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17 Abstract

18 Antibodies, in particular immunoglobulin G (IgG), are one of the biopharmaceutical 

19 industry highflyers, with relevance for the treatment of several diseases. However, the 

20 recovery of antibodies from complex biological media with high quality and purity is 

21 difficult and requires multi-step and expensive approaches. Herein, we propose a cost-

22 effective approach using three-phase partitioning (TPP) systems based on polyethylene 

23 glycol (PEG)-salt aqueous biphasic systems (ABS) with ionic liquids (ILs) as adjuvants for 

24 the purification and recovery of IgG antibodies from three biological media (human 

25 serum, and serum-containing and serum-free Chinese hamster ovary (CHO) cell culture 

26 supernatants. The economic analysis of the developed process was carried out. The 

27 results obtained using PEG-salt ABS without ILs and human serum show that IgG could 

28 be recovered either at the interphase of the TPP or in the top phase, depending on the 

29 molecular weight of the PEG. The system composed of PEG with a molecular weight of 

30 1000 g mol−1 is the PEG-salt system enabling the highest purity of human polyclonal IgG 
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31 at the interphase (80.7%, with a recovery yield of 65.8%). Still, by adding 1 wt% of the 

32 ILs tetra(n-butyl)ammonium bromide ([N4444]Br) and 1-butyl-3-methylimidazolium 

33 chloride ([C4mim]Cl), it is possible to compete or even outperform the PEG 1000-salt 

34 system with no IL regarding purity/recovery performance and production costs under 

35 given operation conditions. The best systems were then applied for the purification and 

36 recovery of monoclonal antibodies from serum-containing and serum-free culture 

37 supernatants. Improved recovery of monoclonal antibodies from serum-free Chinese 

38 hamster ovary (CHO) cell culture supernatants with a reduction of the host cell proteins 

39 (HCPs) content are obtained by introducing ILs as adjuvants in PEG-salt systems, with 

40 [N4444]Br providing the lowest production costs. Overall, TPP systems were shown to be 

41 not only cost-effective, but also robust and flexible routes to purify and recover IgG from 

42 complex biological matrices as shown here with human serum, serum-containing and 

43 serum-free cell culture supernatants.

44 Keywords

45 Biopharmaceutical, antibody, three-phase partitioning, aqueous biphasic system, ionic 

46 liquid, purification

47 1. Introduction

48 Relevant advances have been accomplished in the last years regarding the 

49 development of effective alternative therapies, with biopharmaceuticals being among 

50 the most favourable options [1]. They have showed the potential to widen the available 

51 options in the treatment of certain diseases, including also rare conditions [2]. Amongst 

52 biopharmaceuticals, immunoglobulin G (IgG) antibodies are widely applied for 

53 therapeutic purposes, especially monoclonal antibodies (mAbs), which have shown 

54 remarkable contributions in clinical practice for the treatment of oncologic and 

55 autoimmune diseases [3]. In turn, polyclonal antibodies (pAbs) derived from human 

56 serum are usually applied for the prevention and treatment of infections in 

57 immunodeficient patients, and also for the treatment of autoimmune and inflammatory 

58 diseases [4].

59 In the production of therapeutic antibodies, bioprocessing technologies must 

60 provide high recovery yields and purities of the final product, obeying with the rigorous 
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61 quality and safety criteria imposed by the regulatory agencies [5]. Even though their 

62 upstream processing is well-established, the high cost of the currently used downstream 

63 technologies represents a stumbling block to the generalized use of antibodies as 

64 recurrent therapies [6]. The purification schemes usually followed by most (if not all) 

65 manufacturers rely on a complex multi-step platform comprising high resolution 

66 technologies, such as chromatographic steps which include affinity chromatography 

67 (with biological ligands – protein A) [7]. Due to the technological specificities of the 

68 downstream processing, it usually contributes to up to 80% of the antibodies total 

69 production costs [8]. Therefore, there is a critical need to develop simpler and cost-

70 effective purification platforms for antibodies.

71 To overcome the described concerns, the extraction and purification of antibodies 

72 using aqueous biphasic systems (ABS) represents a promising alternative [9]. ABS are 

73 liquid-liquid ternary systems that are formed by dissolving polymer-polymer or polymer-

74 salt pairs in aqueous media above given concentrations [10]. More recently, the types 

75 of existing systems have been diversified by using other phase-forming components as 

76 well as by adding adjuvants (i.e., a fourth component added to tailor the properties and 

77 affinities of the ABS phases). Examples of alternative phase-forming 

78 components/adjuvants include ionic liquids (ILs), surfactants, amino acids and 

79 carbohydrates [11–18]. In ABS, each phase is enriched in each of the phase-forming 

80 components and has a high-water content, providing gentle conditions for 

81 biomolecules. Due to this advantage, ABS have been successfully used for the recovery 

82 of several types of proteins, ranging from transport and hormonal proteins to enzymes  

83 and antibodies [19–26].

84 Three-phase partitioning (TPP) is a type of extraction technique that usually uses 

85 a water-miscible aliphatic alcohol (usually t-butanol) and an aqueous solution of 

86 ammonium sulphate ((NH4)2SO4) [27]. In TPP, the purification and recovery of target 

87 products, mostly proteins, is achieved through the formation of an enriched precipitate 

88 at the interphase [28–30]. In this way, a streamlined recovery of the final product 

89 directly from its raw source is granted, simplifying, or even dismissing additional 

90 polishing steps and facilitating the recovery/reuse of the TPP components. However, the 

91 application of traditional TPP is mainly constrained by a limited range of phase-forming 

92 components, which is strongly reliant on the use of t-butanol. Seeking for alternatives 
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93 to t-butanol, the use of hydrophobic deep eutectic solvents (DES) or common phase-

94 forming components of ABS has been brought to light [31–34]. Promising performance 

95 has been obtained using hydrophobic DES-based TPP in the recovery of polysaccharides, 

96 enzymes, and lipids from natural sources [31–33]. Furthermore, Belchior et al. [34] 

97 recently investigated the performance of ABS-TPP composed of polyethylene glycol 

98 (PEG) of different molecular weights and potassium phosphate buffer at pH 7 for the 

99 fractionation of three main proteins from egg white, by their differential partition 

100 between the three phases of the system. The association of ABS and TPP technologies 

101 (ABS-TPP) allows the development of more versatile bioseparation techniques since 

102 both phases are water-rich and the range of phase-forming components is amplified, 

103 thus allowing to better tailor selectivity and yield of the target compound.

104 The use of ionic liquids (ILs) has shown potential to enhance the extraction 

105 efficiency and selectivity of ABS and/or TPP due to their high chemical diversity and 

106 ability to be tailored [35]. Ionic-liquid-based ABS-TPP (IL-ABS-TPP) systems were firstly 

107 proposed by Alvarez-Guerra et al. [36,37] for the recovery of food proteins (e.g., 

108 lactoferrin). More recently, Castro et al. [38] used IL-ABS-TPP composed of PEG and 

109 poly(propylene) glycol (PPG) with ILs as adjuvants (at 5 wt%) for the purification of 

110 recombinant proteins (interferon alpha-2b) from Escherichia coli BL21 (DE3) inclusion 

111 bodies. The authors [38] showed that interferon alpha-2b purification was possible at 

112 the PEG-rich phase with the simultaneous precipitation of the remaining proteins at the 

113 ABS interphase.

114 The precipitation of antibodies in ABS has been reported in the literature, but 

115 often seen as leading to low yields [39–42]. Yet, IgG precipitation can be used as a way 

116 of recovering them by an alternative process. The association of ABS and TPP for the 

117 purification of antibodies remains still underexplored, especially considering mAbs [43–

118 45]. This work aims to investigate ABS-TPP as alternative platforms for the purification 

119 of antibodies from three biological sources, i.e., human serum, and serum-containing 

120 and serum-free Chinese hamster ovary (CHO) cell culture supernatants. Systems formed 

121 by polymer-salt combinations, namely PEG with different molecular weights (600, 1000, 

122 1500 and 2000 g mol−1) and citrate buffer (K3C6H5O7/C6H8O7) at pH 7, were investigated 

123 to selectively precipitate IgG antibodies from human serum at the interphase of the ABS. 

124 Distinct ILs were further added as adjuvants to tune the selectivity of the polymer-salt 
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125 ABS-TPP towards IgG, and their chemical structure and concentration were optimized. 

126 Finally, the most promising ABS-TPP were applied to the remaining biological matrices 

127 to evaluate the robustness and flexibility of the developed process, for which an 

128 economic analysis was finally performed.

129 2. Experimental section

130 2.1. Materials

131 The ABS-TPP studied in this work were prepared using PEGs of different molecular 

132 weights, namely 600, 1000, 1500 and 2000 g mol−1 (hereafter abbreviated as PEG 600, 

133 PEG 1000, PEG 1500, and PEG 2000, respectively). PEG 600 and PEG 1000 were 

134 purchased from Alfa Aesar, while PEG 1500 and PEG 2000 were supplied by Acros 

135 Organics and Sigma Aldrich, respectively. Potassium citrate tribasic monohydrate 

136 (K3C6H5O7·H2O, ≥ 99 wt% purity) was acquired from Acros Organics, and citric acid 

137 (C6H8O7, ≥ 99.5 wt% purity) was supplied by Panreac. Phosphate buffered saline solution 

138 (PBS, pH ≈ 7.4) pellets were acquired from Sigma-Aldrich, and prepared according to the 

139 indications of the supplier (by solubilizing each pellet in 200 mL of distilled water). 

140 The ILs studied in this work were the following: 1-butyl-3-methylimidazolium 

141 bromide ([C4mim]Br, 98% purity), 1-butyl-3-methylimidazolium chloride ([C4mim]Cl, 

142 99% purity), tetra(n-butyl)ammonium bromide ([N4444]Br, 98% purity), tetra(n-

143 butyl)ammonium chloride ([N4444]Cl, 97% purity), tetra(n-butyl)phosphonium bromide 

144 ([P4444]Br, 95% purity), and tetra(n-butyl)phosphonium chloride ([P4444]Cl, 95% purity). 

145 All  ILs were acquired from Iolitec, with the exception of [N4444]Br and [N4444]Cl that were 

146 supplied from Fluka and Sigma Aldrich, respectively. The chemical structures of the 

147 studied ILs are depicted in Figure 1.
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149 Figure 1. Chemical structures of the investigated ILs: (i) [C4mim]Br; (ii) [C4mim]Cl; (iii) 

150 [N4444]Br; (iv) [N4444]Cl; (v) [P4444]Br; (vi) [P4444]Cl.

151 For the preparation of the HPLC buffer, di-sodium hydrogen phosphate 7-hydrate 

152 (Na2HPO4.H2O) and di-sodium hydrogen phosphate anhydrous (NaHPO4) were 

153 purchased from Panreac, while sodium chloride (NaCl) was obtained by Fisher Scientific. 

154 The water employed was double distilled, passed across a reverse osmosis system and 

155 further treated with a Milli-Q plus 185 water purification apparatus. The membrane 

156 filters (Whatman, 0.45μm, diameter 47mm) used for the mobile phase filtration were 

157 made of regenerated cellulose R55 and were provided by GE Healthcare Life Science. 

158 The disposable syringes (5 mL) used for the separation of the phases were purchased 

159 from Injekt.
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160 The model proteins used as standards were: immunoglobulin G (IgG) for 

161 therapeutic administration (trade name: Gammanorm®), obtained from Octapharma 

162 (Lachen, Switzerland), as a 165 mg mL−1 solution containing 95% of IgG (of which 59% 

163 IgG1, 36% IgG2, 4.9% IgG3 and 0.5% IgG4), human serum albumin (HSA, > 97% purity) 

164 acquired from Sigma-Aldrich, and bovine serum albumin (BSA) (2 mg mL−1) purchased 

165 from Thermo Scientific Pierce.

166 The human serum used in this study was from human male AB plasma, USA origin, 

167 sterile-filtered, obtained from Sigma Aldrich (H4522 Sigma), with a total protein content 

168 ranging between 40-90 mg mL−1. This product was stored at -20 °C up to use. Human 

169 serum was previously diluted to its use on each assay using PBS solution. Serum-free 

170 Chinese hamster ovary (CHO) cell culture supernatants were produced and delivered by 

171 Icosagen SA (Tartumaa, Estonia). These supernatants contain a humanized monoclonal 

172 antibody, from IgG1 class, derived from mouse anti-hepatitis C virus subtype 1b NS5B 

173 (nonstructural protein 5B) monoclonal antibody 9A2 expressed in mouse hybridoma 

174 culture. cDNA of antibody variable regions was isolated and cloned into the human IgG1 

175 constant region-containing antibody expression vector. CHO cells were grown in a mix 

176 of two serum-free growth media, the CD CHO Medium (Gibco®, Carlsbad, CA) and the 

177 293 SFM II Medium (Gibco®). The final concentration of IgG was around 100 mg L−1. 

178 Serum-containing CHO cell culture supernatants containing anti-human interleukin-8 

179 (anti-IL-8) monoclonal antibodies were produced in-house by a CHO DP-12 clone#1934 

180 (ATCC CRL-12445) using DHFR minus/methotrexate selection system, obtained from the 

181 American Type Culture Collection (LGC Standards, Middlesex, UK). CHO DP-12 cells were 

182 grown in a mixture of 75% (V/V) of serum-free media formulated with 0.1% Pluronic® F-

183 68 and without L-glutamine, phenol red, hypoxanthine, or thymidine (ProCHO™5, Lonza 

184 Group Ltd, Belgium), and 25% (v/v) of Dulbecco’s modified Eagle’s medium (DMEM), 

185 supplemented with 10% (v/v) of ultra-low IgG fetal bovine serum (FBS). ProCHO™5 

186 formulation contains 4 mmol L−1 L-glutamine (Gibco®, Carlsbad, CA), 2.1 g L−1 NaHCO3 

187 (Sigma–Aldrich), 10 mg L−1 recombinant human insulin (Lonza), 0.07% (v/v) lipids 

188 (Lonza), 1% (v/v) antibiotics (100 U mL−1 penicillin and 100 μg mL−1 streptomycin) 

189 (Gibco®) and 200 nmol·L−1 methotrexate (Sigma). DMEM was formulated to contain 4 

190 mmol L−1 of L-glutamine, 4.5 g L−1 of D-glucose, 1 mmol L−1 of sodium pyruvate, 1.5 g L−1 

191 of NaHCO3, 2 mg L−1 of recombinant human insulin, 35 mg L−1 of L-proline (all acquired 
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192 at Sigma), 0.1% (v/v) of a trace element A, 0.1% (v/v) of a trace element B (both from 

193 Cellgro®, Manassas, VA, USA), and 1% (v/v) of antibiotics (100 U mL−1 of penicillin and 

194 100 μg mL−1 of streptomycin from Gibco®). The composition of trace element A includes 

195 1.60 mg L−1 of CuSO4·5H2O, 863.00 mg L−1 of ZnSO4·7H2O, 17.30 mg L−1 of selenite·2Na, 

196 and 1155.10 mg L−1 of ferric citrate, while the trace element B is composed of 0.17 mg 

197 L−1 of MnSO4·H2O, 140.00 mg L−1 of Na2SiO3·9H2O, 1.24 mg L−1 of molybdic acid, 

198 ammonium salt, 0.65 mg L−1 of NH4VO3, 0.13 mg L−1 of NiSO4·6H2O, and 0.12 mg L−1 of 

199 SnCl2. Cultures were carried out in T-75 flasks (BD Falcon, Franklin Lakes, NJ) at 37 (±1) 

200 °C and 5% CO2 with an initial cell density of 2.1×106 cells mL−1. Cell passages were 

201 performed every 4 days in a laminar flow chamber. Cell supernatants were centrifuged 

202 in BD Falcon™ tubes at 175 × g for 7 min, collected and stored at −20 °C. This culture was 

203 maintained for several months, with the mAbs concentration varying between 40.5 and 

204 99.4 mg L−1. The produced anti-IL-8 mAb has an isoelectric point (pI) of 9.3 [46].

205 2.2. Methods

206 2.2.1. ABS-TPP and IL-ABS-TPP preparation

207 In this work, ABS composed of PEG and K3C6H5O7/C6H8O7 at pH 7 were considered, 

208 in which the top phase corresponds to the PEG-rich aqueous phase while the bottom 

209 phase is mainly composed of salt and water. The ternary mixture composition for the 

210 IgG purification/recovery was chosen based on the phase diagrams reported in the 

211 literature [25]: 20 wt% PEG + 25 wt% K3C6H5O7/C6H8O7 + 40 wt% human serum/cell 

212 culture supernatant + 15 wt% H2O/IL. All extraction/recovery studies involving the 

213 quaternary systems (i.e., ABS-TPP comprising ILs as adjuvants) were performed in the 

214 same mixture composition, where the ILs were introduced as adjuvants in substitution 

215 of the corresponding portion of water added in each system without IL. The 

216 purification/recovery performance of IgG with polymer-salt ABS-TPP and IL-ABS-TPP 

217 was investigated using human serum 20-fold diluted in PBS (phosphate buffered saline 

218 at 10 mmol L−1, pH ≈ 7.4, at 25 °C) and CHO cell culture supernatants (serum-free or 

219 serum-containing). In each system, the biological sample was loaded at 40 wt% to reach 

220 a total weight of the mixture of 2.0 g of each ABS-TPP system. Each system was mixed 

221 in a vortex mixer (Ika, Staufen, Germany), centrifuged for 15 min in a fixed angle rotor 
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222 bench centrifuge (Eppendorf, Hamburg, Germany) at 1372 × g. To further ensure total 

223 phase separation and interphase formation, all systems were then left in rest for 30 min. 

224 Then, both phases were carefully separated using syringes to extract the top and bottom 

225 phases. Both aqueous phases were analysed regarding their volumes as well as their pH 

226 values (at (25 ± 1) °C using a Mettler Toledo U402-M3-S7/200 micro electrode), showing 

227 that a pH of 7.0 ± 0.2 was maintained in all systems. In the cases in which an interphase 

228 precipitate was observed, i.e., for the ABS-TPP, the precipitate was isolated from the 

229 remaining phases by being centrifugated again for a short time and high rotation (for 2 

230 min at 12000 × g), and then resuspended in 1.0 mL of PBS. Blank systems without 

231 biological sample were prepared to address the interference of the phase-forming 

232 compounds in the analytical methods. 

233 2.2.2. Purification and recovery of IgG antibodies using ABS-TPP and IL-ABS-TPP

234 IgG and protein impurities, in particular HSA, were quantified in all feeds and in 

235 each ABS-TPP phase by size-exclusion high-performance liquid chromatography (SE-

236 HPLC). Samples were diluted at a 1:2 (v/v) ratio in an aqueous potassium phosphate 

237 buffer solution (50 mmol L−1, pH 7.0, with NaCl 0.3 mol L−1), also used as the mobile 

238 phase. The equipment used was a Chromaster HPLC system (VWR Hitachi) equipped 

239 with a binary pump, column oven (operating at 40 °C), temperature controlled auto-

240 sampler (operating at 10 °C), DAD detector and a Shodex Protein KW-802.5 (8 mm × 300 

241 mm) analytical column. The mobile phase was run isocratically for 40 min, with a flow 

242 rate of 0.5 mL min−1, the injection volume was 25 μL and the analyses were done at a 

243 wavelength of 280 nm.

244 A calibration curve was established with commercial human IgG, ranging from 5 

245 to 200 mg L−1. The performance of each ABS-TPP was evaluated by the determination of 

246 the recovery yields and purity levels of IgG. For each sample, the peak areas were 

247 estimated using PeakFit® software, and the remaining data was treated on Excel. The 

248 recovery yields (%YieldIgG) in the ABS top and bottom phases were determined according 

249 to Equation 1:

250                                                                                                       (1)%YieldIgG =
[IgG]TOP/BOT × VTOP/BOT

[IgG]initial × Vinitial
× 100
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251 where [IgG]TOP/BOT and [IgG]initial represent the IgG concentration in the top or bottom 

252 phases of the ABS and in the initial biological matrix (human serum or CHO cell culture 

253 supernatants), respectively, and VTOP/BOT and Vinitial correspond to the volumes of the top 

254 or bottom phases and biological matrix (human serum or CHO cell culture supernatants) 

255 loaded in the system, respectively.

256 In the cases where a precipitate of proteins at the ABS interphase was formed, 

257 corresponding to the ABS-TPP approach, the %YieldIgG in the precipitate was determined 

258 according to Equation 2:

259                                                                                                                   (2)%YieldIgG =
[IgG]PP × Vfinal

[IgG]initial × Vinitial
× 100

260 where [IgG]PP and Vfinal represent the IgG concentration and the final volume of the 

261 solution after resuspension, respectively.

262 According to Equation 3, the percentage purity level of IgG (%PurityIgG) was 

263 calculated by dividing the SE-HPLC peak area of IgG (AIgG) by the total area of the peaks 

264 corresponding to all proteins present in the respective sample (ATotal):

265                                                                                                                                        (3)%PurityIgG =
AIgG

ATotal
× 100

266 Since HSA is the main impurity of IgG in human serum, a calibration curve was also 

267 established for HSA with the commercially acquired protein, ranging from 50 to 1800 

268 mg L−1. The same performance parameters as for IgG were determined for HSA 

269 (%YieldHSA and %PurityHSA) whenever indicated; for their determination, Equations 1-3 

270 were applied using the concentration of HSA instead of IgG. At least two individual 

271 experiments were performed to determine the average of all described parameters, as 

272 well as the respective standard deviations.

273 An analysis of variance (one way-ANOVA) was performed to compare the yield and 

274 purity level of IgG enabled by distinct systems, followed by the Tukey posthoc test (a 

275 minimum significance level of 95% — p < 0.05) using the JAMOVI software (1.6.6).

276 2.2.3. Circular dichroism

277 Circular dichroism (CD) assays were performed to infer the stability of the 

278 secondary structure of the purified samples, using a Jasco J-1500 CD 

279 spectrophotometer. CD spectra of aqueous solutions containing 0.25 g L−1 of commercial 

280 IgG, HSA and BSA in PBS (pH ≈ 7.4), human serum 400-fold diluted, cell culture 
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281 supernatants and precipitates from selected ABS-TPP were acquired at 25 °C using a 

282 scanning speed of 100 nm min−1, with a response time of 4 s over wavelengths ranging 

283 from 190 nm to 260 nm. The CD spectra of PBS (pH ≈ 7.4) was firstly taken as a blank 

284 control. The recording bandwidth was of 1 nm with a step size of 0.5 nm using a quartz 

285 cell with an optical path length of 1 mm. Three scans were averaged per spectrum to 

286 improve the signal-to-noise ratio. Measurements were performed under a constant 

287 nitrogen flow, which was used to purge the ozone generated by the light source of the 

288 instrument. The experiments were carried out in triplicate to ascertain the average 

289 values and associated standard deviations.

290 2.2.4. Sodium dodecyl sulphate polyacrylamide gel electrophoresis

291 Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) assays 

292 were performed to assess the proteins profile and infer the IgG stability and integrity. 

293 The precipitates resulting from the TPP systems were analysed after pre-conditioning in 

294 PBS. All samples were diluted 1:1 in Laemmli loading buffer (4% (w/v) of SDS, 20% (w/v) 

295 of glycerol, 120 mM of Tris-HCl pH 6.8, 0.02% (w/v) bromophenol blue), under reducing 

296 conditions with 200 mmol L−1 of dithiothreitol (DTT), and denatured by incubation at 95 

297 °C for 5 min. The samples were then loaded in the polyacrylamide gel (Precast Gel SDS-

298 PAGE 4 – 12 % from Expedeon) and ran at 90 mV. Protein staining was achieved by 

299 incubation with BlueSafe (from NZYTech) under mild stirring for 1 h. The gels were 

300 stored in distilled water at room temperature, until digital images of the gels were 

301 acquired. 

302 2.2.5. Host cell proteins quantification

303 Host cell proteins (HCP) were quantified in the precipitates (IgG-rich samples) of 

304 the ABS-TPP applied for the processing of serum-free CHO cell culture supernatants, 

305 using a CHO Host Cell Proteins 3rd Generation ELISA kit from Cygnus Technologies 

306 (Southport, NC, USA). Briefly, standards (0 – 75 ng mL−1), controls and samples (50 L) 

307 were added to the wells of the ELISA microplate, as well as 200 μL of anti-CHO:alkaline 

308 phosphatase, and then covered and left to incubate at 400 – 600 rpm for 120 min at 

309 room temperature. Following, the content of each well was discarded, and each well 

310 was cleaned with diluted wash solution. Then, 200 μL of PNPP substrate was added to 
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311 each well, and the microplate was covered again and left to incubate for 90 min at room 

312 temperature. The absorbance was finally measured at 405 and 492 nm in a BioTek 

313 SYNERGY|HT microplate reader.

314 The percentage of HCP removal (%HCP removal) was calculated using Equation 4, 

315                                                                  (4)%HCP removal =
mHCP supernatant ―  mHCP TOP/BOT/PP

mHCP supernatant
× 100

316 Where mHCP supernatant is the total amount of HCP present in the initial cell culture 

317 supernatant and mHCP TOP/BOT/PP is the amount of HCP quantified in a given phase, i.e. top 

318 (TOP), bottom (BOT) or precipitate (PP).

319 2.2.6. Economic evaluation

320 A critical aspect of new processes development is to determine production costs. 

321 As an initial approach, production cost was calculated only considering materials, as 

322 previously reported [47,48]. This allows a contrast between different conditions that will 

323 rely on the same type of equipment and operating conditions as the different ABS-TPP 

324 developed in this work. Equations 5 to 8 were used to obtain the production cost:

325

326                                                      (5)
Cost of Materials

Batch = ∑n
i = 1

Use of Materiali

Batch ×
Cost of Materiali

Unit of Materiali

327                           (6) Product Obtained (IgG) [mg] = Product Concentration [mg
mL] × Product Inlet [mL] × Recovery Yield [%]

328                                                                                   (7) 
Cost of Materials

mg =
Cost of Materials

Batch
Product Obtained

329                                                                       (8)
Penalized Cost of Materials

mg =
Cost of Materials

mg
Purity [%]

330

331 To capture purity into production costs, a ratio of production cost and purity 

332 percentage was calculated. This allowed for a penalization of the cost if it does not 

333 achieve a 100% purification. This in turn will proportionally increase the cost to less 

334 purified products. It is important to note that this strategy does not reflect an actual cost 

335 increase because of required subsequent unit operations, but rather a penalization that 

336 will help to select better cost scenarios and options. All  calculations were performed for 

337 all ABS-TPP mixtures developed in this work. Economic data used for model construction 

338 is included in the Supplementary Material (Table S1).
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339 3. Results and Discussion

340 3.1. Characterization of biological media

341 Qualitative and quantitative characterizations of the feedstocks used in this work 

342 (human serum 20-fold diluted, serum-containing and serum-free CHO cell culture 

343 supernatants) were initially performed. These aimed to appraise the complexity and 

344 composition of the media from which IgG antibodies will be purified. The SE-HPLC 

345 chromatographic profiles of IgG, BSA and the several biological media are provided in 

346 Figure 2.

347 Under the chromatographic conditions used, pure IgG samples present two 

348 chromatographic peaks: one corresponding to the IgG monomer and other to IgG 

349 aggregates, with a retention time of ca. 15.0 min and 13.8 min, respectively, being in 

350 good agreement with previous reports [43]. In human serum, the major protein impurity 

351 is human serum albumin (HSA), with a retention time of ca. 16.8 min. The IgG content 

352 in the human serum samples was ascertained before each assay, found to be 760 ± 80 

353 mg L−1, with a purity of 45.2 ± 0.9%. For HSA, the average concentration in human serum 

354 was 2724 ± 211 mg L−1, with a purity of 54.8 ± 0.9%.

355 The serum-containing cell culture supernatant presents a similar chromatographic 

356 profile to human serum. Two peaks of IgG (corresponding to mAbs) are found, one 

357 corresponding to the IgG monomer and the other to IgG aggregates. However, these 

358 peaks present a smaller area than the respective peaks in human serum chromatograms, 

359 being related with the lower concentration of IgG in the cell culture supernatant. The 

360 major protein impurity in the feed is bovine serum albumin (BSA), a close analogue of 

361 HSA, also presenting a similar retention time. The mAb content in the serum-containing 

362 supernatant was 86 ± 1 mg L−1, with a purity of 21 ± 1%.

363 Serum-free cell culture supernatant presents a different chromatographic profile. 

364 In this matrix, IgG, in its monomeric form, is the main protein present, and, as expected, 

365 no peak corresponding to BSA is found since the supernatant is serum-free, and thus 

366 free of albumin. In the chromatographic profile are observed high molecular weight 

367 (HMW) protein impurities, with retention times below 15.0 min. Also, some low 

368 molecular weight (LMW) protein impurities with retention times above 17.0 min were 
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369 found. The mAb content in serum-free supernatants was 275 ± 2 mg L−1, with a purity of 

370 36.5 ± 0.1%.

371

372

373 Figure 2. Characterization of the cell culture supernatants: SE-HPLC chromatograms of 

374 pure IgG solution 100 mg L−1 (··), pure BSA solution 200 mg L−1 (--), human serum (–), 

375 serum-containing cell culture supernatant (–), and serum-free cell culture supernatant 

376 (–).

377 3.2. Purification and recovery of antibodies from human serum samples

378 The potential of ABS-TPP as purification techniques for antibodies was initially 

379 addressed using human serum and conducting optimization studies of three 

380 parameters: (i) PEG molecular weight, (ii) addition of ILs as adjuvants, and (iii) ILs 
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381 concentration. To have the minimum concentration of phase-forming compounds and 

382 the maximum concentration of water with the goal of developing a more economic and 

383 biocompatible process, but simultaneously being located in the biphasic region of all 

384 liquid-liquid phase diagrams [25], the PEG-salt composition of the systems was fixed 

385 throughout the optimization studies. PEG molecular weight is optimized as it is an 

386 essential parameter in the development of ABS-TPP for protein recovery, as supported 

387 by literature data [34]. Since the application of ILs as adjuvants in ABS allows adjusting 

388 the phases’ polarities and affinities to target molecules [25], the main focus of this work 

389 is to address the impact of both IL structure and concentration to tailor the selectivity 

390 of IgG purification and recovery through precipitation by fixing the best performing PEG-

391 salt ABS-TPP. For sake of clarity, the yields and purity levels of IgG referring to the 

392 interphase (as the final objective of an ABS-TPP is to precipitate target molecules at the 

393 interphase) will be considered. Whenever relevant, yield and purity level at the top or 

394 bottom phases will be mentioned. Additionally, the partitioning of HSA (major protein 

395 impurity of IgG in human serum) in the systems was evaluated to provide information 

396 on the ABS-TPP selectivity.

397 3.2.1. Effect of polymer molecular weight

398 The effect of the molecular weight of the phase-forming polymer was evaluated 

399 using four PEGs, namely PEG 600, PEG 1000, PEG 1500, and PEG 2000. Based on the 

400 relative position of the respective binodal curves taken from the literature [25], a 

401 common mixture point was chosen in the biphasic region of all systems: 20 wt% PEG + 

402 25 wt% K3C6H5O7/C6H8O7 + 40 wt% human serum 20-fold diluted + 15 wt% H2O. The 

403 performance of the ABS-TPP to purify and recover IgG was investigated in terms of 

404 recovery yield (%YieldIgG) and purity level (%PurityIgG), whose results are shown in Figure 

405 3. The detailed data on the recovery yields and purity levels are given in the 

406 Supplementary Material (Table S2).

407
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408

409 Figure 3. Recovery yields (%YieldIgG – ■) and purity levels (%PurityIgG – ■) of human IgG 

410 at the interphase of ABS-TPP composed of 20 wt% PEG + 25 wt% K3C6H5O7/C6H8O7 + 40 

411 wt% human serum 20-fold diluted + 15 wt% H2O. Different letters correspond to a 

412 significant difference in the IgG yield or purity between systems (one way-ANOVA: p < 

413 0.05): lowercase letters refer to yield; uppercase letters refer to purity.

414 The results obtained for the IgG recovery indicate that, except for the ABS-TPP 

415 with PEG 600, there is a preferential precipitation of IgG at the interphase, with yields 

416 ranging from 65.8% to 85.1%. PEGs with higher molecular weight are more hydrophobic, 

417 promoting a higher precipitation of IgG at the interphase and following a similar 

418 molecular-level phenomenon as induced by t-butanol in conventional TPP. In turn, PEG 

419 600 is not a proper candidate to develop ABS-TPP for the purification and recovery of 

420 IgG from serum since a preferential extraction of IgG to the top phase with a yield of 

421 85.2% was obtained, while only 7.9% of IgG precipitated at the interphase. According to 

422 the literature [49], the partition of proteins in ABS is dependent on several interactions 

423 occurring between the ABS constituents and the protein under appraisal, including 

424 hydrophobic effects, electrostatic interactions, hydrogen-bonding and size-dependent 

425 phenomena. The relative contribution of each interaction further governs the extent of 

426 the partition. While ABS comprising polymers and salts have been investigated for the 

427 purification of IgG, the majority of TPP systems studied so far are formed by t-butanol 

428 and ammonium sulfate [45,50]. Overall, better precipitation results are reported in the 

429 literature with higher salt concentrations or strong salting-out salts, as the 

430 K3C6H5O7/C6H8O7 here used, being this a common trend [34,40,42,51]. Additionally, 
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431 more hydrophobic polymers, i.e., of higher molecular weight, lead to a lower solubility 

432 of IgG in the PEG-rich phase, thus inducing its precipitation [34,41,42]. According to our 

433 results, there is a trade-off between the solubility/saturation at the PEG-rich phase and 

434 a “salting-out” effect caused by the K3C6H5O7/C6H8O7 to induce protein-protein 

435 interactions and consequent IgG precipitation.

436 All ABS-TPP provide satisfactory IgG purity results, ranging from 49.9% to 80.7%. 

437 Among all polymers studied, systems comprising PEG 1500 and PEG 2000 lead to the 

438 best recovery yields (85.0% and 85.1%, respectively) while leading to the lowest IgG 

439 purities (49.9 % and 51.4 %, respectively). This trend suggests that by increasing the 

440 molecular weight of PEG, not only more IgG but also other proteins are precipitated due 

441 to a reduced solubility in the PEG-rich phase. As a result, the systems selectivity towards 

442 the IgG precipitation is reduced. On the opposite, the application of the lower molecular 

443 weight PEG 600 is limited by low yields of IgG at the interphase (only 7.9%), although an 

444 IgG purity of 67.0% is obtained. Among all PEGs studied, PEG 1000 is a polymer of 

445 intermediary molecular weight and provides the best balance between IgG purification 

446 and recovery in the precipitate (yield of 65.8% with 80.7% purity), with HSA being mainly 

447 retained in the liquid phases (HSA yield of 70.0% in the top phase and 17.7% in the 

448 bottom phase) - cf. Table S2 in Supplementary Material. This result represents an 

449 improvement of 78.5% in the IgG purity compared to the initial human serum sample. 

450 Thus, the ABS-TPP composed of PEG 1000 was used in the following studies.

451

452 3.2.2. Effect of ILs as adjuvants

453 Six structurally different ILs were added as adjuvants at 5 wt%, namely [C4mim]Br, 

454 [C4mim]Cl, [N4444]Br, [N4444]Cl, [P4444]Br and [P4444]Cl, as an attempt to improve the 

455 performance of polymer-salt ABS-TPP to purify human IgG. The following mixture 

456 composition was studied: 20 wt% PEG 1000 + 25 wt% K3C6H5O7/C6H8O7 + 40 wt% human 

457 serum 20-fold diluted + 10 wt% H2O + 5 wt% IL. These ILs were chosen to evaluate 

458 different cation structures combined with anions at extremes of hydrogen-bond basicity 

459 [52], thus covering a large hydrophobic/hydrophilic range and different types of 

460 interactions that may occur with proteins (e.g., dispersive forces, van der Waals, 

461 electrostatic and π··· π interactions).
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462 The performance of all IL-ABS-TPP was investigated considering the IgG recovery 

463 yield (%YieldIgG) and purity level (%PurityIgG) at the interphase. The results are shown in 

464 Figure 4, while detailed data are given in the Supplementary Material (Table S3). 

465 Although the addition of [P4444]Br to the system resulted in the formation of an ABS-TPP 

466 with a third solid layer in its macroscopic appearance, no proteins could be detected in 

467 the SE-HPLC chromatogram, thus preventing the determination of the systems 

468 performance parameters. This event suggests a negative impact of this IL on the proteins 

469 structure, being not adequate to design ABS-TPP for the purification of human IgG 

470 (and/or other serum components, such as HSA).

471

472

473 Figure 4. Recovery yields (%YieldIgG – ■) and purity levels (%PurityIgG – ■) of human IgG 

474 at the interphase of IL-ABS-TPP composed of 20 wt% PEG 1000 + 25 wt% 

475 K3C6H5O7/C6H8O7 + 40 wt% human serum 20-fold diluted + 10 wt% H2O + 5 wt% IL. N.D. 

476 means not determined. Different letters correspond to a significant difference in the IgG 

477 yield or purity between systems (one way-ANOVA: p < 0.05): lowercase letters refer to 

478 yield, while uppercase letters refer to purity. * identifies systems that have not been 

479 included in the statistical analysis.

480 Except for [P4444]Br and [C4mim]Cl, all the remaining ILs added to the ABS-TPP 

481 systems induced the IgG precipitation at the interphase, with yields ranging from 56.9 

482 % to 100% achieved in one-step. If compared to the ABS-TPP formed by polymer-salt, 

483 the introduction of properly designed ILs allows to maximize the precipitation yield of 

484 IgG. Remarkably, in the presence of 5 wt% of the quaternary ammonium-based ILs, 
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485 namely [N4444]Br and [N4444]Cl, the IgG complete recovery was achieved. Considering the 

486 ILs tested, it is possible to improve the purity level of IgG to 82.4% with [C4mim]Cl, but 

487 compromising the recovery yield (only 23.0%). Overall, [C4mim]Br was the identified IL 

488 providing the best balance between the yield and purity of IgG (recovery yield of 56.9% 

489 and purity of 67.6%). However, these performance parameters are lower than those 

490 obtained with the system without IL. Also, as with the system without IL, 68.3% of HSA 

491 is retained in the top phase of the system composed of [C4mim]Br, with 80.4% of purity 

492 (cf. Table S3 in Supplementary Material). This result unveils the possibility to 

493 simultaneously purify and recover two different value-added proteins in a single step, 

494 i.e., IgG at the interphase and HSA at the top phase. This result is in line with the 

495 literature, where [C4mim]Br allowed remarkable selectivity in the extraction of proteins 

496 both using ABS  and ABS-TPP [25,43].

497 As with higher molecular weight PEGs, the impact of the IL in the precipitation of 

498 IgG correlates well with the IL hydrophobicity. In general, the more hydrophobic the IL, 

499 the more extensive the precipitation. [N4444]Br, [N4444]Cl and [P4444]Cl possess larger 

500 cations, with four butyl chains attached to the central heteroatom, than the aromatic 

501 ILs [C4mim]Br and [C4mim]Cl. The former ILs are thus more hydrophobic, enhancing 

502 protein-protein interactions and, consequently, inducing precipitation at the interphase. 

503 Also, [C4mim]Br allows a higher precipitation than [C4mim]Cl, in agreement with the 

504 hydrophobicity of these two IL anions. The Br- anion presents a lower hydrogen-bond 

505 basicity () than the Cl- anion ( (Br-) = 0.87 <  (Cl-) = 0.95), thus resulting in a more 

506 hydrophobic IL [52]. These results show that a molecular-level phenomenon similar to 

507 conventional TPP occurs, in which a highly hydrophobic phase is required to induce the 

508 precipitation of proteins. Ferreira et al. [25] previously reported that ILs preferentially 

509 migrate to the PEG-rich phase in ABS composed of PEG and K3C6H5O7/C6H8O7. This IL 

510 partition justifies the increase of the PEG-rich phase hydrophobicity, and the subsequent 

511 more extensive protein precipitation in the IL-ABS-TPP herein studied. Nevertheless, a 

512 careful balance is required since high selectivity is also needed. As such, the ILs that lead 

513 to a higher precipitation are not the best ones to purify IgG since other proteins are co-

514 precipitated. Based on the aforementioned results and discussion, [C4mim]Br, [C4mim]Cl 

515 and [N4444]Br were considered in further optimization studies.
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516 To appraise the influence of the IL concentration, [C4mim]Br, [C4mim]Cl and 

517 [N4444]Br were added as adjuvants at 1, 2, 5, 10 and 15 wt% in systems with the following 

518 composition: 20 wt% PEG 1000 + 25 wt% K3C6H5O7/C6H8O7 + 40 wt% human serum 20-

519 fold diluted + 15 wt% H2O/IL. The IgG recovery yield (%YieldIgG) and purity level 

520 (%PurityIgG) at the interphase are shown in Figure 5, whose detailed results are provided 

521 in the Supplementary Material (Table S4).

522 By changing the concentration of [C4mim]Br (Figure 5A) from 1 wt% to 10 wt%, 

523 recovery yields ranging from 56.9 % to 77.7% and purity levels ranging between 67.6% 

524 and 70.0% are obtained at the interphase of the respective IL-ABS-TPP systems. On the 

525 other hand, at higher [C4mim]Br concentrations (i.e., 15 wt%), a negative effect over 

526 antibodies is observed, since no peaks are found in the SE-HPLC chromatograms. For this 

527 reason, the determination of the respective performance parameters was not possible. 

528 The obtained results at the interphase suggest that the most efficient concentration of 

529 [C4mim]Br is the lowest under investigation (i.e., 1 wt%), yielding 77.7% of IgG with 

530 69.1% of purity. Under these conditions, it is possible to simultaneously recover HSA, 

531 the major protein impurity of IgG in human serum and also an added-value protein, in 

532 the top phase of the ABS-TPP, with 49.7% yield and 89.1% HSA purity (cf. Table S4 in the 

533 Supplementary Material). The system with 1 wt% of [C4mim]Br thus outperformed the 

534 system without IL in terms of HSA purity (81.9% in the ABS-TPP top phase).

535 A decrease in the recovery yields of IgG following the [C4mim]Cl concentration 

536 increase occurs, despite no significant variation in the purity levels are observed up to 

537 10 wt% of IL – Figure 5B. On the other hand, the recovery yield of IgG in the top phase 

538 of the ABS-TPP increases when using higher IL concentrations. This observation suggests 

539 that [C4mim]Cl possibly improves protein solubility in the ABS top phase and/or 

540 establishes non-covalent interactions with the target protein, promoting its partition to 

541 the polymer-rich top phase (the phase where the IL is also enriched), and thus 

542 hampering its precipitation at the interphase. The further increase in the concentration 

543 of [C4mim]Cl up to 15 wt% does not seem appropriate for the processing of human 

544 serum proteins due to the abrupt decrease in the performance of the system.



21

545

546 Figure 5. Recovery yields (%YieldIgG – ■) and purity levels (%PurityIgG – ■) of human IgG 

547 at the interphase of ABS-TPP composed of 20 wt% PEG 1000 + 25 wt% K3C6H5O7/C6H8O7 

548 + 40 wt% human serum 20-fold diluted + 15 wt% H2O/IL: (A) [C4mim]Br; (B) [C4mim]Cl; 

549 and (C) [N4444]Br. N.D. means not determined. Different letters correspond to a 
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550 significant difference in the IgG yield or purity between systems (one way-ANOVA: p < 

551 0.05): lowercase letters refer to yield, while uppercase letters refer to purity. * identifies 

552 systems that have not been included in the statistical analysis.

553 For [N4444]Br (Figure 5C), the maximum recovery performance is achieved using 5 

554 wt% of IL. In what concerns the purification performance, it was found a continuous 

555 decrease in the purity level of IgG at the interphase, ranging between 43.8% and 73.4%. 

556 This set of results suggests that by increasing the amount of IL in the system, other 

557 proteins in addition to IgG also precipitate, thus decreasing the system selectivity. For 

558 this reason, the condition that allows a better compromise between the recovery yield 

559 and purity is with 1 wt% of [N4444]Br, in which 80.5% of IgG is recovered with 73.4% of 

560 purity.

561 The described results show the role of ILs as adjuvants in polymer-salt ABS-TPP. By 

562 simply changing the IL content it is possible to maximize the recovery yield or purity of 

563 IgG. Despite no condition allowing to maximize both the recovery yield and purity level 

564 was found, some clues for the development of high-performance IL-ABS-TPP were 

565 provided. It was found that increasing the IL concentration has a negative impact on the 

566 recovery yield and purity of IgG at the interphase. The systems containing the highest 

567 amount of IL tested, i.e., 15 wt%, led to the complete loss of native IgG in the interphase 

568 or to a high decrease on its recovery yield. 

569 For ILs to be efficient adjuvants for IgG purification, not only their chemical 

570 structure, but also their concentration in the ABS-TPP must be carefully optimized for 

571 any desired target compound. Nevertheless, lower amounts of IL are beneficial not only 

572 to the performance and selectivity of the system, but also to decrease the economic cost 

573 of the whole process. This concept has been reinforced by the calculation of production 

574 costs. [N4444]Br and [C4mim]Cl have demonstrated the best conditions for recovery yield 

575 and purification, and from an economic perspective they have also demonstrated to be 

576 cost-effective when compared with the system containing no IL. Considering the results 

577 from purity and recovery yields, regression equations were developed, correlating these 

578 values to the percentage of IL added (cf. Figure S1 in the Supplementary Material). Using 

579 this information, it was possible to elucidate operational zones for IL concentration 

580 where ABS-TPP will always provide a better production cost (Figure 6). Overall, IL 
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581 concentrations below 1 wt% are recommended to maintain a lower production cost 

582 than the system with no IL, particularly when using [N4444]Br that provides the lowest 

583 production cost at US$ 2.56 per mg. 

584

585 Figure 6. Production cost based on materials for ABS-TPP with recovery yields and purity 

586 predicted by regression equations: No IL (–); [C4mim]Cl (−); [N4444]Br (–);  No IL 

587 (penalized) (··);  [C4mim]Cl (penalized) (··); [N4444]Br (··). Full graph until 5 wt% is included 

588 in the Supplementary Material (Figure S2).

589

590 Based on all the aforementioned information and discussed topics, the systems 

591 composed of 1 wt% of [C4mim]Cl and 1 wt% of [N4444]Br were selected as the best IL-

592 ABS-TPP, allowing the best trade-off between yield and purity of IgG at the IgG-rich 

593 interphase. Therefore, these systems were further studied towards the purification and 

594 recovery of mAbs from cell cultures supernatants.

595 3.3. Purification and recovery of antibodies from cell culture supernatants

596 To evaluate their technological robustness and flexibility, the best identified IL-

597 ABS-TPP were applied towards the purification and recovery of mAbs from cell culture 

598 supernatants and compared with polymer-salt ABS-TPP. For that purpose, two different 

599 biological matrices were considered: (i) a serum-containing CHO cell culture supernatant 

600 with anti-interleukin-8 (anti-IL-8) mAbs; and (ii) a serum-free CHO cell culture 

601 supernatant with anti-hepatitis C virus (anti-HCV) mAbs. The following mixture ABS-TPP 

602 or IL-ABS-TPP compositions were evaluated: (i) 20 wt% PEG 1000 + 25 wt% 

603 K3C6H5O7/C6H8O7 + 40 wt% (serum-containing or serum-free) CHO cell culture 



24

604 supernatant + 15 wt% H2O; (ii) 20 wt% PEG 1000 + 25 wt% K3C6H5O7/C6H8O7 + 40 wt% 

605 (serum-containing or serum-free) CHO cell culture supernatant + 14 wt% H2O + 1 wt% 

606 [C4mim]Cl; and (iii) 20 wt% PEG 1000 + 25 wt% K3C6H5O7/C6H8O7 + 40 wt% (serum-

607 containing or serum-free) CHO cell culture supernatant + 14 wt% H2O + 1 wt% 

608 [N4444]Br.All the detailed data obtained with serum-containing CHO cell culture 

609 supernatant with anti-interleukin-8 (anti-IL-8) mAbs is given in the Supplementary 

610 Material (Table S5). 

611 In what concerns TPP formation, deviations to the behavior observed with human 

612 serum, in which TPP was formed regardless of the IL structure and concentration, were 

613 found when dealing with cell culture supernatants. Although some small particles could 

614 be found at the interphase of the ABS without IL and with 1 wt% of [C4mim]Cl when 

615 using serum-containing cell supernatants, the precipitation was too small to allow a 

616 proper recovery of a third solid interphase for analysis (cf. Figure S3 in the 

617 Supplementary Material). A TPP could only be formed when using 1 wt% of [N4444]Br, 

618 thus allowing to evaluate its performance. Using this ABS-TPP, 46.2% of anti-IL-8 mAbs 

619 could be directly recovered in the precipitate layer, with a purity of 64.4%. These results 

620 are lower than those obtained with the same system for human IgG from serum samples 

621 (yield of 80.5% of IgG with 73.4% of purity; improvement of 62.4% in purity in 

622 comparison with the initial serum sample). Still, a large improvement, when comparing 

623 with the initial purity of the feedstock, was accomplished (purity of 64.4% versus 21.0% 

624 in the initial supernatant; an improvement of 200+% in purity in comparison with the 

625 initial supernatant). When processing human serum, the TPP composed of [N4444]Br 

626 revealed a good aptitude to precipitate proteins (leading to the highest recovery yields). 

627 This is probably the reason why the system composed of 1 wt% of [N4444]Br was the only 

628 capable to form a ABS-TPP with serum-containing cell supernatants. These results 

629 highlight the importance of adding ILs to the process, since it was only possible to create 

630 an ABS-TPP in the presence of an IL (and not in the system without IL).

631 On the opposite, with serum-free CHO cell culture supernatants, all the systems 

632 under study were capable to form ABS-TPP, despite the completely different protein 

633 profile of both biological fluids (cf. Figure S3 in Supplementary Material). It is interesting 

634 to notice that the serum-containing cell supernatant that presented a similar 

635 chromatographic profile to that of human serum was not able to form ABS-TPP in most 
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636 of the selected conditions. These observations suggest that the biological matrix 

637 composition plays a key role in ABS-TPP formation. The influence that each protein 

638 exerts on the others in specific macromolecular crowded pools is commonly observed, 

639 which in this case leads to ABS-TPP formation only with the less complex medium. 

640 However, a higher mAbs concentration is present in the serum-free cell supernatants 

641 (274.9 mg L−1 versus 85.8 mg L−1 in the serum-containing), suggesting that high 

642 concentrations of proteins are required to induce the formation of TPP. This evidence 

643 agrees with previous observations in the field of protein precipitation by salts and with 

644 the molecular-level mechanisms of TPP formation previously discussed [51].

645 Precipitate layers enriched in anti-HCV mAbs were obtained in all systems. The 

646 performance of these systems was also investigated in terms of IgG recovery yield 

647 (%YieldIgG) and purity level (%PurityIgG) at the interphase. All related results and detailed 

648 data are shown in Figure 7 and in the Supplementary Material (Table S6), respectively. 

649 ABS-TPP provide purity levels higher than that of the initial cell supernatant (36.5%), 

650 with mAbs recovery yields ranging from 55.3% to 79.7%, and purity levels between 

651 82.8% and 89.2%.

652

653

654 Figure 7. Recovery yields (%YieldIgG – ■) and purity levels (%PurityIgG – ■) of human IgG 

655 at the interphase of ABS-TPP composed of 20 wt% PEG 1000 + 25 wt% K3C6H5O7/C6H8O7 

656 + 40 wt% serum-free CHO cell culture supernatant + 15 wt% H2O/IL. For the feed, the 

657 %YieldIgG is not applicable (N.A.). Different letters correspond to a significant difference 

658 in the IgG yield or purity between systems (one way-ANOVA: p < 0.05): lowercase letters 
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659 refer to yield, while uppercase letters refer to purity. * identifies systems that have not 

660 been included in the statistical analysis.

661 The conventional ABS-TPP leads to the lowest IgG recovery performance, yielding 

662 55.3% of anti-HCV mAbs with 82.8% of purity. The purified sample was also analysed by 

663 ELISA towards the host cell proteins (HCP) content, revealing HCP removal values of 

664 94.7% from the original feed. Remarkably, by using ILs as adjuvants, better recovery 

665 yields were obtained with an equivalent purity. Also, the system composed of 1 wt% of 

666 [C4mim]Cl proved to be an efficient TPP to deplete HCPs (100% HCP removal), since the 

667 results obtained were below the limit of detection of the method.

668 The SE-HPLC chromatograms of the precipitates are presented in the 

669 Supplementary Material (Figure S4A–C), as well as the representative chromatograms 

670 of the coexisting phases of the best ABS-TPP containing 1 wt% of [C4mim]Cl in the 

671 Supplementary Material (Figure S4D). The analysis of the SE-HPLC chromatograms 

672 corroborates the high purities achieved with the ABS-TPP under study, since the main 

673 peak present corresponds to mAbs (retention time of ca. 15.0 min); only a small peak is 

674 noticed, corresponding to HMW impurities (or IgG aggregates). The remaining IgG that 

675 is not recovered in the precipitate fraction  partition to the PEG-rich phase with the 

676 majority of the LMW protein impurities. On the other hand, HMW protein impurities are 

677 preferentially retained in the salt-rich phase.

678 From an economic perspective, current estimates indicate that the recovery of IgG 

679 from serum-free supernatant is low-cost alternative when applying IL-ABS-TPP (Figure 

680 8A). By adding 1 wt% of [N4444]Br it is possible to obtain a production cost (considering 

681 only materials) of US$ 0.36 per mg of IgG. The cost reduction comes from the ability of 

682 the ABS-TPP to handle larger concentrations of IgG present in the sample and still 

683 recover it with a high yield and purity.
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684

685 Figure 8. Production costs (■) and its penalized version (■) for the inclusion of 1 wt% of 

686 [N4444]Br and [C4mim]Cl when recovering IgG from serum-free CHO cells supernatant. 

687 Figures show the results when using an inlet containing a concentration of 274.9 mg L−1 

688 (A) as quantified in this work and a reported 10 g L−1 (B) for other potential antibodies.

689 Works in the literature have shown that the purification of monoclonal antibodies 

690 provided production costs ranging from US$ 31 to 45 per gram of antibodies [53]. Costs 

691 obtained here are considerably higher, but it is important to note that typical antibody 

692 titers are much higher (approximately 10 g L−1) in the published work [53]. Considering 

693 an improved product inlet, production costs decrease to a range between US$ 11.45 to 

694 16.25 per gram, depending on the IL used (Figure 8B). The strategy developed here still 

695 needs to be polished and tested against higher production levels of antibodies and at 
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696 larger scales. Still, current results show a very promising strategy to reduce the length 

697 and duration of bioprocesses, which in turn have demonstrated to be critical parameters 

698 for production costs in different markets.

699 Circular dichroism (CD) spectroscopy was used to examine the secondary structure 

700 of mAbs after purification and recovery using ABS-TPP. The spectrum of a standard 

701 solution of IgG 250 mg L−1 was also appraised and included for comparison purposes. 

702 For all systems, the CD spectra depicted in Figure 9 clearly show that the secondary 

703 structure of mAbs after the recovery procedure resembles the one of the freshly 

704 prepared solutions of IgG. All spectra exhibit typical shape of a β-sheet protein as IgG, 

705 with a characteristic maximum of negative ellipticity at ca. 216 nm [26]. Thus, after the 

706 recovery of mAbs with the investigated ABS-TPP, their conformation is not affected, and 

707 the recovered proteins maintain their secondary structure.

708

709

710 Figure 9. Circular dichroism (CD) spectra (ellipticity, θ, in mdeg) for the recovered mAbs-

711 rich precipitate fractions of the ABS-TPP composed of 20 wt% PEG 1000 + 25 wt% 

712 K3C6H5O7/C6H8O7 + 40 wt% serum-free CHO cell culture supernatant + 15 wt% H2O/IL: 

713 pure IgG solution 250 mg L−1 in PBS (··), TPP with no IL (–), TPP with 1 wt% [N4444]Br (–), 

714 TPP with 1 wt% [C4mim]Cl (–).
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715 In Figure 10, the SDS-PAGE gel of all the recovered fractions is provided, allowing 

716 not only to confirm the mAbs integrity, but also to corroborate the discussed purification 

717 and recovery results.

718

719 Figure 10. SDS-PAGE of the recovered fractions using the ABS-TPP composed of 20 wt% 

720 PEG 1000 + 25 wt% K3C6H5O7/C6H8O7 + 40 wt% serum-free CHO cell culture supernatant 

721 + 15 wt% H2O/IL. Lane 1 – molecular weight marker (kDa); Lane 2 – pure IgG at 100 mg 

722 L−1; Lane 3 – pure BSA 200 mg L−1; Lane 4 – serum-free CHO cell culture supernatant; 

723 Lane 5 – precipitate of the ABS-TPP with no IL; Lane 6 – precipitate of the ABS-TPP with 

724 1 wt% [C4mim]Cl; Lane 7 – precipitate of the ABS-TPP with 1 wt% [N4444]Br. The bands 

725 corresponding to IgG heavy chain (H.C.) and IgG light chain (L.C.) are also labelled.

726
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727 3.4. Comparative assessment of antibody purification and recovery using IL-ABS-TPP and 

728 state-of-the-art techniques

729 During the bioprocessing of therapeutic antibodies, there are several requisites to 

730 be fulfilled. These entail product purity, safety and yield, short manufacturing time and 

731 process robustness [54]. By meeting most of these criteria, protein A chromatography 

732 remains the standard technique in the purification of antibodies. Either alone or 

733 combined with other chromatographic approaches, such as ion-exchange and size 

734 exclusion, protein A chromatography enables high purity levels (>95% purity) that are of 

735 chief importance when envisioning therapeutic applications of IgG [54]. Despite the 

736 remarkable selectivity, issues related with proteolysis, column regeneration and cost 

737 pose technological barriers to reduce IgG biopharmaceuticals cost [54]. Alternatively, 

738 precipitation methods have been implemented as simpler and cost-effective 

739 technologies for the purification and recovery of antibodies. Cold ethanol and PEG are 

740 among the most widely adopted precipitating agents due to the high product yields 

741 usually enabled [55]. These alone, however, cannot compete with protein A 

742 chromatography in terms of selectivity and, consequently, product purity [55]. Due to 

743 the co-precipitation of impurities (e.g., HCPs, DNA), multiple precipitation steps using 

744 conventional or even expensive affinity-based precipitating agents may need to be 

745 implemented [56–58]. Thereby, to approach the purity levels of standard 

746 chromatographic techniques, the technological simplicity of precipitation is jeopardized.

747 Compared to the previously described methods, the proposed IL-ABS-TPP can 

748 combine, in a certain degree, the most advantageous features of both approaches: 

749 technological simplicity and cost-efficiency of precipitation and high selectivity of 

750 chromatographic techniques. Despite product purity can be further increased for 

751 therapeutic applications, the IL-ABS-TPP herein proposed successfully remove 

752 impurities (i.e., HSA from serum and HCPs from cell supernatants) in a single step 

753 approach.

754 Besides standard techniques, it is also important to understand how the results 

755 obtained in this work compare with those obtained with their parent TPP or ABS. 

756 Regarding conventional TPP formed by t-butanol and ammonium sulphate, Dennison 

757 [59] observed that these are not capable of purifying IgG. Despite promising, the 
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758 available literature on ABS-TPP for the recovery and purification of antibodies is still 

759 scarce. In a previous work we proposed using ILs as main phase-forming agents instead 

760 of adjuvants in polymer-salt ABS, allowing to obtain a recovery of 41.0% with 60.9% 

761 purity [43]. On the other hand, as recently reviewed by us, large efforts have been 

762 carried out with traditional polymer-based ABS to purify antibodies [60]. Commonly, a 

763 better performance is achieved resorting to multi-stage approaches, adding 

764 electrolytes, using affinity ligands or these strategies combined. The described 

765 limitations are here overcome using common ABS constituents such as PEG, salts and 

766 ILs instead of t-butanol. Although the complete recovery of IgG was not achieved, IgG 

767 could be recovered with purity values up to 89.2%. Furthermore, the developed TPP 

768 strategy is robust since different antibodies (pAbs, anti-IL-8 mAbs and anti-HCV mAbs) 

769 can be successfully purified and recovered from different matrices (human serum and 

770 serum-containing and serum-free CHO cell cultures supernatants). Overall, the ABS-TPP 

771 here proposed can be considered a valuable strategy for the one-step purification and 

772 recovery of antibodies, particularly mAbs. Finally, the results here obtained exceed 

773 those previously reported and bring additional advantages regarding the reduction of 

774 the costs of the process.

775 4. Conclusions

776 In this work, it is proposed a cost-effective approach for the purification and 

777 recovery of human antibodies from biological complex matrices. The proposed 

778 approach resorts to ABS-TPP composed of PEG and K3C6H5O7/C6H8O7 at pH 7, either in 

779 the absence or presence of ILs as adjuvants. During process development and 

780 optimization using human serum, all process parameters evaluated, i.e., PEG molecular 

781 weight, IL structure and IL concentration, were shown to have an impact on the final IgG 

782 purity and yield. Most of the investigated systems allowed the formation of an IgG-rich 

783 precipitate layer, with the best performance being achieved with systems composed of 

784 the intermediate molecular weight PEG (PEG 1000) and by using low amounts (1 wt%) 

785 of the ILs [C4mim]Cl and [N4444]Br. Under the optimum conditions, recovery yields of IgG 

786 from human serum correspond to 80.5% and purity levels to 82.6%, while decreasing 

787 the costs of the process.
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788 To demonstrate the robustness and flexibility of the proposed technology, the 

789 best IL-ABS-TPP systems were investigated for the purification and recovery of mAbs 

790 from cell culture supernatants. It was observed an influence of the molecular crowding 

791 effect of the matrices and of the effect of the chemical structure of the IL. For the serum-

792 containing CHO cell culture supernatant with anti-IL-8 mAbs, only the system composed 

793 of 1 wt% of [N4444]Br was able to create an ABS-TPP, yielding 46.2% of mAbs with a purity 

794 of 64.4%. For serum-free CHO cell culture supernatant with anti-HCV mAbs, presenting 

795 a higher IgG concentration, all the systems under study were able to create ABS-TPP. 

796 The use of ILs as adjuvants not only allowed the best mAb recovery and purification 

797 balance, with an exceptional ability to remove HCP, but also showed potential to reduce 

798 production costs. The stability and integrity of the recovered antibodies was proven by 

799 CD spectroscopy and SDS-PAGE. 

800 Overall, it is herein shown that the association of the ABS and TPP concepts leads 

801 to a promising technology to purify and recover proteins from complex biological 

802 matrices, particularly antibodies, in a single step. The addition of ILs to ABS-TPP also 

803 brings advantages to the process in terms of selectivity or recovery yield, and cost 

804 reduction, which is due to their designer solvent feature. Although there is still room for 

805 further improvement and a path to follow to fully explore the potential of ABS-TPP in 

806 the bioprocessing of biopharmaceuticals, the developed process proved to be robust, as 

807 shown with purification and recovery of different antibodies from multiple biological 

808 samples. In addition to achieving high recovery yields and purity levels, this technology 

809 allows an easy recovery of the protein of interest, which could be further resuspended 

810 in an appropriate buffered formulation for storage and further commercialization.

811

812 CRediT authorship contribution statement

813 Emanuel V. Capela – Investigation, Methodology, Data curation, Formal analysis, 

814 Validation, Visualization, Writing – original draft; Ilaria Magnis – Investigation, Data 

815 curation; Ana F.C.S. Rufino – Investigation, Methodology; Mario A. Torres-Acosta –

816 Methodology; Formal analysis; Writing - Review & Editing; M. Raquel Aires-Barros – 

817 Resources, Supervision; João A.P. Coutinho – Supervision, Writing – review & editing; 

818 Ana M. Azevedo - Resources, Supervision, Writing – review & editing; Francisca A. e 

819 Silva – Supervision, Writing – review & editing, Funding acquisition, Project 



33

820 administration; Mara G. Freire – Conceptualization, Supervision, Writing – review & 

821 editing, Funding acquisition, Project administration.

822

823 Declaration of Competing Interest

824 The authors declare that they have no known competing financial interests or personal 

825 relationships that could have appeared to influence the work reported in this paper.

826

827 Data availability

828 Data will be made available on request.

829 Acknowledgements

830 E. V. Capela and A. F. C. S. Rufino acknowledge FCT for the PhD grants 

831 SFRH/BD/126202/2016 and SFRH/BD/138997/2018, respectively. F. A. e Silva 

832 acknowledges FCT for the researcher contract CEECIND/03076/2018 under the Scientific 

833 Employment Stimulus—Individual Call 2018.

834 Funding

835 This work was developed within the scope of the project CICECO-Aveiro Institute of 

836 Materials, UIDB/50011/2020, UIDP/50011/2020 & LA/P/0006/2020, financed by 

837 national funds through the FCT/MEC (PIDDAC). This work was funded by national funds 

838 (OE), through FCT/MCTES from the project PTDC/EMD-TLM/3253/2020. Funding 

839 received from FCT by iBB - Institute for Bioengineering and Biosciences 

840 (UIDB/04565/2020 and UIDP/04565/2020) and by i4HB (LA/P/0140/2020), is also 

841 acknowledged.

842

843 References

844 [1] M. Kesik-Brodacka, Progress in biopharmaceutical development, Biotechnol. 
845 Appl. Biochem. 65 (2018) 306–322. https://doi.org/10.1002/bab.1617.

846 [2] G. Walsh, Biopharmaceutical benchmarks 2018, Nat. Biotechnol. 36 (2018) 
847 1136–1145. https://doi.org/10.1038/nbt.4305.

848 [3] K. Rajewsky, The advent and rise of monoclonal antibodies, Nature. 575 (2019) 
849 47–49. https://doi.org/10.1038/d41586-019-02840-w.



34

850 [4] T. El-Shanawany, W. Sewell, S. Misbah, S. Jolles, Current clinical uses of 
851 intravenous immunoglobulin, Clin. Med. (Northfield. Il). 6 (2006) 356–359. 
852 https://doi.org/10.7861/clinmedicine.6-4-356.

853 [5] B. Kelley, Industrialization of mAb production technology: The bioprocessing 
854 industry at a crossroads, MAbs. 1 (2009) 443–452. 
855 https://doi.org/10.4161/mabs.1.5.9448.

856 [6] U. Gottschalk, Bioseparation in Antibody Manufacturing: The Good, The Bad and 
857 The Ugly, Biotechnol. Prog. 24 (2008) 496–503. 
858 https://doi.org/10.1021/bp070452g.

859 [7] A.L. Grilo, M. Mateus, M.R. Aires-Barros, A.M. Azevedo, Monoclonal Antibodies 
860 Production Platforms: An Opportunity Study of a Non-Protein-A 
861 Chromatographic Platform Based on Process Economics, Biotechnol. J. 12 (2017) 
862 1700260. https://doi.org/10.1002/biot.201700260.

863 [8] O. Yang, M. Qadan, M. Ierapetritou, Economic Analysis of Batch and Continuous 
864 Biopharmaceutical Antibody Production: a Review, J. Pharm. Innov. 15 (2020) 
865 182–200. https://doi.org/10.1007/s12247-018-09370-4.

866 [9] M. Iqbal, Y. Tao, S. Xie, Y. Zhu, D. Chen, X. Wang, L. Huang, D. Peng, A. Sattar, 
867 M.A.B. Shabbir, H.I. Hussain, S. Ahmed, Z. Yuan, Aqueous two-phase system 
868 (ATPS): an overview and advances in its applications, Biol. Proced. Online. 18 
869 (2016) 18. https://doi.org/10.1186/s12575-016-0048-8.

870 [10] A. Chakraborty, K. Sen, Impact of pH and temperature on phase diagrams of 
871 different aqueous biphasic systems, J. Chromatogr. A. 1433 (2016) 41–55. 
872 https://doi.org/10.1016/j.chroma.2016.01.016.

873 [11] K.E. Gutowski, G.A. Broker, H.D. Willauer, J.G. Huddleston, R.P. Swatloski, J.D. 
874 Holbrey, R.D. Rogers, Controlling the Aqueous Miscibility of Ionic Liquids: 
875 Aqueous Biphasic Systems of Water-Miscible Ionic Liquids and Water-
876 Structuring Salts for Recycle, Metathesis, and Separations, J. Am. Chem. Soc. 125 
877 (2003) 6632–6633. https://doi.org/10.1021/ja0351802.

878 [12] M. Marchel, K.G. João, I.M. Marrucho, On the use of ionic liquids as adjuvants in 
879 PEG-(NH4)2SO4 aqueous biphasic systems: Phase diagrams behavior and the 
880 effect of IL concentration on myoglobin partition, Sep. Purif. Technol. 210 (2019) 
881 710–718. https://doi.org/10.1016/j.seppur.2018.08.058.

882 [13] T. Lu, Z. Li, J. Huang, H. Fu, Aqueous Surfactant Two-Phase Systems in a Mixture 
883 of Cationic Gemini and Anionic Surfactants, Langmuir. 24 (2008) 10723–10728. 
884 https://doi.org/10.1021/la801301v.

885 [14] X.-L. Wei, X.-H. Wang, A.-L. Ping, P.-P. Du, D.-Z. Sun, Q.-F. Zhang, J. Liu, 
886 Formation and characteristics of aqueous two-phase systems formed by a 
887 cationic surfactant and a series of ionic liquids, J. Chromatogr. B. 939 (2013) 1–9. 
888 https://doi.org/10.1016/j.jchromb.2013.09.006.

889 [15] R. Sadeghi, B. Hamidi, N. Ebrahimi, Investigation of Amino Acid–Polymer 
890 Aqueous Biphasic Systems, J. Phys. Chem. B. 118 (2014) 10285–10296. 



35

891 https://doi.org/10.1021/jp505383r.

892 [16] J. Zhang, Y. Zhang, Y. Chen, S. Zhang, Mutual Coexistence Curve Measurement of 
893 Aqueous Biphasic Systems Composed of [bmim][BF 4 ] and Glycine, l -Serine, 
894 and l -Proline, Respectively, J. Chem. Eng. Data. 52 (2007) 2488–2490. 
895 https://doi.org/10.1021/je0601053.

896 [17] L. Das, S.P. Paik, K. Sen, Poly(propylene glycol) vs Sugar Alcohol-Based Aqueous 
897 Biphasic System to Extract Drugs and Subsequent Recovery of the Polymer, J. 
898 Chem. Eng. Data. 66 (2021) 4629–4638. 
899 https://doi.org/10.1021/acs.jced.1c00632.

900 [18] Y. Chen, Y. Wang, Q. Cheng, X. Liu, S. Zhang, Carbohydrates-tailored phase 
901 tunable systems composed of ionic liquids and water, J. Chem. Thermodyn. 41 
902 (2009) 1056–1059. https://doi.org/10.1016/j.jct.2009.04.008.

903 [19] P. Kan, C.J. Lee, Application of Aqueous Two-Phase System in 
904 Separation/Purification of Stroma Free Hemoglobin from Animal Blood, Artif. 
905 Cells, Blood Substitutes, Biotechnol. 22 (1994) 641–649. 
906 https://doi.org/10.3109/10731199409117894.

907 [20] M.J. Ruiz-Angel, V. Pino, S. Carda-Broch, A. Berthod, Solvent systems for 
908 countercurrent chromatography: An aqueous two phase liquid system based on 
909 a room temperature ionic liquid, J. Chromatogr. A. 1151 (2007) 65–73. 
910 https://doi.org/10.1016/j.chroma.2006.11.072.

911 [21] L.H. Haraguchi, R.S. Mohamed, W. Loh, P.A.P. Filho, Phase equilibrium and 
912 insulin partitioning in aqueous two-phase systems containing block copolymers 
913 and potassium phosphate, Fluid Phase Equilib. 215 (2004) 1–15. 
914 https://doi.org/10.1016/S0378-3812(03)00368-6.

915 [22] J. Persson, D.C. Andersen, P.M. Lester, Evaluation of different primary recovery 
916 methods for E. coli-derived recombinant human growth hormone and 
917 compatibility with further down-stream purification, Biotechnol. Bioeng. 90 
918 (2005) 442–451. https://doi.org/10.1002/bit.20434.

919 [23] F.J. Deive, A. Rodríguez, A.B. Pereiro, J.M.M. Araújo, M.A. Longo, M.A.Z. Coelho, 
920 J.N.C. Lopes, J.M.S.S. Esperança, L.P.N. Rebelo, I.M. Marrucho, Ionic liquid-based 
921 aqueous biphasic system for lipase extraction, Green Chem. 13 (2011) 390–396. 
922 https://doi.org/10.1039/C0GC00075B.

923 [24] S.C. Silvério, O. Rodríguez, A.P.M. Tavares, J.A. Teixeira, E.A. Macedo, Laccase 
924 recovery with aqueous two-phase systems: Enzyme partitioning and stability, J. 
925 Mol. Catal. B Enzym. 87 (2013) 37–43. 
926 https://doi.org/10.1016/j.molcatb.2012.10.010.

927 [25] A.M. Ferreira, V.F.M. Faustino, D. Mondal, J.A.P. Coutinho, M.G. Freire, 
928 Improving the extraction and purification of immunoglobulin G by the use of 
929 ionic liquids as adjuvants in aqueous biphasic systems, J. Biotechnol. 236 (2016) 
930 166–175. https://doi.org/10.1016/j.jbiotec.2016.08.015.

931 [26] L. Borlido, A.M. Azevedo, M.R. Aires-Barros, Extraction of Human IgG in Thermo-



36

932 Responsive Aqueous Two-Phase Systems: Assessment of Structural Stability by 
933 Circular Dichroism, Sep. Sci. Technol. 45 (2010) 2171–2179. 
934 https://doi.org/10.1080/01496395.2010.507441.

935 [27] K.W. Chew, T.C. Ling, P.L. Show, Recent Developments and Applications of 
936 Three-Phase Partitioning for the Recovery of Proteins, Sep. Purif. Rev. 48 (2019) 
937 52–64. https://doi.org/10.1080/15422119.2018.1427596.

938 [28] H. Bayraktar, S. Önal, Concentration and purification of α-galactosidase from 
939 watermelon (Citrullus vulgaris) by three phase partitioning, Sep. Purif. Technol. 
940 118 (2013) 835–841. https://doi.org/10.1016/j.seppur.2013.08.040.

941 [29] T. Senphan, S. Benjakul, Use of the combined phase partitioning systems for 
942 recovery of proteases from hepatopancreas of Pacific white shrimp, Sep. Purif. 
943 Technol. 129 (2014) 57–63. https://doi.org/10.1016/j.seppur.2014.03.025.

944 [30] S. Gautam, P. Dubey, P. Singh, R. Varadarajan, M.N. Gupta, Simultaneous 
945 refolding and purification of recombinant proteins by macro-(affinity ligand) 
946 facilitated three-phase partitioning, Anal. Biochem. 430 (2012) 56–64. 
947 https://doi.org/10.1016/j.ab.2012.07.028.

948 [31] X. Chen, R. Wang, Z. Tan, Extraction and purification of grape seed 
949 polysaccharides using pH-switchable deep eutectic solvents-based three-phase 
950 partitioning, Food Chem. 412 (2023) 135557. 
951 https://doi.org/10.1016/j.foodchem.2023.135557.

952 [32] X. Chen, C. Cai, Z. Tan, Deep eutectic solvents-based three-phase partitioning for 
953 tomato peroxidase purification: A promising method for substituting t-butanol, 
954 Food Chem. 393 (2022) 133379. 
955 https://doi.org/10.1016/j.foodchem.2022.133379.

956 [33] C. Cai, X. Chen, F. Li, Z. Tan, Three-phase partitioning based on CO2-responsive 
957 deep eutectic solvents for the green and sustainable extraction of lipid from 
958 Nannochloropsis sp, Sep. Purif. Technol. 279 (2021) 119685. 
959 https://doi.org/10.1016/j.seppur.2021.119685.

960 [34] D.C.V. Belchior, M.G. Freire, Simultaneous separation of egg white proteins 
961 using aqueous three-phase partitioning systems, J. Mol. Liq. 336 (2021) 116245. 
962 https://doi.org/10.1016/j.molliq.2021.116245.

963 [35] S.Y. Lee, I. Khoiroh, C.W. Ooi, T.C. Ling, P.L. Show, Recent Advances in Protein 
964 Extraction Using Ionic Liquid-based Aqueous Two-phase Systems, Sep. Purif. 
965 Rev. 46 (2017) 291–304. https://doi.org/10.1080/15422119.2017.1279628.

966 [36] E. Alvarez-Guerra, A. Irabien, Ionic Liquid-Based Three Phase Partitioning (ILTPP) 
967 for Lactoferrin Recovery, Sep. Sci. Technol. 49 (2014) 957–965. 
968 https://doi.org/10.1080/01496395.2013.878722.

969 [37] E. Alvarez-Guerra, A. Irabien, Ionic liquid-based three phase partitioning (ILTPP) 
970 systems for whey protein recovery: ionic liquid selection, J. Chem. Technol. 
971 Biotechnol. 90 (2015) 939–946. https://doi.org/10.1002/jctb.4401.

972 [38] L.S. Castro, P. Pereira, L.A. Passarinha, M.G. Freire, A.Q. Pedro, Enhanced 



37

973 performance of polymer-polymer aqueous two-phase systems using ionic liquids 
974 as adjuvants towards the purification of recombinant proteins, Sep. Purif. 
975 Technol. 248 (2020) 117051. https://doi.org/10.1016/j.seppur.2020.117051.

976 [39] Y.H. Chow, Y.J. Yap, P.L. Show, J.C. Juan, M.S. Anuar, E.-P. Ng, C.-W. Ooi, T.C. 
977 Ling, Characterization of partitioning behaviors of immunoglobulin G in polymer-
978 salt aqueous two-phase systems, J. Biosci. Bioeng. 122 (2016) 613–619. 
979 https://doi.org/10.1016/j.jbiosc.2016.04.008.

980 [40] Q. Wu, D.-Q. Lin, S.-J. Yao, Evaluation of poly(ethylene glycol)/hydroxypropyl 
981 starch aqueous two-phase system for immunoglobulin G extraction, J. 
982 Chromatogr. B. 928 (2013) 106–112. 
983 https://doi.org/10.1016/j.jchromb.2013.03.020.

984 [41] S.A. Oelmeier, C. Ladd Effio, J. Hubbuch, High throughput screening based 
985 selection of phases for aqueous two-phase system-centrifugal partitioning 
986 chromatography of monoclonal antibodies, J. Chromatogr. A. 1252 (2012) 104–
987 114. https://doi.org/10.1016/j.chroma.2012.06.075.

988 [42] J. Muendges, I. Stark, S. Mohammad, A. Górak, T. Zeiner, Single stage aqueous 
989 two-phase extraction for monoclonal antibody purification from cell 
990 supernatant, Fluid Phase Equilib. 385 (2015) 227–236. 
991 https://doi.org/10.1016/j.fluid.2014.10.034.

992 [43] E. V. Capela, A.E. Santiago, A.F.C.S. Rufino, A.P.M. Tavares, M.M. Pereira, A. 
993 Mohamadou, M.R. Aires-Barros, J.A.P. Coutinho, A.M. Azevedo, M.G. Freire, 
994 Sustainable strategies based on glycine–betaine analogue ionic liquids for the 
995 recovery of monoclonal antibodies from cell culture supernatants, Green Chem. 
996 21 (2019) 5671–5682. https://doi.org/10.1039/C9GC02733E.

997 [44] B.S. Priyanka, K.S. Abhijith, N.K. Rastogi, K.S.M.S. Raghavarao, M.S. Thakur, 
998 Integrated Approach for the Extraction and Purification of IgY from Chicken Egg 
999 Yolk, Sep. Sci. Technol. 49 (2014) 562–568. 

1000 https://doi.org/10.1080/01496395.2013.855231.

1001 [45] P.A.J. Rosa, I.F. Ferreira, A.M. Azevedo, M.R. Aires-Barros, Aqueous two-phase 
1002 systems: A viable platform in the manufacturing of biopharmaceuticals, J. 
1003 Chromatogr. A. 1217 (2010) 2296–2305. 
1004 https://doi.org/10.1016/j.chroma.2009.11.034.

1005 [46] R. dos Santos, S.A.S.L. Rosa, M.R. Aires-Barros, A. Tover, A.M. Azevedo, 
1006 Phenylboronic acid as a multi-modal ligand for the capture of monoclonal 
1007 antibodies: Development and optimization of a washing step, J. Chromatogr. A. 
1008 1355 (2014) 115–124. https://doi.org/10.1016/j.chroma.2014.06.001.

1009 [47] M. Martins, A.P.M. Fernandes, M.A. Torres-Acosta, P.N. Collén, M.H. Abreu, 
1010 S.P.M. Ventura, Extraction of chlorophyll from wild and farmed Ulva spp. using 
1011 aqueous solutions of ionic liquids, Sep. Purif. Technol. 254 (2021) 117589. 
1012 https://doi.org/10.1016/j.seppur.2020.117589.

1013 [48] M. Martins, L.M. de S. Mesquita, B.M.C. Vaz, A.C.R.V. Dias, M.A. Torres-Acosta, 
1014 B. Quéguineur, J.A.P. Coutinho, S.P.M. Ventura, Extraction and Fractionation of 



38

1015 Pigments from Saccharina latissima (Linnaeus, 2006) Using an Ionic Liquid + Oil + 
1016 Water System, ACS Sustain. Chem. Eng. 9 (2021) 6599–6612. 
1017 https://doi.org/10.1021/acssuschemeng.0c09110.

1018 [49] P.-A. Albertsson, Partition of cell particles and macromolecules, 3rd ed., Wiley, 
1019 New York, 1986.

1020 [50] J.-K. Yan, Y.-Y. Wang, W.-Y. Qiu, H. Ma, Z.-B. Wang, J.-Y. Wu, Three-phase 
1021 partitioning as an elegant and versatile platform applied to nonchromatographic 
1022 bioseparation processes, Crit. Rev. Food Sci. Nutr. 58 (2018) 2416–2431. 
1023 https://doi.org/10.1080/10408398.2017.1327418.

1024 [51] Y.-C. Shih, J.M. Prausnitz, H.W. Blanch, Some characteristics of protein 
1025 precipitation by salts, Biotechnol. Bioeng. 40 (1992) 1155–1164. 
1026 https://doi.org/10.1002/bit.260401004.

1027 [52] A.F.M. Cláudio, L. Swift, J.P. Hallett, T. Welton, J.A.P. Coutinho, M.G. Freire, 
1028 Extended scale for the hydrogen-bond basicity of ionic liquids, Phys. Chem. 
1029 Chem. Phys. 16 (2014) 6593. https://doi.org/10.1039/c3cp55285c.

1030 [53] J. Pollock, S. V. Ho, S.S. Farid, Fed-batch and perfusion culture processes: 
1031 Economic, environmental, and operational feasibility under uncertainty, 
1032 Biotechnol. Bioeng. 110 (2013) 206–219. https://doi.org/10.1002/bit.24608.

1033 [54] A.A. Shukla, B. Hubbard, T. Tressel, S. Guhan, D. Low, Downstream processing of 
1034 monoclonal antibodies—Application of platform approaches, J. Chromatogr. B. 
1035 848 (2007) 28–39. https://doi.org/10.1016/j.jchromb.2006.09.026.

1036 [55] M. Martinez, M. Spitali, E.L. Norrant, D.G. Bracewell, Precipitation as an Enabling 
1037 Technology for the Intensification of Biopharmaceutical Manufacture, Trends 
1038 Biotechnol. 37 (2019) 237–241. https://doi.org/10.1016/j.tibtech.2018.09.001.

1039 [56] A. Tscheliessnig, P. Satzer, N. Hammerschmidt, H. Schulz, B. Helk, A. Jungbauer, 
1040 Ethanol precipitation for purification of recombinant antibodies, J. Biotechnol. 
1041 188 (2014) 17–28. https://doi.org/10.1016/j.jbiotec.2014.07.436.

1042 [57] N. Hammerschmidt, S. Hobiger, A. Jungbauer, Continuous polyethylene glycol 
1043 precipitation of recombinant antibodies: Sequential precipitation and 
1044 resolubilization, Process Biochem. 51 (2016) 325–332. 
1045 https://doi.org/10.1016/j.procbio.2015.11.032.

1046 [58] M.W. Handlogten, J.F. Stefanick, N.J. Alves, B. Bilgicer, Nonchromatographic 
1047 Affinity Precipitation Method for the Purification of Bivalently Active 
1048 Pharmaceutical Antibodies from Biological Fluids, Anal. Chem. 85 (2013) 5271–
1049 5278. https://doi.org/10.1021/ac4008286.

1050 [59] C. Dennison, 1 Three-phase partitioning, in: Methods Protein Biochem., DE 
1051 GRUYTER, 2011: pp. 1–12. https://doi.org/10.1515/9783110252361.1.

1052 [60] E. V. Capela, M.R. Aires-Barros, M.G. Freire, A.M. Azevedo, eds., Monoclonal 
1053 Antibodies - Addressing the Challenges on the Manufacturing Processing of an 
1054 Advanced Class of Therapeutic Agents, in: 2017: pp. 142–203. 
1055 https://doi.org/10.2174/9781681084879117040007.



Supplementary Material

Using three-phase partitioning for the purification and recovery of 

antibodies from biological media

Emanuel V. Capelaa,b, Ilaria Magnisa, Ana F.C.S. Rufinoa, Mario A. Torres-Acostab,c, M. 

Raquel Aires-Barrosd,e, João A.P. Coutinhoa, Ana M. Azevedod,e, Francisca A. e Silvaa, 

Mara G. Freirea*

a CICECO – Aveiro Institute of Materials, Department of Chemistry, University of Aveiro, 3810-193 Aveiro, 

Portugal

b The Advanced Centre for Biochemical Engineering, Department of Biochemical Engineering, University 

College London, London WC1E 6BT, United Kingdom

c Tecnologico de Monterrey, School of Engineering and Science, Av. Eugenio Garza Sada 2501 Sur, C.P. 

64849 Monterrey, N.L., Mexico

d iBB – Institute for Bioengineering and Biosciences, Department of Bioengineering, Instituto Superior 

Técnico, Universidade de Lisboa, Avenida Rovisco Pais, 1049-001 Lisboa, Portugal; 

e Associate Laboratory i4HB—Institute for Health and Bioeconomy at Instituto Superior Técnico, 

Universidade de Lisboa, Lisbon, Portugal

* corresponding author - E-mail address: maragfreire@ua.pt

mailto:maragfreire@ua.pt


S1

Tables

Economic evaluation

Table S1. Material prices used for the construction of the economic model.

ABS component Sigma Code US $ Package Size (g) US$ g−1

PEG 600 8074865001 212 5650 0.03752212

PEG 1000 8074885000 208 5000 0.0416

PEG 1500 8074899025 390 25000 0.0156

PEG 2000 8210375000 215 5000 0.043

K3C6H5O7 25107-6X1KG 359 6000 0.05983333

C6H8O7 1002429029 523 25000 0.02092

H2O 0.97 1000 0.00097

[C4mim]Br 95137-50G-F 136 50 2.72

[C4mim]Cl 94128 524 250 2.096

[N4444]Br 426288-100G 91.8 100 0.918

[N4444]Cl 8.14645 292 100 2.92

[P4444]Br 189138-500G 282 500 0.564

[P4444]Cl 144800-10G 273 10 27.3
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Performance parameters determination – human serum

Table S2. Effect of the polymer molecular weight on the purification and recovery of 
human IgG in the top PEG-rich phase (TOP), precipitate layer (PP) and bottom salt-rich 
phase (BOT), using ABS-TPP composed of 20 wt% PEG + 25 wt% K3C6H5O7/C6H8O7 + 
H2O/serum, and corresponding IgG recovery yield (%YieldIgG), purity level (%PurityIgG), 
and HSA recovery yield (%YieldHSA) and purity level (%PurityHSA).

IL %YieldIgG %PurityIgG %YieldHSA %PurityHSA

TOP 85.2 ± 5.1 46.9 ± 0.0 89.7 ± 5.3 53.1 ± 0.0

PP 7.9 ± 0.0 67.0 ± 3.5 5.4 ± 0.6 33.0 ± 3.5PEG 600

BOT 1.8 ± 0.9 22.0 ± 2.8 9.7 ± 1.4 78.0 ± 2.8

TOP 19.0 ± 7.6 18.1 ± 5.2 70.0 ± 2.8 81.9 ± 5.2

PP 65.8 ± 3.6 80.7 ± 1.6 14.2 ± 1.9 19.3 ± 1.6PEG 1000

BOT 1.2 ± 0.0 9.0 ± 0.5 17.7 ± 0.5 91.0 ± 0.5

TOP 9.0 ± 2.8 45.2 ± 7.9 10.0 ± 0.1 54.8 ± 7.9

PP 85.0 ± 1.7 49.9 ± 1.3 70.1 ± 2.2 50.1 ± 1.3PEG 1500

BOT 0.0 ± 0.0 0.0 ± 0.0 8.0 ± 0.7 96.5 ± 0.2

TOP 2.1 ± 0.5 27.4 ± 2.8 6.6 ± 0.4 72.6 ± 2.8

PP 85.1 ± 2.4 51.4 ± 1.5 69.9 ± 2.1 48.6 ± 1.5PEG 2000

BOT 1.8 ± 0.2 11.8 ± 1.6 16.7 ± 0.9 88.2 ± 1.6
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Table S3. Effect of the IL structure on the purification and recovery of human IgG in the 
top PEG-rich phase (TOP), precipitate layer (PP) and bottom salt-rich phase (BOT), using 
ABS-TPP composed of 20 wt% PEG + 25 wt% K3C6H5O7/C6H8O7 + H2O/serum + 5 wt% IL, 
and corresponding IgG recovery yield (%YieldIgG), purity level (%PurityIgG), and HSA 
recovery yield (%YieldHSA) and purity level (%PurityHSA). N.D. means not determined.

IL %YieldIgG %PurityIgG %YieldHSA %PurityHSA

TOP 19.0 ± 7.6 18.1 ± 5.2 70.0 ± 2.8 81.9 ± 5.2

PP 65.8 ± 3.6 80.7 ± 1.6 14.2 ± 1.9 19.3 ± 1.6No IL

BOT 1.2 ± 0.0 9.0 ± 0.5 17.7 ± 0.5 91.0 ± 0.5

TOP 22.7 ± 7.4 19.6 ± 2.2 68.3 ± 12.6 80.4 ± 2.2

PP 56.9 ± 0.9 67.6 ± 0.0 21.2 ± 0.3 32.4 ± 0.0[C4mim]Br

BOT 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0

TOP 46.7 ± 4.7 31.3 ± 2.0 80.0 ± 0.4 68.7 ± 2.0

PP 23.0 ± 3.5 82.4 ± 0.1 5.5 ± 0.6 17.6 ± 0.1[C4mim]Cl

BOT 6.5 ± 1.5 30.7 ± 1.1 13.9 ± 3.1 69.3 ± 1.1

TOP 1.9 ± 0.0 42.8 ± 1.2 3.8 ± 0.3 57.2 ± 1.2

PP 100.0 ± 0.0 56.9 ± 0.3 72.2 ± 3.6 43.1 ± 0.3[N4444]Br

BOT 0.0 ± 0.0 0.0 ± 0.0 2.3 ± 0.3 100.0 ± 0.0

TOP N.D. N.D. N.D. N.D.

PP N.D. N.D. N.D. N.D.[P4444]Br

BOT N.D. N.D. N.D. N.D.

TOP 0.0 ± 0.0 0.0 ± 0.0 4.9 ± 0.6 100.0 ± 0.0

PP 100.0 ± 0.0 54.7 ± 0.1 52.9 ± 1.1 45.3 ± 0.1[N4444]Cl

BOT 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0

TOP 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0

PP 77.9 ± 3.6 59.8 ± 5.6 42.7 ± 11.4 40.2 ± 5.6[P4444]Cl

BOT 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0
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Table S4. Effect of the IL concentration on the purification and recovery of human IgG 
in the top PEG-rich phase (TOP), precipitate layer (PP) and bottom salt-rich phase (BOT), 
using ABS-TPP composed of 20 wt% PEG + 25 wt% K3C6H5O7/C6H8O7 + H2O/IL/serum, and 
corresponding IgG recovery yield (%YieldIgG), purity level (%PurityIgG), and HSA recovery 
yield (%YieldHSA) and purity level (%PurityHSA). N.D. means not determined.

IL / (wt%) %YieldIgG %PurityIgG %YieldHSA %PurityHSA

TOP 19.0 ± 7.6 18.1 ± 5.2 70.0 ± 2.8 81.9 ± 5.2

PP 65.8 ± 3.6 80.7 ± 1.6 14.2 ± 1.9 19.3 ± 1.6No IL

BOT 1.2 ± 0.0 9.0 ± 0.5 17.7 ± 0.5 91.0 ± 0.5

TOP 7.2 ± 3.7 10.9 ± 2.8 49.7 ± 10.2 89.1 ± 2.8

PP 77.7 ± 4.1 69.1 ± 3.8 29.7 ± 6.5 30.9 3.8± 1 wt%

BOT 1.4 ± 0.4 10.0 ± 0.2 15.7 ± 2.2 90.0 ± 0.2

TOP 27.7 ± 0.3 19.5 ± 1.1 82.3 ± 5.0 80.5 ± 1.1

PP 68.2 ± 5.4 70.0 ± 4.1 21.9 ± 6.3 30.0 ± 8.12 wt%

BOT 4.5 ± 0.1 12.5 ± 0.2 26.7 ± 0.4 87.5 ± 0.2

TOP 22.7 ± 7.4 19.6 ± 2.2 68.3 ± 12.6 80.4 ± 2.2

PP 56.9 ± 0.9 67.6 ± 0.0 21.2 ± 0.3 32.4 ± 0.05 wt%

BOT 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0

TOP 7.7 ± 4.7 12.7 ± 6.3 45.7 ± 0.7 87.3 ± 6.3

PP 65.3 ± 1.4 69.3 ± 1.6 24.7 ± 1.2 30.7 ± 1.610 wt%

BOT 1.5 ± 0.1 25.3 ± 0.4 5.4 ± 0.1 74.7 ± 0.4

TOP 8.5 ± 1.4 8.1 ± 1.6 69.6 ± 4.8 91.9 ± 1.6

PP N.D. N.D. N.D. N.D.

[C4mim]Br

15 wt%

BOT 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0

TOP 29.8 ± 1.3 24.2 ± 0.3 73.4 ± 1.8 75.8 ± 0.3

PP 50.2 ± 4.6 82.6 ± 4.0 10.0 ± 3.9 17.4 ± 4.01 wt%

BOT 3.9 ± 1.1 17.9 ± 0.9 18.1 ± 3.0 82.1 ± 0.9

TOP 37.5 ± 2.8 28.9 ± 1.3 72.0 ± 0.8 71.1 ± 1.3

PP 43.2 ± 3.9 86.5 ± 1.4 6.8 ± 0.4 13.5 ± 1.42 wt%

BOT 4.5 ± 3.2 16.2 ± 11.5 22.5 ± 15.9 83.8 ± 9.2

TOP 46.7 ± 4.7 31.3 ± 2.0 80.0 ± 0.4 68.7 ± 2.0

[C4mim]Cl

5 wt%
PP 23.0 ± 3.5 82.4 ± 0.1 5.5 ± 0.6 17.6 ± 0.1
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BOT 6.5 ± 1.5 30.7 ± 1.1 13.9 ± 3.1 69.3 ± 1.1

TOP 42.1 ± 7.9 28.7 ± 4.0 85.0 ± 0.9 71.3 ± 4.0

PP 6.9 ± 1.0 79.4 ± 1.6 3.1 ± 0.4 20.6 ± 1.610 wt%

BOT 2.6 ± 1.3 37.8 ± 8.9 4.3 ± 1.4 81.1 ± 26.7

TOP 12.2 ± 1.3 14.3 ± 1.2 63.4 ± 0.0 85.7 ± 1.2

PP 0.1 ± 0.0 37.4 ± 1.5 2.8 ± 0.0 62.6 ± 1.515 wt%

BOT 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0

TOP 10.8 ± 0.4 17.1 ± 3.3 47.7 ± 12.5 82.9 ± 3.3

PP 80.5 ± 3.2 73.4 ± 1.6 25.7 ± 1.0 26.6 ± 1.61 wt%

BOT 0.0 ± 0.0 0.0 ± 0.0 5.3 ± 0.2 100.0 ± 0.0

TOP 7.2 ± 1.1 14.8 ± 0.4 37.8 ± 4.4 85.2 ± 0.4

PP 92.0 ± 3.3 61.4 ± 3.3 50.3 ± 12.7 38.6 ± 3.32 wt%

BOT 0.6 ± 0.3 26.7 ± 3.3 3.9 ± 0.1 86.7 ± 18.9

TOP 1.9 ± 0.0 42.8 ± 1.2 3.8 ± 0.3 57.2 ± 1.2

PP 100.0 ± 0.0 56.9 ± 0.3 72.2 ± 3.6 43.1 ± 0.35 wt%

BOT 0.0 ± 0.0 0.0 ± 0.0 2.3 ± 0.3 100.0 ± 0.0

TOP 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0

PP 54.7 ± 2.6 49.5 ± 2.5 49.2 ± 2.5 50.5 ± 2.510 wt%

BOT 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0

TOP 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0

PP 47.4 ± 5.4 43.8 ± 3.0 53.5 ± 0.6 56.2 ± 3.0

[N4444]Br

15 wt%

BOT 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0
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Performance parameters determination – cell culture supernatants

Table S5. Performance of the ABS-TPP composed of 20 wt% PEG 1000 + 25 wt% 
K3C6H5O7/C6H8O7 + 40 wt% serum-containing CHO cell culture supernatant + 15 wt% 
H2O/IL towards the purification and recovery of anti-IL-8 mAbs from serum-containing 
CHO cell culture supernatants in the top PEG-rich phase (TOP), precipitate layer (PP) and 
bottom salt-rich phase (BOT), and corresponding recovery yield (%YieldIgG), purity level 
(%PurityIgG) and HCP removal percentage (%HCP removal). N.D. means not determined.

IL %YieldIgG %PurityIgG

TOP

PPNo IL

BOT

N.D.
(TPP system not formed)

TOP

PP[C4mim]Cl 1 wt%

BOT

N.D.
(TPP system not formed)

TOP 11.0 ± 2.0 5.0 ± 0.1

PP 46.2 ± 2.6 64.4 ± 4.2[N4444]Br 1 wt%

BOT 0.0 ± 0.0 0.0 ± 0.0
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Table S6. Performance of the ABS-TPP composed of 20 wt% PEG 1000 + 25 wt% 
K3C6H5O7/C6H8O7 + 40 wt% serum-free CHO cell culture supernatant + 15 wt% H2O/IL 
towards the purification and recovery of anti-HCV mAbs from serum-free CHO cell 
culture supernatants in the top PEG-rich phase (TOP), precipitate layer (PP) and bottom 
salt-rich phase (BOT), and corresponding recovery yield (%YieldIgG), purity level 
(%PurityIgG) and HCP removal percentage (%HCP removal). N.D. means not determined.

IL %YieldIgG %PurityIgG %HCP removal

TOP 41.0 ± 5.1 41.8 ± 5.6 N.D.

PP 55.3 ± 1.1 82.8 ± 2.0 94.7No IL

BOT 0.0 ± 0.0 0.0 ± 0.0 N.D.

TOP 26.9 ± 1.7 31.9 ± 4.5 N.D.

PP 74.4 ± 2.6 89.2 ± 1.5 100[C4mim]Cl 1 wt%

BOT 0.0 ± 0.0 0.0 ± 0.0 N.D.

TOP 13.5 ± 1.5 23.4 ± 1.0 N.D.

PP 79.7 ± 0.2 85.9 ± 0.9 93.3[N4444]Br 1 wt%

BOT 0.0 ± 0.0 0.0 ± 0.0 N.D.
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Figures

Economic evaluation

Figure S1. Correlations for purity (%PurityIgG – ●) and recovery yields (%YieldIgG – ●) 
against IL content: (A) [N4444]Br and (B) [C4mim]Cl. Correlation was done Microsoft Excel.
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Figure S2. Production cost based on materials for ABS-TPP with recovery yields and 
purity predicted by regression equations for the concentration range to 5 wt%: No IL (–
);  [C4mim]Cl (−); [N4444]Br (–);  No IL (penalized) (··);  [C4mim]Cl (penalized) (··); [N4444]Br 
(··).
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ABS-TPP macroscopic aspect

Figure S3. Macroscopic aspect of the ABS-TPP composed of 20 wt% PEG + 25 wt% 
K3C6H5O7/C6H8O7 + H2O/biological matrix, where the top phase corresponds to the 
polymer-rich phase and the bottom phase to the salt-rich phase. The precipitate rich in 
proteins is located at the interphase (except in the system with serum-containing cell 
culture supernatant, in which no precipitate was created).
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SE-HPLC chromatograms

Figure S4. SE-HPLC chromatograms of serum-free cell culture supernatant (–) and 
phases of the ABS-TPP composed of 20 wt% PEG 1000 + 25 wt% K3C6H5O7/C6H8O7 + 40 
wt% serum-free CHO cell culture supernatant + 15 wt% H2O/IL: (A) precipitate layer of 
the ABS-TPP with no IL (–); (B) precipitate layer of the ABS-TPP with 1 wt% [N4444]Br (–); 
(C) precipitate layer of the ABS-TPP with 1 wt% [C4mim]Cl (–); (D) phases of the ABS-TPP 
with 1 wt% [C4mim]Cl – top (··), bottom (--) and precipitate (–).

Highlights

 Three-phase partitioning is used to purify and recover IgG antibodies.

 PEG-salt systems comprising ionic liquids as adjuvants are studied.

 PEG molecular weight, ionic liquid structure and concentration are optimized.

 Ionic liquids as adjuvants improve the IgG recovery yield of PEG-salt systems.

 Robustness is shown with antibody purification from cell culture supernatants.
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