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resumo 
 

 

Os anticorpos, e em particular a imunoglobulina G (IgG), são considerados uma 
das pontas de lança da indústria biofarmacêutica, apresentando elevada 
relevância para o tratamento de várias doenças e sendo, por vezes, a única 
terapia disponível para algumas patologias. Apesar do seu amplo potencial, a 
extração e purificação destas biomoléculas a partir dos seus meios biológicos 
complexos com elevada qualidade e pureza é ainda baseada em abordagens 
com várias etapas e com elevado custo associado. Portanto, o desenvolvimento 
de processos a jusante alternativos, económicos e eficientes, capazes de 
fornecer elevadas quantidades de anticorpos terapêuticos a um custo reduzido 
é altamente necessário. Novas estratégias baseadas em líquidos iónicos (LIs) 
foram então investigadas nesta tese de Doutoramento para o processamento a 
jusante de anticorpos. Os LIs foram escolhidos principalmente devido ao seu 
carácter de solventes customizáveis. Esta característica dos LIs permite 
adequar a polaridade, interações e seletividade dos processos desenvolvidos, 
permitindo superar algumas limitações técnicas dos processos convencionais. 
Três tipos de plataformas baseadas em LIs foram investigadas para o 
processamento a jusante de anticorpos, nomeadamente sistemas aquosos 
bifásicos (SAB), partição trifásica e líquidos iónicos suportados. SAB contendo 
LIs como adjuvantes foram investigados, permitindo a extração e purificação de 
anticorpos humanos (anticorpos policlonais e monoclonais) com um bom 
desempenho em uma única etapa. LIs mais biocompatíveis e sustentáveis foram 
também estudados como compostos formadores de fases de SAB, 
demonstrando em simultâneo a possibilidade de utilizar abordagens de partição 
trifásica baseadas em SAB para a purificação e recuperação de anticorpos 
humanos. Finalmente, foram propostas novas matrizes cromatográficas 
baseadas em líquidos iónicos suportados, capazes de capturar e/ou purificar 
anticorpos a partir dos seus meios biológicos complexos através de dois 
mecanismos distintos, nomeadamente através dos modos negativo e positivo. 
Em suma, nesta tese de Doutoramento foi demonstrado que os LIs, se 
adequadamente concebidos, podem ser aplicados com sucesso na extração, 
purificação e/ou recuperação de anticorpos humanos, sendo plataformas 
alternativas promissoras para o processamento a jusante de biofármacos 
baseados em anticorpos. 
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abstract 

 
Antibodies, and in particular immunoglobulin G (IgG), are considered as one of 
the spearheads of the biopharmaceutical industry, presenting high relevance for 
the treatment of several diseases and being sometimes the only available 
therapy for some pathologies. Despite their wide potential, the extraction and 
purification of these biomolecules from their complex biological media with high 
quality and purity is still based on multi-step approaches and is of high cost. 
Therefore, the development of alternative and cost-effective downstream 
processes able to provide high amounts of therapeutic antibodies at lower cost 
is highly demanded. Novel ionic-liquid-based (IL-based) strategies for the 
downstream processing of antibodies were investigated in this PhD thesis. ILs 
were chosen mainly due to their designer solvents character. This feature of ILs 
allows to tailor the polarity, interactions and selectivity of the developed 
processes, allowing to overcome some technical limitations of the conventional 
ones.  
Three types of IL-based platforms for antibodies downstream processing were 
investigated, namely aqueous biphasic systems (ABS), three-phase partitioning 
(TPP) and supported ionic liquids (SILs). ABS containing ILs as adjuvants were 
investigated, allowing the extraction and purification of human antibodies 
(polyclonal and monoclonal antibodies) with good performance in a single-step. 
More biocompatible and sustainable ILs were also studied as phase-forming 
compounds of ABS, while showing the possibility of using TPP approaches 
based on ABS for the purification and recovery of human antibodies. Finally, new 
chromatographic matrices were proposed based on SILs materials, able to 
capture and/or purify antibodies from their complex biological media through two 
different mechanisms, namely through the flowthrough-like and bind-and-elute-
like modes. 
In summary, in this PhD thesis it is shown that ILs, if properly designed, can be 
successfully applied in the extraction, purification and/or recovery of human 
antibodies, being promising alternative platforms for the downstream processing 
of antibody-based biopharmaceuticals. 
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1.1. Contextualization, scopes and objectives 

All lives are important. However, there is a large range of diseases that negatively affect 

people’s lives; unfortunately, not all therapies are currently accessible to everyone. Among these 

are biopharmaceuticals, which have gained significant relevance in recent years since they largely 

improved the treatment of many diseases, being sometimes the only approved therapies available 

for a particular disorder [1].  Antibodies are the largest class of biopharmaceuticals [2], currently 

dominating the biopharmaceuticals approvals and being the most lucrative single product class 

(representing more than 65 % of the total biopharmaceuticals global sales) [3]. Among these, there 

are polyclonal antibodies (pAbs) taken from mammal’s serum and monoclonal antibodies (mAbs), 

the last ones covering the highest market share. mAbs were first discovered in 1975, and since then 

have proven to be relevant therapeutic agents in a myriad of diseases, with more than 90 mAbs 

approved by the US Food and Drug Administration (FDA) for the treatment of several diseases, such 

as cancer (breast cancer, leukemia and prostate cancer), auto-immune disorders, asthma, 

cardiovascular and infectious diseases [4]. Despite their advantages and therapeutic potential, the 

costs of producing/obtaining these therapeutics with high quality and purity level are still high due 

to the absence of simpler and cost-effective extraction/purification methods. The upstream 

processing of mAbs has gone through several improvements in recent years, by using alternative 

expression systems or by optimizing the medium formulations and feeding strategies [5]. On the 

contrary, the downstream processing has not evolved at the same rate and is nowadays considered 

the bottleneck in the manufacturing of mAbs for therapeutic purposes at reliable costs, 

representing up to 80 % of their total production costs [6].  

Based on the aforementioned information, the main objective of this PhD work consisted on 

the development of alternative cost-effective purification techniques for antibodies using different 

ionic-liquid-based strategies, aiming to contribute towards a reduction in the antibodies production 

costs while allowing their widespread use as recurrent therapies. Accordingly, the current PhD 

thesis starts with a literature overview (chapter 1), divided in two main topics: (i) 

biopharmaceuticals market, main characteristics, features and applications of mAbs, evolution of 

their upstream processing, and challenges and bottlenecks associated with their downstream 

processing – subchapter 1.2; and (ii) relevance of mAbs for therapeutic purposes, using the case of 

inflammatory diseases as main example – subchapter 1.3. 

After introducing the relevance of antibodies for human society, as well as the challenges 

related with the downstream processing of these biopharmaceuticals, this thesis follows with the 
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chapters in which are presented the efforts carried out to tackle the presented challenges, using 

ionic-liquid-based strategies. In chapter 2 are provided the works focusing the extraction and 

purification of antibodies by liquid-liquid extraction, namely by aqueous biphasic systems 

comprising ILs. Subchapter 2.1 reports the results obtained with ABS composed of a wide range of 

conventional ILs as adjuvants, allowing the screening of the performance of several systems for the 

extraction and further purification of antibodies from human serum samples. In subchapter 2.2 it 

is reported the successful application of the best ABS/ILs identified in the previous subchapter, for 

the capture and purification of two different mAbs (anti-interleukin-8 (anti-IL-8) and anti-hepatitis 

C virus (anti-HCV)) from cell culture supernatants with different complexity degrees (serum-

containing and serum-free Chinese Hamster Ovary (CHO) cell culture supernatants), being possible 

to prove the robustness of the developed platform. In addition, it is suggested the possibility of 

using such ABS in miniaturized and continuous mode, for massive parallelization (scale-out) at the 

preparative scale. Subchapter 2.3 follows the same line of research, yet moving towards the 

development of more sustainable ABS, i.e. by the use of biocompatible ILs derived from renewal 

resources as phase-forming components, namely glycine-betaine analogue (AGB) ILs. Besides the 

characterization of the novel ternary phase diagrams, these IL-based ABS were successfully applied 

in the recovery and purification of mAbs from cell culture supernatants. However, in this work, 

some evidence on the potential of IL-based three-phase partitioning (ILTPP) systems to purify mAbs 

was disclosed as well. In this work, it was proved that the biological activity of mAbs is maintained 

after the several purification and recovery steps involving ILs. 

The findings obtained in subchapter 2.3 on the possibility to create TPP systems for the 

simultaneous purification and recovery of antibodies, motivated to proceed with the work 

presented in chapter 3, in which the TPP concept based on ABS was comprehensively investigated 

to maximize the technique potential to purify antibodies. Subchapter 3.1 focus on the purification 

and recovery of antibodies using TPP approaches based on ABS containing ILs as adjuvants. The ABS 

phase-forming components were selected according to the characteristics required to act as TPP 

systems, and several representative ILs were studied as additives, allowing to tailor the selectivity 

and performance of the developed platform. This process was successfully applied to the processing 

of both human serum samples and cell cultures supernatants, being possible to easily recover the 

purified antibodies in a third solid layer in the interphase of the system, with high purity and, in the 

case of mAbs from cell culture supernatants, with an almost complete removal of host cell proteins 

(HCPs). 
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Finally, taking into account the enormous potential of ILs in the development of more 

sustainable and cost-effective downstream strategies and also on the fact that chromatography is 

the gold-standard technique used (and often expensive) by the (bio)pharmaceutical industry, 

chapter 4 focus on purification of antibodies using supported ionic liquids (SILs) as alternative 

materials/chromatographic matrices. In subchapter 4.1 it is presented a work in which different 

SILs were investigated, containing similar chemical structures to those of the ILs that performed 

best in the previous chapters. These novel SILs were synthesized, characterized and investigated as 

novel materials for the adsorption and purification of antibodies from complex biological matrices. 

Several operating conditions were optimized, and by an appropriate manipulation of the chemical 

structure of the SIL, it was possible to successfully purify antibodies by two different mechanisms: 

by the flowthrough-like or bind-and-elute-like modes. The developed platform proved to be 

effective in the processing of different biological matrices. 

In conclusion, the current thesis comprises a set of works that present the same goal – the 

development of more sustainable and cost-effective IL-based strategies to extract and purify high-

value antibodies from their complex biological matrices. To a better understanding of the 

organization of the current thesis, a graphical layout that summarizes all the information herein 

provided is given in Figure 1.1.1. 

   

 

Figure 1.1.1. Graphical layout of the information presented in each chapter of the current thesis. Part of this 

figure was created with a paid subscription of BioRender (https://biorender.com). 
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1.2. Monoclonal antibodies – addressing the challenges on the manufacturing processing 

of an advanced class of therapeutic agents 

This chapter is based on the published book chapter 

Emanuel V. Capela, M. Raquel Aires-Barros, Mara G. Freire, Ana M. Azevedo;  

Chapter 5 in Frontiers in Clinical Drug Research – Anti Infectives (FCDR-AI), Volume 4, Edited by 

Atta-ur-Rahman, Bentham Science Publishers (2017) 142-203. 

 

1.2.1. Abstract 

Monoclonal antibodies (mAbs) were firstly described by Köhler and Milstein in 1975, and 

their potential as powerful therapeutic agents recognized in the following years. Currently, the US 

Food and Drug Administration (FDA) has already approved 56 monoclonal antibodies for the 

treatment of several diseases, including cancer (e.g. breast cancer, leukemia and prostate cancer), 

auto-immune disorders (rheumatoid arthritis and Crohn’s disease), asthma, and cardiovascular and 

infectious diseases. Despite their advantages and therapeutic potential, the costs of manufacturing 

these therapeutics with high quality and purity level is still extremely high due to the absence of 

current cost-effective extraction/purification methods, and which has also impaired their 

widespread application as recurrent therapeutic agents. The upstream processing of mAbs has gone 

through several improvements in recent years, by using alternative expression systems or by 

optimizing the medium formulations and feeding strategies. On the contrary, the downstream 

processing is considered the bottleneck in the manufacturing of mAbs for therapeutic purposes at 

reliable costs, representing up to 80 % of their total production costs – which is a frontier in clinical 

drug research. In the past years, several chromatographic and non-chromatographic alternatives 

have been explored for this purpose, resulting in the development of efficient platforms for the 

purification of mAbs, and that are overviewed and discussed in this chapter. In summary, this 

chapter provides a vision on the current state of the art of the biopharmaceuticals market, on the 

production and use of mAbs as valuable therapeutic agents, including their use for the treatment 

of infectious diseases, while summarizing the mAbs-based products already approved by regulatory 

agencies.  

_______________________________________________________________________________________ 

Contributions: A.M.A. and M.G.F. directed this work. E.V.C. compiled and analyzed the data from the 
literature, and wrote the final manuscript, with significant contributions of the remaining authors. 
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New insights concerning the development of new and alternative platforms for the extraction and 

purification of mAbs are also discussed, while envisaging the adoption of the most relevant 

techniques by the pharmaceutical industry to allow the widespread use of biopharmaceuticals in 

the near future. 

1.2.2. Introductory aspects 

In recent years, human society has been facing several issues concerning the exponential 

emergence of drug-resistant microorganisms, diseases that are unresponsive to common drug 

therapies and the appearance of individuals with impaired immune systems who are unable to 

respond to conventional vaccines. These events fomented the search on effective alternative 

therapeutics, that is a crucial goal to be achieved within the next few years [1]. In this context, 

biopharmaceuticals have considerably improved the treatment of several diseases and are in many 

cases the only available therapies approved for a particular disorder [2]. By definition, 

biopharmaceuticals are biological-based products, with high-molecular weight and complex 

molecular composition, obtained from heterogeneous mixtures from living beings, cells, animals or 

plants [3, 4]. Recombinant proteins, antibodies and nucleic-acid-based products are examples of 

biopharmaceuticals with application in several medicinal areas, such as in 

vaccination/immunization, oncology, cardiology, neurology and infectious diseases [2]. In what 

concerns antibodies, although being in many cases the only available therapy, the production cost 

of antibodies with high quality/purity for therapeutic applications still remains very high due to the 

absence of a cost-effective purification method, which has conditioned its application on a large 

scale and as a recurrent therapy [5]. 

Monoclonal antibodies (mAbs) are the most prevalent class of therapeutic recombinant 

proteins, used in the treatment of several diseases, including cancer (e.g. breast cancer, non-

Hodgkin’s lymphoma, leukemia, colorectal and prostate cancer), auto-immune disorders 

(rheumatoid arthritis and Crohn’s disease), transplant rejection, asthma, and cardiovascular and 

infectious diseases [6]. Regarding the production of therapeutic mAbs, one of the most challenging 

aspects within the biopharmaceutical market is related with the need of quite high therapeutic 

doses, resulting in a crucial need of obtaining high amounts of pure mAbs [7]. These antibodies are 

biological products that can be produced by cell lines and extracted from their extracellular 

supernatant, thus exhibiting a high content of impurities. The current production process of 

therapeutic mAbs typically comprises two main steps: (i) the upstream processing, that relies on 

the production of antibodies by cell lines derived from mammalian cells; and (ii) the downstream 
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processing, which consists on the recovery, purification and isolation of mAbs from cells and cell 

debris, processing medium and other impurities [15]. In the last few years, the upstream processing 

of mAbs has greatly improved; however, the downstream processing has not evolved at the same 

pace and is considered the bottleneck in the production of therapeutic mAbs – representing, at 

least, up to 80 % of the total production costs [8, 9]. At low product titers, upstream manufacturing 

is more expensive than the downstream, but higher titers shift the main manufacturing costs 

towards the downstream processing [10], and lead to a non-linear increase of overall costs for the 

manufacturing process [11]. Since these antibodies should be obtained from the complex matrix 

with an exceptional purification degree, the downstream process is the critical step in the overall 

process [12]. In this context, the downstream processing of mAbs represents a frontier in clinical 

drug research that should be overcome, so that their widespread use as valuable therapeutic agents 

could become a reality.  

This chapter aims to review the current state of the art of the biopharmaceuticals market, 

the use of mAbs as powerful therapeutic agents for several therapeutic applications, and the 

description of the mAbs-based products already approved by regulatory agencies. New insights 

concerning the development of new and alternative chromatographic and non-chromatographic 

platforms for the extraction and purification of mAbs, including their advantages and limitations, 

are also reviewed and discussed. 

1.2.3. Biopharmaceuticals market 

The biopharmaceuticals market has been growing since the human recombinant insulin 

Humulin®, produced by Escherichia coli, was approved by the Food and Drug Administration (FDA) 

in 1982, for the treatment of Diabetes Mellitus [13]. Later, in 1986, the human protein tissue 

plasminogen activator (tPA) became the first therapeutic protein obtained from mammalian cells 

approved in the market. During the same year, FDA also approved the first therapeutic monoclonal 

antibody (mAb), Orthoclone OKT3 (muromonab-CD3), produced in vivo by hybridoma cell 

technology [14]. Currently, there are more than 150 therapeutic proteins approved in the USA/EU, 

demonstrating their importance in the treatment of several diseases [15]. In addition, more than 

500 recombinant proteins with potential as biopharmaceuticals are currently under clinical trials. 

This increasing number of dugs candidates is being essentially driven by the biotechnological 

advances registered in relevant areas, such as genomics and proteomics, that allowed to discover 

new candidates [16].  
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The global market of biopharmaceutical products, estimated in US$ 199.7 billion in 2013, was 

projected to achieve US$ 497.9 billion in 2020 [17]. In the last 10 years, the commercial importance 

of antibodies has been growing, being the most used type of biopharmaceuticals in different 

medical and scientific areas, mainly because of their capacity to bind to antigens with high affinity 

and specificity [18]. Medicine is now moving into an era of personalized medicine and therapies, 

where monoclonal antibodies fit within as powerful therapeutic agents to treat a wide variety of 

diseases. For instance, mAbs represent the largest production segment in the global 

biopharmaceuticals market, accounting with US$ 75 billion in 2013, and was expected to reach US$ 

125 billion in 2020 [19]. In the period between 2010 and 2015, it was expected that mAbs were able 

to generate itself US$ 25 billion, as presented in Table 1.2.1, thus enticing a growing number of 

companies to expand in this field [20]. During 2014, 36 of the top 50 pharmaceutical companies 

(excluding generics companies) had presence in the mAbs therapeutic sector. 

Table 1.2.1. Combined global prescription for the top 50 pharmaceutical companies (excluding generic-

drugs companies) by molecule type (2010 – 2015) [20]. 

 

Sales (US$ billion) 

Molecule type 2010 2011 2012 2013 2014 2015 
Differences in sales 

between 2010 and 2015 

Small molecules 413 414 402 398 399 401 -12 

Therapeutic proteins 70 73 76 79 81 81 11 

Monoclonal antibodies 46 52 57 62 67 71 25 

Vaccines 24 25 28 30 31 32 8 

 

Due to this robust market demand,  the global mAbs market size will ascend by more than 12 

% in 2013-2017, reaching US$ 141 billion in 2017 [21]. By November of 2016, a total of 56 

therapeutic mAbs were already approved by FDA and 6 were still under revision. In Table 1.2.2 are 

summarized the mAbs-based products already approved by regulatory agencies.  

Taking into account the high value of the biopharmaceuticals market, the advances in mAb 

technologies, and patents expiration of several mAb products (e.g. infliximab, Remicade® from 

Johnson & Johnson, that will expire in the US in September 2018 and has expired in Europe in 

February 2015; trastuzumab, Herceptin® from Roche, that will expire in the US in September 2019 

and has expired in Europe in February 2014; and adalimumab, Humira® from Abbott, expired in the 

US in 2016), it is expected a strong market competition in this field in the near future [21].  
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Table 1.2.2. Therapeutic mAbs approved or in review in the EU and US by regulatory agencies. Data 

collected from The Antibody Society (www.antibodysociety.org). 

 

International non-

proprietary name 
Brand name Target; Format 

Indication (first 

approved or 

reviewed) 

First approval year 

EU US 

Avelumab (Pending) 
PD-L1; Human 

IgG1 
Merkel cell carcinoma In review NA 

Sirukumab (Pending) 
IL-6; Human 

IgG1 
Rheumatoid arthritis In review In review 

Dupilumab Dupixent 
IL-4R alpha; 

Human IgG4 
Atopic dermatitis NA In review 

Romosozumab (Pending) 

Sclerostin; 

Humanized 

IgG2 

Osteoporosis in 

postmenopausal 

women at increased 

risk of fracture 

NA In review 

Inotuzumab ozogamicin (Pending) 

CD22; 

Humanized 

IgG4; ADC 

Hematological 

malignancy 
In review NA 

Ocrelizumab OCREVUS 

CD20; 

Humanized 

IgG1 

Multiple sclerosis In review In review 

(Pending) Xilonix 
IL-1 alpha; 

Human IgG1 

Advanced colorectal 

cancer 
In review NA 

Bezlotoxumab Zinplava 

Clostridium 

difficile 

enterotoxin B; 

Human IgG1 

Prevention of 

Clostridium difficile 

infection recurrence 

In review 2016 

Brodalumab (Pending) 
IL-17R; Human 

IgG2 

Immune-mediated 

disorders 
In review In review 

Sarilumab (Pending) 
IL-6R; Human 

IgG1 
Rheumatoid arthritis In review In review 

Olaratumab (Pending) 
PDGFRα; 

Human IgG1 
Soft tissue sarcoma In review 2016 

Atezolizumab Tencentriq 

PD-L1; 

Humanized 

IgG1 

Bladder cancer In review 2016 

Reslizumab Cinqair 

IL-5; 

Humanized 

IgG4 

Asthma 2016 2016 

Obiltoxaximab Anthim 

Protective 

antigen of  B. 

anthracis 

exotoxin; 

Chimeric IgG1 

Prevention of 

inhalational anthrax 
NA 2016 
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Ixekizumab Taltz 

IL-17a; 

Humanized 

IgG4 

Psoriasis 2016 2016 

Daratumumab Darzalex 
CD38; Human 

IgG1 
Multiple myeloma 2016 2015 

Elotuzumab Empliciti 

SLAMF7; 

Humanized 

IgG1 

Multiple myeloma 2016 2015 

Necitumumab Portrazza 
EGFR; Human 

IgG1 

Non-small cell lung 

cancer 
2015 2015 

Idarucizumab Praxbind 
Dabigatran; 

Humanized Fab 

Reversal of 

dabigatran-induced 

anticoagulation 

2015 2015 

Mepolizumab Nucala 

IL-5; 

Humanized 

IgG1 

Severe eosinophilic 

asthma 
2015 2015 

Alirocumab Praluent 
PCSK9; Human 

IgG1 
High cholesterol 2015 2015 

Evolocumab Repatha 
PCSK9; Human 

IgG2 
High cholesterol 2015 2015 

Dinutuximab Unituxin 
GD2; Chimeric 

IgG1 
Neuroblastoma 2015 2015 

Secukinumab Cosentyx 
IL-17a; Human 

IgG1 
Psoriasis 2015 2015 

Nivolumab Opdivo 
PD1; Human 

IgG4 

Melanoma, non-small 

cell lung cancer 
2015 2014 

Blinatumomab Blincyto 

CD19, CD3; 

Murine 

bispecific 

tandem scFv 

Acute lymphoblastic 

leukemia 
2015 2014 

Pembrolizumab Keytruda 

PD1; 

Humanized 

IgG4 

Melanoma 2015 2014 

Ramucirumab Cyramza 
VEGFR2; 

Human IgG1 
Gastric cancer 2014 2014 

Vedolizumab Entyvio 

α4β7 integrin; 

humanized 

IgG1 

Ulcerative colitis, 

Crohn disease 
2014 2014 

Siltuximab Sylvant 
IL-6; Chimeric 

IgG1 
Castleman disease 2014 2014 

Obinutuzumab Gazyva 

CD20; 

Humanized 

IgG1; 

Glycoengineere

d 

Chronic lymphocytic 

leukemia 
2014 2013 

Adotrastuzumab 

emtansine 
Kadcyla 

HER2; 

humanized 

IgG1; ADC 

Breast cancer 2013 2013 



Monoclonal antibodies – addressing the challenges on the manufacturing processing of 
an advanced class of therapeutic agents 

1 

 

13 
 

Raxibacumab (Pending) 
B. anthrasis PA; 

Human IgG1 
Anthrax infection NA 2012 

Pertuzumab Perjeta 

HER2; 

humanized 

IgG1 

Breast cancer 2013 2012 

Brentuximab vedotin Adcetris 
CD30; Chimeric 

IgG1; ADC 

Hodgkin lymphoma, 

systemic anaplastic 

large cell lymphoma 

2012 2011 

Belimumab Benlysta 
BLyS; Human 

IgG1 

Systemic lupus 

erythematosus 
2011 2011 

Ipilimumab Yervoy 
CTLA-4; Human 

IgG1 
Metastatic melanoma 2011 2011 

Denosumab Prolia 
RANK-L; Human 

IgG2 
Bone loss 2010 2010 

Tocilizumab 
RoActemra, 

Actemra 

IL-6R; 

Humanized 

IgG1 

Rheumatoid arthritis 2009 2010 

Ofatumumab Arzerra 
CD20; Human 

IgG1 

Chronic lymphocytic 

leukemia 
2010 2009 

Canakinumab Ilaris 
IL-1β; Human 

IgG1 

Muckle-Wells 

syndrome 
2009 2009 

Golimumab Simponi 
TNF; Human 

IgG1 

Rheumatoid and 

psoriatic arthritis, 

ankylosing spondylitis 

2009 2009 

Ustekinumab Stelara 
IL-12/23; 

Human IgG1 
Psoriasis 2009 2009 

Certolizumab pegol Cimzia 

TNF; 

Humanized 

Fab, pegylated 

Crohn disease 2009 2008 

Catumaxomab Removab 

EPCAM/CD3; 

Rat/mouse 

bispecific mAb 

Malignant ascites 2009 NA 

Eculizumab Soliris 
C5; Humanized 

IgG2/4 

Paroxysmal nocturnal 

hemoglobinuria 
2007 2007 

Ranibizumab Lucentis 

VEGF; 

Humanized 

IgG1 Fab 

Macular degeneration 2007 2006 

Panitumumab Vectibix 
EGFR; Human 

IgG2 
Colorectal cancer 2007 2006 

Natalizumab Tysabri 

a4 integrin; 

Humanized 

IgG4 

Multiple sclerosis 2006 2004 

Bevacizumab Avastin 

VEGF; 

Humanized 

IgG1 

Colorectal cancer 2005 2004 

Cetuximab Erbitux 
EGFR; Chimeric 

IgG1 
Colorectal cancer 2004 2004 



1 General introduction 
 

14 
 

Efalizumab Raptiva 

CD11a; 

Humanized 

IgG1 

Psoriasis 2004# 2003# 

Omalizumab Xolair 
IgE; Humanized 

IgG1 
Asthma 2005 2003 

Tositumomab-I131 Bexxar 
CD20; Murine 

IgG2a 

Non-Hodgkin 

lymphoma 
NA 2003# 

Ibritumomab tiuxetan Zevalin 
CD20; Murine 

IgG1 

Non-Hodgkin 

lymphoma 
2004 2002 

Adalimumab Humira 
TNF; Human 

IgG1 
Rheumatoid arthritis 2003 2002 

Alemtuzumab 

MabCampat h, 

Campath1H; 

Lemtrada 

CD52; 

Humanized 

IgG1 

Chronic myeloid 

leukemia#; multiple 

sclerosis 

2001#; 

2013 

2001#; 

2014 

Gemtuzumab 

ozogamicin 
Mylotarg 

CD33; 

Humanized 

IgG4; ADC 

Acute myeloid 

leukemia 
NA 2000# 

Trastuzumab Herceptin 

HER2; 

Humanized 

IgG1 

Breast cancer 2000 1998 

Infliximab Remicade 
TNF; Chimeric 

IgG1 
Crohn disease 1999 1998 

Palivizumab Synagis 

RSV; 

Humanized 

IgG1 

Prevention of 

respiratory syncytial 

virus infection 

1999 1998 

Basiliximab Simulect 
IL-2R; Chimeric 

IgG1 

Prevention of kidney 

transplant rejection 
1998 1998 

Daclizumab 
Zenapax; 

Zinbryta 

IL-2R; 

Humanized 

IgG1 

Prevention of kidney 

transplant rejection; 

multiple sclerosis 

1999#; 

2016 

1997#; 

2016 

Rituximab 
MabThera, 

Rituxan 

CD20; Chimeric 

IgG1 

Non-Hodgkin 

lymphoma 
1998 1997 

Abciximab Reopro 

GPIIb/IIIa; 

Chimeric IgG1 

Fab 

Prevention of blood 

clots in angioplasty 
1995* 1994 

Muromonab-CD3 
Orthoclone 

Okt3 

CD3; Murine 

IgG2a 

Reversal of kidney 

transplant rejection 
1986* 1986# 

* - Country-specific approval. # - Withdrawn or marketing discontinued for the first approved indication. NA - not 

approved or in review in the EU; information on review status in US not available. 

 

Antibodies have proven an important role in the biopharmaceutical market, both 

economically and in terms of improving the efficiency of the treatment of various pathologies. 

Despite the effectiveness and safety of mAbs for human administration, particularly when they 

present high degree of purity and retain their specific activities, the access to this type of therapy 
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has been hampered by high manufacturing costs, making it imperative to develop effective and 

economical methods to purify antibodies [22, 23]. 

1.2.4. Structural and functional characteristics of antibodies 

Antibodies are glycoproteins that are found in plasma and extracellular fluids [18]. They are 

the major effectors of the adaptive immune system, and they are produced in response to 

molecules and organisms (such as bacteria, viruses, foreign molecules and other agents) which are 

neutralized and/or eliminated by these. This response is a key mechanism used by a host organism 

to protect itself against the action of foreign molecules or organisms. They are secreted by 

specialized B-lymphocytes (plasma cells) and may also be called immunoglobulins (Ig) since they 

contain a structural domain found in various proteins. There are several Ig populations that can be 

found on the surface of lymphocytes in exocrine secretions and extravascular fluids [24]. Each 

animal can produce millions of different antibodies, and each antibody is able to bind specifically to 

a particular foreign substance known as an antigen [18]. B-lymphocytes carrying specific receptors, 

recognize and bind the antigenic determinants of the antigen and induce a process of division and 

differentiation, which transforms the B-lymphocytes into plasma cells that predominantly 

synthesize antibodies. 

Antibodies comprise four polypeptide chains, namely two heavy chains (approximately 55 

kDa each) and two identical light chains (about 25 kDa each), organized in "Y"-shape format. Each 

of these chains contains one variable region and multiple constant regions, associated by disulfide 

bonds and non-covalent bonds, resulting in a molecule with a molecular weight of approximately 

150 kDa, as can be seen in Figure 1.2.1. The antibody binding to the antigen occurs in the antigen-

binding fragment (Fab) region through complementary-determining regions (CDR). CDRs are 

composed of different sequences of amino acids according to the type of antigen to which are 

associated, and are therefore referred as hypervariable regions [25]. The heavy chains are 

associated by disulfide bonds, located in a flexible hinge region, with approximately 12 amino acids 

(essentially proline, threonine, serine and cysteine), and are highly sensitive to enzymatic or 

chemical cleavage [24]. Each globular region, comprised by the folding of the polypeptide chains, is 

designated by domain.  

In mammals, there are five classes of Ig (IgG, IgM, IgA, IgD and IgE) that depend on their 

primary sequence of amino acids and differ on the functions performed in the immune system. 

Both IgA and IgG are subdivided in subclasses – isotypes – due to the polymorphisms verified in 

constant regions of the heavy chain [18]. 
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Figure 1.2.1. Schematic representation of a conventional antibody. It comprises two identical heavy (yellow) 

and light (blue) chains of antibodies, joined by disulphide bonds (red). Each chain contains a constant and 

variable region (colored darker), where the antigen-binding site is located. 

Each Ig class determines a type and temporal nature of the immune response. Currently, two 

isotypes of IgA – IgA1 and IgA2 – are known, and four isotypes of IgG are known – IgG1, IgG2, IgG3 

and IgG4. In a biotechnology perspective, IgG is the most important class of antibodies, since they 

are the most abundant Ig in the blood (representing 75 % of the antibodies) [26]. 

1.2.5. Applications of antibodies 

Monoclonal antibodies (mAbs) have been the subject of intense investigation since their 

production was first achieved [27]. Their high specificity is an excellent advantage therapeutic 

purposes since mAbs can only interact with a specific substance [18]. This specificity is also very 

attractive for numerous clinical trials and laboratory diagnostic tests, such as the detection and 

identification of analytes, cell markers, pathogens, among others [28]. However, their 

monospecificity may also be considered a limitation, since the occurrence of minor changes in the 

structure of an epitope may affect the function of the antibody. Finally, an additional advantage of 

mAbs is related with the fact that, once the desired hybridoma has been generated, mAbs can be 

produced through a constant and renewable source, allowing a continuous and reproducible 

delivery of antibodies. Due to all these factors, mAbs, and in particular IgG, represent the most used 
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type of antibodies for a large plethora of scientific and therapeutic applications. Below we describe 

some of the main applications of this biomolecule for such purposes.  

At the diagnostic level, IgG antibodies are ideal biological recognition agents, and have thus 

been used in numerous analytical techniques, such as Western Blotting (immunoblotting), 

immunohistochemistry, immunocytochemistry, immunoprecipitation, enzyme-linked 

immunosorbent assay (ELISA), microarrays of antibodies, immunoscintigraphy, radioimmunological 

assays, flow cytometry analysis, immunosensors, immuno-polymerase chain reactions (IPCRs) and 

real-time IPCRs [29]. These antibodies are also used as important tools in immunoaffinity 

chromatography [30], in the identification and localization of intracellular and extracellular proteins 

[18], and used for the detection of pathogens, adulterants, toxins, and/or other residues (drugs, 

chemicals or pesticides) in food products and in environmental analysis/monitoring [30].  

Concerning their therapeutic applications, mAbs present a large potential for use in passive 

immunotherapy. Passive immunity is conferred by transferring specific antibodies against a 

particular pathogen to a host, and is distinguished from the active immunity because, in the last 

case, the immunity is conferred by the host’s response to a given pathogen antigen, as depicted in 

Figure 1.2.2. 

 

 

Figure 1.2.2. Active immunity vs. Passive immunity. 

Antibodies can be administered as: (i) human or animal plasma or serum; (ii) pooled human 

immunoglobulin for intravenous (IVIG) or intramuscular (IG) use; (iii) high-titer human IVIG or IG 

from immunized or convalescing donors; and (iv) as monoclonal antibodies (mAbs) [31]. In 
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particular, intravenous immunoglobulin (IVIG) is used as a replacement therapy in immunodeficient 

individuals, who are unable to create their own effective immune responses [32]. IVIG can also be 

used to suppress the pathological immune responses that occur in patients with autoimmunity [33]. 

IVIG formulations are prepared from the human serum IgG fraction, which is pooled  from a 

minimum of 1000 up to 60,000 donors [34].  

The therapeutic potential of antibodies in infectious diseases has also been investigated, 

since some of the biopharmaceuticals-based therapies presented on Table 1.2.2 refer to anti-

infectives mAbs.  Respiratory syncytial virus (RSV) infection is classified into the subfamily 

Pneumovirinae within the Paramyxoviridae family of enveloped, single-stranded, and negative-

sense RNA viruses [35]. This infection can result in a severe lower respiratory tract disease, and 

represents the leading cause of hospitalization of young children with respiratory tract diseases. 

Since previous vaccine attempts have failed to provide a long-lived protective immune response 

and since there is no currently approved vaccine against RSV, this is considered an important target 

for antiviral development [36]. Therefore, passive antibody therapies are used in high-risk infants 

to prevent and modify RSV infection [31]. The treatment for RSV infection has been limited to RSV-

IVIG derived from plasma donors with high RSV neutralizing antibodies [31], and ribavirin, a non-

specific antiviral that interferes with virus transcription [37]. However, side effects associated to 

the use of ribavirin and the historical debate surrounding its efficacy illustrate the need for more 

potent and safe therapeutics to treat RSV infection. Palivizumab was the first mAb commercially 

available for immunoprophylactic use to prevent an infectious disease, and consists in a humanized 

mouse IgG1 against the RSV surface F glycoprotein [38]. Although the indications for RSV-IGIV and 

palivizumab are similar, palivizumab is preferred because of its lower cost and its easiest 

administration (intramuscular versus intravenous administration for RSV-IVIG). Further, 

palivizumab does not interfere with measles and varicella vaccines and is less likely to transmit an 

infectious agent since it is not prepared from plasma. Motavizumab, an affinity-optimized 

monoclonal antibody developed from palivizumab, has also been under clinical trials [39]. 

Palivizumab was the first mAb commercially available (in 1999) in the EU for immunoprophylactic 

use to prevent an infectious disease, and consists in a humanized mouse IgG1 against the 

respiratory syncytial virus (RSV) surface F glycoprotein [38]. Bacillus anthracis causes inhalational 

anthrax, and its endospores have been developed to be a highly lethal bioterrorism threat [40]. 

After the bioterrorist attacks of September 2001, which resulted in eleven confirmed cases of 

inhalational anthrax and five fatalities, the US government enacted new regulations to encourage 

the pharmaceutical industry towards the development of medical countermeasures against 
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bioterrorist threats [41]. The anthrax toxin is a tripartite toxin that contains enzymatic and binding 

moieties. Lethal factor (LF) and edema factor (EF) have enzymatic activities. Protective antigen (PA) 

is the gatekeeper moiety that binds to cell receptors and then binds and translocates LF and EF into 

the cell [42]. In December 2012, the United States Food and Drug Administration (FDA) approved 

raxibacumab for the treatment and prophylaxis against inhalational anthrax [43]. Raxibacumab is a 

fully human IgG1 mAb that binds PA, thus blocking the binding of PA to its cell receptors, the binding 

of LF and EF, and the internalization of anthrax toxin [44]. So, the neutralization of PA appeared as 

an effective treatment and prevention strategy of the pathogenesis of inhalational anthrax. More 

recently, in 2016, another antitoxin therapy was licensed under the US FDA – obiltoxaximab – a 

chimeric IgG1(κ) mAb that prevents binding of PA to the cellular receptors [45, 46]. Also in 2016, 

bezlotoxumab was also approved as anti-infective mAb for the prevention of Clostridium difficile 

infection recurrence. The debilitating symptoms of C. difficile infection (CDI) are caused by two 

exotoxins – C. difficile toxins A and B. Clinical trials have shown that the neutralisation of these 

toxins can prevent recurrence of infection, offering an antibacterial-sparing treatment option [47]. 

Bezlotoxumab consists in a human monoclonal antibody against C. difficile toxin B developed by 

Merck & Co, for reduction of CDI recurrence in adults who are receiving antibacterial drug 

treatment of CDI and are at a high risk for CDI recurrence [48, 49].  

Besides mAbs, two biopharmaceuticals given in Table 1.2.2, based on bispecific antibodies 

(bsAbs) - blinatumomab and catumaxomab – should be also highlighted. A bispecific antibody is 

based on a conventional monoclonal antibody; yet, it can recognizes and binds to two different 

antigens or epitopes simultaneously. Thus, bsAbs show some advantages as therapeutic agents 

since they can potentially increase binding specificity by interacting with two different cell-surface 

antigens, further enabling the simultaneous blocking of two different pathways that exert unique 

or overlapping functions in pathogenesis, among others [50]. Their potential as new agents for 

therapeutic can be supported by the example of blinatumomab, that consists in a novel, bispecific 

T-cell engaging antibody that targets both tumour-associated antigens CD19 (expressed on B cells) 

and CD3 (a receptor on T cells) [51, 52], and was approved through an accelerated pathway for the 

treatment of acute lymphoblastic leukemia (ALL). Blinatumomab consists of two single-chain 

recombinant antibodies with a small distance between the two that joins CD19 and CD3 by a 

flexible, non-glycosylated five-amino acid non-immunogenic linker [53]. On the other hand, 

catumaxomab was approved in the European Union (EU) in April 2009 for the intraperitoneal 

treatment of malignant ascites in patients with epithelial cell-adhesion molecule (EpCAM)-positive 

carcinomas [53]. Catumaxomab is a targeted immunotherapy characterized by its binding to three 
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different cell types – tumour cells, T-cells and accessory cells – presenting two antigen-binding 

specificities – one for EpCAM on tumour cells and one for the CD3 antigen on T-cells [53, 54]. 

Despite these features, traditional combination therapies using mAbs can also modulate multiple 

therapeutic targets achieving similar effects, and in fact, the majority of the biopharmaceuticals 

going to clinical trials are still based on mAbs. 

1.2.6. Upstream processing of monoclonal antibodies 

The clinical and commercial success of mAbs has led to the need of a large-scale production 

in mammalian cell cultures. This has resulted in a rapid expansion of the global manufacturing 

capacity, an increase in the size of reactors and to an increased effort to improve the process 

efficiency with a concomitant manufacturing cost reduction [55]. For this purpose, genetic 

engineering and cell engineering had allied themselves to develop new media and reactors that 

lead to the optimization of mammalian cell culture conditions at a larger scale. Hybridoma 

technology was the first technology that made possible the production of large quantities of mAbs 

from murine origin, but latter new and very efficient expression systems were developed in order 

to allow the full exploitation of the antibodies potential. 

1.2.6.1. Hybridoma technology 

Monoclonal antibodies were first recognized in the serum of patients with multiple myeloma, 

in whom clonal expansion of malignant plasma cells led to the production of high levels of identical 

antibodies, resulting in a monoclonal gammopathy [18]. The discovery of monoclonal antibodies 

produced by these tumours led to the idea that it may be possible to produce similar mAbs of any 

desired specificity by immortalizing individual antibody-secreting cells from an animal immunized 

with a known antigen [27].  

In 1975, Georges Köhler and Cesar Milstein [27] developed a technique named hybridoma 

technology, that relies on fusing B-lymphocytes from an immunized animal (typically a mouse) with 

a myeloma cell line, and growing the cells under conditions in which the unfused normal and 

tumour cells cannot survive. In this procedure, spleen cells from a mouse that has been immunized 

with a known antigen or mixture of antigens are fused with an enzyme-deficient partner myeloma 

cell line [25].  The myeloma partner used does not secrete its own Igs. The cells are then placed in 

a selection medium containing hypoxanthine, aminopterin and thymidine (HAT medium) that 

allows only the survival of the immortalized hybrid cells. These hybridomas are then grown as single 

cell clones and tested for the secretion of the antibody of interest. The clones with the desired 
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specificity are selected and further expanded. Each hybridoma produces only one Ig and the 

antibodies secreted by each hybridoma clone are monoclonal antibodies which are specific for a 

single epitope on the antigen or antigen mixture used to identify antibody secreting clones. 

In the late 80s, murine mAbs started their clinical development, however suffering from a 

large number of drawbacks. Murine mAbs exhibit a relatively short serum half-life when compared 

to human IgG and induced the development of human anti-mouse-antibodies (HAMA) in the 

patients, especially when repeated administrations were necessary. Also, murine mAbs are 

relatively poor recruiters of effector functions, which is critical for their efficacy, especially in 

oncology indications [56, 57]. In order to overcome these problems, Boulianne et al. (1984) and 

Morrison et al. (1984) developed mouse-human chimeric antibodies by genetic engineering 

techniques, through grafting the murine variable domain, specific for a given antigen, with the 

constant domains of the human antibodies [58, 59]. This new technique allowed to obtain 

molecules that were approximately 66 % human, which consequently present a superior half-life in 

humans and a lower immunogenicity. Later, Jones et al. (1986) proposed changes and 

improvements to these antibodies by grafting only the murine hypervariable regions into the 

human framework, resulting in molecules that were approximately 95 % human [60]. 

Whilst humanized mAbs appeared to overcome the inherent immunogenic problems of 

murine and chimeric mAbs, humanization has however some additional limitations, since it requires 

a laborious, complex and time-costing process. In order to obtain fully human mAbs, new 

techniques have emerged in the last years. One of these techniques is phage display, in which a 

library of bacteriophage expressing the antibody variable domains are screened against an 

immobilized target antigen in order to capture the phages that specifically bind to the antigen.  

Unbounded phage are washed away while bounded phage are eluted, propagated in E. coli cells 

and further used in another round of selection. At the end of the panning procedure, E.coli cells are 

further infected with the phage from the last round and the individual clones correspond to 

individual monoclonal variable domains. An additional alternative technology consist on the 

creation of transgenic mice expressing repertoires of human antibody gene sequences, which allow 

the production of fully human monoclonal antibodies through the hybridoma technology, with low 

immunogenic potential and properties similar to the human endogenous antibodies [61, 62]. In 

Figure 1.2.3 is depicted the several types of antibodies possible of being obtained through genetic 

engineering, as well as their classification according to the origin of their primary sequence.  

In clinical terms, there are no apparent differences between the monoclonal antibodies 

obtained using phage display techniques or transgenic mice. However, the detection process of an 
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antibody by phage display allows a more direct isolation and also a higher control under the 

specificity and affinity of the antibody. 

 

 

Figure 1.2.3. Humanization of antibodies through genetic engineering. Therapeutic mAbs can be murine 

(100 % murine protein) [suffix: -omab], chimeric (composed of approximately 35 % murine sequences) 

[suffix: -ximab], humanized (only possess 5-10 % of murine regions) [suffix: -zumab] or fully human (100 % 

human protein) [suffix: -umab]. 

1.2.6.2. Recombinant DNA technology 

The development of very efficient expression systems is essential to the full exploitation of 

the antibodies therapeutic potential, both in terms of therapeutic efficiency and cost/widespread 

application [63]. The expression of functional, correctly folded antibodies or antibody fragments 

and its scale up to commercial levels is a major goal in the therapeutic antibodies development. 

Since antibody therapies may require large doses over a long period of time, the manufacturing 

capacity becomes an issue because the drug substance must be produced in large quantities at a 

cost and time efficiency which meet the clinical requirements. In response to the strong demand, 

companies have built large scale manufacturing plants containing multiple 10,000 L or larger cell 

culture bioreactors [64]. 

Therapeutic antibodies are mainly produced in mammalian cell expression systems due to 

their ability to produce large amounts of mAbs with a consistent quality and to adapt well to culture 

in large-scale suspension bioreactors [65]. Another reason, and probably the most important for 

the dominance of mammalian cells, is their capability to perform the required protein folding, 

assembly and post-translational modifications, such as glycosylation, so that the produced mAbs 

would be chemically similar to human forms for increased product efficacy and safety. In particular, 

the cell line obtained from Chinese Hamster Ovary (CHO) is the most widely used cell line for the 

production of large-scale mAbs [66]. This cell line was first isolated in 1957 by Dr. Theodore T. Puck 
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from a female Chinese hamster, and quickly gained recognition due to their ease and rapid 

growth/culture time and high expression [67]. Currently, this cell line appears as the production 

host of approximately 70 % of total recombinant therapeutic proteins [68]. It is widely used as the 

main vehicle for the production of mAbs due the advantages summarized below:  

1. CHO cells have proven a track record of producing safe, biocompatible and bioactive mAbs, 

enabling products from these cells to gain a more easily regulatory approval [69, 70]; 

2. Genetic modification techniques such as the use of dihydrofolate reductase (DHFR) or 

glutamine synthase (GS) can be used to attenuate the low specific productivity that hinders the 

production of recombinant proteins in mammalian cells [68, 71]; 

3. CHO cells present the appropriate molecular repertoire for the occurrence of native-like post-

translational modifications with glycoforms comparable to those of humans, thus exhibiting 

similar molecular activity [72]; 

4. They grow in serum-free suspension cultures, often in stainless steel bioreactors or even 

disposable bioreactors [73]; 

5. Their scale-up is possible [72]; 

6. Human pathogenic viruses, such as HIV, influenza and polio, do not replicate in CHO cells, 

enhancing the safety of the produced mAbs [74]; 

7. They are easily genetic modified to optimize the production process [70]. 

Close to the CHO cells, the most commonly used cell lines for mAbs production are the murine 

lymphoid cells NS0 and SP2/0, since they are originated from differentiated B-lymphocytes that 

produce high amounts of immunoglobulins. However, these are not the preferred cell culture for 

mAbs production because the produced antibodies may contain immunogenic residues, resulting 

in a reduced half-life in vivo [75]. 

The use of cells from human sources is an option that allow to overcome the presence of 

antigenic groups in the antibodies produced. There are currently several possibilities being studied, 

namely human embryonic cells derived from the kidney HEK293, immortalized human amniocytes 

from CEVEC, and human embryonic cells derived from retinoblasts PER.C6 from Crucell [76]. 

Although HEK293 and human amniocytes are reported to be the most suitable for protein 

production, PER.C6 are considered the most promising candidates since they are the most 

productive and can reach cell densities considerably higher than CHO cells, producing more than 27 

g∙L-1 of protein in reactors [76, 77]. Despite of human cell lines being still subject to regulatory 

problems due to their low resistance against adventitious agents, several products derived from 

PER.C6 are currently in the clinical trials phase [76]. 
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Highly productive cell lines result from a host cell line that has the desired characteristics, an 

appropriate expression system, and a good transfection and selection protocol. The selection of the 

appropriate expression system is determined by its ability to produce high titers, to consistently 

produce antibodies with the desired characteristics (e.g. the glycosylation pattern), to reach a high 

yielding cell line rapidly, and to grow in suspension. The process for the development of highly 

expressing cell lines begins with the transfection of mammalian cells with plasmid vectors carrying 

the heavy and light chain genes of the antibody of interest, and also selection marker genes, which 

allow the selection of the transfected cells conferring resistance to certain antibiotics or advantages 

in growth/development under certain deficient nutrition conditions [69]. In the case of CHO DG44 

or DXB11 cells deficient in the enzyme dihydrofolate reductase (DHFR), a DHFR label is used, which 

confers the ability to reduce dihydrofolate to tetrahydrofolate, a metabolite required for nucleic 

acid metabolism, thereby allowing only cells that incorporated the vector with the DHFR gene to 

survive in a medium without hypoxanthine and thymidine [69, 78]. Amplification of the product can 

also be achieved by the addition of methotrexate to the medium, which inhibits the activity of 

DHFR, forcing cells to begin the amplification of the DHFR gene to ensure their survival, resulting in 

a simultaneous amplification of the mAb genes [79]. Another example is the glutamine synthetase 

(GS) marker, an enzyme that catalyses the formation of glutamine from glutamate and ammonia, 

allowing the successfully transfected cells to survive in media lacking in glutamine. The use of this 

system with mammalian cells with endogenous levels of GS requires the use of methionine 

sulphoximine (MSX), a GS inhibitor. Similar to using MTX with DHFR, using MSX with GS forces cells 

to co-amplify the GS gene and the product gene [80]. The GS system has a time advantage over the 

DHFR system during development, and requires fewer copies of the recombinant gene per cell, 

allowing a faster selection of high-producing cell lines. 

After the selection of transfectants and amplification, single clones are chosen for the scale-

up and characterization of product quality and long-term expression. It is important to remark that 

the integration and random amplification originate several heterogeneous products, making the 

process of production and selection of clones time-costly and very laborious [69]. In this context, 

recent developments have emerged for the selection of clones with high production efficiency using 

automation, particularly to reduce the time dispended and to improve the consistency of the 

process. Flow cytometry applied to fluorescence-activated cell sorting allows a rapid monitoring of 

millions of cells to isolate specific subpopulations of several heterogenous products, and can be 

applied to the separation of surface-labelled antibody-producing cells, since the levels of excreted 

proteins are proportional to the levels of proteins found on the surface of the cell [81]. 
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1.2.7. Downstream processing of monoclonal antibodies 

As mentioned above, the upstream processing of mAbs has undergone numerous advances 

in the last years, namely in cell culture technologies that allow higher expression levels and higher 

cell densities [82]. However, the downstream processing has not evolved at the same pace, being 

currently considered as the bottleneck in the production of therapeutic mAbs [83]. This type of 

processing depends on chemical and physical interactions, which make it difficult to select a generic 

method, so they must be modelled, tested and developed from primary principles [8]. The main 

aspects that should be taken into consideration during the development of a purification process 

are the speed, and the total yield and purity of the target product. In addition, the process should 

fulfil several production criteria, such as robustness, reliability and capability to be scaled-up [12]. 

The explosion in the number of mAbs that went under clinical trial processes, created the 

need to apply a standard approach for their purification [84]. The purification process should 

produce mAbs suitable for human use, in which impurities such as host cell proteins, DNA, 

endogenous and adventitious viruses, endotoxins, aggregates and other species should be 

removed. Moreover, it is important to note that any treatment performed during the purification 

steps exerts stress on the protein, due to drastic changes in pH values, salt or protein 

concentrations, buffers, solvents, among others [85]. This stress can result in denaturation or 

aggregation of the antibody, with losses in recovery yields; therefore, the monitoring of the quality 

and functionality of the product is essential during all the processing steps using fast and 

appropriate analytical tools. Taken all together, the isolation and purification of the final mAbs 

products requires numerous and complex steps. All these steps represent a high contribution to the 

final costs of downstream processing, estimated to range between 50 and 80 % of the total 

production cost of mAbs [4, 86]. With the increased antibody titer achievable through the upstream 

processing, higher amount of chromatographic resins, buffers and membranes will be consequently 

required, thus leading to higher costs associated to the downstream processing stage. Strube et al. 

[11] presented a comprehensive study on the cost distributions in downstream processing 

according to product concentrations. Based on the assumption of a constant spectrum of 

impurities, the overall cost of goods (COG) decrease with increasing product titers. Therefore, 

downstream costs will have a higher impact on the overall production costs with increasing titer. In 

this context, all the efforts should be centered in the creation of a robust and generic process, with 

a limited number of steps, suitable for all mAbs candidates, by reducing the time and resources 

required, while fulfilling criteria of purity, quality, efficacy and safety of the therapeutic antibodies 

for therapeutic applications. 



1 General introduction 
 

26 
 

1.2.7.1. Standard downstream processing platform 

Figure 1.2.4 depicts a general scheme of a typical downstream platform for the purification 

of mAbs, based in a common sequence of unit operations that have been developed and integrated 

aiming to accelerate the entry of these biopharmaceuticals into the clinical trials phase. This 

platform comprises 6 main steps: 1) clarification; 2) capture of mAbs; 3) viral inactivation; 4) 

polishing steps; 5) viral removal; and 6) final formulation of the bioproduct. 

 

 

Figure 1.2.4. Standard downstream platform for the purification of mAbs. 

The first step in the recovery of an antibody from a mammalian cell culture is the clarification 

step. Since mAbs are typically produced using high density mammalian cell cultures, the removal of 

cells and cell debris from culture broth to yield a clarified fluid suitable for chromatography is 

required [84]. Typically, the concentration of solids in mammalian cell culture broths ranges 

between 40 and 50 %; by the end of the clarification process the presence of solids is expected to 

be negligible, despite some residual turbidity. This step is generally accomplished through the use 

of centrifugation, depth filtration and sterile filtration, although other approaches may be applied. 

Centrifugation is typically preferred over other clarification technologies, such as tangential flow 

microfiltration, due to its easy application at an industrial scale and ability to operate with large 

volumes (typically between 2-15,000L per batch) [12]. Clarification operations, in terms of capital 

cost and energy consumption, can account for up to 25 % of the cost of the entire downstream 

process [87]. 
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After a successful clarification, the medium containing the desired mAbs is subjected to a 

capture step, with protein A (proA) affinity chromatography being the gold standard in most 

industrial processes [88]. ProA is a naturally occurring polypeptide found anchored in the wall of 

the bacteria Staphylococcus aureus [89]. The molecular weight of the intact native molecule is 54 

kDa. However, typically a recombinant proA is used for IgG purification, produced as a secreted 

extracellular protein in E. coli, devoided of its domain responsible for binding to cell wall, and with 

a molecular weight of 42 kDa [87]. The natural high affinity of proA for the Fc region of IgG-type 

antibodies is the basis of the purification of IgG, IgG fragments and subclasses [84]. In particular, 

IgG binds to proA at the junction between the heavy chain constant region 2 (CH2) and 3 (CH3) [90]. 

In Figure 1.2.5, a schematic representation of this purification step using proA affinity 

chromatography is provided. 

 

 

Figure 1.2.5. Schematic representation of the mAbs capture step by protein A affinity chromatography. 

This step typically involves the passage of the clarified cell culture supernatant over the 

column at pH 6-8, conditions under which the antibodies bind and unwanted components such as 

host cell proteins and cell culture media components and putative viruses flow through the column. 

An optional intermediated wash step may be carried out to remove non-specifically bounded 

impurities from the column, followed by the final elution of the product with a low pH elution 

buffer, ranging between 2.5 and 4. The IgG-proA binding mechanism primarily consists of 

hydrophobic interactions related to specific hydrogen bonds that are established as a function of 

the pH. At alkaline pH values, histidyl residues on the binding site of IgG–protein remain uncharged. 

At more acidic pH values, both histidyl residues in proA and on IgG become positively charged, and 

as they are close in the binding area, they mutually repel each other, thereby providing an easy way 

for the dissociation of the IgG from proA [87].  

The last step consists in the regeneration of the proA column that is performed to allow its 

further reuse, while extending its life span (usually < 200 chromatographic cycles) [91, 92]. The 

regeneration is usually performed using acidic solutions (pH < 3), solutions containing chaotropic 
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species, such as guanidine chloride or urea, or with a sodium hydroxide aqueous solution (< 100 

mM) to completely remove proteins and impurities [12].  

ProA affinity chromatography is reported to be highly selective for mAbs, resulting in purity 

levels higher than 99 % obtained from complex cell culture supernatants [12]. Therefore, proA 

chromatography is widely used as the first stage of antibody purification due to its high selectivity 

and high removal capacity of impurities, namely host cell proteins (HCP), host DNA, virus, among 

others [84]. After this step, antibodies are found with high purity and more stable due to the 

elimination of proteases and other components of the culture medium which may cause the 

degradation of the product. Nevertheless, this step displays several disadvantages that  should be 

taken into consideration [12]. The ligand used is prone to proteolysis and the cleaved domains can 

adhere to product molecules creating an additional separation challenge. Conventional proA 

ligands cannot be exposed to alkaline conditions that are commonly employed to sanitize other 

column modes, thus requiring the use of high concentrations of chaotropes, such as urea, for 

column regeneration and sanitization. The use of high concentrations of chaotropes creates a cost 

issue as well as a disposal challenge. The need to elute the column at a low pH can induce product 

aggregation for some mAbs. Finally, and most significantly, the cost of proA resins is nearly an order 

of magnitude higher than conventional chromatographic resins.  

Subsequently, a viral inactivation step is always required to remove endogenous retroviruses 

and adventitious viruses produced by the mammalian cells during the upstream processing stage 

[87]. All regulatory agencies impose a viral safety threshold for final formulations, although they 

generally do not state any preferred or recommended method for virus removal/inactivation. To 

achieve this purpose, it is necessary to use two steps based on two different mechanisms in order 

to reduce the viral load and to ensure the safety of the products produced by mammalian cells. 

Most industrial purification processes use inactivation at low pH values, taking advantage of the 

acidic pH used in the elution during proA chromatography [87]. Other approaches are based on the 

use of heat, solvents, detergents or ultraviolet radiation [93-95], albeit presenting some limitations 

of robustness and scale-up. 

Polishing steps are further addressed for a final removal of trace impurities of the solution 

containing the target mAbs [87]. The characteristics of the product and the impurities determine 

the nature of the polishing steps, but usually one or two additional chromatography polishing steps 

are applied. Most mAb purification processes include at least one ion exchange chromatography 

step, for reducing high molecular weight aggregates, charge-variants, residual DNA and host cell 

proteins, leached ProA and viral particles. The use of anion exchange chromatography (AEX) is more 



Monoclonal antibodies – addressing the challenges on the manufacturing processing of 
an advanced class of therapeutic agents 

1 

 

29 
 

common than the cation exchange chromatography (CEX), as this resin is often used in the 

flowthrough mode (in which the product does not bind to the column whereas impurities are 

retained) [96]. Its operational pH is generally below the protein pI. This ensures that the mAb is 

positively charged and, therefore, easily washed away from the AEX matrix while negatively charged 

impurities remain attached. AEX can be used to remove impurities, such as the ones removed by 

CEX, but will also remove leached proA, HCP, endotoxins, and even viruses, which are bounded to 

the AEX column [97]. 

The efficiency of viral clearance is determined by the evaluation of the viral load before and 

after the removal step, typically using a model virus – e.g. Murine Leukemia Virus (MuLV) – that is 

incorporated in the culture medium [87]. According to safety guidelines, products obtained from 

mammalian cells may contain less than one virus particle per million doses, which represents 

approximately a clearance of 12-18 log10 for endogenous retrovirus and of 6 log10 clearance for 

adventitious virus [84]. Filtration is a relatively insensitive technique to small variations in 

operational parameters, which make it quite suitable for implementation in a standardized process, 

and is therefore a recommended choice for viral clearance [87]. Filters are typically used at constant 

pressure and the volumetric charge may range from 200 to 400 L∙m-2 before a substantial flow decay 

is perceptible [98]. 

Finally, the purification process is completed when the product is placed in a predefined 

formulation buffer, which is usually accomplished with a final ultrafiltration step in the diafiltration 

mode (UF/DF) [87]. There are some parameters that can be standardized for almost all mAbs: type 

of membrane, transmembrane pressure, and tangential flow velocity. Membranes composed of 

regenerated cellulose are the most commonly used, mainly due to their attractive characteristics, 

such as low cost, bio-based nature, and low tendency to fouling and easiness of cleaning. These can 

be used in different configurations, from plate-and-frame to hollow fiber modules. In general, 

hollow fibers are the most appropriate to process viscous solutions and/or shear-stress-sensitive 

products. Since mAb-based drugs are usually administered in high doses, their concentration in a 

final product represents a critical aspect, being dependent on this last unit operation while 

reinforcing its relevance. The final formulation should contain a high concentration of mAbs, 

reinforcing the fundamental role of the concentration step. To prevent physical degradation of 

mAbs some additives like sugars or surfactants are frequently added to the final formulation [85]. 
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1.2.7.2. Alternative downstream processing platforms 

Downstream processing would never have developed as an individual sector of the 

bioprocessing industry without chromatography, whose inherent selectivity has made of it a key 

enabling technology in all bioseparation processes [8]. However, chromatography has been the 

major cost center, derived mainly from the high resin costs and relatively long processing times. 

Hence, lower cost alternatives have also been pursued [2]. Two viable options have been proposed 

for the downstream processing of mAbs: (i) the replacement of the proA affinity chromatography 

by other chromatographic processes; and (ii) the elimination at all of chromatography by non-

chromatographic methods. In fact, a large number of alternative platforms for the IgG purification 

has been reported, which are summarized and compared concerning the recovery yields and purity 

levels in Table 1.2.3. 

Table 1.2.3. Most used chromatographic and non-chromatographic methods for the purification of IgG, 

compared in terms of recovery yield and purity level of IgG. 

 

Purification method Ligand 
Recovery 

Yield (%) 

Purity level 

(%) 
Reference 

Chromatographic platforms 

CEX, AEX, HIC  

(3 chromatographic steps) 
- 85 > 99 [99] 

CEX 

Phosphonate 92-98 95 [100] 

Heparin 90 83 [101] 

Capto™ S 81-83 80-84 [102] 

AEX Advective Hydrogel Membrane > 90 > 85 [103] 

HIC PVDF membranes > 97 > 97 [104] 

Multimodal chromatography 

Capto™ MMC 92-93 95-96 [102] 

MEP-Hypercel™ 76 69 [105] 

Phenylboronic acid 98 83 [106] 

Affinity chromatography 
Epitope imprinted macroporous 

membrane (5 cycles) 
80-90 88 [107] 
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Membranes based on Nylon 66 

coated with low-molar-mass 

dextran or poly(vinylalcohol), 

pre-activated polysulfone 

(Ultrabind®) and regenerated 

cellulose (Sartobind®) 

membranes, carrying Protein-A 

ligands. 

- - [108] 

Immobilized metal affinity 

chromatography 
Metal ions - - [109] 

Expanded bed adsorption 

chromatography 
ProA 92 98 [110] 

Continuous annular chromatography 

ProA 77-82 - [111] 

Hydroxyapatite 87-92 - [111] 

Non-chromatographic platforms 

Preparative electrophoresis 

- 80 - [112] 

- 80-90 - [113] 

Affinity precipitation 

Eudragit S-100 68 PF = 8 [114] 

GAPDH 98 PF = 1,8  [115] 

Bivalent peptidic hapten > 85 > 97 [116] 

Magnetic separation 

Protein A coated magnetic 

particles 
- - [117] 

Stimuli-responsive magnetic 

nanoparticles 
64 > 98 [118] 

Starch-coated magnetic 

nanoparticles 
69 > 99 [119] 

High performance tangential flow 

filtration 

Composite regenerated 

cellulose membranes, Biomax™ 

modified polyethersulfone 

membranes and conventional 

regenerated cellulose 

membranes 

- - [120] 

Ultracell™ composite 

regenerated cellulose 

membranes chemically 

modified with bromo-propyl-

trimethylammonium bromide 

98 PF = 10 [121] 
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AEX – anion exchange chromatography; CEX – cation exchange chromatography; GAPDH – glyceraldehyde 3-phosphate 

dehydrogenase; HIC – hydrophobic interaction chromatography; PF – purification factor; ProA – protein A; PVDF – 

polyvinylidene fluoride. 

 

 

Regarding the chromatographic alternatives to the ProA affinity chromatography, cation 

exchange chromatography (CEX) was one of the first techniques to be recognized with high 

potential to carry out the primary adsorption step in the downstream processing of mAbs. Indeed, 

CEX is already used in several commercial processes, including for instance the mAb-product 

Humira® (adalimumab) [122]. Interesting dynamic binding capacities have been reported for CEX (> 

100 g of protein/L of resin), being these values higher than those reported for Protein A resin 

(usually ≤ 40 g of protein/L of resin) [123]. Furthermore, this type of chromatography allows the 

removal of host cell proteins to comparable levels to those obtained with the traditional process, 

allied to the use of a chromatographic matrix an order of magnitude cheaper than proA resin [84, 

87]. This alternative may be relevant also because proA chromatography requires the use of an 

acidic pH during the elution step, which may promote product aggregation and proA leaching from 

the column, as opposed to cation exchange chromatography which does not require an eluent with 

low pH values. In fact, the successful use of appropriate cation exchange columns has been already 

reported to resolve downstream bottlenecks, sustain cost-effective production, and manage large 

quantities, with remarkable advances om the use of phosphonates bound to Zirconia particles [100] 

in the development of new ligands such as heparin [101] or sulfonate [102]. It was already 

demonstrated the potential of a platform constituted by 3 chromatographic steps for the 

purification of IgG, without the use of proA chromatography [99]. 

It has also been highlighted the use of other chromatographic variants, such as the anion 

exchange chromatography (AEX) [103] and hydrophobic interaction chromatography (HIC) [104]. 

However, it is notorious that the use of a platform consisting of 3 chromatographic steps (combining 

CEX, AEX and HIC) allows the achievement of an exceptional purity level (> 99 %) [99], which is not 

achieved by any of the techniques alone (CEX – 95 % [124]; AEX – 85 % [103]; HIC – 97 % [104]). A 

major drawback in the use of CEX is that it requires samples with low ionic strength prior to loading, 

and furthermore, due to the high amounts of salts used in the elution buffer, the corrosion of the 

metal instruments of the equipment may also be a problem. Furthermore, since cell culture 

supernatants present moderate/high conductivities, they do not allow good binding capacities to 

be achieved when directly applied to cation exchange resins. To overcome this issue, a previous 

diafiltration step of the supernatant or its dilution is required before loading into the column. 

Moreover, the lack of pH control during elution may also affect protein stability causing 
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precipitation. However, the lower cost of the CEX resin and the high selectivity and purity values 

obtained offsets the increase on the time spent and number of unit operations. 

Hydrophobic interaction chromatography (HIC) is a useful tool for separating proteins based 

on their hydrophobicity, and is complementary to other techniques that separate proteins based 

on charge, size or affinity. HIC is a well-studied major polishing step in the purification of IgG-based 

products and is known for its capability to remove aggregated forms of the antibody [125-128]. HIC 

resins containing phenyl or butyl ligands [125, 129], and more recently these hydrophobic ligands 

have been used in combination with convective adsorbents, such as membranes and monoliths 

[104]. However, due to the high efficiency of proA affinity chromatography, HIC is mostly used as 

an intermediate purification step after the proA step or as a polishing step after ion exchange 

chromatography [84]. HIC in flowthrough (FT) mode is efficient in removing a large percentage of 

aggregates with a relatively high yield. HIC in bind-and-elute mode normally provides effective 

separation of process-related and product-related impurities from the antibody product. The 

majority of host cell proteins, DNA and aggregates can be removed from the target antibody 

through the selection of a suitable salt concentration in the elution buffer or by the use of a gradient 

elution method. For instance, Ghosh et al. [104] achieved the separation of humanized monoclonal 

antibodies from cell culture media using HIC with membranes composed of polyvinylidene, with a 

pore size of 0.1μm, obtaining a purity and recovery higher than 97 %. Although HIC is a very 

powerful tool in mAbs purification processes, there are two main limitations when used in the bind-

elution mode. In general, HIC resins have relatively lower binding capacity and lower step yield 

compared to the other chromatography steps used in mAbs purification. Furthermore, sufficient 

binding of mAb proteins to HIC resins is usually achieved with increasing salt concentrations in the 

binding buffers, and the elution product pool from the HIC step purification may still contain large 

amounts of salt, which often complicates sample manipulations and process flow transitions during 

large-scale manufacture. Efforts have been done in this context, for instance by Ghose et al. [130] 

who reported an unconventional way of operating HIC in the FT mode, just by using sodium citrate 

and modulating the pH of the mobile phase to alter the surface charge of the protein, and thereby 

influence selectivity [130]. Future trends will pass through the improvement of the properties of 

HIC resins on two main areas: resin pore size optimization to facilitate mass transport of mAb 

molecules towards the ligand binding sites to increase the binding capacity, and hydrophobic 

charge induction (HCIC) chromatography design to allow the mAb molecules binding to the resin at 

lower salt conditions. 
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In the last decade, multimodal chromatography (MMC) has been receiving considerable 

attention [86]. MMC is a type of chromatography that involves multiple types of interactions 

between the stationary and mobile phases, comprising typically ion exchange, hydrogen bonding 

and hydrophobic interactions [131]. Nevertheless, other specific type of interactions (e.g., 

thiophilic, charge transfer, cation ··· ) may be considered, and each of these individual interactions 

can be manipulated in accordance. MMC can be seen as a versatile chromatographic tool capable 

to lead to different selectivities and specificities when compared to chromatographic techniques 

based on more traditional ligands [86]. However, since multiple types of interaction can be 

promoted, the optimization of the best conditions for the chromatographic cycle that allow the 

purification of a target biomolecule can be indeed a complex process. Therefore, a screening of the 

most appropriate conditions is usually first performed, using design of experiments (DoE) [132, 133] 

and Monte Carlo simulations [134]. More recently, a microfluidic lab-on-a-chip has been proposed 

to screen binding and adsorption condition in less than 3 min and using only 210 nL of resin.  

The most appropriate ligand should be selected for a specific purification approach. Thus, the 

knowledge of both protein and ligand structures and interactions can facilitate this task [86]. Two 

different moieties can be typically distinguished in multimodal ligands: an hydrophobic moiety (e.g. 

an aromatic or aliphatic group), and an ionic moiety (e.g. amino, carboxyl and sulfonic groups) [135]. 

The balance between the different moieties and possible interactions are crucial to define the 

capacity and recovery obtained in a given purification process. In particular, hydrophobicity can be 

promoted by including linear or heterocyclic groups that interact with proteins by aromatic, 

aliphatic, - stacking or cation- interactions, allowing adsorption at moderate/high ionic 

strengths [136]. This can be seen as an advantage since it can be used to directly process cell culture 

supernatants. The ionic moiety contains either a positively or a negatively charged group, or both 

as in the case of hydroxyapatite, and its efficiency is highly associated to the pKa of the ionic group. 

The degree of dissociation of the ionic groups allows to predict the type of interaction that will 

occur between the protein and the ligand, namely attraction if both bear opposite charges or 

repulsion if they bear the same charge, which can be used to derive either adsorption or elution 

strategies. Other type of moieties can be found in the multimodal ligands, including hydrogen bond 

or electron-pair donor and acceptor groups. These also have been demonstrated to play a role in 

the process performance [137]. Furthermore, thiophilic interactions can also be considered, 

providing some advantages when dealing with the purification of immunoglobulins, particularly due 

to the high affinity of antibodies/proteins towards sulfur-containing ligands [138, 139]. The most 
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studied/used multimodal ligands were reviewed by Pinto et al. [86], and are summarized in Table 

1.2.4. 

Table 1.2.4. Examples of ligands employed in multimodal chromatography [86]. 

 Ligands pKa Chemical structure 

Li
ga

nd
s 

po
si

ti
ve

ly
 c

ha
rg

ed
 

4-mercaptoethylpyridine 

(MEP HyperCel) 
4.85 

 

Phenylpropylamine 

(PPA HyperCel) 
6.0 - 7.0 

 

Hexylamine 

(HEA HyperCel) 
 10 

 

N-benzyl-N-methyl ethanolamine 

(Capto adhere) 
- 

 

2-aminomethylpyridine 
pKa1 = 2.2 

pKa2 = 8.5 

 

Aminophenylpropanediol 9.0 

 

2-(pyridin-2’-ylsulfanyl) 

ethanamine 
- 

 

3-(pyridin-2’-ylsulfanyl) 

propanamine 
- 
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One of the most studied ligands is Capto™ MMC (Figure 1.2.6), a weak cation exchanger 

containing in its structure a phenyl, an amide, and a thioether group, that is also able to establish 

hydrophobic, hydrogen-bonding and thiophilic interactions.  

 

 

Figure 1.2.6. Molecular structure of a multimodal ligand commercialized for monoclonal antibodies 

purification (Capto™ MMC), evidencing the several interactions that could be integrated. 

This hydrophobic multimodal ligand is able to maintain a high dynamic binding capacities at 

moderate/high values of ionic strength, being labelled as a “salt-tolerant” ligand [140]. Due to its 

advantages, it was recently patented for the direct capture of mAbs from cell culture supernatants 

[86]. Several studies have been reported in the literature reinforcing the potential of Capto™ MMC 

for the capture of antibodies from CHO cell cultures [102], with extraction yields ranging between 

92 and 93 % and a purity level of ranging between 95 and 96 %.  

Another multimodal ligand widely studied is the MEP Hypercel™ ligand, which yields 

comparable binding capacities to proA adsorbents, without ligand contamination/instability [86]. 

This ligand has shown to be successful in the capture and purification of mAbs from a protein-free 

cell culture, with an extraction yield ranging from 83 to 98 % and a purity level higher than 95 %, 

with a combined decrease of the viral load and DNA [141]. The best operational conditions in this 
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 2-mercapto-5-benzimidazole 

sulfonic acid 
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work were found to be neutral pH and physiological ionic strength. Furthermore, the elution can be 

easily performed by changing the pH, since it turns the ligand charged resulting in the desorption 

of the protein [142]. In the same line, it was reported the direct capture of antibodies from a fetal 

bovine serum (FBS)-containing cell culture supernatant, with a purity level of 69 %, and being 

further improved to values higher than 98 % using a second step of hydroxyapatite chromatography 

[105]. 

A more recent study relied on the use of phenylboronic acid (PBA) silica-based resins as a 

multimodal chromatography, and the authors proved a successful 100-fold scale-up with a recovery 

yield of 98 % and a protein purity of 83 % [106]. In summary, several characteristics that make these 

ligands attractive for application on an industrial scale can be highlighted, namely they are synthetic 

binders with a defined composition, they display enhanced chemical and physical stability, and can 

be modified or tailored to provide adequate selectivities allied to cost–effectiveness (resins can cost 

5-10 times less than proA resin). However, it is difficult to predict the promoted interactions and to 

optimize the operating window, and it is also laborious and expensive to perform the screening 

studies and to use high-throughput screening platforms. Although the results are not as good as 

the obtained with proA chromatography, this technique is seen as a promising alternative for the 

established platform. 

Affinity chromatography, introduced in 1968, by Cuatrecasas and co-workers [143], is based 

on a biochemical separation that relies on a reversible specific interaction occurring between the 

protein and the ligand, e.g. binding of an antigen to its specific antibody. The specificity of binding 

provided by the ligand to the target protein present in a complex mixture is behind the good results 

that can be obtained. The target protein is then eluted either by using competitive analogs, 

denaturing agents or by changing the pH, ionic strength or polarity of the eluent. Essentially due to 

the improved results that can be obtained, this type of chromatography has been the most used 

for antibodies purification [29]. Most efforts in this arena envisaged the improvement of the 

purification process, comprising issues such as specificity, selectivity, reproducibility, recovery, and 

packaging. In this context, the identification and design of novel affinity ligands and matrices for 

immobilization played a major role, in which the optimization of the process always depends on the 

type of antibody and its ability to recognize the ligand. Recently, a type of affinity chromatography 

was proposed by Schwark et al. [107], where epitope-imprinted membranes targeting the C-

terminal fragment of IgG heavy chain was developed and used for the purification of a commercial 

monoclonal antibody. Yields of extraction ranging between 80 - 90 % were achieved from a cell 

culture broth after production of anti-IL-8 antibody, and the depletion of host cell proteins using 



1 General introduction 
 

38 
 

the best performing imprinted membrane under low-salt conditions reached 88 % (0.7–1.2 log 

units), implying an effective removal of impurities from the cell culture supernatant. Castilho et al. 

[108] showed the potentiality of three affinity membranes as adsorbents for the purification of IgG, 

namely membranes based on Nylon 66 coated with low-molar-mass dextran or poly(vinylalcohol), 

as well as commercial pre-activated polysulfone (Ultrabind®) and regenerated cellulose (Sartobind®) 

membranes, carrying Protein-A ligands, demonstrating high affinity for human IgG. Besides the high 

association constants, Protein-A adsorbers based on polysulfone and regenerated cellulose 

membranes showed also enhanced charge-to-charge consistency, simpler preparation procedure, 

membrane sterilizability, good selectivity for IgG purification from cell culture supernatants and 

good stability throughout repeated adsorption–elution cycles.  

Immobilized metal affinity chromatography (IMAC) is also a widely used method for the 

purification of antibodies, since biomolecules with exposed His, Cys, Ser, Glu, Asp and Trp have 

affinity towards metal ions [144-146]. This feature is exploited in designing ligands for IMAC, which 

are attached to a matrix via a covalently linked chelating compound and spacer group [130]. 

Commonly used chelating compounds are iminodiacetate (IDA) and nitrilotriacetate (NTA) which 

are classified as tri and tetradentate ligands based on the number of coordination sites that are 

available to each transition metal ion used in IMAC, such as Ni2+, Cu2+, Co2+, Zn2+, Fe3+ and Ga3+ [147]. 

The number of electron pair donor atoms (e.g. nitrogen, oxygen and sulfur) on the chelating 

compound determines the strength and the binding stability of the metal-chelate complex. Figure 

1.2.7 exemplifies the interaction mechanism in IMAC, where a tridentate chelating agent IDA 

coordinates with the nickel atom, which also interacts with the histidine tail present in a random 

protein.  

 

 

Figure 1.2.7. Schematic representation of the interaction mechanism in immobilized metal affinity 

chromatography. The tridentate chelating agent IDA (iminodiacetic acid) coordinates with the nickel atom, 

which also interacts with the histidine tail present in the protein. 
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It should be remarked that this histidine tail is not commonly present in antibodies; however, 

IMAC can be used to purify antibodies due to the presence of accessible histidine residues on the 

surface of the biomolecules that allow a similar interaction. Vançan and co-workers [109] compared 

four metal ions and buffer systems for the purification of IgG from human plasma and showed high 

purity absorption of IgG for all metals irrespective of the buffer system used. The ligands (metal 

chelates) in IMAC are of low cost and have high stability, capacity, simplicity, and selectivity. It is a 

versatile technique since the same ligand can be used for the purification of different proteins and 

the same chelating resin can be used to chelate different metal ions [148-150]. An important aspect 

in IMAC method is the occasional leakage of metal ions from the resin, leading to metal ions 

contamination of the final product. In this case, a column packed with metal-free matrix derivatized 

with a strong chelating ligand, such as TED (Tris(carboxymethyl)ethylenediamine), could be used to 

trap any metal ions present in the eluate without altering the chromatographic time or the 

purification effectiveness [149]. Despite the IMAC potential as a less expensive alternative to 

biological affinity, a note of caution is in order: polynucleotides, endotoxin, and virus, have all been 

shown to bind to various immobilized metals. On the other hand, IMAC has also been used to 

selectively bind antibody fragments while endotoxins were removed by washing with a surfactant 

solution [151]. 

Regarding the chromatography-based methods, it is possible to highlight the work developed 

by González et al. [110] using expanded-bed affinity chromatography, allowing them to obtain 

extraction yields of 92 % with a purity level of 98 %. Finally, it is still possible to emphasize 

continuous annular chromatography as a viable alternative for IgG purification, as reported by 

Giovannini et al. [111] using proA as ligand, obtaining extraction yields ranging from 77 % to 82 %, 

and with the substitution of this ligand by hydroxyapatite, the extraction yields increased for the 

range between 87 % and 92 %. 

Taking into account that most of the production costs of a biological product rely in the 

chromatographic steps, there is a great need for efficient, effective and economical (non-

)chromatographic bioseparation techniques, capable of being scalable and that simultaneously lead 

to a high yield and purity degree, while maintaining the biological activity of the molecule. In this 

context, new non-chromatographic technologies have been developed as alternative strategies. 

The main techniques used in this field include preparative electrophoresis [112, 113], affinity 

precipitation [114-116], magnetic separation [117-119], membrane filtration [108, 152], and 

aqueous two-phase systems (ATPS) [153]. This last technique was not previously mentioned in 
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Table 1.2.3. However, due to their promising character, the main studied ATPS will be summarized 

and discussed below. 

Preparative electrophoresis has proved to be a viable strategy for the purification of IgG, 

based on charge and size phenomena. Lim et al. [112] reported the use of gradiflow technology, by 

using a set of polyacrylamide separation membranes to separate molecules based on their size and 

charge. By tailoring the pH and pore size, the researchers [112] were able to separate IgG with 80 

% of recovery yield. Thomas et al. [113] developed a similar study, using the same gradiflow 

technology, through which they reported yields of IgG extraction ranging from 80 % to 90 %. This 

technology proved to be a viable alternative since in addition to lead to  acceptable recovery yields 

of antibodies, it is a method that does not depend on a variable binding interaction, it is applicable 

to a broad species spectrum, presents low cost and can be applied on an industrial scale. 

Affinity precipitation has also been considered as an alternative for the conventional 

chromatography column. Precipitation consists in a simple and low-cost fractionation technology, 

in which proteins are precipitated and further resuspended, while restoring their functional 

characteristics [2]. This methodology can be used in two different strategies: 1) to remove 

impurities; or 2) to isolate the target protein. The first case leads to a precipitate containing the 

impurities that are discarded during the recovery step, whereas in the second approach, the target 

protein is precipitated and then resuspended in a small volume of a buffered aqueous solution. This 

step also allows to decrease the sample volume and to concentrate the target protein. However, 

the major drawbacks of this technology are related with its low resolution, low specificity, the cost 

of the precipitating agents, and the environmental impact when these agents are discarded, 

particularly when scaled-up processes are envisioned. In order to overcome the selectivity 

limitation, affinity ligands can be used. As demonstrated by Taipa et al. [114], IgG can be isolated 

from cell culture supernatants by precipitation of affinity with a heterobifunctional ligand derived 

from Eudragit S-100, yielding 68 % of IgG with a 8-fold purification factor. Dainiak et al. [115] also 

studied IgG affinity precipitation, but using the glyceraldehyde-3-phosphate dehydrogenase ligand 

(GAPDH), with extraction yields higher than 98 %, albeit with a purification factor of only 1.8 times. 

More recently, Handlogten et al. [116] have shown to greatly improve the affinity precipitation 

process using a bivalent peptidic hapten, with a yield higher than 85 % and a purity level higher than 

97 %. In summary, the target protein adsorbs to the polymer and the affinity complex precipitates 

by a proper manipulation of the operational conditions. This affinity complex is then separated from 

the impurities by centrifugation. Finally, the target protein can be dissociated from the affinity 
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complex under appropriate conditions, allowing the  recovery of the target protein and the reuse 

of the ligand [153]. 

Magnetic separation also consists in a versatile non-chromatographic method, capable to 

purify target biomolecules from crude extracts. The process is based on the use of magnetic 

adsorbents in combination with a magnetic concentrator, and an example of a magnetic separation 

process is depicted in Figure 1.2.8.  

 

 

Figure 1.2.8. Schematic representation of a magnetic separation process exemplifying the adsorption of 

antibodies on a modified magnetic nanoparticle with a negatively charged polymer. 

Holschuh et al. [117] demonstrated the feasibility of protein A coated magnetic particles in 

the preparative purification of a monoclonal antibody from a 100 L cell culture supernatant. The 

separation process was performed with a separation efficiency of more than 99 % at a flow rate of 

150 L∙h-1. In comparison with conventional column and expanded bed chromatography, similar 

yields and purities were achieved but with much faster processing times. Later, Borlido et al. [154] 

used commercially available silica magnetic particles functionalized with phenylboronic acid 

(SiMAG-Boronic acid) to selectively capture mAbs directly from CHO supernatant with an overall 

yield of 86 % while removing 88 % of the CHO host cell proteins (HCP) and more than 97 % of the 

CHO genomic DNA. In a different approach, thermo-responsive magnetic particles composed of a 

poly(methylmethacrylate) magnetic core with a N-isoproylacrylamide-co-acrylic acid polymeric 

shell were used as cationic exchangers for the purification of mAbs from a dialyzed CHO supernatant 
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[118]. The antibody was able to be recovered with an overall yield of 64 % and an HCP removal 

higher than 98 %. 

More recently, Gagnon et al. [119] reported 69 % of IgG recovery with more than 99 % 

removal of HCP using magnetic starch-coated nanoparticles. Taking into account all the information 

mentioned before, it can be concluded that magnetic separation consists in a fast and smooth 

process, which combines the capability of scale-up with the possibility of automation, allows the 

separation and purification of mAbs in few minutes, and once the contaminants are tolerated, there 

is no need to perform any filtration or centrifugation prior to sample loading, which supports the 

potential of this technique for mAbs purification. However, the lack of large scale magnetic 

separators and the high cost of commercially available magnetic particles are the major challenges 

faced by this technology [155]. 

High performance tangential flow filtration (HPTFF) is a technique based on electrostatic 

interactions between proteins and charged ultrafiltration membranes [151]. Although potential 

exists for solutes to be retained by these interactions, antibody selectivity is mediated by ion 

exclusion. A positively charged ultrafiltration membrane repels (rejects) positively charged proteins 

such as IgG, despite them being small enough to pass through the pores. This permits their selective 

retention and concentration in the retentate, while weakly alkaline, neutral, and weakly acidic 

contaminants pass through the membrane, being collected in the permeate. Figure 1.2.9 depicts a 

schematic representation of a HPTFF process using ultrafiltration (UF) membranes positively 

charged. 

 

 

Figure 1.2.9. Schematic representation of HPTFF process illustrated for the specific case of antibody 

purification using positively charged ultrafiltration (UF) membranes. 

Concerning this technique, van Reis et al. [120, 121, 156] published several works concerning 

the use of membranes. In a first study [120], the authors were able to demonstrate that HPTFF 
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using composite regenerated cellulose membranes, Biomax™ modified polyethersulfone 

membranes, and conventional regenerated cellulose membranes, leads to purification factors and 

yields for IgG-BSA separations comparable to those of a range of commercial protein separation 

processes. In a further work, although the authors [156] did not focus on the purification of 

monoclonal antibodies, they proved that this technique is a powerful tool for the purification of 

proteins. The authors [156] reported an HPTFF-based process at pH 8.4 with a Biomax™ 100 

negative membrane, which resulted in 94 % BSA recovery yield with a 990-fold increase in the 

purification in linear scale-down systems representative of existing industrial scale systems. More 

recently, a scheme for the purification of a human pharmaceutical antibody fragment expressed in 

E. coli, using positively charged cellulosic membranes (Ultracell™ composite regenerated cellulose 

membranes chemically modified in situ using bromo-propyl-trimethylammonium bromide) was 

proposed [121]. HPTFF was shown to successfully enable the concentration, purification and 

formulation in a single unit operation, with a 10-fold removal of E. coli host cell proteins (HCP) and 

an overall process yield of 98 %. The HPTFF performance was shown to be robust and reproducible, 

and the authors regenerated and re-used the membrane for seven times without loss of selectivity 

or throughput [121]. 

Finally, there is a classical technology, quite established in the pharmaceutical industry, 

named liquid-liquid extraction, that recurs to the use of organic solvents for purification purposes 

from aqueous media [2]. However, these organic solvents are in most cases very volatile, flammable 

and toxic, and proteins, in particular, present low solubility and high propensity for denaturation in 

the presence of these type of solvents [157]. Thus, their use in biotechnological processes is limited 

only to the recovery of low molecular weight products, such as antibiotics and organic acids from 

fermentation media [158]. Within liquid-liquid extraction techniques, aqueous two-phase systems 

(ATPS) can be considered. They have demonstrated an enormous potential and versatility for the 

downstream processing of biopharmaceuticals, such as monoclonal antibodies, hormones, 

cytokines, growth factors, and plasmid DNA [2]. Due to their potential as a non-chromatographic 

alternative technique for the extraction and purification of mAbs, they are discussed below in more 

detail. 

1.2.8. Aqueous biphasic systems 

Aqueous biphasic systems (ABS), also known as aqueous two-phase systems (ATPS) fall within 

the liquid-liquid extraction techniques since they allow the extraction/migration of (bio)molecules 

from one liquid phase to another, in which both phases are mainly composed of water. In 1896, 
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Beijerinck reported for the first time the incompatibility and formation of two aqueous phases of 

solutions of agar with starch or soluble gelatin [159]. However, it was only in 1955 that ATPS were 

reported as a separation technique by Albertsson, who demonstrated that polyethylene glycol 

(PEG), phosphate salts and water, as well as PEG, dextran and water formed two immiscible 

aqueous phases aqueous above given concentration [160]. One of the phases is enriched in one of 

the solutes, while the other phase is enriched in the second phase-forming component. These 

solutes may be two polymers (for example PEG and dextran), a polymer and a salt (for example PEG 

and sodium phosphate) or other type of combinations [161]. The main advantages inherent to ATPS 

are related with the fact that it is a relatively simple technique, with a low cost associated, easy to 

operate and to apply on an industrial scale, with a high resolution capacity [2]. In addition, ATPS 

provide a highly biocompatible environment since both phases have a high water content and the 

majority of the polymers used can have a stabilization effect on the tertiary structure of proteins 

and on their biological activity [162]. 

The selective partition of a given product between the two coexisting phases represents the 

basis of the separation using an ATPS system [2]. This partition is controlled by several parameters, 

related with the properties of the system, the target solute, and the interactions between both. 

Concerning the system properties, several factors that influence the partition can be highlighted, 

namely the chemical nature of the phase-forming components, their molecular weight and 

concentration, system pH and ionic strength; regarding the properties of the target solute involved 

in the partition, it is possible to emphasize the charge, molecular weight, hydrophobicity and 

conformational characteristics. The complexity of the interactions involved (chemical and physical) 

in the partitioning process make these systems quite powerful contrary to other established 

purification methodologies, since it is possible to achieve a high resolution only by manipulating the 

intrinsic properties of the system [163]. However, all this complexity of ATPS coupled with the fact 

that partition mechanisms are still poorly understood, undermine the prediction of the 

effectiveness of a particular ATPS [164]. 

Each ATPS has a single phase diagram under a particular set of conditions, such as 

temperature and pH [162]. As shown in Figure 1.2.10, the binodal curve (ABCD) divides two regions: 

the monophasic region (below the curve), where the system presents only one phase, and the 

biphasic region (above the curve), that represents the solutes concentrations at which the system 

forms two aqueous immiscible phases [161].  
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Figure 1.2.10. Schematic representation of a phase diagram of an ATPS composed of two different solutes, 

in weight fraction, and where the concentration of water is omitted. 

In this figure it is also possible to identify the M point, which corresponds to a mixture point 

in the biphasic region, and whose composition of each phase acquires the designation B and D, 

since they are the end-points (nodes) of a specific tie-line (TL) where the mixture point is comprised. 

It is possible to select several mixing points along the same TL, differing only in the total system 

composition and volume ratio of the phases, while keeping the exact composition of the two 

coexistent phases (B and D) [162]. The tie-line length (TLL) is a numerical indicator of the 

composition difference between the two phases and is generally used to correlate trends in the 

partitioning of solutes between both phases [161]. 

One of the most common polymers used in the formation of ATPS is PEG [165]. PEG is a 

polyether diol, commercially available in a wide variety of molecular weights [166]. This polymer is 

widely used mainly due to its interesting characteristics, namely its high biodegradability, low 

toxicity, low volatility, low melting temperature, high miscibility in water and low cost [167]. 

Moreover, PEG significantly accelerates the renaturation of proteins, allowing the recovery of their 

biological activity, and consequently presenting a stabilizing role in their structure [168]. However, 

there are other polymers that can be used in the formation of ATPS, such as dextran. This is a more 

expensive hydrophilic polymer when compared to PEG, although also commercially available in a 

wide variety of molecular weights [2, 169]. Regarding the separation of the phases in a solution 

containing a mixture of polymers, the phenomenon has been treated from a more fundamental 



1 General introduction 
 

46 
 

point of view through the application of several theories that involve the thermodynamic properties 

of the polymers in solution [162].  

In Figure 1.2.11 is represented an example of a process based on the use of ATPS for the 

extraction and purification of antibodies from a complex matrix containing several impurities, 

where the antibodies are extracted to the upper phase, while the other impurities are retained in 

the opposite layer of the system. 

 

 

Figure 1.2.11. Schematic representation of the extraction/purification of antibodies using ATPS. 

The first study that suggested the use of ATPS for antibody purification was conducted by 

Andrews et al. [170], in 1990, using a proA-modified PEG molecule. However, the costs of this ligand 

impeded the approach proposed to be used on a wider scale [170]. Later, in 1992, Sulk et al. [171] 

proposed an extraction procedure using an ATPS consisting of 5 % of PEG 1540 and 22 % of 

phosphate buffer coupled to a final purification step using thiophilic absorption chromatography. 

The IgG1 monoclonal antibody against horseradish peroxidase from hybridoma cell culture 

supernatant was recovered in the PEG-rich top phase, with a process overall yield of 71 %, with 90 

% recovery in the ATPS step and a purification factor of 6.2. Later, Andrews et al. [172] described a 

polymer-salt ATPS that allowed the recovery of a mouse antibody from a hybridoma cell 

supernatant in two step process. The extraction of IgG to the PEG-rich phase was performed with 

an ATPS composed of 15 % of PEG 1500, with a low concentration of phosphate and NaCl (14 and 

12 %, respectively) and at pH 5.5, with a recovery yield of 90 % and a purification factor of 2.7. IgG 
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was subsequently re-extracted to a fresh phosphate solution, and the most hydrophobic 

compounds, which partitioned alongside with IgG, were further removed by hydrophobic 

interaction chromatography, using an ammonium sulfate solution as the mobile phase. In the same 

line, Ziljstra et al. [173, 174] coupled a triazine mimetic-dye to PEG molecules to recover IgG from 

hybridoma cells grown in the dextran-rich phase. More recently, in 2015, Muendges et al. [175, 

176] published two studies on the extraction and purification of IgG from CHO cell lines through a 

single-stage and by using a multi-stage aqueous two-phase extraction. In the single-stage approach, 

the authors [176] were able to extract IgG1 from a CHO cell culture supernatant with a system 

composed of PEG 2000 and sodium phosphate at pH 6 with an yield higher than 90 % and 

purification factor up to 3.1. However, the authors found that it is necessary to carry out a multi-

stage approach to achieve a higher purity of IgG1 [177].  

More recently, Aires-Barros and co-workers [17, 155, 163, 178-191] reported the successful 

use of ATPS for the purification of antibodies from distinct supernatants of cell lines, namely 

hybridoma and CHO cells. Table 1.2.5 presents a comparison between the performance of different 

ATPS in terms of recovery yields and purity levels studied by Aires-Barros and co-workers [17, 155, 

163, 178-191]. ATPS based on PEG/phosphate [163, 178-181, 190], PEG/sodium citrate [182, 183], 

PEG/dextran [17, 155, 184-188, 191], and UCON/dextran [189], have been used for the extraction 

and purification of antibodies from real matrices. 

The addition of NaCl to a PEG/phosphate-based ATPS allowed the separation of IgG from an 

artificial mixture of albumin and myoglobin [163], and the purification of IgG from both hybridoma 

and CHO cell supernatants [178]. Using this type of systems the authors simulated a countercurrent 

chromatography process to separate IgG from the remaining impurities [179]. In addition, this type 

of ATPS has already been tested on a pilot scale and showed to be equally efficient [180]. On the 

other hand, this ATPS was also incorporated into a microfluidic platform proving its reduction to 

the microscale [181]. The use of a battery of mixer-settlers separators to carry out a continuous 

multi-stage extraction of IgG from supernatants of two different types of cell lines was also 

investigated, and where promising results were obtained [190]. Essentially due to the concerns 

associated with the use of phosphate salts, other alternatives have been studied, namely ATPS 

consisting of PEG and sodium citrate, in the presence and absence of NaCl, for the recovery of 

human antibodies from a hybridoma and a CHO cell supernatants [182, 183]. The authors [182] 

demonstrated that ATPS can be integrated in a process involving HIC and size-exclusion 

chromatography (SEC), and that it is also possible to apply a back-extraction/purification step that 
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allows not only an improvement on the IgG purification but also allows the separation of the 

antibody from the polymer [183].  

In order to improve the IgG specificity to the PEG-rich phase in PEG/dextran ATPS, PEG 

functionalized with various ligands [185-187] or including some additives, such as triethylene glycol-

diglutaric acid (TEG-AG) or a choline binding polypeptide tag fused to the synthetic antibody binding 

Z-domain (LYTAG-Z), have been studied [184, 188, 191]. With this approach, an increase the systems 

selectivity for IgG and higher yields of extraction have been obtained. Included in the versatility of 

the techniques applied for the purification of IgG, a hybrid process combining ATPS with magnetic 

separation was also developed [155]. 

Table 1.2.5. ATPS investigated by Aires-Barros and co-workers for the extraction and purification of 

antibodies, compared in terms of system performance, namely IgG recovery yield and purity level. 

 

Composition of ATPS IgG origin 
Recovery 

yield (%) 

Purity level 

(%) 
Ref. 

8 % PEG 3350 + 10 % phosphate + 15 % NaCl, pH 6 AM 76 100 [163] 

12 % PEG 6000 + 10 % phosphate + 15 % NaCl, pH 6 CHO 88 PF = 4,3 [178] 

12 % PEG 6000 + 10 % phosphate + 15 % NaCl, pH 6 HYB 90 PF = 4,1 [178] 

8 % PEG 3350 + 10 % phosphate + 10 % NaCl, pH 6 

5 steps: ATPS + 4 countercurrent steps 
CHO 89 75 [179] 

PEG 3350 + phosphate 

Pilot scale with continuous extraction using ATPS in 

countercurrent 

CHO 85 50 [180] 

PEG 3350 + phosphate + NaCl, pH 6 

3 steps: extraction, re-extraction and washing 
CHO 80 97 [190] 

PEG 3350 + phosphate + NaCl, pH 6 

3 steps: extraction, re-extraction and washing 
PER.C6 100 97 [190] 

10 % PEG 3350 + 12 % sodium citrate, pH 6 

3 steps: ATPS + HIC + SEC 
CHO 90 100 [182] 

8 % PEG 3350 + 8 % sodium citrate + 15 % NaCl, pH 6 

2 steps: extraction, back-extraction 
HYB 99 76 [183] 

PEG 150-GA + dextran 500000 CHO 93 PF = 1,9 [185] 

10 % PEG 3350-GA + 5 % dextran 500000 

2 steps: ATPS + CEX 
CHO 73 91 [187] 
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8 % PEG 3350-GA + 5 % dextran 500000  

+ 10mM potassium phosphate, pH 7 
CHO 97 94 [186] 

8 % UCON 2000 + 6 % dextran 500000 + 20 % TEG-GA 

2 steps: extraction and re-extraction 
CHO 85 88 [184] 

7 % PEG 3350 + 5 % dextran 500000 + 1.3 % TEG-GA, pH 4 CHO 96 43 [188] 

7 % PEG 3350 + 5 % dextran 500000 + 1.3 % TEG-GA, pH 4 

5 steps: ATPS + 4 countercurrent steps 
CHO 95 85 [188] 

8 % UCON 50HB-3520 + 5 % dextran 500000, pH 5 

2 steps: extraction and re-extraction 
- 82 - [189] 

7 % PEG 3350 + 5 % dextran 500000 + 300 mM NaCl, pH 3 HYB 72 - [17] 

7 % PEG 6000 + 5 % dextran 500000 + 150 mM NaCl, pH 3 HYB 84 - [17] 

8 % PEG 3350 + 5 % dextran 500000 + 200 mM NaCl  

+ GA-APBA-MP 
CHO 92 98 [155] 

7 % PEG 3350 + 5 % dextran 500000 + LYTAG-Z HYB 89 42 [191] 

ATPS – aqueous two-phase system; AEX – anion exchange chromatography; AM – artificial mixture; CEX – cation 

exchange chromatography; CHO – Chinese hamster ovary cells; GA – diglutaric acid (COOH); GA-APBA-MP – gum arabic 

coated particles modified with aminophenyl boronic acid; HIC – hydrophobic interaction chromatography; HYB – 

hybridoma cells; LYTAG-Z – choline binding polypeptide tag fused to the synthetic antibody binding Z-domain; PEG – 

polyethylene glycol; PER.C6 – human embryonic cells derived from retinoblasts; PF – purification factor; SEC – size-

exclusion chromatography; TEG-GA – triethylene glycol diglutaric acid; UCON – ethylene oxide/propylene oxide. 

 

 

In order to be applied and administered to humans, the extracted and purified antibodies 

must have an exceptional purity degree. According to the CFR-Code of Federal Regulations, purity 

means the relative freedom of foreign matter in the final product, not being harmful to human use 

or harmful to the product [192]. Therefore, impurities must be kept to minimum levels in order to 

minimize the associated risks, in particular immunogenic problems that may arise from the 

presence of those contaminants. The systems composed of 8 % of PEG 3350, 10 % of phosphate 

buffer with 15 % of NaCl [163], and 10 % of PEG 3350 with 12 % of  sodium citrate [182], are quite 

relevant in this line since they allow to obtain 100 % purity of IgG. However, it is important to note 

that the first system [163] aimed at purifying IgG from an artificial mixture containing IgG, albumin 

and myoglobin (the major protein impurities present in serum-containing cell culture 

supernatants), so it is difficult to extrapolate this result to the reality, since a real matrix is much 

more complex. In the second system [182], 100 % purity was reached as the result of 3 extraction 
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steps: 1 step with ATPS and 2 subsequent chromatographic steps (HIC and SEC). This result, when 

compared to the 3-step chromatographic platform [99] presented in Table 1.2.3, which allowed the 

recovery of 85 % of IgG with a purity higher than 99 %, is more promising since it reduces one 

chromatographic step, allowing even higher yields  of IgG (90 %) with a comparable purity level. 

Comparing these results with the isolated use of HIC [104], it is found that it is not possible to reach 

the same level of purity, since the authors have shown only 97 %, and, despite being a high purity 

level, it is not able to compete with the current established platform. In this context, ATPS appears 

to be an interesting alternative that deserves to be explored in more detail, since excellent results 

were already achieved. 

Another advantage of ATPS is that clarification, purification and concentration can be 

integrated in a single step. In fact, the productivity, yield and economy of bioprocesses can be 

considerably improved by process integration, facilitating the development of scalable and efficient 

bioprocesses [193]. Thus, there is nowadays a strong demand for intensification and integration of 

process steps to increase yield, reduce the process time and cut down in running costs and capital 

expenditure. Besides these advantages, integrated processes still wait for broad industrial 

application, since it has a complex development, and there is a need for detailed process knowledge 

of the applicant [194]. Efforts have been made in this line, and there are already several works 

described in the literature that report the integration of clarification, capture, purification and 

concentration in one ATPS step [17, 191, 195, 196]. Platis et al. [196] successfully developed and 

optimized an ATPS composed of 12 % of PEG 1500 and 13 % of phosphate buffer at pH 5 for the 

purification of mAb 2F5. Through the incorporation of this system in a downstream processing 

protocol, the authors [196] achieved a clarification of the plant extract, removal of the plant derived 

compounds, such as phenolics and alkaloids, and partial purification of the antibody (3–4-fold 

purification, with 95 % recovery at the bottom phase). Later, the same authors [195] used a system 

composed of 13.1 % of PEG 1500 and 12.5 % of phosphate buffer at pH 5 for the purification of anti-

HIV mAbs 2G12 and 4E10 from unclarified transgenic tobacco crude extracts. Both mAbs 

partitioned to the bottom salt-rich phase with 85 and 84 % yield and 2.4- and 2.1-fold purification 

factor, respectively. Furthermore, the ATPS was integrated in an affinity-based purification 

protocol, using proA, yielding antibodies of high purity and yield [195]. Therefore, a simple and 

effective way for the bioprocessing of therapeutic antibodies in two steps (ATPS + affinity 

chromatography) was proposed by the authors, suitable for analytical or clinical purposes. Also Silva 

et al. [17] proposed an ATPS composed of 7 % of PEG 6000, 5 % of dextran 500,000 and 150 mM of 

NaCl at pH 3, able to recover approximately 84 % of IgG with only 0.1 % of cells in the top phase, 
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phase in which the antibody was retained, and with a clearance of cells higher than 99.8 % . More 

recently, Campos-Pinto et al. [191] proposed a strategy to integrate the clarification and the 

primary recovery of mAbs from a complex medium containing Hybridoma cells, based on the use 

of a single-step ATPS composed of  7 % of PEG 3350 and 6 % of dextran 500,000 and the dual tag 

ligand LYTAG-Z. Based on the capacity of this system to tolerate solid components/impurities, 

allowing the simultaneous clarification of the media, purification and concentration, ATPS are thus 

promising downstream processed when compared, for example, with chromatography, that 

requires a limpid and clear solution to be loaded. 

Other researchers have also recently suggested new methods for the separation and 

purification of IgG from various non-conventional matrices. Rito-Palomares et al. [197] studied ATPS 

consisting of PEG 1000 and phosphate buffer at pH 9 for bovine blood processing in an approach 

comprising two steps: extraction and re-extraction. Through this approach, the authors [197] 

verified that soluble proteins such as bovine serum albumin (BSA), haemoglobin and IgG partition 

into the PEG-rich top phase, while the cell debris (such as clotting factors and blood cells) are 

partitioned mostly into the salt-rich bottom phase. A back extraction of the soluble protein into a 

second phosphate-rich bottom phase resulted in a maximum overall protein recovery of 62 %, and 

the authors [197] proved the recycling of the PEG-rich phase up to 5 cycles. It is also possible to 

highlight the investigations of Vargas et al. [198] that reported a new method of plasma 

fractionation using an ATPS formed by PEG 3350, potassium phosphate and NaCl at pH 6. Wu et al. 

[199] found that the system consisting of 12 % of PEG 4000, 18 % of hydroxypropyl starch (HPS) and 

10 % of NaCl at pH 8 is promising for the primary recovery of IgG from a HSA containing feedstock, 

attaining an yield of 99.2 % with a purification factor of 5.28 in a single step. With the addition of a 

back extraction step the authors [199] reported a 84.0 % yield with a purification factor of 5.73. 

More recently, Freire and co-workers [200] investigated the use of ATPS formed by bio-based ionic 

liquids (ILs), composed of ions derived from natural sources, and biocompatible polymers for the 

extraction and purification of IgG from rabbit serum. The authors [200] reported the recovery of ca. 

85 % of antibodies with a 58 % enhancement in the IgG purity when compared with its purity in 

serum samples. The same research group [201] also reported the use of ILs as adjuvants in the 

formation of ATPS composed of polyethylene glycol and a buffered salt. The best results were 

achieved with a system composed of 25 % of PEG 400, 25 % of C6H5K3O7/C6H8O7 and 5 % of 1-butyl-

3-methylimidazolium acetate ([C4mim][CH3CO2]) where the complete extraction of IgG in a single-

step was achieved with the purity in the polymer-rich phase enhanced by ca. 37 % as compared to 

the IL-free ATPS. 
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One of the major research groups that works directly within the monoclonal antibody 

purification area using ATPS is the Platis and Laubrou research group in Athens, which study 

transgenic plants, more specifically the tobacco plant [195, 196, 202]. Plant biotechnology has 

demonstrated that transgenic plants are suitable hosts for expressing recombinant biomolecules. 

Several reagent-grade recombinant proteins from transgenic corn (trypsin and avidin) [203, 204] 

and rice (lysozyme and lactoferrin) [205, 206] have been commercialized, while clinical trials for 

plant-derived therapeutic proteins (e.g. interferon alpha-2b) are underway [207]. Future progress 

in utilizing transgenic plants for biopharmaceuticals production will depend on the efficiency of the 

purification methods, since in those cases, purification steps also play the most significant fraction 

of the final products [208]. The tobacco plant has the same glycosylation pattern as humans, 

whereby the production of humanized monoclonal antibodies through this plant is possible and 

viable. The main benefits are the low production costs and the low risk of human contamination, 

since they are of plant origin. ATPS proved to be a beneficial system for the purification of plant 

proteins, which would otherwise have to resort to several chromatographic steps, namely ion 

exchange chromatography (IEX), molecular exclusion and affinity chromatography [202]. The 

authors [196] studied systems composed of PEG 1500 and phosphate buffer, which allowed the 

removal of potentially harmful secondary metabolites of the tobacco plant. Moreover, it was 

possible to couple this purification method, essentially for the removal of polyphenols, with CEX 

and metal affinity chromatography, increasing even more the purification levels [202], and there is 

already evidence of the selective partition of mAbs and plant cells fragments to opposite phases 

[195]. The purified mAbs were always analyzed by protein electrophoresis, ELISA and western blot, 

demonstrating the activity of mAbs and proving their purity concerning degraded variants, 

polyphenols and alkaloids [195, 196, 202].  

In summary, some promising results have been achieved in the extraction/purification of IgG 

from various complex matrices, in particular from biological matrices, such as bovine blood, 

hybridoma and CHO cell culture supernatants, rabbit serum or even transgenic plants. The 

differences obtained with the various studies are related with the modification of the ATPS phase-

forming components, their concentration, pH, presence or absence of additional ligands, addition 

of electrolytes and use of additional or combined/hybrid purification steps. It is however important 

to note that the need to resort to additional extraction/purification steps makes the process more 

complex and less cost-effective. In general, it is noticeable that one of the most used phase-forming 

components of ATPS is PEG, possibly due to its previously discussed biocompatibility characteristics. 

Nevertheless, the search on new affinity ligands, electrolytes and phase-forming components is 
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very important since it can lead to significant improvements on the selectivity of ATPS for target 

biomolecules. 

1.2.9. Conclusions 

This chapter provides a global vision on the current state-of-the-art regarding the 

manufacturing and possible applications of monoclonal antibodies, while highlighting new trends 

to improve their purification process. The most used technologies for the production of mAbs were 

presented and discussed, with the mammalian cell technology established as the golden standard 

for the upstream processing of mAbs. In the downstream side, new and alternative process 

strategies are still under development, in order to reduce the number of steps in the isolation and 

purification process of mAbs aiming at turning the biotechnological process more competitive for 

the biopharmaceutical industries. Attempts to replace the golden-standard and expensive proA 

affinity chromatography from the process have been made, with the major goal of reducing the 

costs associated to the downstream processing of mAbs. Several chromatographic and non-

chromatographic methods have been proposed to embrace the challenge of obtaining mAbs at a 

lower cost. Non-chromatographic techniques appear to be the most promising group of 

alternatives, since they generally allow to achieve high recovery yields and high purity levels, allied 

with simplicity, robustness, and lower energy consumption. In particular, ATPS can be highlighted 

as a promising non-chromatographic approach, since they are a simple technique, with a low cost 

associated, easy to operate and to apply on an industrial scale, with a high resolution capacity and 

able to provide a biocompatible environment. This technology allows the intensification of the 

downstream process, as clarification, purification and concentration can be integrated in a single 

step. Several promising works have already proved the efficiency of this technique concerning the 

extraction and/or purification of mAbs directly from biological matrices; however, it is evident that 

the study of new systems aiming the selective extraction and consequent purification of IgG should 

be performed by manipulating the ATPS components, the extraction conditions or the exploration 

of different electrolytes/ligands. It has been reported that using ATPS, the purification costs can be 

reduced by at least 39 %, which emphasizes the potential of this technique [209]. All the works 

discussed in this chapter correspond to strategies proposed in recent years to overcome the major 

bottleneck in the processing of cost-effective mAbs. This information should encourage both the 

search on new and more efficient alternatives and the improvement of the existent technologies in 

order to boost the manufacturing process and the widespread use of mAbs as conventional 

therapies. 
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1.3.1. Abstract 

Inflammation is a physiological process caused when an agent (chemical, biological or 

physical) transcends the primary defence barrier of an organism, setting a series of biological 

reactions to restore the integrity of such organism, thus playing a central role in the fight against 

those pathogens. Uncontrolled amplification of these events may lead to undesirable pathological 

manifestations such as cancer, diabetes, and cardiovascular, neurological and chronic inflammatory 

diseases. Monoclonal antibodies (mAbs) were first described in 1975, and since then they have 

proven to be relevant therapeutic agents in a myriad of diseases. The US Food and Drug 

Administration (FDA) has already approved more than 90 mAbs for the treatment of several 

diseases, from which approximately 26 % were specifically approved for the treatment of 

inflammatory diseases, for instance rheumatoid arthritis, Crohn's disease, ulcerative colitis, 

psoriasis, psoriatic arthritis and palmoplantar pustulosis. This chapter provides an overview on the 

inflammation process and main biochemical mechanisms, together with a vision on the current 

state of the art of the mAbs-based biopharmaceuticals market and their application as powerful 

therapeutic agents for inflammatory diseases.  

1.3.2. Introductory aspects 

As reviewed in the previous subchapter, monoclonal antibodies (mAbs) have been gaining 

high relevance for several different applications, from which the therapeutic applications were 

highlighted. In fact, from the more than 90 mAbs already approved by the US Food and Drug 

Administration (FDA), approximately 26 % were specifically approved for the treatment of 

inflammatory diseases.  

 

_______________________________________________________________________________________ 

Contributions: E.V.C., A.P.M.T. and M.G.F. directed this work. J.B. and E.V.C. compiled and analyzed the data 
from the literature, and wrote the final manuscript, with significant contributions of the remaining authors. 
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This fact in particular, encouraged the comprehensive literature review presented in the 

current subchapter, that aims to remark the importance of mAbs in a specific group of disorders – 

the inflammatory ones. 

Inflammation consists in the natural protective response of body to injury. It occurs when an 

agent (chemical, physical or biological) transcends the primary defence barrier of the organism [1, 

2]. It plays a central role in the fight against pathogens and can set biochemical reactions to restore 

homeostasis through the activation of specific components, which act through the destruction or 

isolation of the aggressor agent [3, 4]. Inflammation can be manifested as an acute process, 

comprising three main events: i) increased blood flow; ii) development of edema, and iii) migration 

of leukocytes to the inflammatory focus [2]. Uncontrolled amplification of these events may lead to 

a chronic process, which is of long-term and associated with the presence of lymphocytes fibrosis 

and tissue necrosis [5, 6]. This phenomenon causes undesirable pathological manifestations such 

as cancer, diabetes, and cardiovascular, neurological, and chronic inflammatory diseases [5, 6]. 

Therefore, this type of diseases’ progression fostered the search for effective alternative therapies, 

which is a crucial objective to be achieved in the coming years.  

In recent decades, technological advances in bioprocess engineering have increased the 

interest in the development of alternative therapies for inflammation treatment, particularly 

recurring to biopharmaceuticals [7]. Biopharmaceuticals are biological macromolecules or cellular 

components that can be used in vaccines or as therapeutic agents. They are obtained by biological 

processes (in vitro or in vivo), and are extracted from biological sources, for example tissues and 

organs, microorganisms, fluids of animals, from mammalian cell cultures, insects, and also plants 

[7]. Main examples comprise recombinant proteins (monoclonal antibodies) and nucleic-acid-based 

products, which can be applied in the treatment of several inflammatory diseases, for instance in 

Crohn's disease, ulcerative colitis, rheumatoid arthritis, psoriasis, psoriatic arthritis and 

palmoplantar pustulosis [8]. Among them, monoclonal antibodies are the most used 

biopharmaceuticals, representing 53 % of all biopharmaceuticals approved [9].  

Monoclonal antibodies (mAbs) were firstly described by Köhler and Milstein in 1975 [10] and 

since then, they have become the new backbone of the pharmaceutical industry since they have 

exquisite target selectivity and specificity [10]. mAbs offer the most promising prospects for new 

therapeutic approaches for inflammatory diseases [11, 12]. The most successful applications of 

mAbs is in autoimmune and inflammatory conditions [13]. Furthermore, as a wide range of mAb-

based agents target several cytokines, chemokines, adhesion molecules, receptors and various 
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types of cells, it is expected that these therapeutic "magic bullets" [14] will greatly expand in the 

future, while providing better personalized treatment for a wide range of diseases. 

In this sub-chapter, the most important aspects and main biochemical mechanisms of the 

inflammation process are overviewed, followed by a current review on the mAbs-based 

biopharmaceuticals market and approved mAbs product/therapies for inflammatory diseases. The 

action mechanisms and features of some relevant mAbs are also discussed, highlighting the 

advantages of mAbs-based therapies, together with the steps required for their increased adoption 

and widespread use. 

1.3.3. Inflammation overview 

Inflammation occurs in vascularized connective tissues, involving the capillary beds, plasma, 

circulating cells, sensory neurons, and cellular and extracellular constituents of this type of tissue. 

It is a physiological process caused when a chemical, physical and/or biological invader agent 

transcends the primary defence barrier of the organism, the epithelial and/or endothelial layer, and 

its specialized structures [1, 2]. Its role is to restore the homeostasis of the damaged tissue through 

the activation of the specific components that generate the effector cells and their products 

(cytokines and antibodies) and non-specific components of immunity, which act through the 

destruction or isolation of the aggressor agent, involving the action of phagocytic cells and 

mediators as well as their migration to the lesion site [3, 4]. Inflammation can manifest as an acute 

or chronic process. During the acute inflammatory process there are several events mediated by 

cellular and vascular components that induce morphological and biochemical changes [5]. Among 

them, three main events are highlighted: i) increased caliber of arterioles, capillaries and venules, 

which cause increased blood flow; ii) exudation of plasma proteins, complement factors and 

antibodies, which contribute for the development of edema; and iii) migration of leukocytes from 

the intravascular space to the inflammatory focus [2]. Together, these events characterize the 

classic signs of inflammation: flushing, heat, tumour, pain, and loss of function [15]. On the other 

hand, the chronic inflammatory process is of long-term and associated with the presence of 

lymphocytes and macrophages, proliferation of blood vessels, fibrosis and tissue necrosis [5, 6].  

Before an injury, epithelial tissue separates the external environment or a body cavity from 

the underlying and more delicate connective tissue and body organs. The connective tissue is 

nurtured by blood vessels and mast cells. Both the inflammatory response and wound healing occur 

simultaneously, but consisting in separate processes that begin immediately after the injury [16]. 

After aggression, the inflammatory response is triggered and the accumulation of cells from the 
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immune system (leukocytes, macrophages and lymphocytes) occurs, secreting various cytokines 

and chemokines [16]. Leukocytes express several types of receptors in their surface that recognize 

external stimulus and release activating signals. Those receptors can be G-protein-coupled 

receptors (GPCRs) [17], adhesion receptors (selectins and integrins) [18], pattern recognition 

receptors (PRRs) [19], Fc-receptors [20] and cytokine receptors [21, 22]. 

1.3.3.1 G-protein-coupled receptors 

GPCRs, known as G protein-linked receptors (GPLR) or serpentine receptors (Figure 1.3.1), 

are coupled to G proteins.  

 

 

Figure 1.3.1. Representation of the G-protein-coupled receptors (GPCR) and G protein subunits (GDP: Galpha 

(α), Gbeta (β) and Ggamma (γ)). The G protein is attached to the inside of the cell membrane but is able to move 

along it. When GDP is attached to the G protein, it is inactive. The ligand activates the GPCR, inducing a 

conformational change in the receptor that allows it to function as a guanine nucleotide exchange factor 

(GEF) that exchanges GDP for GTP – thus turning "on" the GPCR. Created with a paid subscription of 

BioRender (https://biorender.com). 

They belong to a large family of protein receptors that distinguish molecules outside the cell 

and activate internal signal transduction pathways (the cyclic adenosine monophosphate (cAMP) 

signal and the phosphatidylinositol signal) and finally, cellular responses [17, 23, 24]. They are found 

in neutrophils and macrophages and participate in host defence and inflammation. These include 

formyl-peptide receptors [17, 23, 24] that sense bacterial products and tissue injury, receptors for 
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leukotriene B4, platelet activating factor and complement fragment [24-27], as well as α-

chemokines and β-chemokines receptors [28-30]. All of these strongly activate the chemotactic 

migration of leukocytes and trigger other responses, such as the production of reactive oxygen 

species (ROS), exocytosis of intracellular granules and vesicles, and are able to augment the 

responses of leukocytes to subsequent stimulation by other agonists [31].  

GPCRs are formed by seven transmembrane domains, with the amino terminal at the 

extracellular medium and the carboxyl terminal in the intracellular medium and interact with G 

proteins. In the moment that an external signalling molecule binds to a GPCR, a conformational 

change in the GPCR occurs. This change then triggers the interaction between the GPCR and a 

nearby G protein [17, 23, 24]. The bond promotes a conformational change in the intracellular 

domain of the receptor, which allows its interaction with a second protein (stimulatory G protein). 

The occupied receptor causes replacement of guanosine diphosphate (GDP) bound to the Gα 

subunit by guanosine triphosphate (GTP), activating the Gα subunit. This subunit dissociates from 

the Gβγ dimer and an intracellular signalling cascades is started [17, 23, 24]. It results in the 

activation of adenylate cyclase, small GTPases, phospholipases and kinases, eventually being 

capable to control the expression of genes that are involved in survival, proliferation and 

differentiation [17, 23, 24]. 

1.3.3.2 Adhesion receptors 

Adhesion receptors (Figure 1.3.2) are responsible for the initial stabilized binding of 

leukocytes to the blood vessel wall and their succeeding transendothelial migration to the 

perivascular tissue, either during normal recirculation and or the inflammation process [18].  

Most of them belong to the four protein families: selectins, integrins, cadherins and the Ig 

superfamily (IgCAMs). The two major groups involved in the inflammation process are selectins and 

integrins. The first are single-chain transmembrane glycoproteins that are able to recognize 

carbohydrate moieties and mediate transient interactions between leukocytes and the vessel wall 

[18]. Selectins and selectin ligands are mandatory for the rolling phase of the leukocyte adhesion 

and transmigration cascade [18, 32]. On the other hand, integrins can be defined as heterodimeric 

transmembrane glycoproteins that are present on all mammalian cells [33]. The most important 

integrins expressed on leukocytes belong to the β2 integrin [34]. Lymphocyte function-associated 

antigen 1 (LFA-1) is expressed on all circulating leukocytes while macrophage-1 antigen (Mac-1) is 

primarily expressed on myeloid cells such as neutrophils, monocytes, and macrophages. LFA-1 and 
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Mac-1 bind to endothelial intercellular Adhesion Molecule-1 (ICAM-1) and are involved in different 

phases of leukocyte adhesion and transendothelial migration [35]. 

 

 

Figure 1.3.2. Different types of cell adhesion receptors, form the left to right: selectin-mediated cell 

adhesion receptor (sMcAr); integrin-mediated cell adhesion receptor (iMcAr) immunoglobulin superfamily-

mediated cell adhesion receptor (IgMcAr) and cadherin-mediated cell adhesion receptor (cMcAr). Part of 

this figure was created with Servier medical art (https://smart.servier.com). 

1.3.3.3 Pattern recognition receptors 

Pattern recognition receptors (PRRs) (Figure 1.3.3) are important in the innate immune 

response by recognizing the pathogen associated molecular patterns (PAMPs) and the endogenous 

molecules released from damaged cells, called damage associated molecular patterns (DAMPs) [19, 

36]. Those pathogens can be bacteria, viruses, parasites, fungi, and protozoa. They are expressed 

in macrophages, dendritic cells and in various nonprofessional immune cells (such as epithelial cells, 

endothelial cells, and fibroblasts) [19, 36].  

The PRRs are either localized on the cell surface, to perceive extracellular pathogens, or 

within the endosomes. These receptors are involved in triggering pro-inflammatory signalling 

pathways, stimulating phagocytic responses or binding to microbes as secreted proteins [19, 36]. 

They can also be classified into four different classes of PRR families: transmembrane proteins like 
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toll-like receptors (TLRs); C-type lectin receptors (CLRs); cytoplasmic proteins like retinoic acid-

inducible gene (RIG)-I-like receptors (RLRs) and nucleotide-binding and oligomerization domain 

(NOD)-like receptors (NLRs) [19]. The TLRs function through kinases to stimulate the production of 

microbicidal substances and cytokines by leukocytes [37]. These proteins have an important 

relationship with the interleukin- 1 (IL-1) receptor. Several studies [19, 31, 36] have demonstrated 

that these proteins activate the nuclear factor-κB (NF-kB) and mitogen-activated protein kinase 

(MAPK) pathway. Furthermore, they regulate the expression of cytokines through various adaptors 

such as TIR domain-containing adaptor protein (TIRAP), Myeloid differentiation primary response 

gene 88 (MyD88), TIR-domain-containing adaptor inducing IFNβ (TRIF), Trif-related adaptor 

molecule (TRAM), and Sterile-α and Armadillo motif-containing protein (SARM). 

 

 

Figure 1.3.3. Major pattern recognition receptors (PRRs) presented from the left to right: Toll-like receptors 

(TLRs), C-type lectin receptors (CLRs), cytoplasmic proteins like Retinoic acid-inducible gene (RIG)-I-like 

receptors (RLRs) and NOD-like receptors (NLRs). Part of this figure was created with Servier medical art 

(https://smart.servier.com). 

The activation of the NF-kB pathway initiates an immune adaptive response by the 

production of inflammatory cytokines such as IL-1, IL-6, IL-8, TNF-α, IL-12 [19, 31, 36]. The CLRs 

through the recognition of carbohydrates interact with some microorganisms, for instance, viruses, 

fungi, and bacteria. CLRs are also involved in the modulation of the innate immune response. These 

recognitions allow the internalization of the pathogen, subsequent degradation and then antigen 
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presentation. CLRs can stimulate the production of proinflammatory cytokines or inhibit TLR-

mediated immune complexes. Most of these receptors signal through an immunoreceptor tyrosine-

based activation motifs (ITAM)-based mechanism like Fc-receptors or through the activation of 

protein kinases or phosphatases. CLR‑induced signal transduction seems to mainly activate or 

modulate NF‑κB functions [19, 31, 38, 39]. RLRs are a family of RNA helicases that recognize 

genomic RNA of dsRNA viruses and dsRNA generated as the replication intermediate of ssRNA 

viruses [19, 31, 36]. After detection of a viral infection, RIG-I and MDA5 cooperate with the adaptor 

IFN-b-promoter stimulator 1 (IPS-1 also called VISA, CARDIF and MAVS) via CARD-CARD 

interactions. IPS-1 activates the release of cytokines and the IKK-related kinase, which activates 

IRF3/IRF7, resulting in the transcription of type I interferons. IPS-1 also activates NF-κB through 

recruitment of TRADD, FADD, caspase-8, and caspase-10 [19, 31, 36]. The NLRs are cytoplasmic 

sensors of PAMPs, DAMPs and danger signals that lead to transcriptional changes or activate 

cytokine-processing caspases. They can work together with Toll receptors and regulate the 

inflammatory and apoptotic response. The protein receptor NOD1 and NOD2 which port CARDs 

domain, activate NF-κB and MAP-kinase pathways via an adapter (RIP2/RICK). NF-κB then activates 

the expression of inflammatory cytokines [19, 31]. 

1.3.3.4 Fc-receptors 

Fc-receptors (Figure 1.3.4) are proteins found on the surface of B lymphocytes, follicular 

dendritic cells, NK cells, macrophages, neutrophils, eosinophils, basophils, and mast cells [20]. They 

have the ability to bind to antibodies in their Fc region and are involved in the recognition of Ig-

opsonized pathogens, participating as well in immune complex-mediated inflammatory processes 

[20].  

These receptors promote phagocytic or cytotoxic cells to destroy microbes or cells which 

were infected by antibody-mediated phagocytosis or ADCC. Some viruses (e.g. flaviviruses) use Fc 

receptors to help them infect cells, by a mechanism known as enhancement of antibody-dependent 

infection [20]. The most important Fc-receptors in neutrophils are the low-affinity Fcγ-receptors 

[40]. These receptors present important roles in immune complex mediated activation of 

neutrophils. The activation of leukocytes by immune complexes requires synergistic ligation of both 

FcγRIIA and FcγRIIIB [41]. They also express the high-affinity FcγRI molecule [42, 43] and FcαRI, 

which can mediate IgA-induced inflammatory processes, tumour cell killing [44, 45], and may 

participate in allergic responses [46, 47] or as pathogenic factors in certain infectious diseases [48]. 

It is important to remark that signalling usually starts by crosslinking of the Fc receptor. This 
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crosslinking leads to an engagement with other receptors, that activate a signalling cascade [49-

51]. 

 

 

Figure 1.3.4. Schematic illustration of an Fc receptor and its interaction with an Ab-coated target. Fc 

receptor binds to the antibodies in their Fc region, triggering the recognition of Ig-opsonized pathogens. 

After contact, a process called phagocytosis occurs, where foreign substances are ingested or engulfed in a 

defensive reaction against infection and invasion of the body. Created with a paid subscription of BioRender 

(https://biorender.com). 

1.3.3.5 Cytokine receptors 

Cytokine receptors (Figure 1.3.5) are cell surface glycoproteins that, when linked to 

cytokines, transduce a signal. These receptors permit the communication between the cells and the 

extracellular environment, responding to signals produced in the body [21]. Therefore, the first 

binding of cytokines to their receptors is a crucial event that is fast, in low concentrations, generally 

irreversible and leads to intracellular changes, resulting in a biological response [21]. They comprise 

six group members, based on their three-dimensional structure, namely type I, type II, Ig 

superfamily, tumour necrosis factor (TNF) receptor family, chemokine receptor and transforming 

growth factor β (TGF- β) receptor family.  

Conventional cytokine receptors are grouped into type I and type II. Those types of receptors 

are involved in a few neutrophil functions. Type I receptors consists in transmembrane receptors 

expressed on the surface of cells, recognizing and responding to cytokines with four α-helical 

strands [21]. G-CSF and GM-CSF guide the differentiation, survival and activation of neutrophils 
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[21]. IL-4, IL-6, and IL-15 are involved as well in activation of neutrophils and in the coordination of 

the inflammatory response. 

 

 

Figure 1.3.5. Types of cytokine receptors: type I and type II families possess extracellular fibronectin like 

domains, only differing in the WSXWS motif present in the type I, that are not present in type II receptors. 

The Ig superfamily shares extracellular regions structural homology with immunoglobulin domains. The TNF 

receptor family has cysteine-rich motifs in their extracellular regions able to bind ligands. Chemokine 

receptor are G protein coupled receptors and TGF- β receptor family are Serine/threonine kinase receptors. 

Part of this figure was created with Servier medical art (https://smart.servier.com). 

Type II are similar to type I cytokine receptors, except they do not possess the signature 

sequence of common amino acid motif. IFNα/β delay apoptosis of neutrophils [22], whereas IFNγ 

which is secreted by NK cells reacting to antigens and activated T lymphocytes during adaptive 

immune responses. IFN-γ is a major macrophage activating cytokine [52]. IL-10 presents an 

inhibitory effect on various functional responses of neutrophils, namely chemokine and cytokine 

production [53]. Type I and type II cytokine receptors trigger the activation of the JAK-STAT pathway 

[54-56], Src-family kinases [57-60], the PI3-kinase-Akt pathway [58, 60-62], the ERK and p38 MAPK 

[63, 64], and the inhibitory SOCS molecules [65-67]. Ig superfamily are involved in the recognition, 

binding, or adhesion processes of cells. They all possess a domain known as an immunoglobulin 

domain or fold. Included in this group are molecules involved in the presentation of antigen to 

lymphocytes, cell adhesion molecules, cell surface antigen receptors, co-receptors and co-

stimulatory molecules of the immune system [21, 28]. TNF receptors are characterized by the ability 

to bind tumour necrosis factors (TNFs) via an extracellular cysteine-rich domain. They are engaged 

in apoptosis and inflammation phenomena, but also participate in other signal transduction 
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pathways, such as proliferation, survival and differentiation [28]. The chemokine receptor interacts 

with a type of cytokine called a chemokine. Each has a rhodopsin-like 7-transmembrane (7TM) 

structure that allows to couple to G-protein for signal transduction within a cell, making them 

members of the large protein family of GPCR. After interaction with their specific chemokine 

ligands, the chemokine receptors trigger a flux in intracellular calcium (Ca2+) ions. This event causes 

cell responses, including the onset of a process known as chemotaxis that traffics the cell to a 

desired location within the organism [28]. TGF-β receptors are serine/threonine kinase involved in 

cell growth, cell differentiation, apoptosis and cellular homeostasis [21, 22]. TGFβ ligands bind to a 

type II receptor, which recruits and phosphorylates the type I receptor. Then it phosphorylates the 

receptor-regulated SMADs (R-SMADs) which bind the coSMAD SMAD. The complex R-

SMAD/coSMAD accrue in the nucleus where they join in the regulation of target gene expression, 

acting as a transcription factor [21, 22]. 

After accumulation, mast cells are stimulated by the chemokine alarm chemicals to release 

histamine. Adhesion of neutrophils (first leukocyte to respond) is mediated by adhesion molecules, 

whose expression is enhanced by secreted proteins known as cytokines (Figure 1.3.6) [68, 69]. 

These are secreted by cells in response to microorganisms and other harmful agents, ensuring that 

neutrophils are recruited into the tissues. The initial interactions of bearing are mediated by 

selectins [70, 71], which are divided into three types: one expressed in leukocytes (L-selectin), one 

in the endothelium (E-selectin) and one in platelets (P-selectin). Its expression is regulated by 

cytokines produced in response to inflammation and injury. Leukocytes (neutrophils and 

monocytes) express L-selectin at their surface, and as a result they roll along the endothelial 

surface. This rolling is regulated by TNF [72] and IL-1 [73], which induce the endothelial expression 

of integrin ligands, especially vascular cell adhesion molecule-1 (VCAM-1) and intercellular adhesion 

molecule-1 (ICAM- 1). The expression of integrin ligands induced by the chemoattractants like 

cytokines, and the activation of the integrins in the leukocytes results in a firm adhesion to the 

endothelium [33]. Due to the chemoattractant gradients in the tissue, leukocytes are able to 

migrate to the interstitial tissue fluid, via chemoattractant receptor–mediated chemotaxis [74]. 

Through the receptor in the surface of the leukocytes are initiated signals, that result in the 

activation of a second messenger that increase cytosolic Ca2+, activate enzymes such as protein 

kinase C and phospholipase A2, and induce polymerization of actin, ensuing in increased quantities 

in direction of the cell border and localization of myosin filaments. In the intercellular junctions 

there are adhesion molecules called platelet endothelial cell adhesion molecule (PECAM-1) or 

cluster of differentiation 31 (CD31) that aid in transmigration [68, 75]. The leukocytes migrate in 
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the direction of the locally produced chemoattractant gradient. After crossing the endothelium, the 

leukocytes leave the circulation and migrate to the tissues towards the lesion site by chemotaxis 

[76]. When leukocytes reach the site of inflammation, they are activated to perform their functions, 

recognition of aggressive agents, which release signals and these signals activate the leukocytes to 

ingest and destroy the hostile agents and amplify the inflammatory reaction [77]. 

The functional responses which are the most important for the destruction of microbes and 

other harmful agents are phagocytosis and intracellular killing. Phagocytosis involves three 

sequential steps: i) recognition and binding of the particle to be ingested by the leukocyte; ii) its 

intake, with subsequent formation of the phagocytic vacuole; and iii) death or degradation of the 

ingested material [78, 79].  

 

 

Figure 1.3.6. Firstly, leukocytes roll and then become activated, adhering to the endothelium. Following 

occurs their penetration in the basement membrane and migration towards the chemoattractants released 

at the source of the injury. Different molecules have important roles in different phases – selectin in the 

scroll; chemokines activated neutrophils; integrins in firm adhesion and CD31 (PECAM-1) in transmigration. 

Adapted from Kumar et al. [77]. Created with a paid subscription of BioRender (https://biorender.com). 

Phagocytosis depends on the polymerization of actin filaments and is increased when the 

microbes are opsonized by specific proteins, opsonin, for which phagocytes express high affinity 

receptors [80]. After binding of the microorganisms to the receptors, extensions of the cytoplasm 
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flow around them and the plasma membrane closes in a vesicle, called the phagosome. It fuses with 

the lysosome, resulting in discharge of the bead content into the phagolysosome [80]. The last step 

in the removal of infectious agents and necrotic cells is death and degradation within neutrophils 

and macrophages. The microbial death is carried out by ROS and reactive nitrogen species (RNS) 

[78, 79]. The generation of ROS is catalysed by the action of NADPH oxidase, that oxidizes NADPH 

and reduces oxygen to the superoxide anion (O2
•-). O2

•- is converted to hydrogen peroxide (H2O2), 

whichever cannot efficiently destroy microbes. However, H2O2 can be converted to the hydroxyl 

radical (OH•), or through the enzyme myeloperoxidase (MPO), converted to hypochlorite (OCl•), 

both potent antimicrobial agents that destroy microbes by halogenation or oxidation of proteins 

and lipids [81]. NO also participates in microbial death. It reacts with O2
•- to generate the 

peroxynitrite radical (ONOO•). These free radicals attack and damage the lipids, proteins and nucleic 

acids of microbes [82]. The elimination of microbes and dead cells activated leukocytes have other 

roles in the defence of the host. After this “cleansing”, macrophages produce growth factors that 

stimulate endothelial cell proliferation, fibroblasts and collagen synthesis, that remodel connective 

tissues, allowing healing and the end of the inflammatory process [83]. 

It can be concluded that inflammation plays a central role in the fight against pathogens and 

can set biological reactions to restore the integrity of the organism. Hysterical amplification of the 

events may lead to undesirable pathological manifestations such as neoplastic transformations due 

to the oxidation of DNA, cancer, diabetes, and cardiovascular, neurological, and chronic 

inflammatory diseases. Therefore, it is necessary to limit the inflammatory process by eliminating 

the cellular infiltrate and its potentially toxic products [5, 6]. 

As shown and discussed throughout this section, inflammatory mediators (e.g., cytokines) 

present complex signalling pathways [84]. Thus, depending on the disease’s scenarios, sometimes 

it would be more beneficial to target the ligand rather than the receptor, or vice-versa. Several 

factors contributed for the increased importance of soluble ligands as mAbs targets, such as the 

growing understanding of their role in the immune system, the easier access to ligands than their 

receptors and the easier mapping of epitopes in protein ligands [84]. However, some challenges 

may appear, for instance the possibility of a mAb to target a ligand but not inhibiting its interaction 

with the intended receptor, or the challenges associated to the targeting of GPCRs or other 

membrane proteins. GPCRs or other membrane proteins are highly challenging for antibodies 

development since most of the receptor protein is embedded in the lipid bilayer [85]. Thus, in the 

specific case of GPCRs, only the N-terminal domain and the extracellular loop regions are accessible 

as immunogenic epitopes, while the transmembrane components present no inherent therapeutic 
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interest. It is of upmost importance to understand the biological features of each target, in order to 

assure that the mAb biopharmaceutical is correctly targeted according to the desired treatment. In 

the next section, an overview on the most relevant/recent mAbs-based therapeutics targeted for 

the treatment of inflammatory diseases is presented. 

1.3.4. Monoclonal antibody-based therapies for the treatment of inflammation 

1.3.4.1 Interleukin-8 and interleukin-6 

There are more than 40 different chemokines that can be classified according to the location 

of the cysteine residues at the amine terminus [86]. One of the most widely studied chemokine is 

interleukin-8 (IL-8), also called chemokine ligand 8 (CXCL8) (Figure 1.3.7) [87].  

 

 

Figure 1.3.7. 3D structure of interleukin-8 dimer (image from the Protein Data Bank website 

(http://rcsb.org/pdb) of PDB ID 1IL8 [88]). N- and C-terminals are also identified. 

Based on a chain of biochemical reactions, IL-8 is produced by leukocytes and epithelial and 

endothelial cells [87]. IL-8 is initially produced as a 99 amino acid precursor peptide, and then 

undergoes cleavage to create various active IL-8 isoforms. The peptide containing 72 amino acids, 

possess a molecular weight of 8.4 kDa and a isoelectric point > 8.5, is the mature form secreted by 

macrophages [89]. IL-8 is a key mediator associated with inflammation, mediating the recruitment 

and activation of neutrophils through complex signalling mechanisms and extracellular adhesion 

molecules [90]. Its receptors are found on the surface membrane of various cells of the immune 

C - terminal

N - terminal

N - terminal

C - terminal



Monoclonal antibodies as therapeutic agents for inflammatory diseases 1 
 

85 
 

system. The most important are the G protein-coupled receptors, which after binding to IL-8 

activate the intracellular signalling cascades and triggers a conformational change, resulting in the 

activation of G protein [90]. G protein subunits stimulate phosphatidylinositol 4-phosphate kinase 

(PIPK) which in turn synthesizes phosphatidylinositol 4,5-bisphosphate (PIP2), being the source of 

inositol trisphosphate (IP3) and phosphatidylinositol (3,4,5)-trisphosphate (PIP3). IP3 leads to the 

release of Ca2+ that induces chemotaxis, oxidative burst, exocytosis and eventually the release of 

more inflammatory mediators [90]. PIP3 activates ras/raf/MAPK pathways, inducing the expression 

of adhesion molecules, such as integrin, fundamental for chemotaxis [90]. 

One highly relevant pro-inflammatory cytokine is interleukin-6 (IL-6) (Figure 1.3.8). It was 

originally discovered in 1986 by Hirano et al. [91], as a T cell–derived B cell stimulatory factor-2, 

promoting Ig synthesis by activated B-cells. Its production is associated with monocytes, 

macrophages, lymphocytes, endothelial cells and fibroblasts, and can be stimulated by interleukin-

1 (IL-1) and TNF [92, 93].  

 

 

Figure 1.3.8. 3D structure of interleukin-6 (image from the Protein Data Bank website (http://rcsb.org/pdb) 

of PDB ID 1IL6 [94]). N- and C-terminals are also identified. 

Human IL-6 consist of a polypeptide cytokine with a four–α-helix structure and is composed 

of 212 amino acids, including a 28-amino-acid signal peptide, and its gene has been mapped to 

chromosome 7p21. Even though the core protein possess 20 kDa, glycosylation is responsible for 

the size of 21 – 26 kDa of natural IL-6 [92, 93]. IL-6 family cytokines are a group of cytokines 

N - terminal
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consisting of IL-6, oncostatin M (OSM), leukemia inhibitory factor (LIF), ciliary neurotrophic factor 

(CNTF), cardiotropin-1 (CT-1), cardiotrophin-like cytokine (CLC), neuropoietin (NP), IL-11, IL-27, and 

IL-31. In the receptor complexes, all of them contain a common receptor signal transducer subunit 

(gp130), except IL-31 [93]. 

IL-6 is a pleiotropic cytokine which play a part in the short-term defence against infection or 

injury, warning the immune system against the source of inflammation [95]. Upon being secreted 

during an acute inflammatory response, IL-6 forms a protein complex with its specific α-receptor 

(IL-6R) and the ubiquitously expressed 130 kDa transmembrane protein mentioned before – gp130 

– which encourages the transition from neutrophil to monocyte in inflammation, initiating the 

signal transduction [96]. This binding induces the homodimerization of gp130 that triggers cellular 

events, including activation of the JAK/STAT3 pathway. Then, STAT3 and SHP2 are phosphorylated 

and activated by the activated JAK. SHP2 links the cytokine receptor to the Ras/MAPK pathway and 

it also links the Grb2-SOS complex and Gab1 to gp130 [92, 96-98]. Then, the phosphorylated STAT3 

forms a dimer and translocate into the nucleus in order to activate the transcription of genes 

comprising STAT3 response elements. STAT3 induces as well the expression of the suppressor of 

cytokine signalling 1 and 3, that binds to phosphorylated JAK and gp130, respectively, leading to 

the cessation of IL-6 signalling via a negative feedback loop [92, 96-98]. Nevertheless, IL-6 can also 

signal through its soluble form, sIL-6R, which is present in human serum. After binding IL-6 to sIL-

6R, the complex binds to gp130, consequently stimulating cells that do not express transmembrane 

IL-6R, for example smooth and endothelial muscle cells. This form of IL-6 signalling is known as IL-6 

trans signalling, while transmembrane IL-6R signalling is known as classical IL-6 signalling [97]. 

1.3.4.2 Anti-interleukin-8 and anti-interleukin-6 mAbs 

Interleukin-8 induces morphologic change of neutrophils and release activated substances 

under ischemic and hypoxic conditions. On the other hand, it is an important neutrophilic 

granulocyte chemotactic regulator and endorses infiltration of neutrophils into the vascular wall, 

causing its destruction and hyperplasia [90, 99]. IL-8 accelerates proliferation, migration and 

incrassation of smooth muscle cells, exacerbating vasospasm and vasogenic edema [90, 99]. 

Generation of IL-8 can be expected upon infection, trauma, ischemia and other disturbances of 

tissues, since IL-1 and TNF levels are increased [89]. Studies presented by Alcorn et al. [100] 

reported high IL-8 levels in asthma, obstructive lung disease and acute respiratory distress 

syndrome. Also, as the inflammatory response represents a major component of the tumour 

microenvironment, being responsible for the mediation of the biological communication network 
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and the molecular signalling flow, it is important to observe the levels of this interleukin in this 

situation. A study by Abdollahi et al. [101] showed that overexpression of IL-8 and/or its receptors 

increases tumour growth and angiogenesis, a critical step for tumour metastasis [101].  

Taking into account the overproduction of IL-8 and aiming its reduction, it was revealed in 

1989 by a study in rheumatoid synovial membrane cultures that the use of anti-tumour necrosis 

factor (anti-TNF) mAbs inhibited the local production of proinflammatory mediators, such as 

interleukins (IL-1, IL-6, IL-8) [13, 102]. During the inflammatory process, the activation of cells took 

place after binding to IL-8 receptors, which are expressed in immune system cells such as 

neutrophils, monocytes, endothelial cells, astrocytes and microglia [103, 104]. The accumulation of 

active neutrophils in the injured areas and the overproduction of IL-8 can lead to chronic 

inflammatory conditions [103, 104]. The overproduction of IL-8 has been proposed to significantly 

contribute to all these pathologies, characterized by the accumulation of activated neutrophils in 

injured areas [103, 104].  

Tests using mAbs against IL-8 in animal models with acute inflammation showed inhibition or 

reduction of neutrophil function and partially solved inflammation [103, 104]. Several studies [103-

105] have shown that anti-IL-8 significantly reduces neutrophil infiltration in the early stage of the 

inflammation event and that anti-IL-8 treatment also reduced redness and sagging of the joints and 

prevented membrane damage synovial [103, 104]. In the study conducted by Yang et al. [106], it 

was found that among all fully human IgG2κ anti-IL-8 mAbs studied, K4.3 and K2.2 (derived from 

Xeno-Mouse strains) blocked IL-8 binding to human neutrophils, as well as the activation of 

neutrophils and chemotaxis of neutrophils. Skov et al. [103] provided an in vivo proof of concept of 

the application of an anti-human IL-8 antibody (HuMab 10F8) for the treatment of inflammatory 

diseases, such as palmoplantar pustulosis [103]. Mahler et al. [107] demonstrated that the use of 

anti-IL-8 antibody (ABX-IL8) in the treatment of chronic obstructive pulmonary disease was well 

tolerated and safe, once the neutralization of IL-8 led to small but significant reducing of the severity 

of dyspnea, the major symptom of this disease, which evidences a reduction in the number of 

neutrophils in the blood [107]. Investigations have also been conducted with HIV, where Guha et 

al. [108] found that anti-IL-8 restored 38 % and 22 % of neuronal death. As there are inflammation 

situations in cancer, this IL-8 mAbs is starting to be used in the treatment of cancer, being however 

under development [109]. An important finding in this field was reported by Huang et al. [109], 

showing promising results with the use of this therapy in a melanoma case. The results revealed 

that ABX-IL8 does not inhibit the proliferation of melanoma cells in vitro, but increases the number 

of apoptotic tumour cells and significantly suppressed tumorigenicity in vivo [109]. Using a more 
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complex model system of metastatic primary tumours, histochemical analysis confirmed that anti-

IL-8 therapy results in a significant reduction of Matrix Metalloproteinase-9-neutrophils, associated 

with reduced levels of angiogenesis [110].  

Interleukin-6 elicits acute phase reactions, but also the development of specific cellular and 

humoral immune responses, namely end-stage B cell differentiation, immunoglobulin secretion and 

T cell activation. It is produced at low levels, but there is an increase in its expression in the presence 

of inflammation or trauma [92, 93, 95]. After its production in the inflammatory region, it reaches 

the liver through the bloodstream. Following occurs a rapid induction of the secretion of vascular 

endothelium growth factor (VEGF), leading to the increased growth of blood vessels and vascular 

permeability in inflammation. It also induces high concentrations of SAA for a long time, that leads 

to the development of amyloid A amyloidosis – a severe complication of chronic inflammatory 

diseases [92, 93, 95].  

The dysregulated overproduction of IL-6 has been implicated in the development of several 

autoimmune and chronic inflammatory diseases (rheumatoid arthritis, systemic juvenile arthritis 

and Crohn’s disease) [111]. This association of IL-6 with inflammatory diseases was first shown in 

1988 in a case of rheumatoid arthritis, where the patients were detected with high levels in synovial 

fluids [112]. Subsequent studies [92] have shown that this dysregulation also occurred in swollen 

lymph nodes of Castleman’s disease, myeloma cells and peripheral blood cells or involved tissues 

in various other chronic inflammatory diseases. Consequently, it is extremely important to regulate 

the magnitude and duration of the response of this unregulated IL-6 production. One of the first 

approved mAbs for the treatment of inflammatory diseases was tocilizumab (trade name, Actemra) 

in 2010 [113]. This humanized anti-IL-6R mAb binds both soluble and transmembrane receptor of 

IL-6 (IL-6R), blocking the action of IL-6 without increasing its half-life [114]. Clinical studies [111, 

114-116] demonstrated its outstanding efficacy for the treatment of rheumatoid arthritis and 

Castleman's disease. For the treatment of rheumatoid arthritis, tocilizumab was quite effective with 

> 80 % and > 30 % of patients achieving ACR20 and ACR50 responses (clinical response parameter 

established by the American College of Rheumatology (ACR)), respectively [114]. Tocilizumab can 

be used as a monotherapy or in combination with disease-modifying antirheumatic drugs, and it 

has significantly suppressed the disease activity and radiographically detected progression of joint 

deformity, allowing to improve daily functional activity [111, 114-116]. Later, in 2014, siltuximab 

(trade name Sylvant) [117], anti-IL-6 chimeric (made from human and mouse proteins) mAb, was 

approved for the treatment of patients with Castleman’s disease who do not have human 

immunodeficiency virus (HIV) or human herpesvirus-8 (HHV-8). Van Rhee et al. [118] studied the 
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assess treatment of long-term safety and activity of siltuximab for 6 years, and concluded that in 97 

% of patients idiopathic multicentric Castleman disease was controlled, supporting the use of this 

anti-IL-6 mAb as a first-line therapeutic in this disease. Sarilumab (trade name Kevzara, 2017), a 

humanized anti-IL-6R mAb, is able to inhibit IL-6 signalling, which otherwise would upregulate the 

release of rheumatoid arthritis-related factors from hepatocytes [119]. Sarilumab was approved by 

FDA for the treatment of moderately to severely active rheumatoid arthritis in people who do not 

respond or tolerate more conventional treatments. The biopharmaceutical can be used alone or in 

combination with methotrexate or other disease-modifying antirheumatic drugs [119]. 

Fleischmann et al. [120] showed a reduction of the absolute neutrophil counts (<1000 cells.mm-3) 

for 13 % and 15 % of patients treated with combination therapy and only sarilumab, allowing to 

confirm its long-term safety profile. Also, a humanized anti-IL-6R mAb, satralizumab-mwge (trade 

name Enspryng), was the last one to be approved so far, in 2020. It is indicated for the treatment 

of neuromyelitis optica spectrum disorder (NMOSD) in adults with a particular antibody (anti-

aquaporin-4 positive) [121]. Traboulsee et al. [122] proved that the monotherapy with 

satralizumab-mwge reduces the risk of relapse by 55 % for all NMOSD patients and by 74 % in anti-

aquaporin-4 positive-IgG seropositive patients, suggesting it as a safe and effective alternative for 

all NMOSD patients. Yet, there are many clinical studies underway on anti-IL-6 mAbs, such as 

sirukumab (CNTO136), olokizumab (CP6038), elsilimomab (BE-8), clazakizumab (BMS945429) and 

MEDI5117 which are in different phases of clinical trials to ascertain their efficacy and safety [123]. 

All previously reported studies here discussed suggest that anti-IL-8 and anti-IL-6 mAb-based 

therapy, if proven effective in clinical trials, could be used to treat a broad spectrum of disorders, 

with particular interest for inflammatory diseases. 

1.3.4.3 Role of anti- IL-6 mAbs in the case of Severe Acute Respiratory Syndrome-2 

Inflammation is a stereotyped response [124]; so, it is reflected as a mechanism of innate 

immunity, as compared to adaptive immunity that is specific for each pathogen [124]. The 

inflammation response turns out to be transversal to several diseases, not only the inflammatory 

ones, but also infectious diseases for example. Infections are a frequent cause of inflammation and 

are caused by an infectious agent. The inflammation they cause depends on the type of infectious 

agent and the location of the organism where it is installed [125]. A known example of this is the 

coronavirus (CoVs), which contain a large group of viruses and is one of the main pathogens directed 

mainly to the human respiratory system. In the past decade, two new viruses have revealed to be 

highly pathogenic infectious agents for humans, causing potentially lethal infections. They are the 
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coronaviruses responsible for Severe Acute Respiratory Syndrome (SARS-CoV) and the 

coronaviruses of the Middle East Respiratory Syndrome (MERS-CoV) [126-128]. Genetic analysis 

carried out to date have shown that the new CoVs belong to the same group that includes SARS-

CoV, identified 10 years ago [126-128]. The designation of the new coronavirus as 2019-nCoV has 

been replaced by SARS-CoV-2, which means that it is the second coronavirus in the SARS group.  

The SARS-CoV-2 was first identified in humans in December 2019 in the city of Wuhan, China, 

causing an infection disease, called Coronavirus Disease 2019 (COVID-19) that had spread 

worldwide [126-129]. This infection can be asymptomatic, but even in these cases, infected 

individuals can transmit the virus to other people, especially during the first days after the infection, 

when the viral replication in the upper respiratory tract is particularly productive [126-129]. The 

clinical signs and symptoms that characterize COVID-19 are very diverse, including fever, cough, 

illness and breathing difficulties, with invasive lesions in lungs that appear after an incubation 

period that can vary between 2 to 14 days [127]. In more severe cases, the infection can cause 

pneumonia, SARS, kidney failure and even death [127]. Although the virus can infect people of all 

ages, it appears to be particularly aggressive for individuals over the age of 65 with co-morbidities 

(example diabetes, hypertension, liver problems or immunosuppression due to cancer) [126-129].  

SARS-CoV-2 is easily transmitted from person to person in two ways, through droplets and 

aerosols emitted with coughing, sneezing or during conversation at small distances. Its replication 

(Figure 1.3.9) on host cells occurs when the S glycoprotein on the virion binds to cellular receptor 

angiotensin-converting enzyme 2 (ACE2) and enters the target cells via an endosomal pathway [128, 

130]. Following the entry, the viral RNA is unveiled in the cytoplasm and some RNA is translated 

into polyproteins, which are cleaved by proteases. Some of these proteins form a replication 

complex to produce more RNA. After the production of SARS-CoV-2 structural proteins, 

nucleocapsids are assembled in the cytoplasm and followed by budding into the lumen of the 

endoplasmic reticulum (ER)–Golgi intermediate compartment. The virions are then released from 

the infected cell via exocytosis [128, 130].  

There are several approaches to the treatment of viruses, but is important to recognize that, 

at the moment, there are few available antiviral treatments. Considering the most recent pandemic, 

the approaches involved convalescent plasma therapy and antiviral therapies, with the aim of 

reducing viral replication, which is the main pathogenic mechanism. Another possible approach is 

immunomodulatory therapies, which are directed at the inflammatory response that leads to ARDS 

[131].  
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According to the pathogenesis of SARS-CoV-2, several studies evidenced that inflammatory 

cytokines and chemokines, including IL-6, IL-12, induced protein 10 (IP10), monocyte 

chemoattractant protein-1 (MCP-1) and TNF-α are considerable released in COVID-19 patients, 

creating a “cytokine storm” [132-134]. Thus, these released cytokines can be seen as important 

targets for the development of a therapeutic treatment. Post-mortem pathological analysis 

revealed tissue necrosis, interstitial macrophage and monocyte infiltrations in the lung, heart, and 

gastrointestinal mucosa [132-134]. These analysis are in accordance with IL-6 overproduction, 

which leads to an excessive signalling pathway and contribute to organ damage, including the 

maturation of naive T cells into effector T cells, induction of VEGF expression in epithelial cells, 

increased vessel permeability and reduced myocardium contractility [132]. 

 

 

Figure 1.3.9. Life cycle of SARS-CoV-2 in the host cells. S glycoprotein on the virion binds to ACE2. The virion 

then releases its RNA, some being translated into proteins by the cell’s machinery. Proteins and RNA are 

assembled into a new virion in the Golgi complex and released from the cell. Created with a paid 

subscription of BioRender (https://biorender.com). 

Therefore, targeting IL-6 and its receptor (IL6R) using mAbs, such as tocilizumab, could 

mitigate cytokine storm-related symptoms in severe COVID-19 patients [135]. In  2017, tocilizumab 

was approved by FDA for severe life-threatening cytokine release syndrome [136]. Moreover, Xu et 

al. [137] observed, with repeated doses of tocilizumab 4 mg·kg-1 Intravenous (maximum dose 400 

mg), a recovery of 91 % of patients with severe respiratory symptoms. Also with the same dosage, 
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Buonaguro et al. [133] observed that most patients experienced a 75 % improvement in the need 

for lower oxygen, an increase in lymphocyte levels, decreased fever and improvement in chest 

tightness. Taking these results into account, since March  2020, tocilizumab has been officially 

included in the treatment program for COVID-19 (7th edition) of the National Health Commission of 

China for patients with increased levels of IL-6, extensive opacity of bilateral lung injuries or in 

critically ill [138].  

Based on the exposed, it seems that anti-IL6R mAb presents a protective role in COVID-19, 

and in particular tocilizumab, that demonstrated to be an effective therapeutic strategy in severe 

disease.  What conveys a lot of hope is that in the past two months in China, clinical treatment with 

tocilizumab has shown remarkable efficacy and safety, promoting a certain expectation of 

benefiting other countries that are currently fighting the pandemic. However, it should be remarked 

that anti-IL6R may only be controlling the “cytokine storm” with no deleterious effect on virus 

replication [133, 138]. 

1.3.4.4 Other recently approved monoclonal antibodies for the case of inflammatory 

diseases 

By December 2020, 96 therapeutic mAbs had been approved by the FDA; still, there is a 

significant growth potential associated to these biopharmaceuticals [119]. Only during 2019 and 

2020, 20 new mAbs were approved in the US and started to be commercialized by several known 

pharmaceutical companies, such as Genentech®, Roche®, Novartis®, Alder BioPharmaceuticals®, 

Immunomedics®, Chugai Pharmaceutical®, AstraZeneca®, Viela Bio® and MedImmune®. These new 

mAbs were approved for the treatment of several disorders, for instance: thrombotic 

thrombocytopenic purpura (caplacizumab-yhdp), moderate-to-severe plaque psoriasis 

(risankizumab-rzaa), diffuse large B-cell lymphoma (polatuzumab vedotin-piiq and tafasitamab-

cxix), osteoporosis (romosozumab-aqqg), macular degeneration (brolucizumab-dbll), sickle cell 

disease (crizanlizumab-tmca), urothelial cancer (enfortumab vedotin-ejfv), HER2+ metastatic breast 

cancer (fam-trastuzumab deruxtecan-nxki and margetuximab-cmkb), migraine prevention 

(eptinezumab-jjmr), multiple myeloma (isatuximab-irfc and belantamab mafodotin-blmf), thyroid 

eye disease (teprotumumab-trbw), triple-negative breast cancer (sacituzumab govitecan-hziy), 

neuromyelitis optica spectrum disorder (inebilizumab-cdon and satralizumab-mwge), Ebola virus 

infection (atoltivimab, maftivimab, and odesivimab-ebgn [mixture of 3 human IgG1] and 

ansuvimab-zykl), high-risk neuroblastoma and refractory osteomedullary disease (naxitamab-

gqgk).  
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Among the 20 approved mAbs, 3 were suggested to be used in the treatment of inflammatory 

diseases, such as plaque psoriasis (risankizumab-rzaa [139]) and neuromyelitis optica spectrum 

disorder (satralizumab-mwge [121] and inebilizumab-cdon [140]). Nevertheless, it should be 

remarked that inflammation appears also as a condition with an important role in several other 

type of diseases pathogenesis and progression. Therefore, several mAbs have been approved 

throughout the years for such disorders, namely in the prevention of respiratory syncytial virus 

infection (palivizumab [141]), treatment of macular degeneration (ranibizumab [142] and 

brolucizumab-dbll [143]), chronic lymphocytic leukemia (alemtuzumab [144], ofatumumab [102] 

and obinutuzumab [145]), Non-Hodgkin lymphoma (ibritumomab tiuxetan [146]), Hodgkin 

lymphoma and systemic anaplastic large cell lymphoma (brentuximab vedotin [147]), giant lymph 

node hyperplasia and Castleman’s disease (siltuximab [117]), acute lymphoblastic leukemia 

(blinatumomab [148], gemtuzumab ozogamicin [149] and inotuzumab ozogamicin [150]), hairy cell 

leukemia (moxetumomab pasudotox-tdfk [151]), thrombotic thrombocytopenic purpura 

(caplacizumab-yhdp [152]), diffuse large B-cell lymphoma (polatuzumab vedotin-piiq [153]) and 

thyroid eye disease (teprotumumab-trbw [154]).  

The FDA-approved mAbs for the treatment of inflammatory diseases are summarized in 

Table 1.3.1, being the 3 most recent approved mAbs for inflammatory diseases and the 3 most 

recent approved for diseases with relevant inflammation indication highlighted in bold and further 

discussed in detail. For some of the mentioned diseases, there are also small molecule therapeutics 

[155] available and often prescribed (e.g., rheumatoid arthritis [156], psoriasis [157]). However, 

such class of molecules are not under the scope of the present chapter, and thus only mAbs-based 

biopharmaceuticals are mentioned and discussed. 

Table 1.3.1. FDA-approved mAbs for the treatment of inflammatory diseases. 

International non-

proprietary name 
Brand name Type Disease 

Approval 

year 
Ref. 

Rituximab Rituxan Chimeric RA 
1997#; for 

RA in 2006 
[102] 

Infliximab Remicade Chimeric Crohn’s disease 1998 [158] 

Adalimumab Humira Fully Human RA 2002 [102, 158] 



1 General introduction 
 

94 
 

Omalizumab Xolair Humanized Asthma 2003 [158] 

Certolizumab-pegol Cimzia Humanized RA, Crohn’s disease 2008 [117, 158] 

Golimumab Simponi Fully Human 

RA, psoriatic arthritis, 

and ankylosing 

spondylitis 

2009 [117, 158] 

Canakinumab Ilaris Fully Human 
Cryopyrin-associated 

periodic syndrome 
2009 [158] 

Ustekinumab Stelara Fully Human 

Psoriasis, plaque 

psoriasis, psoriatic 

arthritis, Crohn’s 

disease 

2009 
[117, 158, 

159] 

Tocilizumab Actemra Humanized RA 2010 

[102, 

117  , 

158  , 159] 

Belimumab Benlysta Fully Human 
Systemic lupus 

erythematosus 
2011 [160] 

Vedolizumab Entyvio Humanized 
Ulcerative colitis and 

Crohn’s disease 
2014 [158, 159] 

Secukinumab Cosentyx Fully Human 

Arthritis, psoriatic 

psoriasis, ankylosing 

spondylitis 

2015 [161] 

Mepolizumab Nucala Humanized 
Severe eosinophilic 

asthma 
2015 [162] 

Ixekizumab Taltz Humanized Plaque psoriasis 2016 [117] 

Reslizumab Cinqair Humanized Asthma 2016 [163] 

Sarilumab Kevzara Fully Human RA 2017 [117] 

Guselkumab Tremfya Fully Human Plaque psoriasis 2017 [117] 

Ocrelizumab Ocrevus Humanized 
RA and systemic lupus 

erythematosus 
2017 [102, 158] 

Brodalumab Siliq Chimeric Plaque psoriasis 2017 [164] 

Benralizumab Fasenra Humanized Asthma 2017 [165] 

Tildrakizumab-asmn Ilumya Humanized Plaque psoriasis 2018 [166] 

Ibalizumab-uiyk Trogarzo Humanized HIV 2018 [167] 
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Risankizumab-rzaa Skyrizi Humanized 
Moderate-to-severe 

Plaque psoriasis 
2019 [139] 

Polatuzumab vedotin-

piiq* 
Polivy Humanized 

Diffuse large B-cell 

lymphoma 
2019 [153] 

Brolucizumab-dbll* BEOVU Humanized Macular degeneration 2019 [143] 

Teprotumumab-trbw* Tepezza Fully Human Thyroid eye disease 2020 [154] 

Satralizumab-mwge Enspryng Humanized 
Neuromyelitis optica 

spectrum disorder 
2020 [121] 

Inebilizumab-cdon Uplizna Humanized 
Neuromyelitis optica 

spectrum disorder 
2020 [140] 

HIV - human immunodeficiency virus; RA - rheumatoid arthritis; # - first approved for the treatment of Non-Hodgkin’s 

lymphoma and chronic lymphocytic leukemia; * - recently approved mAbs for other diseases with relevant 

inflammation indication. 

 

Risankizumab-rzaa 

Psoriasis is a skin disease that causes red and itchy scaly patches on the knees, elbows and 

scalp [168]. This condition has an increased expression of pro-inflammatory cytokines, namely IFN-

γ, TNFα, IL-1, IL-6, and the chemokine IL-8. This overproduction is consistent with the inflammatory 

markers found in lesioned psoriatic skin [168, 169]. Also, IL-23 is produced by antigen-presenting 

cells and induces and maintains the differentiation of T-helper cells (Th17 and Th22), which are a 

primary cellular source of proinflammatory cytokines [170]. Such cytokines mediate the 

keratinocyte immune activation, epidermal hyperplasia and tissue inflammation in psoriasis [170]. 

About 90 % of the cases of psoriasis correspond to a chronic illness situation without cure. However, 

a promising therapeutic was recently proposed, namely risankizumab-rzaa [168, 169]. 

Risankizumab-rzaa (brand name SKYRIZI) is a humanized IgG1 mAb that was developed in 

partnership between AbbVie and Boehringer Ingelheim, for the treatment of immunological and 

inflammatory disorders. This biopharmaceutical binds with high affinity to and neutralizes the p19 

subunit of IL-23, thereby inhibiting the proinflammatory effects of IL-23 [139, 143]. IL-23 regulates 

the inflammation in the peripheral tissues, especially in type 1-polarized T-cell-driven disease. In 

vitro, risankizumab was able to inhibit IL-23-dependent phosphorylation of STAT3 in human B-

lymphoblastoid cell lines originated from human diffuse large cell lymphoma, whereas in vivo (in 

mouse splenocytes) it inhibited the induction of IL-17 production from human IL-23 stimulation 
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[139]. The recommended dosage of this biopharmaceutical is 150 mg (two 75 mg subcutaneous 

injections), but it carried out some risks of infections, including the activation of tuberculosis sepsis, 

cellulitis, and pneumonia. In the phase I of clinical trials, patients received a single dose of this mAb, 

where some of them received via intravenous, subcutaneous and a control group received the 

placebo (solution of 0.9 % NaCl). At the end of the 12th week, 87 % of patients achieved a decrease 

of 75 % in the Psoriasis Area and Severity Index (PASI), while 58 % and 16 % of the patients achieved 

a decrease of 90 % and 100 %, respectively [171, 172]. In phase II, several patients received 

subcutaneous injections of risankizumab-rzaa or ustekinumab and also the placebo. At week 12, 77 

% and 40 % of the patients achieved a decrease of 90 % or higher in the PASI, for risankizumab-rzaa 

or ustekinumab, respectively [172]. To evaluate the efficacy, safety and tolerability, a third phase 

program, with four random clinical trials (IMMvent (NCT02694523), IMMhance (NCT02672852), 

ultIMMA-1 (NCT02684370), and ultIMMa-2 (NCT02684357)) was conducted in Asia, Canada, 

Europe, Mexico, South America, and the United States, comparing risankizumab-rzaa to 

ustekinumab, adalimumab and placebo in the indication of plaque psoriasis [139, 143, 171]. In the 

end of these 4 trials, risankizumab-rzaa showed more efficacy than placebo and more tolerability. 

On 26th March 2019, it was first approved in Japan for the treatment of plaque psoriasis, generalized 

pustular psoriasis, erythrodermic psoriasis and psoriatic arthritis, and on 23rd April 2019, FDA 

approved the treatment of moderate to severe plaque psoriasis. By the end of April 2019, this mAb 

had been granted approvals in Canada, US, and EU. Nevertheless, there are still many clinical trials 

ongoing, namely in Brazil and Russia, for the treatment of psoriatic arthritis, Crohn’s disease, 

ulcerative colitis and atopic dermatitis [139, 143, 171]. 

 

Polatuzumab vedotin-piiq 

Polatuzumab vedotin-piiq (brand name Polivy) is a humanized IgG1 conjugated to the 

antimitotic agent monomethyl auristatin E (MMAE) that was developed by Genentech and Roche 

as an antibody-drug conjugate designed for the treatment of haematological malignancies. Its 

target is CD79b, which is a B-cell receptor component, moderately to strongly expressed in 

lymphoma covalently conjugated via a cleavable linker to the MMAE. After the internalization and 

linker cleavation of Polivy, the released MMAE inhibits cell division and promotes apoptosis [143, 

153]. Polatuzumab vedotin-piiq displayed activity against most diffuse large B-cell lymphoma cell 

lines evaluated in vitro, regardless of whether they were of the activated B-cell-like (ABC) or 

germinal center-like cell-of-origin subtype or harboured mutations in CD79B known to be 

associated with poor survival in diffuse large B-cell lymphoma. In vivo (mouse xenograft models), 
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polatuzumab vedotin-piiq enhanced the apoptosis and reduced the proliferation of mature CD79b+ 

B-cell NHL cell lines, increasing the overall survival [153]. Its recommended dosage is an intravenous 

infusion of 1.8 mg·kg-1 in combination with bendamustine plus rituximab, but included common 

side effects - cytopenia [143, 153, 173, 174]. There were several clinical trials to test the use of 

polatuzumab vedotin-piiq in combination with immunotherapy, immunomodulating therapy, 

chemotherapy and as monotherapy. However, its approval by the FDA was based on evidence from 

one study GO29365 (NCT02257567), an open-label, multicenter clinical trial that included a cohort 

of patients with relapsed or refractory diffuse large B-cell lymphoma (DLBCL), that was steered in 

the US, Canada, Europe, and Asia [143, 153]. The phase Ib safety run-in included 6 Polivy combined 

with bendamustine and rituximab (P+BR)–treated patients, where the best response by the 

independent review committee was a complete response (CR) rate of 50.0 % and an overall 

response of 50.0 % [153, 173, 174]. In a phase Ib/II expansion it was evaluated Polivy plus 

bendamustine and obinutuzumab (P+BG)-treated patients, and the best results by the independent 

review committee was a CR rate of 37.0 %, an overall response of 48.1 % and an average survival of 

10.8 months [143, 153, 173, 174]. In phase II, patients were randomized to receive an intravenous 

therapy of Polivy (1.8 mg·kg-1) with bendamustine (90 mg·m-2) and rituximab (375 mg·m-2) (P+BR) 

or BR alone, during 21 days for 6 cycles. Efficacy was founded on CR rate and duration of response 

(DOR), established as the time the disease stays in remission. At the end of the treatment, by PET-

CT (Positron Emission Tomography – Computed Tomography) scans, the best responses by the 

independent review committee was a CR rate of 50.0 % with P+BR and 22.5 % with BR alone, an 

overall response of 62.5 % with P+BR compared with 25.0 % with BR and a median overall survival 

of 12.4 and 4.7 months, respectively [143, 153, 173, 174]. In 10th June 2019, polatuzumab vedotin-

piiq was approved in the US by FDA in combination with the chemotherapy bendamustine and a 

rituximab product for the treatment of relapsed/refractory diffuse large B-cell lymphoma – a rare 

type of white blood cells cancer. In the end of January 2020 it was approved for medical use in EU, 

by EMA [143, 153]. Despite this approval there are still numerous clinical trials enduring, for 

instance a phase Ib/II with Polivy in combination with an immunomodulating agent, a phase III 

comparing polatuzumab vedotin-piiq plus rituximab-CHP with rituximab-CHOP and a phase Ib/II 

trials which are evaluating polatuzumab vedotin-piiq in combination with other 

immunochemotherapy [153]. 
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Brolucizumab-dbll 

Brolucizumab-dbll (brand name BEOVU) consists in a humanized single-chain antibody 

fragment (scFv) that was industrialized by ESBATech, Alcon Laboratories, and Novartis for the 

treatment of exudative (wet) age-related macular degeneration (AMD), diabetic macular edema 

and macular edema secondary to retinal vein occlusion [175]. In AMD, a process called choroidal 

neovascularization occurs, in which new atypical blood vessels develop under the retina [176]. Due 

to this phenomenon, a localized macular edema or haemorrhage may elevate the area of the 

macula. In such situation, it is shown that high levels of VEGF and IL-10, 12 and 6 are present [176]. 

Brolucizumab-dbll is a biopharmaceutical that binds to the 3 major isoforms of human VEGF-A 

(VEGF110, VEGF121, and VEGF165), thereby interfering with their interaction with receptors 

VEGFR-1 and VEGFR-2, leading to the suppression of endothelial cell proliferation, 

neovascularization, and vascular permeability. By blocking VEGF-A, brolucizumab-dbll reduces the 

blood vessels growth and controls the leakage and swelling [143, 175]. In vitro BEOVU achieved a 

Ka of 28.4 pmol/L and an IC50 of 0.86 for the biding between VEGF165 and VEGFR2, which induced 

proliferation of human umbilical vein endothelial cells. In vivo (cynomolgus monkeys), after one 

intravitreal injection parallel clearance from all ocular compartments was observed [175]. The 

recommended dosage regime is 6 mg (0.05 ml of a 120 mg·ml-1 solution) via intravitreal injection 

monthly, despite that hoard side effects, as blurred vision, cataract, conjunctival haemorrhage, 

increased intraocular pressure, among others [175]. In a SEE study: phase I/II, a single dose of an 

intravitreal injection of brolucizumab-dbll (0.5, 3, 4.5, or 6 mg) was compared with ranibizumab 0.5 

mg, which consisted in dose-escalation phase of brolucizumab-dbll to the maximum feasible dose 

[143, 175, 177]. In the OWL study: phase II (NCT01849692) brolucizumab-dbll was compared once 

again with ranibizumab, using microvolume injections (1.2 mg·10 μL-1 and 0.6 mg·10 μL-1) and 

infusions (1.0 mg·8.3 μL-1 and 0.5 mg·8.3 μL-1) and both stages demonstrated an effective comeback 

to BEOVU injection, with 70 % and 80 % rates in stages 1 and 2, respectively, and a rate of 60 % in 

the brolucizumab-dbll infusion [143, 175, 177]. In the OSPREY study: phase II (NCT01796964), 

several patients were randomized to compare the intravitreal injection between brolucizumab-dbll 

(6 mg·50 μL-1) and aflibercept (2 mg·50 μL-1). The treatment regime encompassed 3 treatment 

periods, week 8, week 32 and week 44 for brolucizumab-dbll, with the aflibercept group maintained 

on q8-week dosing. At week 40 (q12-week), this study demonstrated that a 61 % of brolucizumab-

dbll-treated eyes had a non-appearance of intraretinal fluid and subretinal fluid and these results 

gave crucial information for the study design and end points of the Phase III studies [143, 175, 177]. 

The optimal treatment and dosing regimen for patients (q8 weeks or q12 weeks) were determined 
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by HAWK and HARRIER Studies: Phase III. In HAWK (NCT02307682) and HARRIER (NCT02434328) 

studies, brolucizumab-dbll and aflibercept were administered through intravitreal injection at 

weeks 0, 4, and 8, then once every 12 weeks unless disease activity was exhibited. Brolucizumab-

dbll successfully finalized phase III, demonstrating its efficacy and safety, while reducing treatment 

burden associated with regular IVT injections by achieving a result of 55.6 % and 51.0 %, maintained 

in the dose range of q-12 week afterwards the loading phase until week 48 in HAWK and HARRIER, 

respectively [143, 175, 177]. On 9th October 2019 it received its first approval by FDA for the 

treatment of wet AMD. BEOVU was the first anti-VEGF approved that offered greater fluid 

resolution versus aflibercept and also the ability to maintain eligible wet AMD patients on a three-

month dosing interval immediately after a three-month loading phase. By the end of February 2020 

its use was approved in the European Union [143, 175, 177]. Several phase III studies comparing 

brolucizumab-dbll and aflibercept in patients with diabetic macular edema and retinal vein 

occlusion are undergoing [175]. 

 

Teprotumumab-trbw 

Teprotumumab-trbw (brand name Tepezza) is a fully human IgG1 developed by the Horizon 

Therapeutics and used for the treatment of thyroid eye disease. Thyroid eye disease is a condition 

in which the eye muscles, eyelids, tear glands and fatty tissues behind the eye become inflamed 

[178]. In this condition, there is the trigger of autoantibodies that activates the thyroid-stimulating 

hormone receptor (TSHR) and leads to the overproduction of thyroid hormones by thyroid follicular 

cells. Autoantibodies that activate the insulin-like growth factor-1 receptor (IGF-1R) signalling are 

also produced, ultimately stimulating cytokine production and extracellular matrix [178]. In this 

specific disease, there is up-regulation of TNF-α and IL-6 cytokine production [178]. In order to 

tackle this disorder, teprotumumab-trbw was recently approved. This biopharmaceutical targets 

IGF-1R and blocks its activation and signalling; however, the exact mechanism of its actuation as a 

drug has not been fully strongminded and no official studies have been conducted [154]. The 

recommended prescription is an initial dose of 10 mg·kg-1 intravenous infusion and then a dose of 

20 mg·kg-1 every three weeks for 7 additional infusions. Similarly to any other drug, it has some risks 

associated, like muscle spasms, nausea, alopecia, diarrhea and fatigue [154]. In 2016, a phase I trial 

in patients with diabetic macular edema was completed [143, 154, 179]. Tepezza was approved 

based on the results of two clinical trials, Trial I/ NCT01868997 and Trial II/ NCT03298867. The phase 

II trial was a multicenter, double-mask and placebo-controlled study, where teprotumumab-trbw 

was administered intravenously to patients (10 mg·kg-1 for the first infusion and 20 mg·kg-1 
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thereafter) and placebo (8 infusions), during 3 weeks. At week 24, it showed a greater than two-

millimeter reduction in proptosis (eye protrusion) in 71.4 % of the teprotumumab-treated patients, 

as compared with 20 % of the placebo-treated ones [143, 154, 179]. In the phase III trial, patients 

with active thyroid eye disease were randomized the same way they were in phase II. At week 24 

(primary outcome) a reduction in proptosis was observed in 83.0 % of teprotumumab patients 

versus 10.0 % of placebo patients. Moreover, the results from orbital imaging, made in patients 

treated with teprotumumab, revealed reductions of the orbital fat volume and in the extraocular 

muscle [143, 154, 179]. On 21st January 2020, teprotumumab received its first approval in US by 

FDA for the treatment of thyroid eye disease. A specific clinical trial is currently ongoing, consisting 

in an extension of the phase III OPTIC trial, OPTIC-X (NCT03461211), with the purpose to provide 

access of this biopharmaceutical for patients with thyroid eye disease when no satisfactory 

alternative therapy is available [154]. 

 

Satralizumab-mwge 

Satralizumab-mwge (brand name Enspryng) is a humanized immunoglobulin G2 and was 

developed by Chugai Pharmaceutical and Roche for the treatment of neuromyelitis optica spectrum 

disorder (NMOSD). NMOSD is a chronic inflammation disorder of the brain and spinal cord, 

associated with serum aquaporin-4 IgG antibodies (AQP4-IgG) [180]. There are indications of high 

levels of T helper 17 (Th 17) cells-related cytokines, including IL-21, IL-23, IL-17, and IL-6, in NMO 

sera [180]. In this sense, a very recent mAb – Satralizumab-mwge – was developed; however, the 

exact mechanism of its action is still unknown. Although, it is believed that it binds to the IL-6 

receptor, blocking IL-6 signalling paths, reducing inflammation and IL-6 mediated autoimmune T- 

and B-cell activation, preventing differentiation of B cells into anti-aquaporin-4-IgG secreting 

plasma blasts [121, 143]. In vitro, Enspryng allowed a reduction of NMO-induced BBB dysfunction. 

In vivo, subcutaneously administered Enspryng, inhibited in a significant way the IL-6 receptor 

signalling for four weeks, with increases in soluble IL-6 receptor levels observed in Japanese and 

Caucasian healthy volunteers and patients with rheumatoid arthritis or with NMOSD [121, 143]. A 

dosage of 120 mg is recommended at week 0, 2 and 4 as loading doses, followed by a maintenance 

dose of 120 mg every 4 weeks [121]. In phase I of the clinical trial, two studies were performed. SA-

001JP was a single dose study in healthy volunteers, where the doses ranged from 30 to 240 mg 

[181].  

Rheumatoid arthritis (RA) is a chronic autoimmune and inflammatory disorder, that primarily 

affects joints. It is a complex disease, involving many types of cells, macrophages, T and B cells, 
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fibroblast, dendritic cells, among others [182]. RA results in the body’s immune system attacking 

the tissues of the joints, causing extremely pain and inflammation [112, 182]. The inflammatory 

process is characterized by infiltration of cytokines, like TGF- β, IL-1β, IL-6, IL-21, and IL-23, that 

suppress production of regulatory T cells and shift the homeostatic balance, and lead to 

proliferation of synoviocytes and destruction of cartilage and bone [112, 182]. SA-105JP was a 

multiple dose study in patients with rheumatoid arthritis, where they received a loading dose of 

120 mg of satralizumab-mwge at weeks 0, 2, and 4, followed by three further doses of either 120 

mg, 60 mg, or 30 mg, also at four week intervals [181]. Within the first 28 days of SA-001JP, serum 

C-reactive protein levels were underneath the limit in all participants who received 120 mg and 240 

mg, suggesting the efficient IL-6R blocking. In SA-105JP, the results showed that a loading dose of 

120 mg at Weeks 0, 2 and 4, followed by 120 mg, resulted in a stable IL-6R concentration for the 

duration of treatment in patients with rheumatoid arthritis [181]. Enspryng’s approval was based 

on robust data from a two phase III of clinical trials, SAkuraStar (NCT02073279) and SAkuraSky 

(NCT02028884), in patients with anti-aquaporin-4-IgG seropositive and seronegative [121, 143, 

181]. Patients were randomized to receive satralizumab-mwge subcutaneously (120 mg) or saline 

placebo at weeks 0, 2, 4, and every 4 weeks thereafter for a maximum duration of 1-5 years [121, 

143, 181].  The monotherapy study, SAkuraStar, demonstrated that satralizumab-mwge 

considerably reduced the risk of relapse versus placebo by 55 % in all representative NMOSD’s 

patients [121, 122, 143, 181]. The baseline immunosuppressant therapy, SAkuraSky, included 

azathioprine, mycophenolate mofetil or oral corticosteroids at stable doses. Satralizumab-mwge 

lowered the risk of relapse versus placebo by 62 % in NMOSD’s patients, including anti-aquaporin-

4-IgG positive and negative patients. The proportion of relapse free at weeks 48 and 96 was 89 % 

and 78 % with satralizumab-mwge and 66 % and 59 % with placebo, respectively. The threat of 

relapse in patients who received satralizumab-mwge added to immunosuppressant treatment was 

lower in comparison with those that received the placebo [121, 122, 143, 181, 183]. Based on the 

two phase III trials, satralizumab-mwge showed to have a favorable safety profile and to be 

generally well tolerated when administered as a monotherapy or as an add-on therapy to baseline 

immunosuppressant therapy in patients with NMOSD [121, 122]. Despite all promising results, it 

should be remarked that satralizumab-mwge reported adverse effects, including headache, 

arthralgia and injection related reactions [121]. On 17th August 2020, satralizumab-mwge was 

approved in the US by FDA for the treatment of NMOSD in adult patients who are anti-aquaporin-

4-IgG positive. The open-label extension periods of phase III SAkuraStar (NCT02073279) and 

SAkuraSky (NCT02028884) trials are currently ongoing [121, 143]. 
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Given the aforementioned information, during 2020 many mAbs have been approved for the 

treatment of a wide range of diseases, especially inflammatory ones. In addition to the approved 

mAbs, there are still many FDA and EMA clinical studies underway, for instance narsoplimab 

(Omeros Corporation), tanezumab (Pfizer, Eli Lilly and Company), etrolizumab (Roche) and 

netakimab (BIOCAD) [143]. 

1.3.5. Conclusions 

Antibodies are proteins produced by vertebrates to help the immune system to fight viruses, 

bacteria, or other pathogens by recognizing a specific antigen. Due to advances on biotechnology 

and biomedicine it became possible to produce mAbs in high titers using mammalian cell 

technology. The development of new technologies and all characteristics associated to mAbs 

(specificity, selectivity, and affinity) result in their recognition as important tools for therapeutic 

purposes, covering a wide range of diseases, with ca. 26 % developed to target inflammatory 

disorders. Inflammation is part of the body's natural immune response; however, an excessive 

response can last for months and years, causing tissue damage and leading to undesirable 

pathological manifestations such as cancer, diabetes, and cardiovascular, neurological, and chronic 

inflammatory diseases. Therefore, it is crucial to have available biopharmaceuticals to treat long-

term inflammation without (or with reduced) side effects – such as mAbs.  

In the current chapter, it is provided the state-of-the-art related with the characteristics, 

features, and possible applications of mAbs, focusing on inflammatory diseases. The molecular 

mechanisms and molecules/mediators involved in the inflammatory process were overviewed, 

while presenting some of the most recently approved mAbs-based treatments. There are over 150 

mAbs currently being evaluated in clinical trials or as candidates for approval, and more than 90 

mAbs are already approved by FDA (and/or EMA). Several studies demonstrated mAb-based 

therapies approved by FDA for the treatment of inflammatory diseases, such as sarilumab and 

brodalumab for rheumatoid arthritis and plaque psoriasis, respectively. More recent mAbs 

approved in this field comprise risankizumab-rzaa for the treatment of plaque psoriasis, and 

satralizumab-mwge and inebilizumab-cdon for neuromyelitis optica spectrum disorder. It is also 

important to highlight anti-IL6 and anti-IL6R mAbs that were already approved by FDA, such as 

tocilizumab, siltuximab and sarilumab, since they show high potential to fight inflammation. 

Tocilizumab has been of particular interest in the last months by the scientific and medical 

community due to its possible application for the treatment of severe patients with COVID-19.  
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All the works discussed in this chapter allow to understand that the mAbs field is constantly 

evolving and gaining visibility, with several new/recently approved mAbs showing very promising 

results for the treatment of inflammatory diseases and/or diseases with relevant inflammation 

indication. Overall, in the field of biopharmaceuticals, it is estimated that mAb-based products will 

continue to dominate the market in the next years.  

Even though it is clearly stated the effectiveness of mAbs as powerful therapeutic agents, 

their current high cost, mainly arising from difficulties on their purification from the 

complex/biological medium in which they are produced, still limits their widespread use. Thus, 

several treatments usually resort to the use of cheaper small molecules with reduced target 

selectivity and high toxicity. Based on the exposed, and to tackle the accessibility challenge of mAbs, 

significant efforts are still required, particularly to reduce production time and costs through the 

development of cost-effective downstream strategies. Furthermore, the information here 

presented should encourage both the testing and clinical trials of already existing mAbs that can 

have a positive effect in the treatment of several diseases (including inflammatory disorders), but 

also the search on new and more efficient alternatives to boost the widespread use of mAbs as 

conventional therapies for a wide range of diseases. 
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2.1. Purification of human antibodies from serum samples using aqueous biphasic 

systems comprising ionic liquids as adjuvants 

This chapter is based on the manuscript under preparation with 

Emanuel V. Capela, Alexandra Wagner, João A.P. Coutinho, M. Raquel Aires-Barros, Ana M. 

Azevedo, Mara G. Freire 

 

2.1.1. Abstract 

Despite the therapeutic potential of human antibodies in the treatment of several diseases, 

the recovery of these biopharmaceuticals from human sera with high quality and purity is still very 

complex and expensive. Herein, we propose a novel and high-efficient approach based on the 

aqueous biphasic systems comprising ionic liquids (ILs) as adjuvants for IgG purification from human 

serum samples. The process was first optimized by addressing the IgG extraction and yield playing 

with the IL cation and anion and IL concentration in the ABS composed of polyethelyneglycol (PEG) 

and dextran. The most promising conditions were then applied and optimized for the extraction 

and purification of IgG directly from human serum. Overall, IgG is enriched in the PEG-rich phase, 

the phase for which the IL migrates as well. With the optimized system, containing the IL 1-butyl-3-

methylimidazolium bromide ([C4mim]Br) at 35 wt%, a recovery of 93.0 % and a purity level of 93.2 

% of polyclonal antibodies was achieved in a single-step. These results reinforce the relevance of 

having ILs with low hydrogen-bond basicity anions and aromatic cations to improve the selectivity 

towards IgG. Therefore, a novel approach was proposed as a very promising and powerful tool for 

the purification of human antibodies in a one-step, very simple, flexible and cost-effective 

approach, thus contributing for the widespread use of this biopharmaceutical as a recurrent and 

low-cost therapy. Finally, this work reports promising evidences on the possibility of introducing ILs 

in the purification of antibodies, giving room for deeper studies on this field. 

2.1.2. Introduction 

Progress in pharmaceutical sciences led to the dawn of biopharmaceuticals, among which 

antibodies are the most relevant [1].  

_______________________________________________________________________________________ 

Contributions: A.M.A. and M.G.F. conceived and directed this work. E.V.C. and A.W. acquired the 
experimental data. E.V.C., A.M.A. and M.G.F. interpreted the obtained experimental data. E.V.C. and M.G.F. 
wrote the final manuscript, with significant contributions of the remaining authors. 
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Antibodies are host proteins found in plasma and extracellular fluids that serve as the first 

response and comprise one of the principal effectors of the adaptive immune system [2]. They are 

generally produced in response to foreign molecules and pathogens, which they ultimately 

neutralize, being further eliminated by phagocytoses. Immunoglobulin G (IgG) is the most 

important class of mammal antibodies, since they are the most abundant immunoglobulins in the 

blood (representing 75 % of the antibodies) [3]. IgG and albumin are the most abundant proteins in 

plasma (a mean content of 8–12 g∙L-1 and 35–45 g∙L-1, respectively, in plasma pools) and represent, 

together with various coagulation factors and protease inhibitors, the core products of the plasma 

fractionation industry [4]. 

IgG derived from human serum is frequently used as a biopharmaceutical for the prevention 

and treatment of infections in immunodeficient patients, and also plays an important role in the 

treatment of autoimmune and inflammatory diseases [5, 6]. Polyvalent intravenous 

immunoglobulins (IVIGs) are pharmaceutical formulations of IgG obtained from the fractionation 

of large pools of human plasma from human healthy donors. Besides its importance in the 

prevention of infectious diseases in primary and acquired immunodeficiencies [7], a growing 

number of applications has appeared, with IVIG being currently used in the treatment of diverse 

inflammatory and autoimmune diseases, e.g. autoimmune thrombocytopenic purpura, Kawasaki 

disease, polymyositis/dermatomyositis, Guillain-Barré syndrome, among others [8]. For safety 

reasons, clinically used IgG needs to be highly pure, since contaminating serum proteins may cause 

adverse effects in patients [6, 9]. However, the purification of IgG is challenging due to the large 

amount of albumin (HSA) present in human serum combined with the complexity of other serum 

components [10]. 

The purification of IgG from human serum can be traced back to World War II. Cohn and 

associates [11] first developed an ethanol-based precipitation technique for IgG fractionation, being 

this the most commonly used fractionation technique for human IgG, in which IgG with a purity 

higher than 90 % can be obtained [11]. However, with this technique the recovery of IgG is highly 

compromised, being of only 40–50 % [7]. Other techniques have been proposed for the same goal, 

including ammonium sulfate induced precipitation followed by centrifugation [12], caprylic acid 

based precipitation [13, 14], gradiflow technique [15], carbon nanotubes [16], hydrophobic 

interaction chromatography [17], hydrophobic charge-induction chromatography [18], membrane 

chromatography [19, 20], immobilized metal affinity chromatography [21] and affinity 

chromatography [22-26]. The aforementioned methods if providing high yield tend to give low 

purity and vice-versa. In addition, most of them require long processing times, whereas certain 
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resins and affinity ligands are of high cost. Therefore, efforts have been continuously made to 

improve plasma fractionation and purification of IgG with high yield and purity.  

Aqueous biphasic systems (ABS) can be foreseen as a valuable alternative to the established 

purification platforms due to their ability for continuous operation and high loading capacity [27]. 

ABS consist on two immiscible water-rich phases, based on polymer-polymer, polymer-salt or salt-

salt combinations dissolved in aqueous media, that may be used in liquid-liquid extraction [28]. Due 

to their water-rich medium, ABS have been used for the recovery of biological products, such as 

proteins/enzymes, antibiotics, among other high-value biomolecules [27, 28]. Despite these 

advantages, few reports are found in the literature on the application of ABS for the extraction and 

purification of IgG from blood-related products [29-33]. Among these, only one work [29] is related 

to the extraction of IgG from human plasma, since the others comprised the extraction from animal 

sources or from mimetic matrices composed of IgG and the most abundant protein, albumin. In 

these works, to overcome the restricted polarity difference between the phases of traditional 

polymer-based systems, the addition of salts and multi-stage approaches were investigated. This 

drawback of restricted polarity can be however overcome by ionic liquids (ILs), which can be used 

as adjuvants/additives in ABS. Due to their wide diversity of chemical structures and designer 

solvents ability, they allow the tailoring of the phases’ polarities and affinities towards target 

biomolecules [34]. Despite their advantages, few works are still available on the use of IL-based ABS 

for IgG extraction/purification [33, 35-37], considering both the IgG recovery from animals serum 

[33, 35, 37] or from cell culture supernatants [36]. Most of them used ILs as a primary phase-forming 

components, with only one work [33] referring to the use of ILs as adjuvants in polymer-salt 

systems, but reporting low IgG purity levels (26 %). Hence, and taking into account the unique 

properties of ILs, it seems plausible that better ILs can be found to be applied as adjuvants in typical 

polymer-polymer ABS to overcome their low polarity range, while allowing the purification of high-

value biopharmaceuticals, such as antibodies. 

In this work, the performance of several ILs used as adjuvants in conventional PEG/dextran 

ABS was evaluated. Extractions with commercial human IgG were first performed to evaluate the 

best systems/conditions and ILs to be used. The best systems were further investigated and 

optimized for the extraction and purification of antibodies directly from human serum samples. 
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2.1.3. Experimental section 

2.1.3.1. Materials 

The ABS studied in this work were prepared using an aqueous solution of polyethylene glycol 

with a molecular weight of 3350 Da (PEG 3350), and an aqueous solution of dextran with a 

molecular weight of 500,000 Da (dextran 500k). Both polymers were obtained from Sigma-Aldrich 

(St. Louis, MO, USA) and used without any further purification. Different ILs as adjuvants in the PEG-

dextran ABS were investigated, namely: tetramethylammonium chloride ([N1111]Cl, purity > 97 

wt%); tetrabutylammonium chloride ([N4444]Cl, purity > 97 wt%); 1-butyl-4-methylpyridinium 

chloride, ([C4-4mpy]Cl, purity > 98 wt%); cholinium chloride ([Ch]Cl, purity > 98 wt%); cholinium 

acetate ([Ch][Ac], purity > 99 wt%); 1-butyl-3-methylimidazolium chloride ([C4mim]Cl, purity of 99 

wt%); 1-butyl-3-methylimidazolium bromide ([C4mim]Br, purity of 99 wt%); 1-butyl-3-

methylimidazolium hydrogen sulfate ([C4mim][HSO4], purity of 99 wt%). All ammonium-based ILs 

were from Sigma-Aldrich, [Ch]Cl was acquired from Acros Organics (Geel, Belgium) and the 

remaining ILs were acquired from Iolitec (Heilbronn, Germany). Before use, all ILs were purified and 

dried for a minimum of 24 h, under constant agitation, at moderate temperature of ≈ 50˚C (± 1 °C) 

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

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

levels given by the suppliers. The chemical structures of the investigated ILs are depicted in Figure 

2.1.1.  

The studies using commercial immunoglobulin G (IgG) were performed using human IgG for 

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

Switzerland), as a 165 mg∙mL-1 solution containing 95 % of IgG (of which 59 % IgG1, 36 % IgG2, 4.9 

% IgG3 and 0.5 % IgG4). The human serum used in this study was from human male AB plasma, USA 

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

ranging between 40-90 mg∙mL-1. This product was provided as a liquid and was stored at -20 °C. 

Phosphate buffered saline (PBS) pellets, from Sigma-Aldrich, were used to dilute human serum 

previously to its use on each assay. Bovine serum albumin (BSA) standards (2 mg·mL−1), used as 

model biomolecule for the calibration curve for Bradford protein assays, was purchased from 

Thermo Scientific Pierce. 

The required material for polyacrylamide gel electrophoresis (SDS-PAGE) include: 40 % 

acrylamide/bis-acrylamide solution, 4x Laemmli Sample Buffer from Bio-Rad and Precision Plus 

Protein™ Dual Color Standards (Hercules, CA, USA); tris(hydroxymethyl)aminomethane, PA from 
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Pronalab (Tlalnepantla, Mexico); sodium dodecyl sulfate, (SDS, purity > 98.5 wt%), glycine, 

ammonium persulfate (APS), N,N,N',N'-tetramethylethylenediamine (TEMED), DL-dithiothreitol 

(DTT) solution 1 mol∙L-1 in H2O and Coomassie Brilliant Blue R in soluble tablets (commercial name: 

PhastGel® Blue R) from Sigma-Aldrich; ethanol from Thermo Scientific Pierce (Rockford, IL, USA); 

acetic acid (purity of 100 %) from Merck Millipore (Darmstadt, Germany). 

 

 

Figure 2.1.1. Chemical structures of the ILs investigated as adjuvants in ABS composed of PEG 3350 + 

dextran 500k + H2O: (i) [N1111]Cl; (ii) [N4444]Cl; (iii) [C4-4mpy]Cl; (iv) [Ch]Cl; (v) [Ch][Ac]; (vi) [C4mim]Cl; (vii) 

[C4mim]Br and (viii) [C4mim][HSO4]. 

(i)

(ii)

(iii) (iv)

(v)

(vi)

(vii) (viii)
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For total protein quantification by Bradford protein assay, Coomassie Plus (Bradford) Protein 

Assay was purchased from Thermo Scientific Pierce. The water employed along this work was 

treated with a Milli-Q® Integral water purification apparatus from Merck Millipore. 

2.1.3.2. Methods 

Extraction/purification of human antibodies using ABS. In the studied ABS, the top phase 

corresponds to the PEG-rich aqueous phase while the bottom phase is mainly composed of dextran. 

The ternary mixture composition for the IgG extraction/partition was chosen based on the phase 

diagram already reported in the literature [38, 39]. In order to have the minimal concentration of 

both polymers and the maximum concentration of water (more economic and more biocompatible 

process), the following mixture composition was investigated: 7 wt% PEG 3350 + 5 wt% dextran 

500k + 88 wt% H2O/IgG solution or serum/IL. All partitioning studies of the quaternary systems 

(comprising the IL) were performed with the same extraction point, where the ILs were introduced 

as adjuvants in three different concentrations, namely 1, 5 and 10 wt%; for [C4mim]Br 

concentrations up to 40 wt% were also tested. The partition behaviour/purification performance of 

human IgG in aqueous PEG/dextran and PEG/dextran/IL two-phase systems was investigated using 

IgG stock solution prepared with a concentration at circa 1 g∙L-1 or human serum 20-fold diluted, 

both in PBS (phosphate buffered saline at 10 mmol∙L-1, pH ≈ 7.4, at 25˚C). In each system, the 

biological sample (IgG aqueous solution or human serum diluted at 1:20 (v:v)) was loaded at 30 wt% 

to the phase-forming components to reach a total weight of the mixture of 2.0 g. The systems were 

mixed in a Vortex mixer (Ika, Staufen, Germany), centrifuged for 30 min in a fixed angle rotor bench 

centrifuge (Eppendorf, Hamburg, Germany) at 1372 × g, and to ensure total phase separation and 

chemical equilibrium they were settled for 30 min. After the equilibrium conditions were reached, 

both phases were carefully separated using a micropipette to extract the top phases and a 2.5 mL 

syringe to take the bottom phases, their volumes were determined and also their pH values at 25 

°C (± 1 °C) using a Metrohm 702 SM Titrino (Herisau, Switzerland), with an uncertainty of ± 0.01 in 

each measurement. Control systems without IL were also prepared to assess their effect in IgG 

partitioning, as well as blank systems without biological sample to discount the interference of the 

phase-forming compounds in the analytical methods. IgG was quantified in each phase by affinity 

chromatography in ÄKTA™ 10 Purifier system from GE Healthcare (Uppsala, Sweden) using an 

analytical POROS Protein G affinity column (2.1 x 30 mm) from Applied Biosystems (Foster City, CA, 

USA). Adsorption of IgG to the column was performed in 50 mmol∙L-1 sodium phosphate (NaH2PO4) 

buffer at pH 7.4 containing 150 mmol∙L-1 sodium chloride (NaCl) for 1.8 min. Elution was triggered 
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by decreasing the pH value of the buffer to 2–3, using 12 mmol∙L-1 chloridric acid (HCl) with 150 

mmol∙L-1 NaCl during 2.5 min. Finally, the column was re-equilibrated with the adsorption buffer 

for 3.4 min. Samples from top and bottom phases containing IgG were diluted 20 times in the 

adsorption buffer and 0.5 mL were injected in the column using an Autosampler A-900 from GE 

Healthcare. Absorbance was monitored at 215 nm. IgG concentration was determined from a daily-

fresh calibration curve obtained using Gammanorm IgG as a standard biomolecule, in a 

concentration ranging between 0.2 to 20 mg∙L-1. In the end of each assay, the column was stored in 

10 mmol∙L-1 sodium phosphate (NaH2PO4) buffer at pH 7.4 containing 0.02 % sodium azide. For the 

assays with the real matrix, total protein content (IgG + remaining proteins) of each phase was also 

determined using the Bradford protein assay method with a Coomassie Plus kit from Pierce 

(Rockford, IL, USA) [40]. The assays were set up in 96 well polystyrene microplates and 200 μL of 

Coomassie reagent were added to 50 μL of samples, previously diluted 4 or 10 times, blanks and 

standard solutions. A calibration curve with bovine serum albumin (BSA) from 5 to 400 mg∙L-1 was 

used as a standard biomolecule for protein calibration. Absorbance was read at 595 nm in a 

microplate reader from Molecular Devices (Sunnyvale, CA, USA). At least two individual 

experiments were performed to determine the average in performance parameters, as well as the 

respective standard deviations.   

The IgG partition coefficient into the PEG-rich phase, KIgG, is the ratio between the 

concentration of IgG in both phases and was determined using Equation 1, 

KIgG =
[IgG]PEG

[IgG]dextran
                                                                                                                                            (1) 

where [IgG]PEG and [IgG]dextran represents the total IgG concentration in the PEG- and dextran-rich 

phase, respectively.  

The IgG recovery yield for the PEG-rich phase, %YieldIgG, is the percentage ratio between 

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

defined according to Equation 2, 

%YieldIgG =
[IgG]PEG×VPEG

[IgG]initial×Vinitial
 × 100                                                                                                                 (2) 

where [IgG]PEG and [IgG]initial represents the total IgG concentration in the PEG-rich phase and in the 

initial solution, respectively, and the parameters VPEG and Vinitial represent the volume of PEG-rich 

phase and the volume of stock solution added to the ABS, respectively. The percentage purity of 

IgG was calculated dividing the IgG concentration by the total protein concentration at the PEG-rich 

phase, according to Equation 3, 

%PurityIgG =
[IgG]PEG

[Total proteins]PEG
                                                                                                                       (3) 
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where [IgG]PEG and [Total proteins]PEG represent the concentration of IgG and total proteins in PEG-

rich phase, respectively. 

 

Ionic liquids quantification. The amount of imidazolium-based ILs ([C4mim]Cl, [C4mim]Br and 

[C4mim][HSO4]) in each phase was quantified by UV-spectroscopy, using a Spectramax 384 Plus 

from Molecular Devices (Sunnyvale, CA, USA), at a wavelength of 211 nm. Chloride-based ILs 

([N1111]Cl and [Ch]Cl) were quantified in each phase using a Metrohm 904 Titrando equipped with 

a chloride-selective electrode. Each sample was 100 times diluted in ultra-pure water and TISAB 

solution (containing 0.1 mol∙L-1 potassium nitrate, 0.1 mol∙L-1 acetic acid and 0.1 mol∙L-1 sodium 

acetate) to assure the ionic strength of the samples for further analyses, using the Tiamo™ 2.3 

software. Samples were measured under continuous stirring, and after each measurement, the 

ionic strength of the electrode was re-established in TISAB solution for 5 min. Chloride anion 

concentration was determined from a calibration curve obtained using potassium chloride (KCl) as 

a standard, in a concentration ranging between 0.1 to 100 mmol∙L-1. 

The extraction efficiency of the IL, %EEIL, is defined as the quantity of the IL in the PEG-rich to 

that in the two phases, and is defined according to Equation 4. 

%EEIL =
[IL]PEG×VPEG

[IL]PEG×VPEG+ [IL]dextran×Vdextran
 × 100                                                                                       (4) 

where [IL]PEG and [IL]dextran represents the total IL concentration in PEG- and dextran-rich phase, 

respectively, and the parameters VPEG and Vdextran represent the volume of PEG- and dextran-rich, 

respectively. 

 

Proteins stability assessment. Sodium dodecyl sulfate polyacrylamide gel electrophoresis 

(SDS-PAGE) assays were performed to assess the proteins profile and infer on IgG stability and 

integrity. Samples were prepared and diluted in a sample buffer from Bio-Rad containing 62.5 

mmol∙L-1 Tris–HCl, pH 6.2, 2 % SDS, 0.01 % bromophenol blue and 10 % glycerol, under reducing 

conditions with 100 mM dithiothreitol (DTT) and then denaturated at 100°C for 10 min. A volume 

of 25 µL of these samples was applied in a 12 % acrylamide gel, prepared from a 40 % 

acrylamide/bis-acrylamide stock solution (29:1) from Bio-Rad, and ran at 90 mV using a running 

buffer containing 192 mmol∙L-1 glycine, 25 mmol∙L-1 Tris, and 0.1 % (w/v) SDS at pH 8.3. The 

molecular weight standard used was Precision Plus Protein™ Dual Color Standards from BioRad. 

Gels were stained with 0.1 % (w/v) Coomassie Brilliant Blue R-250 from Pharmacia AB Laboratory 

Separations® (Uppsala, Sweden), 30 % (v/v) ethanol, 10 % (v/v) acetic acid and water, in an orbital 

shaker at 40 °C and moderate velocity during 1 h. Gels were then distained using a solution 
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containing 30 % (v/v) ethanol and 10 % (v/v) acetic acid, in an orbital shaker at 25 °C and moderate 

velocity, until background color disappeared. Finally, gels were stored in milli-Q water at room 

temperature, until digital images of the gels were acquired using a calibrated densitometer GS-800 

from Bio-Rad and analyzed with the informatics tool Quantity One 4.6 also from Bio-Rad. 

2.1.4. Results and discussion 

2.1.4.1. Optimization of the extraction process using commercial human IgG 

The feasibility of using quaternary ABS composed of PEG 3350 + dextran 500k + H2O + ILs, at 

25 °C, for the extraction of commercial human IgG was initially assessed using a wide range of ILs 

([N1111]Cl, [N4444]Cl, [C4-4mpy]Cl, [Ch]Cl, [Ch][Ac], [C4mim]Cl, [C4mim]Br and [C4mim][HSO4]), varying 

both the anion and the cation to understand the effect of each ion and its chemical characteristics 

in the partition of antibodies. A common mixture composition was used, taking into account the 

phase diagram of the ternary system: 7 wt% PEG 3350 + 5 wt% dextran 500k + 88 wt% H2O/IgG 

solution/IL. ILs were used as adjuvants in the polymer-polymer systems at three different 

concentrations, namely 1, 5 and 10 wt%. All ILs at the concentrations studied form aqueous two-

phase systems; however, the volume ratio of the system changes with the addition of IL (volume of 

bottom phase in relation to volume of top phase varying from 1:1.64 to 1:3.75), and appears to be 

highly dependent on the IL used and its concentration [cf. Appendix A (Table A.1)]. No formation 

of any precipitated and/or denatured solid protein phase was observed in most cases, with the 

exception of the systems composed of [C4mim][HSO4] in which an intermediate solid layer of 

protein was observed at the interphase.  

 

Effect of the IL ions 

 

Firstly, the effect of IL cation core and alkyl side chain length on the partitioning of IgG 

antibodies was assessed using ABS composed of PEG 3350 + dextran 500k + H2O + 1 wt% ILs with a 

fixed chloride anion (Cl-) combined with the following cations: [Ch]+, [C4mim]+, [C4-4mpy]+, [N1111]+ 

and [N4444]+. The IL anion effect was also investigated with two different ILs families, namely 

cholinium-based ILs ([Ch]+) combined with the Cl- and [Ac]- anions, and the imidazolium-based ILs 

([C4mim]+) combined with the Cl-, Br- and [HSO4]- anions. The results obtained are shown in Figure 

2.1.2 (A) and (B), with the respective detailed data reported in Appendix A (Table A.2).  

The recovery yield of IgG in the control system (without the addition of IL) is 70.8 %. 

Remarkably, a low concentration of IL (just 1 wt%) allows the manipulation and enhancement of 
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the extraction of IgG for the PEG-rich top phase of the system, increasing to values between 76.8 % 

and 86.7 % (with the exception of [C4mim][HSO4] that lowered the yield to 18.9 %). The recovery 

yield of IgG by the several ABS decreases in the following order of IL cations: [C4-4mpy]+ > [N4444]+ ≈ 

[N1111]+ ≈ [C4mim]+ > [Ch]+, and in the following order of anions: [Ac]- > Cl- and Cl- > Br- >> [HSO4]-, for 

the cholinium- and imidazolium-based ILs, respectively. 

 

Figure 2.1.2. Percentage recovery yield (%YieldIgG – ■) of human IgG in quaternary ABS formed by PEG 3350 

+ dextran 500k + H2O + 1 wt% of different: (A) chloride-based ILs; (B) cholinium- and imidazolium-based ILs, 

at 25 °C. 

The pyridinium-based IL reveals to lead to higher recovery yields of IgG. On the contrary, the 

cholinium- and phosphonium-based ILs display a lower performance to increase the extraction of 

IgG. Moreover, it is possible to notice different abilities of tetraalkylammonium- and 
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tetraalkylphosphonium-based ILs for IgG extraction, with the first allowing higher recovery yields. 

No significant differences are observed on the IgG partition as a function of the alkyl side chain 

length (from methyl to butyl) in tetraalkylammonium-based ILs. These results suggest that no 

significant dispersive interactions take place between the IL cations and the alkyl outside-oriented 

groups of the protein.  

Regarding the effect of the IL anion, it was macroscopically observed for [C4mim][HSO4] a 

layer of precipitated protein on the interface of the system, which consequently translates into a 

decrease on the recovery yield of protein. For the remaining studied anions, it was found that the 

trend is in accordance with the hydrogen-bond basicity of the studied ILs, since ILs with the [Ac]-, 

Cl- and Br- anions are those with a higher hydrogen-bond basicity: [Ac]- (=1.20) > Cl- (=0.95) > Br- 

(=0.87) [41]. These ILs appear to be favorable to increase the recovery yield, suggesting that 

hydrogen-bonding interactions play a role in the extraction process. In addition, the chloride anion 

in the inorganic salt form (NaCl) has already been reported [42] to be capable to enhance IgG 

extraction in a concentration of 150 mM in a PEG/phosphate ABS. 

The partition coefficient of IgG (KIgG) in the studied systems [cf. Appendix A (Table A.2)] are 

in accordance to these observations. The control ABS presents a partition coefficient of 0.87 

indicating a preferential migration of IgG to the dextran-rich bottom phase of the system, and with 

the addition of IL we observe the inversion on the partition behavior of the protein, showing then 

a preferential migration to the PEG-rich top phase, since in all the cases the partition coefficients 

are higher than 1. It is important to highlight that the PEG-rich phase is also the phase for which the 

IL preferentially migrates (%EEIL > 66 %), being these results discussed below. Based on all the 

discussed information, it was possible to conclude that by adding small quantities of IL to this 

PEG/dextran system it is possible to manipulate the polarities of the coexisting phases and 

consequently of the partition of antibodies. 

 

 Effect of the IL concentration 

The effect of the IL concentration was evaluated using three concentrations of IL – 1, 5 and 

10 wt%. The gathered recovery yields of IgG are presented in Figure 2.1.3, with the respective 

detailed data reported in Appendix A (Table A.3). The partition coefficients (KIgG), extraction 

efficiency of the IL (%EEIL) and extraction pH values are also presented in Appendix A (Table A.3).  

In general, the increase in the concentration of IL added to the system is associated with an 

increase in the yield of IgG recovery towards the PEG-rich phase, that is the same phase for which 

the IL preferentially partitions, as discussed before [%EEIL = 66 – 77 %, cf. Appendix A (Table A.3)]. 
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Remarkably, the system containing 10 wt% [Ch][Ac] allowed an IgG recovery yield higher than 

97 % in just one extraction step. On the other hand, by using [C4mim][HSO4], the opposite was 

observed. The increase in the concentration of this IL lead to a continuous decrease in the recovery 

yield of IgG, apparently as a result of the very acidic pH value at which the extraction occurs [lower 

than 2 – cf. Appendix A (Table A.3) with pH values]. All remaining systems display a pH at the 

coexisting phases ranging between 5.7 and 7.8. A better performance of the IL-based ABS is 

observed between 6.5 and 7.5. This behaviour is in contradiction with a previous report [43] where 

severe precipitation of IgG (about 50 %) was observed in pH 5 – 8 using PEG/dextran ABS, whereas 

at more acidic pH values the precipitation was considerably reduced. These results, together with 

the inversion in the partition behaviour, reinforce the relevance of the IL chemical structure and 

that specific interactions occurring between the IL and IgG are occurring. 

 

Figure 2.1.3. Percentage recovery yield (%YieldIgG) of human IgG and work pH in quaternary ABS formed by 

PEG 3350 + dextran 500 kDa + H2O + 1 (■), 5 (■) and 10 (■) wt% of [C4mim][HSO4], [C4mim]Br, [C4mim]Cl, 

[C4-4mpy]Cl, [N1111]Cl, [N4444]Cl, [Ch]Cl and [Ch][Ac] ILs, at 25 °C. The percentage recovery yield obtained by 

the system with no IL is represented by the black line (–). 

Among all the studied ILs, [C4mim]Br should be highlighted since it has a highest capacity to 

increase the recovery yield, increasing with the IL concentration increase. This IL comprises an 

aromatic cation and the anion with the lowest hydrogen-bond basicity investigated, reinforcing the 

relevance of the IL chemical nature and specific interactions in ruling the IgG partition between the 

two phases. These interactions may involve π ∙∙∙ π interactions between the aromatic amino acids 

of IgG and the aromatic ring of [C4mim]Br, as well as cation ∙∙∙ π interactions between IgG (which at 
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the work pH is positively charged) and the aromatic ring of the IL cation. Since promising results 

were obtained with 10 wt% of [C4mim]Br, reaching an excellent recovery yield around 95 %, new 

assays were carried out using 15, 20 and 35 wt% of the same IL aiming at the complete extraction 

of IgG in a single step. The results obtained are shown in Figure 2.1.4, while the detailed data are 

given in Appendix A (Table A.3). 

 

 

Figure 2.1.4. Percentage recovery yield (%YieldIgG – ■) of human IgG and extraction efficiency (%EEIL) of IL in 

quaternary ABS formed by PEG 3350 + dextran 500 kDa + H2O + 1, 5, 10, 15, 20 and 35 wt% of [C4mim]Br, at 

25 °C. The percentage recovery yield obtained by the system with no IL is represented by the black line (–). 

According to the gathered results, using 15 and 20 wt% of [C4mim]Br allows the complete 

extraction of IgG to the upper PEG-rich phase in a single step, with no losses of IgG. However, in the 

system with 35 wt% of IL a decrease in the recovery yield to about 80 % was observed, possibly 

related with the denaturation of the protein caused by such high concentration of IL. 

 

Extraction and purification of IgG from human serum samples 

The two most promising IL-based ABS identified, composed of [Ch][Ac] and [C4mim]Br as 

adjuvants, were further evaluated in the purification of polyclonal IgG antibodies directly from 

human serum samples. The recovery yield and IgG purity level at the PEG-rich upper phase are 

presented in Figure 2.1.5 (A) and (B). Detailed data is reported in Appendix A (Table A.4). The 

extraction pH values varied between 6.3 and 7.4, and are also given in Appendix A (Table A.4).  

With the polymer-polymer ABS with [Ch][Ac] as adjuvant at 1, 5 and 10 wt% (Figure 2.1.5 

(A)), recovery yields higher than 72 % were obtained, representing a good result when comparing 

with the control polymer-polymer ABS (without IL) that allowed a recovery yield of ca. 68 %. These 
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recovery yield values are however lower than those obtained with pure IgG using the same ABS, 

being justified by the increase of the matrix complexity. 

 

Figure 2.1.5. Percentage recovery yield (%YieldIgG – ■) and purity level (%Purity IgG – ■) of IgG from human 

serum (diluted at 1:20 (v:v) in quaternary ABS formed by PEG 3350 + dextran 500 kDa + H2O + ILs as 

adjuvants at different concentrations, at 25 °C – (A) [Ch][Ac]; (B) [C4mim]Br. For the feed, the %YieldIgG is not 

applicable (N.A.). 

Although increasing the purity level of IgG from 5.8 % (in the human serum) to 11.4 - 12.5 %, 

these values are still very low given the aimed application, Furthermore, the IgG purity decreases 

with the IL concentration increase, due to the partitioning of human serum albumin (HSA), the main 

impurity in human serum, to the PEG-rich phase as well. These results allow concluding that this 
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ABS comprising a cholinium-based IL has a high ability to extract proteins to the PEG-rich phase, 

since no significant losses in recovery yields are shown with the serum samples, yet it lacks in 

selectivity towards IgG. 

Contrarily to what observed with aqueous solutions of pure IgG, in the assays with human 

serum the complete extraction of IgG to the PEG-rich phase of the ABS composed of 15 and 20 wt% 

of [C4mim]Br (Figure 2.1.5 (B)) was not achieved, again probably due to the complexity of the matrix 

and presence of different proteins and saturation of the phase. Nevertheless, if higher 

concentrations of this IL are considered, namely 10 - 40 wt%, a significant increase in the IgG 

recovery yield is obtained, ranging from 80.2 % to 98.8 % in a single-step, revealing a significantly 

better performance when comparing with the polymer-based system without IL (yield of 68.0 %). 

These results mean that the presence of IL allows to improve the solubility of proteins in aqueous 

media. Furthermore, impressive purity levels were achieved at the PEG-rich phase, with values 

ranging between 13.6 % and 93.2 %, with IL concentrations ranging between 10 wt% and 40 wt%. 

Remarkably, the best results were obtained for the system composed of 35 wt% [C4mim]Br, that 

allowed an IgG purity level of 93.2 % in the PEG-rich upper phase, obtained in a single-step, against 

a purity level of 9.5 % and 5.8 % in the similar system with no IL added and in the feed, respectively. 

This high level of purity is also due to the precipitation of HSA, the main abundant protein in human 

serum, at the ABS interphase. By SDS-PAGE gel analysis [Appendix A (Figure A.1)] it is confirmed 

that it was mainly composed of HSA (molecular weight ca. 66 kDa), while the presence of the 

characteristic bands of the heavy (molecular weight ca. 50 kDa) and light (molecular weight ca. 25 

kDa) chains of IgG were not present in this precipitate. These results reinforce the selectivity of the 

system comprising 35 wt% of [C4mim]Br, both to enrich IgG in the PEG-rich phase and to selectively 

precipitate HSA at the interphase. This system also allows a recovery yield of 93.0 %. Although 

similar or higher recovery yields are obtained in the ABS composed of 37.5 wt% and 40 wt% of IL, 

these represent a compromise in the IgG purity level, that drops down to 80.5 % and 81.7 %, 

respectively.   

The ability of the IL-based ABS to process even higher amounts of proteins was finally 

addressed, loading human serum directly in the ABS, without any previous dilution step [cf. 

macroscopic aspect in Appendix A (Figure A.2)]. Even with a much higher load of total proteins, the 

IgG yield remains high – 96.2 (± 0.7) %; however, the purification performance of the ABS slightly 

decreases, allowing a purity level of 72.9 (± 1.8) %. Nevertheless, it should be remarked that this 

purity level is still higher than those reported up to date in the literature using IL-based ABS, e.g. 

diluted rabbit serum diluted.  
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Traditional polymer-polymer ABS have been suggested in the literature as promising 

approaches to the extraction and purification of IgG, as reviewed by Capela et al. [1]. Nevertheless, 

the restricted polarity of the coexisting phases presented by this type of systems compromises 

enhanced recovery yields and purity factors to be achieved, thus encouraging the development of 

other strategies to overcome this bottleneck. Some examples in this field are the addition of salts 

[44] and affinity ligands [45, 46] and the use of modified phase-forming components [47]. Also, the 

majority of these works focus on monoclonal antibodies from hybridoma and Chinese Hamster 

Ovary (CHO) cell cultures supernatants. In what concerns the use of IL-based ABS for 

extraction/purification of IgG, only few works were reported up to date [33, 35-37], with just one 

addressing the use of ILs as adjuvants in polymer-salt systems [33], being all carried out with rabbit 

serum samples or cell culture supernatants. The current work consists in the first report on the use 

of ILs as adjuvants in polymer-polymer ABS for the extraction and purification of human antibodies 

from human serum samples, and which results outperform those previously reported using IL-

based ABS [33, 35-37]. This is certainly a result of an easier tailoring of the phase polarities by 

introducing ILs in systems composed of two polymers instead of a polymer and a salt, in which the 

effect of the usually added salts as a strong salting-out species may mask the IL effect. Indeed, 

Ferreira et al. [33] using commercial ILs as adjuvants in polymer-salt ABS achieved 26 % of IgG purity, 

with the extraction being carried out from rabbit serum, that contrast with the 93 % of purity 

achieved in this work with polymer-polymer ABS using ILs as adjuvants, again reinforcing the higher 

impact that ILs exert in systems composed of two polymers (with no strong salting-out species 

present). The best obtained results (recovery yield of 93.0 % and purity level of 93.2 %) are also 

better than those reported in the single work found in whole human plasma to obtain IgG and 

albumin-enriched fractions, by Vargas et al. [29], using a polymer-salt ABS, where for the ABS step 

the authors reported an IgG recovery of 73 % with a purity of 39 %.  

2.1.5. Conclusions 

This work addressed the use of ILs as adjuvants in polymer-polymer ABS as an alternative 

process for the purification of IgG antibodies from human serum. Initial assays with pure IgG were 

performed in order to select the best IL, allowing to infer the effect of the IL cation, anion and 

concentration on the recovery yield of the target biomolecule. In all cases, IgG demonstrated a 

preferential partition towards the PEG-rich phase, that is also the phase for which the ILs 

preferentially migrate. Under the optimal conditions with pure IgG, [Ch][Ac] and [C4mim]Br allowed 

recovery yields of 97.2 % and 100 % in a single step.  
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After the identification of the two most promising ILs, ABS composed of different 

concentrations of such ILs were further investigated to extract and purify IgG directly from human 

serum samples. [C4mim]Br-based ABS at 35 wt% revealed an excellent performance, with an IgG 

recovery yield of 93.0 % to the PEG-rich upper phase and a purity level of 93.2 %, achieved in a 

single step. The enhanced performance shown by this system seems to be related to specific 

interactions occurring between the target biomolecule (IgG) and the IL. Moreover,  the depletion 

of the major impurity on serum (HSA) at the ABS interphase seems to be the main feature behind 

the IgG purification level, resulting in a decrease on the complexity of the matrix, and allowing 

outstanding results to be achieved. It should be also highlighted that the results obtained in this 

work outstands those previously reported in the literature regarding the IgG extraction from human 

serum samples using IL-based ABS strategies or conventional ABS with no IL added. 

Overall, a novel one-step approach based on polymer-polymer ABS comprising ILs as 

adjuvants is here proposed as a promising and powerful tool for the purification of antibodies from 

human serum samples, paving the way for the widespread use of this type of biopharmaceuticals 

as a recurrent and accessible therapy. 
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2.2. Ionic-liquid-mediated extraction and purification of monoclonal antibodies from cell 

culture supernatants 

This chapter is based on the manuscript under preparation with 

Emanuel V. Capela, Sara A.S.L. Rosa, Virgínia Chu, João P. Conde, João A.P. Coutinho, M. Raquel 

Aires-Barros, Ana M. Azevedo, Mara G. Freire 

 

2.2.1. Abstract 

Monoclonal antibodies (mAbs) are the most prevalent class of recombinant protein therapeutics 

for the treatment of several diseases. Although the upstream processing of mAbs has improved 

considerably in the last years, the downstream processing has not evolved at the same pace, being 

considered the bottleneck in the manufacturing of therapeutic mAbs. In this work we propose the 

use of aqueous biphasic systems (ABS) constituted by two polymers, namely polyethylene glycol 

(PEG) and dextran, and ionic liquids (ILs) as adjuvants for mAbs capture and purification from 

serum-free and serum-containing Chinese Hamster Ovary (CHO) cell culture supernatants. At the 

best conditions, mAbs are mainly captured for the PEG-rich phase, allowing a recovery of 81.5 % 

and 85.4%, and a purity level of 69.3 % and of 92.4 %, obtained in a single-step, using the ABS 

containing the IL 1-butyl-3-methylimidazolium bromide ([C4mim]Br) at 20 wt% for the anti-

interleukin-8 (anti-IL-8) and anti-hepatitis C virus (anti-HCV) mAbs, respectively. The proteins profile 

of the ABS’ phases was confirmed by SDS-PAGE and the maintenance of the isoelectric point of the 

mAbs was also proved. Finally, it is proposed a continuous microfluidic setting aiming to 

demonstrate the potential of the ABS to be operated in continuous mode and to be miniaturized 

for massive parallelization (scale-out). This work reports promising evidences on the possibility of 

introducing ILs for the simplification of mAbs downstream processing, allowing the integration of 

several steps (clarification, capture and polishing) in a single unit operation, ultimately contributing 

for their accessibility as recurrent therapies.  
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2.2.2. Introduction 

Monoclonal antibodies (mAbs) are the leading family of biopharmaceuticals, valued in US$ 

106.87 billion in 2020, and was expected to reach US$ 114.43 billion in 2021 at a compound annual 

growth rate (CAGR) of 7.1% (data from “Monoclonal Antibodies (MAbS) Global Market Report 

2021” by The Business Research Company). Currently, these biomolecules are widely applied for 

therapeutic purposes, such as in the treatment of oncologic, autoimmune, cardiovascular, 

inflammatory and neurological diseases [1, 2]. By December 2020, 96 therapeutic mAbs had been 

approved by the US Food and Drug Administration (FDA) [3], and recently, in May 2021, the 100th 

mAb product was approved [4]. 

The efficiency of traditional drugs is decreasing and population is facing aging worldwide [5]; 

therefore, there is an increasing demand for large quantities of therapeutic mAbs [6]. Thus, the 

production of mAbs must meet high efficiency and safety standards, meaning that high yields and 

purity levels must be ultimately achieved [7]. In order to meet regulamentary requirements, 

mammalian cell lines became the predominant antibody expression system, in which Chinese 

Hamster Ovary (CHO) cells can be highlighted as the main choice [8]. The upstream processing of 

mAbs is nowadays well-established, while the high costs of the currently used downstream platform 

still is a critical bottleneck [9]. The downstream approach usually followed by most manufacturers 

consists in a multi-step platform, as follows: (i) one or two harvesting steps; (ii) one capture step 

performed by protein-A affinity chromatography; (iii) a low pH hold for virus inactivation; (iv) two 

polishing (chromatographic) steps; (v) a virus filtration step; and (vi) an ultrafiltration/diafiltration 

(UF/DF) step for the formulation buffer exchange, finally being ready for packaging and delivery to 

the patient [10]. Due to this multi-step approach, antibodies downstream costs can represent up to 

80 % of their total production costs [11]. Therefore, the development of new purification and 

recovery platforms for antibodies is highly demanded. 

Aqueous biphasic systems (ABS) can be used in liquid-liquid extraction processes and were 

first proposed by Albertsson [12], being conventionally created by two polymers, a polymer and a 

salt or two salts dissolved in aqueous media (ternary systems), that above given concentrations 

undergo phase separation. It is possible to manipulate the ABS’ physicochemical features by 

changing the phase-forming components and their concentration, pH and temperature, so that the 

selective partitioning of a target compound can be achieved [2, 13]. Due to their water-rich nature, 

not requiring the use of volatile organic solvents, ABS provide a suitable environment to maintain 

biological activity and protein solubility [14], and represent a technique able to operate in 

continuous mode [13, 15]. Also, ABS exhibit a high advantage over other techniques commonly 



2 Purification of antibodies using aqueous biphasic systems 
 

144 
 

applied to the recovery of mAbs, since the clarification, extraction, purification and concentration 

steps can be integrated in a single step [14, 16]. Hence, if properly designed, ABS can be efficient, 

sustainable and low-cost alternative strategies for mAbs downstream processing.  

Conventional polymer-based ABS have been extensively investigated for the purification of 

IgG (including mAbs), in particular using polyethylene glycol (PEG)/dextran ABS [2]. However, these 

polymer-based systems present a restricted polarity range between the coexisting phases, limiting 

high recovery yields and purity factors to be achieved, and thus encouraging the development of 

other strategies to overcome this bottleneck, such as the addition of salts [17], affinity ligands [13, 

15] and the use of modified phase-forming components [5]. In addition to these strategies, ionic 

liquids (ILs) can be used as adjuvants/additives to overcome the limited polarity range of traditional 

ABS. Due to their designer’s solvent character, it is possible to manipulate the cation and anion that 

constitute the IL, ultimately allowing the tailoring of the ABS phases’ polarities and affinities 

towards target biomolecules [18].  

Despite the aforementioned advantages of ILs, few works are available on the use of IL-based 

ABS for IgG extraction/purification [7, 19-21], from which only one work [20] specifically refers to 

mAbs recovery and purification from CHO cell culture supernatants. This work [20] used ILs as 

primary phase-forming components. Another work by Ferreira et al. [7] reported the use of ILs as 

adjuvants in polymer-salt systems for IgG extraction and purification from rabbit serum, achieving 

a IgG purity level of ca. 26 %. To the best of our knowledge, there are no reports in the literature 

considering the mAbs extraction and purification from CHO cell culture supernatants using ILs as 

adjuvants in polymer-polymer ABS.  

In the past few years, miniaturized techniques taking advantage of soft-lithography processes 

and microfluidics have emerged as efficient tools for ABS-based bioprocesses [22]. These 

miniaturized processes consist of parallel streams of immiscible phases that flow in continuous in a 

microchannel of the chip, under a laminar flow regime. These processes may be designed to be 

cost-effective due to the reduced amount of reagents and sample required to flow in the 

microchannels. Furthermore, several variables can be evaluated in parallel and allow similar results 

in a lab-scale as in the continuous large-scale processes [23]. These characteristics, allied to the 

possibility of adjusting the length and width of the microchannels and/or corresponding chip, the 

easiness in its operation and the absence of extensive manual preparation steps turns this 

technique as of high interest for the development of innovative downstream processes. 

Accordingly, they have been applied in the continuous extraction and purification of several 
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biomolecules, for instance BSA [24], membrane proteins [25], recombinant proteins [26], virus-like 

particles [23] and monoclonal antibodies [27]. 

In the work described in this chapter, the performance of two ILs used as adjuvants in 

conventional PEG-dextran ABS was evaluated towards the extraction and purification of anti-

interleukin-8 (anti-IL-8) and anti-hepatitis C virus (anti-HCV) mAbs from serum-containing and 

serum-free CHO cell culture supernatants, respectively. Finally, a microfluidic chip was already 

designed, being suggested for the scale-out and operation of the ABS extraction/purification in 

continuous mode. 

2.2.3. Experimental section 

2.2.3.1. Materials 

The ABS studied in this work were prepared using an aqueous solution of polyethylene glycol 

with a molecular weight of 3350 Da (PEG 3350), and an aqueous solution of dextran with a 

molecular weight of 500,000 Da (dextran 500k). Both polymers were obtained from Sigma-Aldrich 

(St. Louis, MO, USA) and used without any further purification. Two representative ILs, chosen 

according to the data obtained in Chapter 2.1, were used as adjuvants in the PEG-dextran ABS, 

namely cholinium acetate ([Ch][Ac], purity > 99 wt%) and 1-butyl-3-methylimidazolium bromide 

([C4mim]Br, purity of 99 wt%), both acquired from Iolitec (Heilbronn, Germany). Before use, both 

ILs were purified and dried for a minimum of 24 h, under constant agitation, at moderate 

temperature of ≈ 50˚C (± 1 °C) and under vacuum (to reduce their volatile impurities to negligible 

values). After this step, the purity of each IL was confirmed by 1H and 13C NMR spectra and found 

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

investigated ILs are depicted in Figure 2.2.1.  

 

 

Figure 2.2.1. Chemical structures of the ILs investigated as adjuvants in ABS composed of PEG 3350 + 

dextran 500k + H2O: (i) [Ch][Ac]; and (ii) [C4mim]Br. 
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Serum-containing CHO cell culture supernatants containing anti-human interleukin-8 (anti-

IL-8) monoclonal antibodies were produced in-house by a CHO DP-12 clone#1934 (ATCC CRL-12445) 

using DHFR minus/methotrexate selection system, obtained from the American Type Culture 

Collection (LGC Standards, Middlesex, UK). CHO DP-12 cells were grown in a mixture of 75 % (v/v) 

of serum-free media formulated with 0.1 % Pluronic® F-68 and without L-glutamine, phenol red, 

hypoxanthine, or thymidine (ProCHO™5, Lonza Group Ltd, Belgium), and 25 % (v/v) of Dulbecco’s 

modified Eagle’s medium (DMEM), supplemented with 10 % (v/v) of ultra-low IgG fetal bovine 

serum (FBS). ProCHO™5 formulation contains 4 mmol∙L-1 L-glutamine (Gibco®, Carlsbad, CA), 2.1 g∙L-

1 NaHCO3 (Sigma–Aldrich), 10 mg∙L-1 recombinant human insulin (Lonza), 0.07 % (v/v) lipids (Lonza), 

1 % (v/v) antibiotics (100 U∙mL-1 penicillin and 100 g∙mL-1 streptomycin) (Gibco®) and 200 nmol∙L-

1 methotrexate (Sigma). DMEM was formulated to contain 4 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 of NaHCO3, 2 mg∙L-1 of recombinant human insulin, 

35 mg∙L-1 of L-proline (all acquired at Sigma), 0.1 % (v/v) of a trace element A, 0.1 % (v/v) of a trace 

element B (both from Cellgro®, Manassas, VA, USA), and 1 % (v/v) of antibiotics (100 U∙mL-1 of 

penicillin and 100 μg∙mL-1 of streptomycin from Gibco®). The composition of trace element A 

includes 1.60 mg∙L-1 of CuSO4·5H2O, 863.00 mg∙L-1 of ZnSO4·7H2O, 17.30 mg∙L-1 of selenite·2Na, and 

1155.10 mg∙L-1 of ferric citrate, while the trace element B is composed of 0.17 mg∙L-1 of MnSO4·H2O, 

140.00 mg∙L-1 of Na2SiO3·9H2O, 1.24 mg∙L-1 of molybdic acid, ammonium salt, 0.65 mg∙L-1 of NH4VO3, 

0.13 mg∙L-1 of NiSO4·6H2O, and 0.12 mg∙L-1 of SnCl2. Cultures were carried out in T-75 flasks (BD 

Falcon, Franklin Lakes, NJ) at 37 (±1) °C and 5 % CO2 with an initial cell density of 2.1×106 cells∙mL-1. 

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

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

was maintained for several months, with the mAbs concentration varying between 82.5 and 102.8 

mg∙L-1. The produced anti-IL-8 mAb has an isoelectric point (pI) of 9.3 [28]. 

Serum-free Chinese hamster ovary (CHO) cell culture supernatants were produced and 

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

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

structural protein 5B) monoclonal antibody 9A2 expressed in mouse hybridoma culture. cDNA of 

antibody variable regions was isolated and cloned into the human IgG1 constant region-containing 

antibody expression vector. CHO cells were grown in a mix of two serum-free growth media, the 

CD CHO Medium (Gibco®, Carlsbad, CA) and the 293 SFM II Medium (Gibco®). Final concentration 

of IgG is around 100 mg∙L-1. 
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The human immunoglobulin G (IgG) used as standard in this work was human IgG for 

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

Switzerland), as a 165 mg∙mL-1 solution containing 95 % of IgG (of which 59 % IgG1, 36 % IgG2, 4.9 

% IgG3 and 0.5 % IgG4). Bovine serum albumin (BSA) standards (2 mg·mL−1), used as model 

biomolecule for the calibration curve for Bradford protein assays, was purchased from Thermo 

Scientific Pierce. For total protein quantification by Bradford protein assay, Coomassie Plus 

(Bradford) Protein Assay was purchased from Thermo Scientific Pierce. 

The required material for polyacrylamide gel electrophoresis (SDS-PAGE) includes: 40 % 

acrylamide/bis-acrylamide solution, 4x Laemmli Sample Buffer from Bio-Rad and Precision Plus 

Protein™ Dual Color Standards (Hercules, CA, USA); tris(hydroxymethyl)aminomethane, PA from 

Pronalab (Tlalnepantla, Mexico); sodium dodecyl sulfate, (SDS, purity > 98.5 wt%), glycine, 

ammonium persulfate (APS), N,N,N',N'-tetramethylethylenediamine (TEMED), DL-dithiothreitol 

(DTT) solution 1 mol∙L-1 in H2O and Coomassie Brilliant Blue R in soluble tablets (commercial name: 

PhastGel® Blue R) from Sigma-Aldrich; ethanol from Thermo Scientific Pierce (Rockford, IL, USA); 

acetic acid (purity of 100 %) from Merck Millipore (Darmstadt, Germany).  

For the fabrication of the microfluidic device, propylene glycol monomethyl ether acetate 

(PGMEA) 99.5 % was purchased from Sigma–Aldrich, SU-8 negative photoresist 2015 formulation 

was purchased from Microchem, and polydimethylsiloxane (PDMS) was purchased from Dow-

Corning (Midland, MI, USA) as a Sylgard 184 silicon elastomer kit. 

The water employed along this work was treated with a Milli-Q® Integral water purification 

apparatus from Merck Millipore. Other reagents used in this work were of analytical grade and used 

as acquired, without any further purification steps. 

2.2.3.2. Methods 

Extraction and purification of mAbs from cell cultures supernatants using ABS. In the 

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

mainly composed of dextran. The ternary mixture composition for the IgG extraction/partition was 

chosen based on the phase diagram already reported in the literature [29, 30], corresponding to 7 

wt% PEG 3350 + 5 wt% dextran 500k + 88 wt% H2O/CHO cell supernatant/IL. All partitioning studies 

of the quaternary systems (comprising the IL) were performed with the same extraction point, 

where the ILs were introduced as adjuvants in ABS at different concentrations, from 1 wt% to 25 

wt%. The extraction/purification performance of PEG-dextran and PEG-dextran-IL two-phase 

systems for anti-IL-8 or anti-HCV mAbs from serum-containing or serum-free CHO cell culture 



2 Purification of antibodies using aqueous biphasic systems 
 

148 
 

supernatants, respectively. In each system, the complex biological sample was loaded at 30 wt% to 

the phase-forming components to reach a total weight of the mixture of 2.0 g. The systems were 

mixed in a Vortex mixer (Ika, Staufen, Germany), centrifuged for 30 min in a fixed angle rotor bench 

centrifuge (Eppendorf, Hamburg, Germany) at 1372 × g, and to ensure total phase separation and 

chemical equilibrium they were settled for 30 min. After the required equilibrium conditions, both 

phases were carefully separated using a micropipette to extract the top phases and a 2.5 mL syringe 

to take the bottom phases, and their volumes were determined. Control systems without IL were 

also prepared to assess their effect in IgG partitioning, as well as blank systems without biological 

sample to consider the interference of the phase-forming compounds in the analytical methods. 

IgG was quantified in the initial feeds and in each phase by affinity chromatography in ÄKTA™ 

10 Purifier system from GE Healthcare (Uppsala, Sweden) using an analytical POROS Protein G 

affinity column (2.1 x 30 mm) from Applied Biosystems (Foster City, CA, USA). Adsorption of IgG to 

the column was performed in 50 mmol∙L-1 sodium phosphate (NaH2PO4) buffer at pH 7.4 containing 

150 mmol∙L-1 sodium chloride (NaCl) for 1.8 min. Elution was triggered by decreasing the pH value 

of the buffer to 2–3, using 12 mmol∙L-1 chloridric acid (HCl) with 150 mmol∙L-1 NaCl during 2.5 min. 

Finally, the column was re-equilibrated with the adsorption buffer for 3.4 min. Samples from top 

and bottom phases containing IgG were diluted 20 times in the adsorption buffer and 0.5 mL were 

injected in the column using an Autosampler A-900 from GE Healthcare. Absorbance was monitored 

at 215 nm. IgG concentration was determined from a daily-fresh calibration curve obtained using 

Gammanorm IgG, in a concentration ranging between 0.2 to 20 mg∙L-1. In the end of each assay, the 

column was stored in 10 mmol∙L-1 sodium phosphate (NaH2PO4) buffer at pH 7.4 containing 0.02 % 

sodium azide.  

The total protein content (IgG + remaining proteins) of each phase was determined using the 

Bradford protein assay method with a Coomassie Plus kit from Pierce (Rockford, IL, USA) [31]. The 

assays were set up in 96 well polystyrene microplates and 200 μL of Coomassie reagent were added 

to 50 μL of samples, previously diluted 4 or 10 times, blanks and standard solutions. A calibration 

curve with bovine serum albumin (BSA) from 5 to 400 mg∙L-1 was used as a standard biomolecule 

for protein calibration. Absorbance was read at 595 nm in a microplate reader from Molecular 

Devices (Sunnyvale, CA, USA). At least two individual experiments were performed to determine 

the average in performance parameters, as well as the respective standard deviations.   

The IgG antibodies recovery yield for the PEG-rich phase, %YieldIgG, is the percentage ratio 

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

and is defined according to Equation 1, 
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%YieldIgG =
[IgG]PEG×VPEG

[IgG]initial×Vinitial
 × 100                                                                                                                 (1) 

where [IgG]PEG and [IgG]initial represents the total IgG concentration in the PEG-rich phase and in the 

initial solution, respectively, and the parameters VPEG and Vinitial represent the volume of the PEG-

rich phase and the volume of the feed added to the ABS, respectively. The percentage purity of IgG 

was calculated dividing the IgG concentration by the total protein concentration at the PEG-rich 

phase, according to Equation 2, 

%PurityIgG =
[IgG]PEG

[Total proteins]PEG
                                                                                                                       (2) 

where [IgG]PEG and [Total proteins]PEG represent the concentration of IgG and total proteins in the 

PEG-rich phase, respectively. 

 

Proteins stability assessment. Sodium dodecyl sulfate polyacrylamide gel electrophoresis 

(SDS-PAGE) assays were performed to assess the proteins profile and infer the mAbs integrity. 

Samples were prepared and diluted in a sample buffer from Bio-Rad containing 62.5 mmol∙L-1 Tris–

HCl, pH 6.2, 2 % SDS, 0.01 % bromophenol blue and 10 % glycerol, under reducing conditions with 

100 mmol∙L-1 dithiothreitol (DTT) and then denaturated at 100°C for 10 min. A volume of 25 µL of 

these samples was applied in a 12 % acrylamide gel, prepared from a 40 % acrylamide/bis-

acrylamide stock solution (29:1) from Bio-Rad, and ran at 90 mV using a running buffer containing 

192 mmol∙L-1 glycine, 25 mmol∙L-1 Tris, and 0.1 % (w/v) SDS at pH 8.3. The molecular weight standard 

used was Precision Plus Protein™ Dual Color Standards from BioRad. Gels were stained with 0.1 % 

(w/v) Coomassie Brilliant Blue R-250 from Pharmacia AB Laboratory Separations® (Uppsala, 

Sweden), 30 % (v/v) ethanol, 10 % (v/v) acetic acid and water, in an orbital shaker at 40 °C and 

moderate velocity during 1 h. Gels were then distained using a solution containing 30 % (v/v) 

ethanol and 10 % (v/v) acetic acid, in an orbital shaker at 25 °C and moderate velocity, until 

background color disappeared. Finally, gels were stored in milli-Q water at room temperature, until 

digital images of the gels were acquired using a calibrated densitometer GS-800 from Bio-Rad and 

analyzed with the informatics tool Quantity One 4.6 also from Bio-Rad. 

Isoelectric focusing (IEF) was performed to compare the initial CHO cell culture supernatant 

sample and the ABS’ phases after bioprocessing. The IEF was performed in a Pharmacia 

PhastSystem™ separation module using PhastGel® IEF 3–9 with 50 mm × 46 mm × 0.45 mm (from 

GE Healthcare). Gels were ran at 2000 V for 500 Vh, after a 75 Vh prefocusing step at 2000 V and 

sample application at 200 V for 15 Vh. The isoelectric point standard used was broad pI kit (pH 3 – 

10) calibration kit from GE Healthcare, containing the following components: amylglucosidase (pI = 
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3.50); methyl red (pI = 3.75); trypsin inhibitor (pI = 4.55); β-lactoglobulin A (pI = 5.20); carbonic 

anhydrase B bovine (pI = 5.85); carbonic anhydrase B human (pI = 6.55); myoglobin, acidic band (pI 

= 6.85); myoglobin, basic band (pI = 7.35); lentil lectin, acidic (pI = 8.15); lentil lectin, middle (pI = 

8.45); lentil lectin, basic (pI = 8.65); trypsinogen (pI = 9.30). Afterwards the gels were stained with 

silver nitrate, and digital images of the gels were acquired using a calibrated densitometer GS-800 

from Bio-Rad and analyzed with the informatics tool Quantity One 4.6, also from Bio-Rad. 

 

Microfluidic chip fabrication. The microfluidic device was fabricated by us (INESC-MN 

authors). Briefly, the microchannel was designed in the AutoCAD 2013 software, and the pattern 

transferred to a hard mask by the photolithographic patterning and subsequent wet chemical 

etching of a 200 nm aluminium film deposited on a glass substrate using a Nordiko 7000 magnetron 

sputtering system. SU-8 2015 negative photoresist was spin-coated onto a clean silicon substrate 

to a final average thickness of 20 μm. The hard mask was placed over the SU-8 after 4 min of pre-

exposure bake at 95 °C on a hotplate, and exposed to UV light. After exposure, a post-exposure 

bake at 95 °C for 5 min was performed. The SU-8 was developed by submerging the substrate in 

PGMEA for 2 min and subsequently rinsing with isopropanol. The substrate was then subjected to 

a final hard bake step at 150 °C for 15 min. PDMS, previously mixed at a ratio of 1:10 parts 

reticulating agent and degassed in a vacuum chamber, was poured over the SU-8 mold and left to 

reticulate in an oven at 70 °C for 75 – 90 min. PDMS membranes (500–1000 μm thick) were 

prepared by pouring PDMS over a silicon wafer and prepared under the same conditions as the 

PDMS structures. The structure was peeled off from the mold and holes were punched with a blunt 

20-ga needle (Instech Solomon, Plymouth Meeting, PA, USA) through the inlets and outlets of the 

structure. To seal the channels, a PDMS membrane and the PDMS device containing the microfluidic 

structures were oxidized using a hand-held corona discharge device for 60 s, keeping about 0.5 cm 

between the device and the surfaces to be treated. After oxidation, the membrane was placed over 

the channel side of the PDMS and the structure was baked on hot plate at 130 °C for 5 min. The 

sealed channels were left undisturbed for at least 24 h before usage. 
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2.2.4. Results and discussion 

2.2.4.1. Extraction and purification of anti-IL-8 mAbs from serum-containing CHO cell 

culture supernatants 

The potential of PEG-dextran ABS containing ILs as adjuvants as extraction and purification 

routes for anti-IL-8 mAbs directly from serum-containing CHO cell culture supernatants was firstly 

addressed. A mixture composition of 7 wt% PEG 3350 + 5 wt% dextran 500k + 30 wt% CHO cell 

culture supernatant + IL ranging from 1 wt% to 25 wt% was selected, and two ILs chosen according 

to the data previously obtained (Chapter 2.1) were studied: [Ch][Ac] and [C4mim]Br. These ILs 

contain different cations and anions structures, namely a highly hydrophobic cation combined with 

a low-hydrogen bond-basicity anion [32] ([C4mim]Br) and a highly hydrophilic cation combined with 

a high hydrogen-bond basicity anion [32] ([Ch][Ac]), thus allowing to appraise the effect of two ILs 

with different chemical characteristics. The mixture composition was selected based on the phase 

diagrams already reported in the literature [29, 30], while trying to have a minimum concentration 

of both polymers and the maximum concentration of water (turning the process more economic 

and more biocompatible). The performance of all ABS was investigated in terms of mAbs recovery 

yield (%YieldIgG) and purity level (%PurityIgG), whose results for anti-IL-8 mAbs from serum-

containing CHO cell culture supernatants are shown in Figure 2.2.2. The detailed data on the 

recovery yields and purity levels are given in the Appendix B (Table B.1).  

Based on the obtained results in Figure 2.2.2, it is clear that mAbs preferentially partition to 

the top (PEG-rich) phase, both in the control system (just PEG-dextran) and in the systems 

containing ILs as adjuvants, being this the phase in which the ILs under study are also enriched 

[%EEIL > 66 %, cf. Appendix A (Table A.3)]. Although the control system allows a recovery yield of 

69.4 % of mAbs, higher recovery yields are achieved by using ILs as adjuvants, ranging between 73.3 

% and 82.6 %. Overall, better recovery yields are obtained with the most hydrophobic IL, namely 

[C4mim]Br. This phenomenon may be explained by the mAbs affinity and interactions established 

with ILs, e.g. van der Waals, hydrogen-bonding and electrostatic interactions [33-35]. The isoelectric 

point (pI) of anti-IL-8 is ca. 9.3 [28], and as the pH of the investigated systems is ca. 7.0, antibodies 

are positively charged and electrostatic interactions with the IL may play a role.  

[Ch][Ac] was added to the PEG-dextran ABS at three different concentrations, namely 1 wt%, 

5 wt% and 10 wt%, whose results are shown in Figure 4.2.2 (A). Recovery yields of mAbs ranging 

from 73.3 % to 77.6 % were obtained in a single step, with purity levels ranging between 19.1 % and 

26.8 %. With this IL, both parameters performance decreases as the concentration of IL increases 
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in the system, but still higher than that obtained with the control system with no IL added (69.4 %). 

However, the purity level is always lower than that obtained using the control system (29.3 %).  

 

Figure 2.2.2. Percentage recovery yield (%YieldIgG – ■) and purity level (%Purity IgG – ■) of anti-IL-8 mAbs 

from serum-containing CHO cell culture supernatants using quaternary ABS formed by PEG 3350 + dextran 

500 kDa + H2O + ILs as adjuvants at different concentrations, at 25 °C – (A) [Ch][Ac]; (B) [C4mim]Br. For the 

initial feed, the %YieldIgG is not applicable (N.A.). 

These results show that the introduction of [Ch][Ac] is favorable to increase the extraction of 

proteins to the PEG-rich phase, in which the IL is enriched as well, due to the increase in the recovery 

yield. However, this IL leads to a lack of selectivity as observed by the decrease in the IgG purity. 

Still, it should be remarked that the mAbs purity levels achieved after (IL-based) ABS processing are 

higher than the purity of mAbs in the initial cell supernatant (9.1 %). Being in agreement with 
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Chapter 2.1, [Ch][Ac]-based ABS have low performance to improve the IgG purity, even from cell 

culture supernatants.  

[C4mim][Br] was then investigated as adjuvant in PEG-dextran ABS at different 

concentrations, namely 10 wt%, 15 wt%, 20 wt% and 25 wt%, whose results are shown in Figure 

4.2.2 (B). Recovery yields of mAbs ranging from 79.2 % to 82.6 % were obtained in a single step, 

with purity levels ranging between 35.8 % and 69.3 %. The performance shown by this IL clearly 

surpasses that of the [Ch][Ac]-based ABS, being also higher than the performance of the system 

without IL added (%YieldIgG = 69.4 % and %PurityIgG = 29.3 %). Although the increase in the IL 

concentration does not lead to relevant differences in the recovery yields, it has however a 

significant impact in the mAbs purity levels. The best performance was achieved by using 20 wt% 

of [C4mim]Br, in which 81.5 % of mAbs were extracted to the top (PEG-rich) phase of the system, 

with a high purity level of 69.3 % obtained in one-step. This purity value represents an improvement 

of ca. 662 % (7.6-fold increase) in comparison with the initial cell supernatant purity (9.1 %).  

However, when increasing the IL concentration up to 25 wt%, the purification performance of the 

system is reduced, with only 43.4 % of purity being achieved, revealing that concentrations higher 

than 20 wt% of IL are not appropriate for mAbs downstream processing. Since the recovery yield is 

not compromised, these results show that the higher concentrations of IL allow as well the 

extraction of other proteins from the cell culture medium, being in agreement with the trend 

observed with [Ch][Ac]. 

Some mAbs characteristics were analyzed before and after the IL-ABS downstream process, 

such as integrity and proteins profile by SDS-PAGE, and isoelectric point (pI) determined by 

isoelectric focusing (Figure 2.2.3). In Figure 2.2.3 (A), the SDS-PAGE gel results of the initial cell 

culture supernatant and recovered ABS phases are provided, allowing not only to infer the mAbs 

integrity, but also to corroborate the purification results previously discussed. The two bands 

corresponding to IgG (heavy chains, molecular weight of ca. 50 kDa; and light chains, molecular 

weight of ca. 25 kDa) are visible in the ABS top phase at the expected molecular weight, meaning 

that the integrity of mAbs was maintained after extraction process. Moreover, more bands are 

present in the lane of the bottom phase, corresponding to protein impurities that are retained in 

this phase; in particular, the band corresponding to BSA, the main protein impurity of serum-

containing CHO cell culture supernatants, has a higher intensity in the bottom phase than in the top 

phase. These results show that the purity level of IgG increases due to the preferential retention of 

other proteins than IgG, and preferentially BSA, in the bottom phase. Regarding the pI, whose 

results are given in Figure 2.2.3 (B), it is shown that anti-IL-8 mAbs recovered in the top phase of 
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the ABS maintain the same pI as in the initial serum-containing CHO cell culture supernatant, of ca. 

9.3, in accordance with the value reported for this mAb in the literature [28]. Moreover, it is possible 

to observe some bands corresponding to acidic proteins in the ABS bottom phase, corresponding 

to protein impurities that are retained in this phase, corroborating the purification results 

previously discussed. 

 

 

Figure 2.2.3. IgG characterization experiments after the downstream processing using the system 

composed of PEG 3350 + dextran 500 kDa + H2O + 20 wt% [C4mim]Br. (A) SDS-PAGE of the initial feed and 

ABS’ phases: lane 1 – molecular weight marker (kDa); lane 2 – human IgG standard; lane 3 – serum-

containing CHO cell culture supernatant; lane 4 – ABS top phase; lane 5 – ABS bottom phase. The bands 

corresponding to BSA, IgG heavy chain (H.C.) and IgG light chain (L.C.) are also labelled. (B) Silver stained IEF 

gel: lane 1 – isoelectric point standard; lane 2 – serum-containing CHO cell culture supernatant; lane 3 – ABS 

top phase; lane 4 – ABS bottom phase. The band corresponding to anti-IL-8 mAbs is also labelled. 

Based on the aforementioned information, it can be concluded that [C4mim]Br is the most 

promising IL under study, demonstrating a great potential to tailor the ABS’ phases affinity for mAbs 

from serum-containing CHO cell culture supernatants, allowing to obtain an yield of 81.5 % with a 

purity level of 69.3 % in a single-step, and maintaining some characteristics of anti-IL-8 mAbs, as 

the integrity and pI. 
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2.2.4.2. Extraction and purification of anti-HCV mAbs from serum-free CHO cell culture 

supernatants 

The best identified IL ([C4mim]Br) was then studied as adjuvant in PEG-dextran ABS towards 

the extraction and purification of a different mAb – anti-HCV – directly from a distinct biological 

matrix, i.e. serum-free CHO cell culture supernatants. This study allowed to infer on the flexibility 

and robustness of the developed IL-based platform. An ABS with a mixture composition of 7 wt% 

PEG 3350 + 5 wt% dextran 500k + 30 wt% CHO cell culture supernatant + [C4mim]Br ranging from 

10 wt% to 25 wt% was selected, since high IL concentrations revealed better performance in the 

previous study. The performance of all ABS was investigated in terms of mAbs recovery yield 

(%YieldIgG) and purity level (%PurityIgG), whose results are shown in Figure 2.2.4. The detailed data 

on the recovery yields and purity levels are given in the Appendix B (Table B.2). 

 

 

Figure 2.2.4. Percentage recovery yield (%YieldIgG – ■) and purity level (%Purity IgG – ■) of anti-HCV mAbs 

from serum-free CHO cell culture supernatants using quaternary ABS formed by PEG 3350 + dextran 500 

kDa + H2O + [C4mim]Br as adjuvant at different concentrations, at 25 °C. For the initial feed, the %YieldIgG is 

not applicable (N.A.). 

From the data shown in Figure 2.2.4, it is shown that when applying the conventional PEG-

dextran ABS (no IL added) for bioprocessing the serum-free cell culture supernatant, mAbs 

preferentially partition to the bottom (dextran-rich) phase, with only 33.8 % of mAbs recovered in 

the top (PEG-rich) phase with 44.7 % of purity. However, with the addition of IL as adjuvant, the 

mAbs recovery in the top (PEG-rich) phase is promoted, the phase in which the IL is also enriched 

[for [C4mim]Br – %EEIL > 72 %, cf. Appendix A (Table A.3)]. The extraction yields obtained with the 

IL from 10 to 20 wt% in the ABS range between 81.0 % and 85.4 %, with purity levels from 71.1 % 
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and 92.4 %. With higher IL concentrations (25 wt%), the selectivity towards IgG decreases, as 

previously observed for serum-containing CHO cell culture supernatants. These results suggest the 

establishment of specific and preferential interactions between IgG and [C4mim]Br up to 20 wt% of 

IL, in which a maximum in recovery and purity is achieved.  

The system with the best performance to recover and purify anti-HCV mAbs is also the ABS 

composed of 20 wt% of [C4mim]Br, in which a recovery yield of 85.4 % and a purity level of 92.4 % 

was achieved in a single-step in the top (PEG-rich) phase. This value represents an improvement of 

ca. 140 % (2.4-fold increase) in comparison with the initial cell supernatant purity (38.4 %). Overall, 

the ABS constituted by 20 wt% of [C4mim]Br is the one that best performs for the extraction and 

purification of mAbs from both serum-containing and serum-free cell culture supernatants; 

nevertheless, the purity level achieved for mAbs from serum-free cell culture supernatants is 

significantly higher than that obtained for mAbs from serum-containing cell culture supernatants 

(92.4 % vs. 69.3 %). Nevertheless, these results are extremely promising, since in comparison with 

the initial purity of mAbs in the cell supernatants, namely 9.1 % in serum-containing and 38.4 % in 

serum-free cell supernatants, both purity values represent an improvement of 662 % and 140 %. 

This trend is somehow expected since the serum-free cell supernatants do not contain some 

impurities prevenient from the serum (e.g. BSA), thus having an higher purity in the supernatant.  

In the literature, conventional polymer-polymer ABS have been suggested as promising 

approaches for the extraction and purification of IgG antibodies, as reviewed by Capela et al. [2]. 

However, these kind of systems typically present a restricted polarity between the coexisting 

phases, encouraging the development of novel strategies to overcome that drawback, from which 

the addition of inorganic salts [17] and affinity ligands [13, 15], and the use of modified phase-

forming components [5] can be highlighted. Concerning the use of IL-based ABS for the 

extraction/purification of IgG, few works were reported up to date in the literature [7, 19-21], with 

just one addressing the use of ILs as adjuvants in polymer-salt systems [7], being this work carried 

out with rabbit serum samples, and the work shown in Chapter 2.1 with polymer-polymer ABS and 

human serum samples. The current work consists in the first report on the use of ILs as adjuvants 

in polymer-polymer ABS for the extraction and purification of mAbs from CHO cell culture 

supernatants, and which results outperform those previously reported using IL-based ABS [7, 19-

21]. This is probably a result of the tailoring ability of the ILs introduced in ABS composed of two 

polymers instead of a polymer and a salt, in which the effect of the salts commonly used as strong 

salting-out species may mask the IL effect.  
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Based on the findings reported by Ferreira et al. [7] using commercial ILs as adjuvants in 

polymer-salt ABS, IgG could be extracted from the rabbit serum with 26 % of purity, contrasting 

with the 92.4 % of purity achieved in this work with polymer-polymer ABS using ILs as adjuvants, 

again reinforcing the impact that ILs may exert in systems composed of two polymers (with no 

strong salting-out species present). The best results herein obtained (anti-IL-8 recovery yield of 81.5 

% and purity level of 69.3 % from serum-containing CHO cell culture supernatants; anti-HCV 

recovery yield of 85.4 % and purity level of 92.4 % from serum-containing CHO cell culture 

supernatants) are also better than the results reported by Capela et al. [36], who used IL-based ABS 

for the purification and recovery of mAbs from cell cultures supernatants. The authors used glycine-

betaine-based ILs as the main phase-forming compounds of ABS, reporting the complete recovery 

of mAbs (100 %) from serum-containing CHO cell culture supernatants with a purity level of 36 % 

(representing a 1.6-fold increase in purity) in the IL-rich phase. Overall, and in addition to the higher 

purity level achieved, the use of ILs as adjuvants in polymer-polymer ABS has the advantage of using 

the IL as adjuvant (in lower amounts), and ultimately, to decrease the overall cost of the process.  

2.2.4.3. ABS miniaturization by microfluidics 

Aiming to compare the performance of the developed IL-ABS process in batch and in 

continuous modes, microfluidics technique was selected and will be applied. For that purpose, a 

microfluidic chip was already designed, being its schematic representation shown in Figure 2.2.5.  

 

 

Figure 2.2.5. Schematic representation of the microfluidic chip fabricated for the miniaturized extraction 

and purification of mAbs using IL-based ABS. The height of the microchannel is 20 μm throughout the entire 

structure. 

The miniaturized chip considered for this work was fabricated using PDMS soft lithography 

and presented a simple design, counting with two inlets (for feeding with the ABS phase-forming 



2 Purification of antibodies using aqueous biphasic systems 
 

158 
 

components solutions and the complex biological matrix), a main separation channel and three 

outlets (allowing the separation of top phase, bottom phase and interphase – to guarantee no 

contaminations between the coexisting phases). Although the microfluidic assays were not yet 

performed, and aim to be in the near future, promising clues are given in the literature [23] 

regarding its feasibility for these types of systems. Therefore, it is suggested that a microfluidic chip 

will be useful to prove the possibility of operating the IL-ABS process in continuous mode, without 

losses in its efficacy (comparable to that of the lab scale), and ultimately proving the scale-out of 

the process for an increased scale. 

2.2.5. Conclusions 

This work focused on the use of ILs as adjuvants in polymer-polymer ABS as an alternative 

process for the extraction and purification of mAbs from CHO cell culture supernatants, namely 

anti-IL-8 and anti-HCV from serum-containing and serum-free supernatants, respectively. Initial 

assays were performed with mAbs from serum-containing cell supernatants, allowing to identify 

the best IL, which was then applied to purify mAbs from serum-free cell supernatants. In both cases, 

mAbs demonstrated a preferential partition towards the PEG-rich phase that is also the phase for 

which the ILs preferentially migrate. This is particularly relevant for serum-free cell culture 

supernatants, since an inversion on this trend occurs due to the presence of IL, i.e. in the system 

with no IL added, mAbs preferentially enrich in the dextran-rich phase.  

The best ABS revealed to be 7 wt% PEG 3350 + 5 wt% dextran 500k + 30 wt% CHO cell culture 

supernatant + 20 wt% [C4mim]Br, allowing an anti-IL-8 recovery yield of 81.5 % and purity level of 

69.3 % from serum-containing CHO cell culture supernatants, and an anti-HCV recovery yield of 85.4 

% and purity level of 92.4 % from serum-containing CHO cell culture supernatants. The developed 

platform revealed to be flexible and robust, allowing the downstream processing of two different 

mAbs from different cell culture supernatants, and surpassing the results reported in the literature 

up to date using ILs. Besides, the developed platform presents the potential to integrate the 

clarification, extraction, purification and concentration steps in a single step. 

Overall, it was possible to conclude that a cost-effective strategy was herein developed, using 

ILs as adjuvants in traditional polymer-polymer ABS, allowing the recovery and purification of mAbs 

directly from the cell culture supernatants with high performance, representing a steppingstone for 

the widespread use of this type of biopharmaceuticals as a recurrent and accessible therapy. 

Further work in ongoing to prove the scale-out of the technology and operation of the ABS 

extraction/purification in continuous mode through microfluidics. 
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2.3. Sustainable strategies based on glycine-betaine analogue ionic liquids for the 

recovery of monoclonal antibodies from cell culture supernatants 

This chapter is based on the published manuscript 

Emanuel V. Capela, Alexandre E. Santiago, Ana F.C.S. Rufino, Ana P.M. Tavares, Matheus M. 

Pereira, Aminou Mohamadou, M. Raquel Aires-Barros, João A.P. Coutinho, Ana M. Azevedo,  

Mara G. Freire; Green Chemistry 21 (2019) 5671-5682. 

 

2.3.1. Abstract 

Monoclonal antibodies (mAbs) are of crucial interest for therapeutic purposes, particularly in 

vaccination, immunization, and in the treatment of life-threatening diseases. However, their 

downstream processing from the complex cell culture media in which they are produced still 

requires multiple steps, rendering mAbs as extremely high-cost products. Therefore, the 

development of cost-effective, sustainable and biocompatible purification strategies for mAbs is in 

high demand to decrease the associated economic, environmental and health burdens. Herein, 

novel aqueous biphasic systems (ABS) composed of glycine-betaine analogues ionic liquids (AGB-

ILs) and K2HPO4/KH2PO4 at pH 7.0, the respective three-phase partitioning (TPP) systems, and hybrid 

processes combining ultrafiltration, were investigated and compared in terms of performance as 

alternative strategies for the purification and recovery of anti-interleukin-8 (anti-IL-8) mAbs, which 

are specific therapeutics in the treatment of inflammatory diseases, from Chinese Hamster Ovary 

(CHO) cell culture supernatants. With the studied ABS, mAbs preferentially partition to the IL-rich 

phase, with recovery yields up to 100 % and purification factors up to 1.6. The best systems were 

optimized in what concerns the IL concentration, allowing to take advantage of IL-based three-

phase partitioning approaches where a precipitate enriched in mAbs is obtained at the ABS 

interface, yielding 41.0 % of IgG with a purification factor of 2.7 (purity of 60.9 %). Hybrid processes 

combining the two previous techniques and an ultrafiltration step were finally applied, allowing the 

recovery of mAbs from the different fractions in an appropriate buffer solution for further 

biopharmaceuticals formulation, while allowing the simultaneous IL removal and reuse. The best  
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results were obtained with the hybrid process combining TPP and ultrafiltration, allowing to obtain 

mAbs with a purity greater than 60 %. The recyclability of the IL was additionally demonstrated, 

revealing no losses on the purification and recovery performance of these systems for mAbs. The 

biological activity of anti-IL-8 mAbs is maintained after the several purification and recovery steps, 

indicating that the novel ABS, three-phase partitioning and hybrid processes comprising AGB-ILs are 

promising and sustainable strategies in mAbs downstream processing.  

2.3.2. Introduction 

Despite all significant advances that have been accomplished in the development of effective 

therapies, biopharmaceuticals are in many cases the unique option in the treatment of particular 

diseases [1, 2]. Amongst biopharmaceuticals,  monoclonal antibodies (mAbs) are widely applied for 

therapeutic purposes, namely in vaccination and immunization, but also in the treatment of 

oncologic, autoimmune, cardiovascular, inflammatory and neurological diseases [1, 3]. The first 

therapeutic monoclonal antibody approved, in 1986 by the US Food and Drug Administration (FDA), 

was Muromonab (Orthoclone OKT3), which is an in vivo produced mAb by hybridoma cells for the 

prevention of kidney transplant rejection [4]. By the end of 2017, 57 therapeutic mAbs were 

approved by FDA and the European Medicines Agency (EMA) for therapeutic purposes [5]. In 2017, 

the worldwide mAbs market exceeded US$ 98 billion in sales, aiming to reach US$ 137-200 billion 

in 2022 [4, 5]. Despite all advantages of mAbs, the high quantities of pure mAbs required and their 

extremely high manufacturing costs, mainly derived from the multiple downstream processing 

steps, are the most challenging features limiting their widespread use [6]. The bioprocessing of 

mAbs comprises 2 steps: (i) upstream processing, based on biological processes where mAbs 

production occurs through cell cultures derived from mammalian cells; and (ii) downstream 

processing, where the recovery, purification and isolation of mAbs from the complex medium takes 

place. The upstream processing suffered significant improvements in recent years and the main 

current bottleneck in mAbs production conveys in the downstream processing [7]. The current 

downstream platform includes several steps: (i) clarification of the supernatant, (ii) capture of 

mAbs, (iii) viral inactivation, (iv) mAbs polishing, (v) viral removal, and (vi) 

concentration/formulation of the final mAb-product [1, 8]. Protein A (ProA) affinity 

chromatography is the “gold standard” approach in the capture and purification steps since it is 

highly selective [9]. However, it presents several limitations, namely the low pH values necessary 

to elute mAb-products that can cause their aggregation, the presence of some impurities in the 

final formulation since the ProA ligand can be degraded by proteases present in the supernatants, 
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and the high cost of the resin (between US$ 5,000 and US$ 15,000/L; industrial columns require 

volumes up to 1000 L) [9, 10]. Accordingly, ProA affinity chromatography is the main center of costs 

of the mAbs manufacturing process, with the overall downstream processing contributing up to 80 

% of the mAbs global production costs [1, 11]. Therefore, it is imperative to develop sustainable and 

cost-effective downstream processes for mAbs to decrease their cost and to allow their widespread 

use. 

Aqueous biphasic systems (ABS) were first proposed as an extraction technique by Albertsson 

[12], being typically composed of two polymers, a polymer and a salt or two salts dissolved in 

aqueous media (ternary systems), which above given concentrations undergo phase separation. 

Their physicochemical characteristics can be tailored by changing the phase-forming components 

and their concentration, pH and temperature to profit the selective partitioning of a target 

compound [1, 13]. One of the major advantages of ABS over other techniques commonly applied 

to the recovery of mAbs is that the clarification, extraction, purification and concentration steps 

can be integrated in a single step. Furthermore, ABS are rich in water, do not require the use of 

volatile organic solvents, and represent a technique easy to scale up and able to operate in 

continuous mode [13, 14]. Thus, if properly designed, ABS are effective, sustainable and low-cost 

strategies when compared to the applied chromatographic methods. Traditional ABS formed by 

polymers have been largely investigated for the purification of IgG (including mAbs) [1]. However, 

the restricted polarity of the coexisting phases presented by this type of systems compromises 

enhanced recovery yields and purity factors to be achieved, thus encouraging the development of 

other strategies to overcome this bottleneck. The addition of salts [15], affinity ligands [13, 14] and 

the use of modified phase-forming components [16] are some examples in this field.  In addition to 

more traditional polymer-based ABS, ionic-liquid-(IL)-based ABS emerged in more recent years with 

the pioneering work of Rogers and co-workers [17], and since then have been investigated as 

extraction/purification platforms for a plethora of (bio)molecules [18-23]. By using ILs as phase-

forming components of ABS it is possible to tailor the phases’ polarities and affinities to specific 

bioproducts, overcoming the limited polarity difference presented by traditional polymer-based 

systems [18, 24]. Given the designer solvents ability of ILs, they can be foreseen as promising phase-

forming components to carry out the purification and recovery of mAbs. To the best of our 

knowledge, there are no reports in the literature considering the mAbs recovery from CHO cell 

culture supernatants using ILs as phase-forming components of ABS. 

Within the field of IL-based ABS, ionic-liquid-based three-phase partitioning (ILTPP) have 

been investigated for the recovery of proteins [25, 26], yet never considered for the purification of 
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antibodies. Typically, three-phase partitioning (TPP) approaches involve the recovery of the target 

protein in an enriched precipitate at the interface of two liquid phases [27]. Alvarez et al. [25, 26] 

demonstrated the feasibility of this approach using IL-based ABS, proposing the concept of ionic-

liquid-based TPP (ILTPP), but still only applied to food proteins and less complex matrices.  

Even though ILs present interesting environmental features compared to volatile organic 

compounds, mainly due to their negligible vapor pressure at ambient conditions, their toxicity and 

biodegradability should be always considered [28, 29]. In order to overcome these drawbacks, 

glycine-betaine analogues ILs (AGB-ILs) were here synthesized and investigated as phase-forming 

components of ABS and TPP approaches. Glycine-betaine and its analogous are part of the 

mammalian diet, being present in fruits, vegetables, and coffee beans [30]. In particular, novel ABS 

and TPP systems formed by AGB-ILs and K2HPO4/K2HPO4 at pH 7.0 were investigated to purify and 

recover biopharmaceuticals, namely anti-human interleukin-8 (anti-IL-8) mAbs from Chinese 

Hamster Ovary (CHO) cell culture supernatants. These antibodies are potential therapeutics to treat 

inflammatory diseases [31-33]. Given their novelty, the ABS phase diagrams were determined to 

ascertain the compositions required to form two-phase and TPP systems able to act as separation 

techniques. Then, their potential in the extraction and purification of mAbs was evaluated and 

optimized, either as one-step platforms, as three-phase partitioning systems, or as hybrid processes 

combined with ultrafiltration, followed by the evaluation of the mAbs specific activity. The IL 

recyclability was additionally demonstrated. 

2.3.3. Experimental section 

2.3.3.1. Materials 

AGB-ILs were synthesized by us according to previously reported protocols [34], 

corresponding to the following ILs: triethyl[4-ethoxy-4-oxobutyl]ammonium bromide ([Et3NC4]Br), 

tri(n-propyl)[4-ethoxy-4-oxobutyl]ammonium bromide ([Pr3NC4]Br), tri(n-butyl)[4-ethoxy-4-

oxobutyl]ammonium bromide ([Bu3NC4]Br) and N-(1-methylpyrrolidyl-4-ethoxy-4-

oxobutyl)ammonium bromide ([MepyrNC4]Br). ILs with a common anion, Br-, were used since these 

correspond to ILs with low toxicity, as previously demonstrated [34].  Furthermore, bromide has a 

low hydrogen-bond basicity [35] when compared to other common IL anions, thus requiring lower 

amounts of salt to create ABS while contributing to the process sustainability. ILs were synthesized 

by the reaction of 4-bromobutyrate acid ethyl ester and triethylamine, tri(n-propyl)amine, tri(n-

butyl)amine or 1-methylpyrrolidine, respectively. All ILs were dried under vacuum for at least 72 h 

at 45°C. After this procedure, the purity of each IL was checked by 1H and 13C nuclear magnetic 
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resonance (NMR), being > 97 %. All ILs synthesized are solid at room temperature, yet with melting 

points below 100 °C, and are water soluble at 25v°C [34]. The commercial ILs studied for comparison 

purposes are the following: tetra(n-butyl)ammonium bromide ([N4444]Br, 98 % purity) and 1-butyl-

3-methylimidazolium bromide ([C4mim]Br, 99 % purity), acquired from Fluka and Iolitec, 

respectively. The chemical structures of the synthesized and commercial ILs are depicted in Figure 

2.3.1. 

 

Figure 2.3.1. Chemical structures of the investigated ILs: (i) [Et3NC4]Br; (ii) [Pr3NC4]Br; (iii) [Bu3NC4]Br; (iv) 

[MepyrNC4]Br; (v) [N4444]Br; (vi) [C4mim]Br. 

A mixture of the salts K2HPO4 and KH2PO4 at pH 7.0 was used for the formation of ABS and 

TPP systems with AGB-ILs. K2HPO4∙3H2O extra pure was acquired from Scharlau, and KH2PO4 extra 

pure was acquired from Roic Farma, S.A. Phosphate buffered saline solution (PBS, pH ≈ 7.4) pellets 

were acquired from Sigma-Aldrich. 

Human IL-8 (77aa) (CXCL8) standard (98 % purity) was acquired from Sigma-Aldrich. 

Commercial human immunoglobulin G (IgG) for therapeutic administration (trade name: 

Gammanorm®) was obtained from Octapharma (Lachen, Switzerland), as a 165 mg∙mL-1 solution 

containing 95 % of IgG (of which 59 % correspond to IgG1, 36 % to IgG2, 4.9 % to IgG3 and 0.5 % to 

IgG4). Bovine serum albumin (BSA) standards (2 mg∙mL-1) were purchased from Thermo Scientific 

Pierce. 

Anti-human interleukin-8 (anti-IL-8) monoclonal antibodies were produced in-house by a 

CHO DP-12 clone#1934 (ATCC CRL-12445) using DHFR minus/methotrexate selection system, 

obtained from the American Type Culture Collection (LGC Standards, Middlesex, UK). CHO DP-12 

AGB-ILs

(i)

(iii)

(ii)

(iv)

Commercial ILs

(v)

(vi)
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cells were grown in a mixture of 75 % (v/v) of serum-free media formulated with 0.1 % Pluronic® F-

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

Belgium), and 25 % (v/v) of Dulbecco’s modified Eagle’s medium (DMEM), supplemented with 10 % 

(v/v) of ultra-low IgG fetal bovine serum (FBS). ProCHO™5 formulation contains 4 mmol∙L-1 L-

glutamine (Gibco®, Carlsbad, CA), 2.1 g∙L-1 NaHCO3 (Sigma–Aldrich), 10 mg∙L-1 recombinant human 

insulin (Lonza), 0.07 % (v/v) lipids (Lonza), 1 % (v/v) antibiotics (100 U∙mL-1 penicillin and 100 g∙mL-

1 streptomycin) (Gibco®) and 200 nmol∙L-1 methotrexate (Sigma). DMEM was formulated to contain 

4 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 of NaHCO3, 

2 mg∙L-1 of recombinant human insulin, 35 mg∙L-1 of L-proline (all acquired at Sigma), 0.1 % (v/v) of 

a trace element A, 0.1 % (v/v) of a trace element B (both from Cellgro®, Manassas, VA, USA), and 1 

% (v/v) of antibiotics (100 U∙mL-1 of penicillin and 100 μg∙mL-1 of streptomycin from Gibco®). The 

composition of trace element A includes 1.60 mg∙L-1 of CuSO4·5H2O, 863.00 mg∙L-1 of ZnSO4·7H2O, 

17.30 mg∙L-1 of selenite∙2Na, and 1155.10 mg∙L-1 of ferric citrate, while the trace element B is 

composed of 0.17 mg∙L-1 of MnSO4·H2O, 140.00 mg∙L-1 of Na2SiO3·9H2O, 1.24 mg∙L-1 of molybdic acid, 

ammonium salt, 0.65 mg∙L-1 of NH4VO3, 0.13 mg∙L-1 of NiSO4·6H2O, and 0.12 mg∙L-1 of SnCl2. Cultures 

were carried out in T-75 flasks (BD Falcon, Franklin Lakes, NJ) at 37 (±1) °C and 5 % CO2 with an 

initial cell density of 2.1×106 cells∙mL-1. Cell passages were performed every 4 days in a laminar flow 

chamber. Cell supernatants were centrifuged in BD Falcon™ tubes at 175 × g for 7 min, collected 

and stored at -20 °C. This culture was maintained for several months, with the mAbs concentration 

varying between 40.5 and 99.4 mg∙L-1. The produced anti-IL-8 mAb has an isoelectric point (pI) of 

9.3 [36]. 

2.3.3.2. Methods 

Determination of ABS phase diagrams, tie-lines and tie-line lengths. The ternary phase 

diagrams of the investigated ABS were initially determined to identify the mixture compositions 

where two phases can be formed, so that the extraction conditions could be defined for the 

recovery of mAbs. The determination of the binodal curves was performed using the cloud point 

titration method at 25 (± 1) °C and atmospheric pressure, where the mixture compositions were 

gravimetrically determined [37]. IL aqueous solutions with concentrations ranging between 60 wt% 

and 80 wt% were prepared. To these solutions, a 40 wt% K2HPO4/KH2PO4 aqueous solution at pH 

7.0 was added, allowing the identification of a cloud point corresponding to the biphasic system, 

followed by the addition of water up to the identification of clear solutions, which correspond to 
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the monophasic region. The experimental binodal curves were adjusted by the equation proposed 

by Merchuk et al. [38], 

[IL] =  A. eB.[salt]0.5−C.[salt]3
                                                                                                                                            (1) 

where [IL] and [salt] correspond the IL and phosphate salt weight fraction percentages, respectively, 

and the coefficients A, B and C are fitting parameters determined using the SigmaPlot 11.0 software. 

The tie-lines (TLs), which give the coexisting phases compositions for a given mixture point, 

and respective lengths (tie-line lengths, TLLs), were determined according to lever-arm rule 

originally proposed by Merchuk et al. [38]. The TLs were determined by the resolution of the 

following equations (2 – 5), allowing to obtain the concentrations of IL and salt in both top and 

bottom phases: 

[IL]TOP = A × exp[B[salt]TOP
0.5 − C[salt]TOP

3 ]                                                                                                                     (2) 

[IL]BOT = A × exp[B[salt]BOT
0.5  − C[salt]BOT

3 ]                                                                                                                  (3) 

[IL]TOP =
[IL]M

VR
− (

1−VR

VR
) [IL]BOT                                                                                                                                                     (4) 

[salt]TOP =
[salt]M

VR
− (

1−VR

VR
) [salt]BOT                                                                                                                                         (5) 

where the terms TOP, BOT, and M represents the top phase, bottom phase and the mixture point, 

respectively. The VR parameter represents the ratio between the top phase weight and the total 

system weight. Tie-line lengths (TLLs), which give indication on the coexisting phases compositions 

difference, were calculated according to Equation S6: 

TLL = √([IL]TOP − [IL]BOT)2 + ([salt]TOP − [salt]BOT)2                                                                                       (6) 

For each ternary phase diagram, 3 TLs were determined, including the mixture compositions 

at which the extractions of IgG were carried out.  In all studied systems, the top phase is majorly 

enriched in the IL, whereas the bottom phase is mainly composed of the salt and water. 

 

Recovery of anti-IL-8 mAbs from CHO cell culture supernatants. For the recovery of anti-IL-

8 mAbs directly from CHO cell culture supernatants, ABS and TPP systems with 2.0 g of total weight 

were prepared with a fixed concentration of phosphate salt (15 wt%), combined with (i) 25 wt%, (ii) 

30 wt% and (iii) 40 wt% of IL. CHO cell culture supernatant was loaded at 37.5 wt% in all systems, 

with the remaining amount to complete each composition corresponding to water. Each ABS and 

TPP was prepared at least in duplicate. Each mixture was stirred, centrifuged for 3 min at 112 × g, 

and left to equilibrate for 30 min at 25°C in order to achieve the separation of mAbs from the 

remaining proteins. The volume and weight of the phases and the macroscopic aspect of each 

extraction system were registered, and both phases were carefully separated. In the cases in which 
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a precipitate was observed in the ABS interface, i.e. for the TPP systems, the precipitate was 

completely isolated from the remaining phases and resuspended in PBS aqueous solutions for 

further analysis. The pH values of each phase at 25 (± 1) °C were determined using a Mettler Toledo 

U402-M3-S7/200 micro electrode, showing that a pH 7.0 ± 0.2 was maintained in all systems.  

The best identified systems to purify mAbs from the cell culture supernatant were exposed 

to an additional ultrafiltration step aiming at recovering mAbs in PBS aqueous solution, while 

allowing the IL removal and recycling. The IL-rich phase and the precipitate of the ABS composed of 

40 wt% of [Bu3NC4]Br + 15 wt% of K2HPO4/KH2PO4 (pH 7) + 37.5 wt% of CHO cell culture supernatant 

+ 7.5 wt% of water were placed in a microcentrifuge tube with an Amicon® Ultra-0.5 device 

containing a cut-off filter of 100 kDa (aiming the simultaneous IL recovery, buffer exchange, and to 

improve the purification factor by separating lower molecular weight proteins), and centrifuged at 

14000 × g for 15 min. The filtrated solution was collected and phosphate buffer aqueous solution 

was added. This procedure was repeated for two times to assure the maximum removal of the IL. 

To recover the retentate concentrated solution, the Amicon® Ultra-0.5 filter device was placed 

upside down in a clean microcentrifuge tube and centrifuged at 1000 × g for 2 min, and then PBS 

aqueous solution was added. Both the retentate and the filtrate were analyzed. 

IgG and protein impurities were quantified in all feeds and in each ABS phase by size-

exclusion high-performance liquid chromatography (SE-HPLC). Samples were diluted at a 1:2 (v:v) 

ratio in an aqueous potassium phosphate buffer solution (50 mmol∙L-1, pH 7.0, with NaCl 0.3 mol∙L-

1) used as the mobile phase. The equipment used was a Chromaster HPLC system (VWR Hitachi) 

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

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

mm). The mobile phase was run isocratically with a flow rate of 0.5 mL∙min-1 and the injection 

volume was 25 μL. The wavelength was set at 280 nm. The calibration curve was established with 

commercial human IgG, from 5 to 200 mg∙L-1. Blank systems without biological sample were also 

prepared to address the interference of the ABS phase-forming compounds. 

The ABS performance was evaluated by the recovery yield and purification factor or purity 

level for IgG. The recovery yield (%YieldIgG) in the top (IL-rich) phase was determined according to 

the following equation: 

%YieldIgG =
[IgG]TOP×VTOP

[IgG]initial×Vinitial
× 100                                                                                                            (7) 

where [IgG]TOP and [IgG]initial represent the IgG concentration in the top phase and the initial 

concentration of IgG in the CHO cell culture supernatant, respectively, and VTOP and Vinitial 
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correspond to the volumes of the top phase and cell culture supernatant loaded in the system, 

respectively.  

In the cases where a precipitate of proteins at the ABS interface occurs, corresponding to the 

ILTPP approach, the %YieldIgG in the precipitate was determined according to the following 

equation: 

%YieldIgG =
[IgG]PP×Vfinal

[IgG]initial×Vinitial
× 100                                                                                                                     (8) 

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

resuspension, respectively. 

The percentage purity level of IgG (%PurityIgG) was calculated by dividing the HPLC peak area 

of IgG (AIgG) by the total area of the peaks corresponding to all proteins present in the respective 

sample (ATotal): 

%PurityIgG =
AIgG

ATotal
× 100                                                                                                                                       (9) 

The purification factor of IgG (PFIgG) was calculated according to Equation 10: 

PFIgG =
%PurityIgG phase/precipitate

%PurityIgG initial
                                                                                                                         (10) 

where %PurityIgG phase/precipitate and %PurityIgG inital correspond to the purity level of IgG in the top phase 

of each system or in the precipitate (when the ILTPP studies are being carried out) and the purity 

level of IgG in the cell culture supernatant, respectively.  

The same type of analysis, comprising the determination of the recovery yield, purity level 

and purification factor, was performed after the ultrafiltration step (hybrid process). The overall 

yield of the two-step process was calculated according to Equation 11: 

%Yieldoverall =
%YieldABS/TPP × %YieldUF

100
                                                                                                                             (11) 

where %YieldABS/TPP and %YieldUF represent the recovery yield of IgG in the ABS or in the TPP 

approach and ultrafiltration step, respectively. 

 

IL recycling. The IL recycling possibility was investigated in the best identified system, 

composed of 40 wt% of [Bu3NC4]Br + 15 wt% of  K2HPO4/KH2PO4 (pH 7) + 37.5 wt% of CHO cell 

culture supernatant + 7.5 wt% of water, in which the first separation step was performed according 

to the procedure previously described. After the IL recovery in the ultrafiltration filtrate fraction of 

the top phase, biological contaminants present in the sample were precipitated with cold ethanol, 

and removed after centrifugation. Ethanol was chosen due to its greener credentials compared to 

other organic solvents that can be used for the same purpose [39]. The ethanol present in the IL-

rich sample was removed and recovered using a rotary evaporator. However, in order to assure the 



2 Purification of antibodies using aqueous biphasic systems 
 

172 
 

minimal presence of volatile solvents (including water) aiming the preparation of accurate mixture 

compositions to address the process performance using the recycled IL, the IL sample was further 

subjected to high vacuum (0.1 Pa) at 60 °C for 72h. It should be however remarked that when 

foreseeing the process scale-up, less energetic-intensive conditions need to be optimized and 

applied. Prior to the IL reuse in a new ABS and TPP system, the water content (< 200 ppm) of the 

dried IL sample was determined using a Metrohm 831 Karl Fischer coulometer, with the analyte 

Hydranal® – Coulomat AG from Riedel-de Haën, and considered in the mixture composition. This 

procedure was repeated for 2 times. The IL stability was confirmed by 1H and 13C NMR, showing no 

evidences of degradation. 

 

Proteins profile and anti-IL-8 mAbs integrity and activity. Sodium dodecyl sulfate 

polyacrylamide gel electrophoresis (SDS-PAGE) assays were performed to infer the proteins profile 

of each fraction, and to address the anti-IL-8 mAbs integrity/stability after the downstream 

processing. Samples were prepared and diluted in a sample buffer from Bio-Rad containing 62.5 

mmol∙L-1 Tris–HCl, pH 6.2, 2 % SDS, 0.01 % bromophenol blue and 10 % glycerol, under reducing 

conditions with 100 mmol∙L-1 dithiothreitol (DTT) and then denaturated at 100°C for 10 min. A 

volume of 25 µL of each prepared sample was applied in a 12 % acrylamide gel, prepared from a 40 

% acrylamide/bis-acrylamide stock solution (29:1) from Bio-Rad, and ran at 90 mV using a running 

buffer containing 192 mmol∙L-1 glycine, 25 mmol∙L-1 Tris, and 0.1 % (w/v) SDS at pH 8.3. The 

molecular weight standard used was Precision Plus Protein™ Dual Color Standards from BioRad. 

Gels were stained with 0.1 % (w/v) Coomassie Brilliant Blue R-250 from Pharmacia AB Laboratory 

Separations® (Uppsala, Sweden), 30 % (v/v) ethanol, 10 % (v/v) acetic acid and water, in an orbital 

shaker at 40 °C and moderate velocity during 1 h. Gels were then distained using a solution 

containing 30 % (v/v) ethanol and 10 % (v/v) acetic acid, in an orbital shaker at 25 °C and moderate 

velocity, until background color disappeared. Finally, gels were stored in milli-Q water at room 

temperature, until digital images of the gels were acquired using a calibrated densitometer GS-800 

from Bio-Rad and analyzed with the informatics tool Quantity One 4.6 also from Bio-Rad. 

Competitive enzyme linked immunosorbent assays (ELISA) were performed for the CHO cell 

culture supernatant and for the top (IL-rich) phase and retentate after the ultrafiltration step to 

evaluate the activity of anti-human IL-8 mAbs after the studied recovery processes. The assay was 

conducted using a 96-well ELISA plate from a Quantikine® Human IL-8/CXCL8 kit from R&D systems 

(Minnneapolis, MN, USA). The plate was coated with 100 L assay diluent followed by the addition 

of 50 L of 1 mg∙L-1 of human IL-8 standard from Sigma-Aldrich. The plate was left for incubating 
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for 2 h at room temperature. After this period, each well was aspirated and washed for four 

consecutive times with wash buffer. Then, 100 L of each sample containing anti-IL-8 mAbs was 

added to the wells, and were left to incubate for 1 h at room temperature, being further washed as 

previously described. 100 L of anti-IL-8 conjugate was added to all wells and incubated for 1 h at 

room temperature, and after washed again as previously described. 200 L of substrate solution 

was then added to the wells and incubated for 30 min at room temperature (protected from the 

light with a plate sealer). Finally, 50 L of stop solution was added to end the reaction, and the 

absorbance was measured at 450 nm and 540 nm in a BioTek SYNERGY|HT microplate reader. Final 

results were calculated based on the subtraction of the absorbance at 450 nm for the obtained at 

570 nm, to correct optical deviations from the plate. 

2.3.4. Results and discussion 

2.3.4.1. Characterization of ABS and TPP systems 

Novel ABS and TPP systems composed of ILs + KH2PO4/K2HPO4 (pH 7.0) + H2O were studied 

as alternative purification and recovery routes for proteins using anti-IL-8 mAbs from CHO cell 

culture supernatants. AGB-ILs were chosen due to their biocompatible features, whereas the 

potassium phosphate buffer salt was used to maintain the pH of the overall ABS at physiological 

conditions, providing thus an appropriate environment for proteins and simultaneously being able 

to be used in IgG formulations when envisaging their therapeutic application. ILs comprising the 

common bromide anion were used since it is a halogen, generating lower cost and less toxic ILs. 

Furthermore, aiming the creation and evaluation of the separation performance of TPP systems, ILs 

must be designed to be more hydrophobic, what is here achieved by combining 

tetraalkylammonium cations and the low hydrogen-bond basicity anion Br-. This property also 

contributes to the process sustainability since lower amounts of salt and IL are required to create 

ABS and TPP systems, as shown and discussed below. 

The ABS phase diagrams, and respective tie-lines and length, were initially determined at 

25°C and atmospheric pressure to characterize the systems and assess the minimum amounts 

required of each phase-forming component to be used in the investigated separation processes. 

The AGB-ILs studied correspond to [Et3NC4]Br, [Pr3NC4]Br, [Bu3NC4]Br and [MepyrNC4]Br, whereas 

the commercially available ILs studied for comparison purposes are [C4mim]Br and [N4444]Br - cf. 

Figure 2.3.1 with the ILs chemical structures. Figure 2.3.2 depicts the binodal curves of the different 

ternary systems formed by AGB-ILs and potassium phosphate buffer at pH 7.0, in an orthogonal 
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representation. The experimental weight fraction data are given in the Appendix C (Tables C.1 – 

C.6). The values of the fitting parameters and equation, as well the experimental TLs, TLLs, and 

volume ratio (VR), are provided in the Appendix C (Tables C.7 and C.8). TLs give the composition of 

each phase for a given mixture composition. 

 

Figure 2.3.2. Phase diagrams of the ABS composed of IL + KH2PO4/K2HPO4 + H2O at pH 7.0 in weight fraction 

percentage: [Et3NC4]Br (♦); [Bu3NC4]Br (●); [Pr3NC4]Br (▲); [MepyrNC4]Br (■); [N4444]Br (□); [C4mim]Br (○). 

All ILs investigated are able to form ABS with the phosphate buffer salt at pH 7.0, with all 

compositions above the respective binodal curve resulting in ABS or TPP systems that can be used 

in separation processes, as in the current work for the purification and recovery of mAbs. The 

amount required to reach 100 wt% corresponds to the content of water or supernatant that needs 

to be added to each system.  

A larger biphasic region indicates a higher ability of the IL to form two immiscible phases 

(biphasic system); e.g. at 15 wt% of salt, the following trend for ABS formation was found: 

[C4mim]Br ≈ [MepyrNC4]Br < [Et3NC4]Br < [Pr3NC4]Br < [N4444]Br < [Bu3NC4]Br. All ILs share the same 

anion, being this trend a direct result of the IL cation chemical structure and its affinity for water. IL 

cations with lower affinity for water, i.e. with longer aliphatic chains or with no aromatic groups, 

are more prone to form ABS.  

The trend obtained indicates the preferential formation of hydration complexes of the salt 

ions, leading to the IL salting-out, and in agreement with literature [18]. Furthermore, compared to 

the widely investigated IL [C4mim]Br, it is here shown that AGB-ILs require lower amounts of IL 

and/or salt to create ABS and consequently TPP systems, which is beneficial when envisioning the 
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development of low-cost and sustainable separation processes. It should be remarked that these 

AGB-ILs have been previously described as harmless or practically harmless toward the marine 

bacteria Allvibrio fischeri [34]. Even when compared to a more hydrophobic and commercial IL, such 

as [N4444]Br, the AGB-IL [Bu3NC4]Br performs better, requiring lower amounts to undergo liquid-

liquid demixing. 

2.3.4.2. Purification and recovery of anti-IL-8 mAbs by ABS and TPP strategies 

The qualitative and quantitative characterization of the CHO cell culture supernatants was 

initially performed to appraise the complexity of the medium from which anti-IL-8 mAbs aimed to 

be purified. The SDS-PAGE under reducing conditions and SE-HPLC characterization results of the 

CHO cell culture supernatant are provided in Figure 2.3.3.  

 

Figure 2.3.3. Characterization of the CHO cell culture supernatant: (A) SE-HPLC chromatograms of the CHO 

cell culture supernatant (–), pure IgG solution 100 mg∙L-1 (∙∙), and pure BSA solution 200 mg∙L-1 (--); (B) SDS-

PAGE gel: lane 1 – molecular weight marker; lane 2 – CHO cell culture supernatant; lane 3 – pure IgG 

solution 1 g∙L-1; lane 4 – pure BSA solution 1 g∙L-1. BSA and IgG heavy (H.C.) and light (L.C.) chains are 

identified. 

Under the chromatographic conditions used, pure IgG samples present 2 chromatographic 

peaks: one corresponding to the IgG monomer and the other to IgG aggregates, with a retention 

time of ca. 15.0 min and 13.8 min, respectively. IgG is composed of 2 heavy chains with a molecular 

weight of 50 kDa, and 2 light chains with a molecular weight of 25 kDa, visible in the reduced SDS-

PAGE results (Figure 2.3.3 (B)). The major protein impurity in the feed is bovine serum albumin 

(BSA), with a retention time of ca. 16.8 min and a molecular weight of 66.5 kDa. Apart from IgG and 

BSA, CHO cell culture supernatants also present other protein impurities resulting from the medium 
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used in the cell proliferation and growth, and also from their metabolism (e.g. insulin, transferrin 

and other CHO host cell proteins), which may correspond to the lighter protein corresponding 

bands in Figure 2.3.3. 

The cell culture was maintained for several months, resulting in a natural variation of the 

proteins content between each feedstock. The anti-IL-8 mAbs concentration varied between 40.5 

and 99.4 mg∙L-1, with an average content of 67.7 ± 23.7 mg∙L-1 and an average purity of 16.9 ± 3.8 

%. However, in all cases where ABS and TPP systems were applied, the original feedstock was always 

analyzed to infer the improvements achieved in respect to the original feedstock. 

After the characterization of the phase diagrams and of the mAbs-containing feedstock, the 

potential of IL-based ABS as purification routes for anti-IL-8 directly from CHO cell culture 

supernatants was addressed for three mixture compositions (15 wt% KH2PO4/K2HPO4 pH 7.0 + 22.5 

wt% H2O + 37.5 wt% CHO cell culture supernatant + IL ranging from 25 wt% to 40 wt%). The 

performance of all ABS was investigated in terms of recovery yield (%YieldIgG) and purification factor 

(PFIgG), whose results are shown in Figure 2.3.4. The use of the purification factor allows to reduce 

discrepancies in the results derived from the variability of the biological matrix, and is valuable to 

carry out a first screening of the several AGB-IL-based systems performance. The composition of 

each phase for the mixture points used in the separation studies, i.e. the respective TLs, and 

detailed data on the recovery yields and purification factors are given in the Appendix C (Table C.9). 

For the mixture composition with a lower IL content (25 wt%), a preferential partition of all 

proteins to the top (IL-rich) phase was observed with all ILs (Figure 2.3.4 (A)). This phenomenon 

may be explained by the salting-out effect induced by the phosphate-based salt, promoting the 

exclusion of proteins into the opposite phase. Nevertheless, biomolecules affinity and interactions 

with ILs play a significant role since this behavior does not commonly occur in polymer-salt ABS 

[40], where the salt also acts as a salting-out agent. In IL-based ABS, a multitude of specific 

interactions (van der Waals, hydrogen-bonding and electrostatic interactions) occurring between 

the amino acids residues at the proteins surface and ILs seem to govern their partitioning to the IL-

rich phase, as previously reported with other proteins [41-43]. The isoelectric point (pI) of anti-IL-8 

is ca. 9.3 [36], and as the pH of the investigated IL-based systems is 7.0, antibodies are positively 

charged and electrostatic interactions may play a role. Nevertheless, if they were the most relevant 

type of interactions, IgG should preferentially partition to the salt-rich phase, as typically observed 

in polymer-salt ABS [40, 44]. In this work, the partition of IgG is triggered to the top phase of ABS 

using ILs instead of polymers, which may be due to preferential hydrogen-bonding and dispersive 

forces between the target protein and ILs. 
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Figure 2.3.4. Recovery yields (%YieldIgG – ■) and purification factors (PFIgG – ■) of anti-IL-8 mAbs in the IL-

rich phase using ABS composed of IL + 15 wt% KH2PO4/K2HPO4 pH 7 + 22.5 wt% H2O + 37.5 wt% CHO cell 

culture supernatant: (A) 25 wt% IL; (B) 30 wt% IL; and (C) 40 wt% IL. 

When using 25 wt% of IL in the ABS composition, recovery yields of mAbs ranging from 73.1 

% up to 100.0 % (for [Bu3NC4]Br) are obtained in a single step, with purification factors ranging from 

C
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1.0 to 1.5. Moreover, all AGB-IL-based ABS composed of 25 wt% of IL allow a high recovery of mAbs 

(> 92 %), performing better than the commercial ILs that lead to a maximum recovery yield of 73.1 

%. mAbs losses with these ILs are probably associated to precipitation since some turbidity was 

detected in these systems. Overall, the best results were obtained using the ABS composed of 

[Bu3NC4]Br, allowing the complete recovery of the antibodies in a single-step, with a purification 

factor of 1.5 ± 0.1. According to the recovery yields achieved, it is clear that the IL cation core and 

the respective alkyl side chain length have a significant influence on the mAbs partitioning between 

the phases and in the maintenance of their structure. 

The separation of biomolecules from a complex mixture in ABS can be manipulated by various 

factors, e.g. by the nature of the phase-forming components and their concentrations. This last 

possibility was taken into account, and conducted by increasing the concentration of the IL from 25 

wt% to 30 wt% and 40 wt% while maintaining the composition of the salt at 15 wt%. The goal was 

to optimize the purification process with the four ILs that led to the most promising results in the 

first screening ([Pr3NC4]Br, [Bu3NC4]Br, [MepyrNC4]Br and [C4mim]Br). The results obtained are 

depicted in Figure 2.3.4 (B) and (C). 

The recovery yields for IgG of the systems composed of 30 wt% of IL range from 19.8 % to 

100 %; however, when 40 wt% of IL is used (Figure 2.3.4 (C)), recovery yields ranging from 49.8 % 

to 100 % are obtained at the IL-rich phase. In general, ABS formed by [Pr3NC4]Br present the lowest 

performance regarding the IgG recovery in the top phase. Similarly, ABS composed of 30 wt% of 

[MepyrNC4]Br lead to a decrease in the anti-IL-8 recovery and purification factor (61.3 ± 6.1 % and 

0.8 ± 0.1, respectively), being these two ILs discarded for the evaluation with 40 wt% of IL. For 

comparison purposes, the systems composed of the commercial IL [C4mim]Br were studied. These 

systems allow the complete recovery of anti-IL-8 mAbs with the increase of the IL concentration up 

to 40 wt%, with a purification factor of 1.3 in both cases. Regarding AGB-ILs, ABS composed of 

[Pr3NC4]Br and [MepyrNC4]Br are not suitable to purify the target biomolecule from the complex 

medium under any concentration of IL (from 25 wt% to 40 wt%). The most promising ABS is 

constituted by [Bu3NC4]Br at 30 wt%, where a recovery yield of 100 % and purification factors of 1.6 

are achieved in one-step. Overall, the most hydrophilic ILs, which present smaller biphasic regions 

in their phase diagrams and shorter TLs, are the ones that lead to the less promising results (e.g. 

[Pr3NC4]Br and [MepyrNC4]Br). On the other hand, more hydrophobic ILs (e.g. [Bu3NC4]Br, but still 

miscible in water), with larger biphasic regions and longer TLs, are more efficient options to recover 

and purify mAbs. 
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In addition to the IgG recovered at the IL-rich phase, the best identified ABS composed of 

[Bu3NC4]Br also leads to the creation of a protein-rich interface precipitate [cf. Appendix C (Figure 

C.1)], particularly visible at the higher IL concentrations (40 wt%) and responsible for the lower 

recovery yields shown in Figure 2.3.4 (C).  This phenomenon is related with the water content in 

the top phase, which decreases as the IL concentration increases [data given in the Appendix C 

(Table C.10)], thus not allowing the complete solubilization of proteins and resulting in the 

formation of ILTPP systems. Mixture compositions comprising higher concentrations of IL, 

corresponding to longer tie-lines, imply higher concentrations of salt in the bottom phase. Due to 

the salt ions preferential solvation, less water will be available for the proteins solvation, resulting 

in the exposure of hydrophobic patches which promotes protein-protein interactions that 

ultimately lead to the proteins precipitation. This salting-out phenomenon has been reported for 

the precipitation of food proteins at the interface of IL-salt ABS, defined as ILTPP, although no 

complex mixtures have been addressed [25, 26]. 

The antibodies precipitation in ABS has been systematically considered as a “bad feature” in 

the literature and, consequently, ABS promoting IgG precipitation are usually discarded due to their 

“low performance” [44-49]. Nevertheless, if precipitation is selective and does not compromise the 

antibodies stability and activity, this approach should be considered as an alternative and effective 

IgG downstream strategy. Accordingly, the presence of a significant amount of precipitate in ABS 

composed of higher amounts (40 wt%) of [Bu3NC4]Br encouraged the investigation of the ILTPP 

approach as a potential strategy to purify and recover mAbs.  

The proteins precipitate formed between the two coexisting phases in the ABS was 

recovered, resuspended in an aqueous solution of PBS (pH 7.4, 10 mmol∙L-1) and further analyzed. 

Through this approach and at the conditions under discussion, there is the selective (one-step) 

precipitation of IgG directly from the CHO cell culture supernatant, with a recovery yield of 41.0 ± 

2.6 % and a purification factor of 2.7 ± 0.1 (%PurityIgG = 60.9 ± 2.0 %). Overall, with the ABS formed 

by 40 wt % of [Bu3NC4]Br, 60.4 ± 5.2 % of IgG with a purification factor of 0.8 ± 0.1 is recovered in 

the IL-rich phase, whereas the remaining antibody is recovered at the ABS interface with a recovery 

yield of 41.0 ± 2.6 % and a purification factor of 2.7 ± 0.1. In Figure 2.3.5, the SDS-PAGE gel of all 

the recovered fractions is provided, allowing not only to infer the mAbs integrity, but also to 

corroborate the discussed purification results. It should be remarked that although promising 

results were obtained with higher concentrations of IL, higher concentrations of IL (> 40 wt%) are 

not experimentally feasible given the amount of feedstock that needs to be loaded to create ABS. 
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Figure 2.3.5. SDS-PAGE of the recovered fractions using the system composed of 40 wt% [Bu3NC4]Br + 15 

wt% KH2PO4/K2HPO4 pH 7.0 + 22.5 wt% H2O + 37.5 wt% CHO cell culture supernatant (ABS fractions + UF 

fractions). Lane 1 – molecular weight marker (kDa); lane 2 – CHO cell culture supernatant; lane 3 – ABS top 

phase; lane 4 – ABS precipitate; lane 5 – ABS bottom phase; lane 6 – UF retentate of top phase; lane 7 – UF 

filtrate of top phase; lane 8 – UF retentate of precipitate; lane 9 – UF filtrate of precipitate. The bands 

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

To fully characterize the potential of ABS and TPP as IgG one-step purification platforms, we 

evaluated the biological activity of the anti-IL-8 mAbs in the IL-rich phase and in the precipitate by 

competitive ELISA, which was found to be 90.5 ± 2.0 % and 74.7 ± 3.2, respectively. The detailed 

mAbs activity results are given in the Appendix C (Table C.11). The mAbs activity in the IL-rich phase 

is similar to that presented by the antibodies in the CHO cell culture supernatant before the 

purification process (90.6 ± 1.3 %), meaning that the extraction using the IL-based approach does 

not affect or decrease the anti-IL-8 biological activity. Despite the remarkable results obtained with 

ILTPP, the anti-IL-8 activity slightly decreases in the precipitate fraction, probably due to structural 

changes induced by precipitation, but still in the order of that reported for anti-IL-8 purification 

using ProA affinity chromatography (79 ± 9 %) [36]. Since the biological activity of proteins is closely 

related with their 3D structure, these observations allowed us to infer that minimal conformational 

changes occur with IL-based ABS and TPP systems. 

Albeit large efforts have been carried out with more traditional polymer-based ABS to purify 

antibodies, as reviewed by Capela et al. [1], the IgG recovery and purification results gathered in 
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this work outstand those reported up to date using IL-based ABS [37, 50, 51]. For instance, Ferreira 

et al. [37] using commercial ILs as adjuvants in polymer-salt ABS achieved 26 % of IgG purity, 

whereas Mondal et al. [50] recovered 85 % of IgG from rabbit serum with a purity level of 25 %. 

Ramalho et al. [51] reached the best results, being able to recover all the IgG from rabbit serum 

with a purity level up to 49 %. Considering the best results found in the literature with ABS 

comprising ILs, it can be concluded that the systems herein developed allow higher purification 

levels. Furthermore, the previous works were carried out with mammal’s serum samples, where in 

this work the use of IL-based ABS for mAbs recovery/purification from CHO cell culture 

supernatants was considered for the first time. In the same line, for the first time ILTPP approaches 

were considered to recover IgG. 

2.3.4.3. Hybrid processes and IgG recovery 

Aiming the IgG recovery from the IL-rich phase and the IL removal from the antibodies’ 

fractions, ultrafiltration (UF) was finally applied, allowing to propose the use of hybrid processes to 

purify IgG by combining ABS + UF and TPP + UF steps. UF also allows to recover antibodies in a 

biological buffer, viable for the envisioned IgG therapeutic applications, and to recover the IL for 

further use. As a proof of concept, an ultrafiltration step was applied to the IL-rich phase and 

precipitate containing IgG of the most promising identified ABS (composed of 40 wt% of [Bu3NC4]Br 

+ 15 wt% of KH2PO4/K2HPO4 pH 7.0 + 7.5 wt% of H2O + 37.5 wt% of CHO cell culture supernatant). 

The performance of this additional step was investigated in terms of IgG concentration ([IgG]), 

recovery yield (%YieldIgG), purity level (%PurityIgG) and purification factor (PF). These parameters 

were determined for the different strategies that could be combined: (i) TOP phase + UF retentate; 

(ii) TOP phase + UF filtrate; (iii) Precipitate + UF retentate; and (iv) Precipitate + UF filtrate. Detailed 

data are given in the Appendix C (Table C.11). A summary of the results, while highlighting the 

developed integrated processes in which the purification, recovery and final formulation of mAbs 

in phosphate-based solutions can be performed, is given in Figure 2.3.6. 

The UF step of the top IL-rich phase allows to recover 47.3 ± 13.5 % of IgG in the retentate, 

with an increase of 88.5 % in the purity level, up to 32.8 ± 1.5 % vs. 17.4 ± 2.0 % before UF, and with 

an overall IgG recovery yield of 28.6 ± 18.7 % in route (i). The IgG recovery yield in the filtrate is 45.1 

± 16.1 %, presenting an IgG purity of 29.8 ± 5.7 %, and with an overall yield of the two-step process 

(route (ii)) of 27.2 ± 21.3 %, with the anti-IL-8 mAbs biological activity of 66.4 ± 2.4 %. Nevertheless, 

it should be remarked that the filtrate is the fraction where the IL is also present, and therefore the 



2 Purification of antibodies using aqueous biphasic systems 
 

182 
 

choice of using this fraction for IgG formulation or for IL recovery for further reuse should be made 

based on the final desired application. 

 

 

Figure 2.3.6. Schematic representation of the integrated and hybrid processes developed for mAbs 

downstream processing; routes to recover IgG with different purity levels and allowing the IL recover and 

reuse are identified. 

Despite the good results accomplished using the ABS IL-rich phase, an even better 

performance was achieved with the ILTPP approach combined with ultrafiltration. The IgG recovery 

yield in the retentate is 52.7 ± 2.2 %, with a purity level of 63.5 ± 1.8 %, whereas the overall recovery 

yield of the two steps is 21.6 ± 4.8 % (overall process/route (iii)). The UF step in the filtrate results 

in a low IgG recovery yield of 18.1 ± 4.0 % (that only results in an overall yield of the two-step 

process of 7.4 ± 6.6 %); however, this approach leads to an increase in the purity level up to 67.2 ± 

1.8 % (route (iv)). 

The proteins profile of each UF fraction is provided in Figure 2.3.5, in which is possible to 

identify that IgG is mainly retained in the retentate fractions. It is important to remark that IgG is 

present in all fractions evaluated, as shown in the SE-HPLC chromatograms [given in the Appendix 

C (Figure C.2)], even though in lower concentrations. After UF the peak corresponding to low 

molecular weight protein impurities is only present in the filtrate, meaning that with this step we 

completely remove one class of protein impurities, representing the basis for the increment of 88.5 
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% in the purity level of IgG in the retentate fraction (comparing to the top IL-rich phase fraction). 

The precipitate fraction after UF does not contain protein impurities with lower molecular weights 

(that are only retained in the top phase of the system), supporting the high purity level achieved 

with this fraction (up to 67.2 %). Although a membrane with a 100 kDa cut-off was used, some 3D 

conformation of the antibodies allow, in some extension, their passage through the membrane, 

thus leading to some losses in the IgG recovery yield. This step is however of high relevance since 

the IL can be recovered and reused, and IgG can be recovered in a phosphate aqueous solutions 

viable to proceed to biotechnological and health related applications.  

Since the previously described processes allow the IL recovery, the IL recyclability was finally 

demonstrated. The respective experimental details are given in the Experimental Section. After the 

first separation step with “fresh” IL, the IL recycling and its use in the formation of a new system 

was investigated for two more times. The results obtained for the 3 cycles of separation in terms of 

mAbs recovery/purification are provided in Figure 2.3.7 [detailed values are given in the Appendix 

C (Table C.12)].  

 

Figure 2.3.7. Recovery yields (%YieldIgG – ■) and purity levels (%PurityIgG – ■) of anti-IL-8 mAbs in three 

separation cycles, where the last two correspond to the use of recycled IL. 

Overall, similar results in the recovery yield and purity level of IgG were obtained in the 3 

separation cycles, both in the IL-rich phase and precipitate fractions, meaning that the proposed 

processes keep their separation performance even using recycled IL, while contributing to these 

processes sustainability. Through the tie-line data corresponding to the mixture compositions used 
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in the separation of IgG [cf. Appendix C (Table C.8)], the concentration of IL in the bottom salt-rich 

phase is significantly low (0.0003460 wt%). Accordingly, ILs are mainly lost during the recovery and 

recycling steps and transference between vials. The IL loss in each recycling step is below 3 wt%. 

However, it should be remarked that this loss corresponds to a lab-scale procedure, being expected 

that it can be reduced by properly optimizing the IL transference and by scaling-up the process. 

Based on the overall results obtained, an hybrid and integrated purification platform is 

proposed to purify mAbs from CHO cell culture supernatants, comprising the following steps: (1) IL-

based ABS and TPP for mAbs recovery and purification; (2) UF for mAbs polishing and IL removal/salt 

exchange; and (3) a final product formulation through two routes, according to the IgG desired 

purity. Based on the combination of the fractions with similar purity levels summarized in Figure 

2.3.6, such as routes (i) + (ii) and (iii) + (iv), two fractions of anti-IL-8 mAbs can be recovered with 

purity levels higher than 29 % and 63 %, respectively. Although further optimization studies can be 

carried out aiming at achieving the complete precipitation of mAbs at the ABS interface, as well as 

the testing of other membrane cut-offs, the developed platforms reveal a high potential and 

provide new directions in the design of more sustainable IL-based strategies for the purification and 

recovery of biopharmaceuticals such as mAbs. 

2.3.5. Conclusions 

The use of IL-based purification and recovery strategies for mAbs directly from CHO cell 

culture supernatants was here proposed and evaluated for the first time. To this end, novel ABS 

composed of glycine-betaine analogues ILs and K2HPO4/KH2PO4 at pH 7.0, the respective three-

phase partitioning systems, and hybrid processes combined with ultrafiltration, were investigated. 

With the studied ABS, mAbs preferentially partition to the IL-rich phase, with recovery yields up to 

100 % and purification factors up to 1.6. With IL-based three-phase partitioning approaches a 

precipitate enriched in mAbs is obtained at the ABS interface, yielding 41.0 % of IgG with a 

purification factor of 2.7 (purity of 60.9 % achieved in a single-step). The biological activity of anti-

IL-8 mAbs is maintained after the several purification and recovery steps, being superior and 

competitive with the activity of mAbs purified by ProA chromatography. Hybrid processes 

combining the two previous techniques and an ultrafiltration step were finally applied and 

evaluated, allowing the recovery of mAbs from the different fractions in an appropriate buffer 

solution for biopharmaceuticals formulation, while allowing the simultaneous IL removal and reuse. 

The IL recyclability was demonstrated, with no losses on the separation performance. The best 
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results were obtained with the hybrid process combining ILTPP and ultrafiltration, where IgG with 

a purity greater than 60 % is obtained. 
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3.1. Three-phase partitioning systems based on aqueous biphasic systems with ionic 

liquids as novel strategies for the purification and recovery of antibodies 

This chapter is based on the manuscript under preparation with 

Emanuel V. Capela, Ilaria Magnis, Ana F.C.S. Rufino, M. Raquel Aires-Barros, João A.P. Coutinho, 

Ana M. Azevedo, Francisca A. e Silva, Mara G. Freire 

 

3.1.1. Abstract 

Antibodies, in particular immunoglobulin G (IgG), are one of the driving forces of the 

biopharmaceutical industry, with high relevance for the treatment of several diseases. Despite their 

wide potential, the recovery of these biomolecules from their complex biological media with high 

quality and purity is complex, based on multi-step approaches and being of high cost. Herein, we 

propose a novel and cost-effective approach using three-phase partitioning (TPP) systems based on 

aqueous biphasic systems (ABS) comprising ionic liquids (ILs) for IgG antibodies (pAbs) recovery 

purification. The process was first optimized by addressing the human IgG recovery yield and 

purification level from human serum samples by playing with the molecular weight of the polymer 

in TPP systems composed of polyethylene glycol (PEG) and citrate buffer (K3C6H5O7/C6H8O7) at pH 

7. Then, the use of ionic liquids (ILs) as adjuvants was studied to tailor the efficiency and selectivity 

of the PEG-salt TPP, in which the IL chemical structure and concentration were optimized. The most 

promising conditions obtained with polyclonal IgG from human serum were then applied for the 

recovery and purification of monoclonal antibodies (mAbs) directly from different cell culture 

supernatants (serum-containing and serum-free) to prove the robustness and flexibility of the 

developed process. Based on the obtained results, it was verified that IgG could be preferentially 

recovered either in the interphase of the TPP or in the top phase depending on the molecular weight 

of the ABS polymer. The system composed of PEG 1000 g·mol−1 is the most efficient, leading to a 

recovery yield of human polyclonal IgG of 65.8 % with 80.7 % of purity; by using the ILs tetra(n-

butyl)ammonium bromide ([N4444]Br) and 1-butyl-3-methylimidazolium chloride ([C4mim]Cl) at 1 

wt%, it is possible to improve the recovery yield to 80.5 % and the purity level to 82.6 %, 

respectively. Finally, the optimized conditions were applied in the processing of mAbs from cell 

_______________________________________________________________________________________ 

Contributions: F.A.S. and M.G.F. conceived and directed this work. E.V.C., I.M. and A.F.C.S.R. acquired the 
experimental data. E.V.C., F.A.S. and M.G.F. interpreted the obtained experimental data. E.V.C. and M.G.F. 
wrote the final manuscript, with significant contributions of the remaining authors. 
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culture supernatants. Only the system composed of 1 wt% of [N4444]Br was able to create a TPP with 

serum-containing cell culture supernatants, while all the systems were able to create TPP with 

serum-free cell culture supernatants, with the best performance achieved using 1 wt% of [C4mim]Cl, 

in which 74.4 % of mAbs were recovered in the precipitate layer with 89.2 % purity and an 

impressive reduction of 100 % in the host cell proteins (HCPs) content. Overall, TPP systems based 

on ABS comprising ILs as adjuvants display high performance to recover and purify IgG from 

complex biological matrices, such as human serum, serum-containing and serum-free cell culture 

supernatants.  

3.1.2. Introduction 

Although relevant advances have been accomplished in the last years regarding the 

development of effective therapies, biopharmaceuticals are one of the most important 

therapeutics, being in many cases the only available option in the treatment of particular diseases 

[1, 2]. Amongst biopharmaceuticals, antibodies are widely applied for therapeutic purposes. 

Monoclonal antibodies (mAbs) present and important role in vaccination, immunization and in the 

treatment of oncologic, autoimmune, cardiovascular, inflammatory and neurological diseases [1, 

3], whilst polyclonal antibodies (pAbs) derived from human serum are usually applied for the 

prevention and treatment of infections in immunodeficient patients, and also for the treatment of 

autoimmune and inflammatory diseases [4, 5].  

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

meaning that high recovery yields and purity levels must be achieved [6]. Even though their 

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

technologies represents a critical challenge which has been preventing the widespread use of 

antibodies as recurrent therapies. The purification of antibodies usually followed by most (if not all) 

manufacturers reccurs to a complex multi-step platform constituted by high resolution 

technologies such as chromatographic steps, including affinity chromatography (with biological 

ligands – protein A) [7]. Therefore, antibodies downstream costs can represent up to 80 % of their 

total production costs [8]. So, the development of new, simpler and cost-effective purification 

platforms for antibodies is required.  

To overcome these issues, the extraction and purification of antibodies using aqueous 

biphasic systems (ABS) represents a promising alternative [9]. ABS are liquid-liquid extraction 

systems that consist of two immiscible aqueous-rich phases based on polymer-polymer, polymer-

salt, or salt-salt combinations [10]. More recently, other phase-forming components, such as ionic 
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liquids (ILs) [11], surfactants [12], amino acids [13] and carbohydrates [14], have been disclosed. 

When dissolved in aqueous media above certain concentrations and under specific conditions, 

there is phase separation. In an ABS, each phase is enriched in each of the solutes and has a high 

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

molecules if properly designed. Due to this advantage, ABS have been successfully used for the 

recovery of biological products, such as proteins/enzymes, antibiotics, antibodies, among others [6, 

9, 15]. 

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

miscible aliphatic alcohol (usually t-butanol) and an aqueous solution of ammonium sulfate 

((NH4)2SO4) to promote the recovery of target products, mainly proteins, in an enriched precipitate 

at the interface of two liquid phases [16]. In this way, an easy, direct and simple recovery of the 

final product is allowed, with no need for additional polishing steps, simultaneously allowing the 

recycling of solvents. In fact, TPP has been successfully reported in the literature regarding the 

purification of several biomolecules, including proteins [17-27]. When properly designed, ABS can 

be used to develop TPP systems, in which both phases are water-rich. By combining both ABS and 

TPP concepts, simpler and more bio- and eco-friendly extraction techniques can be created. For 

instance, Belchior et al. [28] recently investigated the performance of ABS-TPP systems composed 

of polyethylene glycol (PEG) of different molecular weights and potassium phosphate buffer at pH 

7 for the fractionation of three main proteins of the egg white samples, namely ovalbumin, 

lysozyme and ovoinhibitor, by their partition between the three phases of the system. Also, the use 

of ionic liquids (ILs) has contributed to develop high performance ABS and TPP, as these are 

considered “designer solvents” and can be easily customized to meet the needs of a given 

application [11]. Ionic-liquid-based TPP (ILTPP) systems have been firstly proposed by Alvarez-

Guerra et al. [29, 30] for the extraction of food proteins (for instance, lactoferrin). More recently, 

they were also proposed by Castro et al. [31] as viable candidates for recombinant proteins 

(interferon alpha-2b) purification from E. coli BL21 (DE3) inclusion bodies using 

PEG/poly(propylene) glycol (PPG) ABS-TPP with ILs as adjuvants (at 5 wt%), being possible its 

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

the ABS interface. To the best of our knowledge, there are currently no reports in the literature 

concerning the use of conventional ABS as TPP systems for antibodies purification, and only one 

work [32] reports the viability of ILTPP for monoclonal antibodies’ purification directly from cell 

culture supernatants, using systems composed of glycine-betaine analogues ionic liquids (AGB-ILs 
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and potassium phosphate buffer at pH 7 [32]. Thus, regardless of their undeniable advantages, TPP 

based on ABS remains underexplored as compared to other techniques.  

This work aims to combine the concepts of ABS and TPP to create cost-effective and 

biocompatible platforms for the purification of antibodies. The types of TPP available up to date are 

herein expanded by the development of systems formed by polymer-salt combinations, namely 

PEG with different molecular weights (600, 1000, 1500 and 2000 g·mol−1) and citrate buffer 

(K3C6H5O7/C6H8O7) at pH 7. The applicability of these systems was evaluated through the evaluation 

of their ability to selectively precipitate IgG antibodies from human serum at the interphase of the 

ABS. Distinct ILs were further added as adjuvants as an attempt to tune the selectivity of the 

polymer-salt ABS-TPP towards IgG, and their chemical structure and concentration were optimized. 

Finally, the most promising TPP systems were applied to other complex biological matrices, such as 

serum-containing and serum-free Chinese hamster ovary (CHO) cell culture supernatants, to prove 

the robustness and flexibility of the developed platform. 

3.1.3. Experimental section 

3.1.3.1. Materials 

The TPP systems studied in this work were initially established using PEG of different 

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

PEG 1000, PEG 1500 and PEG 2000, respectively), purchased from Alfa Aesar, with the exception of 

PEG 1500 and PEG 2000 that were supplied by Acros Organics and Sigma Aldrich, respectively. 

Concerning the citrate buffer components, potassium citrate tribasic monohydrate (K3C6H5O7·H2O, 

≥ 99 wt% purity) was acquired from Acros Organics, and citric acid (C6H8O7, ≥ 99.5 wt% purity) was 

supplied by Panreac. Phosphate buffered saline solution (PBS, pH ≈ 7.4) pellets were acquired from 

Sigma-Aldrich, and prepared according to the indications of the supplier, by solubilizing each pellet 

in 200 mL of distilled water. Distilled water was employed in all the experiments of this work, unless 

otherwise specified. 

The ILs studied in this work are the following: 1-butyl-3-methylimidazolium bromide 

([C4mim]Br, 98 % purity), 1-butyl-3-methylimidazolium chloride ([C4mim]Cl, 99 % purity), tetra(n-

butyl)ammonium bromide ([N4444]Br, 98 % purity), tetra(n-butyl)ammonium chloride ([N4444]Cl, 97 

% purity), tetra(n-butyl)phosphonium bromide ([P4444]Br, 95 % purity), and tetra(n-

butyl)phosphonium chloride ([P4444]Cl, 95 % purity). All the ILs were acquired from Iolitec, with the 

exception of [N4444]Br and [N4444]Cl that were supplied from Fluka and Sigma Aldrich, respectively. 

The chemical structures of the studied ILs are depicted in Figure 3.1.1.  
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Figure 3.1.1. Chemical structures of the investigated ILs: (i) [C4mim]Br; (ii) [C4mim]Cl; (iii) [N4444]Br; iv) 

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

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

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

Panreac, while sodium chloride (NaCl) was obtained by Fisher Scientific. The water employed was 

double distilled, passed across a reverse osmosis system and further treated with a Milli-Q plus 185 

water purification apparatus. The membrane filters (Whatman, 0.45μm, diameter 47mm) used for 

the mobile phase filtration was made of regenerated cellulose R55 and were provided by GE 

Healthcare Life Science. The disposable syringes (5 mL) used for phase’s separation were purchased 

from Injekt. 

The model proteins used as standards were: immunoglobulin G (IgG) for therapeutic 

administration (trade name: Gammanorm®), obtained from Octapharma (Lachen, Switzerland), as 

(ii)(i)

(iii)

(vi)

(iv)

(v)



3 Purification of Antibodies using Three-Phase Partitioning Systems 
 

198 
 

a 165 mg∙mL-1 solution containing 95 % of IgG (of which 59 % IgG1, 36 % IgG2, 4.9 % IgG3 and 0.5 % 

IgG4), human serum albumin (HSA, > 97 % purity) acquired from Sigma-Aldrich, and bovine serum 

albumin (BSA) standards (2 mg·mL−1) purchased from Thermo Scientific Pierce.  

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

filtered, obtained from Sigma Aldrich (H4522 Sigma), with a total protein content ranging between 

40-90 mg∙mL-1. This product was provided as a liquid and was stored at -20 °C. Human serum was 

previously diluted to its use on each assay using PBS solution. Serum-free Chinese hamster ovary 

(CHO) cell culture supernatants were produced and delivered by Icosagen SA (Tartumaa, Estonia). 

These supernatants contain a humanized monoclonal antibody, from IgG1 class, derived from 

mouse anti-hepatitis C virus subtype 1b NS5B (non-structural protein 5B) monoclonal antibody 9A2 

expressed in mouse hybridoma culture. cDNA of antibody variable regions was isolated and cloned 

into the human IgG1 constant region-containing antibody expression vector. CHO cells were grown 

in a mix of two serum-free growth media, the CD CHO Medium (Gibco®, Carlsbad, CA) and the 293 

SFM II Medium (Gibco®). Final concentration of IgG is around 100 mg∙L-1. Serum-containing CHO 

cell culture supernatants containing anti-human interleukin-8 (anti-IL-8) monoclonal antibodies 

were produced in-house by a CHO DP-12 clone#1934 (ATCC CRL-12445) using DHFR 

minus/methotrexate selection system, obtained from the American Type Culture Collection (LGC 

Standards, Middlesex, UK). CHO DP-12 cells were grown in a mixture of 75 % (v/v) of serum-free 

media formulated with 0.1 % Pluronic® F-68 and without L-glutamine, phenol red, hypoxanthine, or 

thymidine (ProCHO™5, Lonza Group Ltd, Belgium), and 25 % (v/v) of Dulbecco’s modified Eagle’s 

medium (DMEM), supplemented with 10 % (v/v) of ultra-low IgG fetal bovine serum (FBS). 

ProCHO™5 formulation contains 4 mmol∙L-1 L-glutamine (Gibco®, Carlsbad, CA), 2.1 g∙L-1 NaHCO3 

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

antibiotics (100 U∙mL-1 penicillin and 100 g∙mL-1 streptomycin) (Gibco®) and 200 nmol∙L-1 

methotrexate (Sigma). DMEM was formulated to contain 4 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 of NaHCO3, 2 mg∙L-1 of recombinant human insulin, 

35 mg∙L-1 of L-proline (all acquired at Sigma), 0.1 % (v/v) of a trace element A, 0.1 % (v/v) of a trace 

element B (both from Cellgro®, Manassas, VA, USA), and 1 % (v/v) of antibiotics (100 U∙mL-1 of 

penicillin and 100 μg∙mL-1 of streptomycin from Gibco®). The composition of trace element A 

includes 1.60 mg∙L-1 of CuSO4·5H2O, 863.00 mg∙L-1 of ZnSO4·7H2O, 17.30 mg∙L-1 of selenite·2Na, and 

1155.10 mg∙L-1 of ferric citrate, while the trace element B is composed of 0.17 mg∙L-1 of MnSO4·H2O, 

140.00 mg∙L-1 of Na2SiO3·9H2O, 1.24 mg∙L-1 of molybdic acid, ammonium salt, 0.65 mg∙L-1 of NH4VO3, 

0.13 mg∙L-1 of NiSO4·6H2O, and 0.12 mg∙L-1 of SnCl2. Cultures were carried out in T-75 flasks (BD 
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Falcon, Franklin Lakes, NJ) at 37 (±1) °C and 5 % CO2 with an initial cell density of 2.1×106 cells∙mL-1. 

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

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

was maintained for several months, with the mAbs concentration varying between 40.5 and 99.4 

mg∙L-1. The produced anti-IL-8 mAb has an isoelectric point (pI) of 9.3 [33]. 

Other reagents used in this work were of analytical grade and used as acquired, without any 

further purification steps. 

3.1.3.2. Methods 

ABS-TPP preparation. In this work, ABS composed of PEG and K3C6H5O7/C6H8O7 at pH 7 were 

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

is mainly composed of salt. The ternary mixture composition for the IgG recovery/purification was 

chosen based on the phase diagrams already reported in the literature [6]. In order to have the 

minimal concentration of phase-forming compounds and the maximum concentration of water 

(more economic and more biocompatible process), but simultaneously being in the biphasic region 

of the diagrams of all the polymers under study, the following mixture composition was 

investigated: 20 wt% PEG + 25 wt% K3C6H5O7/C6H8O7 + 40 wt% human serum/cell culture 

supernatant + 15 wt% H2O/IL. All partitioning studies of the quaternary systems (comprising the IL) 

were performed with the same extraction point, where the ILs were introduced as adjuvants at 5 

wt%; for [C4mim]Br, [C4mim]Cl, and [N4444]Br, concentrations of 1, 2, 10 and 15 wt% were also 

tested. The recovery/purification performance of human IgG in aqueous polymer-salt and polymer-

salt-IL ABS-TPP was investigated using human serum 20-fold diluted in PBS (phosphate buffered 

saline at 10 mmol∙L-1, pH ≈ 7.4, at 25˚C) or CHO cell culture supernatants (serum-free or serum-

containing). In each system, the biological sample (human serum diluted at 1:20 (v:v) or cell culture 

supernatants) was loaded at 40 wt% to the phase-forming components to reach a total weight of 

the mixture of 2.0 g. The systems were mixed in a Vortex mixer (Ika, Staufen, Germany), centrifuged 

for 15 min in a fixed angle rotor bench centrifuge (Eppendorf, Hamburg, Germany) at 1372 × g, and 

to ensure total phase separation and interphase formation and chemical equilibrium they were 

settled for 30 min. After equilibrium, both phases were carefully separated using syringes to extract 

the top and bottom phases and their volumes were determined and also their pH values at 25 °C (± 

1 °C) using a Mettler Toledo U402-M3-S7/200 micro electrode, showing that a pH of 7.0 ± 0.2 was 

maintained in all systems. In the cases in which an interphase precipitate was observed, i.e., for the 

TPP systems, the precipitate was completely isolated from the remaining phases by being 
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centrifugated again for a short time and high rotation (for 2 min at 12000 × g) for a facilitated 

removal of the remaining residues of the phases, and then resuspended in 1.0 mL of PBS. Blank 

systems without biological sample were also prepared to discount the interference of the phase-

forming compounds in the analytical methods.  

 

Recovery and purification of human antibodies using ABS-TPP. IgG and protein impurities 

were quantified in all feeds and in each ABS-TPP phase by size-exclusion high-performance liquid 

chromatography (SE-HPLC). Samples were diluted at a 1:2 (v:v) ratio in an aqueous potassium 

phosphate buffer solution (50 mmol∙L-1, pH 7.0, with NaCl 0.3 mol∙L-1) used as the mobile phase. 

The equipment used was a Chromaster HPLC system (VWR Hitachi) equipped with a binary pump, 

column oven (operating at 40 °C), temperature controlled auto-sampler (operating at 10 °C), DAD 

detector and a column Shodex Protein KW-802.5 (8 mm × 300 mm). The mobile phase was run 

isocratically with a flow rate of 0.5 mL∙min-1 and the injection volume was 25 μL. The wavelength 

was set at 280 nm. The calibration curve was established with commercial human IgG, ranging from 

5 to 200 mg∙L-1. Blank systems without biological sample were also injected to address the possible 

interference of the ABS phase-forming compounds. 

The ABS performance was evaluated by the recovery yield and purity level for IgG. For each 

sample, the peaks areas were estimated using PeakFit® software, and the remaining data was 

treated on Excel. The recovery yield (%YieldIgG) in the ABS top and bottom phases were determined 

according to the following equation: 

%YieldIgG =
[IgG]TOP/BOT×VTOP/BOT

[IgG]initial×Vinitial
× 100                                                                                                            (1) 

where [IgG]TOP/BOT and [IgG]initial represent the IgG concentration in the top or bottom phases and 

the initial concentration of IgG in the biological matrix (human serum or CHO cell culture 

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

phases and biological matrix (human serum or CHO cell culture supernatants) loaded in the system, 

respectively.  

In the cases where a precipitate of proteins at the ABS interface occurs, corresponding to the 

TPP approach, the %YieldIgG in the precipitate was determined according to the following equation: 

%YieldIgG =
[IgG]PP×Vfinal

[IgG]initial×Vinitial
× 100                                                                                                                     (2) 

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

resuspension, respectively. 
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The percentage purity level of IgG (%PurityIgG) was calculated by dividing the HPLC peak area 

of IgG (AIgG) by the total area of the peaks corresponding to all proteins present in the respective 

sample (ATotal): 

%PurityIgG =
AIgG

ATotal
× 100                                                                                                                                       (3) 

A calibration curve was also established for HSA with the commercial protein, ranging from 

50 to 1800 mg∙L-1, since HSA is the main impurity of IgG in human serum. The same performance 

parameters were also determined (%YieldHSA and %PurityHSA) whenever indicated.   

At least two individual experiments were performed to determine the average in 

performance parameters, as well as the respective standard deviations.   

 

Proteins stability assessment. Circular dichroism (CD) experiments were performed to infer 

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

spectrophotometer. CD spectra of aqueous solutions containing 0.25 g·L-1 of commercial IgG, HSA 

and BSA in PBS (pH ≈ 7.4), human serum 400-fold diluted, cell culture supernatants and precipitates 

from selected TPP systems were acquired at a constant temperature of 25 °C using a scanning speed 

of 100 nm·min-1, with a response time of 4 s over wavelengths ranging from 190 nm to 260 nm. The 

CD spectra of PBS (pH ≈ 7.4) was firstly taken as a blank. The recording bandwidth was of 1 nm with 

a step size of 0.5 nm using a quartz cell with an optical path length of 1 mm. Three scans were 

averaged per spectrum to improve the signal-to-noise ratio. Measurements were performed under 

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

instrument. This process was carried out in triplicate to ascertain the associated standard 

deviations. 

 

Host cell proteins quantification. Host cell proteins (HCP) were quantified in the precipitates 

(IgG-rich samples) of the TPP systems applied for the processing of serum-free CHO cell culture 

supernatants. The quantification was made using a CHO Host Cell Proteins 3rd Generation ELISA kit 

from Cygnus Technologies (Southport, NC, USA), and according with the suppliers’ procedures. 

Briefly, both the standards (0 – 75 ng∙mL-1), controls and samples (50 L) were pipetted into the 

well of the ELISA microplate, as well as 200 L of anti-CHO:alkaline phosphatase, and then covered 

and left to incubate at 400 – 600 rpm for 120 min at room temperature. Following, the content of 

each well was discarded and each well was cleaned with diluted wash solution. Then, 200 L of 

PNPP substrate was pipetted to each well, and the microplate was covered again and left to 
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incubate for 90 min at room temperature. The absorbance was finally measured at 405 and 492 nm 

in a BioTek SYNERGY|HT microplate reader. 

3.1.4. Results and discussion 

3.1.4.1. Characterization of biological media 

The qualitative and quantitative characterization of the feedstocks used in this work (human 

serum 20-fold diluted, serum-containing and serum-free CHO cell culture supernatants) was initially 

performed to appraise the complexity and composition of the media from which human antibodies 

aimed to be purified. The SE-HPLC chromatographic profiles of IgG, BSA and biological complex 

media are provided in Figure 3.1.2. 

Under the chromatographic conditions used, pure IgG samples present 2 chromatographic 

peaks: one corresponding to the IgG monomer and the other to IgG aggregates, with a retention 

time of ca. 15.0 min and 13.8 min, respectively, being in accordance with previous reports in the 

literature [32, 34]. In human serum, the major protein impurity is human serum albumin (HSA), with 

a retention time of ca. 16.8 min. The IgG content in the human serum samples was ascertained 

before each assay, and it was found that its average concentration was 760.3 ± 80.1 mg∙L-1, with an 

average purity of 45.2 ± 0.9 %, while for HSA, the average concentration was found to be 2723.7 ± 

211.2 mg∙L-1, with an average purity of 54.8 ± 0.9 %.  

The serum-containing cell culture supernatant presents a similar chromatographic profile to 

human serum – two peaks of IgG (corresponding to mAbs) are found, one corresponding to the IgG 

monomer and the other to IgG aggregates, at similar retention times. However, these peaks present 

a smaller area than the respective peaks on human serum, which is closely related with the lower 

concentration of IgG in the supernatant. The major protein impurity in the feed is bovine serum 

albumin (BSA), the closest analogue of HSA, also presenting a similar retention time. The mAbs 

content in the serum-containing supernatant was found to be 85.8 ± 1.2 mg∙L-1 in average 

concentration, with an average purity of 21.0 ± 1.0 %. 

Interestingly, serum-free cell culture supernatant presents a different chromatographic 

profile: in this matrix, IgG, in its monomeric form, is the main protein present, and, as expected, no 

peak corresponding to BSA is present (since the supernatant is serum-free, and so, free of albumin). 

By the chromatographic profile, it is possible to observe the presence of high molecular weight 

(HMW) impurities, with retention times below 15.0 min, and also some low molecular weight 

(LMW) impurities with retention times above 17.0 min. The mAbs content in serum-free 
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supernatants was determined before each assay, revealing an average concentration of 274.9 ± 2.1 

mg∙L-1, with an average purity of 36.5 ± 0.1 %. 

 

 

Figure 3.1.2. Characterization of the cell culture supernatants: SE-HPLC chromatograms of pure IgG solution 

100 mg∙L-1 (∙∙), pure BSA solution 200 mg∙L-1 (--), human serum (–), serum-containing cell culture 

supernatant (–), and serum-free cell culture supernatant (–). 

3.1.4.2. Purification of antibodies from human serum samples 

After the characterization of the IgG-containing feedstocks, the potential of TPP systems 

based on ABS as purification routes for human antibodies from human serum samples was 

addressed, and several optimizations were performed, namely through the study of three different 

effects: (i) PEG molecular weight, (ii) addition of ILs as adjuvants, and (iii) ILs concentration. For sake 
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of discussion clarity, the yields and purity levels of IgG referring to the interphase (as the final 

objective of a TPP system is to precipitate target molecules at the interphase) will be considered 

along this section; still, whenever relevant, yield and purity level at the top or bottom phases will 

be mentioned. Additionally, the partitioning of HSA (major protein impurity of IgG in human serum) 

in the systems was evaluated to provide more detailed information on the TPP selectivity.  

 

Effect of polymer molecular weight 

Firstly, the effect of the molecular weight of the phase-forming polymer was evaluated using 

four different PEGs, namely PEG 600, PEG 1000, PEG 1500 and PEG 2000. Based on the relative 

position of the binodal curves taken from the literature [6], a common mixture point was chosen in 

the biphasic region of all systems: 20 wt% PEG + 25 wt% K3C6H5O7/C6H8O7 + 40 wt% human serum 

20-fold diluted + 15 wt% H2O. The performance of the ABS-TPP was investigated in terms of 

recovery yield (%YieldIgG) and purity level (%PurityIgG), whose results are shown in Figure 3.1.3. The 

detailed data on the recovery yields and purity levels are given in the Appendix D (Table D.1). 

 

 

Figure 3.1.3. Recovery yields (%YieldIgG – ■) and purity levels (%PurityIgG – ■) of human IgG at the interphase 

of ABS-TPP composed of 20 wt% PEG + 25 wt% K3C6H5O7/C6H8O7 + 40 wt% human serum 20-fold diluted + 

15 wt% H2O. 

The results obtained for the IgG recovery indicate that, with the exception of PEG 600, there 

is a preferential precipitation of IgG at the interphase with yields ranging from 65.8 % and 85.1 % 

with PEG 1000, PEG 1500 and PEG 2000. PEGs with higher molecular weight are more hydrophobic, 

promoting a higher precipitation of IgG at the interphase, and following a similar molecular-level 

phenomenon induced by butanol in conventional TPP. In turn, PEG 600 is not a proper candidate to 
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develop TPP systems based on ABS for the purification of IgG from serum; instead, a preferential 

migration of IgG to the top phase with a yield of 85.2 % was obtained. As previously reported in 

literature, the basis of a given protein two-phase partitioning is dependent on hydrophobicity, 

electrostatic forces, molecular size, solubility, and affinity for both phases, and their magnitudes 

further depend on the phase compositions and on the nature of the phase-forming components 

[35]. If traditional ABS formed by polymers have been extensively investigated for the purification 

of IgG [36], the majority of TPP systems studied so far are made up with t-butanol and ammonium 

sulfate, and at the current moment there are not present studies on polymer-based TPP systems 

for the purification of IgG. Overall, better results are achieved with strong salting-out salts, being 

this a common trend in all systems investigated, and more hydrophobic polymers, i.e. of higher 

molecular weight, lead to a lower solubility of IgG in the PEG-rich phase and thus inducing its 

precipitation. According to our results, it seems that there is a balance between 

solubility/saturation at the PEG-rich phase and a “salting-out” effect caused by the citrate buffer to 

induce protein-protein interactions and respective precipitation. 

Regarding the IgG purification achieved, all TPP systems provide satisfactory results ranging 

from 49.9 % to 80.7 %. It is interesting to notice that both PEG 1500 and PEG 2000 showed similar 

performance, and although allowing to obtain the best recovery yields (85.0 % and 85.1 %, 

respectively), both lead to the lowest purity among all polymers under study (49.9 % and 51.4 %, 

respectively). This observation suggests that by increasing the molecular weight of PEG, not only 

more IgG but also other protein are precipitated due to a reduced solubility in the PEG-rich phase, 

thus reducing the systems selectivity towards. On the other hand, the application of PEG 600, 

although allowing 67.0 % of IgG purity, is limited by very low yields of IgG at the interphase (only 

7.9 %). Overall, the TPP system composed of PEG 1000 provides the best balance between IgG 

recovery and purification in the precipitate fraction (yield of 65.8 % with 80.7 % purity), 

representing an improvement of 78.5% in purity when comparing with the initial human serum 

sample, while HSA is mainly retained in the top (HSA yield of 70.0 %) and bottom (HSA yield of 17.7 

%) phases [cf. Appendix D (Table D.1)], being thus used for further studies. 

 

Effect of ILs as adjuvants 

It has been shown that the application of ILs as adjuvants in ABS makes possible to tune the 

phases’ polarities and affinities to target molecules, improving the limited polarity difference 

between phases and, thus, enhancing selectivity [6, 37]. Based on these previous findings, it has 
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been hypothesized that the use of ILs as adjuvants might also tune the phases’ properties and 

improve the performance of polymer-salt TPP, particularly to purify human IgG. 

To this end, six structurally different ILs were added as adjuvants at 5 wt%, namely [C4mim]Br, 

[C4mim]Cl, [N4444]Br, [N4444]Cl, [P4444]Br and [P4444]Cl, using the following mixture point: 20 wt% PEG 

1000 + 25 wt% K3C6H5O7/C6H8O7 + 40 wt% human serum 20-fold diluted + 10 wt% H2O + 5 wt% IL. 

The ILs were chosen in order to contain different cations structures (different ILs families – 

imidazolium, quaternary ammonium and phosphonium-based) to cover a large 

hydrophobic/hydrophilic range and different types of interactions, such as dispersive forces, van 

der Waals, electrostatic and π ··· π interactions, combined with anions at extremes of hydrogen-

bond basicity [38], namely bromide and chloride. 

The performance of all ABS was investigated in terms of IgG recovery yield (%YieldIgG) and 

purity level (%PurityIgG) at the interphase, whose results are shown in Figure 3.1.4. The detailed 

data on the recovery yields and purity levels are given in the Appendix D (Table D.2). 

It is important to highlight that, although the addition of [P4444]Br to the system resulted in 

the formation of a TPP with a third solid layer in its macroscopic appearance, no proteins could be 

detected in the SE-HPLC chromatogram, not allowing the determination of the performance 

parameters. This observation is in accordance with the literature, since [P4444]Br has been reported 

to induce the precipitation of several proteins [39, 40], however in this work the gathered data 

suggests a negative impact of this IL on the proteins structure and it is not adequate to design TPP 

systems for human IgG (and/or other serum components, such as HSA).  

 

 

Figure 3.1.4. Recovery yields (%YieldIgG – ■) and purity levels (%PurityIgG – ■) of human IgG at the interphase 

of ABS-TPP composed of 20 wt% PEG 1000 + 25 wt% K3C6H5O7/C6H8O7 + 40 wt% human serum 20-fold 

diluted + 10 wt% H2O + 5 wt% IL. N.D. means not determined. 
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With the exception of [P4444]Br and [C4mim]Cl, in all the remaining ILs introduced in the 

system, IgG is preferentially precipitated at the interphase, with yields higher than 56.9 % and up 

to 100 % achieved in one-step. In fact, the introduction of a properly designed IL as adjuvant, if 

compared to the conventional TPP formed by polymer-salt, allowed to maximize the precipitation 

yield of IgG, being possible its complete recovery in the presence of 5 wt% of ammonium-based ILs 

(both [N4444]Br and [N4444]Cl). Still, [N4444]Br allowed a slightly higher purity value to be achieved 

(56.9 %) than that obtained with [N4444]Cl (purity of 54.7 %). On the other hand, when employing 

[C4mim]Cl, it is possible to slightly increase the purity level of IgG to 82.4 %, yet compromising the 

recovery yield (only 23.0 %). [C4mim]Br allowed an IgG recovery yield of 56.9 % and purity of 67.6 

% of purity, that although being lower performance parameters than those obtained with the 

system without any IL, was the one among all the ILs that allowed a better balance between the 

yield an purity. Also, and similarly to what happens with the system in which no IL is added, 68.3 % 

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

Appendix D (Table D.2)], opening the door to the possibility to simultaneously recover and purify 

two different value-added proteins in a single step, i.e. IgG at the interphase and HSA at the top 

phase. This result is in line with the literature, where [C4mim]Br exhibited remarkable selectivities 

in the extraction of proteins both using ABS [6] and TPP [32].  

Analogously to what observed with higher molecular weight PEGs, the impact of the IL in the 

precipitation of IgG follows the same trend. In general, the more hydrophobic the IL, the more 

extensive the precipitation. [N4444]Br, [N4444]Cl and [P4444]Cl possess larger cations with four butyl 

chains attached to the central heteroatom than [C4mim]Br and [C4mim]Cl, being more hydrophobic 

ILs and promoting an higher degree of protein-protein interactions and, thus, better precipitations 

at the interphase. Also, [C4mim]Br allows a more extensive precipitation than [C4mim]Cl, being in 

accordance with the hydrophobicity of these two ILs as well, once the bromide (Br-) anion presents 

a lower hydrogen-bond basicity () than the chloride (Cl-) anion ( (Br-) = 0.87 <  (Cl-) = 0.95 [38]), 

and consequently being more hydrophobic. These results show that a similar molecular-level 

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

a higher precipitation of proteins. In fact, Ferreira et al. [6] previously reported that ILs 

preferentially migrate to the PEG-rich phase in PEG + K3C6H5O7/C6H8O7 ABS, thus justifying the 

increase of its hydrophobicity, and subsequent more extensive protein precipitation in the TPP 

systems herein studied. Nevertheless, a careful balance is required since selectivity is needed, and 

as such the ILs that lead to a higher precipitation extent are not the best ones since other proteins 
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are precipitated as well. Based on the aforementioned results and discussion, [C4mim]Br, [C4mim]Cl 

and [N4444]Br were considered for further optimization. 

The effect of the concentration of the three selected ILs was then addressed. To this end, 

[C4mim]Br, [C4mim]Cl and [N4444]Br were added as adjuvants at 1, 2, 5, 10 and 15 wt% in systems 

with the following composition: 20 wt% PEG 1000 + 25 wt% K3C6H5O7/C6H8O7 + 40 wt% human 

serum 20-fold diluted + 15 wt% H2O/IL. The performance of all ABS was investigated in terms of IgG 

recovery yield (%YieldIgG) and purity level (%PurityIgG) at the interphase, whose results are shown in 

Figure 3.1.5. The detailed data on the recovery yields and purity levels are given in the Appendix D 

(Table D.3).  

Based on the results obtained, it was found that by changing the concentration of [C4mim]Br 

(Figure 3.1.5 (A)) from 1 wt% to 10 wt%, recovery yields ranging from 56.9 % and 77.7 % and purity 

levels ranging between 67.6 % and 70.0 % are obtained at the interphase of the ABS-TPP. On the 

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

observed, since no peaks were found in the corresponding SE-HPLC chromatograms, thus not 

allowing the determination of the performance parameters. The obtained results at the interphase 

suggest that the most efficient concentration of [C4mim]Br is the lowest under investigation (i.e., 1 

wt%), yielding 77.7 % of IgG with 69.1 % of purity. Under these conditions, it should be remarked 

that it is to simultaneously recover HSA, the major protein impurity of IgG in human serum and that 

is also an added-value protein, in the top phase of the ABS, with 49.7 % yield and 89.1 % purity [cf. 

Appendix D (Table D.3)], and with improved purity level when compared to that obtained using the 

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

Regarding the results obtained with the IL [C4mim]Cl (Figure 3.1.5 (B)), a continuous decrease 

in the recovery yields of IgG as the concentration of the IL increases occurs, ranging between 6.9 % 

and 50.2 %; however, no significant variation in the purity levels is seen (from 79.4 % to 86.5 %). On 

the other hand, it is interesting to notice that the recovery yield of IgG in the top phase of the ABS 

increases by using higher IL concentrations. This observation suggests that [C4mim]Cl possibly 

improves the proteins solubility in the ABS top phase and/or establish non-covalent interactions 

with the target protein promoting its partition to the polymer-rich top phase (the phase where the 

IL is also enriched), thus hampering its precipitation in the interphase. The use of 15 wt% of this IL 

also seems to be not appropriate for the processing of human serum proteins since a deleterious 

effect was found, abruptly decreasing the performance of the system.  
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Figure 3.1.5. Recovery yields (%YieldIgG – ■) and purity levels (%PurityIgG – ■) of human IgG at the interphase 

of ABS/TPP composed of 20 wt% PEG 1000 + 25 wt% K3C6H5O7/C6H8O7 + 40 wt% human serum 20-fold 

diluted + 15 wt% H2O/IL: (A) [C4mim]Br; (B) [C4mim]Cl; and (C) [N4444]Br. N.D. means not determined. 



3 Purification of Antibodies using Three-Phase Partitioning Systems 
 

210 
 

Besides this, by using 2 wt% of this IL, it was possible to recover 43.2 % of IgG with an increase in 

the purity level up to 86.5 %; still, just by using 1 wt% of IL, it is possible to improve the purity level 

up to 82.6 % with a recovery yield of 50.2 %. 

Regarding the results obtained with [N4444]Br (Figure 3.1.5 (C)), it is observed that using lower 

concentrations of IL (1, 2 and 5 wt%) allows to maximize the recovery yield of IgG in the precipitate 

layer from 80.5 % to 100 %, in a single-step. Higher concentrations (i.e., 10 and 15 wt%) of IL lead 

to a decrease in the recovery yields (54.7 % and 47.4 %, respectively), meaning that the maximum 

recovery performance of this system is achieved using 5 wt% of IL. In what concerns the purification 

performance, it was found a continuous decrease in the purity levels of IgG in the precipitate layer, 

ranging between 43.8 % and 73.4 %. This fact suggests that by increasing the amount of IL in the 

system, other proteins besides IgG start to precipitate as well, thus decreasing the system 

selectivity. For this reason, the best condition that allows a better compromise between yield and 

purity was achieved using 1 wt% of [N4444]Br, in which 80.5 % of IgG was recovered with 73.4 % of 

purity. 

The results herein discussed show the role of ILs as adjuvants in polymer-salt ABS acting as 

TPP approaches. By simply changing the IL content it is possible to maximize the yield of extraction 

or purity of the recovered IgG. Unfortunately, it was not possible to found any condition allowing 

to maximize both the recovery yield and purity level, but providing, nevertheless, some clues for 

high-performance ABS/TPP development. It was found that IL increasing concentrations have a 

negative impact on the percentage yield and purity of IgG in the interphase. The systems containing 

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

or to a high decrease on its recovery yield. Therefore, it should be remarked that for ILs to be 

efficient adjuvants for IgG purification, not only their chemical structure, but also their 

concentration in TPP systems must be carefully optimized for any desired target compound. 

Nevertheless, it should be highlighted that lower amounts of IL are beneficial not only to the 

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

process.  

Based on all the aforementioned information and discussed topics, the systems composed of 

1 wt% of [C4mim]Cl and 1 wt% of [N4444]Br were selected as the best ILTPP platforms, allowing the 

best compromise between both yield and purity of IgG in the IgG-rich precipitate layer. Therefore, 

these systems were further studied towards the recovery and purification of monoclonal antibodies 

from cell cultures supernatants to infer their robustness and flexibility.  
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3.1.4.3. Purification of antibodies from cell culture supernatants 

The best identified TPP-ABS were applied towards the recovery and purification of mAbs 

directly from cell culture supernatants. For that purpose, two different matrices were considered: 

(i) a serum-containing CHO cell culture supernatant with anti-interleukin-8 (anti-IL-8) mAbs; and (ii) 

a serum-free CHO cell culture supernatant with anti-hepatitis C virus (anti-HCV) mAbs. The following 

mixture ABS-TPP compositions were evaluated: (i) 20 wt% PEG 1000 + 25 wt% K3C6H5O7/C6H8O7 + 

40 wt% (serum-containing or serum-free) CHO cell culture supernatant + 15 wt% H2O; (ii) 20 wt% 

PEG 1000 + 25 wt% K3C6H5O7/C6H8O7 + 40 wt% (serum-containing or serum-free) CHO cell culture 

supernatant + 14 wt% H2O + 1 wt% [C4mim]Cl; and 20 wt% PEG 1000 + 25 wt% K3C6H5O7/C6H8O7 + 

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

[N4444]Br. 

In what concerns TPP formation, it was observed that by using serum-containing cell 

supernatants in the systems without IL and with 1 wt% [C4mim]Cl, although some small particles 

could be found at the interphase of the ABS, the precipitation did not occur in an extension to allow 

a proper recovery of a third solid layer for subsequent analysis [cf. macroscopic aspect in Appendix 

D (Figure D.1)]. A TPP system could only be formed when using 1 wt% of [N4444]Br, thus allowing to 

evaluate its performance. Through this TPP system, 46.2 ± 2.6 % of anti-IL-8 mAbs could be directly 

recovered in the precipitate layer, with a purity of 64.4 ± 4.2 %. Even though these results revealed 

to be lower than those obtained with the same system for human IgG from serum samples (yield of 

80.5 % of IgG with 73.4 % of purity; improvement of 62.4 % in purity in comparison with the initial 

serum sample), they still represent a large improvement when comparing with the initial purity of 

the feedstock (purity of 64.4 % vs. 21.0 % in the initial supernatant; improvement of 206.7 % in 

purity in comparison with the initial supernatant). When bioprocessing human serum, the TPP 

composed of [N4444]Br revealed an higher aptitude to precipitate proteins (leading to the highest 

recovery yields), being probably due to this reason that the system composed of 1 wt% of [N4444]Br 

was the only capable to create a TPP system with serum-containing cell supernatants.  These results 

highlight the importance of the introduction of ILs in the process, since it was only possible to create 

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

On the opposite, all the systems under study were capable to create TPP systems with serum-

free CHO cell culture supernatants [cf. macroscopic aspect in Appendix D (Figure D.1)]. It is 

interesting to notice that the serum-containing cell supernatant that presented similar 

chromatographic profile to that of human serum was not able to create TPP systems in all the 

selected conditions, but the serum-free cell supernatant that presents a completely different 
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protein profile was able to create TPPs in all the conditions under study. These observations suggest 

that the biological matrix composition plays a role in TPP system formation, i.e. depending on the 

effect that each protein exerts to the others in specific macromolecular crowded pools, that in this 

case leads to TPP systems formation only with the less complex medium. However, a higher mAbs 

concentration is present in the serum-free cell supernatants (274.9 mg∙L-1 vs. 85.8 mg∙L-1 in the 

serum-containing), suggesting that high concentrations of proteins are required to induce the 

formation of TPP, being in agreement with the molecular-level mechanisms of TPP formation 

previously discussed. 

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

of these systems was also investigated in terms of IgG recovery yield (%YieldIgG) and purity level 

(%PurityIgG) at the interphase, whose results are shown in Figure 3.1.6. The detailed data on the 

recovery yields and purity levels are given in the Appendix D (Table D.4). These results show a very 

interesting performance of the TPP systems under study, with mAbs recovery yields ranging from 

55.3 % to 79.7 %, and purity levels between 82.8 % and 89.2 %, being these levels much higher than 

the initial purity level of the cell supernatant of 36.5 %.  

 

 

Figure 3.1.6. Recovery yields (%YieldIgG – ■) and purity levels (%PurityIgG – ■) of human IgG at the interphase 

of ABS/TPP composed of 20 wt% PEG 1000 + 25 wt% K3C6H5O7/C6H8O7 + 40 wt% serum-free CHO cell culture 

supernatant + 15 wt% H2O/IL. For the feed, the %YieldIgG is not applicable (N.A.).  

The conventional ternary TPP system presents the lowest performance, yielding 55.3 % of 

anti-HCV mAbs with 82.8 % of purity. The purified sample was also analyzed by ELISA towards the 

host cell proteins (HCP) content, revealing HCP removal values of 94.7 % from the original feed. Yet, 

by using ILs as adjuvants, better performances of the TPP systems were obtained. By using 1 wt% 
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of [N4444]Br, an increase in the recovery yield to 79.7 % with 85.9 % of purity was achieved, with 

93.3 % of HCP removal comparing to the original cell supernatant. Still, the best results were 

obtained for the system composed of 1 wt% of [C4mim]Cl, allowing to recover 74.4 % of anti-HCV 

mAbs with the best purity level – 89.2 %. Also, this system proved to be an efficient TPP to deplete 

HCPs (100 % HCP removal), since the results obtained were below the limit of detection of the 

method. 

The SE-HPLC chromatograms of the precipitates of the systems discussed are presented in 

Appendix D (Figure D.2 (A) to (C)), as well as the representative chromatograms of the coexisting 

phases of the best TPP system containing 1 wt% of [C4mim]Cl in Appendix D (Figure D.2 (D)).  The 

analysis of the SE-HPLC chromatograms shows the high purities allowed by the TPP systems under 

study, since the main peak present corresponds to mAbs (retention time of ca. 15.0 min); only a 

small peak is noticed, corresponding to HMW impurities (or IgG aggregates). It is also interesting to 

notice that the remaining IgG that is not recovered in the precipitate fraction seems to partition to 

the polymer PEG-rich phase with the majority of the LMW protein impurities. On the other hand, 

HMW protein impurities seems to be preferentially retained in the opposite layer, the salt-rich 

phase.  

Finally, circular dichroism (CD) spectroscopy was used to analyze the secondary structure of 

mAbs after recovery and purification using TPP systems. The spectrum of a standard solution of IgG 

250 mg∙L-1 was also measured and included for comparison purposes. The CD spectra depicted in 

Figure 3.1.7 clearly shows that the secondary structure of mAbs after the recovery procedure, and 

for all systems, is similar to the one of the freshly prepared solution of IgG. All spectra exhibit typical 

shape of a β-sheet protein as IgG, with a characteristic maximum of negative ellipticity at ca. 216 

nm [41]. Thus, it is possible to conclude that after the recovery of mAbs with the investigated ABS-

TPP, the conformation is not affected, and the recovered proteins maintain their secondary 

structure. 

The available literature on TPP based on ABS for the recovery and purification of antibodies 

is scarce. Indeed, to the best of our knowledge, one report refers to the use of this technique 

towards the recovery of avian antibodies (IgY) from chicken egg yolk [42], and another work refers 

to the recovery and purification of human mAbs [32], but using an IL-based TPP. Capela et al. [32] 

showed that ABS-TPP composed of glycine-betaine analogues ILs and K2HPO4/KH2PO4 at pH 7.0 

allow a recovery of 41.0 % with 60.9 % purity. In this work, the results obtained surpass those 

previously reported in the literature, since a mAbs recovery yield of 74.4 % with 89.2 % purity was 
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achieved, using the IL as adjuvant (and not as phase-forming component), which brings additional 

advantages regarding the reduction of the costs of the process.  

 

 

Figure 3.1.7. Circular dichroism (CD) spectra (ellipticity, θ, in mdeg) for the recovered mAbs-rich precipitate 

fractions of the TPP/ABS composed of 20 wt% PEG 1000 + 25 wt% K3C6H5O7/C6H8O7 + 40 wt% serum-free 

CHO cell culture supernatant + 15 wt% H2O/IL: pure IgG solution 250 mg∙L-1 in PBS (∙∙), TPP with no IL (–), 

TPP with 1 wt% [N4444]Br (–), TPP with 1 wt% [C4mim]Cl (–). 

Besides the works reporting TPP approaches based on ABS, it is also interesting to understand 

how the results obtained in this work compare with those obtained with their parent ABS (not TPP). 

Indeed, large efforts have been carried out with more traditional polymer-based ABS to purify 

antibodies, as previously reviewed by us [1]; yet, the IgG recovery and purification results gathered 

in this work with TPP/ABS are better than those reported up to date using conventional ABS. In the 

field of IL-based ABS, Ferreira et al. [6] studied polymer-salt ABS composed of commercial ILs as 

adjuvants, achieving the complete IgG extraction to the polymer-rich phase, but with a lower purity 

(26 %); in this work, although the complete recovery of IgG was not achieved, IgG could be 

recovered with purity values of up to 89.2 %. Also, the previous work was carried out with 

mammal’s serum samples, where in this work the use of ILs as adjuvants in polymer-salt ABS 

allowed the creation of TPP systems for human antibodies recovery/purification from both human 

serum and CHO cell culture supernatants. The developed TPP strategy is robust, since different 

antibodies (pAbs, anti-IL-8 mAbs and anti-HCV mAbs) could be successfully recovered and purified 

from different matrices (human serum and serum-containing and serum-free CHO cell cultures 

supernatants). 
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Although there is still room for improvement and a path to follow to fully explore the 

potential of TPP based on ABS, it is here shown that this combination is highly advantageous to the 

recovery and purification of proteins from real and complex biological matrices, particularly for 

antibodies. The addition of ILs to TPP-ABS also brings advantages to the process in terms of 

selectivity and performance parameters improvement due to their designer solvent feature. Thus, 

high yields of proteins with high purity can be easily collected at the interface of the system, and 

further conditioned in an adequate buffered aqueous solution for storage.  

3.1.5. Conclusions 

The present work aimed to develop an alternative and cost-efficient approach for the 

recovery and purification of human antibodies from biological complex matrices using TPP based in 

ABS. ABS-TPP composed of PEG 1000 + K3C6H5O7/C6H8O7 pH 7 + H2O were studied for the recovery 

and purification of IgG from human serum samples, being optimized by: (i) the effect of the polymer 

molecular weight; (ii) the introduction of ILs with different chemical structures; and (iii) the effect 

of the concentration of IL. All the investigated systems allowed the formation of an IgG-rich 

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

intermediate PEG molecular weight (PEG 1000) and also by using low amounts (just 1 wt%) of 

[C4mim]Cl and [N4444]Br ILs.  Under the optimal conditions, recovery yields of IgG from human serum 

could be maximized to 80.5 % and purity levels of 82.6 % could be achieved. 

The best systems were investigated for the recovery and purification of mAbs directly from 

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

matrices and of the effect of the chemical structure of the IL. For the serum-containing CHO cell 

culture supernatant with anti-IL-8 mAbs, only the system composed of 1 wt% of [N4444]Br was able 

to create a TPP system, yielding 46.2 % of mAbs with a purity of 64.4 %. For serum-free CHO cell 

culture supernatant with anti-HCV mAbs, that also presented higher IgG concentration, all the 

systems under study were able to create TPP systems. The best results were achieved with the 

system composed of 1 wt% of [C4mim]Cl, in which a recovery yield of 74.4 % of mAbs was observed 

with 89.2 % of purity, and exceptional HCP removal – 100 %. The stability of the recovered 

antibodies was proved by CD spectroscopy.  

Overall, it is herein shown that ABS-TPP is a promising combination of techniques to recover 

and purify proteins from real complex biological matrices, particularly antibodies, in a single-step 

approach. The developed process proved to be robust for the successful recovery and purification 

of different antibodies (pAbs, anti-IL-8 and anti-HCV mAbs) from different matrices (human serum 
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samples, serum-containing and serum-free CHO cell cultures supernatants), allowing high recovery 

yields and purity levels to be achieved, being easy to recover the protein of interest and resuspend 

it in an appropriate final buffered formulation for storage and further commercialization. 
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4.1. Novel downstream routes for the purification of antibodies using supported ionic 

liquid materials 

This chapter is based on the manuscript under preparation with 

Emanuel V. Capela, Jéssica Bairos, Márcia C. Neves, M. Raquel Aires-Barros, João A.P. Coutinho, 

Ana M. Azevedo, Ana P.M. Tavares, Mara G. Freire 

 

4.1.1. Abstract 

Over the past few years, antibodies such as immunoglobulin G, IgG, have gained high interest 

as promising alternative therapeutics.  Despite their large potential, their production with high 

quality and purity levels is still costly due to the absence of a cost-effective extraction-purification 

platform for the recovery of these biopharmaceuticals from the complex biological media in which 

they are present. The downstream processing of IgG is being considered the limiting and most costly 

step in the production of these biopharmaceuticals. The “gold standard” platform adopted by the 

biopharmaceutical industry counts with multiple steps, mostly recurring to chromatography. In 

particular, a primary antibody capture step by protein A affinity chromatography is used, being 

extremely costly due to the required biological affinity ligand (ProA). This work investigated novel 

materials employing ionic liquids (ILs) as chemical ligands, leading to the creation of ionic liquid 

materials as alternative matrices for the capture and/or purification of antibodies from complex 

biological matrices. The operating conditions of the process were optimized towards the 

extraction/purification of human IgG from serum samples, in terms of the solid:liquid ratio (S:L 

ratio), pH and contact time (t), in order to maximize the process performance parameters. The best 

results allowed to obtain 59 % and 76 % IgG yields with 84 % and 100 % purity levels, respectively. 

These results are obtained with different IL chemical structures, acting in a “flowthrough-like mode” 

or “bind-and-elute-like mode”, further demonstrating the chemical versatility of ILs as chemical 

ligands and flexibility of the developed materials. The best conditions were finally applied to other 

IgG-containing matrices, namely rabbit serum and Chinese hamster ovary cell culture supernatants, 

proving the robustness of the developed strategy. Two new cost-effective strategies for antibodies 

_______________________________________________________________________________________ 

Contributions: A.P.M.T. and M.G.F. conceived and directed this work. E.V.C. and J.B. acquired the 
experimental data. J.B. and M.C.N. synthesized and prepared the supported ionic liquids. E.V.C., J.B., J.A.P.C., 
A.P.M.T. and M.G.F. interpreted the obtained experimental data. E.V.C. and M.G.F. wrote the final 
manuscript, with significant contributions of the remaining authors. 
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downstream processing have been developed, representing a steppingstone towards the use of ILs 

as potential cheaper chemical ligands for chromatography-based platforms used in the 

biopharmaceutical field. 

4.1.2. Introduction 

In a time where the efficacy of conventional drugs is decreasing and population is aging, the 

biopharmaceuticals market is currently one of the fastest growing segments of the pharmaceutical 

industry [1]. In recent decades, technological advances in bioprocess engineering have been made 

in the field of biopharmaceuticals due to their high sensitivity, specificity and low risk and low 

adverse effects to the patient [2]. In this context, therapies based on polyclonal (pAbs) and 

monoclonal (mAbs) antibodies have emerged. Plasma-derived human IgG (e.g. polyvalent 

intravenous immunoglobulins, IVIGs) are increasingly used for the treatment of genetic and 

acquired immunodeficiencies and for several inflammatory and autoimmune disorders (e.g. 

thrombocytopenic purpura, Kawasaki disease, polymyositis/dermatomyositis, Guillain-Barré 

syndrome, among others) [3, 4]. Regarding mAbs, in May 2021 the US Food and Drug Administration 

approved the 100th mAb product [5], 35 years after the first mAbs approval, accounting nowadays 

for almost a fifth of the FDA’s new drug approvals each year. mAbs present a high potential for 

different applications, such as immunotherapy and, in particular, for the treatment of several 

diseases such as cancer, transplant rejection, inflammatory and autoimmune diseases [6]. In order 

to be used in these applications, antibodies must be produced under harsh conditions, and must 

meet standards of safety, efficacy, potency and purity [7]. 

Several advances were registered in the past years regarding the upstream processing of 

antibodies improving its productivity; however, improvements in the downstream processing have 

been neglected since the biopharmaceuticals industries are unwilling to replace well-established 

processes [8]. Thus, the downstream processing is now considered the bottleneck in antibodies 

production, accounting for up to 80 % of the total production costs [9]. The traditional downstream 

scheme used by the biopharmaceutical industry usually includes multiple steps for the recovery, 

isolation, purification and polishing, including several chromatographic unit operations [10]. 

Particularly, the selective capture and purification steps, largely dominated by chromatography, 

accounts with more of 70 % of the downstream total costs [8]. Among these chromatographic steps, 

affinity chromatography using protein A (proA) as an affinity biological ligand is the “gold standard” 

of the pharmaceutical industry for the capture and purification of antibodies, representing the 

largest fraction of the costs of the chromatographic steps required.  
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Besides the non-chromatographic methods that could be valuable alternatives for the 

downstream processing of antibodies [6], several chromatographic platforms have been proposed 

during the last years, including cation exchange chromatography [11, 12], anion exchange 

chromatography [13], hydrophobic interaction chromatography [14], multimodal chromatography 

[15, 16], immobilized metal affinity chromatography [17], expanded bed adsorption 

chromatography [18], continuous annular chromatography [19] and affinity chromatography [20, 

21]. Also, mimetic resins can also be considered as potential alternatives to proA chromatography, 

for instance matrices that specifically bind IgG such as protein G and L, synthetic ligands, proA-like 

porous polymeric monoliths or bioengineered peptides [22-25], in which the research group of 

Roque and collaborators have highly contributed [26-38]. Nevertheless, the development of simpler 

and cost-efficient techniques capable to separate, extract and purify antibodies and other proteins 

with relevance for the peoples’ health is still of upmost importance.  

Based on the exposed, supported ionic liquids (SILs) can be seen as a potential alternative 

class of materials to be employed in capture/purification processes [39-42]. Ionic liquids (ILs) are 

salts, usually composed of a large organic cation and by a smaller organic or inorganic anion [43]. 

Most neat ILs present interesting features, such as low vapour pressure, negligible volatility, high 

thermal stability and high polarity [39, 43]; still, their main advantage in the field of separation is 

their “designer solvent” ability and consequent possibility of manipulating their cation/anion 

combination to improve extraction performance and selectivity. This important property is also 

featured in SILs, since ILs are the functional groups of a matrix (in which they are covalently bound), 

allowing different interactions to be established between the target compounds and the solid 

support, ultimately leading to increased selectivity when processing complex biological matrices.  

The vast majority of SILs investigated up to date have been applied as enzymatic supports 

[44] or in the capture of gases [45]. In addition to these applications, SILs have been reported for 

the separation of various molecules, such as inorganic/organic anions [46-48], metals [42, 49, 50] 

and small organic molecules [51, 52]. Despite their relevance in bioprocessing, few works are still 

found in the extraction/separation of biomolecules, such as proteins [53-55]. Shu et al. [53] 

reported an ionic liquid–polyvinyl chloride based on N-methylimidazole capable to successfully 

adsorb lysozyme, cytochrome c and haemoglobin, with yields of 97 %, 98 % and 94 %, respectively, 

while the adsorption capacity for acidic proteins such as IgG, BSA and transferrin was negligible. All 

these studies were carried out with model protein solutions. Even though the material was finally 

applied to the extraction of haemoglobin from human whole blood, the authors did not provide the 

purity levels obtained [53]. In the same line, Zhao et al. [54] successfully demonstrated the use of 
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imidazolium-modified polystyrene (N-methylimidazole and crosslinked chloromethyl polystyrene 

resin) for the extraction of cytochrome c from horse heart and bovine haemoglobin with yields of 

93 % and 91 %, respectively, while the retention of other proteins (IgG, BSA and transferrin) was 

negligible. Also, the material was applied to the extraction of haemoglobin from human whole 

blood; however, no purity levels were provided [54]. More recently, Song et al. [55] used an 

imidazolium hydrogen sulfate modified silica gel for the extraction/purification of BSA from cow's 

blood, achieving 28 % of yield and a purity of 91 %. The mentioned works highlight the potential of 

SILs to recover proteins [53-55]. Nevertheless, only one work [55] gives indication regarding the 

selectivity/performance of the studied materials when applied to real and complex matrices, in 

which a large number of proteins and other metabolites are present.  

Despite the success of SILs in the processing of (bio)molecules, to the best of our knowledge, 

their application in the development of downstream processes for antibodies was never reported 

in the literature up to date. In this work, silica material was functionalized with three ILs, the 

materials were chemically and morphologically characterized, and finally evaluated as alternative 

adsorbents for the capture and purification of human antibodies from serum samples. The process 

was optimized in terms of solid: liquid ratio, pH and contact time in order to develop cost-effective 

strategies. Finally, the best conditions were also applied to other different IgG-containing matrices 

(rabbit serum and Chinese hamster ovary cell culture supernatants) to demonstrate the feasibility 

of the developed SIL-based platforms to bioprocess other matrices.   

4.1.3. Experimental section 

4.1.3.1. Materials 

The chemicals used for the activation of silica (used as supporting material) were silica gel 

(60 Å) with a particle size of 0.2-0.5 nm (35-70 mesh ASTM) from Merck and hydrochloric acid (HCl, 

purity 37 wt%) from Sigma-Aldrich. The solvents used to prepare the IL-functionalized silica were 

toluene (99.98 % purity) and ethanol (99.99 % purity) both from Fisher Scientific; methanol (99.99 

% purity) from Fisher Chemical; (3-chloropropyl)trimethoxysilane (98 % purity), N-methylimidazole 

(99 % purity), tributylamine (99 % purity) provided by Acros Organics; and trioctylamine (> 98 % 

purity) acquired from Fluka. 

For the HPLC mobile phase, the following salts were used: anhydrous monobasic sodium 

phosphate (99 - 100.5 % purity), sodium phosphate dibasic heptahydrate (98 - 102 % purity), and 

sodium chloride (99.5 % purity), all provided by Panreac. 
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The biologicals used in this work were human IgG for therapeutic administration (trade name: 

Gammanorm®), obtained from Octapharma (Lachen, Switzerland), as a 165 mg·mL-1 solution; HSA 

(96 % purity) provided by Alfa Aesar; human serum from human male AB plasma, USA origin, sterile-

filtered, obtained from Sigma-Aldrich (H4522 Sigma) (≥ 95.0 % purity); rabbit serum (containing 

0.01 % of thimerosal) unconjugated and pooled from a normal donor population, also purchased 

from Sigma-Aldrich. The CHO cell culture supernatant containing anti-human interleukin-8 (anti-IL-

8) monoclonal antibodies were produced in-house by a CHO DP-12 clone#1934 (ATCC CRL-12445) 

using DHFR minus/methotrexate selection system, obtained from the American Type Culture 

Collection (LGC Standards, Middlesex, UK). CHO DP-12 cells were grown in a mixture of 75 % (v/v) 

of serum-free media formulated with 0.1 % Pluronic® F-68 and without L-glutamine, phenol red, 

hypoxanthine, or thymidine (ProCHO™5, Lonza Group Ltd, Belgium), and 25 % (v/v) of Dulbecco’s 

modified Eagle’s medium (DMEM), supplemented with 10 % (v/v) of ultra-low IgG fetal bovine 

serum (FBS). ProCHO™5 formulation contains 4 mmol∙L-1 L-glutamine (Gibco®, Carlsbad, CA), 2.1 g∙L-

1 NaHCO3 (Sigma–Aldrich), 10 mg∙L-1 recombinant human insulin (Lonza), 0.07 % (v/v) lipids (Lonza), 

1 % (v/v) antibiotics (100 U∙mL-1 penicillin and 100 g∙mL-1 streptomycin) (Gibco®) and 200 nmol∙L-

1 methotrexate (Sigma). DMEM was formulated to contain 4 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 of NaHCO3, 2 mg∙L-1 of recombinant human insulin, 

35 mg∙L-1 of L-proline (all acquired at Sigma), 0.1 % (v/v) of a trace element A, 0.1 % (v/v) of a trace 

element B (both from Cellgro®, Manassas, VA, USA), and 1 % (v/v) of antibiotics (100 U∙mL-1 of 

penicillin and 100 μg∙mL-1 of streptomycin from Gibco®). The composition of trace element A 

includes 1.60 mg∙L-1 of CuSO4·5H2O, 863.00 mg∙L-1 of ZnSO4·7H2O, 17.30 mg∙L-1 of selenite·2Na, and 

1155.10 mg∙L-1 of ferric citrate, while the trace element B is composed of 0.17 mg∙L-1 of MnSO4·H2O, 

140.00 mg∙L-1 of Na2SiO3·9H2O, 1.24 mg∙L-1 of molybdic acid, ammonium salt, 0.65 mg∙L-1 of NH4VO3, 

0.13 mg∙L-1 of NiSO4·6H2O, and 0.12 mg∙L-1 of SnCl2. Cultures were carried out in T-75 flasks (BD 

Falcon, Franklin Lakes, NJ) at 37 (±1) °C and 5 % CO2 with an initial cell density of 2.1×106 cells∙mL-1. 

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

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

was maintained for several months, with the mAbs concentration varying between 40.5 and 99.4 

mg∙L-1. The produced anti-IL-8 mAb has an isoelectric point (pI) of 9.3 [56]. 

Other reagents used in this work were of analytical grade and used as acquired, without any 

further purification steps. 
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4.1.3.2. Methods 

Synthesis of SIL materials. Three different SIL materials were herein synthesized, namely a 

1-methyl-3-propylimidazolium-based supported silica with chloride as the counter ion 

([Si][C3mim]Cl), a propyltributylammonium-based supported silica with chloride as the counter ion 

([Si][N3444]Cl) and a propyltrioctylammonium-based supported silica with chloride as the counter 

ion ([Si][N3888]Cl). The initial step for the synthesis of the SIL materials consists in the activation of 

the silica gel (pore size of 60Å) with a solution of hydrochloric acid (37 wt%) for 24 h to increase the 

content of silanol groups on the silica surface. Subsequently, the activated silica was washed with 

ca. 2 L of distilled water, until the washing water achieves a neutral pH (pH ≈ 7), and then placed in 

the kiln for 24 h at 60 °C. The second step of the synthesis of SILs consists in the functionalization 

of the activated silica by the addition of 60 mL of toluene and 5 mL of 3-chloropropyl-

trimethoxysilane to 5.0 g of activated silica. Then, the mixture was refluxed under magnetic stirring 

for 24 h to obtain the intermediate 3-chloropropylsilane ([Si][C3]Cl). Afterwards, the obtained 

material was filtered and washed with 100 mL of toluene, 200 mL of 1:1 mixture of ethanol:water, 

500 mL of distilled water and 100 mL of methanol, and finally dried for 24 h at 60 °C. The third step 

in the SILs synthesis consisted in the functionalization of the [Si][C3]Cl, by mixing 5.0 g of the 

material with 50 mL of toluene and 5 mL of the respective cation source (N-methylimidazole, 

tributylamine or trioctylamine; cf. Figure 4.1.1). The suspension was magnetically stirred under 

reflux for 24 h. Finally, the obtained materials were filtered and washed with 100 mL of toluene, 

350 mL of methanol, 300 mL of distilled water and 150 mL of methanol, and once again dried for 

24 h at 60 °C. In Figure 4.1.1, a schematic representation of the synthesis protocol used for the 

preparation of the SILs under study is provided. 

 

Characterization of SILs materials. The synthesized materials were characterized through 

several techniques, namely elemental analysis, solid-state 13C nuclear magnetic resonance (NMR) 

spectroscopy, attenuated total reflectance Fourier-transform infrared (ATR-FTIR) spectroscopy, 

point zero charge (PZC), specific surface area (SBET) and scanning electron microscopy (SEM).  

The elemental analysis technique is based on the high temperature oxidation of organic 

compounds, converting the elements of interest into gaseous molecules. In this method, the 

content of carbon, hydrogen and nitrogen of the three SILs ([Si][C3mim]Cl, [Si][N3444]Cl and 

[Si][N3888]Cl) were determined using the TruSpec LECO-CHNS 630-200-200 analyser. A small amount 

of solid sample (approximately 2 mg) was placed and analyzed at a combustion furnace 

temperature of 1075 °C and an afterburner temperature of 850 °C. Infrared absorption was used to 
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determine the carbon and hydrogen contents whereas thermal conductivity was used for nitrogen 

quantification. The gases required are the following: combustion - oxygen; carrier - helium; 

pneumatic - compressed air. 

 

 

Figure 4.1.1. Schematic representation of the preparation of SILs, their chemical structures and respective 

abbreviations – [Si][C3mim]Cl, [Si][N3444]Cl and [Si][N3888]Cl. 3-chloropropylsilane ([Si][C3]Cl), the 

intermediate of the two-step reaction, is also represented. 

OH

OH

OH

+
Toluene

reflux for 24 h

SiO2 3-chloropropyl-trimethoxysilane

O

O

[Si][C3]Cl

N-methylimidazole

Toluene
reflux for 24 h

[Si][C3mim]Cl

O

O

Tributylamine

Toluene
reflux for 24 h

[Si][N3444]Cl

O

O

Trioctylamine

Toluene
reflux for 24 h

[Si][N3888]Cl

O

O



4 Purification of Antibodies using Supported Ionic Liquid Materials 
 

230 
 

Solid-state carbon-13 Nuclear Magnetic Resonance (13C NMR) spectroscopy was used to 

confirm the SILs preparation. The spectra of the three SIL materials were recorded at 9.4 T, on a 

spectrometer BRUKER AVANCE III (wide-bore), at room temperature, on a 4 mm BL cross-

polarization magic-angle spinning (CPMAS) VTN probe at 100.62 MHz. 

Fourier-Transform infrared spectroscopy (FTIR) uses interferometry to record information 

about the materials; the synthesized SILs were analyzed in a spectrophotometer of FTIR (Perkin 

Elmer FT-IRSystem Spectrum BX), between 4000 - 400 cm-1. For recording the FTIR spectra, each 

material was deposited in the instrument and then the analysis started at a temperature of 25 °C, 

working at a maximum resolution of 2 cm-1 and averaging 256 scans per sample. 

The point of zero charge (PZC), that describes when the surface charge density is zero, was 

also determined for the three prepared SILs through zeta potential measurements, at 25 °C, using 

a folded capillary cell in the Malvern Zetasizer Nano ZS equipment (Malvern Instruments Ltd. 

Malvern). Zeta potential values were recorded for suspensions of materials in water at different pH 

values, which were adjusted with NaOH (0.01 M) and HCl (0.01 M) solutions, and using a suitable 

cell for this purpose. 

Brunauer-Emmett-Teller (BET) allows the measurement of the specific surface area of the 

sample, including the pore size distribution, which permits to predict the bioavailability and 

evaluation of product performance. The surface area (SBET) of SiO2, [Si][C3]Cl and SILs was estimated 

by the BET method, the pore surface area (A) and pore volume (V) were determined by the BJH 

(Barrett-Joyner-Halenda) model, and the mean pore diameter (Dp) was calculated from Dp= (4V)/A) 

[57]. The specific surface area of SILs was assessed by nitrogen adsorption BET measurements 

performed with a Gemini V2.0 surface analyser from Micromeritics Instrument Corp. Norcross, GA, 

USA, at -196 °C. Prior to BET measurements, the samples were degassed at -80 °C under nitrogen 

flow overnight. 

Scanning electron microscopy (SEM) runs an electron beam fixed on a surface to produce an 

image, allowing to obtain information about the materials surface composition. SEM assays were 

performed using a high-resolution Hitachi SU-70 Schottky emission instrument, equipped with EDS 

Bruker (model Quantax 400). The material was deposited on an aluminium sample holder followed 

by carbon coating using an Emitech K950X carbon evaporator. Afterwards, the sample was 

analyzed. 

 

Determination of the SIL-based processes performance. IgG and protein impurities were 

quantified in all feeds and in each sample by size-exclusion high-performance liquid 
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chromatography (SE-HPLC). Samples were diluted at a 1:2 (v:v) ratio in an aqueous potassium 

phosphate buffer solution (50 mmol∙L-1, pH 7.0, with NaCl 0.3 mol∙L-1) used as the mobile phase. 

The equipment used was a Chromaster HPLC system (VWR Hitachi) equipped with a binary pump, 

column oven (operating at 40 °C), temperature controlled auto-sampler (operating at 10 °C), DAD 

detector and a column Shodex Protein KW-802.5 (8 mm × 300 mm). The mobile phase was run 

isocratically with a flow rate of 0.5 mL∙min-1 and the injection volume was 25 μL. The wavelength 

was set at 280 nm. The calibration curve was established with commercial human IgG, ranging from 

5 to 200 mg∙L-1. 

The process performance was evaluated by the recovery yield and purity level for IgG. In 

addition, both the IgG concentration and aggregation percentage were also determined for a full 

characterization of the process outputs. For each sample, the peaks areas were estimated using 

PeakFit® software, and the remaining data was treated on Excel.  

The recovery yield (%YieldIgG) of IgG retained in solution was determined according to the 

following equation: 

%YieldIgG =
[IgG]final×Vfinal

[IgG]initial×Vinitial
× 100                                                                                                             (1) 

where [IgG]initial and [IgG]final correspond to the concentration of IgG in the initial complex media 

(before being in contact with the material) and of aqueous solutions after contact with the material, 

respectively. Vinitial and Vfinal corresponds to initial and final volumes, which is the same for both 

cases, 0.5 mL.  

The percentage purity level of IgG was determined according to the following equation: 

%PurityIgG =
AIgG

ATotal
 × 100                                                                                                                                     (2) 

where AIgG corresponds to the SE-HPLC peak area of IgG and ATotal corresponds to the total area of 

the peaks corresponding to all proteins present in the respective sample. 

The aggregation percentage of IgG was determined according to the equation: 

%AggregationIgG =
AIgG aggregates

AIgG
× 100                                                                                                        (3) 

where AIgG aggregates corresponds to the SE-HPLC peak area of IgG aggregates. 

 

In the cases where IgG was adsorbed on the supported materials, the %YieldIgG in the material 

was determined according to the following equation: 

% YieldIgG =
([IgG]initial×Vinitial)−([IgG]final×Vfinal)

[IgG]initial×Vinitial
× 100                                                                              (4) 

while the purity level of IgG being determined according to equation given below: 
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% PurityIgG =
Ainitial IgG−Afinal IgG

(Ainitial IgG−Afinal IgG)+(Ainitial imp.−Afinal imp.)
 × 100                                                                    (5) 

where the Ainitial IgG and Afinal IgG correspond to the SE-HPLC peak area of IgG of the initial complex 

media (before being in contact with the material) and aqueous solutions (after contact with the 

material), respectively. Ainitial imp. and Afinal imp. represent the SE-HPLC area of the peak of protein 

impurities in the initial complex media (before being in contact with the material), respectively.   

In these cases, the aggregation percentage of IgG was determined according to the following 

equation: 

% AggregationIgG =
Ainitial aggregates−Afinal aggregates

(Ainitial aggregates−Afinal aggregates)+(Ainitial IgG− Afinal IgG)
× 100                        (6) 

where Ainitial aggregates and Afinal aggregates correspond to the SE-HPLC peak area of IgG aggregates of the 

initial complex media (before being in contact with the material) and aqueous solutions (after 

contact with the material), respectively. 

At least two individual experiments were performed to determine the average in 

performance parameters, as well as the respective standard deviations. 

 

Screening of the SIL materials for the downstream processing of IgG from human serum. 

An initial screening was performed with all the synthesized materials to purify IgG. Activated silica 

was used as a control for comparison purposes. Each SIL/activated silica was added to 2 mL 

microtubes under the following operating conditions: S:L ratio (S:L ratio) of 100 mg·mL-1 (50 mg of 

supported material (SILs) and 500 µL of human serum 20-fold diluted); pH value of 3, 5, 7 and 9; 

and contact time of 60 min. The samples were stirred on a programmable rotator-mixer from PTR-

30 Grant-bio. Finally, the samples were centrifuged in a VRW MICRO STAR 17 at 13000 rpm during 

20 min to separate the aqueous solution from the material, that remained in the bottom of the 

microtube. All aqueous solutions were diluted at a 1:1 (v:v) ratio with the HPLC mobile phase, and 

then analyzed by SE-HPLC. 

 

Optimization of the purification process by factorial design experiments. After the first 

screening performed, factorial design was used to maximize human antibodies recovery and 

purification. A 2k factorial planning was carried out, in which there are k factors that can contribute 

to a different response regarding the final IgG recovery yield or purity in just one step. The 

experimental data was treated according to the second order polynomial equation described as 

follows: 

y = β0 + βiXi + βjXj + βiiXi
2 + βjjXj

2 + βijXiXj                                                                                                             (7) 
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where y is the dependent variable, namely the IgG yield or purity, and β0, βi, βj, βii, βjj and βij are the 

regression coefficients used respectively, to the intersection, linear, quadratic, and interaction of 

the terms. Xi and Xj represent the independent variables in the 2k factorial planning. The 

experimental design involves the combination of three factors (independent variables) at two-

levels. The number of runs (N) of each experiment is given by Equation 8: 

N = 2k + 2k + Cx                                                                                                                                                               (8) 

where 2k is the number of factorial readings, 2k the number of axial readings and Cx a random 

number of repetitions of the central point which is expected to be closer to the best process 

operation conditions. It is very important to have several readings for the central point, to know 

the residual graph and, consequently, the standard deviation and the reproducibility quality of the 

experiment. On the other hand, the axial points are added to adjust the experience. Given the 

conditions and the number of independent variables to be studied, a Central Composite Rotatable 

Design was chosen, and the axial points calculated according to the value of α through Equation 9: 

α = (2k)
1

4
                                                                                                                                                                     (9) 

where ± α is the distance between the central and axial points. 

In this work, a 23 factorial planning was used aiming at the optimization of three independent 

variables (inputs), namely i) solid:liquid ratio (mg of material per mL of aqueous solution of 

biological media); ii) pH value; and iii) contact time (min), both for the maximization of the IgG yield 

or purity. The inputs were studied at three levels: the central point (zero level), factorial points (1 

and -1, level one), and axial points (level α), being the 23 factorial planning is provided in Appendix 

E (Table E.1). Based on Equation 8, a total of 17 experiments were performed for the development 

of the proposed factorial design. Also, for k = 3 and considering Equation 9, α adopts a value of 1.68. 

The range was defined according to preliminary results, and the chosen central point was 100 

mg·mL-1 for S:L ratio, pH 5 and 60 min of contact time. The detailed list of experiments performed 

with the coded and uncoded coefficients is provided in Appendix E (Table E.2). 

The results obtained were statistically analyzed using Statsoft© STATISTICA 10.0 software, and 

considering a confidence level of 95 %. Three-dimensional surface response plots were originated 

by changing two variables within the experimental range and maintaining the remaining factors at 

the central point. Each factorial planning developed used a central point experimentally obtained 

at least three times. The response surfaces and contour plots were also obtained using Statsoft© 

STATISTICA 10.0 software. 
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Optimization of the IgG downstream processes. In order to further optimize the processes 

based on the information given by the design of experiments, a set of new conditions regarding the 

pH value and S:L ratio were considered for the IgG capture and/or purification using the three SILs 

under study ([Si][C3mim]Cl, [Si][N3444]Cl and [Si][N3888]Cl). For the optimization of the process pH, a 

S:L ratio of 100 mg·mL-1 (50 mg of SILs and 500 µL of human serum 20-fold diluted) and an 

intermediate contact time of 60 min were fixed, while pH values of 10, 11 and 12 were studied 

(values higher than the pI of the protein of interest, pIIgG = 9 [7]). Further optimization of the S:L 

ratio was performed for [Si][C3mim]Cl, also using the three pH values (10, 11 and 12) and 60 min of 

contact time, and at two different S:L ratio – 150 and 200 mg·mL-1 (75 and 100 mg of material with 

500 µL of human serum 20-fold diluted, respectively). All the assays were prepared following the 

procedure given above. 

 

Evaluation of the robustness of the processes. The two best conditions identified were 

finally investigated to prove the robustness of the IgG downstream processes developed. The 

materials were set in contact with two new biological complex matrices, namely rabbit serum and 

CHO cell culture supernatants. For [Si][C3mim]Cl, the operating conditions were a S:L ratio of 150 

mg.mL-1, pH 12 and 60 min, while for [Si][N3888]Cl the selected operating conditions were a S:L ratio 

of 100 mg·mL-1, pH 11 and 60 min. The experimental procedure adopted followed the one 

mentioned above. 

4.1.4. Results and discussion 

4.1.4.1. Synthesis and characterization of SIL materials 

In Figure 4.1.1 is presented a schematic overview of the SILs synthesis procedure adopted in 

this work, by which three different SILs were obtained: [Si][C3mim]Cl, [Si][N3444]Cl and [Si][N3888]Cl. 

Although different cation sources have been investigated, chloride was kept as the counterion in all 

SILs, avoiding the use of more complex anions, allowing to lower the costs of the materials and 

reduce their eco- and cytotoxicity [51]. All SILs were prepared by a two-step reaction process, as 

shown in Figure 4.1.1, where activated silica react with a silane-coupling agent (3-

chloropropyltrimethoxysilane) and the obtained chloropropylsilica reacts with N-methylimidazole 

or other tertiary ammines (as cation sources).  

Elemental analysis was carried out to quantitatively determine the carbon, hydrogen, and 

nitrogen contents of the prepared SILs, whose results are provided in Table 4.1.1. 
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Table 4.1.1. Elemental analysis (in percentage) of the functionalized part of the synthesized SILs. 

 

The intermediate [Si][C3]Cl, shows carbon (C) and hydrogen (H), but as expected does not 

contain nitrogen (N), indicating the absence of the cation source. The carbon and nitrogen 

percentage of the remaining supported materials ranges from 62.8 % to 83.1 % and from 0.9 % to 

21.3 %, respectively. For carbon, its percentage increases as the length of the alkyl chain increases, 

as follows: [Si][C3mim]Cl < [Si][N3444]Cl < [Si][N3888]Cl. For nitrogen, this percentage is higher in the 

[Si][C3mim]Cl, related with the presence of the imidazolium aromatic ring, being lower in 

[Si][N3888]Cl, due to the steric effect promoted by its long alkyl chain.  

The successful preparation of SILs was additionally confirmed through solid-state 13C Nuclear 

magnetic resonance (NMR), whose spectra are shown in Appendix E (Figure E.1). Concerning the 

intermediate [Si][C3]Cl spectrum, three peaks at 10, 27 and 47 ppm are assigned to the three 

carbons of the propyl alkyl chain. For [Si][C3mim]Cl, the presence of the six peaks was noticed: the 

three carbon atoms of the alkyl side chain of the aromatic ring (C2, C1 and C6) corresponds to the 

peaks at 10, 25 and 38 ppm, respectively. The signals between 120 - 140 ppm correspond to the 

aromatic carbons of the imidazolium ring (C5 and C4), respectively. The last carbon of the alkyl chain 

(C3), corresponds to the peak at 53 ppm. Regarding the solid-state 13C NMR spectra of [Si][N3444]Cl 

and [Si][N3888]Cl are similar to the spectrum of the intermediate material ([Si][C3]Cl), which is due to 

the low functionalization degree of these materials, being in agreement with the elemental analysis 

results and a previous report in the literature [51]. Nevertheless, it should be remarked that the 

remaining characterizations of SILs, by means of elemental analysis, FTIR, PZC determination, BET 

surface characterization and SEM, allowed to successfully confirm the functionalization of these 

materials. 

The attenuated total reflectance Fourier-Transform infrared spectroscopy (ATR-FTIR) spectra 

of activated silica, chloropropyl silica, and prepared SILs were also recorded between the range of 

400 and 4000 cm-1. All were obtained using silica as background, being represented in Appendix E 

(Figure E.2). At around 3400-3900 cm-1 it was observed a band corresponding to Si-OH stretching, 

Material C (%) H (%) N (%) 

[Si][C3]Cl 76.9 23.1 0.1 

[Si][C3mim]Cl 62.8 15.9 21.3 

[Si][N3444]Cl 79.5 18.5 2.1 

[Si][N3888]Cl 83.1 16.1 0.9 
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which corresponds to the first step of reaction with the 3-chloropropyltrimethoxysilane. The 

relatively weaker bands occurring at 2900-3200 cm-1 are the stretching vibrations of CH3 and CH2 

and the band at 1100 cm-1 represents the aliphatic chain C-N from all the SILs after their reaction 

with the corresponding cation source. Finally, the peaks at 400-900 cm-1 are related with the OH 

bending from the first reaction of the active silica with the anion, and to the chloride anion, also 

from the first reaction. Thus, ATR-FTIR also allowed to confirm the silica functionalization by ILs. 

Zeta potential measurements were performed to study the surface charge of the 

functionalized silica-based materials. Data of the zeta potential as a function of pH for [Si][C3]Cl and 

the synthesized SILs are provided in Figure 4.1.2. From these data, it was possible to determine the 

point of zero charge (PZC), which is the pH value at which a solid particle in suspension exhibits zero 

net electrical charge on its surface. In Table 4.1.2 the PZC values of the different materials studied 

in this work are presented. 

Table 4.1.2. Point zero charge (PZC) values of activated silica, [Si][C3]Cl and remaining synthesized SILs 

([Si][C3mim]Cl, [Si][N3444]Cl and [Si][N3888]Cl). 

 

All the studied materials presented different PZC values. Activated Silica presents the lowest 

PZC value (3.0), while all the other materials have higher PZC values, ranging from 4.1 (intermediate 

material, [Si][C3]Cl) to 8.9 ([Si][C3mim]Cl). These results suggest that the surface of [Si][C3mim]Cl, 

[Si][N3444]Cl and [Si][N3888]Cl is more positively charged when compared to the activated silica and 

to the intermediate material, therefore confirming the successful functionalization of the 

synthesized SILs, since they are more positively charged due to the addition of the cation of the ILs 

to the silica surface during their synthesis. 

 

Material PZC 

Activated silica 3.0 

[Si][C3]Cl 4.1 

[Si][C3mim]Cl 8.9 

[Si][N3444]Cl 5.7 

[Si][N3888]Cl 5.8 
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Figure 4.1.2. Representation of the zeta potential as a function of the pH for: (A) activated silica; (B) 

[Si][C3]Cl; (C) [Si][C3mim]Cl; (D) [Si][N3444]Cl; and (E) [Si][N3888]Cl. 

The specific surface area and pore structure characterization of the materials under study 

were appraised using the BET method [57], and can be found in Table 4.1.3. According to the data 

shown, the material with lower PZC (3.0, correspondent to activated silica) is the one with the 

highest pore diameter (49.5 Å), whereas [Si][C3]Cl has the lowest value (38.8 Å). The synthetized 

SILs show a pore diameter ranging between 42.2 Å and 45.2 Å. In fact, the pore size diameter (Dp) 
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values decrease in the following order: activated silica (Dp = 49.5 Å) > [Si][C3mim]Cl (Dp = 45.2 Å) > 

[Si][N3888]Cl (Dp = 43.6 Å) > [Si][N3444]Cl (Dp = 42.2 Å) > [Si][C3]Cl (Dp = 38.8 Å). On the other hand, the 

BET surface areas decrease in the following order: activated Silica (SBET = 434.5 m2·g-1) > [Si][C3]Cl 

(SBET = 322.9 m2·g-1) > [Si][N3444]Cl (SBET = 322.4 m2·g-1) > [Si][N3888]Cl (SBET = 319.3 m2·g-1) > 

[Si][C3mim]Cl (SBET = 185.3 m2·g-1). It can be concluded that activated silica presents the highest SBET, 

meaning that it presents a more accessible pore available for adsorption. In general, the materials 

with the smallest diameter present the highest BET surface area. 

Table 4.1.3. Summary of the characterization of activated silica, [Si][C3]Cl and synthesized SILs 

([Si][C3mim]Cl, [Si][N3444]Cl and [Si][N3888]Cl): BET surface area (SBET), Barrett-Joyner-Halenda (BJH) pore 

surface area (A), BJH pore volume (V), pore size diameter (Dp) and point of zero charge (PZC). 

 

Finally, Scanning Electron Microscopy (SEM) was used to morphologically characterize the 

synthesized materials. The SEM images of activated silica and the synthesized SILs can be found in 

the Appendix E (Figure E.3). Overall, no significant differences in the materials morphology is 

observed between the prepared SILs and the non-functionalized silica, meaning that the 

intermediate step and remaining steps required for silica functionalization with ILs do not change 

the material morphology. 

4.1.4.2. Characterization of the complex biological matrices 

Aqueous solutions of commercially available pure IgG, pure albumin and the complex 

biological matrices used in this work (human serum 20-fold diluted, CHO cell culture supernatants 

and rabbit serum 20-fold diluted) were analyzed by SE-HPLC for the characterization of their 

chromatographic profiles. The results obtained are presented in Figure 4.1.3.  

Under the chromatographic conditions used, pure IgG samples present 2 chromatographic 

peaks: one corresponding to the IgG monomer and the other to IgG aggregates, with a retention 

time of ca. 15.0 min and 13.8 min, respectively, being in accordance with previous reports [58, 59]. 

Material SBET (m2·g-1) A (m2·g-1) V (cm3·g-1) Dp  (Å) PZC 

Activated silica 434.5 569.5 0.7 49.5 3.0 

[Si][C3]Cl 322.9 327.0 0.3 38.8 4.1 

[Si][C3mim]Cl 185.3 256.1 0.3 45.2 8.9 

[Si][N3444]Cl 322.4 311.9 0.3 42.2 5.7 

[Si][N3888]Cl 319.3 301.5 0.3 43.6 5.8 
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The major protein impurity in the feed is human serum albumin (HSA), with a retention time of ca. 

16.8 min. Both rabbit serum and CHO cell culture supernatant also exhibit a similar 

chromatographic profile as mentioned for human serum; nevertheless, it should be highlighted that 

in the cell culture supernatant, the main protein impurity is bovine serum albumin (BSA), whereas 

in the rabbit serum it corresponds to rabbit albumin. 

 

 

Figure 4.1.3. Characterization of the complex biological matrices studied in this work: SE-HPLC 

chromatograms of pure IgG solution 100 mg∙L-1 (∙∙), pure HSA solution 200 mg∙L-1 (--), human serum (–), 

CHO cell culture supernatant (–), and rabbit serum (–). 

The IgG content in the human serum samples was ascertained before each assay, and it was 

found that its average concentration was 470.1 ± 12.5 mg∙L-1, with a purity of 47.0 ± 1.6 %; in CHO 

IgG
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serum

HSA

CHO cell
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supernatant
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cell culture supernatants it was found an average concentration of IgG of 46.0 ± 5.8 mg∙L-1 with a 

purity of 19.90 ± 4.5 %; finally, for rabbit serum, the IgG average concentration was found to be 

297.2 ± 22.0 mg∙L-1, with an average purity of 24.6 ± 0.3 %. 

In this work, all the assays were initially conducted using human serum, since it is a consistent 

and homogenous biological complex medium, containing high concentrations of value-added 

antibodies of great interest for the (bio)pharmaceutical industry, and also presenting similar 

composition between samples, allowing consistent and comparable results along the work and 

avoiding discrepancies arising from the use of different batches. Nevertheless, CHO cell culture 

supernatants and rabbit serum were later investigated to evaluate the possible applicability of the 

developed IgG downstream processes in the bioprocessing of different biological matrices. 

4.1.4.3. Screening of SIL materials for IgG downstream processing 

An initial screening was performed to understand the behaviour of the IgG antibodies of 

human serum samples in the presence of activated silica (without any functionalization) and the SIL 

materials under study ([Si][C3mim]Cl, [Si][N3444]Cl and [Si][N3888]Cl). For that, activated silica and SILs 

were placed in contact with human serum samples at different pH values (ranging from 3 to 9) to 

evaluate the influence of the pH in the (selective) adsorption of proteins from human serum.  

The same operational conditions were applied for all materials: a S:L ratio of 100 mg.mL-1 and 

60 min of contact time, while the pH value was changed (3, 5, 7 and 9). After the contact of the 

human serum sample with the materials, the chromatograms of the aqueous solutions were 

acquired and compared with the initial chromatogram of the human serum (before contact with 

the material), allowing to evaluate the ability of these materials to (selectively) adsorb proteins 

present in the biological complex medium. All the chromatograms acquired are presented in Figure 

4.1.4. 

Based on the obtained results, for all the pH values studied, activated silica presents no 

selectivity for any of the biomolecules present in human serum, since similar SE-HPLC 

chromatograms were obtained for the aqueous solutions after contact with activated silica and the 

initial human serum sample. At pH 3, similar chromatographic profiles between the initial and final 

samples were also found for all the SILs under study, meaning that no IgG nor albumin preferentially 

adsorb into the materials under these conditions. This behaviour seems to be related with the fact 

that, at pH 3 both IgG and HSA are positively charged (pIIgG = 9.0 and pIHSA = 4.9). As the studied SILs 

are also positively charged (PZC[Si][C₃mim]Cl = 8.9; PZC[Si][N₃₄₄₄]Cl = 5.7 and PZC[Si][N₃₈₈₈]Cl = 5.8), there is 
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electrostatic repulsion of the proteins, not allowing their adsorption to the material via electrostatic 

interactions. 

 

 

Figure 4.1.4. SE-HPLC chromatograms of the human serum samples 20-fold diluted after contact with the 

supported materials under study at: (A) pH 3; (B) pH 5; (C) pH 7; and (D) pH 9. For each graph, the 

chromatographic profiles of human serum (∙∙), and human serum after contact with activated silica (–), 

[Si][C3mim]Cl (–), [Si][N3444]Cl (–), and [Si][N3888]Cl (–) are presented. 

When increasing the pH up to 5, it is noticed that IgG and albumin start to adsorb into 

[Si][N3444]Cl and [Si][N3888]Cl; however, there is no significant adsorption of proteins into 

[Si][C3mim]Cl, since it consist in the material with most positive charges (and higher PZC). At pH 7, 

a preferential adsorption of IgG onto [Si][N3444]Cl and [Si][N3888]Cl occurs, in accordance with the pI 

of the proteins and the PZC of the materials: at pH 7, both [Si][N3444]Cl and [Si][N3888]Cl are 

negatively charged, while IgG is positively charged, promoting its adsorption by electrostatic 

interactions. However, as albumin is also negatively charged, its adsorption into the materials does 

not occur in a high extent. Curiously, [Si][C3mim]Cl that is positively charged at the work pH, lead to 

the less promising results, adsorbing less IgG and albumin than the quaternary ammonium-based 

SILs. The adsorption of IgG (also positively charged) was unexpected taking into account the 

establishment of electrostatic interaction, thus meaning that other type of interactions are playing 
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a role in the process (e.g. π ··· π and anion ··· π interactions between the aromatic residues of the 

proteins and the aromatic ring of the imidazolium cation attached in the material, hydrogen 

bonding and hydrophobic interactions). Finally, at pH 9, both IgG and albumin were adsorbed into 

the three SILs, however, less than at pH 7. Once again, the lower adsorption was found for 

[Si][C3mim]Cl, revealing that the pH seems to be a no significant parameter for the adsorption onto 

this SIL.  

In conclusion, the gathered data allowed to conclude that the functionalization of activated 

silica with ILs is fundamental to introduce selectivity in the materials (SILs); by using activated silica, 

no adsorption of proteins was observed in the pH range herein studied. Although for pH 3 no 

significant proteins adsorption could be noticed, for pH 5 it was observed a preferential IgG 

adsorption into two SILs, [Si][N3444]Cl and [Si][N3888]Cl, whereas for [Si][C3mim]Cl it only occurs at pH 

7. Thus, less acidic pH values seem to favour the adsorption phenomenon. The [Si][C3mim]Cl was 

the SIL with lower ability for proteins adsorption. 

4.1.4.4. Optimization of the adsorption process and selectivity by factorial design 

experiments 

Based on the most promising conditions obtained in the initial screening of the three SILs, a 

23 factorial planning was performed aiming at optimizing the operation conditions (S:L ratio, pH and 

contact time) in the SIL-based process for the capture/recovery and purification of IgG antibodies 

from human serum. The performance parameters (%YieldIgG and %PurityIgG) were experimentally 

obtained for each assay using the three SILs. For [Si][C3mim]Cl, the performance parameters were 

determined in the aqueous solution after contact with the supported material (since IgG is 

preferentially maintained in solution using this SIL), and for [Si][N3444]Cl and [Si][N3888]Cl the 

performance parameters refers to the material after contact with the supported material (due to 

the preferential adsorption of IgG onto these materials). The quantitative results obtained are 

presented in Table 4.1.4, while the comparison between the experimental and theoretical results, 

as well as the statistical analyses performed (regression coefficients and ANOVA), are presented in 

the Appendix E (Tables E.3 – E.20 and Figures E.4 – E.9). 

After the analysis of the results presented in Table 4.1.4, it was found that for each SIL 

material there are optimal conditions that provide good purity levels without impairing the IgG 

recovery yield (highlighted in bold). For [Si][C3mim]Cl, the IgG was completely retained in solution 

with a purity of 46.9 ± 0.7 % using a S:L ratio of 50 mg·mL-1, pH 3 and a contact time of 90 min. 
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Table 4.1.4. Performance parameters (%YieldIgG and %PurityIgG) regarding IgG antibodies recovery and 

purification from human serum, after contact with [Si][C3mim]Cl (results in the aqueous medium), 

[Si][N3444]Cl and [Si][N3888]Cl (results in the materials). The best condition for each SIL is highlighted in 

grey/bold. 

 

On the other hand, by using [Si][N3444]Cl, IgG was preferentially adsorbed in the SIL material 

with a yield of 57.0 ± 7.5 % and a purity level of 65.0 ± 5.9 %, using a S:L ratio of 150 mg·mL-1, pH 7 

and a contact time of 30 min. Finally, for [Si][N3888]Cl, the IgG was also adsorbed into the material 

with a yield of 42.8 ± 0.7 % and a purity of 81.1 ± 8.9 %, using a S:L ratio of 50 mg·mL-1, pH 7 and a 

contact time of 90 min. These results are in agreement with what expected and reveal a high 

influence of electrostatic, π ··· π, and hydrophobic interactions in the adsorption phenomenon and 

selectivity of the materials. At pH 3, [Si][C3mim]Cl and IgG are positively charged, thus promoting a 

preferential capture of the protein impurities in the SIL and allowing IgG to be recovered in a simple 

and quick way directly in the aqueous solution that contacted with the material. Also, [Si][C3mim]Cl  

presents an aromatic ring on its structure, and thus π ··· π interactions between the aromatic ring 

of the SIL and the aromatic residues of protein impurities may be playing a role in the process. On 

 [Si][C3mim]Cl [Si][N3444]Cl [Si][N3888]Cl 

System %YieldIgG %PurityIgG %YieldIgG %PurityIgG %YieldIgG %PurityIgG 

1 100.0 45.8 10.0 53.2 0.0 0.0 

2 100.0 46.9 0.0 0.0 0.0 0.0 

3 63.3 42.2 24.5 80.5 35.3 66.7 

4 68.3 42.7 13.8 72.5 42.8 81.1 

5 100.0 43.6 45.1 55.3 25.7 24.8 

6 97.2 42.8 0.0 0.0 26.2 28.7 

7 58.7 46.4 57.0 65.0 67.3 59.9 

8 58.7 45.0 52.0 55.8 65.5 57.7 

9 84.9 40.4 33.5 57.4 34.4 45.5 

10 86.8 40.8 30.6 53.8 47.2 42.7 

11 100.0 42.6 0.0 0.0 16.8 22.4 

12 70.5 37.6 26.4 93.3 48.2 52.7 

13 86.4 42.1 12.6 85.8 22.8 43.5 

14 80.0 39.4 12.5 97.8 47.6 39.3 

15 88.6 42.2 15.9 98.3 48.0 43.7 

16 84.0 40.4 10.4 97.4 45.3 42.4 

17 86.5 41.2 15.2 98.2 36.2 46.0 
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the other hand, by using [Si][N3444]Cl and [Si][N3888]Cl at pH 7, IgG is positively charged, while both 

SILs are negatively charged, being observed in this case a preferential adsorption of IgG onto the 

material. Also, hydrophobic interactions may be playing a role, since [Si][N3444]Cl and [Si][N3888]Cl 

are composed of long alkyl chains and are, consequently, the most hydrophobic SILs under study, 

and IgG is the most hydrophobic protein in the biological matrix (i.e. the protein composed of higher 

number of surface hydrophobic residues [7]). 

The experimental data obtained in the 23 factorial plannings (response surface and contour 

plots) regarding the optimization of IgG recovery yield and purity are depicted in Figure 4.1.5 and 

Figure 4.1.6, respectively. Based on the results presented in these figures, it was found that the 

best conditions abovementioned for [Si][C3mim]Cl are close to the optimum zone (dark red), 

whereas for [Si][N3444]Cl and [Si][N3888]Cl they fit within the optimum zone obtained in the response 

surface and contour plots. Still, based on response surface plots it is possible to predict the optimal 

conditions of S:L ratio, pH and contact time that allow to maximize IgG recovery yield and purity. 

For [Si][C3mim]Cl (Figure 4.1.5 (A) and (B); Figure 4.1.6 (A) and (B)), the optimum conditions for IgG 

recovery yield (> 86 %) are using a S:L ratio of 70 mg·mL-1, pH 5 and a contact time of 70 min, while 

for IgG purity (> 47 %) are a S:L ratio of 100 mg·mL-1, a pH below 1 and a contact time of 60 min. 

For [Si][N3444]Cl (Figure 4.1.5 (C) and (D); Figure 4.1.6 (C) and (D)), the optimum conditions for IgG 

yield (> 70 %) are a S:L ratio of 100 mg·mL-1, a pH higher than 9 and a contact time of 60 min and 

for IgG purity (< 100 %) are a S:L ratio of 100 mg·mL-1, a pH of 6 and a contact time of 60 min. Finally, 

for [Si][N3888]Cl (Figure 4.1.5 (E) and (F); Figure 4.1.6 (E) and (F)), the optimum conditions for IgG 

yield (> 50 %) are a S:L ratio of 100 mg·mL-1, a pH higher than 8 and a contact time of 90 min, and 

for IgG purity (> 70 %) are a S:L ratio of 100 mg·mL-1, a pH higher than 9 and a contact time of 60 

min. Thus, there is a close agreement between the optimum conditions for both the IgG recovery 

yield and IgG purity for [Si][N3444]Cl and [Si][N3888]Cl, while a pH discrepancy was observed for 

[Si][C3mim]Cl. By the analysis of the pareto charts from [Si][C3mim]Cl [cf. Appendix E (Figure E.10 

(A) and Figure E.11 (A))] it is shown that individual pH displays a significant influence upon the IgG 

recovery yield, and that no parameters appears to affect IgG purity. For [Si][N3444]Cl [cf. Appendix 

E (Figure E.10 (B) and Figure E.11 (B))], it was observed that pH significantly affects IgG recovery 

yield, and not only the pH, but also its quadratic function and the quadratic function of contact time 

are also statistically relevant for IgG purity. Finally, for [Si][N3888]Cl [cf. Appendix E (Figure E.10 (C) 

and Figure E.11 (C))] it was found that both pH and S:L ratio display a significant influence in IgG 

recovery yield, whereas only the pH significantly affects the IgG purity.  
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Figure 4.1.5. Response surface plots (left) and contour plots (right) on the IgG recovery yield (%YieldIgG) 

using: (A) and (B) [Si][C3mim]Cl (focused on pH 5); (C) and (D) [Si][N3444]Cl (focused on S:L ratio of 100 

mg·mL-1); and (E) and (F) [Si][N3888]Cl (focused on S:L ratio of 100 mg·mL-1). 
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Figure 4.1.6. Response surface plots (left) and contour plots (right) on the IgG purity level (%PurityIgG) using: 

(A) and (B) [Si][C3mim]Cl (focused on pH 5); (C) and (D) [Si][N3444]Cl (focused on S:L ratio of 100 mg·mL-1); 

and (E) and (F) [Si][N3888]Cl (focused on S:L ratio of 100 mg·mL-1). 

From all these observations, it was possible to conclude that the pH is the most important 

and statistically relevant variable ruling the IgG recovery/purification process. Moreover, it was 

possible to conclude that the central point was appropriate for the optimization of the IgG recovery 
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yield using [Si][C3mim]Cl, since the area of maximum yield is included in the defined intervals; 

however, the factorial planning using the same materials for the optimization of IgG purity only 

allowed to define a region in which the IgG purification seems to be maximized (but with an 

undefined optimum point). Only slight discrepancies were identified between the predicted and 

experimental values [cf. Appendix E (Figure E.4 and Figure E.5)], assuring the accuracy and precision 

of the factorial design, allowing to define as the optimum conditions for this material a S:L ratio of 

50 mg·mL-1, pH 3 and a contact time of 90 min. For the remaining SILs, [Si][N3444]Cl and [Si][N3888]Cl, 

some discrepancies were also identified between the predicted and experimental values [cf. 

Appendix E (Figure E.6, Figure E.7, Figure E.8 and Figure E.9)], but it is still possible to clearly identify 

the most promising conditions for the recovery and purification of IgG from human serum samples. 

Therefore, the results obtained through these factorial plannings allowed to get some new 

insights and directions on the conditions that improved the developed process, allowing to achieve 

its maximum performance. In general, S:L ratios of 100 mg·mL-1, more alkaline pH values (> 8), and 

contact times above 60 min proved to be beneficial for the process improvement. 

4.1.4.5. Experimental optimization of the IgG downstream process 

Based on the results obtained from the factorial planning, the best conditions in terms of S:L 

ratio and contact time were fixed (100 mg·mL-1 and 60 min of contact time, in order to reduce the 

energetic input and the economic cost of the process), while the pH value, a parameter that was 

proven to be statistically significant, was then optimized to maximize the yield/purity of IgG from 

human serum samples. Since the factorial planning showed that alkaline pH values were more 

favourable for the processes under development, a pH study was carried out for all SILs, considering 

pH 10, 11 and 12. The data was analyzed in terms of performance parameters (%YieldIgG and 

%PurityIgG) for each material after contact with human serum samples at the three pH values under 

study, whose results are presented in Figure 4.1.7. The detailed obtained data ([IgG], %YieldIgG, 

%PurityIgG and %PurityIgG) can be found in the Appendix E (Table E.21). 

It should be highlighted that, as previously described, using [Si][C3mim]Cl there is a 

preferential adsorption of the protein impurities onto the material while human IgG remains in 

solution, and using [Si][N3444]Cl and [Si][N3888]Cl the opposite behavior was observed – there is a 

preferential adsorption of IgG onto the material, while the protein impurities remained in solution. 

These different behaviors could be explained by the differences in the chemical structures of the 

SILs under study and the interactions they are capable to establish: for [Si][C3mim]Cl, electrostatic 

interactions and π ··· π interactions between the aromatic ring of the SIL and the aromatic residues 
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of protein impurities appear to be more relevant for the adsorption phenomenon; in the case of 

[Si][N3444]Cl and [Si][N3888]Cl, the most hydrophobic SILs under study, both electrostatic and 

hydrophobic interactions seem to play a role in the selective adsorption of proteins. 

Due to the different behaviors of the materials, the results shown in Figure 4.1.7 reflect the 

performance parameters obtained in the aqueous medium for [Si][C3mim]Cl and in the SIL material 

for [Si][N3444]Cl and [Si][N3888]Cl. 

 

 

Figure 4.1.7. Recovery yields (%YieldIgG – ■) and purity levels (%PurityIgG – ■) of human IgG from serum 

samples after contact with SILs materials ([Si][C3mim]Cl, [Si][N3444]Cl and [Si][N3888]Cl), using the following 

operation conditions: S:L ratio of 100 mg·mL-1, three different pH values (pH 10, 11 and 12) and 60 min of 

contact time. 

In general, good recovery yields were achieved, ranging between a low value of 19.1 % and 

up to 85.5 %, as well as promising purity levels, ranging from 40.7 % and up to 100 %. It was found 

that pH 11 leads to the best compromise between recovery yield and purity level for all the three 

SILs studied. For instance, for [Si][C3mim]Cl, an IgG recovery yield of 74.0 % and a purity level of 

52.3 % were obtained in the aqueous medium, with a full removal of aggregates [%AggregationIgG 

= 0.0 %, cf. Appendix E (Table E.21)]. Regarding [Si][N3444]Cl, an extraction yield of 51.0 % was 

obtained with a purity level of 88.9 %, and with low aggregates content (%AggregationIgG = 15.7 % 

Results in the medium Results in the material Results in the material

[Si][C3mim]Cl [Si][N3444]Cl [Si][N3888]Cl 
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vs. 30.0 % in the initial human serum sample). Remarkably, the complete purification of IgG was 

achieved (100.0 %) in a single step by using [Si][N3888]Cl, with a recovery yield of 75.5 %, and also 

with low content in aggregates (%AggregationIgG = 15.9 % vs. 30.0 % in the initial human serum 

sample).  

Based on the aforementioned information, the most hydrophobic SIL, [Si][N3888]Cl, performs 

better than [Si][N3444]Cl, since a good IgG recovery and complete purification (%YieldIgG = 75.5 %; 

%PurityIgG = 100.0 %) was achieved under the operation conditions studied – S:L ratio of 100 mg·mL-

1, pH 11, contact time of 60 min. Using [Si][C3mim]Cl, a good recovery of IgG was obtained (74.0 %), 

however, with a purity of only 52.3 %; therefore, this material was selected to proceed with an 

optimization of the S:L ratio, aiming to maximize the performance parameters achieved using the 

present SIL.  

The process based on [Si][C3mim]Cl, that allowed a simple and direct recovery of IgG in the 

aqueous media without requiring any elution step, was optimized concerning the S:L ratio (100, 150 

and 200 mg·mL-1), at different pH values (pH 10, 11 and 12) and at a fixed contact time of 60 min. 

The results obtained (%YieldIgG and %PurityIgG) are shown in Figure 4.1.8, whereas the detailed 

obtained data ([IgG], %YieldIgG, %PurityIgG and %PurityIgG) can be found in the Appendix E (Table 

E.22).  

In general, recovery yields ranging between 54.5 % and 88.2 % with purity levels comprised 

between 31.3 %  and up to 84.2 % were achieved in a single step. Moreover, independently of the 

S:L ratio used, higher recovery yields were obtained for the lowest pH value (%YieldIgG ranging 

between 79.3 % and 88.2 %), while lower recovery yields for the highest pH value (%YieldIgG ranging 

between 54.5 % and 59.2 %). Nevertheless, it is interesting to notice that an opposite trend was 

observed regarding the purity of IgG, which increases with the pH value, allowing purity levels up 

to 84.2 % to be achieved at pH 12. It is important to highlight that the increase of the S:L ratio from 

100 up to 200 mg·mL-1 for pH 10 and 11 leads to a decrease on the purity levels of IgG (from 40.7 

% to 32.6 %, and from 52.3 % to 42.6 %, respectively), thus revealing not to favour the IgG 

purification process. However, at pH 12, the increase on the S:L ratio revealed to have an important 

role on the purification process, since an increase of the IgG purity level was observed for higher 

S:L ratios. The best results in terms of compromise between recovery yield and purity were obtained 

at pH 12 and using a S:L ratio of 150 mg·mL-1, allowing to recover 59.1 % of IgG from human serum 

with a purity level of 84.2 % in a single-step.  

Based on the exposed, it was possible to optimize the SIL-mediated process with 

[Si][C3mim]Cl in order to show a good performance towards IgG recovery and purification, having 
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the advantage that IgG can be simply and directly recovered in the aqueous medium after contact 

with the SIL material. 

 

 

Figure 4.1.8. Recovery yields (%YieldIgG – ■) and purity levels (%PurityIgG – ■) of human IgG from serum 

samples after contact with [Si][C3mim]Cl, using the following operation conditions: S:L ratio of 100, 150 and 

200 mg·mL-1, three different pH values (pH 10, 11 and 12) and 60 min of contact time. 

4.1.4.6. SILs as chromatographic matrices for IgG downstream processing 

Based on the aforementioned results, two different IgG recovery/purification mechanisms 

can be applied, depending on the chemical structure of the IL supported in the silica material. These 

results confirm that SILs may act as innovative and flexible chromatographic matrices. The two 

different strategies are schematically presented in Figure 4.1.9.  

We showed that IgG can be purified and recovered in a very simple and direct way in the 

aqueous medium after contact with [Si][C3mim]Cl, under specific operation conditions (S:L ratio of 

150 mg·mL-1, pH 12, and contact time of 60 min). In this case, it is possible to adsorb the protein 

impurities onto the SIL material, in particular albumin, as well as high molecular weight protein 

aggregates, while IgG remain in the aqueous media. Therefore, these features seem to be 

appropriate for the use of [Si][C3mim]Cl as a chemically-modified chromatographic matrix for the 
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downstream processing of IgG antibodies in a flowthrough-like mode, as represented in Figure 4.1.9 

(A).   

 

 

Figure 4.1.9. Schematic overview on the proposed IgG recovery and purification processes mediated by 

SILs: (A) a flowthrough-like mode with [Si][C3mim]Cl, in which albumin and other protein impurities are 

adsorbed onto the material and IgG can ideally be eluted; and (B) a bind-and-elute-like mode with 

[Si][N3888]Cl), in which IgG is adsorbed onto the material, while albumin and other protein impurities are 

ideally eluted from the column. 

Through the SE-HPLC chromatogram presented in Figure 4.1.9 (A), it is noticeable the 

predominance of the IgG peak in the sample after contact with the SIL material, confirming its 

presence with a high purity level in the aqueous solution (recovery yield of 59.2 and purity level of 

84.2 %), and free of protein aggregates. Regarding the molecular mechanisms underlying the 

adsorption process, besides the electrostatic interactions and π ··· π interactions that were 

previously discussed, the molecular crowding phenomenon may also be playing a role, since 
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albumin is the most abundant protein, and it can potentially adsorb onto the material at a larger 

extent, saturating the SIL and avoiding IgG to be adsorbed as well. 

Even though SILs were never explored in the literature for the recovery/purification of 

antibodies, imidazolium-based SILs were reported by Song et al. [55] for the extraction and 

purification of a biomolecule (BSA) from cow blood, reporting slightly higher purities than those 

achieved herein (91 % vs. 84 % in this work), although with lower recovery yield (28 % vs 59.2 % in 

this work). Imidazolium-based ILs already proved to improve the results achieved for the 

downstream processing of antibodies with other techniques, namely as adjuvants in aqueous 

biphasic systems [60], where an IgG extraction yield of 46 % and a purity level of 26 % were obtained 

by the authors. Still, the results obtained in this work using the imidazolium-based SIL seems to be 

very promising with a better performance than that previously reported in the literature.  

In the opposite approach, IgG could be adsorbed onto [Si][N3888]Cl, leading to the protein 

impurities to be retained in the aqueous media, under specific operation conditions (S:L ratio of 

100 mg·mL-1, pH 11, and contact time of 60 min). This observation allows to propose [Si][N3888]Cl as 

chemically-modified matrix for the downstream processing of IgG antibodies in a bind-and-elute-

like mode, as shown in Figure 4.1.9 (B). Under the mentioned operation conditions, 75.5 % of IgG 

could be recovered with a purity of 100 %, in a single-step, and with a reduction of the protein 

aggregates to 15.9 % (cf. the SE-HPLC chromatogram in Figure 4.1.9 (B)). In fact, this particular SIL 

is composed of long alkyl chains, assuring to this material a hydrophobic nature (hydrophobicity 

value of 10.5, data from PubChem; CID for trioctylamine – 14227). Curiously, IgG is the only protein 

being adsorbed into the material, which is probably related with the fact that IgG is the most 

hydrophobic protein in the complex medium (ca. 14 % of surface hydrophobic residues [7]), hence 

being preferentially retained in the material through hydrophobic interactions. 

It is interesting to notice that, similarly to the results achieved with the imidazolium-based 

SIL, the results obtained with the quaternary ammonium-based SIL also outstands those results 

reported by Song et al. [55] on the extraction and purification of BSA using SILs. Also, the results 

herein reported are better than those obtained with the corresponding ionic liquids (quaternary 

ammonium-based ILs) in other relevant techniques, such as aqueous micellar two-phase systems 

(AMTPS) [61], concerning the purification of IgG from human plasma. Vicente et al. [61] reported a 

slightly higher recovery yield of 82 % (vs. 76 % obtained in this work using [Si][N3888]Cl), however 

with a lower purification factor of 1.08. 

Overall, SILs appear as promising candidates for the development of cost-effective and green 

alternatives for the downstream processing of therapeutic antibodies, that can easily be adapted 
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into chromatographic matrices, potentially working in flowthrough or bind-and-elute modes, 

depending on the choice of the IL chemical structure attached to the silica. 

4.1.4.7. Reproducibility and robustness of the developed processes 

To evaluate the reproducibility and robustness of the proposed SILs for processing other 

complex biological matrices, additional studies were carried out using CHO cell culture supernatants 

and rabbit serum samples (20-fold diluted). The studies were carried out under the best operation 

conditions identified for the two most promising SILs: [Si][C3mim]Cl (S:L ratio of 150 mg·mL-1, pH 

12, and contact time of 60 min) and [Si][N3888]Cl (S:L ratio of 100 mg·mL-1, pH 11, and contact time 

of 60 min). The results obtained (%YieldIgG and %PurityIgG) are shown in Figure 4.1.10, whereas the 

detailed obtained data ([IgG], %YieldIgG, %PurityIgG and %PurityIgG) can be found in the Appendix E 

(Table E.23). 

 

 

Figure 4.1.10. Recovery yields (%YieldIgG – ■) and purity levels (%PurityIgG – ■) of IgG from different complex 

biological matrices (human serum, CHO cell culture supernatants and rabbit serum) after contact with 

[Si][C3mim]Cl (operation conditions: S:L ratio of 150 mg·mL-1, pH 12 and 60 min of contact time) and 

[Si][N3888]Cl (operation conditions: S:L ratio of 100 mg·mL-1, pH 11 and 60 min of contact time). 

Results in the medium Results in the material

[Si][C3mim]Cl [Si][N3888]Cl 

Human 
serum

CHO cell
supernatant

Rabbit 
serum

Human 
serum

CHO cell 
supernatant

Rabbit 
serum



4 Purification of Antibodies using Supported Ionic Liquid Materials 
 

254 
 

Although dealing with different biological samples, that inherently display different 

compositions, the obtained results show that, in general, the similar trends are obtained. For 

[Si][C3mim]Cl, independently of the biological matrix, the IgG remains in solution after contact with 

the SIL adsorbent. When bioprocessing the two new biological matrices, it was found that higher 

IgG recovery yields are obtained (> 75 %) in comparison with human serum (59.2 %); however, with 

lower purity values (< 52 %). In particular, for the rabbit serum samples, 75.7 % of IgG could be 

recovered with a purity level of 51.4 %, and when bioprocessing CHO cell culture supernatants, a 

higher recovery yield is achieved (85.8 %) even though with a lower purity (36.8 %). Regarding the 

bioprocess mediated by [Si][N3888]Cl, and for the new matrices, IgG was evenly distributed between 

the SIL and the aqueous media, since a recovery yield of around 50% was achieved in both cases. 

Particularly, a recovery yield of 49.8 % with a purity of 96.4 % was achieved in the material for rabbit 

serum, and a recovery yield of 48.1 % with a purity of 64.9 % was achieved in the material for the 

CHO cell culture supernatant.  

Although in general, lower performance parameters were obtained for the new matrices 

than those achieved for human serum samples, it should be remarked that a similar yield/purity 

level was observed for rabbit serum – a matrix with higher similarity to human serum than cell 

culture supernatants. In the CHO cell culture supernatant, the major protein impurity is bovine 

serum albumin (BSA) whereas other protein impurities are also present resulting from the medium 

used in the cell proliferation, growth, and also from their metabolism (e.g. insulin, transferrin and 

other CHO host cell proteins) [58]. Therefore, it can be concluded that the same adsorption 

mechanisms were present in each SIL, independently of the matrix under study. Although lower 

performance was found when bioprocessing other matrices than human serum, good results for 

the recovery yield/purity have been found for one-step approaches. Still, there is room for 

improvements in the performance of SILs-mediated downstream processes for other complex 

biological matrices such as rabbit serum or CHO cell culture supernatants, namely through 

optimization of the operational parameters, specifically for each matrix. 

4.1.5. Conclusions 

Aiming to develop new recovery/purification platforms for therapeutic IgG antibodies from 

complex biological media, in this work, the potential of SIL materials was ascertained. Three SILs 

([Si][C3mim]Cl, [Si][N3444]Cl and [Si][N3888]Cl) were synthesized, characterized and studied for the 

first time towards the recovery and purification of IgG antibodies from biological matrices.  
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Firstly, an initial screening of several pH values (from 3.0 to 9.0) was performed to evaluate 

the effect of the pH in the (selective) adsorption of proteins from human serum, being possible to 

conclude that a pH equal to 5 or higher is required for proteins adsorption, being at the most 

alkaline pH values that the adsorption occurs more extensively. Then, a factorial planning was 

implemented in order to get some insights regarding the optimum conditions at which the 

processes under development occur, namely in term of S:L ratio, pH and contact time. Based on the 

results obtained, a S:L ratio of 100 mg·mL-1, a pH higher than 9, and a contact time of 60 min were 

identified as the optimum conditions for the best performance of the SIL-mediated processes. The 

performance parameters were then optimized through the optimization of the pH value and S:L 

ratio.  

Two different IgG recovery/purification mechanisms were identified, being highly dependent 

on the IL chemical structure: (i) by using [Si][C3mim]Cl, IgG could be simply and directly recovered 

in the aqueous solution after contact with the material under a specific set of operation conditions, 

namely an S:L ratio of 150 mg·mL-1, pH 12, and a contact time of 60 min, yielding 59 % of IgG with 

a purity level of 84 %; and (ii) by using [Si][N3888]Cl, IgG is mainly adsorbed onto the material, using 

as operation conditions an S:L ratio of 100 mg·mL-1, pH 11 and contact time of 60 min, yielding 76 

% of IgG with a purity level of 100 %.  

The developed platforms were applied for the downstream processing of IgG antibodies from 

other complex biological matrices, namely CHO cell culture supernatants and rabbit serum, 

revealing the same recovery/purification mechanisms. Still, lower performance parameters were 

achieved with such matrices (in comparison with those obtained with human serum samples), thus 

indicating that an optimization of the operation conditions may be required, in order to improve 

the SILs-based process performance for each specific matrix. 

In conclusion, novel, high-efficient and low-cost platforms were successfully developed for 

the recovery and purification of IgG antibodies from complex biological media based on the use of 

SILs nanomaterials, and capable of being adopted by the pharmaceutical industry as novel 

chromatographic matrices. 
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This thesis started by saying that all lives are important. However, and particularly in the 

healthcare field, it is known that some lives are often compromised since not all therapies are 

accessible to all the people. Indeed, antibody-based therapies have already shown a great potential 

throughout the years for the treatment of several diseases, including 21st century diseases such as 

cancer and autoimmune and inflammatory diseases. Sometimes, they are even the only available 

therapy for some specific disorders. Nevertheless, these biopharmaceuticals are not yet widely 

applied as recurrent therapies due to the absence of cost-effective downstream platforms, making 

the final product of high price and thus, not accessible as a conventional therapy. And this fact was 

what motivated the development of this PhD thesis, i.e. trying to develop novel cost-effective 

process that could afford IgG therapeutics at lower cost while allowing their widespread use by 

population. 

The 2015 Nobel Prize in Physiology or Medicine, Tu Youyou, said that “every scientist dreams 

of doing something that can help the world”, and that is a completely realistic vision of the 

scientists’ motivation. That was my motivation. When I first started this PhD thesis, I was not 

conscious about the roller coaster it was going to be, but I was focused in just one aim – to do 

something relevant that could help the world. If the set of works composing this thesis contribute 

with knowledge and insights for future improvements in the biopharmaceuticals field, and could 

help somehow improving the worldwide society healthcare, then I achieved the biggest success I 

could aspire, and it was all worth it.  

Following on from this idea, this PhD thesis started by a comprehensive literature review on 

the current state of the art of the biopharmaceuticals market, the importance of mAbs for 

therapeutic purposes, and the current bottlenecks associated with the production and widespread 

use of this type of biopharmaceuticals. Also, a literature review about inflammatory diseases was 

introduced, allowing to highlight the remarkable potential of mAbs in the prevention and treatment 

of this particular group of diseases. Then, a set of five works were developed towards the 

downstream processing of therapeutic human antibodies using ionic liquids (ILs) using three 

different approaches: aqueous biphasic systems (ABS), three-phase partitioning (TPP) systems and 

supported ionic liquid (SIL) materials. 

Concerning the set of works referring to ABS, it was interesting to conclude that it is possible 

to tailor the phases’ polarities and affinities by the addition of ILs as adjuvants, which ultimately 

allow a high performance to be achieved for the extraction and purification of human antibodies 

(polyclonal – pAbs and monoclonal – mAbs) from different complex biological media. Moreover, it 

was also shown that it is possible to properly design ILs to present more biocompatible and 
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sustainable features, such as glycine-betaine analogue ILs, and successfully use them as phase-

forming components of ABS. These ABS were optimized and allowed good results in terms of 

extraction/purification to be achieved, both in a single-step, and in a two-step (hybrid) approach 

combined with an ultrafiltration step for buffer exchange and final formulation of the antibodies 

for commercialization. Also, it is important to highlight that herein, we reported that the ABS step 

do not affect the biological activity of mAbs. In a subsequent chapter, TPP approaches based on 

ABS were investigated towards the purification and recovery of human antibodies (pAbs and mAbs), 

showing an enhanced performance under the optimized conditions. Moreover, the addition of ILs 

to the process was found to be advantageous, since it enables the maximization of the performance 

parameters, and in some cases allowing the complete depletion of the host cell proteins present in 

cell supernatants. Finally, having already in mind the potential of ILs in the development of 

bioprocesses for human antibodies due to their designer solvent character, that allow a multitude 

of interactions to be established with (bio)molecules, in the last experimental chapter we 

developed new IL-based materials to be potentially used as chromatographic matrices in antibodies 

downstream processing. Silica was modified with different ILs chemical structures, giving rise to SILs 

materials, that were further evaluated towards their ability to selectively adsorb antibodies or other 

protein impurities. Remarkably, two promising SIL materials were identified, allowing the 

purification of antibodies (pAbs and mAbs) through two different approaches: a flowthrough-like 

mode or a bind-and-elute-like mode. 

Before this whole PhD started, the only thing I knew was that it consisted in a very attractive, 

pioneer and ambitious project – indeed, this is the first work bringing together the manufacture of 

mAbs and the use of ILs, and joining two relevant institutions (University of Aveiro and Instituto 

Superior Técnico – University of Lisbon) in the field to cooperate. The road so far reveals a promising 

future for ILs, and it was possible to demonstrate along this thesis that ILs may also have space in 

biopharmaceutical applications. Nevertheless, this is still far from the end and much more work is 

still required in the future.  

In what concerns ABS, it is still important to study other biocompatible ILs, from natural 

sources, to increase the number of more sustainable ABS processes available, and ultimately 

allowing to maximize the performance of these kind of ABS (in terms of recovery yields and 

purification levels). Microfluidics assays are also crucial to be performed to prove the possibility of 

operating the IL-ABS processes in continuous mode, without losses in their efficacy (comparable to 

that of the lab scale), and also proving the scale-out of the process for an increased scale. For the 

TPP approaches, that were herein explored using (IL-based-)ABS and conventional ILs, it is expected 
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that, in the future, more biocompatible and sustainable ILs can be considered for the development 

of novel (high efficient) TPP systems. Regarding the SIL-based processes, it is of upmost importance 

to study different elution strategies for IgG recovery from the IgG-containing SILs, as well as to prove 

the best results and optimize the elution step directly through preparative chromatography since 

the introduction of flow can lead to a different behavior. Finally, it is crucial that partnerships with 

the (bio)pharmaceutical industry are established, so that these processes can reach the right place 

in which they can make the difference, and start to be applied and optimized in the bioprocessing 

of other relevant matrices from those partners.  

The achievements herein reported consisted in a steppingstone in the antibodies 

downstream processing/manufacture, allowing to fight some stigmas from the pharmaceutical 

industry, for instance: (i) the use of ILs – ILs are versatile candidates to integrate different processes, 

allowing cost-effective platforms to be developed; (ii) the use of non-chromatographic approaches 

– ABS and/or TPP can be as effective as chromatographic techniques, allowing easier recoveries of 

the antibodies and a lower number of unit operations required; and (iii) there is life beyond protein 

A – SILs can act as efficient and highly-selective chromatographic matrices and of lower price (since 

they are based on chemical ligands, and not biological ligands, as protein A), capable to be 

integrated in the chromatographic equipments already available/acquired by the industry. 

The journey on this roller coaster is now ending, and all I know is that this PhD was life-

changing and shaped my way of being and thinking, making me realize the power that science holds 

to change and improve peoples’ lives. I do not know if I will have a new ticket to go on further turns, 

but I sincerely hope that all efforts could be made so that the progresses made so far can have a 

happy ending and that people worldwide could benefit from that.

 

 

“Whatever you do in life will be insignificant, but it is very important that you do it because 

nobody else will.” 

- Mahatma Gandhi 
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This appendix contains supplementary data of subchapter 2.1: “Purification of human 

antibodies from serum samples using aqueous biphasic systems comprising ionic liquids as 

adjuvants”. 

A.1. ABS formation 

Table A.1. Two-phase formation ability of the studied ABS composed of 7 wt% PEG 3350 + 5 wt% dextran 

500k + H2O + IL, with the corresponding phases’ volume ratio (bottom:top). 

IL IL concentration ABS formation 
Volume ratio 

(bottom:top) 

No IL - ✓ 1:1.92 

[N1111]Cl 

1 wt% ✓ 1:2.20 

5 wt% ✓ 1:2.25 

10 wt% ✓ 1:1.87 

[N4444]Cl 

1 wt% ✓ 1:2.63 

5 wt% ✓ 1:2.73 

10 wt% ✓ 1:2.80 

[C4-4mpy]Cl 

1 wt% ✓ 1:2.44 

5 wt% ✓ 1:2.63 

10 wt% ✓ 1:2.63 

[Ch]Cl 

1 wt% ✓ 1:2.22 

5 wt% ✓ 1:2.17 

10 wt% ✓ 1:2.15 

[Ch][Ac] 

1 wt% ✓ 1:2.26 

5 wt% ✓ 1:2.02 

10 wt% ✓ 1:1.64 

[C4mim]Cl 

1 wt% ✓ 1:2.24 

5 wt% ✓ 1:2.33 

10 wt% ✓ 1:2.69 

[C4mim][HSO4] 

1 wt% ✓ 1:2.17 

5 wt% ✓ 1:2.42 

10 wt% ✓ 1:2.22 

[C4mim]Br 

1 wt% ✓ 1:2.61 

5 wt% ✓ 1:2.73 

10 wt% ✓ 1:2.78 

15 wt% ✓ 1:2.98 

20 wt% ✓ 1:3.26 

35 wt% ✓ 1:4.38 
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A.2. Performance parameters determination 

Table A.2. Evaluation of the effect of the IL ions on the extraction of commercial IgG, using quaternary ABS 

composed of 7 wt% PEG 3350 + 5 wt% dextran 500k + H2O/IgG solution + 1 wt% IL, and corresponding 

recovery yield (%YieldIgG) and partition coefficient (KIgG). 

 

 

 

 

  

IL %YieldIgG KIgG 

No IL 70.8 ± 2.3 0.9 ± 0.0 

Effect of the IL cation 

[Ch]Cl 76.8 ± 1.3 1.0 ± 0.0 

[C4mim]Cl 82.0 ± 1.4 1.0 ± 0.0 

[C4-4mpy]Cl 86.7 ± 1.1 1.0 ± 0.0 

[N1111]Cl 82.3 ± 3.9 1.0 ± 0.1 

[N4444]Cl 82.4 ± 0.1 1.2 ± 0.0 

Effect of the IL anion 

[Ch]Cl 76.8 ± 1.3 1.0 ± 0.0 

[Ch][Ac] 86.7 ± 0.2 1.1 ± 0.1 

[C4mim]Cl 82.0 ± 1.4 1.1 ± 0.0 

[C4mim]Br 77.7 ± 1.2 1.0 ± 0.0 

[C4mim][HSO4] 18.9 ± 2.4 2.1 ± 0.2 
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Table A.3. Evaluation of the effect of the IL concentration on the extraction of commercial IgG, using 

quaternary ABS composed of 7 wt% PEG 3350 + 5 wt% dextran 500k + H2O/IgG solution + IL, and 

corresponding IgG recovery yield (%YieldIgG), IgG partition coefficient (KIgG), IL extraction efficiency (%EEIL) 

and extraction pH value. 

 

  

IL 
IL 

concentration 
%YieldIgG KIgG pH %EEIL 

No IL - 70.8 ± 2.3 0.9 ± 0.0 7.75 - 

[N4444]Cl 

1 wt% 82.4 ± 0.1 1.2 ± 0.0 - - 

5 wt% 85.3 ± 0.5 1.9 ± 0.2 - - 

10 wt% 80.8 ± 0.1 3.4 ± 0.3 - - 

[C4-4mpy]Cl 

1 wt% 86.7 ± 1.1 1.0 ± 0.0 - - 

5 wt% 92.4 ± 1.1 1.2 ± 0.0 - - 

10 wt% 91.4 ± 5.2 1.2 ± 0.2 - - 

[Ch][Ac] 

1 wt% 86.7 ± 0.2 1.1 ± 0.1 7.46 - 

5 wt% 88.6 ± 3.8 1.1 ± 0.0 7.07 - 

10 wt% 97.2 ± 1.1 1.1 ± 0.2 6.90 - 

[C4mim][HSO4] 

1 wt% 18.9 ± 2.4 2.1 ± 0.2 1.63 70.7 ± 0.7 

5 wt% 8.1 ± 0.4 1.3 ± 0.1 1.12 69.5 ± 1.8 

10 wt% 5.9 ± 0.4 1.0 ± 0.1 0.93 71.0 ± 1.7 

[Ch]Cl 

1 wt% 76.8 ± 1.3 1.0 ± 0.0 - 66.9 ± 2.9 

5 wt% 81.2 ± 0.5 1.2 ± 0.0 - 70.2 ± 1.0 

10 wt% 82.9 ± 1.6 1.1 ± 0.1 - 69.8 ± 0.8 

[N1111]Cl 

1 wt% 82.3 ± 3.9 1.0 ± 0.1 - 77.2 ± 0.7 

5 wt% 88.6 ± 1.4 1.1 ± 0.0 - 75.1 ± 0.4 

10 wt% 84.7 ± 2.9 1.1 ± 0.0 - 71.8 ± 1.4 

[C4mim]Cl 

1 wt% 82.0 ± 1.4 1.1 ± 0.0 5.72 71.4 ± 1.1 

5 wt% 84.3 ± 0.5 1.1 ± 0.0 6.01 71.7 ± 0.5 

10 wt% 83.2 ± 0.4 1.1 ± 0.0 5.97 72.7 ± 1.4 

[C4mim]Br 

1 wt% 77.7 ± 1.2 1.0 ± 0.0 6.83 72.2 ± 0.7 

5 wt% 90.1 ± 1.1 1.4 ± 0.0 6.57 75.6 ± 0.6 

10 wt% 95.4 ± 1.9 1.7 ± 0.1 6.57 75.9 ± 2.3 

15 wt% 100.0 ± 0.0 1.5 ± 0.7 6.54 78.2 ± 1.2 

20 wt% 100.0 ± 0.0 2.4 ± 0.2 6.55 77.2 ± 1.9 

35 wt% 79.6 ± 0.5 10.7 ± 0.3 6.55 85.2 ± 0.7 
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Table A.4. Bioprocess performance of quaternary ABS composed of 7 wt% PEG 3350 + 5 wt% dextran 500k + 

H2O/serum + IL for the extraction and purification of IgG antibodies from human serum, and corresponding 

recovery yield (%YieldIgG), partition coefficient (KIgG), purity level (%PurityIgG) and extraction pH value. 

 

  

IL 
IL 

concentration 
%YieldIgG KIgG %PurityIgG pH 

Human Serum - - - 5.8 ± 0.1 7.40 

No IL - 68.0 ± 1.6 0.8 ± 0.0 9.5 ± 0.2 7.39 

[Ch][Ac] 

1 wt% 72.2 ± 0.6 1.1 ± 0.0 12.5 ± 0.7 6.61 

5 wt% 73.3 ± 0.3 1.1 ± 0.0 11.7 ± 0.7 6.31 

10 wt% 73.1 ± 1.3 1.2 ± 0.0 11.4 ± 0.6 6.44 

[C4mim]Br 

10 wt% 80.2 ± 0.3 1.4 ± 0.0 13.7 ± 0.9 7.15 

15 wt% 82.8 ± 1.2 1.6 ± 0.1 16.3 ± 1.5 7.05 

20 wt% 87.8 ± 0.3 2.1 ± 0.1 22.0 ± 1.1 7.02 

25 wt% 90.9 ± 0.8 2.9 ± 0.3 42.1 ± 1.8 7.04 

30 wt% 93.6 ± 0.2 3.8 ± 0.2 75.3 ± 5.0 6.91 

32.5 wt% 93.5 ± 1.6 3.7 ± 0.5 85.3 ± 8.4 6.98 

35 wt% 93.0 ± 0.3 2.8 ± 0.7 93.2 ± 6.4 6.89 

37.5 wt% 92.7 ± 1.4 3.1 ± 0.1 80.5 ± 3.9 6.82 

40 wt% 98.8 ± 0.1 18.1 ± 3.8 81.8 ± 6.6 6.89 
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A.3. Proteins profile and ABS macroscopic aspect 

 

Figure A.1. SDS-PAGE gel of human serum and precipitated layer pre-conditioned in PBS (PP), of the 

quaternary ABS formed by PEG 3350 + dextran 500 kDa + H2O + 35 wt% of [C4mim]Br, at 25 °C. Lane 1 – M – 

represents the molecular weight marker (kDa) and lane 2 – Serum –  correspond to the protein profile of 

the human serum diluted 1:400 (v:v). The bands corresponding to HSA, IgG heavy chain (H.C.) and IgG light 

chain (L.C.) are also labelled in the figure. 

 

 

Figure A.2. Macroscopic aspect of the systems after human serum processing using quaternary ABS formed 

by PEG 3350 + dextran 500 kDa + H2O + 35 wt% of [C4mim]Br + 30 wt% human serum diluted 1:20 (v:v) and 

non-diluted, with the precipitated layer highlighted in the red box. 

Serum 1:20 
diluted

Serum 
non-diluted
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This appendix contains supplementary data of subchapter 2.2: “Ionic-liquid mediated 

extraction and purification of monoclonal antibodies from cell culture supernatants”. 

B.1. Performance parameters determination 

Table B.1. Bioprocess performance of quaternary ABS composed of 7 wt% PEG 3350 + 5 wt% dextran 500k + 

H2O/serum + IL for the extraction and purification of anti-IL-8 mAbs from serum-containing CHO cell culture 

supernatants, in terms of recovery yield (%YieldIgG) and purity level (%PurityIgG). 

 

Table B.2. Bioprocess performance of quaternary ABS composed of 7 wt% PEG 3350 + 5 wt% dextran 500k + 

H2O/serum + IL for the extraction and purification of anti-HCV mAbs from serum-free CHO cell culture 

supernatants, in terms of recovery yield (%YieldIgG) and purity level (%PurityIgG). 

 

IL IL concentration %YieldIgG %PurityIgG 

CHO cell supernatant - - 9.1 ± 0.6 

No IL - 69.4 ± 3.6 29.3 ± 0.5 

[Ch][Ac] 

1 wt% 77.6 ± 0.8 26.8 ± 0.3 

5 wt% 75.7 ± 0.5 21.8 ± 0.4 

10 wt% 73.3 ± 3.4 19.1 ± 0.6 

[C4mim]Br 

10 wt% 79.2 ± 1.2 35.8 ± 0.3 

15 wt% 82.5 ± 0.2 48.0 ± 1.7 

20 wt% 81.5 ± 2.7 69.3 ± 1.4 

25 wt% 82.6 ± 5.1 43.4 ± 4.8 

IL IL concentration %YieldIgG %PurityIgG 

CHO cell supernatant - - 38.4 ± 0.1 

No IL - 33.8 ± 1.5 44.7 ± 1.6 

[C4mim]Br 

10 wt% 81.0 ± 0.9 71.1 ± 1.4 

15 wt% 83.1 ± 0.3 83.9 ± 2.8 

20 wt% 85.4 ± 1.6 92.4 ± 3.4 

25 wt% 44.0 ± 1.4 77.9 ± 4.1 
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This appendix contains supplementary data of subchapter 2.3: “Sustainable strategies based 

on glycine-betaine analogue ionic liquids for the recovery of monoclonal antibodies from cell 

culture supernatants”.

C.1. Experimental data of binodal curves and characterization 

Table C.1. Experimental binodal weight fraction data for the system composed of [Et3NC4]Br + 

K2HPO4/KH2PO4 (pH = 7) + H2O at 25°C and atmospheric pressure. 

 

 

  

wIL wK₂HPO₄/KH₂PO₄ wH₂O wIL wK₂HPO₄/KH₂PO₄ wH₂O 

51.7158 1.3968 46.8874 21.4961 13.3615 65.1424 

49.1841 2.0115 48.8044 20.4072 14.1098 65.4829 

45.3876 2.4604 52.1519 19.3642 14.9166 65.7192 

43.6260 2.8236 53.5503 18.5393 15.4864 65.9743 

41.8363 3.2445 54.9192 17.6821 16.0854 66.2325 

39.2609 4.4043 56.3348 17.2613 16.4102 66.3285 

37.3440 5.1186 57.5374 16.7545 16.7801 66.4654 

35.5340 5.7994 58.6666 16.1590 17.2296 66.6114 

33.5615 6.7174 59.7211 15.6074 17.6410 66.7516 

32.1482 7.2128 60.6389 15.0983 18.0283 66.8734 

30.5871 7.9867 61.4262 14.6943 18.3353 66.9703 

29.4386 8.5074 62.0540 14.2288 18.6864 67.0849 

28.1514 9.1755 62.6732 13.7727 19.0652 67.1622 

26.6557 10.0327 63.3115 13.4202 19.3552 67.2246 

25.2733 10.8654 63.8613 13.0383 19.6609 67.3007 

23.9932 11.6712 64.3356 12.6732 19.9368 67.3900 

22.7115 12.5375 64.7510 12.3236 20.2188 67.4576 
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Table C.2. Experimental binodal weight fraction data for the system composed of [Pr3NC4]Br + 

K2HPO4/KH2PO4 (pH = 7) + H2O at 25°C and atmospheric pressure. 

 

 

  

wIL wK₂HPO₄/KH₂PO₄ wH₂O wIL wK₂HPO₄/KH₂PO₄ wH₂O 

46.7054 2.1985 51.0961 17.0550 13.4711 69.4740 

42.1058 2.7180 55.1762 16.6708 13.6951 69.6341 

39.7763 3.0260 57.1977 16.2161 14.0025 69.7814 

38.3309 3.5038 58.1653 15.7029 14.4182 69.8789 

36.3250 3.8135 59.8615 15.2808 14.6902 70.0290 

35.0851 4.3104 60.6045 14.8764 14.9377 70.1859 

34.0362 4.6568 61.3069 14.5101 15.1736 70.3164 

32.8430 5.1607 61.9963 14.0598 15.5842 70.3559 

31.7858 5.4230 62.7912 13.7562 15.7541 70.4897 

30.7993 5.8231 63.3776 13.4437 15.9700 70.5863 

29.7088 6.2842 64.0070 13.1126 16.2745 70.6129 

28.4249 7.1453 64.4298 12.8116 16.4715 70.7169 

26.8219 7.7220 65.4561 12.5339 16.6910 70.7750 

26.1978 7.8928 65.9095 12.3199 16.9234 70.7567 

25.1770 8.4974 66.3256 12.0934 17.1225 70.7841 

24.4584 8.8353 66.7063 11.9741 17.1840 70.8419 

23.6273 9.4027 66.9701 11.7659 17.3459 70.8882 

23.0131 9.6684 67.3185 11.6193 17.4225 70.9582 

22.2044 10.1700 67.6256 11.3859 17.6797 70.9344 

21.4931 10.6041 67.9028 11.2426 17.7580 70.9994 

20.8855 10.9855 68.1289 11.0875 17.8563 71.0562 

20.2877 11.3269 68.3854 10.8142 18.1385 71.0472 

19.6855 11.6886 68.6259 10.5802 18.3009 71.1189 

19.1518 12.0150 68.8332 10.3550 18.4575 71.1875 

18.5498 12.4290 69.0212 10.0686 18.7651 71.1663 

17.9196 12.9447 69.1357 9.8677 18.9253 71.2070 

17.5541 13.0904 69.3555 9.6748 19.0543 71.2710 
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Table C.3. Experimental binodal weight fraction data for the system composed of [Bu3NC4]Br + 

K2HPO4/KH2PO4 (pH = 7) + H2O at 25°C and atmospheric pressure. 

 

wIL wK₂HPO₄/KH₂PO₄ wH₂O wIL wK₂HPO₄/KH₂PO₄ wH₂O 

51.9191 1.5923 46.4886 19.1145 10.9999 69.8857 

46.9127 2.2425 50.8448 18.8703 11.1478 69.9819 

43.5194 2.8259 53.6547 18.6285 11.2366 70.1349 

40.6580 3.3347 56.0073 18.3906 11.3605 70.2489 

38.7496 3.7627 57.4877 18.0247 11.6521 70.3232 

36.9253 4.1905 58.8841 17.7833 11.7297 70.4870 

35.3648 4.5575 60.0777 17.5645 11.8503 70.5852 

34.3087 4.9972 60.6941 17.4554 11.7549 70.7897 

33.0009 5.3309 61.6682 17.1115 11.8054 71.0831 

31.9095 5.6870 62.4036 16.8963 11.9177 71.1860 

30.8285 5.9424 63.2291 16.7101 12.0118 71.2781 

29.9970 6.2751 63.7279 16.4733 12.1863 71.3404 

29.3602 6.6332 64.0066 16.2437 12.3013 71.4550 

28.5857 6.8980 64.5163 16.0542 12.3871 71.5587 

27.8617 7.1895 64.9489 15.7384 12.6363 71.6253 

26.7656 7.5591 65.6753 15.5206 12.7421 71.7373 

26.2042 7.7500 66.0458 15.3861 12.7600 71.8539 

25.6010 7.9565 66.4425 15.2391 12.8375 71.9233 

24.9938 8.2821 66.7241 15.0648 12.9345 72.0007 

24.5268 8.5354 66.9378 14.8445 13.1257 72.0298 

24.0878 8.7532 67.1590 14.6358 13.1686 72.1956 

23.5363 8.8867 67.5770 14.4703 13.2813 72.2484 

23.1539 9.0881 67.7581 14.2562 13.4088 72.3350 

22.7397 9.3094 67.9509 14.0149 13.6488 72.3362 

21.7278 9.8415 68.4306 13.8367 13.6957 72.4676 

21.3484 9.8776 68.7740 13.5768 13.8901 72.5331 

21.0914 10.0179 68.8906 13.4128 14.0051 72.5821 

20.8433 10.1843 68.9724 13.2620 14.1119 72.6261 

20.5244 10.3452 69.1304 13.1412 14.1659 72.6929 

20.2125 10.4667 69.3208 12.9857 14.2291 72.7852 

19.9229 10.6083 69.4688 12.8099 14.3801 72.8099 

19.6559 10.7165 69.6276 12.6944 14.4451 72.8605 

19.3711 10.8592 69.7697 12.5847 14.4919 72.9235 
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wIL wK₂HPO₄/KH₂PO₄ wH₂O wIL wK₂HPO₄/KH₂PO₄ wH₂O 

12.4572 14.6170 72.9258 10.0124 16.3119 73.6757 

12.3302 14.6830 72.9868 9.8769 16.4291 73.6940 

12.1484 14.8117 73.0398 9.7809 16.5342 73.6849 

12.0215 14.9158 73.0627 9.6936 16.5702 73.7362 

11.9090 14.9821 73.1089 9.5839 16.6483 73.7678 

11.7858 15.0514 73.1628 9.4728 16.7449 73.7824 

11.6448 15.0975 73.2577 9.3885 16.8200 73.7915 

11.5268 15.1950 73.2783 9.3028 16.8918 73.8054 

11.4269 15.2454 73.3276 9.1908 16.9694 73.8399 

11.3341 15.3180 73.3479 9.0704 17.0956 73.8340 

11.1809 15.4807 73.3384 8.9516 17.2253 73.8231 

10.9538 15.6209 73.4253 8.8276 17.2695 73.9029 

10.8184 15.7586 73.4230 8.7369 17.3473 73.9158 

10.7250 15.8024 73.4726 8.6171 17.4598 73.9230 

10.6031 15.9322 73.4647 8.5204 17.5681 73.9114 

10.4472 16.0085 73.5443 8.3911 17.7123 73.8965 

10.3766 16.0386 73.5849 8.2205 17.8465 73.9330 

10.1812 16.2248 73.5940 8.1151 17.9201 73.9647 

10.0949 16.2673 73.6377  



Sustainable strategies based on glycine-betaine analogue ionic liquids for the recovery of 
monoclonal antibodies from cell culture supernatants 

C 

 

305 
 

Table C.4. Experimental binodal weight fraction data for the system composed of [MepyrNC4]Br + 

K2HPO4/KH2PO4 (pH = 7) + H2O at 25°C and atmospheric pressure. 

 

 

 

  

wIL wK₂HPO₄/KH₂PO₄ wH₂O 

58.1075 1.6606 40.2319 

51.1023 2.2806 46.6171 

47.4332 2.9757 49.5912 

45.6564 3.5523 50.7913 

43.1322 4.0567 52.8111 

41.4770 4.6154 53.9075 

40.1201 5.0927 54.7873 

38.8002 5.4909 55.7089 

37.0268 6.3923 56.5809 

35.7334 6.7845 57.4821 

34.0957 7.6148 58.2894 

32.9499 8.0007 59.0495 

31.4460 8.9373 59.6166 

29.9522 9.6941 60.3537 

28.2156 10.7641 61.0203 

26.8084 11.5994 61.5922 

25.5219 12.3816 62.0965 

24.0855 13.3985 62.5160 

22.9392 14.1729 62.8879 

21.7332 15.0486 63.2182 

20.9443 15.5108 63.5448 

19.6848 16.5412 63.7739 

18.7191 17.1825 64.0984 

17.7646 17.9354 64.3000 

16.9757 18.5246 64.4997 

16.2394 19.0688 64.6917 

15.5946 19.6120 64.7933 

14.8761 20.1964 64.9275 

14.2163 20.7115 65.0722 
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Table C.5. Experimental binodal weight fraction data for the system composed of [C4mim]Br + 

K2HPO4/KH2PO4 (pH = 7) + H2O at 25°C and atmospheric pressure. 

 

 

  

wIL wK₂HPO₄/KH₂PO₄ wH₂O 

47.8896 2.8782 49.2322 

44.6709 3.3364 51.9927 

42.7620 3.9148 53.3232 

40.6202 4.8294 54.5504 

38.5897 5.7409 55.6694 

36.6716 6.5095 56.8190 

34.9949 7.1748 57.8303 

33.4899 7.6854 58.8248 

31.7325 8.6182 59.6493 

30.2865 9.5007 60.2128 

28.8790 10.2398 60.8811 

27.6987 10.8714 61.4299 

26.0237 12.0395 61.9367 

24.7303 12.8324 62.4373 

23.2340 13.8948 62.8711 

21.9085 14.8360 63.2554 

20.6594 15.7425 63.5981 

19.4208 16.7565 63.8227 

18.6038 17.3371 64.0591 

17.6196 18.1176 64.2628 

16.7150 18.8506 64.4344 

16.0224 19.3893 64.5883 

15.1673 20.1299 64.7028 
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Table C.6. Experimental binodal weight fraction data for the system composed of [N4444]Br + K2HPO4/KH2PO4 

(pH = 7) + H2O at 25°C and atmospheric pressure. 

 

wIL wK₂HPO₄/KH₂PO₄ wH₂O wIL wK₂HPO₄/KH₂PO₄ wH₂O 

49.9689 2.4034 47.6277 16.9962 12.1610 70.8428 

44.1506 2.6017 53.2478 16.4493 12.4598 71.0909 

41.5556 3.4015 55.0429 16.0400 12.6959 71.2640 

37.8742 3.9722 58.1536 15.6227 12.9768 71.4005 

35.7664 4.2466 59.9870 15.3555 13.0590 71.5854 

34.0903 4.6862 61.2235 15.1463 13.1795 71.6742 

32.7900 5.1248 62.0852 14.9276 13.3432 71.7292 

31.2127 5.5757 63.2117 14.7185 13.5051 71.7764 

29.8797 5.9235 64.1968 14.2949 13.7538 71.9514 

29.1839 6.1756 64.6405 14.0990 13.9120 71.9891 

28.5238 6.5591 64.9171 13.7383 14.0869 72.1748 

27.2931 6.9072 65.7997 13.5464 14.2548 72.1988 

26.6248 7.1952 66.1800 13.2829 14.4597 72.2574 

25.9214 7.5842 66.4944 13.0889 14.5421 72.3690 

25.3178 7.8177 66.8645 12.9008 14.6227 72.4765 

24.6583 8.0711 67.2706 12.6184 14.8947 72.4869 

24.0394 8.3259 67.6347 12.4582 14.9839 72.5579 

23.5126 8.5586 67.9288 12.1939 15.2358 72.5703 

22.9492 8.8461 68.2046 11.9768 15.4133 72.6099 

22.4423 9.0995 68.4582 11.8414 15.4239 72.7347 

22.0426 9.2601 68.6973 11.6420 15.6514 72.7066 

21.3796 9.7366 68.8838 11.4691 15.6472 72.8837 

20.8133 9.9356 69.2511 11.3481 15.7390 72.9130 

20.3810 10.2482 69.3708 11.2308 15.8197 72.9495 

20.0379 10.4119 69.5502 11.0741 15.9457 72.9802 

19.6974 10.5982 69.7044 10.9616 16.0328 73.0056 

19.3656 10.7446 69.8898 10.8320 16.1466 73.0214 

18.9979 10.9113 70.0907 10.6485 16.3437 73.0078 

18.6544 11.1490 70.1967 10.5295 16.4137 73.0568 

18.3464 11.3659 70.2877 10.3581 16.5640 73.0779 

18.0533 11.5277 70.4189 10.2351 16.5659 73.1990 

17.7389 11.6696 70.5915 10.0696 16.7696 73.1608 

17.4655 11.7658 70.7687 9.9792 16.7621 73.2587 
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wIL wK₂HPO₄/KH₂PO₄ wH₂O wIL wK₂HPO₄/KH₂PO₄ wH₂O 

9.8453 16.8889 73.2658 9.1144 17.5130 73.3726 

9.7277 16.9738 73.2985 8.9721 17.6519 73.3760 

9.5551 17.1341 73.3108 8.8628 17.6816 73.4556 

9.3807 17.3017 73.3176 8.7199 17.8158 73.4643 

9.2694 17.3650 73.3656  
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Table C.7. Correlation parameters used to describe the experimental binodal curve of the ternary system 

composed of IL + K2HPO4/KH2PO4 pH 7 + H2O through Merchuk equation. 

 

 

  

IL A ± σ B ± σ C ± σ (× 10-4) R2 

[Et3NC4]Br 82.968 ± 2.194 -0.353 ± 0.014 0.338 ± 0.078 0.9892 

[Pr3NC4]Br 85.806 ± 1.860 -0.415 ± 0.010 0.475 ± 0.057 0.9944 

[Bu3NC4]Br 87.536 ± 0.418 -0.415 ± 0.002 1.141 ± 0.001 0.9996 

[MepyrNC4]Br 85.693 ± 1.246 -0.331 ± 0.007 0.297 ± 0.033  0.9979 

[C4mim]Br 84.974 ± 2.374 -0.330 ± 0.013 0.281 ± 0.060 0.9945 

[N4444]Br 101.442 ± 1.689 -0.486 ± 0.007 0.649 ± 0.039 0.9975 
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Table C.8. Experimental data of TLs and TLLs for the ternary systems composed of IL + K2HPO4/KH2PO4 pH 7 

+ H2O. [IL] and [salt] correspond to the compositions of IL and salt, respectively, while content of water 

corresponds to the amount required to reach 100 wt%. The subscripts TOP, M and BOT refers to the top (IL-

rich) phase, mixture point and bottom (salt-rich) phase, respectively. The ratio (VR) between the top and 

bottom phases weight is also denoted. 

 

 

 

 

 

 

 

IL 

Mass fraction composition (wt%) 

TLL VR 

[IL]TOP [salt]TOP [IL]M [salt]M [IL]BOT [salt]BOT 

[Et3NC4]Br 

37.427 5.023 24.989 15.103 3.434 32.572 44.851 0.634 

38.959 4.540 27.350 15.141 1.231 28.992 51.091 0.692 

43.016 3.442 30.196 14.897 0.816 41.147 56.590 0.696 

[Pr3NC4]Br 

34.655 4.723 19.840 15.172 4.494 25.996 36.908 0.509 

39.272 3.530 22.023 15.402 3.186 28.367 43.808 0.522 

40.731 3.212 24.978 14.992 1.584 32.487 48.883 0.598 

44.985 2.417 29.910 17.730 0.025 48.086 64.086 0.665 

55.047 1.144 40.190 17.480 4.828x10-5 61.669 81.814 0.730 

[Bu3NC4]Br 

34.048 5.022 14.974 14.941 5.778 19.723 31.864 0.325 

43.734 2.778 20.034 14.923 2.387 23.967 46.460 0.427 

49.522 1.880 25.312 14.941 0.878 27.679 55.062 0.491 

53.548 1.401 29.790 17.750 0.014 37.811 64.742 0.556 

65.722 0.477 39.900 17.560 3.460x10-4 43.956 78.802 0.607 

[MepyrNC4]Br 

36.792 6.398 24.961 14.978 8.764 26.711 34.599 0.578 

37.478 6.132 27.014 15.346 2.597 36.845 46.475 0.700 

42.197 4.539 29.944 14.898 2.010 38.513 52.623 0.695 

[C4mim]Br 

32.578 8.190 25.046 14.998 4.198 33.842 38.255 0.735 

35.532 6.853 27.357 15.010 1.540 40.769 48.018 0.760 

39.931 5.195 29.673 15.407 0.853 44.098 55.140 0.738 

54.397 1.830 38.850 17.410 0.015 60.073 79.685 0.732 

[N4444]Br 

25.441 7.752 14.775 15.032 5.963 21.046 23.582 0.452 

32.537 5.380 19.950 15.022 1.466 29.182 39.140 0.595 

44.451 2.873 25.058 15.180 1.134 30.363 51.303 0.552 
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C.2. Performance parameters determination 

Table C.9. Performance of ABS composed of IL + K2HPO4/KH2PO4 pH 7 + H2O for the purification of anti-IL-8 

mAbs directly from CHO cell culture supernatant given by the recovery yield (%YieldIgG) and purification 

factor (%PurityIgG). 

 

 

  

25 wt% IL + 15 wt% K2HPO4/KH2PO4 pH 7 + 22.5 wt% H2O + 37.5 wt% CHO cell culture supernatant 

IL %YieldIgG ± σ PF ± σ 

[Et3NC4]Br 92.3 ± 0.6 1.0 ± 0.0 

[Pr3NC4]Br 97.3 ± 1.9 1.3 ± 0.1 

[Bu3NC4]Br 100.0 ± 8.0 1.5 ± 0.1 

[MepyrNC4]Br 97.0 ± 6.5 1.1 ± 0.1 

[C4mim]Br 73.1 ± 3.4 1.2 ± 0.1 

[N4444]Br 73.1 ± 4.4 1.0 ± 0.2 

30 wt% IL + 15 wt% K2HPO4/KH2PO4 pH 7 + 17.5 wt% H2O + 37.5 wt% CHO cell culture supernatant 

IL %YieldIgG ± σ PF ± σ 

[Pr3NC4]Br 19.8 ± 1.9 1.0 ± 0.2 

[Bu3NC4]Br 100.0 ± 3.4 1.6 ± 0.3 

[MepyrNC4]Br 61.3 ± 6.1 0.8 ± 0.1 

[C4mim]Br 100.0 ± 6.8 1.3 ± 0.1 

40 wt% IL + 15 wt% K2HPO4/KH2PO4 pH 7 + 7.5 wt% H2O + 37.5 wt% CHO cell culture supernatant 

IL %YieldIgG ± σ PF ± σ 

[Pr3NC4]Br 49.8 ± 1.1 0.8 ± 0.0 

[Bu3NC4]Br 60.4 ± 5.2 0.8 ± 0.1 

[C4mim]Br 100.0 ± 8.1 1.3 ± 0.2 
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Table C.10. Water content (in weight fraction percentage; determined by the TL data) in the top (IL-rich) 

phase of the systems evaluated for the extraction and purification of anti-IL-8 mAbs directly from CHO cell 

culture supernatant using ABS composed of 25, 30 and 40 wt% IL + 15 wt% K2HPO4/KH2PO4 pH 7 + H2O. 

 

  

IL 25 wt% IL 30 wt% IL 40 wt% IL 

[Et3NC4]Br 57.550 - - 

[Pr3NC4]Br 56.057 52.598 43.810 

[Bu3NC4]Br 48.598 45.050 33.801 

[MepyrNC4]Br 56.810 53.260 - 

[C4mim]Br 59.232 54.870 43.773 

[N4444]Br 52.676 - - 
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Table C.11. Performance parameters of the mAbs purification two-step process based on: (a) an ABS step 

using a system composed of 40 wt% [Bu3NC4]Br + 15 wt% K2HPO4/KH2PO4 pH 7 + 7.5 wt% H2O + 37.5 wt% 

CHO cell culture supernatant and (b) an ultrafiltration (UF) step. Parameters evaluated: mAbs concentration 

([IgG]), recovery yield (%YieldIgG), purity level (%PurityIgG), purification factor (PF), and activity of mAbs 

(%Activityanti-IL-8) (whenever applicable). Overall processes refers to the final product obtained by the two-

step platforms based on the following unit operations: (i) TPP (TOP phase) + UF (retentate); (ii) TPP (TOP 

phase) + UF (filtrate); (iii) TPP (Precipitate) + UF (retentate); (iv) TPP (Precipitate) + UF (filtrate). 

 

  

 
[IgG] ± σ 

(mg∙L-1) 
%YieldIgG ± σ %PurityIgG ± σ PF ± σ %Activityanti-IL-8 

Supernatant 99.4 - 22.7 - 90.6 ± 1.3 

ABS TOP phase 42.4 ± 5.0 60.4 ± 5.2 17.4 ± 2.0 0.8 ± 0.1 90.5 ± 2.0 

UF 
Retentate 19.7 ± 3.4 47.3 ± 13.5 32.8 ± 1.5 1.4 ± 0.1 

66.4 ± 2.4 
Filtrate 23.4 ± 5.7 45.1 ± 16.1 29.8 ± 5.7 1.3 ± 0.1 

ABS Precipitate 46.4 ± 3.3 41.0 ± 2.6 60.9 ± 2.0 2.7 ± 0.1 74.7 ± 3.2 

UF 
Retentate 24.5 ± 2.7 52.7 ± 2.2 63.5 ± 1.8 2.8 ± 0.1 

52.7 ± 3.7 
Filtrate 8.3 ± 1.3 18.1 ± 4.0 67.2 ± 1.8 3.0 ± 0.1 

Overall process (i) 19.7 ± 3.4 28.6 ± 18.7 32.8 ± 1.5 1.4 ± 0.1 - 

Overall process (ii) 23.4 ± 5.7 27.2 ± 21.3 29.8 ± 5.7 1.3 ± 0.1 - 

Overall process (iii) 24.5 ± 2.7 21.6 ± 4.8 63.5 ± 1.8 2.8 ± 0.1 - 

Overall process (iv) 8.3 ± 1.3 7.4 ± 6.6 67.2 ± 1.8 3.0 ± 0.1 - 
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Table C.12. Performance parameters of the mAbs purification two-step process after the IL recycling. 

Recovery yields (%YieldIgG) and purity levels (%PurityIgG) determined in the three cycles, for the top phase 

and precipitate in the TPP and UF steps. 

 

 

  

  %YieldIgG ± σ %PurityIgG ± σ 

1st cycle 

TOP phase TPP 60.4 ± 5.2 17.4 ± 2.0 

UF 47.3 ± 13.5 32.8 ± 1.5 

Precipitate TPP 41.0 ± 2.6 60.9 ± 2.0 

UF 52.7 ± 2.2 63.5 ± 1.8 

2nd cycle 

TOP phase TPP 73.4 ± 15.8 17.0 ± 0.4 

UF 47.1 ± 4.6 34.2 ± 5.7 

Precipitate TPP 41.1 ± 18.8 64.9 ± 8.6 

UF 62.4 ± 2.5 59.8 ± 6.7 

3rd cycle 

TOP phase TPP 58.3 ± 5.3 17.9 ± 3.2 

UF 46.4 ± 5.3 34.7 ± 4.2 

Precipitate TPP 40.7 ± 7.6 60.2 ± 7.8 

UF 55.9 ± 2.7 64.6 ± 4.3 
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C.3. ABS macroscopic aspect and chromatographic profiles 

 

Figure C.1. Macroscopic aspect of the ABS composed of 40 wt% [Bu3NC4]Br + 15 wt% KH2PO4/K2HPO4 pH 7 + 

22.5 wt% H2O + 37.5 wt% CHO cell culture supernatant, where the top phase corresponds to the IL-rich 

phase and the bottom phase to the salt-rich phase. The precipitate rich in proteins is at the interface. 

 

 

Figure C.2. SE-HPLC chromatographic profiles of mAbs purification in the top phase/precipitate of ABS 

composed of 40 wt% [Bu3NC4]Br + 15 wt% KH2PO4/K2HPO4 pH 7 + 7.5 wt% H2O + 37.5 wt% CHO cell culture 

supernatant (–), and after an ultrafiltration step of both samples: retentate (–) and filtrate (∙∙). 
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This appendix contains supplementary data of subchapter 3.1: “Three-phase partitioning 

systems based on aqueous biphasic systems with ionic liquids as novel strategies for the 

purification and recovery of antibodies”.

D.1. Performance parameters determination – human serum 

Table D.1. Evaluation of the effect of the polymer molecular weight on the recovery and purification of 

human IgG in the top PEG-rich phase (TOP), precipitate layer (PP) and bottom salt-rich phase (BOT), using 

ABS 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 

PEG 600 

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 ± 3.5 

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

PEG 1000 

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 ± 1.6 

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

PEG 1500 

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 ± 1.3 

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

PEG 2000 

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 ± 1.5 

BOT 1.8 ± 0.2 11.8 ± 1.6 16.7 ± 0.9 88.2 ± 1.6 
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Table D.2. Evaluation of the effect of the IL ions on the recovery and purification of human IgG in the top 

PEG-rich phase (TOP), precipitate layer (PP) and bottom salt-rich phase (BOT), using ABS 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). 

 

 

  

IL 
 

%YieldIgG %PurityIgG %YieldHSA %PurityHSA 

No IL 

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 ± 1.6 

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

[C4mim]Br 

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 

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

[C4mim]Cl 

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 

BOT 6.5 ± 1.5 30.7 ± 1.1 13.9 ± 3.1 69.3 ± 1.1 

[N4444]Br 

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 

BOT 0.0 ± 0.0 0.0 ± 0.0 2.3 ± 0.3 100.0 ± 0.0 

[P4444]Br 

TOP 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 

PP 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 

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

[N4444]Cl 

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 

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

[P4444]Cl 

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 

BOT 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 
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Table D.3. Evaluation of the effect of the IL concentration on the recovery and purification of human IgG in 

the top PEG-rich phase (TOP), precipitate layer (PP) and bottom salt-rich phase (BOT), using ABS 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). 

IL / % 
 

%YieldIgG %PurityIgG %YieldHSA %PurityHSA 

No IL 

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 ± 1.6 

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

[C4mim]Br 

1 wt% 

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±  

BOT 1.4 ± 0.4 10.0 ± 0.2 15.7 ± 2.2 90.0 ± 0.2 

2 wt% 

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 ± 8.1 

BOT 4.5 ± 0.1 12.5 ± 0.2 26.7 ± 0.4 87.5 ± 0.2 

5 wt% 

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 

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

10 wt% 

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 ± 1.6 

BOT 1.5 ± 0.1 25.3 ± 0.4 5.4 ± 0.1 74.7 ± 0.4 

15 wt% 

TOP 8.5 ± 1.4 8.1 ± 1.6 69.6 ± 4.8 91.9 ± 1.6 

PP 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 

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

[C4mim]Cl 

1 wt% 

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 ± 4.0 

BOT 3.9 ± 1.1 17.9 ± 0.9 18.1 ± 3.0 82.1 ± 0.9 

2 wt% 

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 ± 1.4 

BOT 4.5 ± 3.2 16.2 ± 11.5 22.5 ± 15.9 83.8 ± 9.2 

5 wt% 

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 

BOT 6.5 ± 1.5 30.7 ± 1.1 13.9 ± 3.1 69.3 ± 1.1 

10 wt% 

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 ± 1.6 

BOT 2.6 ± 1.3 37.8 ± 8.9 4.3 ± 1.4 81.1 ± 26.7 

15 wt% TOP 12.2 ± 1.3 14.3 ± 1.2 63.4 ± 0.0 85.7 ± 1.2 
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PP 0.1 ± 0.0 37.4 ± 1.5 2.8 ± 0.0 62.6 ± 1.5 

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

[N4444]Br 

1 wt% 

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 ± 1.6 

BOT 0.0 ± 0.0 0.0 ± 0.0 5.3 ± 0.2 100.0 ± 0.0 

2 wt% 

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 ± 3.3 

BOT 0.6 ± 0.3 26.7 ± 3.3 3.9 ± 0.1 86.7 ± 18.9 

5 wt% 

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 

BOT 0.0 ± 0.0 0.0 ± 0.0 2.3 ± 0.3 100.0 ± 0.0 

10 wt% 

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 ± 2.5 

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

15 wt% 

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 

BOT 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 
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D.2. TPP/ABS macroscopic aspect 

 

Figure D.1. Example of the macroscopic aspect of the TPP/ABS 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 interface (except in 

the system with serum-containing cell culture supernatant, in which no precipitate was created). 
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D.3. Performance parameters determination – cell culture supernatants 

Table D.4. Performance evaluation 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 recovery 

and purification 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) 

and purity level (%PurityIgG). 

 

  

IL 
 

%YieldIgG %PurityIgG 

No IL 

TOP 41.0 ± 5.1 41.8 ± 5.6 

PP 55.3 ± 1.1 82.8 ± 2.0 

BOT 0.0 ± 0.0 0.0 ± 0.0 

[C4mim]Cl 1 wt% 

TOP 26.9 ± 1.7 31.9 ± 4.5 

PP 74.4 ± 2.6 89.2 ± 1.5 

BOT 0.0 ± 0.0 0.0 ± 0.0 

[N4444]Br 1 wt% 

TOP 13.5 ± 1.5 23.4 ± 1.0 

PP 79.7 ± 0.2 85.9 ± 0.9 

BOT 0.0 ± 0.0 0.0 ± 0.0 
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Figure D.2. SE-HPLC chromatograms of serum-free cell culture supernatant (–) and phases of the TPP 

systems composed of 20 wt% PEG 1000 + 25 wt% K3C6H5O7/C6H8O7 + 40 wt% serum-free CHO cell culture 

supernatant + 15 wt% H2O/IL: (A) precipitate fraction of the TPP with no IL (–); (B) precipitate fraction of the 

TPP with 1 wt% [N4444]Br (–); (C) precipitate fraction of the TPP with 1 wt% [C4mim]Cl (–); (D) phases of the 

TPP with 1 wt% [C4mim]Cl – top (∙∙), bottom (--) and precipitate (–). 
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This appendix contains supplementary data of subchapter 4.1: “Novel downstream routes 

for the purification of antibodies using supported ionic liquids materials”. 

E.1. Factorial planning 

Table E.1. Factors tested and experimental Central Composite Rotatable Design levels. 

 

Table E.2. Factors tested and experimental Central Composite Rotatable Design levels for each system 

(coded and uncoded). 

 Axial Point 
Factorial 

Point 
Central Point 

Factorial 

Point 
Axial Point 

 -1.68 -1 0 1 1.68 

Contact time (min) 9.6 30.0 60.0 90.0 110.4 

pH 1.6 3.0 5.0 7.0 8.4 

S:L ratio (mg·mL-1) 16.0 50.0 100.0 150.0 184.0 

 Coded coefficients Uncoded coefficients 

System 
Contact 

time (min) 
pH 

S:L ratio 

(mg·mL-1) 

Contact 

time (min) 
pH 

S:L ratio 

(mg·mL-1) 

1 -1 -1 -1 30.0 3 50.0 

2 1 -1 -1 90.0 3 50.0 

3 -1 1 -1 30.0 7 50.0 

4 1 1 -1 90.0 7 50.0 

5 -1 -1 1 30.0 3 150.0 

6 1 -1 1 90.0 3 150.0 

7 -1 1 1 30.0 7 150.0 

8 1 1 1 90.0 7 150.0 

9 -1.68 0 0 9.6 5 100.0 

10 1.68 0 0 110.4 5 100.0 

11 0 -1.68 0 60.0 1.64 100.0 

12 0 1.68 0 60.0 8.36 100.0 

13 0 0 -1.68 60.0 5 16.0 

14 0 0 1.68 60.0 5 184.0 

15 0 0 0 60.0 5 100.0 

16 0 0 0 60.0 5 100.0 

17 0 0 0 60.0 5 100.0 
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E.2. SILs characterization 

 
 

Figure E.1. Solid-state 13C NMR spectra of [Si][C3]Cl and SILs ([Si][C3mim]Cl, [Si][N3444]Cl and [Si][N3888]Cl). 
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Figure E.2. ATR-FTIR spectra of the different materials under study: activated silica (∙∙); [Si][C3]Cl (--); 

[Si][C3mim]Cl (–); [Si][N3444]Cl (–); and [Si][N3888]Cl (–). 
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Figure E.3. SEM images of the activated silica and synthesized SILs ([Si][C3mim]Cl, [Si][N3444]Cl and 

[Si][N3888]Cl) at two different magnifications (500 × and 10000 ×). 
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E.3. Factorial planning using [Si][C3mim]Cl 

Table E.3. Data attributed to the independent variables (S:L ratio, pH and contact time) to define the 23 

factorial planning and respective experimental results of recovery yield of IgG using [Si][C3mim]Cl, 

theoretical results of the developed mathematical model and respective relative deviation. 

 

  

System 
S:L ratio 

(mg·mL-1) 
pH 

Contact time 

(min) 

%YieldIgG 

experimental 

%YieldIgG 

theoretical 
Residues 

1 50.0 3 30.0 100.0 97.0 3.0 

2 50.0 3 90.0 100.0 97.8 2.2 

3 50.0 7 30.0 63.3 69.0 -5.6 

4 50.0 7 90.0 68.3 73.6 -5.3 

5 150.0 3 30.0 100.0 97.8 2.3 

6 150.0 3 90.0 97.2 94.6 2.5 

7 150.0 7 30.0 58.7 64.0 -5.3 

8 150.0 7 90.0 58.7 64.7 -6.1 

9 100.0 5 9.6 84.9 83.0 1.9 

10 100.0 5 110.4 86.7 84.3 2.5 

11 100.0 1.64 60.0 100.0 107.4 -7.4 

12 100.0 8.36 60.0 70.5 58.7 11.8 

13 16.0 5 60.0 86.4 84.4 2.0 

14 184.0 5 60.0 80.0 77.6 2.4 

15 100.0 5 60.0 88.6 86.6 2.0 

16 100.0 5 60.0 84.0 86.6 -2.6 

17 100.0 5 60.0 86.5 86.6 -0.2 
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Table E.4. Regression coefficients of the predicted second-order polynomial model for the recovery yield of 

IgG with [Si][C3mim]Cl. 

 

Table E.5. ANOVA data for the recovery yield of IgG, obtained from the factorial planning carried with 

[Si][C3mim]Cl. 

 

  

 
Regression 

coefficients 
Standard deviation t-student (7) p - value 

Interception 99.8 29.4 3.4 0.0 

S:L ratio 0.2 0.2 0.9 0.4 

S:L ratio2 0.0 0.0 -0.9 0.4 

pH -3.6 6.6 -0.6 0.6 

pH2 -0.3 0.5 -0.6 0.6 

Time 0.1 0.4 0.3 0.7 

Time2 0.0 0.0 -0.5 0.6 

S:L ratio × pH -0.0 0.0 -0.6 0.6 

S:L ratio × Time 0.0 0.0 -0.4 0.7 

pH × Time 0.0 0.0 0.4 0.7 

 
Sum Squares 

(SS) 

Degrees of 

Freedom 
Mean Square Fcal p - value 

S:L ratio 57.0 1.0 57.0 1.1 0.3 

S:L ratio2 44.8 1.0 44.8 0.8 0.4 

pH 2865.6 1.0 2865.6 53.7 0.0 

pH2 18.0 1.0 18.0 0.3 0.6 

Time 2.1 1.0 2.1 0.0 0.9 

Time2 12.9 1.0 12.9 0.2 0.6 

S:L ratio × pH 16.4 1.0 16.4 0.3 0.6 

S:L ratio × Time 7.6 1.0 7.6 0.1 0.7 

pH × Time 7.6 1.0 7.6 0.1 0.7 

Error 373.7 7.0 53.4   

Total SS 3381.8 16.0    
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Figure E.4. Predicted versus observed values for the recovery yield of IgG from human serum using 

[Si][C3mim]Cl. 
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Table E.6. Data attributed to the independent variables (S:L ratio, pH and contact time) to define the 23 

factorial planning and respective experimental results of purity of IgG using [Si][C3mim]Cl, theoretical 

results of the developed mathematical model and respective relative deviation. 

 

  

System 
S:L ratio 

(mg·mL-1) 
pH 

Contact time 

(min) 

%PurityIgG 

experimental 

%PurityIgG 

theoretical 
Residues 

1 50.0 3 30.0 45.8 45.0 0.9 

2 50.0 3 90.0 46.9 46.2 0.7 

3 50.0 7 30.0 42.2 40.4 1.8 

4 50.0 7 90.0 42.7 41.1 1.6 

5 150.0 3 30.0 43.6 42.1 1.6 

6 150.0 3 90.0 42.8 41.4 1.4 

7 150.0 7 30.0 46.4 43.9 2.5 

8 150.0 7 90.0 45.0 42.7 2.3 

9 100.0 5 9.6 40.4 42.8 -2.4 

10 100.0 5 110.4 40.8 42.8 -2.1 

11 100.0 1.64 60.0 42.6 43.7 -1.1 

12 100.0 8.36 60.0 37.6 41.0 -3.4 

13 16.0 5 60.0 42.1 43.5 -1.4 

14 184.0 5 60.0 39.4 42.5 -3.1 

15 100.0 5 60.0 42.2 41.0 1.2 

16 100.0 5 60.0 40.4 41.0 -0.6 

17 100.0 5 60.0 41.2 41.0 0.2 
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Table E.7. Regression coefficients of the predicted second-order polynomial model for the purity of IgG with 

[Si][C3mim]Cl. 

 

Table E.8. ANOVA data for the purity of IgG, obtained from the factorial planning carried with [Si][C3mim]Cl. 

 

  

 
Regression 

coefficients 
Standard deviation t-student (7) p - value 

Interception 57.6 11.7 4.9 0.0 

S:L ratio -0.1 0.1 -1.3 0.2 

S:L ratio2 0.0 0.0 0.8 0.4 

pH -3.1 2.6 -1.2 0.3 

pH2 0.1 0.2 0.6 0.6 

Time -0.0 0.2 -0.3 0.8 

Time2 0.0 0.0 0.8 0.5 

S:L ratio × pH 0.0 0.0 1.6 0.2 

S:L ratio × Time 0.0 0.0 -0.5 0.7 

pH × Time 0.0 0.0 -0.1 0.9 

 
Sum Squares 

(SS) 

Degrees of 

Freedom 
Mean Square Fcal p - value 

S:L ratio 1.3 1.0 1.3 0.2 0.7 

S:L ratio2 5.8 1.0 5.8 0.7 0.4 

pH 9.2 1.0 9.2 1.1 0.3 

pH2 2.6 1.0 2.6 0.3 0.6 

Time 0.0 1.0 0.0 0.0 1.0 

Time2 4.8 1.0 4.8 0.6 0.5 

S:L ratio × pH 20.7 1.0 20.7 2.5 0.2 

S:L ratio × Time 1.8 1.0 1.8 0.2 0.7 

pH × Time 0.2 1.0 0.2 0.0 0.9 

Error 58.8 7.0 8.4   

Total SS 100.4 16.0    
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Figure E.5. Predicted versus observed values for the purity of IgG from human serum using [Si][C3mim]Cl. 
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E.4. Factorial planning using [Si][N3444]Cl 

Table E.9. Data attributed to the independent variables (S:L ratio, pH and contact time) to define the 23 

factorial planning and respective experimental results of recovery yield of IgG using [Si][N3444]Cl, theoretical 

results of the developed mathematical model and respective relative deviation. 

 

  

System 
S:L ratio 

(mg·mL-1) 
pH 

Contact time 

(min) 

%YieldIgG 

experimental 

%YieldIgG 

theoretical 
Residues 

1 50.0 3 30.0 10.0 16.6 -6.5 

2 50.0 3 90.0 0.0 2.9 -2.9 

3 50.0 7 30.0 24.5 17.8 6.7 

4 50.0 7 90.0 13.8 23.9 -10.1 

5 150.0 3 30.0 45.1 30.5 14.6 

6 150.0 3 90.0 0.0 2.2 -2.2 

7 150.0 7 30.0 57.0 49.5 7.5 

8 150.0 7 90.0 52.0 41.0 11.1 

9 100.0 5 9.6 33.5 44.5 -11.1 

10 100.0 5 110.4 30.6 25.9 4.7 

11 100.0 1.64 60.0 0.0 -0.4 0.4 

12 100.0 8.36 60.0 26.4 33.2 -6.8 

13 16.0 5 60.0 12.6 2.8 9.8 

14 184.0 5 60.0 12.5 28.8 -16.3 

15 100.0 5 60.0 15.9 13.4 2.4 

16 100.0 5 60.0 10.4 13.4 -3.1 

17 100.0 5 60.0 15.2 13.4 1.8 
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Table E.10. Regression coefficients of the predicted second-order polynomial model for the recovery yield 

of IgG with [Si][N3444]Cl. 

 

Table E.11. ANOVA data for the recovery yield of IgG, obtained from the factorial planning carried with 

[Si][N3444]Cl. 

 

  

 
Regression 

coefficients 
Standard deviation t-student (7) p - value 

Interception 57.1 51.9 1.1 0.3 

S:L ratio 0.0 0.4 0.0 1.0 

S:L ratio2 0.0 0.0 0.2 0.8 

pH -7.0 11.7 -0.6 0.6 

pH2 0.3 1.0 0.3 0.8 

Time -1.4 0.7 -1.9 0.1 

Time2 0.0 0.0 2.0 0.1 

S:L ratio × pH 0.0 0.1 1.0 0.4 

S:L ratio × Time 0.0 0.0 -0.8 0.5 

pH × Time 0.1 0.1 1.1 0.3 

 
Sum Squares 

(SS) 

Degrees of 

Freedom 
Mean Square Fcal p - value 

S:L ratio 816.7 1.0 816.7 4.9 0.1 

S:L ratio2 7.7 1.0 7.7 0.1 0.8 

pH 1368.2 1.0 1368.2 8.2 0.0 

pH2 12.5 1.0 12.5 0.1 0.8 

Time 419.5 1.0 419.5 2.5 0.2 

Time2 669.0 1.0 669.0 4.0 0.1 

S:L ratio × pH 159.0 1.0 159.0 1.0 0.4 

S:L ratio × Time 107.7 1.0 107.7 0.7 0.5 

pH × Time 194.3 1.0 194.3 1.2 0.3 

Error 1165.1 7.0 166.4   

Total SS 4935.4 16.0    
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Figure E.6. Predicted versus observed values for the recovery yield of IgG from human serum using 

[Si][N3444]Cl. 
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Table E.12. Data attributed to the independent variables (S:L ratio, pH and contact time) to define the 23 

factorial planning and respective experimental results of purity of IgG using [Si][N3444]Cl, theoretical results 

of the developed mathematical model and respective relative deviation. 

 

  

System 
S:L ratio 

(mg·mL-1) 
pH 

Contact time 

(min) 

%PurityIgG 

experimental 

%PurityIgG 

theoretical 
Residues 

1 50.0 3 30.0 53.2 47.2 6.1 

2 50.0 3 90.0 0.0 5.8 -5.8 

3 50.0 7 30.0 80.5 80.1 0.4 

4 50.0 7 90.0 72.5 84.5 -11.9 

5 150.0 3 30.0 55.3 55.1 0.2 

6 150.0 3 90.0 0.0 12.1 -12.1 

7 150.0 7 30.0 65.0 70.9 -5.9 

8 150.0 7 90.0 55.8 73.6 -17.8 

9 100.0 5 9.6 57.4 63.5 -6.1 

10 100.0 5 110.4 53.8 31.0 22.7 

11 100.0 1.64 60.0 0.0 -1.3 1.3 

12 100.0 8.36 60.0 93.3 78.0 15.4 

13 16.0 5 60.0 85.8 84.7 1.1 

14 184.0 5 60.0 97.8 82.2 15.6 

15 100.0 5 60.0 98.3 98.9 -0.7 

16 100.0 5 60.0 97.4 98.9 -1.6 

17 100.0 5 60.0 98.2 98.9 -0.7 
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Table E.13. Regression coefficients of the predicted second-order polynomial model for the purity of IgG 

with [Si][N3444]Cl. 

 

Table E.14. ANOVA data for the purity of IgG, obtained from the factorial planning carried with [Si][N3444]Cl. 

 

  

 
Regression 

coefficients 
Standard deviation t-student (7) p - value 

Interception -134.7 63.6 -2.1 0.1 

S:L ratio 0.7 0.5 1.2 0.3 

S:L ratio2 0.0 0.0 -1.2 0.3 

pH 58.4 14.4 4.1 0.0 

pH2 -5.4 1.2 -4.6 0.0 

Time 1.2 0.9 1.4 0.2 

Time2 -0.0 0.0 -3.9 0.0 

S:L ratio × pH -0.0 0.1 -0.8 0.5 

S:L ratio × Time 0.0 0.0 -0.1 0.9 

pH × Time 0.2 0.01 2.0 0.1 

 
Sum Squares 

(SS) 

Degrees of 

Freedom 
Mean Square Fcal p - value 

S:L ratio 7.3 1.0 7.3 0.0 0.9 

S:L ratio2 337.3 1.0 337.3 1.4 0.3 

pH 7601.4 1.0 7601.4 30.4 0.0 

pH2 5183.7 1.0 5183.7 20.7 0.0 

Time 1274.5 1.0 1274.5 5.1 0.1 

Time2 3768.6 1.0 3768.6 15.1 0.0 

S:L ratio × pH 147.6 1.0 147.6 0.6 0.5 

S:L ratio × Time 1.4 1.0 1.4 0.0 0.9 

pH × Time 1043.8 1.0 1043.8 4.2 0.1 

Error 1751.9 7.0 250.3   

Total SS 18945.9 16.0    
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Figure E.7. Predicted versus observed values for the purity of IgG from human serum using [Si][N3444]Cl. 
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E.5. Factorial planning using [Si][N3888]Cl 

Table E.15. Data attributed to the independent variables (S:L ratio, pH and contact time) to define the 23 

factorial planning and respective experimental results of recovery yield of IgG using [Si][N3888]Cl, theoretical 

results of the developed mathematical model and respective relative deviation. 

 

  

System 
S:L ratio 

(mg·mL-1) 
pH 

Contact time 

(min) 

%YieldIgG 

experimental 

%YieldIgG 

theoretical 
Residues 

1 50.0 3 30.0 0.0 5.5 -5.5 

2 50.0 3 90.0 0.0 10.4 -10.4 

3 50.0 7 30.0 35.3 34.5 0.8 

4 50.0 7 90.0 42.8 42.0 0.7 

5 150.0 3 30.0 25.7 28.7 -3.0 

6 150.0 3 90.0 26.2 29.3 -3.1 

7 150.0 7 30.0 67.3 59.1 8.1 

8 150.0 7 90.0 65.5 62.3 3.2 

9 100.0 5 9.6 34.4 35.8 -1.4 

10 100.0 5 110.4 47.2 42.6 4.6 

11 100.0 1.64 60.0 16.8 4.8 12.0 

12 100.0 8.36 60.0 48.2 56.9 -8.8 

13 16.0 5 60.0 22.8 15.3 7.5 

14 184.0 5 60.0 47.6 51.8 -4.2 

15 100.0 5 60.0 48.0 43.4 4.7 

16 100.0 5 60.0 45.3 43.4 2.0 

17 100.0 5 60.0 36.2 43.4 -7.2 
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Table E.16. Regression coefficients of the predicted second-order polynomial model for the recovery yield 

of IgG with [Si][N3888]Cl. 

 

Table E.17. ANOVA data for the recovery yield of IgG, obtained from the factorial planning carried with 

[Si][N3888]Cl. 

 

  

 
Regression 

coefficients 
Standard deviation t-student (7) p - value 

Interception -68.1 38.1 -1.8 0.1 

S:L ratio 0.5 0.3 1.7 0.1 

S:L ratio2 0.0 0.0 -1.2 0.3 

pH 17.8 8.6 2.1 0.1 

pH2 -1.1 0.7 -1.6 0.2 

Time 0.3 0.5 0.5 0.6 

Time2 0.0 0.0 -0.5 0.6 

S:L ratio × pH 0.0 0.0 0.1 0.9 

S:L ratio × Time 0.0 0.0 -0.3 0.8 

pH × Time 0.0 0.1 0.2 0.9 

 
Sum Squares 

(SS) 

Degrees of 

Freedom 
Mean Square Fcal p - value 

S:L ratio 1612.3 1.0 1612.3 17.9 0.004 

S:L ratio2 135.7 1.0 135.7 1.5 0.3 

pH 3280.2 1.0 3280.2 36.5 0.0005 

pH2 220.1 1.0 220.1 2.5 0.2 

Time 56.2 1.0 56.2 0.6 0.5 

Time2 24.6 1.0 24.6 0.3 0.6 

S:L ratio × pH 01.0 1.0 1.0 0.0 0.9 

S:L ratio × Time 9.6 1.0 9.6 0.1 0.8 

pH × Time 3.3 1.0 3.3 0.0 0.9 

Error 629.8 7.0 90.0   

Total SS 5871.9 16.0    
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Figure E.8. Predicted versus observed values for the recovery yield of IgG from human serum using 

[Si][N3888]Cl. 
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Table E.18. Data attributed to the independent variables (S:L ratio, pH and contact time) to define the 23 

factorial planning and respective experimental results of purity of IgG using [Si][N3888]Cl, theoretical results 

of the developed mathematical model and respective relative deviation. 

 

  

System 
S:L ratio 

(mg·mL-1) 
pH 

Contact time 

(min) 

%PurityIgG 

experimental 

%PurityIgG 

theoretical 
Residues 

1 50.0 3 30.0 0.0 7.9 -7.9 

2 50.0 3 90.0 0.0 10.7 -10.7 

3 50.0 7 30.0 66.7 65.3 1.4 

4 50.0 7 90.0 81.1 72.2 8.9 

5 150.0 3 30.0 24.8 34.4 -9.7 

6 150.0 3 90.0 28.7 30.8 -2.1 

7 150.0 7 30.0 59.9 50.0 10.0 

8 150.0 7 90.0 57.7 50.5 7.2 

9 100.0 5 9.6 45.5 42.2 3.4 

10 100.0 5 110.4 42.7 45.0 -2.3 

11 100.0 1.64 60.0 22.4 4.6 17.8 

12 100.0 8.36 60.0 52.7 69.4 -16.7 

13 16.0 5 60.0 43.5 38.9 4.6 

14 184.0 5 60.0 39.3 42.8 -3.6 

15 100.0 5 60.0 43.7 44.1 -0.4 

16 100.0 5 60.0 42.4 44.1 -1.7 

17 100.0 5 60.0 46.0 44.1 1.9 
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Table E.19. Regression coefficients of the predicted second-order polynomial model for the purity of IgG 

with [Si][N3888]Cl. 

 

Table E.20. ANOVA data for the purity of IgG, obtained from the factorial planning carried with [Si][N3888]Cl. 

 

  

 
Regression 

coefficients 
Standard deviation t-student (7) p - value 

Interception -82.7 51.7 -1.6 0.2 

S:L ratio 0.7 0.4 1.6 0.2 

S:L ratio2 0.0 0.0 -0.3 0.8 

pH 25.4 11.7 2.2 0.1 

pH2 -0.6 1.0 -0.7 0.5 

Time 0.1 0.7 0.1 0.9 

Time2 0.0 0.0 -0.1 1.0 

S:L ratio × pH -0.1 0.1 -2.3 0.1 

S:L ratio × Time 0.0 0.0 -0.4 0.7 

pH × Time 0.0 0.1 0.2 0.8 

 
Sum Squares 

(SS) 

Degrees of 

Freedom 
Mean Square Fcal p - value 

S:L ratio 19.0 1.0 19.0 0.1 0.7 

S:L ratio2 14.7 1.0 14.7 0.09 0.8 

pH 5063.0 1.0 5063.0 30.6 0.0009 

pH2 71.0 1.0 71.0 0.4 0.5 

Time 9.4 1.0 9.4 0.06 0.8 

Time2 0.4 1.0 0.4 0.002 1.0 

S:L ratio × pH 875.5 1.0 875.5 5.3 0.06 

S:L ratio × Time 20.4 1.0 20.4 0.1 0.7 

pH × Time 8.4 1.0 8.4 0.05 0.8 

Error 1158.8 7.0 165.6   

Total SS 7232.9 16.0    
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Figure E.9. Predicted versus observed values for the purity of IgG from human serum using [Si][N3888]Cl. 
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E.6. Pareto charts 

 

Figure E.10. Pareto charts obtained for the 23 factorial planning regarding the study of the IgG recovery 

yield using: (A) [Si][C3mim]Cl; (B) [Si][N3444]Cl; and (C) [Si][N3888]Cl. 
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Figure E.11. Pareto charts obtained for the 23 factorial planning regarding the study of the IgG purity using: 

(A) [Si][C3mim]Cl; (B) [Si][N3444]Cl; and (C) [Si][N3888]Cl. 
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E.7. Experimental optimization of the IgG downstream processes 

Table E.21. Performance parameters ([IgG], %YieldIgG, %PurityIgG and %AggregationIgG) regarding IgG 

antibodies recovery and purification from human serum, after contact with [Si][C3mim]Cl (results in the 

aqueous medium), [Si][N3444]Cl and [Si][N3888]Cl (results in the materials), using a S:L ratio of 100 mg·mL-1, 

three different pH values (pH 10, 11 and 12), and a contact time of 60 min. 

 

  

 [IgG] ± σ (mg∙L-1) %YieldIgG ± σ %PurityIgG ± σ %AggregationIgG 

[Si][C3mim]Cl 

pH 10 252.3 ± 1.3 85.5 ± 0.4 40.7 ± 0.3 15.2 ± 1.7 

pH 11 217.2 ± 0.3 74.0 ± 0.1 52.3 ± 0.7 0.0 ± 0.0 

pH 12 77.2 ± 0.8 54.5 ± 0.5 53.1 ± 2.8 0.0 ± 0.0 

[Si][N3444]Cl 

pH 10 151.0 ± 40.1 48.8 ± 3.6 70.8 ± 3.3 16.1 ± 2.1 

pH 11 144.0 ± 8.2 51.0 ± 2.8 88.9 ± 5.5 15.7 ± 3.0 

pH 12 210.0 ± 1.3 23.6 ± 0.5 59.3 ± 0.1 35.3 ± 3.4 

[Si][N3888]Cl 

pH 10 129.0 ± 53.2 56.3 ± 8.0 75.4 ± 7.4 16.2 ± 0.2 

pH 11 71.9 ± 1.7 75.5 ± 0.6 100 ± 3.3 15.9 ± 6.1 

pH 12 222.4 ± 2.3 19.1 ± 0.8 43.1 ± 0.5 31.3 ± 0.9 
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Table E.22. Performance parameters ([IgG], %YieldIgG, %PurityIgG and %AggregationIgG) regarding IgG 

antibodies recovery and purification from human serum, after contact with [Si][C3mim]Cl (results in the 

aqueous medium), using three different S:L ratios (100 mg·mL-1, 150 mg·mL-1 and 200 mg·mL-1) and pH 

values (pH 10, 11 and 12), and a contact time of 60 min. 

 

 

 

 

 

 [IgG] ± σ (mg∙L-1) %YieldIgG ± σ %PurityIgG ± σ %AggregationIgG 

pH 10 

100 mg·mL-1 252.3 ± 1.3 85.5 ± 0.4 40.7 ± 0.3 15.2 ± 1.7 

150 mg·mL-1 214.4 ± 12.4 79.3 ± 4.6 31.3 ± 1.0 13.1 ± 0.1 

200 mg·mL-1 238.2 ± 11.5 88.1 ± 4.3 32.6 ± 0.5 12.3 ± 0.4 

pH 11 

100 mg·mL-1 217.2 ± 0.3 74.0 ± 0.1 52.3 ± 0.7 0.0 ± 0.0 

150 mg·mL-1 191.8 ± 4.2 69.2 ± 1.5 48.6 ± 0.7 5.9 ± 0.1 

200 mg·mL-1 206.8 ± 10.0 74.5 ± 3.6 42.6 ± 1.6 0.0 ± 0.0 

pH 12 

100 mg·mL-1 77.2 ± 0.8 54.5 ± 0.5 53.1 ± 2.8 0.0 ± 0.0 

150 mg·mL-1 83.8 ± 1.1 59.1 ± 0.8 84.2 ± 0.4 0.0 ± 0.0 

200 mg·mL-1 78.3 ± 0.6 55.2 ± 0.4 75.4 ± 0.1 0.0 ± 0.0 

 [IgG] ± σ (mg∙L-1) %YieldIgG ± σ %PurityIgG ± σ %AggregationIgG 

[Si][C3mim]Cl 

Human serum 83.8 ± 1.1 59.1 ± 0.8 84.2 ± 0.4 0.0 ± 0.0 

CHO cell supernatant 35.9 ± 0.1 85.8 ± 0.2 36.8 ± 0.1 0.0 ± 0.0 

Rabbit serum 213.1 ± 5.5 75.7 ± 1.9 51.4 ± 0.6 0.0 ± 0.0 

[Si][N3888]Cl 

Human serum 71.9 ± 1.7 75.5 ± 0.6 100.0 ± 3.3 15.9 ± 6.1 

CHO cell supernatant 21.7 ± 0.2 48.1 ± 0.5 64.9 ± 0.2 4.4 ± 0.2 

Rabbit serum 157.1 ± 0.7 49.8 ± 0.2 96.4 ± 0.3 3.4 ± 0.5 



Novel downstream routes for the purification of antibodies using supported ionic liquid 
materials 

E 

 

355 
 

E.8. Reproducibility and robustness of the developed processes 

Table E.23. Performance parameters ([IgG], %YieldIgG, %PurityIgG and %AggregationIgG) regarding IgG 

antibodies recovery and purification from different complex biological matrices (human serum, CHO cell 

culture supernatants and rabbit serum), after contact with [Si][C3mim]Cl (results in the aqueous medium; 

operation conditions: S:L ratio of 150 mg·mL-1, pH 12 and 60 min of contact time) and [Si][N3888]Cl (results in 

the material; S:L ratio of 100 mg·mL-1, pH 11 and 60 min of contact time). 

 

 

 [IgG] ± σ (mg∙L-1) %YieldIgG ± σ %PurityIgG ± σ %AggregationIgG 

[Si][C3mim]Cl 

Human serum 83.8 ± 1.1 59.1 ± 0.8 84.2 ± 0.4 0.0 ± 0.0 

CHO cell supernatant 35.9 ± 0.1 85.8 ± 0.2 36.8 ± 0.1 0.0 ± 0.0 

Rabbit serum 213.1 ± 5.5 75.7 ± 1.9 51.4 ± 0.6 0.0 ± 0.0 

[Si][N3888]Cl 

Human serum 71.9 ± 1.7 75.5 ± 0.6 100.0 ± 3.3 15.9 ± 6.1 

CHO cell supernatant 21.7 ± 0.2 48.1 ± 0.5 64.9 ± 0.2 4.4 ± 0.2 

Rabbit serum 157.1 ± 0.7 49.8 ± 0.2 96.4 ± 0.3 3.4 ± 0.5 


