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Abstract

Immunoglobulins G (IgG) could become widespread biopharmaceuticals if cost-efficient 

processes for their extraction and purification are available. In this work, aqueous biphasic systems 

(ABS) composed of polyethylene glycols and a buffered salt, and with ionic liquids (ILs) as 

adjuvants, have been studied as alternative extraction and purification platforms of IgG from a 

rabbit serum source. Eleven ILs were investigated to provide insights on the chemical features 

which maximize the IgG partitioning. It is shown that in polymer-salt systems pure IgG 

preferentially partitions to the polymer-rich phase; yet, the complete extraction was never attained. 

Remarkably, after the addition of 5 wt% of adequate ILs to polymer-salt ABS, the complete 

extraction of pure IgG in a single-step was accomplished. The best systems and conditions were 

then applied to the extraction and purification of IgG directly from rabbit serum samples. The 

complete extraction of IgG in a single-step was maintained while its purity in the polymer-rich 

phase was enhanced by ca. 37% as compared to the IL-free ABS. The antibody stability was also 

evaluated revealing that appropriate ILs are able to maintain the IgG stability and can be used as 

phase-forming components of ABS when envisaging the purification of high-cost 

biopharmaceuticals.
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1 Introduction

In the past few years, progresses in pharmaceutical-related sciences have led to a new era of 

therapeutic-based drugs – biopharmaceuticals (Martínez-Aragón et al., 2009). The demand 

for purified proteins, such as specific antibodies, has increased considerably, and not only 

for therapeutic purposes but also for advanced diagnosis (Martínez-Aragón et al., 2009). 

Antibodies or immunoglobulins, known as Ig’s, are glycoproteins present in plasma and 
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extracellular fluids (humors) which constitute the humoral branch of the animal immune 

system (Leenaars and C. F. M. Hendriksen, 2005). Currently, the immunoglobulins G (IgG) 

isotype is one of the most used in a variety of scientific applications (Zhiqiang, 2008) and as 

alternative therapies to treat many diseases (Wang et al., 2013) such as inflammatory 

diseases (e.g., Myesthenia gravis, Crohn’s disease, Multiple sclerosis), as well as in patients 

with asthma, cardiovascular and infectious diseases (Rosa et al., 2007; Nimmerjahn and 

Ravetch, 2008). An additional relevant application of IgG is in oncology, where 

immunoglobulins act as carrier agents of toxins or radiolabeled isotopes to cancerous cells 

(Zhiqiang, 2008; Silva et al., 2014; Schuster et al., 2006). Antibodies are also suitable for 

use in indirect flow cytometry assays, for instance in ELISA or cytotoxicity studies (Andew 

and Titus, 2001).

The production of therapeutic antibodies must meet high efficiency and safety standards, 

which translate into the requirement of high purity levels (Azevedo et al., 2007). The high 

cost of the currently used downstream technologies is the key problem which has been 

preventing the widespread use of antibodies. Therefore, there is a crucial need to develop 

efficient, economic, and fast methods for their purification (Rosa et al., 2013). Typical steps 

in monoclonal and polyclonal antibodies recovery and processing comprise: (i) harvest, (ii) 

clarification, (iii) concentration, (iv) purification, (v) clearance, and (vi) validation and 

quality control (Rosa et al., 2007). Purification costs are responsible for between 20 and 

60 % and, in some special cases, up to 90 % of the total product costs (Rosa et al., 2007). 

The purification is usually achieved by expensive techniques, such as chromatography, that 

are not viable when envisaging a large-scale production. In order to suppress these and other 

shortcomings related with traditional methods, the extraction and purification using aqueous 

biphasic systems (ABS) constitutes an interesting alternative (Rosa et al., 2007; Rosa et al., 

2009; Soares et al., 2015).

ABS consist on two immiscible aqueous-rich phases based on polymer/polymer, polymer/

salt or salt/salt combinations dissolved in aqueous media that may be used in liquid-liquid 

extraction processes (Azevedo et al., 2009). On the whole, both phases are mostly composed 

of water, which means that they can offer a biocompatible medium for biologically active 

molecules (Raghavarao st al., 2003). Due to this advantage, ABS have been successfully 

used for the recovery of biological products, such as proteins/enzymes (Kammoun et al., 

2009; Dreyer and Kragl, 2008), antibiotics (Bora et al., 2005; Porto et al., 2008), antibodies 

(Rosa et al., 2007; Azevedo et al., 2009), among others (Benavides and Rito-Palomares, 

2008). Moreover, ABS can be viewed as more efficient strategies than traditional 

chromatographic methods since clarification, concentration and partial purification can be 

combined in a single-step (Silva et al., 2014). Polymer-polymer ABS have been studied for 

the purification of IgG (Silva et al., 2014; Rosa et al., 2009). However, these systems display 

high viscosities of the coexisting phases and some polymers, e.g. dextran, are highly 

expensive. To overcome these drawbacks, other works described the use of polymer–salt 

ABS for the same purpose (Azevedo et al., 2009), since these systems use cheaper 

components, display a lower viscosity and present coexisting phases with a higher density 

difference, and thus provide faster separation rates. The most used polymers in the 

formulation of ABS are polyethylene glycols (PEGs), because they present some attractive 
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properties, namely enhanced biodegradability, high water solubility, low toxicity, negigible 

volatility, low melting temperature, and low cost (Pereira et al., 2010).

To overcome some of the limitations of PEG-based ABS, in particular regarding the polarity 

differences between the phases and their selectivity, Zijlstra et al. (1996) proposed the use of 

functionalized-PEG-dextran ABS for the purification of IgG, aiming at their recovery from 

hybridoma cells. Asenjo and co-workers (1996) used an ABS composed of PEG, a 

phosphate-based salt and NaCl to successfully recover IgG from hybridoma cell 

supernatants in the top phase. In the same line, Rito-Palomares et al. (2000) studied PEG-

potassium-phosphate ABS to process whole bovine blood. Finally, Aires-Barros and co-

workers (2007; 2008; 2009) devoted a large attention to the study of ABS to the purification 

of IgG. The research group proposed a multi-stage equilibrium aqueous two-phase 

extraction for the successful purification of human antibodies from CHO cells supernatants, 

and demonstrated the feasibility of combining the extraction carried out by ABS with HIC 

(Hydrophobic Interaction Chromatography) and SEC (Size Exclusion Chromatography) for 

the purification of human therapeutic antibodies, without the use of any conditioning step in 

the three unit operations (Azevedo et al., 2008).

In addition to the functionalization of polymers, additions of salts, such as NaCl, and multi-

stage approaches, ionic liquids (ILs) can be also used as phase-forming components of ABS 

to promote the tailoring of the phases’ polarities and affinities (Freire et al., 2012). ILs are 

composed of ions of low-charge density instead of high-charge density ions characteristic of 

high melting temperature salts, and thus display lower melting temperatures than 

conventional salts (Marsh et al., 2004). ILs have attractive properties, namely a negligible 

volatility and non-flammability, under ambient conditions, which contributed to their “green 

solvents” characterization (Freire et al., 2012; Chen et al., 2010). Moreover, there is a large 

number of possible variations in the cation and anion chemical structures which further 

allow the fine-tuning of their physicochemical properties (Freire et al., 2012). The use of ILs 

in ABS leads also to the possibility of controlling the phases’ polarities by an adequate 

choice of the constituting ions (Passos et al., 2012), and thus, this tunable characteristic 

makes of them a desirable class of solvents in liquid–liquid extraction processes. In addition 

to their use as phase-forming components of IL-salt ABS, it was already shown that ILs can 

be used as adjuvants, and thus in lower amounts, to tailor the systems’ selectivity for target 

biomolecules (Pereira et al., 2010). Furthermore, several researchers have reported the 

capacity of enzymes and proteins to remain stable and active in presence of IL aqueous 

solutions (Pei et al., 2009; Desai et al., 2014). Hence, it seems likely that appropriate ILs 

could act as adjuvants in typical polymer-based ABS while envisaging the extraction and 

purification of high-value biopharmaceuticals/proteins, such as antibodies.

In this work, ILs were investigated as adjuvants (at 5 wt%) in polymer-salt ABS to allow the 

tailoring of the phases’ polarities and affinities aiming at purifying high-cost 

biopharmaceuticals. Extractions with pure/commercial IgG were initially performed to 

evaluate the best systems/conditions and ILs to be used. The best systems were then applied 

to the extraction and purification of IgG from rabbit serum samples, and the stability of the 

antibody evaluated. Promising results were obtained with most of the ILs investigated which 
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allowed the complete extraction of IgG in a single-step and an enhancement on its purity of 

ca. 37%, while being able at the same time to maintain the IgG stability.

2 Experimental Section

2.1 Materials

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

namely 400, 600, 1000, 2000, 4000 and 8000 g·mol-1 (herein abbreviated as PEG 400, PEG 

600, PEG 1000, PEG 2000, PEG 4000 and PEG 8000, respectively). They were from 

Sigma–Aldrich, with the exception of PEG 1000 that was from Fluka. K3C6H5O7·H2O 

(purity ≥ 99 wt%) was acquired from Sigma–Aldrich Chemical, and C6H8O7.H2O, from 

Panreac. Different ILs namely: 1-ethyl-3-methylimidazolium bromide, [C2mim]Br; 1-

butyl-3-methylimidazolium bromide, [C4mim]Br; 1-butyl-3-methylimidazolium chloride, 

[C4mim]Cl; 1-butyl-3-methylimidazolium tosylate, [C4mim][TOS]; 1-butyl-3-

methylimidazolium dicyanamide, [C4mim][N(CN)2]; 1-butyl-3-methylimidazolium acetate, 

[C4mim][CH3CO2]; tetramethylammonium bromide, [N1111]Br; tetraethylammonium 

bromide, [N2222]Br; tetrapropylammonium bromide, [N3333]Br; tetrabutylammonium 

bromide, [N4444]Br; tetrabutylphosphonium bromide, [P4444]Br. The purity level of all ILs 

were >98 wt%. Imidazolium-ILs were purchased from Iolitec; all ammonium-based ILs 

were from Aldrich, with the exception of [N4444]Br that was supplied by Fluka AG; and the 

[P4444]Br was kindly offered by Cytec Industries Inc. Before use, all ILs were purified and 

dried for a minimum of 24 h, under constant agitation, at moderate temperature (≈ 50°C) 

and under vacuum (to reduce their volatile impurities to negligible values). After this step, 

the purity of each IL was confirmed by 1H and 13C NMR spectra and found to be in 

accordance with the purity levels given by the suppliers. The chemical structures of the 

investigated ILs are depicted in Fig. 1. Phosphate buffered saline (PBS) pellets, from Sigma-

Aldrich, were used to prepare the solutions of IgG from rabbit serum (reagent grade, ≥ 95%) 

obtained as a lyophilized powder from Sigma-Aldrich. The rabbit serum used was obtained 

from Sigma Aldrich (R9133 Sigma), with a total protein content between 40-70 mg/mL 

(determined by Biuret). The water employed was double distilled, passed across a reverse 

osmosis system and further treated with a Milli-Q plus 185 water purification apparatus.

2.2 Determination of phase diagrams, tie-lines, tie-line lengths and critical points

Before the extraction and purification experiments, ternary phase diagrams were determined 

for each of the water-soluble PEGs (PEG 200, PEG 400, PEG 600, PEG 1000, PEG 2000, 

PEG 4000, PEG 6000 and PEG 8000) at pH ≈ 7 and for PEG 400 in the range from pH 5 to 

9. The buffer K3C6H5O7/C6H8O7 was used to maintain the pH of the overall ABS at the 

desired value by different molar ratios of the two species. For this, as well as for the 

representation of each phase diagram, the amount of water complexed with the salt was 

discounted and considered in the total weight of water. The binodal curve of each ABS was 

determined through the cloud point titration method at 25 °C and atmospheric pressure, 

using aqueous solutions of salt at around 50 wt% and aqueous solutions of the different 

PEGs (with concentrations ranging from 60 wt % to 90 wt %). The experimental procedure 

was validated in a previous report (Quental et al., 2015). Further details are given in the 

Supporting Information.
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2.3 Extraction of commercial/standard IgG using PEG-salt-based ABS

In the studied ABS, the top phase corresponds to the PEG-rich aqueous phase while the 

bottom phase is mainly composed of the buffered salt. The ternary mixture compositions for 

the IgG extraction were chosen based on the phase diagrams determined for each PEG-

C6H5K3O7/C6H8O7-water mixture – cf. detailed data on phase diagrams and composition of 

the coexisting phases in the Supporting Information. To avoid discrepancies in the results all 

the partitioning studies were performed at a constant tie-line length (TLL). The mixture 

compositions which correspond to a TLL of ca. 35 are as follows: 25 wt% of PEG 400 + 25 

wt% of C6H5K3O7/C6H8O7, 19 wt% of PEG 600 + 23 wt% of C6H5K3O7/C6H8O7, 19 wt% 

of PEG 1000 + 20 wt% of C6H5K3O7/C6H8O7, 18 wt% of PEG 2000 + 16 wt% of 

C6H5K3O7/C6H8O7, 18 wt% of PEG 4000 + 14 wt % of C6H5K3O7/C6H8O7, 17 wt% of 

PEG 6000 + 14 wt % of C6H5K3O7/C6H8O7, and 16 wt% of PEG 8000 + 15 wt % of 

C6H5K3O7/C6H8O7. The partition behavior of rabbit IgG in aqueous PEG/citrate buffer two-

phase systems was investigated using IgG stock solutions prepared with a concentration at 

ca. 1 g.L-1 dissolved in PBS (phosphate buffered saline at 0.01 M, pH ≈ 7.4, at 25°C). In 

each system, a small amount of the IgG aqueous solution (≈ 0.3 g) was added to the phase-

forming components to reach a total weight of the mixture of 1.5 g.

In order to elucidate the main factors that rule the partition behavior of IgG in polymer-salt 

ABS, two main parameters were investigated. The first parameter studied was the PEG 

molecular weight (namely, 400, 600, 1000, 2000. 4000, 6000 and 8000 g·mol-1). In this 

study, mixtures at pH ≈ 7 were prepared and centrifuged for 10 min, at 1000 rpm, and left to 

equilibrate for 120 min at 25°C to ensure the total phases separation. Previous optimization 

tests on the equilibrium conditions were carried out and the data are provided in the 

Supporting Information. The second parameter evaluated comprises the study of the effect of 

pH through the IgG extraction. In this case, mixtures at different pH values (5, 6, 7, 8, and 9) 

were prepared, centrifuged at 1000 rpm for 10 min and left to equilibrate for more 120 min 

at 25°C. Since phase diagrams depend on the pH, the mixture compositions which 

correspond to a TLL of ≈ 35 are as follows: 20 wt% of PEG 400 + 35 wt% of 

C6H5K3O7/C6H8O7, at pH ≈ 5; 22 wt% of PEG 400 + 29 wt % of C6H5K3O7/C6H8O7, at 

pH ≈ 6; 21 wt% of PEG 400 + 26 wt % of C6H5K3O7/C6H8O7, at pH ≈ 8; and 23 wt% of 

PEG 400 + 25 wt % of C6H5K3O7/C6H8O7, at pH ≈ 9. After the equilibrium conditions, 

both phases were carefully separated, and IgG was quantified in each phase by UV-

spectroscopy, using a UV-spectrophotometry (SYNERGY|HT microplate reader, BioTek), at 

a wavelength of 280 nm, using calibration curves previously established with IgG. All 

experiments were carried out with three replicates. The interference of the salt and PEG with 

the quantification method was also ascertained and blank control samples were used.

The percentage extraction efficiency of IgG into to PEG-rich phase, EEIgG%, is the 

percentage ratio between the total weight of protein in the PEG-rich aqueous phase to that in 

the two aqueous phases, and is defined according to Eq. 1,

(1)
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where,  and  are the total weight of IgG in the PEG-rich phase and in the salt-

rich phase, respectively.

The recovery yield of IgG into to PEG-rich phase, YIgG%, is the percentage ratio between 

the amount of protein in the PEG-rich aqueous phase to that added in the initial mixture 

 and is defined according to Eq. 2,

(2)

2.4 Extraction of commercial/pure IgG using PEG-salt-based ABS with ILs as adjuvants

After the previously described optimization procedures, a mixture point, with a composition 

of 25 wt% of PEG 400 + 25 wt% of C6H5K3O7/C6H8O7 at pH ≈ 7 (TLL of 35) was 

selected. To this mixture, 5 wt% of each IL was added, and the partition behavior of rabbit 

IgG was investigated. Several combinations of ILs were attempted which allow the 

evaluation of the IL cation and anion nature effects, as well as the increase of the alkyl side 

chain length. The ILs used for the study of the anion effect were [C4mim]Br, [C4mim]Cl, 

[C4mim][TOS], [C4mim][N(CN)2] and [C4mim][CH3CO2], while to study the effect of the 

cation nature and alkyl side chain length the following ILs were employed: [C2mim]Br, 

[C4mim]Br, [N1111]Br, [N2222]Br, [N3333]Br, [N4444]Br and [P4444]Br. The stock solutions 

of IgG were prepared with a concentration at ca. 1 g.L-1 in PBS (phosphate buffered saline 

aqueous solutions at 0.01M, pH ≈ 7.4). In each system, a small amount of the IgG aqueous 

solution (≈ 0.3 g) was added to a total weight of 1.5 g corresponding to the final weight of 

each ABS. Each mixture was then stirred, centrifuged for 10 min at 1000 rpm, and left to 

equilibrate for more 120 min (a time period established in previous optimization 

experiments) at 25°C in order to achieve the complete partitioning of IgG between the two 

phases. After a careful phases’ separation, the IgG content in each phase was determined as 

previously described. EEIgG% and YIgG% were determined using Eqs 1 and 2. At least three 

ABS of each type were prepared and 3 samples of each phase were quantified. Blank 

controls with no IgG added were always used.

In IL-based ABS, the partitioning behavior of ILs between the coexisting phases was also 

evaluated. The amount of aromatic imidazolium-based ILs in each phase was quantified by 

UV-spectroscopy, using a SYNERGY|HT microplate reader, BioTek, at a wavelength of 211 

nm. The extraction efficiency of the IL, EEIL%, is defined as the weight of the IL in the 

PEG-rich to that in the two phases.

2.5 Extraction and purification of IgG from rabbit serum using PEG-salt-based ABS with 
ILs as adjuvants

After the identification of the best systems to extract and recover IgG, ABS formed by 25 wt

% of PEG 400 + 25 wt% of C6H5K3O7/C6H8O7 + 5 wt% of IL + 45 wt% of rabbit serum 

diluted at 1:10 (v:v) at pH ≈ 7 (TLL of 35) were investigated to extract and purify IgG from 

the real matrix. Several ILs were investigated to infer on the IL cation and anion nature 
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effects, as well as on the increase of the IL cation alkyl side chain length. Each mixture was 

stirred, centrifuged for 10 min at 1000 rpm, and left to equilibrate for more 120 min at 25°C 

in order to achieve the complete partitioning of IgG and remaining proteins between the two 

phases. After the phases’ separation, the IgG and remaining proteins contents were 

determined by size exclusion high performance liquid chromatography (SE-HPLC). At least 

three ABS of each type were prepared and 3 samples of each phase were quantified. Blank 

controls with no IgG added were always used. Each phase was diluted at a 1:10 (v:v) ratio in 

PBS 10 mM before injection in the SE-HPLC. A Chromaster HPLC (VWR, Hitachi) 

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

Shodex Protein KW-802.5 (8 mm x 300 mm). A 100 mM phosphate buffer pH 7.0 with 

NaCl 0.3 M was run isocratically with a flow rate of 0.5 mL.min-1. The temperature of the 

column and autosampler was kept at 25ºC. The injection volume was of 25 µL. The 

wavelength was set at 280 nm whereas the retention time of IgG (confirmed with the 

commercial and pure sample) was found to be ca. 15.5 min within an analysis time of 30 

min. The quantification of IgG in each phase was carried out by the use of a calibration 

curve established in the SE-HPLC at the conditions described before. The percentage 

extraction efficiency and recovery yield of IgG to the PEG-rich phase were determined 

according to Eqs. 1 and 2, while the percentage purity of IgG was calculated dividing the 

HPLC peak area corresponding to IgG by the total area of all peaks corresponding to all 

proteins present at the PEG-rich phase.

2.6 Stability of IgG

In addition to the analysis of the SE-HPLC chromatograms used to quantify IgG and 

remaining contaminant proteins on the extraction studies of IgG from rabbit serum samples, 

and which allow to infer on the IgG integrity, the structural stability of IgG was also studied 

by Fourier Transform Infrared Spectroscopy (FT-IR) and Sodium Dodecyl Sulphate 

Polyacrylamide Gel Electrophoresis (SDS-PAGE). Aqueous solutions containing IgG (0.1 

wt%), PEG 400 (35 wt%) and different ILs (5 wt%) were prepared and used to perform the 

stability studies. 0.1 wt% of IgG in an aqueous solution of PBS buffer at 10 mM, pH 7.4, 

was taken as the control sample for comparative issues. FT-IR spectra were obtained in the 

wavelength range from 1800 to 1200 cm−1, and recorded using a Perkin Elmer Spectrum Bx 

spectrophotometer with a resolution of 4 cm−1 and 64 scans. All spectra were fitted at amide 

I region (1600-1700 cm-1) with the Origin 8.5 software. Prior to loading in the gel wells to 

carry out the SDS-PAGE, all samples were diluted in Laemmli sample buffer in order to load 

200 μg of IgG/mL per lane. This solution was heated at 95 ºC for 5 min.These solutions 

were then subjected to SDS-PAGE in 20% polyacrylamide gels. Gels were electrophoresed 

for 1.5 h at 135 V on polyacrylamide gels (stacking 4%; resolving 20%) with a running 

buffer constituted by 250 mM Tris-HCl, 1.92 M glycine, and 1% SDS, and then stained with 

Coomassie Brilliant Blue G-250 0.1% (w/v), methanol 50% (v/v), acetic acid 7% (v/v) and 

water 42.9% (v/v), for 3-4 h in an orbital shaker at room temperature. Gels were further 

distained in a solution of acetic acid at 7% (v/v), methanol at 20% (v/v) and water at 73% 

(v/v) in an orbital shaker at a moderate speed during 3–4 h at room temperature. SDS-PAGE 

Molecular Weight Standards, namely marker molecular weight full-range from VWR, were 

used as protein standards.
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3 Results and discussion

3.1 Phase diagrams, tie-lines, tie-line lengths and critical points

In this work, polymer-organic-salt-based ABS, as well as ABS employing ILs as adjuvants, 

were used to evaluate their extraction performance for IgG. The respective ternary phase 

diagrams were determined at 25°C for ABS constituted by several PEGs with different 

molecular weights (200, 400, 600, 1000, 2000, 4000, 6000 and 8000 g·mol-1) and the 

citrate-based buffer at pH ≈ 7 in aqueous media. Although phosphate buffered solutions are 

typically employed to maintain the pH of the coexisting phases of ABS, it should be stressed 

that phosphate ions can bind to metal ions, such as calcium, zinc or magnesium, which are 

essential to maintain the integrity of some proteins/enzymes. These high-charge density 

phosphate-based salts can be adequately replaced by more biocompatible and biodegradable 

organic salts, such as citrate-based, which combined with citric acid, also afford a wide 

buffered pH region. In summary, a citrate-based buffer was selected in this work aiming at 

improving the biodegradable and biocompatible nature of the ABS under study. Moreover, 

citrate-based salts also have a strong salting-out character being therefore able to provide 

large biphasic regions to work as ABS (Passos et al., 2012).

The phase diagrams obtained at 25 ºC are illustrated in Fig. 2 (the experimental weight 

fraction data of each phase diagram are given in the Supporting Information). The results for 

PEG 200 are not shown since it was found that there is no formation of a biphasic system 

composed of PEG 200 and C6H5K3O7/C6H8O7 at pH ≈ 7. In all phase diagrams, the 

biphasic region is located above the solubility curve, and the larger this region is, the higher 

is the ability of PEG to undergo liquid-liquid demixing in aqueous media. As can be seen 

from Fig. 2, the ability to form ABS increases with the PEG molecular weight. Similar 

trends have been observed in other ABS composed of polymer-salt or PEG-IL pairs 

(Azevedo et al., 2009; 2012; Lu et al., 2010). This pattern is a consequence of the higher 

hydrophobicity of PEGs of higher molecular weight which are more easily excluded to a 

second liquid phase by a salting-out species (C6H5K3O7/C6H8O7).

For the studied systems, the experimental binodal data were fitted by the empirical 

relationship originally proposed by Merchuk et al (1998), and their representation is also 

provided in Fig. 2. The regression parameters were estimated by the least-squares regression 

method, and their values and corresponding standard deviations are provided in the 

Supporting Information. Good correlation coefficients were obtained for all systems, 

indicating that these fittings can be used to predict data in a given region of the phase 

diagram where no experimental results are available. The experimental tie-lines (TLs), 

which gives the composition of each phase for a given mixture composition, along with their 

respective length (TLL), and detailed critical points are provided in the Supporting 

Information. The critical point of each system is presented in Fig. 2 and, in general, the 

contents of PEG at the critical point are similar, although the decrease of the amount of salt 

at the critical point is more visible with the increase of the PEG hydrophobicity–a 

consequence of their higher ability to create ABS.

The pH dependence of ABS formation was also studied using PEG 400 as phase-forming 

component. The respective liquid-liquid ternary phase diagrams are shown in the Supporting 
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Information for the system composed of PEG 400 + C6H5K3O7/C6H8O7 + H2O at different 

pH values (5-9), using different mole ratios of potassium citrate and citric acid 

(C6H5K3O7/C6H8O7). The experimental weight fraction data of each phase diagram and 

fitting parameters are provided as part of the Supporting Information. The respective TLs, 

along with their respective length (TLL), pH of the coexisting phases and detailed critical 

points are also reported in the Supporting Information. In general, a decrease on the pH 

leads to a lower ability to form ABS due to the decrease of the salt salting-out ability 

(Shahriari et al., 2012).

3.2 Extraction of commercial/standard IgG using PEG-salt-based ABS

3.2.1 Effect of the molecular weight of PEG—The extraction efficiency and 

recovery yield of IgG in ABS composed of PEGs of different molecular weights + 

C6H5K3O7/C6H8O7 + H2O (at a fixed pH, pH 7) were investigated and the results obtained 

are shown in Fig. 3a. All mixtures compositions used in this set of experiments correspond 

to a similar TLL (ca. 35).

Single-step extraction efficiencies ranging between 38 and 98% were obtained, and an 

increase in the polymer molecular weight leads to a decrease on the extraction efficiency of 

IgG to the polymer-rich phase. Indeed, for polymers of higher molecular weight, IgG 

preferentially partitions to the salt-rich phase. The best results, both in terms of EEIgG % and 

YIgG %, were achieved with ABS formed by PEG 400, PEG 600 and PEG 1000, and 

although some losses on the proteins were verified, no protein precipitation was 

macroscopically observed with these ABS. These results demonstrate that antibodies have a 

higher tendency to migrate to the polymer-rich phase composed of lower molecular weight 

polymers.

In the polymer-salt systems studied, the partitioning of the target proteins seems to be 

mainly driven by volume exclusion (of the polymer-rich phase) and salting-out effects 

(exerted by the salt-rich phase). However, electrostatic interactions cannot be discarded if 

extractions are being carried out at pH values different from the protein pI (the pI of rabbit 

IgG is 7.8; Berggren et al., 1995) as well as hydrogen-bonding interactions, which seem 

particularly relevant in water-rich media. According to the results obtained, and taking into 

account that the pH of the systems is fixed at 7 and that the salting-out species is always 

maintained, it seems that the lower partitioning of IgG for PEGs of higher molecular weight 

may be related with volume-exclusion effects due to the high IgG molecular weight (150 

kDa). This effect can also justify the decrease on the recovery yields observed in systems 

constituted by polymers of higher molecular weight. Moreover, according to the 

composition of the phases (given in the Supporting Information, Table S6) for experiments 

carried out at a fixed TLL, there is a decrease on the salt amount at the salt-rich phase in the 

systems composed of higher molecular weight PEGs which corresponds to a lower salting-

out aptitude. Consequently, the overall size-exclusion and salting-out effects seem to play 

the major role towards the IgG partitioning into the PEG-rich phase of the PEG-salt ABS 

investigated. For the remaining PEGs (2000, 4000, 6000 and 8000 g·mol-1), the EEIgG % are 

lower than those observed for the systems formed by PEGs of lower molecular weight. In 

these systems, protein precipitation and turbidity was macroscopically visible. Antibodies 

Ferreira et al. Page 9

J Biotechnol. Author manuscript; available in PMC 2017 October 20.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



precipitation and lower yields in ABS composed of polymers of higher molecular weight 

were also previously described by Rosa et al. (2007). Taking into account the overall results 

obtained for EEIgG % and YIgG %, the following studies were carried out with ABS formed 

by the low molecular weight PEG 400. Moreover, ABS formed by lower molecular weight 

PEGs are by far less viscous and more soluble in water, being thus more advantageous when 

envisaging the scale-up of the purification process.

3.2.2 Effect of pH—Extraction efficiencies and recovery yields of IgG in ABS 

composed of PEG 400 + C6H5K3O7/C6H8O7 + H2O at different pH values and at 25°C are 

shown in Fig. 3b – detailed data are given in the Supporting Information. In all systems, 

EEIgG% higher than 95% and YIgG% ranging between 46 and 49% were obtained. No major 

differences are observed in extraction efficiencies and recovery yields at pH values ranging 

between 5 and 9. The pI of rabbit IgG is 7.8, meaning that at this pH the protein has a nearly 

zero net charge (Berggren et al., 1995). Based on the gathered results, IgG has a higher 

affinity to the polymer-rich phase, which seems to be independent of its charge, denoting 

thus that electrostatic interactions are not significant. Silva et al. (2014) evaluated the 

extraction and precipitation of human IgG at different pH values, ranging from 3 to 8, with 

PEG-3350-dextran ABS and observed more than 50% of IgG precipitation in the pH range 

5–8; on the other hand, at more acidic values, the precipitation was considerable reduced. In 

our study, the precipitation of the protein was not macroscopically visible although the 

yields of IgG are always below 50%, and with no significant differences amongst the various 

pH values investigated. Although further studies at lower pH values should be conducted 

aiming at overcoming the loss of IgG, we are restricted to a minimum of pH 5 since ABS 

formed by PEG 400 and C6H5K3O7/C6H8O7 could not be created at lower pH values. Based 

on the gathered results, the remaining studies comprising the addition of ILs were carried 

out at pH ≈ 7.

3.3 Extraction of commercial/standard IgG using PEG-salt-based ABS with ILs as 
adjuvants

3.3.1 Effect of the IL anion—The capacity to extract and partition IgG in PEG 400 + 

C6H5K3O7/C6H8O7 + H2O (pH ≈ 7) ABS, with ILs as additives (at 5 wt% in the overall 

system), and at 25°C, was investigated thereafter. The effect of the IL anion nature on the 

IgG extraction and recovery was conducted with ILs sharing a common imidazolium cation 

([C4mim]+) combined with the following anions: Cl-, Br-, [TOS]-, [CH3CO2]- and 

[N(CN)2]-. A common mixture composition was chosen which corresponds to the initial 

TLL of 35, namely 25 wt% of PEG 400 + 25 wt% of C6H5K3O7/C6H8O7 + 5 wt% of each 

IL.

Fig. 4a depicts the extraction efficiency and recovery yields of IgG in the various systems 

investigated - the respective detailed data are reported in the Supporting Information. 

According to the obtained results, EEIgG% decreases according to the following trend: 

[CH3CO2]- ≈ Cl- ≈ [TOS]- > [N(CN)2]- ≈ Br-. An increase in the EEIgG% from 96 % (with 

no IL added) to 100% or complete extraction in a single-step was observed with the systems 

composed of 5 wt% of [C4mim][CH3CO2], [C4mim]Cl and [C4mim][TOS]. On the other 
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hand, the ABS containing [C4mim]Br, although presenting a lower EEIgG% of 89%, also 

leads to an increase on the recovery yield of IgG (from 40 to 55%).

The hydrogen-bond basicity is a measure of the ability of a compound to accept a proton (or 

donate an electron pair) in a solute-solvent hydrogen-bond (Cláudio et al., 2014). ILs with 

the [CH3CO2]- and Cl− anions are those with a higher hydrogen-bond basicity, which 

reflects their high polarity or affinity for water (Cláudio et al., 2014). These two ILs, 

although not favorable to increase the recovery yield, led to the complete extraction of IgG, 

meaning that specific hydrogen-bonding interactions play a role on this process. [C4mim]

[TOS] displays a lower hydrogen-bond basicity than [C4mim][CH3CO2] and [C4mim]Cl and 

is also capable of leading to a EEIgG% of 100%. This particular IL is constituted by an 

aromatic anion and further π…π interactions between aromatic amino acids in IgG may also 

have some effect towards the IgG partitioning. On the other hand, the ILs [C4mim]Br and 

[C4mim][N(CN)2] display lower hydrogen-bond basicity values (Cláudio et al., 2014), and 

with these, the complete extraction in a single-step was not achieved. In summary, ILs with a 

higher hydrogen bonding basicity are better at enhancing the extraction of IgG for the PEG-

rich phase. The preferential IL partition to the top phase naturally changes the chemical and 

physical properties of the polymer-rich phase. These results corroborate the notion that the 

IL chemical structure plays a major role and that specific interactions with the IL should be 

governing the partitioning of IgG.

Since different ILs were added to the polymer-salt ABS, these will also partition between the 

coexisting phases. All imidazolium-based ILs investigated preferentially partition to the 

polymer-rich phase, with extraction efficiencies higher than 80% (data shown in the 

Supporting Information). However, there is not a correlation between the amount of IL 

present at the PEG-rich phase and the IgG partitioning. Therefore, the extent of the ILs 

migration to the polymer-rich phase has not a direct effect on the IgG partition degree. 

Nevertheless, from the results obtained, and considering that all ILs display extraction 

efficiencies higher than 80% to the PEG-rich phase, it seems that the amount of IL added to 

enhance the IgG partition is thus in excess and that the chemical nature of the IL plays the 

major role in this study. This indicates that lower amounts of IL could be enough to enhance 

the IgG partitioning and to optimize the purification process, which obviously brings 

additional advantages in terms of ABS cost and biocompatibility. Based on these results, we 

can conclude that the investigated ILs establish non-covalent interactions with the target 

protein enhancing its partition to the polymer-rich phase (the phase where the IL is also 

enriched), and that ILs act as “salting-in” species establishing specific interactions with the 

target protein.

3.3.2 Effect of the IL cation—The effect of the addition of ILs with different cations to 

polymer-salt ABS on the partitioning of antibodies was addressed using ILs with a fixed 

anion (Br-) combined with the following cations: [C2mim]+, [C4mim]+, [N1111]+, [N2222]+, 

[N3333]+, [N4444]+ and [P4444] +. All ILs were added at 5 wt% to the ABS formed by 25 wt

% of PEG 400 + 25 wt% of C6H5K3O7/C6H8O7, pH ≈ 7. The ILs investigated allow to 

ascertain on the IL cation core and alkyl side chain length effects on the antibody 

partitioning behavior. The results obtained are shown in Fig. 4b, with the respective detailed 

data reported in the Supporting Information.
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The extraction efficiency of the several ABS for IgG decreases in the following order of IL 

cations: [N1111]+ ≈ [N2222]+ ≈ [N3333]+ ≈ [N4444]+ ≈ [P4444] + > [C2mim]+ ≈ [C4mim]+. 

Remarkably, all tetralkylammonium- and tetraalkylphosphonium-based ILs, when added at 

small amounts to the original ABS, lead to the complete extraction of IgG to the polymer-

rich phase. On the contrary, imidazolium-based ILs display a lower performance to increase 

the extraction efficiency of IgG. Even so, no major differences are observed on the IgG 

partitioning as a function of the alkyl side chain length in tetraalkylammonium-based ILs 

nor between tetrabutylammonium and tetrabutylphosphonium bromide ILs. Furthermore, the 

alkyl chain length (from ethyl to butyl) in imidazolium-based ILs does not have a significant 

impact on the IgG partitioning. These results confirm that no significant dispersive-type 

interactions occur between the IL cations and the protein surface.

3.4 Stability of IgG and extraction from rabbit serum

Although it was demonstrated that small amounts of ILs in conventional ABS enhance the 

partition and recovery yield of IgG, efforts were further carried out to evaluate the effect of 

ILs on the structural stability of IgG. Some “hydrated ILs” or ILs aqueous solutions have 

demonstrated to be extraordinary media for solubilizing and stabilizing proteins (Khono et 

al., 2011). Other studies (Wei and Danielson, 2011) have demonstrated that aqueous 

solutions of ammonium-based ILs are able to maintain the native structure of cytochrome c 

up to IL concentrations of 50−70% (in contrast with the denaturation of the protein observed 

in similar solutions of methanol or acetonitrile with water). Jha and Venkatesu (2015) also 

demonstrated that ammonium-based ILs act as stabilizers for globular proteins. Dreyer and 

Kragl (2008) have shown that ILs can be used as phase-forming components to extract and 

stabilize enzymes. Based on these evidences it seems plausible that proper ILs can be used 

to extract and to preserve the proteins integrity.

We initially evaluated the structural stability study of IgG in presence of imidazolium-, 

ammonium- and phosphonium-based ILs using FT-IR spectroscopy and SDS-PAGE (Fig. 5, 

and in the Supporting Information). The protein secondary structure was also evaluated in an 

aqueous solution of PBS (10 mM, pH 7.4) for comparative analysis.

The secondary structure of IgG at native state contains 64% of β-sheet, 3% of α-helix, 28% 

of β-turn and 5% of random coil (Kong and Su, 2007). The amide I region in the FT-IR 

spectra absorbs in the region of 1600-1690 cm-1, which corresponds to the cross β-sheet 

(~1625 cm-1 and ~1680 cm-1), native β-sheet (~1635 cm-1), random coil ((~1650 cm-1), α-

helix (~1662 cm-1) and β-turn (~1670 cm-1). The amide I region of IgG in the PEG-salt 

system (no IL added) shown in Fig. 5a was found to be similar to that in the PBS aqueous 

solution (shown in the Supporting Information). Also in the presence of [C4mim][CH3CO2] 

(Fig. 5b) there are no major changes in the amide I region of IgG, as well as in presence of 

remaining ILs at 5 wt% (results shown in the Supporting Information), demonstrating that 

the stability of the IgG native structure is not significantly affected. However, in presence of 

[P4444]Br, the changes in β conformations in the amide I region of IgG indicate structural 

deformation of the protein in presence of this IL (Fig. 5c). SDS-PAGE analysis was also 

carried out to evaluate the effect of ILs on the extraction process and possible degradation of 

IgG. As seen in Fig. 5d, there is no degradation of IgG, except in presence of [P4444]Br. 
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Thus, the secondary structure of IgG got completely disturbed in presence of [P4444]Br, the 

IL in which the complete precipitation of the antibody was also observed macroscopically. 

In presence of [N4444]Br, and although some deviations in the secondary structure of IgG are 

also seen, still we did not observe any precipitate (macroscopically). Although similar, the 

phosphonium-based IL presents a slightly higher ability to form ABS than their ammonium-

based counterpart, meaning that it displays a higher hydrophobicity afforded by the central 

atom of the cation (Passos et al., 2012). This higher hydrophobicity of phosphonium-based 

ILs seems thus to be the main reason behind their stronger effect on destroying the integrity 

of IgG. In summary, and amongst all ILs evaluated, [P4444]Br and [N4444]Br were the only 

found to be not suitable for the extraction of IgG since both lead to the protein denaturation, 

whereas the remaining ILs are appropriate for extraction and purification processes.

Finally, and aiming at gathering novel evidence on the applicability of the studied systems to 

real samples, the free-IL ABS and those containing 5 wt% of ILs were investigated in what 

concerns their extraction performance for IgG from real rabbit serum samples. A common 

mixture composition was chosen and which corresponds to the initial TLL of 35, namely 25 

wt% of PEG 400 + 25 wt% of C6H5K3O7/C6H8O7 + 5 wt% of IL (or no IL). The SE-HPLC 

chromatograms are shown in Fig. 5e while data for extraction efficiency, recovery yield and 

purity of IgG are shown in Table 1.

In all systems the extraction efficiencies were maintained at 100%, corresponding to the 

complete partition of IgG to the PEG-IL-rich phase attained in a single-step, even in the 

presence of a more complex matrix. The retention time of IgG was found to be ca. 15.5 min 

(according to the pure/commercial IgG sample tested in the same conditions), indicating that 

the remaining peaks found in serum samples correspond to other proteins while allowing us 

to determine the purity of the target protein in the PEG-rich phase. The purity and recovery 

yield of IgG in the PEG-salt system (no IL added) was found to be 19% and 42%, 

respectively, at the PEG-rich phase. However, for systems were ILs were added, purity levels 

of IgG ranging between 21 and 26%, and recovery yields ranging from 42 to 47%, were 

found. The best results were attained with [C4mim][CH3CO2], where a 37% enhancement in 

the purity of IgG was observed and with an yield of IgG of 46% (Table 1). As a result, and 

although demonstrating the viability of the studied systems to extract and purify IgG from 

serum, it was also verified that the addition of ILs as adjuvants to ABS not only enhances 

the extraction efficiency and the recovery yield, but also lead to an increase in the purity of 

IgG. It is also important to note that as observed by FT-IR (structural deformation of IgG) 

and SDS-PAGE (degradation of IgG) studies, in the [P4444]Br-based ABS, contrarily to 

remaining ABS, no peaks were observed in the respective SE-HPLC chromatogram, 

meaning that this IL is not appropriate to recover isolated IgG.

In previous studies reporting to the use of polymer-based ABS, the extraction efficiency of 

IgG in a single-step was found to be < 90% (Rosa et al., 2007; 2009; Azevedo et al., 2007; 

2008). In some works extraction efficiencies higher than 90% were obtained, although in 

these cases multiple steps are required (Rosa et al., 2013; Ferreira et al., 2008; Borlido et al., 

2010). In the systems investigated in this work, the addition of 5 wt% of ILs as adjuvants in 

polymer-salt ABS leads to 100% of extraction efficiency of IgG to the polymer-rich phase in 

a single-step. On the other hand, and although the obtained purification factors are similar to 
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those reported in the literature for one-step extractions, the extraction efficiencies of 100% 

and high recovery yields obtained with the systems studied in this work will result in lower 

losses of the target antibody when envisaging the ABS large-scale applications. ILs appear, 

even at low concentrations, as promising candidates to improve extraction efficiencies, 

which seem to be attained by specific interactions established between the antibody and ILs. 

The obtained results demonstrate the possibility of using ILs as adjuvants to improve the 

performance of ABS when compared with other strategies previously addressed for the 

purification of IgG, where the functionalization of polymers, the addition of conventional 

salts or multistage approaches were investigated (a summary of literature results is given in 

the Supporting Information). In the present study, the use of adequate ILs as adjuvants (at 5 

wt%) allows 100% of extraction and a 37% purity enhancement of IgG into the polymer-rich 

phase, in a single-step, without affecting the structural integrity of IgG.

The investigated systems are promising strategies to extract and purify IgG from serum 

samples while envisaging a widespread applicability of antibodies as alternative therapies. 

The large-scale application of the investigated ABS to purify IgG from crude samples (and 

since contaminant proteins migrate in some extent to the opposite phase) can be conducted 

by multi-step liquid-liquid equilibrium or by liquid-liquid chromatography, namely by 

counter current chromatography or by centrifugal partition chromatography. After the IgG 

purification by ABS, the target antibody can be recovered from the PEG-IL-rich phase by 

induced precipitation or by dialysis (Pereira et al., 2015).

4 Conclusions

The results obtained in this work reveal a high affinity of IgG to the polymer-rich phase in 

ABS composed of polyethylene glycols and potassium citrate/citric acid buffer; 

nevertheless, the complete extraction of IgG was never attained in a single-step in systems 

where no ILs were added (even after several optimization procedures). With the addition of 

5 wt% of adequate ILs, extraction efficiencies of 100% of IgG can be attained in one-step, as 

well as higher recovery yields. The structural integrity of IgG was found to be maintained 

during the extraction process and in presence of ILs, with the exception of the [P4444]Br and 

[N4444]Br ILs. The tuning ability of ILs was also confirmed by performing extractions of 

IgG from rabbit serum samples, where the complete extraction in a single-step was 

maintained and an enhancement of ca. 37% in the IgG purity was obtained by the use of ILs 

as adjuvants (as compared to the IL-free ABS). Thus, low amounts of ILs in the formulation 

of ABS are enough to achieve complete extractions in a single-step and to enhance their 

selectivity for target proteins. Albeit further investigations are still required, ABS composed 

of ILs as adjuvants can be envisioned as an alternative and more efficient method for the 

scalable purification of high-cost biopharmaceuticals, such as antibodies.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Chemical structures of the ILs investigated: (i) [C4mim][TOS]; (ii) [C4mim][N(CN)2]; (iii) 

[C4mim][CH3CO2]; (iv) [Cnmim]Br (n = 2 and 4); (v) [C4mim]Cl; (vi) [N1111]Br; (vii) 

[N2222]Br; (viii) [N3333]Br; (ix) [N4444]Br and (x) [P4444]Br.
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Figure 2. 
Ternary phase diagrams of ABS composed of PEG + C6H5K3O7/C6H8O7 + H2O at pH 7 

and 25 ºC: PEG 400 ( ); PEG 600 ( ); PEG 1000 ( ); PEG 2000 ( ); PEG 4000 ( ); 

PEG 6000 ( ) and PEG 8000 ( ). Critical point of each system ( ).

Ferreira et al. Page 19

J Biotechnol. Author manuscript; available in PMC 2017 October 20.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



Figure 3. 
Extraction efficiency (EEIgG %, bars) and recovery yield (YIgG%, symbols and lines) of 

rabbit IgG in the systems composed of PEG + C6H5K3O7/C6H8O7 + H2O at pH 7 and 25ºC, 

using systems formed by PEG of different molecular weights (a), and in the systems 

composed of PEG 400 at different pH values (b). Error bars correspond to standard 

deviations obtained from three replicates.
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Figure 4. 
Percentage extraction efficiencies (EEIgG %, bars) and recovery yield (YIgG%, symbols and 

lines) of rabbit IgG in ABS formed by PEG 400 + C6H5K3O7/C6H8O7 + H2O and [C4mim]-

based ILs at 5 wt% (a) and Br-based ILs at 5 wt% (b), at pH 7 and 25ºC. Error bars 

correspond to standard deviations obtained from three replicates.

Ferreira et al. Page 21

J Biotechnol. Author manuscript; available in PMC 2017 October 20.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



Figure 5. 
FT-IR spectra of IgG (amide I region): (a) no IL, (b) in presence of [C4mim][CH3CO2] and 

(c) in presence of [P4444]Br. (d) SDS-PAGE image of IgG at a 200 μg/mL concentration in: 

PBS buffer 10 mM, pH 7.4 (1), ,o IL (2), [P4444]Br (3), [N4444]Br (4), [C4mim]Cl (5), 

[C4mim]Br (6), [C4mim]N(CN)2] (7) and [C4mim][CH3CO2] (8). (e) SE-HPLC 

chromatogram of serum samples obtained from the top phases after the extraction with ABS 

using ILs as adjuvants.
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Table 1

Extraction efficiency, EEIgG %, recovery yield, YIgG %, and purity of IgG extracted from rabbit serum 

samples in the polymer-rich phase of ABS composed of PEG 400 + C6H5K3O7/C6H8O7 + H2O + 5 wt% of 

ILs at pH 7. All results were calculated from SE-HPLC data.

IL EEIgG% YIgG% Purity of IgG (%)

No IL 95 44 19

[C4mim]Cl 100 44 22

[C4mim]Br 91 45 21

[C4mim][CH3CO2] 100 46 26

[C4mim][N(CN)2] 93 47 23

[N4444]Br 100 42 22

[N1111]Br 100 47 23
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