resolution obtained for enantiomers is poor since 
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the extraction efficiencies of BSA obtained with more conventional polymer-based ABS are 

usually low. Therefore, the search on effective liquid-liquid extraction systems for BSA is of 

crucial value for such an attempt. The stability of BSA in the studied GB-ILs, respective 

GBs precursors, was investigated using dynamic light scattering (DLS) and attenuated total 

reflectance (ATR) Fourier transform infrared (FTIR) and circular dichroism (CD) 

spectroscopies. Moreover, the obtained results where compared with that of cholinium 

chloride, [Ch]Cl, and sucrose (common stabilizers of proteins).

Experimental Section

Materials

2-[4-(2-hydroxyethyl)piperazin-1-yl]ethanesulfonic acid (HEPES, purity > 99.5 wt%), N-

[tris(hydroxymethyl)methyl]glycine (Tricine, purity > 99 wt%), 2-(cyclohexylamino)ethane 

sulfonic acid (CHES, purity > 99 wt%), 2-(N-morpholino)ethanesulfonic acid (MES, purity 

> 99 wt%), 2-[(2-hydroxy-1,1-bis(hydroxymethyl)ethyl)amino]ethane sulfonic acid (TES, 

purity > 99 wt%), and choline hydroxide ([Ch][OH], 45 wt% in methanol), cholinium 

chloride ([Ch]Cl, purity > 98 wt%), and PPG 400 were purchased from Sigma-Aldrich. 

BSA/fraction V, pH = 7.0, was obtained from Acros Organics. Methanol (HPLC grade, 

purity > 99.9) was obtained from Fisher Scientific (UK), and acetonitrile (purity > 99.7) was 

supplied from Lab-Scan (Ireland). Sucrose (purity > 99.5 wt%) was supplied by HiMedia 

Lab. Purified water was obtained using a reverse osmosis and a Milli-Q plus 185 water 

purifying system and was used thorough in all experiments.

Synthesis and characterization of Good’s buffers ionic liquids (GB-ILs)

The details of the synthesis of cholinium-based GB-ILs have been described in a previous 

work [50]. Briefly, the [Ch][OH] solution was added slowly to an aqueous solution of 

slightly excess equimolar buffer under constant stirring, at room temperature, and overnight. 

The mixture was then subjected to evaporation at 60°C under vacuum. The resultant residue 

(viscous liquid) was dissolved in a mixture of acetonitrile and methanol (1:1) and stirred 

vigorously for 1 h to precipitate the excess buffer and filtered off. The GB-IL product was 

then evaporated at room temperature under vacuum for 3 days. The water content of the 

investigated GB-ILs was determined by Karl–Fischer titration (Metrohm Ltd., model 831) 

and was found to be less than 0.05 wt%. The synthesized compounds were characterized 

by 1H and 13C NMR spectroscopy (Bruker AMX 300) operating at 300.13 and 75.47 MHz, 

respectively, and their melting points were measured by differential scanning calorimetry 

(DSC) using a Perkin Elmer DSC-7 instrument (Norwalk, CT) with a heating rate of 

5 °C/min under a N2 flow of 40 mL·min-1. The NMR data and melting points are reported in 

Table S1 in the Supporting Information.

ABS phase diagrams and tie-lines

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

titration method at (25 ± 1) ºC and at atmospheric pressure. Repetitive drop-wise addition of 

an aqueous GB, GB-IL, [Ch]Cl or sucrose solution to pure PPG 400 was carried out until the 

detection of a cloudy biphasic solution, followed by the drop-wise addition of water until 

detection of a monophasic region. The opposite addition was also conducted aiming at 
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gathering more complete phase diagrams. This procedure was carried out under constant 

stirring. Each mixture composition was determined by the weight quantification of all 

components added within ± 10-4 g (using an analytical balance, Mettler Toledo Excellence 

XS205 DualRange). Some phase diagrams were previously reported by us [50] whereas 

others are here presented for the first time.

The tie-lines (TLs) of each phase diagram were determined by a gravimetric method 

described by Merchuk et al. [55]. The selected mixture, at the biphasic regime, was prepared 

by weighting the appropriate amount of GB, GB-IL, [Ch]Cl or sucrose + PPG 400 + water, 

vigorously stirred, and further submitted to centrifugation for 10 min and at a controlled 

temperature of (25 ± 1)ºC. After centrifugation, the sample was left in equilibrium for more 

10 min at (25 ± 1)ºC to guarantee the equilibration of the coexisting phases at the target 

temperature. After this period, each phase was carefully separated and weighted. Finally, 

each individual TL was determined by application of the lever-arm rule to the relationship 

between the weight of the top and bottom phases and the overall system composition. 

Further details can be found elsewhere [55].

Extraction efficiencies of BSA

The ternary mixtures compositions used in the partitioning experiments of BSA were 

gravimetrically prepared at a fixed common mixture composition: 30 wt% of GB, GB-IL, 

[Ch]Cl or sucrose + 30 wt% of PPG 400 + 40 wt% of water. The aqueous solution added 

contained BSA at a concentration of circa 0.5 g·L-1. The fixed mixture composition was 

chosen based on a common point for which all the systems are able to form two-aqueous 

phases. This fixed mixture composition also allows introducing an equal amount of BSA in 

each system, and thus permit the direct comparison of the extraction efficiencies afforded by 

the different ABS under study. Each mixture was vigorously stirred, centrifuged for 10 min, 

and left to equilibrate for at least 10 min at (25 ± 1)ºC to achieve a complete BSA 

partitioning between the two phases. After, a careful separation of the phases was performed 

and the amount of BSA in each phase was quantified by SE-HPLC (Size Exclusion High-

Performance Liquid Chromatography). Each phase was diluted at a 1:10 (v:v) ratio in a 

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

with an UV-Vis detector was used. RP-HPLC was performed on an analytical column (25 

cm × 2 mm i.d., 25 μm), Lichrospher 100 RP-18 (from Merck). A 100 mM phosphate buffer 

in MPPG400iQ water (mobile phase) was run isocratically with a flow rate of 0.8 mL·min-1. 

The column oven and autosampler temperatures were kept constant at 25°C. The injection 

volume was of 25 µL. The wavelength was set at 280 nm whereas the retention time of BSA 

was found to 10.6 min within an analysis time of 24 min. The quantification of the BSA was 

carried out by external standard calibration method in the range of 0.001 to 1.0 g·L-1 of 

protein. At least three independent biphasic mixtures for each PPG400-based system were 

prepared and 3 samples of each phase were quantified. The interference of all the phase-

forming components with the quantification method was also ascertained and blank control 

samples were always initially analyzed.
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The percentage extraction efficiency of BSA, EEBSA%, is the percentage ratio between the 

amount of protein in the GB-, GB-IL-, [Ch]Cl- or sucrose-rich aqueous phase to that in the 

total mixture.

Circular dichroism (CD)

Circular dichroism (CD) spectra were recorded on a JASCO J-720 spectropolarimeter 

(JASCO, Hiroshima, Japan) with a 175-800 nm photomultiplier (EXEL-308). CD spectra 

were recorded in the range from 200 to300 nm with quartz Suprasil ® CD cuvettes (0.1 cm) 

at room temperature (ca. 25 °C). Each CD spectrum is the result of three accumulations 

originally recorded in degrees and converted to [θ], molar ellipticity, with the 

spectropolarimeter software. The following acquisition parameters were used: data pitch, 0.5 

nm; band width, 1.0 nm; response, 4 s; and scan speed, 50 nm/min.

The ternary mixtures were prepared using the same procedure as for the extraction efficiency 

experiments. After the careful separation of the phases, each phase was diluted at a 1:10 

(v:v) ratio in phosphate buffer saline solution (PBS) and their CD spectra measured. The 

spectra of blank control samples, containing everything except BSA, were also measured 

and subtracted from the respective BSA CD spectra.

Dynamic light scattering (DLS)

The average hydrodynamic radius (RH) values of BSA were determined as a function of 

temperature using a Zetasizer Nano ZS (Malvern Instruments Ltd., UK) equipped with He-

Ne laser light source (4mW) with a wavelength (λ) = 633 nm. The measurements were 

carried out at a fixed scattering angle, 173°. The instrument is equipped with a thermostatic 

chamber with a temperature controller that allows to perform measurements under a given 

temperature and from 0 °C to 90 °C. Around 1.3 cm3 of bubble free samples of 20 mg·cm-3 

of BSA in aqueous solutions of 0.05 and 0.5 M of GBs, GB-ILs, [Ch]Cl or sucrose at pH = 

7.4, in square glass cuvettes (PCS8501), were placed into the thermostatic chamber. The 

desired pH of the GB-ILs and GBs was achieved by adding HCl/NaOH concentrated 

aqueous solutions since they are self-buffering compounds. For [Ch]Cl and sucrose, the 

buffer HEPES (0.05 M, pH =7.4) was used in combination. The samples were incubated at 

25 °C for 4 h prior to the measurements.

Infrared spectroscopy

ATR-FTIR spectra of 30 mg·mL-1 of BSA in aqueous solutions of 0.05 and 0.5 M of GBs, 

GB-ILs, [Ch]Cl or sucrose (at pH = 7.4 adjusted as described before for the DLS samples) 

were acquired with a resolution of 4 cm−1 in the 400–4000 cm−1 region, with an ABB 

MB3000 FTIR spectrometer, using a PIKE MIRacl and single refection diamond/ZnSe 

crystal plate. At least 5 repeated measurements were done for each sample. The second-

derivative of the Gaussian curve-fitting analysis of the amide I region was determined using 

the PeakFit v4.0 (AISN software Inc.). The calculations of the percentage amount of the α-

helices, β-sheets, and turns were performed by computing the ratios of the areas of the bands 

assigned to the respective substructure.
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Molecular docking

The interaction sites of BSA with the cholinium cation were identified using the Auto-dock 

Tools vina 1.5.4 program [56]. The crystal structure of BSA (PDB, 3v03) [57] was used in 

the molecular docking. The natural bond orbital (NBO) charges of the cholinium cation were 

calculated using a polarizable continuum model (IEF-PCM) at the DFT/B3LYP/6-311+

+G(d,p) level, and then used in the docking. The NBO charges were computed with the 

Gaussian 09 software [58]. The grid center at the center of mass of BSA was (90.398 × 

28.894 × 23.482) Å in the x-, y-, and z-axes, respectively. The grid dimension was (84 × 56 

× 82) Å to cover the whole interaction surface of the protein. The binding model that has the 

lowest binding free energy was searched out from 9 different conformers for each ligand.

Results and Discussion

Phase diagrams and tie-lines

The use of GB-ILs as protein stabilizers could be very relevant because they are self-

buffering in the biological pH range while sharing the ILs’ tuneable properties. The 

structures of the synthesized cholinium-based GB-ILs ([Ch][Tricine], [Ch][TES], [Ch]

[HEPES], [Ch][CHES], and [Ch][MES]), as well as [Ch]Cl, are shown in Fig. 1. The 

experimental data points corresponding to the ternary ABS phase diagrams composed of 

water, PPG 400 and [Ch][GB], [Ch]Cl, GBs or sucrose are illustrated in Fig. 2. The 

experimental data are shown in weight fraction. The respective phase diagrams in molality 

units are shown in Figs. S1 and S2 in the Supporting Information. The region above the 

saturation curve corresponds to solutions that form two phases while at compositions below 

the binodal curve only one phase exists. The GBs- and sucrose-based ABS are reported here 

for the first time while the GB-IL-based ABS have been previously reported [50].

Amongst the studied phase-forming components, the buffers CHES, MES and Tricine, as 

well as [Ch][CHES], were not able to form ABS with PPG 400. For all the studied ABS, the 

top phase corresponds to the polymer-rich aqueous phase while the bottom phase is mainly 

composed of [Ch][GB], [Ch]Cl, GBs or sucrose and water. The detailed experimental weight 

fraction data for each phase diagram, and the parameters obtained by the regression of the 

experimental binodal curves determined at 25°C under atmospheric pressure are reported in 

the Supporting Information. In addition, some tie-lines (TLs) and tie-line lengths (TLLs) are 

presented in the Supporting Information.

The ability of the phase-forming components to form ABS in presence of PPG 400 is as 

follows: Ch]Cl > [Ch][Tricine] > [Ch][HEPES] > [Ch][TES] > [Ch][MES] > HEPES > TES 

> Sucrose (Fig. 2). In general, the cholinium-based ILs present a higher ability to create 

ABS when compared with GBs or sucrose. This is of high-value since lower amounts of 

phase-forming components are required to perform liquid-liquid extractions with GB-ILs. It 

seems thus that the presence of a cholinium cation increases the affinity of the GB-ILs for 

water turning them more able to induce the phase separation, i.e., to act as salting-out 

species. Considering the fact that all ILs share the same cation, the pattern obtained for the 

GB-ILs is related with the hydrophilic nature of the anion. ILs hydrating more easily are 
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more able to induce the formation of a second liquid phase in presence of a moderately 

hydrophobic polymer, such as PPG 400 [15].

Extraction efficiencies of BSA

The ABS investigated in this work were ascertained in what concerns their extraction ability 

for proteins, namely BSA, from aqueous solutions. All the extractions were conducted at a 

fixed mixture composition: 30 wt% of GB, GB-IL, [Ch]Cl or sucrose + 30 wt% of PPG 400 

+ 40 wt% of water. The extraction efficiencies of BSA (EEBSA%) and the initial mixture 

compositions at 25 ºC are depicted in Table 1. By a proper weight balance analysis, as well 

as by visual inspection, it was possible to observe a significant amount of precipitated 

protein in the systems composed of HEPES and even more remarkable in the [Ch]Cl-based 

ABS. In the remaining systems, no precipitated protein was observed, and BSA was 

completely extracted (100% of extraction achieved in a single-step) for the [Ch][GB]-rich 

phase. The sucrose- and TES-based based ABS also provide 100% of extraction attained in a 

single-step. Nevertheless, it should be mentioned that the systems formed with sucrose or 

more traditional ILs require the use of an external buffer able to maintain the pH of the 

system. On the other hand, the phase-forming constituents of the GB-IL- and GB-based 

ABS do not require the addition of buffers since they are, by themselves, buffers and protein 

stabilizers.

In general, the studied ABS display higher extraction efficiencies than other reported IL-

based ABS. BSA is commonly used as a model protein to investigate the extraction 

efficiency afforded by IL-based ABS for proteins [23, 30, 31, 36, 59, 60]. The ABS formed 

by the pair [C4mim][N(CN)2]/K2HPO4 ABS was used to extract BSA from aqueous solution 

of saccharides (arabinose, glucose, sucrose, raffinose or dextran), with extraction efficiencies 

ranging between 82.7% and 100% for the IL-rich phase, while the saccharides are enriched 

in the salt-rich phase [23]. Moreover, several alkylimidazolium bromide-based ILs were 

investigated as phase-forming components of ABS, namely [C2mim]Br/[C4mim]Br/

[C6mim]Br/[C8mim]Br + K2HPO4, with extraction efficiencies of BSA for the IL-rich phase 

in the order of 76.36 %, 87.4 %, 91.63 % and 96.60 %, respectively, indicating that the 

extraction yield increases with the increase of the alkyl chain length of the IL cation [30]. 

Zeng et al. [31] used an ABS constituted by different 1,1,3,3-tetramethylguanidine acrylate 

guanidinium-based ILs and K2HPO4 to extract BSA from aqueous media, and the extraction 

efficiency of BSA to the IL-rich phase ranged between 5.70 % and 99.45 %. Even with 

cholinium-based ILs, extraction efficiencies of BSA in the (tri-cholinium citrate + PPG 400) 

and (cholinium lactate + PPG 400) ABS only up to ~86.4 and ~88.5 % for the IL-rich phase, 

respectively, have been reported [36]. Therefore, the GB-ILs investigated in this work are 

potential candidates as phase-forming components of ABS for the extraction of proteins - 

they lead to the complete extraction of BSA, in a single-step, while being able to maintain 

the pH of the aqueous medium.

In all GB-IL-based systems it is observed the preferential partitioning of BSA for the IL-rich 

aqueous phase. It is well-accepted that the partitioning of proteins between the two phases of 

an ABS is a complex phenomenon, guided mainly by several competing interactions 

between the solute being partitioned and the phase-forming components. This phenomenon 
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is highly complex since a protein can interact with the surrounding media/molecules through 

hydrogen-bonding, electrostatic interactions and dispersive forces. In addition, steric effects 

can also influence the protein preferential migration. In the studied systems, BSA is 

negatively charged (the isoelectric point of BSA is 4.8 [61]) and electrostatic interactions 

between the amino acid residues on the protein surface and the IL cation can occur – cf. the 

pH profiles given in the Supporting Information (Fig. S3). Nevertheless, all the studied ILs 

comprise the same cation. This means that while the GB-ILs are efficient to extract and to 

maintain the protein structure, [Ch]Cl is the worst candidate since a significant amount of 

precipitated protein was observed. GB-IL anions seem thus to be the best candidates - 

maybe due to preferential hydrogen-bonding and dispersive interactions established with the 

protein. Furthermore, in the ABS investigated, BSA preferentially migrates to the more 

hydrophilic phase (IL-rich phase). In previous studies of BSA extraction in ABS formed by 

GB-ILs and salts, a preferential partitioning of BSA for the IL-rich phase was observed [42]. 

Yet, in these salt-IL systems, the IL-rich layer corresponds to the most hydrophobic phase. 

Therefore, these combined results suggest that the BSA partition is not dominated by the 

relative hydrophobicity of the phases but actually by specific interactions with the IL, as 

discussed below.

Protein stability

The stability of proteins during extraction and purification procedures is an essential 

requirement for their further applications. Changes in the protein environment, such as 

temperature, pH, ionic force, and addition of deleterious solvents can alter the proteins 

native state. After the outstanding results presented before, with extraction efficiencies of 

100% achieved in a single-step, it is crucial to evaluate the stability of BSA at the aqueous 

phases. Therefore, and aiming at understanding the impact of the phase-forming components 

on the protein stability, the thermal stability and the structure of BSA were measured in 

aqueous solutions of 0.05 and 0.5 M of some GB-ILs ([Ch][Tricine], [Ch][TES], and [Ch]

[HEPES]), as well as in the corresponding Good’s buffers precursors, [Ch]Cl, and sucrose, 

at pH 7.4. The GB-ILs/GBs selected for this study are those that exhibit high buffering 

capacity at pH 7.4 [50].

DLS measurements for BSA were carried out in (0.05 and 0.5) M of TES, HEPES, Tricine, 

sucrose, [Ch]Cl, [Ch][Tricine], [Ch][TES], and [Ch][HEPES] at pH 7.4. When BSA is 

heated above its denaturation temperature (~55 °C) [45–48], aggregation occurs due to the 

exposure of the hydrophobic amino acid residues to the solvent, and that phenomenon can 

be easily monitored by DLS. Fig. 3 shows the intensity-weighted DLS CONTIN plot at 173° 

for BSA in 0.5 M [Ch][TES], as an example, at different temperatures. For the sake of 

clarity, only the curves at 25, 53, 54, 55, 57, and 59 °C are plotted. As shown in Fig. 3, the 

native state of BSA exhibits one average peak that occurs at RH = 4.7 nm at 25 °C. There is 

another very small peak corresponding to a minor population resulting from the aggregation 

of BSA, with RH > 100 nm. Indeed, DLS is an ideal technique for studying the protein 

aggregation [45–48]. The intensity of the peak corresponding to the native structure 

decreases slightly with an increase in temperature from 25 °C to 59 °C. Nevertheless, the 

size of the protein remains almost constant up to 59 °C which indicates that BSA is in its 

native state up to this temperature. Above 60 °C, there is a significant increase on the protein 
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size (6.7 nm). This result indicates that BSA starts to denature at 60 ºC (Td = 60 °C) 

reaching, for instance, RH = 18 nm at 65 °C. Moreover, by a cool back procedure until room 

temperature, the BSA size does not change (RH = 18 nm), revealing that the denaturation 

process is irreversible. The denaturation profiles of BSA in the investigated aqueous 

solutions (protein size vs. temperature) are plotted in Figs. S4 and S5 in the Supporting 

Information, where Td is the temperature at which the protein size significantly increases 

[45–48]. From the denaturation profiles, it is clearly seen that all the phase-forming 

components of ABS investigated increase the Td values of BSA along with their 

concentration. As an example, the Td values of BSA are 52, 53, 54, 53, 55, 57, 54, and 54 °C 

in 0.05 M of TES, HEPES, Tricine, sucrose, [Ch]Cl, [Ch][Tricine], [Ch][TES], and [Ch]

[HEPES], respectively. In general, the thermal stability of BSA in [Ch]Cl is greater than in 

GBs or sucrose. The three GBs and sucrose have the same impact on the protein stability. 

Nevertheless, the combination of the cholinium cation and GB-based anions, to form GB-

ILs, induces an even higher BSA thermal stability. These results combined with the 

complete extraction in a single-step, as well as with the lower amount of phase-forming 

components to form ABS, clearly support the high potential of GB-ILs to be explored in the 

extraction and purification of proteins.

The IR spectra of the amide I and II groups of BSA in the presence of GB-ILs and in the 

remaining phase-forming components of ABS were also determined, at room temperature 

and pH 7.4, to evaluate the possible changes of the BSA secondary structure. The amide I 

band appears at ~1653 cm-1 due to the C=O stretching vibration, while the amide II arising 

from a combination of N—H bending with C—H stretching vibrations appears at ~1547 

cm-1. A curve fitting was employed for the amide I band (Fig. S6 in the Supporting 

Information)) to determine the BSA secondary structure. In the buffer solution, the bands at 

(1615, 1631, 1653, 1675, and 1697) cm-1 are assigned to intermolecular β-sheet, intra-

molecular β-sheet, α-helix, turn, and antiparallel β-sheet, respectively [62–64]. The 

secondary structure of BSA is known to be mostly composed of α-helices of nine helical 

loops connected with 17 disulfide bridges. The α-helix value in buffer solution is in good 

agreement with those previously reported [62–64]. The α-helix content of BSA in the 

studied protein stabilizers is given in Table 2. Interestingly, the helicity of BSA in GB-ILs is 

greater than in the conventional IL, sugar, and GBs. The α-helices content in BSA follows 

the order: [Ch][TES] > [Ch][Tricine] > [Ch][HEPES] > sucrose > TES > [Ch]Cl > HEPES > 

Tricine. Although sucrose was found to completely extract BSA with no visible precipitation 

at the studied conditions, cholinium-based GB-ILs are certainly better protein stabilizers 

than sucrose (a well-known and commonly employed protein stabilizer).

It can be noted from Figs. S4 and S5 in the Supporting Information, that the particle size 

(RH) of BSA at room temperature increases with the concentration of GBs, GB-ILs and 

[Ch]Cl, while in the case of sucrose solution it is essentially constant. This suggests that the 

GB-IL ions bind to the protein surface; nevertheless, the protein becomes more compact as 

observed from the increase of the helicity of BSA –Table 2. A molecular docking study was 

additionally carried out to ascertain on the binding sites of the GB-IL ions to BSA - Fig. 4. 

The cholinium cation forms one hydrogen bond with Tyr156. On the other hand, for the GB-

IL anions the following binding sites were found: (i) the HEPES anion forms one hydrogen 

bond with Ser 428; (ii) the TES anion forms two hydrogen bonds with Arg198; and (iii) the 

Taha et al. Page 10

Process Biochem. Author manuscript; available in PMC 2017 February 22.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



Tricine anion forms five hydrogen bonds with Leu346, Glu353, and Arg208 amino acid 

residues, and as previously identified [42]. The binding free energies of [HEPES]¯, 

[Tricine]¯, [TES]¯, and [Ch]+ are (-5.1, -4.6 [42], -5.6, and -3.5) kcal·mol-1. These values 

suggest that, in general, GB anions are more favourable to establish hydrogen-bonds with 

BSA when compared with the cholinium cation. Since [Ch][GBs] have shown to improve 

the BSA stability when compared with [Ch]Cl, it seems that the stability afforded by GB-ILs 

is a major result of a direct binding of the GB-derived anions with the protein, which is 

shown to preferential occur by hydrogen-bonding. Besides the greater stability afforded by 

GB-ILs, as compared to traditional protein stabilizers, it should be mentioned that the pH 

range of these new stabilizers can also be tuned by choosing a proper GB-derived anion.

Finally, circular dichroism spectroscopy was used to analyse the secondary structure of BSA 

after each extraction. Circular dichroism is a spectroscopic tool used to study the 

conformation of biomolecules, such as proteins [65, 66]. Different secondary structures 

correspond to characteristic CD spectra, and it is considered that the protein CD spectrum is 

the sum of the spectra of the individual secondary structures present. According to the 

literature, the secondary structure of BSA is composed of 67% of α-helix, 10% of turn, and 

no β-sheet [67]. Furthermore, the α-helix spectrum is composed of two negative peaks at 

208 nm and 222 nm [68]. In this work, circular dichroism was used to monitor the changes 

in the conformation of BSA after the extraction procedure, and the spectra recorded for the 

bottom phase are depicted in Fig. 5. It should be remarked that the analysis using standard 

algorithms [69] was attempted in this work, since the BSA concentration was not 

additionally determined and the anions of the GB-ILs have very high absorption in the UV 

range (MES, HEPES, TES and Tricine), precluding thus measurements of CD spectra below 

220 nm. The spectrum of a standard solution of BSA (50mg/L in a PBS solution) was also 

measured and it is included for comparison purposes.

The CD spectra depicted in Fig. 5 clearly show that the secondary structure of BSA after the 

extraction procedure, and for all systems, is similar to the one of the freshly prepared 

solution of BSA. All spectra exhibit a maximum of negative ellipticity at ca. 222 and 208 

nm (whenever it was possible to measure below 220 nm), and characteristic of α-helical 

proteins. Even when it was not possible to record the spectra bellow 220 nm it is quite clear 

that they have the shape characteristic of α-helical proteins. The only system which showed 

a different spectrum was the one obtained for [Ch][MES], maybe due to its lower buffer 

capacity at pH 7.0.

A rough estimate of the α-helical content can be obtained from the average residue 

ellipticity at 222 nm, [θ]222, using the expression: fraction of α-helix = - ([θ]222 + 3000)/

33000 [70]. The values included in Table S6 in the Supporting Information show that the α-

helical content is always higher than 45% (the value estimated for the standard BSA sample 

was 65%). However, these values have high associated uncertainties, since they depend on 

the BSA’s average residues concentration. The CD spectra of the top polymer-rich aqueous 

phase was also measured for samples containing [Ch][Cl] and sucrose (see Fig. S7 in the 

Supporting Information), confirming therefore the extraction efficiency values of 100%, as 

after subtraction of the blank spectra, the CD signal is null. In summary, we can conclude 
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that after extraction with the investigated ABS, the conformation of BSA does not change, 

and the protein maintains its secondary structure.

Conclusions

In this work, we investigated the extraction ability of aqueous two-phase systems composed 

of GB-ILs, GBs, [Ch]Cl or sucrose + PPG 400 for BSA. The GBs- and sucrose-based ABS 

were here reported for the first time. All the investigated ABS are biocompatible and benign 

because they are majorly constituted by water and by non-toxic and biodegradable phase-

forming components. For all systems, the complete extraction of BSA was achieved in a 

single-step. Nevertheless, moderate to significant amounts of precipitated protein were 

observed in the HEPES- and [Ch]Cl-based ABS. Moreover, lower amounts of GB-ILs are 

required to form ABS with PPG 400.

The stability of BSA in aqueous solutions of cholinium-based GB-ILs (Ch][TES], [Ch]

[Tricine], [Ch][HEPES]) have been investigated using ATR-FTIR and DLS, and the results 

were compared with those obtained with the respective GBs precursors (TES, Tricine, and 

HEPES), with a conventional IL ([Ch]Cl), and a well-known protein stabilizer (sucrose). 

The helicity of BSA was found to follow the order: [Ch][TES] > [Ch][Tricine] > [Ch]

[HEPES] > sucrose > TES > [Ch]Cl > HEPES > Tricine. The thermal stability of BSA in 

aqueous solutions of cholinium-based GB-ILs was shown to be greater than in the other 

aqueous solutions of the remaining phase-forming components, as evidenced by the DLS 

measurements. Circular dichroism spectroscopy also confirmed that the protein is stable and 

keeps its α-helical secondary structure in all studied systems, and after the extraction step. 

Molecular docking studies were also carried out to investigate on the binding sites of GB-IL 

ions to BSA. Either the cholinium cation or the GB-derived anions establish hydrogen-bonds 

with BSA, which seem to be favourable to maintain the protein stability. In summary, the 

investigated cholinium-based GB-ILs are potential candidates for the formation of ABS, 

able to lead to complete extractions of BSA while maintaining the protein structure.
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Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Chemical structures of the cholinium-based GB-ILs and cholinium chloride.
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Fig. 2. 
Ternary phase diagrams at 25ºC for the systems composed of water + PPG 400 and: (■) 

Sucrose, (▲) TES, (●) HEPES, (♦) [Ch]Cl, (◊) [Ch][Tricine] (Δ) [Ch][TES], (○) [Ch]

[HEPES], and (□) [Ch][MES].
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Fig. 3. 
The intensity-weighted DLS CONTIN plot at 173° for BSA in 0.5 M [Ch][TES] at different 

temperatures and pH 7.4.
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Fig. 4. 
Molecular docking of BSA with [HEPES]ˉ (a), [TES]ˉ, and [Ch]+ (c).
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Fig. 5. 
Circular Dichroism spectra (in [θ]) for the bottom phase measured in the far UV for all 

systems after the BSA extraction.
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Table 1

Initial mixture compositions and percentage extraction efficiencies of BSA, EEBSA%, in the investigated ABS 

at 25ºC.

Phase-forming compound Weight fraction composition / (wt %) EEBSA%

PPG400 Phase-forming compound

[Ch][Tricine] 30.27 ± 0.06 30.02 ± 0.00 100

[Ch][MES] 29.88 ± 0.04 29.80 ± 0.02 100

[Ch][TES] 29.71 ± 0.11 30.30 ± 0.11 100

[Ch][HEPES] 29.86 ± 0.11 30.16 ± 0.15 100

[Ch]Cl 29.99 ± 0.16 30.09 ± 0.21 significant protein precipitation

TES 29.94 ± 0.10 29.53 ± 0.10 100

HEPES 29.86 ± 0.08 30.16 ± 0.14 moderate protein precipitation

Sucrose 30.01 ± 0.07 29.96 ± 0.028 100
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Table 2

Secondary structure analysis (from FTIR spectra) for BSA in the studied protein stabilizers at room 

temperature and pH = 7.4.

Protein stabilizers Concentration Amide I components / (%)

inter β-sheet intra β-sheet α-helix turn antiparallel β-sheet

Tricine 0.05 M[42] 2.4[42] 25.0[42] 57.6[42] 14.2[42] 0.8[42]

0.5 M ― 24.3 58.3 17.4 ―

TES 0.05 M ― 24.3 59.8 15.9 ―

0.5 M ― 29.1 61.2   9.7 ―

HEPES 0.05 M ― 26.4 58.3 25.3 ―

0.5 M 3.0 20.9 59.7 16.4 ―

sucrose 0.05 M ― 30.0 59.9 10.1 ―

0.5 M ― 24.8 61.5 13.7 ―

[Ch]Cl 0.05 M ― 25.4 59.5 15.1 ―

0.5 M ― 25.3 60.0 14.7 ―

[Ch][Tricine] 0.05 M ― 25.6 61.1 13.3 ―

0.5 M ― 27.3 62.9   9.8 ―

[Ch][TES] 0.05 M ― 29.7 62.5   7.8 ―

0.5 M ― 25.7 63.1 11.2 ―

[Ch][HEPES] 0.05 M ― 27.5 60.0 12.5 ―

0.5 M ― 29.9 61.1   9.0 ―
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