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ABSTRACT 

Monoclonal antibodies (mAbs) are widely used therapeutic agents with an ever increasing market 

demand. mAbs production methods have been evolving greatly, yielding high titres and high flow 

streams. Therefore, new, less expensive, but still efficient, easy to scale-up methods are needed to 

meet the demands imposed on the downstream process of mAbs production. Aqueous two-phase 

extraction (ATPE) combined with magnetic separation can be a selective recovery high yield method 

for extracting and purifying mAbs from cell cultures. In this study, ATPSs composed by polyethylene 

glycol (PEG) and Dextran or by Jeffamine and sodium polyacrylate (NaPAA) were supplemented with 

PEG, Dextran or Jeffamine coated magnetic nanoparticles (MNP). The presence of MNPs in ATPSs 

was found to speed up phase segregation, while all particles partitioned to the bottom phase in any 

system. The adsorbing capacity of the polymer coated particles was not great. The best performing 

particles, the Dextran coated ones, only captured 44.4% of the pure antibody loaded in a 7% (w/w) 

PEG 3,350, 5% (w/w) Dextran 500,000 system, with no buffer or NaCl. The interactions MNPs-

antibodies are mainly hydrophobic. Other studies were made regarding the system behaviour and the 

IgG partition with no MNPs. The interactions controlling the partition are complex: hydrophobic, size-

exclusion and electrostatic. Best results were obtained with 9% (w/w) Jeffamine, 10% NaPAA or 7% 

PEG, 5% Dextran systems, at slightly acid pH (5-7) and with low salt concentration (50-100 mM NaCl). 

Higher partition coefficients were obtained in Jeffamine/NaPAA systems, but all systems yielded low 

IgG purity levels. 

 

 

Keywords: Aqueous two-phase system (ATPS); Magnetic nanoparticle (MNP); Polyethylene glycol 

(PEG); Dextran; Jeffamine; Sodium polyacrylate (NaPAA). 
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RESUMO 

Os anticorpos monoclonais são agentes terapêuticos largamente utilizados e com constante aumento 

de procura. Os métodos para a sua produção têm vindo a evoluir rapidamente, sendo produzidos 

cada vez em maior quantidade e maiores concentrações. Por isso, novos métodos de extracção e 

purificação, menos dispendiosos, eficazes e com facilidade de scale-up são necessários. A 

combinação da extracção em sistemas de duas fases aquosas com a separação magnética permite a 

purificação rápida de anticorpos com elevado rendimento e pureza. Neste estudo, sistemas de duas 

fases aquosas compostos por polietilenoglicol (PEG) e dextrano ou por Jeffamine e poliacrilato de 

sódio (NaPAA) foram suplementados com partículas magnéticas cobertas por PEG, dextrano ou 

Jeffamine. A presença das partículas nos sistemas aumenta a velocidade da segregação de fases. A 

capacidade de absorção das partículas é baixa. As partículas que mais anticorpo absorveram foram 

as cobertas com dextrano (44,4%), num sistema composto por 7% (m/m) PEG 3350, 5% Dextran 

500000, sem adição de sal ou tampão. As interacções entre partículas e anticorpo são principalmente 

hidrofóbicas. Outros estudos foram feitos sobre a partição do anticorpo nos sistemas sem partículas 

magnéticas. A partição é controlada por interacções complexas: hidrofóbicas, exclusão molecular e 

electrostáticas. Os melhores resultados foram obtidos em sistemas compostos por 9% Jeffamine, 

10% NaPAA or 7% PEG, 5% dextrano, com pH ligeiramente ácido (5-7) e com concentrações baixas 

de sal (50-100 mM NaCl). Os sistemas Jeffamina/NaPAA deram origem a coeficientes de partição 

mais elevados, mas nenhuma extracção resultou no aumento significativo de pureza. 

 

 

Palavras-chave: Sistema de duas fases aquosas (ATPS); Partículas magnéticas; Polietilenoglicol 

(PEG); Dextrano; Jeffamine; Poliacrilato de sódio (NaPAA). 
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1 INTRODUCTION 

Monoclonal antibodies hold great promise as new biotechnology derived drugs for the treatment of 

several diseases including cancer and auto-immune disorders. The current methods for extraction and 

purification of antibodies are reaching a point close to their maximum capacity. Moreover, the 

traditional methods are simply too expensive to scale up to a level sufficient to deal with the increasing 

product demand and with the constant evolution of animal cell culture and mAb production. 

Hence, new, less expensive, and easy to scale up methods for the downstream processing of 

antibodies have been receiving recent fresh attention. The aqueous two-phase extraction (ATPE) and 

the magnetic separation are two of those processes, and the ones under discussion in this work. 

These two methods have been studied as viable platforms to separate immunoglobulins with high 

yields and, if properly managed, with high purifying capacity. 

The objective of this work is to assess the possibility of a joint extraction process. In this work it will be 

evaluated the use of different ATPSs based on PEG / Dextran and on Jeffamine / sodium polyacrylate 

(NaPAA), supplemented with magnetic nano-particles coated with PEG, Dextran or Jeffamine. 

In order to achieve this goal, and as a mean to compare the integrated magnetic separation – 

aqueous two phase extraction to the ATPE alone, the first studies were performed using non-

supplemented ATPSs. The effect of ionic strength, pH, polymers molecular weight, and polymer 

weight percentage on pure IgG partition was evaluated. Partition studies of IgG obtained from a CHO 

cell supernatant were also performed. The same studies were made for MNP supplemented systems. 

The MNPs partition in ATPS was also investigated. 
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2 LITERATURE REVIEW 

2.1 THE IMMUNE SYSTEM 

The immune system is the main protection against the body invasion by pathogenic organisms such 

as bacteria and viruses. It responds to macromolecules of several types, of which proteins are the 

most important class. In that way, the high specificity of the immune system is the key feature 

regarding the response to the invasion by foreign microorganisms. However, the distinction between 

self and foreign proteins is not always made with accuracy. The body itself has thousands of proteins 

differing from foreign proteins only in detail of amino acid sequences. When the system makes an 

error in this and attacks one of its own proteins, an autoimmune disease may result. For example, in 

myasthenia gravis an autoimmune reaction destroys the acetylcholine receptors of muscle, thus 

preventing nervous stimulation of contraction; in rheumatic fever, an immune response against a 

protein produced by certain strains of Streptococcus produces antibodies that cross-react with a 

protein component of the heart, causing damage to the heart valves; insulin-dependent diabetes is 

(diabetes mellitus type1) caused by an autoimmune attack on pancreatic cells. 

There are two protective mechanisms in the immune system. The production of antibodies is one of 

them. Antibodies are soluble proteins secreted from immune system cells that specifically combine 

with the foreign antigens. The latter term refers to any molecule that is capable of producing a specific 

immune response, in this case with antibody generation. This mechanism of immunity is called 

humoral immunity. The second type of immunity is known as cell-mediated immunity. Special cells 

known as cytotoxic or killer cells recognize abnormal cells in the body, e.g. abnormal cells resulting 

from virus infection. 

Antibodies are produced by a class of lymphocytes referred to as plasma B-cells (one type of white 

blood cells), which develop when B-cells (B-lymphocytes) are appropriately stimulated. The cytotoxic 

or killer cells are T-lymphocytes. Both are produced continuously in the bone marrow (or liver in the 

fetus), but the T-cells have to undergo their primary maturation in the thymus gland (hence T, for 

thymus-derived), located behind the breast bone. The division of labour between B-cells and T-cells is 

complemented by a special kind of T-cell. A B-cell, to produce antibody, must first meet an antigen 

and, secondly, it must be contacted by a helper T-cell that has met the same antigen. These are in a 

class separate from that of cytotoxic T-cells. 

There is no single organ for the immune system. Instead there are vast numbers of separate cells 

distributed roughly as follows: 30% in spleen, 20% in lymph nodes, 40% in intestinal and mucosal 

lymphoid tissue and 10% in blood and lymph circulation. 

As stated previously, one of the key challenges of the immune system is that B-cells should produce 

antibodies to foreign antigens but not to the body’s own components, and that cytotoxic T-cells should 
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attack only abnormal cells of the body. A vital principle is that a given B-cell can produce only one 

specific antibody and that a given T-cell responds to only a single antigen. Since vast numbers of 

antibodies can be produced that means that an equivalent number of different B-cells have to be 

formed, each containing a different gene encoding the antibody it produces. Similarly, there are vast 

numbers of T-cells with different receptors, each specific for a different antigen (Elliott, et al., 1997). 

2.2 STRUCTURE OF ANTIBODIES 

Antibodies belong to a large family of proteins known as immunoglobulins (Ig). The term ―globulin‖ is 

form an early classification system denoting a protein in dilute salt solution. Of the several classes of 

immunoglobulins, IgG is the one usually produced in largest amounts if exposure to an antigen is 

prolonged. IgG is a Y-shaped protein made up of two identical light polypeptide chains and two 

identical heavy chains held together by disulfide bonds. The ends of the Y arms have variable regions 

on both the heavy and light chains. It is these variable regions of the two chains that form the antigen 

binding site on each of the arms. The binding of the antigen is by noncovalent bonds. Therefore, each 

antibody has two identical antigen binding sites, which means that it can crosslink antigen molecules. 

At the fork of the Y there are flexible hinge regions that increase the crosslinking ability of the 

molecule. The other immunoglobulins show this basic but not identical structure. Some, such as IgM, 

are polymeric structures comprised of five subunits, each similar to IgG molecules. 

Partial enzymatic digestion of immunoglobulins generates biological active antibody fragments that 

can be used to elucidate antibody structure or as specific reagents (Figure 2.1). Digestion with papain, 

for example, creates two antigen binding fragments (Fab) and one crystallisable fragment (Fc), the 

latter responsible for the antibody effector functions, such as antibody-dependent cellular cytotoxicity 

(ADCC) and complement-dependent cytotoxicity (CDC). The antibody Fc region bears a highly 

conserved N-glycosylation site, which is essential for Fc-mediated activity. These fragments can be 

produced using recombinant technology. 
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Figure 2.1 - a) Schematic representation of antibodies highlighting both heavy and light chains, and 

showing the variable and constant regions; b) antibody digested by papain yielding three fragments: two 

Fab fragments and one Fc fragment; c) Antibody digested by pepsin yielding two fragments: a F(ab’)2 

fragment and a pFc’ fragmen (images created by user Je at uwo on en.wikipedia [public domain], via 

Wikimedia Commons). 

Although antigens need to be large to produce an immune response, a given antibody binds to only a 

small part of the antigen. This is called the epitope. In the case of a protein antigen, the epitope will be 

made of only a few amino acids. Thus a large protein antigen will usually provoke the production of a 

number of different antibodies, each combining with a specific epitope and each produced by a 

different clone of B-cells. 

The body is capable of producing vast numbers of different antibodies that combine with the vast 

numbers of different antigens to which the body is potentially exposed to. The specific antibodies differ 

in the precise amino acid sequences of their binding sites. This is achieved by the light and heavy 

chains at their ends being individually variable in their amino acid sequences so that a vast number of 

different combining sites are possible – one type per cell – and hence there is potentially a 

correspondingly a large number of different antibodies. The principle is that the immune system 

arranges to randomly produce B-cells differing in their genes coding for antibodies. Each newly 

developed B-cell can produce, in terms of antigen specificity, only a single antibody species, but each 

cell produces a different one, which, at this stage, is not released but molecules of it are fixed into the 

plasma membrane with the antigen-combining sites on the outside. Whatever antigen comes along, 

one or more of these displayed antibodies happen to bind to it by sheer chance, initiating B-cell 

activation. 

2.3 MONOCLONAL ANTIBODIES 

As previously stated, a host will produce a large number of different antibodies that recognize 

independent epitopes on the surface of the antigen. This mixture of antibodies is designated by 

polyclonal antibodies, where each different antibody clone is produced by a different clone of plasma 

cells. Hence, serum is a very good source of polyclonal antibodies. By opposition, monoclonal 

antibodies are produced by one single plasma cell clone. 

a) b) c)
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Monoclonal antibodies are highly specific antibodies that can be produced in vitro from hybridoma 

cells. These hybridoma cells are created by isolating plasma cells precursors which are then fused 

with immortal cells. These antibodies can be murine, chimeric, humanized and fully human, depending 

on the origin of their production. Murine antibodies, which are produced using mouse hybridomas, can 

be labelled by the human system as foreign proteins and an allergic like response can be triggered 

with serious side effects. The human immune system generates its own human antibodies against the 

introduced mouse antibody – Human Anti-Mouse Antibodies (HAMA response). Also, murine 

antibodies may prove ineffective as human therapeutics, due to their rapid removal from the human 

organism and to their weak ability to recruit human immune system processes necessary to clear the 

target antigen. Despite these disadvantages there are several antibody products in the market which 

are fully murine. Nevertheless, most of them are used in low dosages, namely either only for diagnosis 

(Prostacint) or conjugated with radioisotopes (Zelanin and Bexxar). In order to overcome the HAMA 

response, chimeric, humanized and fully human antibodies, have been developed in vitro by replacing 

part of the mouse genes with human antibody genes. The main difference between these antibody 

types refers to the percentage of human protein in their sequence. Chimeric antibodies are a 

genetically engineered fusion protein o mouse variable regions with human constant regions. 

Generally, chimeric antibodies contain approximately 33% mouse protein and 67% human protein. In 

order to reduce the HAMA response, they combine the specificity of the murine antibody with the 

efficient human immune system interaction of a human antibody. Still, chimeric antibodies can provoke 

a HAMA similar response called HACA response (Human Anti-Chimeric Antibodies) and thereby 

exhibit reduced efficacy as a therapeutic. Another genetically engineered antibody version is the 

humanized antibody in which the antigen complementary determining regions of the mouse variable 

region are graft in a human antibody framework (5-10% mouse, 90-95% human). This kind of 

antibodies, marketed and in clinical trials, show minimal or no response from the human immune 

system against them. Ultimately, the term ―fully human‖ and ―human‖ antibody has been used to label 

those antibodies derived from transgenic mice carrying human antibody genes or from human 

hybridoma cells. To the human immune system, however, the difference between ―fully human‖, 

―human‖ and ―humanized‖ antibodies may be negligible or nonexistent, and as such all three may be 

of equal efficacy and safety(Genentech, Inc.). 

2.3.1 Market Achievements 

Significant advances have been made over the years in the design of monoclonal antibodies as 

therapeutics that have improved bioavailability, optimized affinity, improved binding specificity, and 

human antibody sequences to reduce any immunogenic effects. As a consequence, several 

monoclonal antibodies have been launched into the market for the treatment of several diseases, 

including several forms of cancer, multiple sclerosis, immunological disorders and transplant rejection. 

Some of the monoclonal antibodies and related proteins available on the market as therapeutics are 

shown in Table 2.1. 
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Table 2.1 - Monoclonal antibodies and related proteins on the market(Shukla, et al., 2010). 

Trade name Target Indication Company Year Antibody type 

Monoclonal antibodies 

Orthoclone 
OKT3 

CD3 Acute kidney transplant rejection Ortho Biotech 1986 Murine 

ReoPro 
Platelet GP 
IIb/IIIa 

Prevention of blood clot Centocor 1994 Chimeric 

Rituxan CD 20 Non-Hodgkin's Lymphoma 
Genentech / Biogen-
Idec 

1997 Chimeric 

Zenapax IL2Ra (CD25) Acute kidney transplant rejection Hoffman-LaRoche 1997 Humanized 

Simulect IL2R Prophylaxis of acute organ rejection Novartis 1998 Chimeric 

Synagis RSV Respiratory Synctial Virus Medimmune 1998 Humanized 

Remicade TNFa Rheumatoid arthritis Centocor 1998 Chimeric 

Herceptin Her2 Metastatic breast cancer Genentech 1998 Humanized 

Mylotarg CD33 Acute mylogenous lymphoma Wyeth-Ayerst 2000 Humanized 

Campath CD52 B cell chronic lymphocytic leukemia Takeda 2001 Humanized 

Zevalin CD20 Non-Hodgkin's Lymphoma Biogen-Idec 2002 Murine 

Humira TNFa Rheumatoid arthritis Abbot 2002 Human 

Bexxar CD20 Non-Hodgkin's Lymphoma Corixa / GSK 2003 Murine 

Xolair IgE Allergy Genentech / Novartis 2003 Humanized 

Erbitux EGFR/Her1 Colorectal cancer 
Bristol-Myers Squibb / 
Imclone (Eli Lilly) 

2004 Humanized 

Avastine VEGF Colorectal cancer Genentech 2004 Humanized 

Raptiva CD11a Psoriasis Genentech / Xoma 2004 Humanized 

Tysabri A4 integrin Mutiple sclerosis Biogen-Idec / Elan 2004 Humanized 

Vectibix EGFR Colorectal cancer Amgen 2006 Human 

Soliris C5 complement PNH - paroxysmal nocturnal hemoglobinuria Alexion 2007 Humanized 

Stelara IL12 and IL23 Psoriasis Centocor 2008 Human 

Simponi TNFa Rheumatoid arthritis Centocor 2008 Human 

Actemra IL-6 Rheumatoid arthritis Roche 2009 Humanized 

Monoclonal antibody fragments 

Lucentis VEGF-A Age related macular degeneration Genentech 2006 Fab' 

Cimzia TNFα Crohn's disease UCB 2008 Pegylated Fab fragment 

Fc fusion proteins 

Enbrel TNFα 
Rheumatoid arthritis, psoriasis, ankylosing 
spondilitis 

Amgen 1998 
Soluble TNFa receptor 
fused to IgG1 Fc 

Amevive CD 2 Psoriasis Biogen-Idec 2003 LFA3 fused to IgG1 Fc 

Orencia CD80/86 Rheumatoid arthtitis Bristol-Myers Squibb 2005 CTLA4 fused to IgG1 Fc 

Arcalyst IL-1 
CAPS - Cryopyrin Associated Periodic 
Syndrome 

Regeneron 2007 IL-1 receptor fused to Fc 

 

Several cases in which monoclonal antibody therapies have been approved serve a large patient 

population and/or involve chronic therapy with high doses. Hence, it is fundamental the need for 

production processes that can be developed rapidly to produce consistently and reproducibly large 

quantities of pharmaceutical monoclonal antibodies at moderate costs. In addition, new process 

platforms, in both upstream cell culture and downstream purification, consuming low cost raw 

materials and keeping a high throughput. 
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2.3.2 Monoclonal Antibodies Production 

Industrial manufacturing processes for monoclonal antibodies advanced greatly in the last couple of 

decades attending the rapid growth in product demand. The efforts to amplify production capacity 

through construction of large bulk manufacturing plants as well as improvements in cell culture 

processes to raise product titres led to an excess of manufacturing capacity. This fact, in concert with 

improvements in conventional purification technologies, promises an almost unlimited production 

capacity in a near future. Furthermore, recent advances in increasing titres have also led to a 

reduction in production costs. For example, Chinese Hamster Ovary (CHO) cell lines, which are the 

most commonly used, yield high levels of product synthesis due to increased gene copy number and 

highly effective transcription. 

The reduction of capacity and cost is pressuring for current state-of-the-art bulk production processes 

to shift the focus of process development efforts, which would have important implications for both 

plant design and product development strategies (Kelley, 2009). In particular, the increased cell 

culture productivity has shifted the attention of bioprocess development to operations downstream of 

the production bioreactor. (Shukla, et al., 2010). 

Commercial therapeutic mAbs are expressed by mammalian cells and grown in suspension culture in 

large bioreactors ranging from 5,000 to 25,000 L. The majority of commercial mAbs are expressed 

from just a few cell lines, being CHO cells the dominant choice. CHO cells have several processing 

advantages such as rapid growth, high expression and the ability to be adapted for growth in 

chemically-defined media. Typically production processes run for 7 to 14 days with periodic feeds. 

These fed-batch processes will accumulate mAb titres of 1 to 5 g/L, with companies reporting 10 to 13 

g/L for extended culture durations (Kelley, 2009). 

Naturally, the cell culture medium is a very complex mixture, comprising many different substances, 

for example amino acids, inorganic salts, vitamins, glucose and other organic substances, and often 

supplemented with proteins from bovine or fetal calf serum. After production, other contaminants 

would appear in the exit stream of the cell culture media, such as host cell secreted proteins, DNA, 

viruses and lipids resulting from cell lysis. From all these contaminants the product has to be extracted 

and purified. 
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Figure 2.2 - Schematic of the cell culture bioreactor (Sommerfeld, et al., 2005). 

2.3.3 Monoclonal Antibodies Downstream Processing 

The shifted attention of bioprocess development to operations downstream of the production 

bioreactor mentioned before has rejuvenated the interest of using non-chromatographic separation 

processes. Purification processes developed in the 1990’s implementing the separation media 

(chromatographic resins and membranes) available at the time were not capable of purifying 2 to 5 g/L 

feedstreams. Improvements in separation media made it possible nowadays for facilities to purify up to 

5 g/L titre streams, which could generate batches of 15 to 100 kg from 10,000 to 25,000 L bioreactors. 

The typical mAbs manufacturing process flowsheet is schematized in Figure 2.3. Following production, 

the antibody purification process is initiated by harvesting the bioreactor using industrial continuous 

disc stack centrifuges, followed by clarification using depth and membranes filters. The next 

purification steps are the most costly and comprise Protein A chromatography, which includes a low 

pH elution step that also helps viral inactivation, and two final polishing chromatographic steps, 

typically anion- and cation-exchange chromatography, usually required to meet purity specifications. 

Mandatory safety is achieved in a virus retentive filtration, and a final ultrafiltration step concentrates 

the product to its final formulation. Typical overall purification yields range from 70 to 80% (Kelley, 

2009). 
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Figure 2.3 - Consensus process flowsheet for mAb Bulk Drug Substance (Kelley, 2009). 

This downstream process platform approach does not imply a template process. Each company is 

likely to use a slightly different platform process, in fact this has proven difficult even within the same 

company because of the differences in properties and purification behaviour between various mAbs. 

Multiple product molecules can bind to the protein A ligand. Even so, Protein A chromatography is 

often the main constrain in antibody purification. Large-scale Protein A chromatographic columns are 

limited by maximum loading. Inter- and intra-ligand steric effects limit the amount of mAb that can bind 

per volume unit of the resin. Furthermore, binding capacity on the Protein A column is significantly 

influenced by flow rate and residence time. There are other concerns regarding the large-scale Protein 

A chromatography such as the lifetime of the resin, with re-use after multiple cycles in each operation, 

and the sensitiveness to extreme conditions of pH. Nevertheless, there are sanitization solutions that 

are able to maintain ligand functionality, by employing protective additives or by using such solutions 

as phosphoric acid combined with acetic acid and benzyl alcohol. Overall, adsorbents based on 

Protein A have been shown to be remarkably stable over many hundred cycles of use, thus making 

Protein A a very reliable tool in antibody purification (Shukla, et al., 2010). 

The most important feature of Protein A chromatographic columns is probably their high selectivity for 

mAbs over soluble host cell protein impurities. Most of these contaminants are wash out in Protein A 

chromatography step. The ones not washed out are usually proteins associated with the product 

species by protein-protein interactions, which can be disrupted by chaotrope combinations at high pH 

(e.g. urea, thiourea or highly concentrated salt solutions). 

Another operation with a heavy financial weight is the viral filtration step, mainly because of the very 

costly single use viral filters. These filters, with very low retention size (~20 nm), can get easily 

clogged. In addition, while loading high particulate streams, the outcome would be a great flux decay. 
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In spite of the challenges meet by implementation of chromatographic steps in the mAbs large scale 

production, promising developments have been made on two-column step processes with high 

product loads on Protein A capture and a single polishing step, meaning that conventional packed-bed 

chromatography can continue to withstand these large scale demands into the future. Moreover, it has 

been argued that the limitations on the market demand will themselves withhold the large scale 

production of mAbs (Shukla, et al., 2010). 

An alternative when dealing with ever-increasing bioreactor production would be the introduction of 

non-chromatographic unit operations such as aqueous two-phase separation, selective precipitation 

with polyelectrolytes or polymers, membrane chromatography and high resolution ultra-filtration and 

crystallization. 

Besides the affinity interactions, in which have fundament the processes of high affinity capture, other 

methods rely on non-specific interactions between antibodies and other molecules. For example, 

hydrophobic interactions are most common among immunoglobulins, which are very hydrophobic 

proteins, particularly IgG 1 and IgG 3 subclasses. In fact, precipitation of IgG due to hydrophobic 

aggregation and polymerization is a problem observed during storage. In order to reduce hydrophobic 

binding of antibodies, diluents with a pH different from the isoelectric point of the IgG can be used; this 

is even more appropriate when dealing with monoclonal antibodies. As an alternative, diluents with 

low ionic strength can be employed, or supplemented with non-ionic detergents, such as Tween, or 

ethylene glycol. 

The ionic interactions of antibodies are more difficult to control. The majority of antibodies have an 

isoelectric point ranging from 5.8 to 8.5. When working with polyclonal antibodies is very hard to have 

all of them either positively charged or negatively charged (Ramos Vara, et al., 2007). 
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2.4 AQUEOUS TWO-PHASE SYSTEMS 

Mixtures of different polymer solutions often give rise to two or more liquid phases. Above certain 

concentrations of the polymers the solution gets turbid and, on standing, two liquid layers in 

equilibrium are formed. The upper phase is enriched in one polymer and the bottom phase is enriched 

in the other polymer. The composition of each phase and the concentration range where phase 

separation occurs may be described by a phase diagram. Aqueous two-phase systems can also be 

formed by mixing a polymer solution with a polyelectrolyte solution or even with certain salts. 

Such liquid-phase separation in mixtures containing one or more colloids was first reported in the 

literature by Beijerink who, in 1896, observed that if aqueous solutions of gelatine and agar, or 

gelatine and soluble starch, but not agar and soluble starch, were mixed, a turbid mixture which 

separated into two liquid layers was obtained. The bottom layer contained most of the agar, or starch, 

and the top layer most of the gelatine (Albertsson, 1986). 

Liquid two-phase systems will not be formed if the two polymers in solution are compatible, for 

example, if they have opposite charges or if the polymers have similar values of hydrophobicity. 

Three alternative phenomena are observed when mixing two different polymer solutions: 

1) Incompatibility: phase separation occurs and the two polymers are collected in different 

phases; 

2) Complex coacervation: phase separation occurs and the two polymers are collected together 

in one phase while the other phase consists almost entirely of solvent; 

3) Complete miscibility: a homogeneous solution is obtained, and as mentioned above, this is the 

exception rather than the rule in polymer mixtures. 

Aqueous phase-systems have been classified in two main groups (Albertsson, 1986). The first group – 

group A – is represented by the systems containing two polymers. The second one – group B – 

embodies the systems formed by only one polymer and a salt or a low molecular weight component. 

Table 2.2 gives some examples of different aqueous-phase systems. In annex A.1 the molecular 

formulas of the different polymers and phase components are shown. 
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Table 2.2 - Aqueous Two-Phase Systems (Albertsson, 1986). 

Group A — Two-Polymer Aqueous Phase Systems 

Subgroup 1 

Nonionic Polymer Nonionic Polymer   

Polypropylene glycol 

Methoxypolyethylene glycol   

Polyethylene glycol   

Polyvinyl alcohol   

Polyvinylpyrrolidone   

Hydroxypropyldextran   

Dextran   

Polyethylene glycol 

Polyvinyl alcohol   

Polyvinylpyrrolidone   

Dextran   

Ficoll   

Polyvinyl alcohol 

Methylcellulose   

Hydroxypropyldextran   

Dextran   

Polyvinylpyrrolidone 
Methylcellulose   

Dextran   

Methylcellulose 
Hydroxypropyldextran   

Dextran   

Ethylhydroxyethylcellulose Dextran   

Hydroxypropyldextran Dextran   

Ficoll Dextran   

Subgroup 2 

Polyelectrolyte Nonionic Polymer Salt 

Dextrane sulfate (Na) 

Polypropylene glycol   

Methoxypolyethylene glycol NaCl 

Polyethylene glycol NaCl 

Polyvinyl alcohol NaCl 

Polyvinylpyrrolidone NaCl 

Methylcellulose NaCl 

Ethylhydroxyethylcellulose NaCl 

Hydroxypropyldextran NaCl 

Dextran NaCl 

Carboxymethyldextran (Na) 

Methoxypolyethylene glycol NaCl 

Polyethylene glycol NaCl 

Polyvinyl alcohol NaCl 

Polyvinylpyrrolidone NaCl 

Methylcellulose NaCl 

Ethylhydroxyethylcellulose NaCl 

Hydroxypropyldextran NaCl 
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Table 2.2 (continued) 

Carboxymethylcellulose (Na) 

Polypropylene glycol NaCl 

Methoxypolyethylene glycol NaCl 

Polyethylene glycol NaCl 

Polyvinyl alcohol NaCl 

Polyvinylpyrrolidone NaCl 

Methylcellulose NaCl 

Ethylhydroxyethylcellulose NaCl 

Hydroxypropyldextran NaCl 

DEAE dextran (HCl) 

Polypropylene glycol NaCl 

Polyethylene glycol Li2SO4 

Polyvinyl alcohol   

Methylcellulose   

Poly(acrylic acid) (Na) 
Jeffamine   

PEG 
 

Subgroup 3 

Polyelectrolyte Polyelectrolyte   

Dextrane sulfate (Na) Carboxymethyldextran (Na)   

  Carboxymethylcellulose (Na)   

Carboxymethyldextran (Na) Carboxymethylcellulose (Na)   

Subgroup 4 

Polyelectrolyte Polyelectrolyte Salt 

Dextrane sulfate (Na) DEAE dextran (HCl) NaCl 

Group B — Polymer-Low Molecular Weight Component Aqueous Phase Systems 

Subgroup 1 

Nonionic Polymer Low Molecular Weight Component   

Polypropylene glycol 

Potassium phosphate   

Glucose   

Glycerol   

Methoxypolyethylene glycol Potassium phosphate   

Polyethylene glycol Potassium phosphate   

Polyvinylpyrrolidone 
Potassium phosphate   

Butylcellosove   

Polyvinyl alcohol Butylcellosove   

Dextran 

Butylcellosove   

Propyl alcohol   

Subgroup 2 

Polyelectrolyte Low Molecular Weight Component   

Dextrane sulfate (Na) NaCl   
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Phase separation in mixtures containing only non-ionic polymers occurs independently of the salt 

concentration and pH. On the other hand, systems containing a polyelectrolyte depend very much on 

those two factors. Sometimes, phase separation occurs only above certain values of the ionic strength 

or within certain pH intervals (Albertsson, 1986). 

The phase separation in aqueous polymer mixtures is due to the high molecular weight of the 

polymers combined with the interaction between the segments of the polymers. This phenomenon can 

be treated theoretically by applying theories on the thermodynamic properties of polymers in solution. 

When mixing two incompatible polymers in an aqueous solution the driving force backing up the phase 

segregation, the demixing of the two polymers, is the enthalpy associated with the interactions of the 

components, which is opposed to the loss of entropy associated with the segregation of the polymers 

during phase separation. The interactions between the polymers increase with the size of the 

molecules. Because the phase forming polymers have a very large size and consequently their molar 

concentration in the solution is low, the loss of entropy during phase segregation is small. 

As mentioned before, phase separation can also occur in a solution containing a polymer and a salt.. 

Often, a sufficiently high concentration of salt in a single polymer-water system can induce phase 

separation to yield a salt rich and polymer poor bottom phase that coexists with salt poor and polymer 

rich top phase. In addition, salt presence influences the phase behaviour of the two-polymer systems, 

but more on that further on (Hatti-Kaul, 2000). 

2.4.1 Phase Diagrams 

The composition of aqueous two-phase systems (ATPSs) is schematically visualized on a triangular 

phase diagram. Figure 2.4 Illustrates an ATPS composed of polymers Dextran 70,000 Da, Ficoll 400 

Da and water. The system constitution is given by points inside the triangular area, and the 

percentage of each component is known by drawing a line perpendicular to the side opposite the 

corresponding apex. Usually the percentages are indicated as weight percentages and their total sum 

is always 100%. The mixture above the binodial line is completely miscible, being this system with a 

clear uniform appearance. Under the binodial line, joining the points B and C, two coexisting phases 

are formed. Systems with a total composition given by a point inside this zone (e.g., point A) form two 

separate phases, each one with a composition given by points B and C. One of the phases is enriched 

with one polymer and the other enriched with the other polymer. The line joining the points of the 

coexisting phases is called a tie line. 
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Figure 2.4 - Triangular phase diagram for a mixture of water and polymers Dextran MW 70,000 Da and 

Ficoll MW 400 Da. At each of the corners of the triangle is the pure component, and the percentage of 

each component in a complex misture is given by the percentage indicated along a line perpendicular to 

the side opposite the corresponding apex (Zaslavsky, 1995). 

Aqueous two-phase systems usually have their composition more conveniently represented as 

rectangular phase diagrams, as in Figure 2.5, with the weight percentage of each polymer, or 

component of the ATPS, in each of the axis, where a binodial curve links the binodial nodes. 

 

Figure 2.5 - The rectangular binodial diagrame of a system composed by Dextran MW 70,000 Da and Ficoll 

MW 400 Da (Zaslavsky, 1995). 

 

Point K characterizes the critical point. At this point two corresponding nodes coincide. It is a 

theoretical point at which the compositions and the volumes of two coexisting phases are equal. In a 
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rectangular phase diagram it can be drawn a line tangential to the binodial curve and cutting equal 

segments of the axes. This is called a threshold line and, when it coincides with the critical point, it is 

said that the phase diagram is symmetrical. 

The slope of the tie lines (STL) in a phase diagram is generally constant and it can be determined by 

knowing the constitution of coexisting phases: 

      is the difference of concentration of one polymer between the two phases, and       of the 

other polymer. The tie line length (TLL) is calculated through simple trigonometry: 

There are several factors influencing the appearance of a phase diagram: the polymers molecular 

weight, temperature and salt concentration account for the most important ones. For the first one, the 

general trend is that an increase in the molecular weight results in the increasing of the tie line slope. 

That may be due to the extension of the hydration shell: the larger the size of these water regions of 

the particular water structure, the lower the total amount of the regions required for fusion (Zaslavsky, 

1995). The higher the polymer molecular weight the lower the polymer concentration needed for 

phase segregation. 

Temperature affects how aqueous two-polymer systems behave. Generally speaking, the 

concentrations of phase polymers required for phase separation increase with increasing temperature 

(Zaslavsky, 1995). As an example, Figure 2.6 gives the binodials of the phase diagrams for PEG 

6,000 Da / Dextran 70,000 Da systems for each temperature ranging 8 to 50 °C. 

 

    
     

     
 (2.1) 

 
                   (2.2) 
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Figure 2.6 - Phase diagrams for PEG 6,000 Da and Dextran 70,000 Da for different temperatures ranging 8 

to 50 °C (Zaslavsky, 1995). 

The hydrophobicity of the polymers also affects how phase separation occurs. For example, in 

Jeffamine / poly(acrylate) (sodium form) (NaPAA) systems, the higher the ratio propylene/ethylene in 

Jeffamine the higher will be Jeffamine hydrophobicity, and therefore it will be more incompatible with 

NaPAA, making the amounts of polymers necessary for phase segregation lower. 

For non-ionic polymers the salt concentration is often indifferent regarding the phase separation. 

However, some polyelectrolyte composed systems require a certain salt concentration in order to 

phase segregation to occur. The presence of salt ions in solution shields the charged polymer 

promoting its incompatibility with the other phase forming polymer or salt. This is the case, for 

example, of the polyacrylate acid, which is only able to form two-phase systems when it is in its salt 

form (sodium form). 

2.4.2 Properties of Aqueous Two-Phase Systems 

It is of major importance the knowledge of physical properties of the phase forming polymers and of 

the phases they form. The measurement of some of these properties can give relevant insight into 

how the phase segregation occurs and how the compound separation is carried out. Also, 

measurement of such properties can be used as a procedure to select the best polymer for a 

determined bioproduct. Factors such as the type of polymers, molecular weight of the polymers, 

temperature and the presence of low molecular weight compounds influence the properties of phase 

systems. 

Viscosity is one of the most important properties to consider, since more viscous phases and polymers 

are harder to manipulate. It is expectable that higher molecular weight polymers yield an increase in 
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the phase viscosity. However, lower concentrations of polymers with larger molecular weights are 

required for phase separation. The viscosity of a polymer solution is greatly dependant on 

concentration. Hence, the viscosity of one of the phases can be reduced by using a higher molecular 

weight fraction of the polymer which collects in the other phase. 

The time for phase separation is generally function of phase density and of their viscosity, but 

depends as well on the time needed for the small droplets, formed during shaking, to coalesce into 

larger drops (Albertsson, 1986). Time for phase segregation increases for greater viscosities, and 

decreases for a larger difference of density between the two phases. The settling time also depends 

on the volume ratio of the two phases if these have different viscosities. For example, in PEG / 

Dextran systems if the more viscous phase is larger in volume than the other phase the settling time is 

longer than if the more viscous phase has a volume equal or smaller than the other phase. 

In aqueous two phase systems the interfacial tension between the two phases is very small. The 

liquid-liquid interface is completely flat and forms a 90° angle with the test tube walls and no tendency 

for a curvature close to the glass wall can be seen (Albertsson, 1986). 

Regarding the osmotic pressure of an aqueous two-polymer system, if there are no other soluble 

compounds such as salts or other low molecular weight materials, it is rather small. 

As mentioned before, any solutes added to the system which disturb the water structure will influence 

the polymer lattice, therefore influencing the phase separation. The introduction of salt in the system 

will, at certain concentrations, change the volume ratio and even change the concentration of 

polymers at which phase separation occurs. This fact is hardly perceptible in systems formed by non-

ionic polymers. However, systems containing polyelectrolytes are highly dependent on the ionic 

strength. In polymer solutions containing polyelectrolytes the salt concentration or the kind of ions 

present changes the system characteristics greatly. For example, a mixture of sodium dextran 

sulphate and polyethylene glycol is a homogenous one if no salt is added. If salt is added up to a 

concentration at least enough to titrate the sodium dextran sulphate ionic groups, the mixture will 

immediately become turbid and two phases, the bottom one containing most of the dextran and the 

top one most of the PEG, will separate. Moreover, as the salt concentration is increased the polymers 

concentration needed for phase formation will decrease. If even more salt is added, PEG will no more 

be needed for phase formation and a system of sodium dextran sulphate / salt is obtained (Albertsson, 

1986). 

There are other phase characteristics that one has to take into account. In aqueous two-phase 

systems, since there are polymers and other components in solution, the solubility of solutes of 

interest, such as biomolecules, can be drastically altered. When using aqueous two-phase systems to 

perform the extraction of certain compounds it is important to know if those molecules will remain 

stable and active, in the case of biomolecules such as proteins. Those characteristics of the solution 

are, for example, the pH and the ionic strength, both of which can be easily determined 

experimentally, and predicted in a first approach by knowing the structure and the composition of the 

solutes. 
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2.4.3 Bioseparation in Aqueous Two-Phase Systems 

Aqueous two-phase separation allows the introduction of a liquid-liquid extraction step into the process 

of purifying biomolecules such as antibodies. This type of extraction would otherwise be impossible to 

set up downstream of antibody production, since organic solvents, for instance chloroform, butanol 

and heptane, render inactive biomolecules. 

The main advantage of using aqueous two phase systems in the downstream processing of biological 

products is the possibility to avoid the harsh conditions, e.g. pressure breakdown, shear stress, 

osmotic pressure, that are part of methods such as the precipitation, centrifugation and filtration. 

Partitioning in ATPS provides a rapid and gentle means of separation of soluble as well as particulate 

biomaterials, such as proteins, nucleic acids, cells, viruses, organelles and membranes. The 

phenomenon of partitioning between two phases is a complex one. It depends mainly on the 

interaction of the partitioned substance and the phase components. There are two fundamentally 

different assumptions in the literature regarding this phenomenon. The first one is that the partitioning 

of a solute is the result of the attractive and repulsive interactions between the solute and phase 

polymers. The other assumption is that a mono-uniform partitioning of a solute in an ATPS results 

from the difference in the interactions of the solute not with the phase polymers but with the different 

aqueous media in the phases (Zaslavsky, 1995). 

The partition theory is not easily described and its mathematical treatment, concerning the laws of 

thermodynamics, is complex and with a great number of variables. Shortly, the distribution of particles 

is due to such effects as the Brownian motion and interfacial forces, gravity, activity of the system 

components and the Donnan effect (called the partition potential) (Albertsson, 1986). 

Factors Determining Partition 

The interaction of the partitioned substance with the components forming the two phases is very 

complex. There are multiple phenomena acting on the partitioning particles, such as van der Waals 

forces, hydrogen bonds, charge interactions, hydrophobic interactions and steric effects. Hence, the 

chemical properties of the partitioned component and of the phase forming polymers will affect greatly 

how the partition occurs. The several factors that make the partition of a substance a complex 

phenomenon can be isolated, and the different types of partition can be distinguished. 

Before trying to describe how the different contributions to the partition work separately, it is important 

to note that the concentration of the polymers in solution and the concentration of the partitioned 

substance have a role in the partition themselves. The polymer concentration affects mainly the 

interfacial tension, making the energy necessary for the particles to overcome the interfacial barrier 

stronger. As a result, by increasing the polymer concentration, the partition becomes more one-sided. 

That is, the value of the partition coefficient (K) will either increase above 1 or decrease below 1. 

However, this general rule may sometimes shift. When separating proteins, the absolute value of the 

logarithm of the partition coefficient (|Log K|) may at first increase upon polymer addition, pass through 

a maximum, and then decrease upon further addition. This means that the effect of polymer 
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concentration in each phase on the thermodynamic activity coefficient of the protein is different for the 

two polymers (Albertsson, 1986). 

The molecular weight of the polymer will influence greatly the distribution of the partitioned 

substances. For example, if a protein has a preference for the top phase and one raises the molecular 

weight of the polymer mainly present in that phase, the partition coefficient will decrease. Conversely, 

if it is the molecular weight of the polymer present in the bottom phase that is risen, then the contrary 

will be observed, and the protein will move more to the top phase. That is, the partitioned protein 

behaves as if it is more attracted by smaller polymer molecules and more repelled by larger polymer 

molecules (Albertsson, 1986). The size exclusion is, therefore, a prominent phenomenon regulating 

the partition. Moreover, the size of the partitioned molecule is also determinant of the magnitude in 

which the rule mentioned above applies: small proteins are not so much affected as large protein 

molecules. 

In a size-dependent partition the molecular size or the surface area of the particles is the dominant 

factor controlling the partition. Generally, as the molecular weight of proteins increase, the |Log K| 

increases as well. 

When dealing with the partition of charged molecules, such as proteins, the effects of salt 

concentration in the system are most dramatic. The partition is determined mainly by the kind of ions 

present and the ratio between different ions, and not so much by the ionic strength (Albertsson, 1986). 

This fact can be explained by an unequal distribution of the ions, which seem to have different 

affinities for each phase, creating a difference in electric potential between the two phases. In the case 

of proteins and, as such, antibodies, it is a general rule that higher concentrations of salt will increase 

the partition to the top phase. The logarithm of the partition coefficient increases almost linearly with 

NaCl concentration. The interfacial potential (     ) created by the ions of the diluted salt is given by 

equation (2.3). 

Where   is the ideal gas constant,   is the Faraday constant,   is the temperature,    and    are the 

charges of the positive and negative ions and    and    are the hypothetical partition coefficients of 

ions in the absence of a potential. Then, the potential will be higher the larger is the ratio      . 

According to Albertsson, 1986, in the presence of salt, the partition of a charged protein will be: 

Where    is the partition coefficient,   
  is the value of the partition coefficient when the interfacial 

potential is zero or when the net charge of the protein ( ) is zero (Albertsson, 1986). 

If a salt concentration is found so that such electrical effects are nullified, then other factors 

determining the partition will come to the fore. The hydrophobic-hydrophilic interactions will certainly 
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be one of the most significant. These kinds of interactions are particularly complex for proteins. The 

exposure of the hydrophobic and hydrophilic dominions of a protein depends of their isoelectric point 

and of the solution pH. 

The partition of proteins in ATPSs is highly influenced when affinity ligands are covalently attached to 

a given polymer, e.g., when comparing the partition of human immunoglobulin in PEG / Dextran 

systems, in which the target molecule partitions to the bottom phase, with the partition of the same 

molecule in systems with diglutaric acid functionalised PEG, the IgG partition suffers a shift to the top 

phase, with extraction yields reaching over 90% (Rosa, et al., 2007). 

The use of PEG 3350 / Dextran systems (5% w/w PEG, 8% w/w Dextran) with PEG-diglutaric acid 

modified molecules, buffered with 10 mM phosphate buffer pH 7, has also been described, with 

achieved yields of 97% of IgG in the top phase and with a purity of 94% in terms of proteins (Azevedo, 

et al., 2009). 

The partition is not much affected by temperature changes. As stated before, a change in temperature 

will modify the phase diagram and, therefore, the system composition. Hence, it is only in an indirect 

way that the temperature affects the partition f the target molecule. This effect is avoidable if the 

system is prepared far from the critical point. 

Aqueous Two-Phase Systems: From Lab-Scale to Large-Scale 

The development of ATPE processes shall follow a practical strategy of lab-scaled studies. According 

to the physicochemical characteristics of the upstream produced feedstock the appropriate aqueous 

two-phase system, polymer-polymer or a polymer-salt system, would have to be choose. After that, 

the more suitable system components are selected, and the presence of additives considered. It is 

fundamental, at this point, to define the selected ATPS through determination of phase diagrams. The 

performance of the selected ATPS is evaluated by determination of the partition coefficient of the 

target molecules, the extraction yield and the purity of the final formulation. If these parameters show 

acceptable values, the chosen system undergoes a series of lab tests with the aim of optimizing the 

target molecule recovery and purity. A lab-scale prototype can be defined after the optimal conditions 

are found. However, it would be possibly necessary to further characterize the process parameters 

including the number of stages, phase separation, multi-stage equipment type and recycling of phase 

forming components. In most ATPE processes more than one theoretical stage may be necessary to 

reach the desired yield and level of purity (Rosa, et al., 2010). When the process is fully understood a 

scale-up of the designed ATPE can be tested bearing in view the final process integration. 

The industrialization of such a process as the ATPE is made preferable if it can be cost optimized by 

recycling of the phase forming components and ease of treatment of by-products. The utilization of 

thermoseparating aqueous two-phase systems allows the possibility to perform a temperature-induced 

phase separation. Raising the temperature above the polymer’s cloud point two phases are 

generated, a polymer rich bottom one and a water rich top phase containing the target molecule. This 

allows the separation of the bioproduct from the polymer and the polymer recycling (Ferreira, et al., 

2008). The UCONs (ethylene oxide/propylene oxide) or related polymers, such as Jeffamine, are 
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examples of thermo-induced polymers. The disposal of phase forming components can constitute a 

problem at a process scale. For example, PEG is biodegradable and non-toxic but salts, such as 

phosphate, have to be disposed and this can be an issue. The recycling of raw materials helps to 

minimize these problems. 

There are several methods for the optimization of the ATPE. For example, a Box-Wilson central 

composite design was used by Azevedo, et al., 2009, for the optimization of the purification process in 

terms of system composition of a ATPS with glutaric acid functionalized PEG (PEG-GA) and Dextran. 

In this method three response variables (yield, total purity and protein purity) were experimentaly 

determined and optimized as a function of two independent variables, the Dextran concentration and 

the PEG-GA concentration. The response surface plots are obtained and the optimal values of the two 

independent variables can then be determined. 

Large Scale Aqueous Two-Phase Extraction 

The scale up of aqueous two-phase extraction (ATPE) operations as a primary step on the 

downstream process of antibodies production is possible simply through the use of conventional 

extraction equipment used for organic-aqueous extraction in chemical industry. Although it is often 

limited by the theoretical understanding of phase equilibrium and protein partitioning, selectivity of the 

systems and cost of the polymers (Hatti-Kaul, 2000). An ATPE process requires an operation of 

mixing followed by a step of phase separation. Several strategies have been employed and studied 

with the objective of cutting losses, increasing yield and purity. 

As an example, a multi-stage approach proposed by Rosa, et al., 2009, describes the use of PEG / 

Dextran, with a volume ratio of 2.2, aqueous two phase systems with triethylene glycol as an affinity 

ligand in the PEG top phase. With a four stage cross-current operation IgG can be purified with a 

recovery yield up to 95%, with a final concentration of 1.04 mg/mL and a protein purity of 93% can be 

achieved, being most of the supernatant contaminants removed to a total final IgG purity of 85%. 

Typical arrangements of cross-current mixer-settler units in vertical or horizontal formats are 

schematized in Figure 4.3. 
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Figure 2.7 - Cross-current mixer-settler units for liquid-liquid extraction: A) horizontal; B) vertical (Hatti-

Kaul, 2000). 

ATPS systems can yet have another advantage in the large scale downstream processing of 

antibodies. The possibility of recycle the polymers after the extraction is one of the major economic 

benefits of ATPE. Introducing polymers which are thermoresponsive can bring several advantages: it 

simplifies the polymer recycling process while allows the back extraction of the antibodies before the 

flow through into the next purifying steps. By rising the temperature of the phase which contains the 

antibody above the cloud point of the thermoresponsive polymer (Ferreira, 2008?). Yet, this is not a 

possibility when dealing with bioseparations if the cloud point temperature is too high. PEG, for 

instance, has a cloud point temperature over 100 °C. The use of alternative polymers is the natural 

solution. Co-polymers of ethylene oxide - propylene oxide (EOPO) (for example, Jeffamine M series 

(Huntsman) are a kind of these copolymers with amine groups) have lower cloud point temperatures, 

which decrease with the more propylene oxide groups the polymer has (Campese, et al., 2003). 

2.5 MAGNETIC PARTICLES 

Magnetic separation techniques have received some attention as a method for fast and gentle 

downstream processing of fragile materials. The resort to magnetic particles to adsorb antibodies has 

been studied as an alternative for harsh methods such as precipitation and centrifugation or as a 

complement, and even considered a full substitute, for such an expensive and limited process as 

chromatography A. 

Magnetic particles can become highly selective adsorbents for target molecules. In addition, the 

magnetic responsive nature of such particles allows their selective manipulation and separation in the 

presence of other suspended solids. 

Since all the cell growth medium components and impurities are non-magnetic, Protein A coated 

magnetic particles have been successfully employed in the extraction of immunoglobulin from cell 

culture supernatants. This method of capturing IgG from supernatants is faster than the conventional 

chromatography A steps of the downstream process of IgG production, providing the same yields and 



24 
 

purities as the columns thus employed. However, the lack of large scale magnetic separators and the 

high costs of the commercially available magnetic particles render the industrialization of this method, 

for now, impossible (Franzreb, et al., 2006). 

2.5.1 Synthesis Methods 

Magnetic particles are usually composed of an iron oxide, or other superparamagnetic materials, 

magnetic nucleus encapsulated and stabilized by a coating of inert high molecular weight compounds, 

such as polystyrene or poly(methyl methacrylate) (PEG or dextran are other polymers which can be 

employed for coating). The polymer shell, surrounding the magnetic core, makes possible the 

functionalization of the surface and immobilization of a target biomolecule (Horák, et al., 2007). 

The choice of a magnetic colloid is the starting point for the preparation of magnetic micro- and nano-

spheres. Factors such as the chemical composition, particle size, porosity, hydrophilic or hydrophobic 

character, magnetic properties, and sorption capacity and immobilization procedure dictate the 

selection of the core material. 

The iron oxides, called ferrites, have the general formula         , in which   is a transition metal 

(Mn, Co, Zn, Cu, Ni). Magnetite,      , is the most usual core for preparation of magnetic particles; its 

structure contains both Fe(II) and Fe (III) ions. 

The most widespread method of magnetic particles preparation is a chemical procedure commonly 

designated as co-precipitation with bases. Such prepared magnetite particles have up to 10 nm in 

diameter. Their synthesis can be expressed by equation (2.5). 

In this method, typically, ammonia is added under stirring, and in oxygen depleted medium (to avoid 

contender oxidation reactions), to an aqueous solution of trivalent and divalent iron salts at a molar 

ratio of Fe(III)/Fe(II) near two. The addition of polymers to the particles (for instance PEG or Dextran) 

is done along with the co-precipitation of the iron salts by having the polymers present in the solution; 

although post-synthesis modification of the particles is doable as well. Polymer not only stabilizes the 

colloid it also boost surface properties of the particle and contributes to their biocompatibility (Horák, et 

al., 2007). 

Antibodies, proteins, targeting ligands, and other bioactive molecules are chemically bound to 

functionalized inorganic or polymeric coatings of the nanoparticles. This is carried out by means of 

various chemical reactions between functional groups of the polymer coating, such as SiO2 or gold 

coatings (Motornov, et al., 2009). 

Commercial formulations of magnetic particle, as the ones from Micromod (Rostok, Germany) or 

Chemicell (Berlin, Germany), have usual concentrations between 20 and 50 mg/mL. With a large 

panoply of products, differing in magnetic core, coating and type of functionalization, these particles 

 
                           (2.5) 
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size ranges from a nano-scale, measuring 50 to 900 nm in diameter, and a micro-scale, up to 12 μm in 

diameter. 

2.5.2 Characteristics of Magnetic Particles 

To describe the magnetic properties of the particles it is fundamental to determine the relationship 

between the material magnetization (or magnetic polarization, M) and the applied magnetic field (H). 

This relation is often depicted by magnetization curves (Figure 2.8). 

 

Figure 2.8 - Magnetization curves of (a) large multidomain particles (paramagnetic material), (b) small 

superparamagnetic particles (superparamagnetical material) and (c) optimum single-domain particles 

(ferromagnetic material) (Motornov, et al., 2009). 

Dipoles in atoms of paramagnetic materials align in the direction of the applied magnetic field and 

loose that alignment when the external magnetic field is removed, either in positive or negative 

direction, and no residual magnetization is induced in the magnetic field when it changes direction, 

that is, no hysteresis phenomenon is establish. Paramagnets show a linear dependence on field 

intensity and magnetization (curve a in Figure 2.8). On the other hand, ferromagnets and 

antiferromagnets (curve c in Figure 2.8), after the removal of the external magnetic field, display 

residual magnetization or atomic magnetic moment ordering, called remanent magnetization, and only 

with the shift in direction of the applied magnetic field (coercive field) the ferromagnet loose its 

magnetization. Above certain critical temperature, called Curie temperature, the thermal energy 

becomes high enough to overcome the coupling interaction between atom dipoles, instantly losing 

their alignment in the absence of a magnetic field. Superparamagnets (curve b in Figure 2.8) also 

display magnetization in the presence of a magnetic field, and readily lose it, or change their 

magnetization, without hysteresis once the external magnet is removed. Superparamagnetism is 

referred to the alignment and thermal fluctuation of nanoparticles, rather than to individual dipoles in 

atoms or molecules. Superparamagnetic nanoparticles are single-domain particles, usually made of 

materials that are ferromagnetic in bulk. Nanoparticles, due to their size, cannot support more than 
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one domain, and their behaviour can be described as a single giant spin in which all the atomic 

moments are rigidly aligned, hence, showing no coercivity (the coercive field drops to zero if the 

applied magnetic field is removed). The critical particle diameter below which a ferromagnet becomes 

a superparamagnetic is approximately equal to         , where   is an exchange constant 

(exchange stiffness constant) and    is the saturation magnetization (Motornov, et al., 2009). In order 

to MNPs be easily separated with the aid of a low-moderate strength magnetic field, they should have 

a saturation magnetization greater than 35 Am
2
/kg and at least 500 nm in size (Franzreb, et al., 2006). 

The stability of the magnetic particles suspension is often measured by determining their ζ-potential. 

The value of the ζ-potential gives a measure of the repulsive forces between particles. This is the 

potential of the electrical double layer that exists round each particle. The double layer is composed by 

two parts: an inner region, called the Stern layer, where ions are strongly bound to the surface of the 

particle; and an outer layer, a diffuse one, where ions, both positive and negative, are less firmly 

associated. The boundary of the diffuse layer limits a stable entity, that is, when the particle moves the 

ions move with it. The ζ-potential is the potential at this boundary, called a surface of hydrodynamic 

shear (Malvern Instruments (Worcestershire, UK)). Then, particles with the same charge tend to repel 

each other and, the higher is this potential, the lower will be the tendency for the particles to come 

together. Hence, the probability of particle coalescence or deposition will be lower. Typical ζ-potential 

values for which suspensions are considered stable are over 30 mV or under -30 mV. The value of ζ-

potential is highly influenced by pH and by salt concentration (Cosgrove, 2005). In fact, the value of 

the ζ-potential is meaningless without defining the solution. Regarding the ionic strength of the 

solution, the higher it is the more compressed will be the double layer. This means that the thickness 

of the double layer, which is the inverse of the Debye length (   ), is greatly affected by the ions 

concentration. 

The ζ-potential is determined via the measurement of the velocity of the particles. The dependence of 

the ζ-potential with the particles velocity, electrophoretic mobility (  ), is given by the Henry equation: 

  is the dielectric constant,   is the viscosity and       is Henry function. The parameter   is the 

particle radius and, therefore,    measures the particle radius - electrical double layer ratio. When    

is small, largely under 1, the charged particle may be treated as a point charge and the Huckel 

approximation,        , is valid: 

When    is large, the particle-electrolyte interface may be treated as a flat sheet and the 

Smoluchowski equation applies in what is called the Smoluchowski approximation (           ) 

(Cosgrove, 2005): 

 

   
           

  
 (2.6) 

 

   
      

  
 (2.7) 
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2.5.3 Applications of Magnetic Susceptible Particles in Magnetic Separation 

Ferrofluids (stable high concentrated ferromagnetic polymer coated nanoparticles colloids) have been 

receiving a great deal of interest in medical applications: as magnetically controlled drug targeting for 

the treatment of cancer and other diseases; immunoisolation devices in gene therapy; use as a 

contrast agent in imaging the liver, and imaging of myocardial perfusion and microvascular 

hemodynamics. 

Superparamagnetic particles are revealing promise applications in bioseparations. They enable rapid 

and easy removal of functionalized magnetic particle-bound compounds and organisms from complex 

heterogeneous reaction mixtures. Moreover, magnetic nanoparticles integrated processes are easily 

manipulated, and render automation possible, no dilution of the sample or loss of the carrier occur 

during washing, and fast and cost-effective separation of magnetic carriers from the reaction mixture 

without filtration or centrifugation make this an extraction bioprocess to consider. 

Magnetic processes are similar to chromatographic separations concerning the type of interactions 

between support and target compound, for MNPs can be derivatised with any of the ligands already 

used in chromatography. Magnetic nanoparticles properly engineered can establish a series of 

interactions: non-specific ionic, hydrophobic or hydrogen bond interactions; group-specific interactions, 

such as dye ligand, metal affinity or chelating; and specific affinity interactions, for example, antigen-

antibody (e.g. protein A-IgG), avidin-biotin, enzyme-inhibitor (Horák, et al., 2007). 

Due to their size and characteristics magnetic micro and nanoparticles provide a very high surface 

area to volume ratio and the non-porous nature of the adsorbents used result in high binding capacity 

and very rapid adsorption kinetics. 

2.5.4 Magnetic Particles in Aqueous Two-Phase Systems for the Separation of Antibodies 

The joint application of aqueous two-phase extraction and magnetic separation of antibodies can be a 

promising process for the enhanced purification of antibodies. This is a subject with only some studies 

done about it. For instance, Wikström, et al., 1987, describes how the addition of magnetic susceptile 

additives greatly decrease the time of phase separation in PEG / Dextran ATPS: adding ferrofluid, 

which partitions totally to the Dextran-rich phase, the phase segregation time decreses by a factor of 

35 by applying a magnetic field to the system; the addition of1 μm iron oxide particles decreased the 

time of phase separation by a factor of 70. However, he also mentions that the supplementation of 

these systems with this kind of additives does not influences the partition of enzymes. An 

electromagnet-based apparatus for continuous phase separation on a larger scale was also described 

by the same group (Flygare, et al., 1990). 

 

   
    

 
 (2.8) 
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By using magnetic particles able to absorb the target antibody with affinity towards one of the phases, 

providing that the target molecule has a partition coefficient favourable for that same phase, and if the 

impurities partition to the other phase, this process will perhaps improve the extraction yield and the 

purification factor. 

Moreover, the magnetically enhanced phase separation provides a 10 times faster phase segregation 

when comparing to normal aqueous two-phase systems. 
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3 METHODS AND MATERIALS 

3.1 CHEMICALS 

Polyclonal human immunoglobulin G (IgG) for therapeutic administration (product name: 

Gammanorm) was purchased from Octapharma (Lachen, Switzerland), as a 165 g/L solution 

containing 95% of IgG. 

A Chinese Hamster Ovary (CHO) cell supernatant containing monoclonal human IgG1 directed 

against human surface antigen was purchased from Excellgene (Monthey, Switzerland). According to 

chromatographic quantification with a protein-A affinity column, the IgG titre was 37.15   4.75 mg/L. 

Magnetic nano-particles were provided by the research group headed by the professor Ana Cecília 

Roque, from the Chemical Department of the Faculdade de Ciências e Tecnologia from the 

Universidade Nova de Lisboa. 

Poly(ethylene glycol) with molecular weight 3,350 and 8,000 was purchased from Sigma (St. Louis, 

MO, USA). Poly(ethylene glycol) with molecular weight 1,000, 3,500, 6,000 and 10,000 was 

purchased from Fluka (Buchs, Switzerland). 

Dextran with an average molecular weight of 500,000 was purchased from Fluka (Buchs, 

Switzerland). 

Jeffamine M-2070 (average molecular weight of 2,000 Da) was purchased from Huntsman (Salt Lake 

City, UT, USA). 

Sodium polyacrylates (NaPAA) with molecular weights 8,000 and 15,000 were purchased from Sigma 

(St. Louis, MO, USA). Polyacrylic acid with molecular weight 100,000 was purchased from Aldrich (St. 

Louis, MO, USA). 

All other chemicals were of analytical grade. 

3.2 METHODS 

3.2.1 Binodial line determination 

The binodials of Jeffamine / NaPAA aqueous two-phase systems were determined by the cloud point 

method, as described by Hatti-Kaul, 2000. 
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3.2.2 Aqueous Two-Phase Extraction Studies without MNPs 

Aqueous two-phase systems were prepared by weighting the corresponding stock solutions of 

different polymers and salt, buffers, NaOH or HCl, in order to achieve the desired final composition 

specifications of each system. The final composition of hese systems varied depending on the 

systems and throughout the thesis. Pure IgG extraction studies were performed by adding 1 mL of 1 

g/L IgG stock solution. In supernatant IgG extraction studies the supernatant loading of the systems 

ranged from 40 to 50%. All systems were prepared in 15 mL graded ATPS test tubes to a total final 

weight of 5 g by adding water (Milli-Q, ultrapure type1 water, Millipore corp. (Merk, Billerica, MA, USA) 

trade mark). A list of the prepared stock solutions is given in Table 3.1. 

Table 3.1 - List of stock solutions used in the preparation of aqueous two-phase systems. 

ATP forming polymers MW (g/mol) Concentration (percentage by weight) 

PEG 

1,000 50% 

3,350 50% 

3,500 50% 

6,000 50% 

8,000 50% 

10,000 50% 

Dextran 500,000 25% 

Jeffamine M-2070 2,000 50% 

NaPAA 

8,000 45% 

15,000 35% 

100,000 22% 

Other solutions Concentration (M)  

NaCl 5  

NaOH 5  

HCl 5  

Phosphate buffer (pH 7) 1  

Acetate buffer (pH 5) 1  

Citrate buffer (pH 2.5) 1  

 

IgG extraction studies were performed by thoroughly mixing each system components in a vortex 

shaker and, after phase segregation for 2 to 4h at room temperature (~25°C), the phase volumes were 

measured and samples from both bottom and top phase were analysed for IgG quantification by 

HPLC. The purity of the samples from the two phases of supernatant loaded systems was analysed by 

total protein quantification (Bradford assay) and by SDS polyacrylamide gel electrophoresis. Bradford 

assay was not performed with the sodium polyacrylate containing systems, because of the polymer 

precipitation, and resulting sample turbidity, when in solution with the orthophosphoric acid existing in 

the Coomassie staining reagent. 
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3.2.3 Aqueous Two-Phase Extraction Studies with MNPs 

Studies performed combining aqueous two-phase systems and magnetic particles were performed 

just like the ones described above, with the difference of the addition of an appropriate volume of the 

different MNPs, followed by phase segregation in a magnetic separator. After system mixing and 

phase segregation, the test tubes were positioned on a magnetic separator and, after the separation 

of the MNPs to the back of the tube, samples of each of the phases were taken. Elution studies were 

afterwards performed in order to assess the amount of adsorbed IgG by MNPs. Two sequent MNPs 

washes were made: the first one with MilliQ water and the second one with 1 M NaCl in 50 mM 

phosphate buffer (pH 7) solution. 

3.2.4 Analytical Methods 

Protein A chromatography 

The concentration of IgG in the top and bottom phases was evaluated by affinity chromatography in an 

Äkta Purifier system from GE Healthcare (Uppsala, Sweden), using a Poros protein A affinity column 

from Applied Biosystems (Foster City, CA, USA). A 50 mM phosphate 150 mM NaCl buffer (pH 7.4) 

was used as binding and equilibration buffer, and the elution buffer was a 12 mM HCl 150 mM NaCl 

solution (pH 2). Absorbance was monitored at 280 and at 215 nm for increased method sensibility. 

IgG concentration was determined from a calibration curve obtained using Gammanorm IgG as a 

standard. For purposes of maintaining the protein A column integrity all the polymer containing 

samples were diluted ten times, in order to avoid column clogging. 

Protein quantification 

Total protein concentration was determined by the method of Bradford using a Coomassie reagent 

from Pierce (Rockford, IL, USA). The standard for protein calibration was made with bovine gamma 

globulin. Absorbance was measured at 595 nm in a Spectra Max 340PC microplate reader from 

Molecular Devices (Sunnyvale, CA, USA). 

Protein Gel Electrophoresis 

Sodium dodecyl sulphate – polyacrylamide gel electrophoresis (SDS-PAGE) was performed to 

evaluate the purity of each collected top and bottom phases. Samples were diluted in a sample buffer 

containing 62.5 mM Tris–HCl, pH 6.2, 2% SDS, 0.01% bromophenol blue and 10% glycerol and 

denatured in reducing conditions with dithiothreitol at 100ºC for 5 min. Samples were applied in a 12% 

acrylamide gel prepared from 40% acrylamide/bis stock solution (29:1) from Bio-Rad (Hercules, CA, 

USA) and run at 90 mV using a running buffer containing 192 mM glycine, 25 mM Tris and 0.1% SDS, 

pH 8.3. Every gel was loaded with a Precision Plus Protein Dual-color standard from Bio-Rad 

(Hercules, CA, USA). Gels were stained by soaking gels in an aqueous solution containing 0.1% 

Coomassie Brilliant Blue R-250 in 30% ethanol and 10% acetic acid for 1 hour. Gels were then 
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destained by washing successively in 30% (v/v) ethanol and 10% (v/v) acetic acid, until background 

color disappeared. 

3.2.5 Characterization of Magnetic Particles 

Concentration Determination 

The concentration of the magnetic particles suspensions was determined by dry-weight measurement: 

200 μL of each MNP suspension was pipetted into dry-weighted eppendorfs, dried overnight by 

incubation in a drying stove, and finally the MNP dried mass was weighted. 

Zeta Potential 

Zeta potential measurements were performed with a Zetasizer Nano ZS system from Malvern 

(Worcestershire, UK). Particle suspensions were diluted to 0.005 wt% with different pH solutions of 10 

mM KNO3, ranging from pH 3 to 12 (the pH of the solutions was altered by adding HCl or NaOH) 

(Borlido, et al., 2011). The zeta potential was calculated using the Smoluchowski equation which is 

valid when    > 100, where   is the inverse Debye length and   is the particle radius (Cosgrove, 

2005). Since all particles were dispersed in 10 mM KNO3 and their hydrodynamic diameter is 1 μm this 

condition was always satisfied. 

Hydrodynamic Diameter 

Hydrodynamic diameter measurements were performed with a Zetasizer Nano ZS system from 

Malvern (Worcestershire, UK). Particle suspensions were diluted to 0.005 wt% with 10 mM KNO3 pH 

12. 
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4 RESULTS AND DISCUSSION 

4.1 MAGNETIC NANOPARTICLES CHARACTERISATION 

In this work three different kinds of magnetic particles were trialled. All of them prepared through the 

co-precipitation method and with a core of ferrite (     ), differing in the coating polymer: PEG, 

Dextran and Jeffamine. The different particles were characterized regarding the concentration of the 

particles in suspension, the ζ-potential and their size (hydrodynamic diameter). 

4.1.1 MNPs Concentration 

Table 4.1 shows the determined concentration of the magnetic particles in suspension. 

Table 4.1 - Concentration of the magnetic particles suspensions. 

MNP coating polymer MNP concentration (mg/mL) 

PEG 21.4   0.3 

Dextran 12.4   0.4 

Jeffamine 12.1   0.6 

The concentrations hence determined are not different from the ones of commercial formulations, 

which range from 20 to 50 mg/mL (e.g., Micromod, Rostok, Germany). Further concentration of the 

suspensions could be made by magnetic concentration or by drying the particles and then diluting 

them to target concentration. 

4.1.2 MNPs ζ-Potential 

The stability of MNPs suspensions was assessed by ζ-potential determination. As stated before, for 

       the magnetic particles suspensions are considered stable. By varying the pH of several 

suspensions of magnetic particles one can determine the isoelectric point of the particles, the pH 

value for which the particles are neutral. Also, it can be determined which is the pH range where the 

suspension is not stable. Figure 4.1 shows the variation of the ζ-potential with the pH for the particles 

coated with PEG, Dextran and Jeffamine. 
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Figure 4.1 - The variation of the ζ-potential with pH of magnetic particles coated with PEG (a), Dextran (b) 

and Jeffamine (c). 

The PEG coated MNPs only seem stable for pH values under 4 and above 9 for which the ζ-potential 

grows up to 30 mV or drops below -30 mV. In the pH range of 4 to 9 it seems to exist a kind of 

potential instability of the particle double layer. Perhaps these particles do not all have the same 

amount of PEG in their coating, or have an uneven polymer distribution over their surface, resulting in 

the dispersion of ζ-potential values around the pH value that contains the isoelectric point of the 

particle. In this test, ζ-potential values were analysed in duplicate between pH 5 and 8 but no coherent 

tendency was observed. 

The Dextran coated magnetic particles are dimly stable for all pH range studied, and appear to have 

an isoelectric point below pH 3. The Jeffamine coated magnetic particles show very weak ζ-potential 

values for all pH scope. The Jeffamine MNPs have the isoelectric point of pH 6.5. 

Ferrite nano-particles have intense ζ-potential values below pH 5 and over pH 9, with an isoelectric 

point between pH 6-7 (de Vicente, et al., 2000) & (Plaza, et al., 2001). Knowing this, it is possible that 

Dextran and Jeffamine coated magnetic particles show a decrease in their ζ-potential since they were 

prepared with large molecular weight polymers. This means that they have lowered repulsion forces, 

being more susceptible to deposition or aggregation. Other reason for the incongruity of the ζ-potential 

evolution of PEG coated particles could be the unevenness of the polymer distribution over the particle 

surface. 

4.1.3 MNPs hydrodynamic diameter 

The measure of the hydrodynamic diameter gives an idea of the size of the particles and of the size 

dispersion. Table 4.2 shows that the three kinds of particles studied are fairly equal in size, and that 

their size is within he nano-scale. There is not a large dispersion of size in all of the magnetic particles 

suspensions: the Jeffamine coated ones have the larger peak width, indicating that these particles 

have an average of 940   55 nm in diameter. The respective histograms are given in annex A.2. 
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Table 4.2 - The hydrodynamic diameter, and respective peak width, of the different MNPs coated with 

PEG, Dextran or Jeffamine. 

MNP hydrodynamic diameter (nm) Peak width (nm) 

PEG 752.0 65.42 

Dextran 802.4 96.49 

Jeffamine 941.4 110.80 

4.2 PEG AND DEXTRAN AQUEOUS TWO-PHASE SYSTEMS 

PEG / Dextran aqueous two phase systems are the most widely described. Annex A.3 has some 

phase diagrams of PEG / Dextran ATPSs. 

On starting studies, the partition of pure IgG was determined varying some characteristics of the PEG 

/ dextran ATPSs: salt concentration and the presence of different buffers. 

4.2.1 The partitioning of pure IgG in PEG / Dextran ATPS 

Effect of salt concentration 

The increasing of salt concentration affects little the partition of substances in systems of non-

polyelectrolytes. As this is the case in PEG / Dextran systems, it was observed that the IgG partition 

coefficient almost does not change for salt concentrations ranging 55 to 530 mM (Figure 4.2). 

 

Figure 4.2 - Logarithm of the partition coeficient of pure IgG in systems containing 6.5% (w/w) PEG 3,000 

Da and 7.5% (w/w) Dextran 500,000 Da with increasing NaCl concentrations. The pH of the systems varied 

between 7.0 and 7.5. 

However, it would be expected, at low salt concentrations (at least under 100 mM), for the logarithm of 

the partition coefficient to be negative. It is known that at low or moderate NaCl concentrations 
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proteins tend to avoid the PEG rich phase (Azevedo, et al., 2009). Yet, as will be discussed later on, 

when performing IgG ATPE studies with CHO cells supernatant containing IgG in systems with 

different molecular weight PEG molecules, it was noticed that the IgG partitioned to the top phase in 

systems with under 3,500 Da PEG and to the bottom phase in systems formed by PEG molecules 

over 6,000 Da. 

The yield of IgG extraction in each phase in the five prepared systems is shown in Figure 4.3  

 

Figure 4.3 - The yield of extraction of pure IgG in the bottom and top phase of systems containing 6.5% 

(w/w) PEG 3,000 and 7.5% (w/w) Dextran 500,000 with increasing NaCl concentrations. 

Once more the difference between all the systems is unappreciable. 

It is observable that the global yield for the five systems is ranging from 79% in the system with 55 mM 

of NaCl to 56% in the last one. The precipitation, visible after the phase separation is probably due to 

the increased ionic strength and not to the pH values in the systems, which vary between 7.0 and 7.5. 

Precipitation is most likely due to hydrophobic interactions between the antibody molecules. Being 

hydrophobic proteins, immunoglobulins tend to aggregate when the ionic strength increases (Ramos 

Vara, et al., 2007). 

The influence of pH 

The pH of the systems has a great influence in the partition coefficient of IgG as can be seen in Figure 

4.4. 
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Figure 4.4 - Logarithm of the partition coeficient of pure IgG in systems containing 8% (w/w) PEG 3,000 Da 

and 4% (w/w) Dextran 500,000 Da for different pH values; systems prepared with 50 mM of three different 

buffers: phosphate (pH 7), acetate (pH 5) and citrate (pH 2.5). 

In these systems, prepared with 8% (w/w) PEG 3,000 and 4% (w/w) Dextran 500,000, the IgG showed 

a slight preference for the PEG rich phase. The system buffered with phosphate buffer (pH 7) did not 

significantly alter the partition, it remained almost even. The addition of acetate buffer (pH 5) shifted 

the pH of both phases to values between 5.3 and 5.5. The pH of the citrate buffered system 

decreased to a value of 3.5-3.7. By lowering the systems pH the IgG preference for the upper phase 

increased, which is reflected in the partition coefficient. However, precipitation of the antibody 

occurred as the systems pH was lowered: the total extraction yield decreased from almost 100%, in 

the pH neutral systems, to 69% in the citrate buffered one. 

 

Figure 4.5 - The yield of extraction of pure IgG in the bottom and top phase of systems containing 8% 

(w/w) PEG 3000 Da and 4% (w/w) Dextran 500,000 Da for different pH values; systems prepared with 50 

mM of three different buffers: phosphate (pH 7), acetate (pH 5) and citrate (pH 2.5). 

It would be expected to observe an increase in the partition coefficient as the pH value increases. As 

the pH increases the proteins become more negatively charged, intensifying repulsive interactions 

between their negatively charged groups and the phosphate, acetate or citrate ions, which partition 

preferentially to the bottom phase (Rosa, et al., 2007). However, probably due to increased 

precipitation as the pH of the systems was lowered, the exact opposite was observed. 
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4.2.2 The partition of supernatant IgG and contaminant proteins 

The effect of PEG molecular weight 

While analysing the logarithm of the partition coefficient of the IgG present in CHO cells supernatant in 

6.5% PEG / 7.5% Dextran aqueous two-phase systems, Figure 4.6, it was noticed that the monoclonal 

antibody showed a preference for the Dextran rich phase in systems formed by PEG with a molecular 

weight higher than 6,000 Da. For systems with PEG molecular weights of 1,000 and 3,500 Da, IgG 

had a tendency for the partition to the PEG rich phase.  

The interactions between the polymers and the proteins are non-specific, mainly hydrophobic and van 

der Waals intermolecular interactions. PEG is a more hydrophobic polymer than Dextran, and it seems 

that the partition of the IgG to the top rich phase was a result of the interaction of the antibody 

hydrophobic dominions with the PEG molecules. However, when the PEG molecular weight was 

increased, the IgG partition started to be influenced mainly by size exclusion phenomena, eclipsing 

the hydrophobic drive partition. The other proteins, existing in the supernatant, partition almost equally 

in the top and bottom phases regardless of the system. The IgG produced by the CHO cells is 

monoclonal (on the contrary of the IgG from Gammanorm, which is polyclonal), hence having a unique 

isoelectric point, and being more susceptive to drastic partition changes from one system to another. 

 

Figure 4.6 - Logarithm of the partition coeficient of supernatant IgG and of contaminant proteins in 

systems containing 6.5% (w/w) PEG of several molecular weights ranging 1,000 to 10,000 Da and 7.5% 

(w/w) Dextran 500,000 Da; pH 7.2-7.6. 

The shifting of the IgG partition when the PEG molecular weight is raised is drastic. The recovery of 

IgG in the top phase in the systems prepared with PEG 1,000 and 3,500 is almost total. On the 

contrary, in the other systems, with PEG 6,000 to 10,000, nearly all of the IgG was recovered in the 

bottom phase, as it can be seen in Figure 4.7. 
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Figure 4.7 - The yield of extraction of pure IgG in the bottom and top phase of systems containing 6.5% 

(w/w) PEG of several molecular weights ranging 1,000 to 10,000 Da and 7.5% (w/w) Dextran 500,000 Da; 

pH 7.2-7.6. 

In spite of the changes in the partition of IgG between the two phases as the PEG molecular weight 

increases, there cannot be noticed any significant increment in the purity of any system. The loaded 

CHO cells supernatant had an IgG purity of 34.4%; the system where was found the major increase in 

purity was the one with PEG 1,000 (42.2%). The other system in which the IgG partitioned to the top 

phase only got an increase of 2%. In the remaining systems the IgG partitioned to the bottom phase 

with a purity of 36.9%, in the system with PEG 6,000, 35.1% (PEG 8,000) and 34.1% (PEG 12,000). 

Due to the low titres of IgG in the supernatant (45.9 μg/mL), comparing to the titres of contaminant 

proteins (87.4 μg/mL), and since the volume ratio (Vtop phase / Vbottom phase) is larger than 1.4, despite of 

the IgG partition coefficient, the obtained purity would never increase much beyond the purity of the 

raw supernatant. By decreasing the volume of the IgG preferred phase, and therefore increasing the 

concentration of the antibody in that phase, while increasing the volume of the other phase, the 

partition coefficient could perhaps increase, increasing as well the purity of the IgG. 

The influence of pH 

The partition of proteins in PEG / Dextran systems is, as stated before, controlled mainly by 

hydrophobic and non-specific interactions such as the van der Waals interactions. By changing the pH 

of the systems, making it more acid, the conformation of the secondary and tertiary structures of 

proteins changes, exposing hydrophobic dominions and raising the IgG preference for the PEG rich 

phase (Figure 4.8). 
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Figure 4.8 - The logarithm of partition of IgG and of contaminant proteins from the supernatant of CHO 

cell culture in buffered systems. The systems were buffered with three different buffers: phosphate (pH 

7), acetate (pH 5) and citrate (pH 2.5); each buffer was trialled for 50 mM and 100 mM concentrations. The 

systems were prepared with 6.5% (w/w) PEG 3,000 and 7.5% (w/w) Dextran 500,000, no addition of salt 

was made. 

Yet, as can be seen in previous figure, the partition coefficient for the 100 mM citrate (pH 2.5) buffered 

system is actually lower than the partition coefficient of the system containing 50 mM of citrate buffer. 

This could be due to great levels of precipitation. The total yield of IgG extraction in this system is only 

27%. Moreover, precipitation was as well observed to happen in large levels in the systems containing 

phosphate buffer (pH 7): 27% and 38% in the 50 mM and 100 mM systems respectively (Figure 4.9). 

 

Figure 4.9 - The yield of extraction of IgG from the supernatant of CHO cell culture in the top and bottom 

phases of buffered systems. The systems were buffered with three different buffers: phosphate (pH 7), 

acetate (pH 5) and citrate (pH 2.5); each buffer was trialled for 50 mM and 100 mM concentrations. The 

systems were prepared with 6.5% (w/w) PEG 3,000 and 7.5% (w/w) Dextran 500,000, no addition of salt 

was made. 

The global yields of extraction in every one of these buffered systems are very low. The highest, for 

the system with 100 mM of acetate (pH 5), was only of 58%. Such low yields are hardly explained by 

the pH levels of the systems or by their ionic. The pH of the systems buffered with 50 mM or 100 mM 

phosphate was of 7.4 and 7.3, respectively. The increase in buffer concentration raised the buffering 

capacity in the system. The pH in the acetate buffered systems was 5.1 (50 mM) and 5.0 (100 mM), 
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and in the systems with citrate buffer of 3.7 (50 mM) and 3.4 (100 mM). The pH values, ranged from 

3.4 to 7.4, should not cause IgG precipitation. The salt concentration in the systems, introduced with 

the buffer, did not surpassed 100 mM. 

One possible reason for the achievement of such low yields could be the samples storage time, which, 

in this case, was overnight at 4°C. Immunoglobulins are very hydrophobic proteins and tend to form 

aggregates at pH values around their isoelectric point, which can range between 5 and 9. This fact, 

allied to medium term storage can result in extensive precipitation. 

The precipitation of IgG renders a decrease in purity. The purity decreased along with the yield of 

extraction in the systems where the precipitation was more intense 

The initial purity of the IgG in the supernatant was of 25.8%. In the system containing 100 mM acetate 

buffer and in the one with 50 mM of citrate buffer was determined a slight increase in the IgG purity, 

25.9% and 28.5% respectively. It also increased in the system buffered with 50 mM citrate (29.1%). 

This was because of the minor partition of the contaminant proteins to the bottom phase. Due to IgG 

precipitation, the purity in the other systems decreased considerably: it was only of 6.0% and 16.0% in 

the systems buffered with 50 mM and 100 mM phosphate, respectively; and 13.7% in the system with 

100 mM of citrate buffer. 

Either way, what was discussed in the results of IgG extraction dependent on the PEG molecular 

weight is also valid in this case: the partition of other proteins is almost uniform; the volume ratio of the 

systems of this assay is around 1; and the IgG titre of the supernatant is nearly the same (41.9 

μg/mL). As before, these facts hold the reasons why these systems are not the better ones to achieve 

high purity factors. In order to achieve high a high yield of extraction without compromising the purity 

of the extracted IgG, the aqueous-two phase system has to be carefully chosen. Since these systems 

do not selectively separate contaminant proteins, the probable best one to yield an increase in purity 

would be one with a volume ratio lower than 1. Moreover, to avoid IgG precipitation, a pH value 

between 5 and 7 is more suitable. Given that high yields were attained by using systems of lower 

molecular weight PEG, with IgG showing a preference for the top phase, the choice of a system 

composed by low molecular weight PEG and high MW Dextran would perhaps be the better. 

Increasing pH values, around 9, and the ionic strength would also improve the IgG partition to the 

PEG-rich phase. 

4.2.3 PEG / Dextran aqueous two phase systems with addition of PEG coated MNPs 

PEG coated magnetic nano-particles were trialled as joint extraction method in aqueous two-phase 

systems. It would be expected for the MNPs to adsorb part of the antibody and, according with the 

partition of the particles, to favour the IgG partition to that phase. In addition, if the particles in fact 

adsorb the antibody, the IgG concentration in the phase will drop, rendering direct changes in the IgG 

partition coefficient and yield of extraction in the liquid phase. That is, it will appear a new term of IgG 

extraction as the antibody is eluted from the adsorbing particles. The presence of MNPs also makes 

phase separation swifter. 
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All the systems described henceforth were composed by 5% (w/w) PEG 3,350 and 7% (w/w) Dextran 

500,000. 

Partition of PEG coated MNPs 

Figure 4.10 and Figure 4.11 shows, the partition of PEG coated MNPs. In every system prepared with 

addition of this kind of particles was observed their positioning in the bottom phase. In the two cases 

pictured, this was independent of the ionic strength and of the pH value. 

 

Figure 4.10 - ATPS test tubes with PEG coated MNPs with several NaCl concentrations: A) 150 mM; B) 300 

mM; C) 500 mM. Systems composition is as follows: 7% (w/w) PEG 3,350; 5% (w/w) Dextran 500,000; 

0.01% (w/w) PEG MNPs; 50 mM phosphate buffer (pH 7). 

 

Figure 4.11 - ATPS test tubes with PEG coated MNPs with different buffers: A) without buffer; B) citrate 

(pH 2.5); C) acetate (pH 5); D) phosphate (pH 7). Systems composition is as follows: 7% (w/w) PEG 3,350; 

5% (w/w) Dextran 500,000; 0.01% (w/w) PEG MNPs; 50 mM buffer. 
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Partition of pure IgG in systems containing PEG coated MNPs 

Influence of salt concentration 

By analysing the IgG partition in these systems (Figure 4.12) it is clear the shift on the direction of 

antibody distribution when NaCl concentration is greater than 150 mM. However, this is not so much 

because of the rising of IgG concentration in the top phase over its concentration in the bottom phase. 

The yield of extraction in the bottom phase is constant through the four systems and independent of 

NaCl concentration. As Table 4.3 shows, the amount of precipitated IgG decreases as the salt 

concentration increases. In systems with a pH nigh 7, as this is the case, the main reason for IgG 

precipitation is the hydrophobic interactions between antibodies that result in antibody aggregation; 

and this is what was expected to happen as the NaCl concentration increases. Moreover, the quantity 

of MNP adsorbed antibody decreases in the same way. Hence, increasing the concentration of IgG in 

the top phase and shifting the antibody partitioning. 

The interactions between the antibody and the PEG coated particles are non-specific, hydrophobic 

and ionic. The presence of salt in the system should render the hydrophobic interactions particle-IgG 

stronger and, concomitantly, weakening ionic interactions. Looking into the yield of IgG extraction from 

the particles (Table 4.3), it can be noticed that, in the system without salt, most of the IgG was eluted 

from the particles in the wash with water, meaning that the antibody was adhering to the particles 

through hydrophobic interactions. The amount of IgG washed out from the particles of systems 

containing increased ionic strength was every time very low. Yet, in Table 4.3, a tendency for the 

decrease of antibody quantity eluted in the wash with the saline solution can be noticed. This can be a 

consequence of the existence, to a small degree, of ionic interactions PEG coated particle-IgG. It 

would be expected, when comparing the elutions from the system without salt to the ones of the 

systems with salt, to observe the yield of IgG washed out from the particles of the system with no salt 

to be greater in the elution with the 1 M NaCl solution. 

 

Figure 4.12 - The logarithm of pure IgG (1 g/LATPS) partition coefficient in 7% (w/w) PEG 3,350 / 5% (w/w) 

Dextran 500,000 ATPSs with 0.01% (w/w) PEG coated MNP, buffered with 50 mM phosphate buffer (pH 7), 

and for NaCl concentrations ranging 0 to 500 mM. 
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Table 4.3 - IgG (1 g/LATPS) extraction parameters determined for each phase of ATPSs containing 7% (w/w) 

PEG 3,350 / 5% (w/w) Dextran 500,000, 0.01% (w/w) PEG coated MNP, and buffered with 50 mM phosphate 

buffer (pH 7), for NaCl concentrations ranging 0 to 500 mM. 

[NaCl] (mM) η top phase η bottom phase Log K 
η 1st MNP wash 

with MilliQ 
η 2nd MNP wash 

with 1M salt sol. 
η MNP eluted 

IgG 
η total 

0 20.60% 18.66% -0.50 17.77% 2.20% 19.97% 59.23% 

150 35.48% 20.86% -0.10 5.17% 7.38% 12.55% 68.89% 

300 44.75% 21.00% 0.16 5.22% 6.73% 11.95% 77.71% 

500 50.14% 21.90% 0.23 5.06% 4.19% 9.25% 81.29% 

 

Influence of pH 

Lowering the pH of the PEG / Dextran system supplemented with PEG coated MNPs three events 

take place: the IgG levels of precipitation decrease (see Table 4.4 for total yield information); the 

amount of adsorbed antibody by the particles is almost unappreciable; and the IgG partition shows a 

preference for the PEG rich phase (Figure 4.13). 

As stated before, the pH of the solution induces the alteration of proteins formation. Since 

immunoglobulins have an isoelectric point usually between pH 5.8 and 8.5, and since the pure IgG 

from Gammanorm is polyclonal, it can be supposed that below pH 5 all IgG has net positive charge. 

Antibodies are less prone to aggregation and consequent precipitation due to antibody-antibody 

hydrophobic interactions if the pH of the solution is lowered below the isoelectric point (Ramos Vara, 

et al., 2007). Of course, this tendency only holds true to a certain limit: if the pH lowers too much the 

antibody ends up experiencing acid denaturation, as happened in the citrate buffered system. 

Moreover, it seems that this feature of the IgG results on only residual quantities of antibody adsorbing 

to the PEG coated MNPs, not establishing with them whatever interactions. 

 

Figure 4.13 - The logarithm of pure IgG (1 g/LATPS) partition coefficient in 7% (w/w) PEG 3,350 / 5% (w/w) 

Dextran 500,000 ATPSs with 0.01% (w/w) PEG coated MNP, buffered with 50 mM of different buffers: 

citrate (pH 2.5), acetate (pH 5) and phosphate (pH 7). 
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Table 4.4 - pure IgG (1 g/LATPS) extraction parameters in 7% (w/w) PEG 3,350 / 5% (w/w) Dextran 500,000 

ATPSs with 0.01% (w/w) PEG coated MNP, buffered with 50 mM of different buffers: citrate (pH 2.5), 

acetate (pH 5) and phosphate (pH 7). 

[NaCl] (mM) pH η top phase η bottom phase Log K 
η 1st MNP wash 

with MilliQ 
η 2nd MNP wash 

with 1M salt sol. 
η MNP 

eluted IgG 
η total 

w/o buffer 7.1 20.60% 18.66% -0.50 17.77% 2.20% 19.97% 59.23% 

Citrate 3.4 78.32% 5.85% 1.99 0.46% 0.69% 1.15% 85.32% 

Acetate 5.1 75.31% 24.43% 0.53 0.85% 1.23% 2.08% 101.83% 

Phosphate 7.3 22.69% 19.83% -0.68 25.79% 2.81% 28.60% 71.13% 

 

Partition of supernatant IgG and other proteins in systems containing PEG coated MNPs 

The partition of IgG and the protein contaminants from a CHO cell supernatant in PEG / Dextran 

ATPSs supplemented with PEG coated MNPs was also evaluated. In order to rise the IgG titre in the 

supernatant, which is considerably low (37.15   4.75 mg/L), and make the IgG quantification by 

chromatography easier and more accurate, it was added pure IgG (from Gammanorm) to the 

supernatant to a final concentration of 1287   38 mgIgG/L. In the following assays the spiked 

supernatant loading was of 20% (w/w). 

The IgG purity levels of the extracts obtained in this assay were not successfully determined. For 

some not comprehended reason, the Bradford assay for total protein determination did not provide 

coherent results. 

Influence of salt concentration 

Changing the ionic strength of these systems did not altered, in any remarkable way, how the antibody 

partitions between the two phases, at least for NaCl concentrations ranging 5 to 50 mM. 

By testing against these systems one with 50 mM of NaCl but without acetate buffer (pH 5) it can be 

observed the importance of the pH level on the partition of the antibody. The acetate buffered systems 

have an average pH of 5.3, while the unbuffered one has a pH 6.5. Consequently, the IgG partition 

occurs to the top phase in the acetate buffered systems and to the bottom phase in the system without 

buffer. 

Regarding the results of the MNPs elution (Figure 4.16), it would be expected, as determined in the 

assay for the partition and magnetic capture of pure IgG in differently buffered systems, that none of 

the IgG would adsorb to the particles. It is not known what components the supernatant has in solution 

that could result in such a difference. Yet, between those systems with pure IgG and the ones now 

analyzed there is a small increase in ionic strength. In the previous results, with pure IgG, by 

increasing the NaCl concentration in the system, a decrease in the extraction yield of IgG adsorbed to 

the particles in the elution with 1 M NaCl was observed, and the following results are in accordance 

with that. It seems that, for low salt concentrations during the system preparation and phase 

segregation, the electrostatic interactions particle-antibody are encouraged to a small level. However, 

it would be expected to elute some MNPs adsorbed IgG with water (1
st
 wash), due to increase of 

hydrophobic interactions provided by the raise in ionic strength. 
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Figure 4.14 - The logarithm of IgG (1287 mg/LATPS) partition coefficient in 7% (w/w) PEG 3,350 / 5% (w/w) 

Dextran 500,000 ATPSs with 0.01% (w/w) PEG coated MNP, buffered with 100 mM acetate (pH 5), and with 

several NaCl concentrations ranging 5 to 50 mM; one system with 50 mM NaCl was tested with no buffer. 

 

 

Figure 4.15 - The yield of IgG (1287 mg/LATPS) extraction in each phase of ATPSs containing 7% (w/w) 

PEG 3,350 / 5% (w/w) Dextran 500,000, 0.01% (w/w) PEG coated MNP, buffered with 100 mM acetate (pH 5), 

and with several NaCl concentrations ranging 5 to 50 mM; one system with 50 mM NaCl was tested with 

no buffer. 
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Figure 4.16 - Yield of IgG extraction in two elutions of PEG coated MNPs for each of the systems 

described above. After the magnetic separation two MNPs washes were made, the first one with MilliQ 

water, and the second with a 1 M NaCl 50 mM phosphate buffered solution (pH 7). 

 

Influence of pH 

As was stated before, in the discussion on the assays with pure Gammanorm antibody, the pH 

decrease renders higher partition coefficients. Moreover, when the buffer concentration is increased, 

and the pH of the system gets closer to the buffer pH, the ionic strength increases as well and this fact 

contributes to the rise of the partition coefficient. The shift of Log K as the phosphate buffer 

concentration is raised supports this idea (Figure 4.17). 

 

Figure 4.17 - The logarithm of IgG (1287 mg/LATPS) partition coefficient in 7% (w/w) PEG 3,350 / 5% (w/w) 

Dextran 500,000 ATPSs with 0.01% (w/w) PEG coated MNP, buffered with 10, 50 or 100 mM of different 

buffers: citrate (pH 2.5), acetate (pH 5) and phosphate (pH 7). 

However, decreasing the pH of a system has direct consequences on the stability of the antibody. 

Table 4.5 shows that increasing the citrate buffer concentration, resulting in the reduction of pH value 

to 3.4 at 100 mM, yielded a precipitation cost of over 50%. The systems where almost none IgG 

precipitation occurred were those buffered with phosphate (50 and 100 mM) and with citrate (10 to 

100 mM); and, from those, were the latest that yielded the highest partition coefficient. 
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Table 4.5 - IgG (1287 mg/LATPS) extraction parameters in 7% (w/w) PEG 3,350 / 5% (w/w) Dextran 500,000 

ATPSs with 0.01% (w/w) PEG coated MNP, buffered with 10, 50 or 100 mM of different buffers: citrate (pH 

2.5), acetate (pH 5) and phosphate (pH 7). 

 

Analysing now the adsorption capacities of the PEG coated particles in the differently buffered 

systems (Table 4.5) it can be supposed that most of the interactions PEG coated MNPs-IgG have an 

electrostatic nature. The amount of antibody eluted with the second wash with the 1 M NaCl solution 

decreases with the ionic strength of the system. It can be as well noticed that, in the systems with 

lower buffer concentration, except the one with citrate buffer, there were some IgG bound to the MNPs 

through hydrophobic interactions. 

Influence of MNP concentration 

Figure 4.18 shows the effect of PEG coated MNPs concentration in IgG partition in PEG / Dextran 

aqueous two phase systems. 

 

Figure 4.18 - The logarithm of IgG (1287 mg/LATPS) partition coefficient in 7% (w/w) PEG 3,350 / 5% (w/w) 

Dextran 500,000 ATPSs with increasing weight percentages of PEG coated MNP, buffered with 100 mM 

acetate (pH 5). 

The system with 0.03% (w/w) of PEG coated MNPs show a rise in the partition coefficient due to a 

decrease of antibody extraction yield in the system bottom phase (Figure 4.19). The antibody not 

Sample η top phase η bottom phase Log K 
η 1st MNP wash 

w/ MilliQ 
η 2nd MNP wash 

w/ 1M salt sol. 
ηtotal 

w/o buffer 29.77% 19.62% -0.31 7.85% 20.43% 77.68% 

10 mM citrate 75.72% 13.88% 0.97 0.07% 4.03% 93.70% 

50 mM citrate 61.51% 4.76% 1.77 0.03% 2.19% 68.48% 

100 mM citrate 40.61% 2.56% 2.04 0.04% 1.64% 44.84% 

10 mM acetate 63.85% 20.68% 0.40 1.69% 9.24% 95.45% 

50 mM acetate 69.96% 21.80% 0.53 0.46% 5.36% 97.58% 

100 mM acetate 70.89% 20.93% 0.64 0.29% 5.01% 97.11% 

10 mM phosphate 37.06% 28.86% -0.47 3.45% 17.87% 87.23% 

50 mM phosphate 57.36% 32.46% -0.15 0.35% 5.39% 95.56% 

100 mM phosphate 74.84% 23.78% 0.36 0.13% 1.28% 100.02% 
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turning up in any of the phases was eluted in the second MNPs wash, with 1M NaCl 50 mM 

phosphate buffered solution (Figure 4.20). This means that the antibody was electrostaticaly bound to 

the particles. 

In any of the tested systems was noticed antibody precipitation. Result backed up by the values of the 

total IgG extraction yield, which were all nigh 100%. 

 

Figure 4.19 - The yield of IgG (1287 mg/LATPS) extraction in each phase of ATPSs containing 7% (w/w) 

PEG 3,350 / 5% (w/w) Dextran 500,000 with increasing weight percentages of PEG coated MNP, buffered 

with 100 mM acetate (pH 5). 

 

 

Figure 4.20 - Yield of IgG extraction in two elutions of PEG coated MNPs for each of the systems 

described above. After the magnetic separation two MNPs washes were made, the first one with MilliQ 

water, and the second with a 1 M NaCl 50 mM phosphate buffered solution (pH 7). 

 

4.2.4 PEG / Dextran aqueous two phase systems with addition of Dextran coated MNPs 

MNPs coated with Dextran were added to the PEG / Dextran aqueous two-phase systems and the 

partition of pure IgG and IgG from a CHO cell supernatant was studied. 
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Partition of Dextran coated MNPs 

As ovserved with the PEG coated MNPs, the partition of the Dextran coated magnetic nano-particles 

in systems composed by PEG 3,350 and Dextran 500,000 was independent of ionic strength or pH 

level. These particles always distributed themselves in a density driven way to the bottom phase, as 

can be seen in Figure 4.21 and in Figure 4.22. 

 

Figure 4.21 - ATPS test tubes with Dextran coated MNPs with different buffers: A) without buffer; B) 

citrate (pH 2.5); C) acetate (pH 5); D) phosphate (pH 7). Systems composition is as follows: 7% (w/w) PEG 

3,350; 5% (w/w) Dextran 500,000; 0.01% (w/w) Dextran MNPs; 50 mM buffer. 

 

 

Figure 4.22 - ATPS test tubes with Dextran coated MNPs with several NaCl concentrations: A) 150 mM; B) 

300 mM; C) 500 mM. Systems composition is as follows: 7% (w/w) PEG 3,350; 5% (w/w) Dextran 500,000; 

0.01% (w/w) Dextran MNPs; 50 mM phosphate buffer (pH 7). 
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Partition of pure IgG in systems containing Dextran coated MNPs 

Influence of salt concentration 

As in PEG / Dextran ATPSs with PEG coated MNPs, an increased IgG precipitation for lower 

concentrations of added NaCl was also observed. As can be seen in Table 4.6 the total IgG extraction 

yield was only 55.5% in the system prepared with 150 mM of NaCl. Again, it was expected for the IgG 

to remain more stable at low salt concentrations and not the contrary. 

Yet the logarithm of the IgG partition coefficient seems to take the normal tendency, that is, to become 

positive as the ionic strength increases. Due to the high percentages of antibody precipitation in the 

systems with 150 and 300 mM of NaCl, the shift of the IgG partition as the ionic strength is increased 

can only be backed up by comparing the Log K of the system with no addition of salt and of the one 

with 500 mM NaCl. 

 

Figure 4.23 - The logarithm of pure IgG (1 g/LATPS) partition coefficient in 7% (w/w) PEG 3,350 / 5% (w/w) 

Dextran 500,000 ATPSs with 0.01% (w/w) Dextran coated MNP, buffered with 50 mM phosphate buffer (pH 

7), and for NaCl concentrations ranging 0 to 500 mM. 

The yield of IgG extraction by magnetic separation decreases as the salt concentration in the system 

is increased (Table 4.6). Looking into the same table, it can be noticed that by adding NaCl, even at 

low concentrations, the percentage of IgG eluted in the first wash with water decreases drastically; at 

the same time the amount of antibody in the elution with the 1 M NaCl solution increases. With the 

increase of salt concentration in the system the electrostatic interactions IgG-particle become weaker 

decreasing the adsorption of antibody to the particles. On the other hand, the hydrophobic interactions 

between IgG and the Dextran coated MNPs seem to be less appreciable when NaCl is added to the 

PEG / Dextran system. These interactions, however, seem to be of greater importance in the system 

with no salt addition, where over 36% of the IgG in the system was extracted in the elution with water 

of the MNPs. 
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Table 4.6 - Pure IgG (1 g/LATPS) extraction parameters in each phase of ATPSs containing 7% (w/w) PEG 

3,350 / 5% (w/w) Dextran 500,000, 0.01% (w/w) Dextran coated MNP, and buffered with 50 mM phosphate 

buffer (pH 7), for NaCl concentrations ranging 0 to 500 mM. 

[NaCl] (mM) η top phase η bottom phase Log K 
η 1st MNP wash 

w/ MilliQ 
η 2nd MNP wash 

w/ 1M salt sol. 
η MNP 

eluted IgG 
ηtotal 

0 35,43% 25,97% -0,41 36,37% 8,08% 44,44% 105,84% 

150 23,23% 12,82% -0,04 5,24% 14,19% 19,43% 55,48% 

300 39,58% 13,72% 0,40 5,28% 6,84% 12,12% 65,42% 

500 56,30% 23,31% 0,37 4,56% 4,98% 9,54% 89,16% 

 

 

Influence of pH 

Like what happened in the systems supplemented with PEG coated MNPs, in this assay it was 

observed a shift in the partition of the antibody as the pH of the system was decreased. The IgG 

partitions into the bottom phase for pH values nigh neutral, and into the top phase as the pH 

decreases (Figure 4.24). 

The levels of IgG precipitation, once more, were noticed to be greater for pH values near 7. As stated 

before, decreasing the pH of a solution contributes to the stabilisation of immunoglobulins, providing 

that aggregation due to hydrophobic interactions between antibody molecules is avoided. However, 

the excessive decrease of the pH results in the acid denaturation of the IgG, what can be seen by 

looking into the total yield values in Table 4.7. 

 

Figure 4.24 - The logarithm of pure IgG (1 g/LATPS) partition coefficient in 7% (w/w) PEG 3,350 / 5% (w/w) 

Dextran 500,000 ATPSs with 0.01% (w/w) Dextran coated MNP, buffered with 50 mM of different buffers: 

citrate (pH 2.5), acetate (pH 5) and phosphate (pH 7). 
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Table 4.7 - Pure IgG (1 g/LATPS) extraction parameters in each phase of ATPSs containing 7% (w/w) PEG 

3,350 / 5% (w/w) Dextran 500,000, 0.01% (w/w) Dextran coated MNP, and buffered with 50 mM of different 

buffers: citrate (pH 2.5), acetate (pH 5) and phosphate (pH 7). 

Buffer 
(50 mM) 

pH η top phase η bottom phase Log K 
η 1st MNP wash 

w/ MilliQ 
η 2nd MNP wash 

w/ 1M salt sol. 
η MNP 

eluted IgG 
ηtotal 

w/o buffer 7.1 35,43% 25,97% -0,41 36,37% 8,08% 44,44% 105,84% 

Citrate 3.4 82,32% 5,16% 2,05 0,47% 1,45% 1,91% 89,39% 

Acetate 5.1 69,30% 19,01% 0,51 1,31% 4,27% 5,58% 93,90% 

Phosphate 7.3 22,54% 17,15% -0,42 24,16% 7,52% 31,68% 71,37% 

 

The magnetic extraction yield of IgG by the Dextran coated MNPs is very low in systems with acidic 

pH. The acidification of the medium destabilizes the hydrophobic interactions and, to a smaller degree, 

the electrostatic interactions IgG-Dextran coated MNP too (Table 4.7). 

Partition of supernatant IgG and other proteins in systems containing Dextran coated MNPs 

Influence of salt concentration 

The difference in the IgG partition, when comparing the systems buffered to pH 5 with 100 mM of 

acetate buffer with a system with no buffer, is again clear. In the firsts the antibody tends to partition to 

the top phase while in the last the antibody mildly partitions to the bottom phase.  

 

Figure 4.25 - The logarithm of IgG (1287 mg/LATPS) partition coefficient in 7% (w/w) PEG 3,350 / 5% (w/w) 

Dextran 500,000 ATPSs with 0.01% (w/w) Dextran coated MNP, buffered with 100 mM acetate (pH 5), and 

with several NaCl concentrations ranging 5 to 50 mM; one system with 50 mM NaCl was tested with no 

buffer. 
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Figure 4.26 - The yield of IgG (1287 mg/LATPS) extraction in each phase of ATPSs containing 7% (w/w) 

PEG 3,350 / 5% (w/w) Dextran 500,000, 0.01% (w/w) Dextran coated MNP, buffered with 100 mM acetate 

(pH 5), and with several NaCl concentrations ranging 5 to 50 mM; one system with 50 mM NaCl was tested 

with no buffer. 

Regarding the yield of IgG adsorption to the Dextran coated MNPs, Figure 4.27, it can be said that the 

interactions established between Dextran coated MNPs and the antibody are fairly weak. Comparing 

to the same assay with PEG coated MNPs, it is noticeable that the Dextran coated MNPs adsorb 

fewer quantities of the antibody. It is possible that any electrostatic interactions are established due to 

the ionic strength of the systems and, since Dextran is a polymer with a lot of OH groups, prone to 

establish hydrogen bonds with other molecules, because of the hydrophobic character of the 

immunoglobulins, no hydrophobic adsorption occurs as well. 

 

Figure 4.27 - Yield of IgG extraction in two elutions of Dextran coated MNPs for each of the systems 

described above. After the magnetic separation two MNPs washes were made, the first one with MilliQ 

water, and the second with a 1 M NaCl 50 mM phosphate buffered solution (pH 7). 

 

Influence of pH 

The test of IgG spiked supernatant in joint magnetic-ATP extraction with Dextran coated MNPs in 

aqueous two-phase systems with different concentrations of several buffers rendered quite similar 
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results to the assay with PEG coated MNPs. The only significant difference was the almost total 

precipitation of the IgG which was observed in the system with 100 mM of citrate buffer (pHsystem 3.3). 

Again one of the highest partition coefficients was obtained in the system with 50 mM of citrate buffer. 

For each buffer (citrate, acetate and phosphate), the increase in the partition coefficient as the 

concentration of the buffer also increases, is most probably due to the increase of the ionic strength, 

since the pH of the systems varies little between the tests of each buffer. The citrate buffered systems 

had pH values between 4 and 3.4, the acetate buffered ones were ranging from pH 5.4 to 5.0, and the 

phosphate buffered pH 6.7-6.9. 

 

Figure 4.28 - The logarithm of IgG (1287 mg/LATPS) partition coefficient in 7% (w/w) PEG 3,350 / 5% (w/w) 

Dextran 500,000 ATPSs with 0.01% (w/w) Dextran coated MNP, buffered with 10, 50 or 100 mM of different 

buffers: citrate (pH 2.5), acetate (pH 5) and phosphate (pH 7). 

 

 

Figure 4.29 - The yield of IgG (1287 mg/LATPS) extraction in each phase of ATPSs containing 7% (w/w) 

PEG 3,350 / 5% (w/w) Dextran 500,000, 0.01% (w/w) Dextran coated MNP, and buffered with 10, 50 or 100 

mM of different buffers: citrate (pH 2.5), acetate (pH 5) and phosphate (pH 7). 

 

Most of the interactions Dextran coated particle-IgG, although considerably weak, are of electrostatic 

nature, as Figure 4.30 shows. Most of the particles adsorbed antibody was washed out in the elution 
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with the 1 M NaCl solution. Owing to the lower ionic strength and to a sufficiently high pH value (above 

5), the systems in which more IgG was absorbed by the particles were the ones with 10 mM of acetate 

or phosphate, and that with no buffer. 

In addition, it is also perceptible that the Dextran coated MNPs had lower IgG adsorption capacity than 

the PEG coated MNPs. 

 

Figure 4.30 - Yield of IgG extraction in two elutions of Dextran coated MNPs for each of the systems 

described above. After the magnetic separation two MNPs washes were made, the first one with MilliQ 

water, and the second with a 1 M NaCl 50 mM phosphate buffered solution (pH 7). 

 

Influence of MNP concentration 

It is patent that higher concentration of magnetic nano-particles results in higher magnetic extraction 

yields (Figure 4.33). This has a direct influence in the IgG partition coefficient (Figure 4.31). Retrieving 

IgG from solution to the surface of the particles reduced the ratio of the concentration of the antibody 

in the top and bottom phase. 
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Figure 4.31 - The logarithm of IgG (1287 mg/LATPS) partition coefficient in 7% (w/w) PEG 3,350 / 5% (w/w) 

Dextran 500,000 ATPSs with increasing weight percentages of Dextran coated MNP, buffered with 100 mM 

acetate (pH 5). 

 

 

Figure 4.32 - The yield of IgG (1287 mg/LATPS) extraction in each phase of ATPSs containing 7% (w/w) 

PEG 3,350 / 5% (w/w) Dextran 500,000 with increasing weight percentages of Dextran coated MNP, 

buffered with 100 mM acetate (pH 5). 
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Figure 4.33 - Yield of IgG extraction in two elutions of Dextran coated MNPs for each of the systems 

described above. After the magnetic separation two MNPs washes were made, the first one with MilliQ 

water, and the second with a 1 M NaCl 50 mM phosphate buffered solution (pH 7). 

 

4.3 JEFFAMINE AND POLY-ACRYLATE AQUEOUS TWO-PHASE SYSTEMS 

The aqueous two-phase systems composed by Jeffamine and sodium polyacrylate are different from 

the ones described before formed by poly(ethylene glycol) and Dextran, as in these systems, one of 

the polymers, NaPAA, is a polyelectrolyte. Since immunoglobulins are very hydrophobic large 

molecules, high partition coefficients towards the top Jeffamine-rich phase are expected, due to the 

much higher hydrophobicity of Jeffamine compared to NaPAA. 

The other advantage of using Jeffamine / NaPAA prepared systems, in detriment of PEG / Dextran 

based systems, is the much lower cost of NaPAA compared to Dextran. 

4.3.1 Binodial curves of Jeffamine / NaPAA ATPS 

Since Jeffamine / NaPAA systems are not so widely described in the literature as PEG / Dextran 

systems are, it was necessary to determine the binodial curves for two-phase segregation were 

determined. 

The binodials were only determined for several molecular weights of NaPAA and for increasing ionic 

strength. No binodials were determined for other Jeffamine molecular weights, since 2,000 Da was the 

only MW available. 

One note should be made regarding Jeffamine / NaPAA ATPSs. In order to phase formation occur 

NaPAA has to be titrated. Otherwise NaPAA will be charged and will be compatible with Jeffamine, not 

forming two separate phases. Jeffamine is a polymer with a backbone of propylene oxide and 

ethylene oxide and monoaminated at the end of the polyether backbone. Hence, Jeffamine solutions 
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are very basic. Given that, with the objective of providing some pH control to the systems, Jeffamine 

stock solutions should have been titrated as well. 

For several NaPAA molecular weights 

As stated before, the increase of molecular weight of the phase forming polymers, as a general rule, 

result in decreasing of the concentrations needed for the phase segregation to occur. This is shown in 

Figure 4.34, where the position of binodial line decreases as the NaPAA molecular weight increases. 

 

Figure 4.34 - Binodials of the phase segregation in ATPSs composed by Jeffamine M-2070 and NaPAA 

with several molecular weights. 

 

For different NaCl concentrations 

Salt concentration is an especially important factor in phase segregation when at least one of the 

polymers involved is a polyelectrolyte. This is the case of the sodium polyacrylate (which the acid form 

is poly(acrylic acid)). The presence of NaCl shields the charges of the polyelectrolyte, making it more 

incompatible with the other polymer. As can be seen in Figure 4.35, the concentrations needed of 

Jeffamine and NaPAA for phase segregation to happen decrease significantly when the NaCl 

concentration is increased. 
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Figure 4.35 - Binodials of the phase segregation in ATPSs composed by Jeffamine M-2070, NaPAA 8,000 

and NaCl concentrations ranging 0 to 500 mM. 

 

4.3.2 The partition of pure IgG in Jeffamine / NaPAA systems 

Depending on NaPAA molecular weight 

Figure 4.36 shows the partition of pure IgG in Jeffamine / NaPAA ATPSs with different molecular 

weight NaPAA. The partition coefficients obtained are all higher than 1.0 and, consequently, the 

differences in the extraction yields in each phase are very pronounced (see Figure 4.37). For this 

reason, even small variations in the IgG concentration in the bottom phase gives rise to marked 

variations in the value of Log K. In fact, looking into Figure 4.37, it can be seen that the yield of 

extraction in the top phase increases as the molecular weight of the NaPAA increase from 8,000 to 

15,000 Da. 

The decrease of the extraction yield in the top phase in the system with NaPAA 100,000 is 

accompanied by the occurrence of some IgG precipitation, approximately 12%. 



61 
 

 

Figure 4.36 - The partition coefficient of IgG in ATPSs composed by 14% (w/w) Jeffamine M-2070 and 6% 

(w/w) NaPAA of several molecular weights with a 20% loading of a 1 g/L pure IgG stock solution (pH 9.4-

10.5). 

 

 

Figure 4.37 - The yield of extraction of IgG in each phase of ATPSs composed by 14% (w/w) Jeffamine M-

2070 and 6% (w/w) NaPAA of several molecular weights with a 20% loading of a 1 g/L IgG stock solution 

(pH 9.4-10.5). 

 

The influence of NaPAA concentration 

Figure 4.38 shows the effect of NaPAA concentration on the IgG partition coefficient. Increasing the 

NaPAA concentration lead to an increase of the antibody partition coefficient to the top phase, rich in 

Jeffamine. Also, Figure 4.39 shows an increase in the extraction yield as the concentration of NaPAA 

increases, due to the increased partition of IgG to the Jeffamine rich phase. The increase in the 

extraction yield could be due to the lowering of the pH value as more NaPAA is added to the systems. 

This pH change is shown in Table 4.8. As said before, Jeffamine is very basic and should have been 

titrated, and it could be responsible for the antibody precipitation. On the other hand, NaPAA is the salt 

form of an acid and a polyelectrolyte. The increase in concentration of NaPAA should help to 

counteract the Jeffamine pH and avoid IgG precipitation. 
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Furthermore, in Figure 4.39 the yield of extraction of the system with 14% (w/w) NaPAA is actually 

lower than the yields of the other systems. This could be because the IgG loses partially its solubility 

for NaPAA concentrations higher than12% (w/w). 

 

Figure 4.38 - The partition coefficient of IgG in ATPSs composed by 10% (w/w) Jeffamine M-2070 and 

several weight percentages of NaPAA 8,000 with a 20% loading of a 1 g/L pure IgG stock. 

 

 

Figure 4.39 - The yield of extraction of IgG in each phase of ATPSs composed by 10% (w/w) Jeffamine M-

2070 and several weight percentages of NaPAA 8,000 with a 20% loading of a 1 g/L IgG stock solution. 

 

Table 4.8 - IgG extraction parameters of systems composed by 10% (w/w) Jeffamine M-2070 and several 

weight percentages of NaPAA 8,000. 

w/w % 
NaPAA 

Log K η top phase 
η bottom 

phase 
η total pH top phase pH bottom phase 

Volume 
ratio 

8.5% 1.45 84.74% 1.49% 86.24 9.49 8.33 13.3 

10% 3.61 93.23% 1.99% 95.22 9.24 8.68 1.3 

12% 4.88 113.56% 0.62% 114.18 8.93 8.21 1.4 

14% 5.00 65.77% 0.56% 66.33 8.50 7.90 0.8 
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The influence of Jeffamine concentration 

The increase in Jeffamine concentration resulted in the increase of the pH value of the system, which 

yielded increasing IgG precipitation, as shown in Figure 4.41. The pH of the Jeffamine-rich phase is 

different from the pH of the NaPAA-rich phase by approximately 0.5. The pH of the top phase in the 

system with 8.5% (w/w) Jeffamine was of 9.0 and it rose as the Jeffamine concentration increased, 

respectively: for 10%, 12% and 14% Jeffamine, the pH of the top phase was 9.2, 9.5 and 9.6 

 

Figure 4.40 - The partition coefficient of IgG in ATPSs composed by several weight percentages of 

Jeffamine M-2070 and 10% (w/w) NaPAA 8,000 with a 20% loading of a 1 g/L pure IgG stock solution (pH 

9.0-9.6). 

 

 

Figure 4.41 - The yield of extraction of IgG in each phase of ATPSs composed several weight percentages 

of Jeffamine M-2070 and 10% (w/w) NaPAA 8,000 with a 20% loading of a 1 g/L IgG stock solution (pH 9.0-

9.6). 
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Variation with salt concentration 

Increasing salt concentration in an ATPS usually increases the value of Log K, especially when one of 

the systems polymers is polyelectrolyte. However, that tendency was not observable in this case, as 

can be seen in 

Figure 4.42 shows the effect of salt concentration, by addition of NaCl, on the partition of IgG in 

Jeffamine / NaPAA ATPSs. Increasing NaCl concentration lead to a decrease on IgG partition and, for 

concentrations greater than 250 mM, the partition coefficients are very similar. Increasing salt 

concentration in an ATPS usually increases the value of Log K, especially when one of the systems 

polymers is a polyelectrolyte (Zaslavsky, 1995). 

Figure 4.43 shows very high IgG extraction yields, ranging from 80 to nearly 100%, in the top phase 

even for low NaCl concentrations, and almost no IgG in the bottom phase in any of the systems. 

 

Figure 4.42 - The partition coefficient of IgG in ATPSs composed by 9% (w/w) of Jeffamine M-2070 and 

10% (w/w) NaPAA 8,000, with a 20% loading of a 1 g/L pure IgG stock solution and for salt concentrations 

ranging 100 to 1,000 mM (pH 8.6-9.0). 
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Figure 4.43 - The yield of extraction of IgG in each phase of ATPSs composed by 9% (w/w) of Jeffamine 

M-2070 and 10% (w/w) NaPAA 8,000, with a 20% loading of a 1 g/L pure IgG stock solution and for salt 

concentrations ranging 100 to 1,000 mM (pH 8.6-9.0). 

 

4.3.3 The partition of supernatant IgG and contaminant proteins 

The partition of IgG and the protein contaminants of a CHO cells supernatant was evaluated. The 

supernatant loading of the systems was of 40% (w/w) and the IgG titre was of 37.15   4.75 mg/L, as 

was quantified by chromatography. The pH of the supernatant is around 7.4, and it has low isotonic 

salt concentration. 

Effect of NaPAA molecular weight 

The IgG in Jeffamine / NaPAA systems partitions to the Jeffamine rich phase. Consequently, 

increasing the molecular weight of the polymer predominant in the bottom phase, the antibody 

partition coefficient should increase, as it is observable in Figure 4.44. Though, great levels of 

precipitation were obtained in the system with NaPAA 100,000. The reason for that is not fully 

understand. The pH levels are equally high in all systems, varying between 9.1 and 10.1. Such 

increased levels of precipitation were not observed in the assay with pure IgG. 

One further remark should be made on the determined IgG extraction yields. Figure 4.45 shows yields 

much over 100%. The method of IgG quantification by affinity chromatography has to be prepared 

taking into attention some sample characteristics. For instance, the IgG affinity to the protein A in the 

column is affected by the pH of the injected sample. Due to lack of experience when dealing with such 

method some quantification errors were made. The pH of the sample was not controlled correctly. 

Because of the high pH of these systems containing Jeffamine, a stronger ligation buffer (equilibration 

buffer) had to be used in order to guarantee the constancy of pH throughout all the samples. A buffer 

containing 50 mM of phosphate was the chosen over a buffer, such as PBS, with only 10 mM 

phosphate, that was used in the present quantification. Hence, while the systems samples were 

quantified presenting a pH value always higher than 9, the sample of supernatant had a pH of 7.4. It 
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seems that the IgG establishes a more intense ligation with the protein A in the column at higher pH 

values, given that the amount of IgG present in the samples was determined to be superior to the 

quantity of IgG in the loaded supernatant. 

This problem with the determination of IgG concentration is constant throughout all the assays with 

supernatant loaded Jeffamine / NaPAA systems. However, is still possible to determine the trend of 

the IgG partition in each of the tests performed. 

 

Figure 4.44 - The partition coefficient of supernatant IgG in ATPSs composed by 14% (w/w) Jeffamine M-

2070 and 6% NaPAA of several molecular weights, with a CHO cells supernatant of 40% (pH 9.1-10.1). 

 

 

Figure 4.45 - The yield of extraction of supernatant IgG in each phase of ATPSs composed by 14% (w/w) 

Jeffamine M-2070 and 6% NaPAA of several molecular weights, with a CHO cells supernatant of 40% (pH 

9.1-10.1). 

Figure 4.46 provides some information on the purity of the extracted IgG in each phase. The wells in 

which were run the samples of the top phase of the prepared systems, where the majority of the 

antibody is, show, besides the bands of the corresponding light (at ~20 kDa) and heavy chains (at ~75 

kDa) of the IgG, shadows of the bands of contaminant proteins. This reflects the no selectiveness of 

the Jeffmaine / NaPAA systems. 
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Figure 4.46 - SDS-Page gel for purity analisys of the systems described above. Well identification by 

NaPAA MW: 1) MW standart; 2 and 3) nothing; 4) 8,000 (NaPAA MW) t (top phase); 5) 8,000 b (bottom 

phase); 6) 15,000 t; 7) 15,000 b; 8) 100,000 t; 9) 100,000 b. 

 

The influence of NaPAA concentration 

Figure 4.47 shows the effect of NaPAA concentration on IgG partition. As expected, the increase in 

concentration of the NaPAA renders an increase in the IgG partition coefficient. 

However, looking into Figure 4.48 it is observable intense IgG precipitation in the system containing 

14% (w/w) of NaPAA 8,000. This could be due to the decrease of the limit antibody solubility as the 

polymer concentration increases. 

 

Figure 4.47 - The partition coefficient of supernatant IgG in ATPSs composed by 14% (w/w) Jeffamine M-

2070 and several weight percentages of NaPAA 8,000, with a CHO cells supernatant of 40% (pH8.5% 9.1; 

pH10% 8.6; pH12% 8.3; pH14% 8.0). 
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Figure 4.48 - The yield of extraction of supernatant IgG in each phase of ATPSs composed by 14% (w/w) 

Jeffamine M-2070 and several weight percentages of NaPAA 8,000, with a CHO cells supernatant of 40% 

(pH8.5% 9.1; pH10% 8.6; pH12% 8.3; pH14% 8.0). 

Again, as Figure 4.49 shows, there is no selectivity of IgG extraction against contaminant proteins in 

these systems. Regardless of the NaPAA concentration, all proteins, including IgG, tend to distribute 

themselves towards the top phase. 

 

Figure 4.49 - SDS-Page gel for purity analisys of the systems described above. Well identification by 

NaPAA weight percentage: 1) 8.5% NaPAA t; 2) MW standart; 3) 8.5% NaPAA b; 4) 10% NaPAA t; 5) 10% 

NaPAA b; 6) 12% NaPAA t; 7) 12% NaPAA b; 8) 14% NaPAA t; 9) 14% NaPAA b. 

 

The influence of Jeffamine concentration 

As was observed in the partition of pure IgG varying the concentration of Jeffamine, the partition 

coefficient increased with the weight percentage of Jeffamine in the systems (Figure 4.50). Moreover, 

precipitation was visible in the systems with 12 and 14% of Jeffamine M-2070, as shown in Figure 
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4.51. As stated before, this could be because of the IgG loss of solubility for higher concentrations of 

the polymer. 

 

Figure 4.50 - The partition coefficient of supernatant IgG in ATPSs composed by several weight 

percentages of Jeffamine M-2070 and 10% (w/w) NaPAA 8,000, with a CHO cells supernatant of 40% 

(pH8.5% 8.3; pH10% 8.7; pH12% 8.8; pH14% 9.0). 

 

 

Figure 4.51 - The yield of extraction of supernatant IgG in each phase of ATPSs composed by several 

weight percentages of Jeffamine M-2070 and 10% (w/w) NaPAA 8,000, with a CHO cells supernatant of 

40% (pH8.5% 8.3; pH10% 8.7; pH12% 8.8; pH14% 9.0). 

 

Regarding the purity no selectivity was found while increasing the concentration of Jeffamine. The 

contaminant proteins accompanied the distribution of the IgG (Figure 4.52). The wells in which were 

run the samples from the top phase of the several systems revealed not only the IgG bands but also 

the bands corresponding to the other supernatant proteins. 
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Figure 4.52 - SDS-Page gel for purity analisys of the systems described above. Well identification by 

Jeffamine wieght percentage: 1) 8.5% Jeffamine t; 2) 8.5% Jeffamine b; 3) MW standart; 4) 10% Jeffamine 

t; 5) 10% Jeffamine b; 6) 12% Jeffamine t; 7) 12% Jeffamine b; 8) 14% Jeffamine t; 9) 14% Jeffamine b. 

 

Effect of salt concentration 

Figure 4.53 shows the effect of NaCl concentration in IgG partition. As it would be expected, the 

increase of NaCl concentration in the system resulted in the increase of the partition coefficient 

The pH of the Jeffamine / NaPAA systems is very basic, pH above 9, and the two polymers should be 

charged negatively. Jeffamine is much more hydrophobic than the bottom phase polymer, having only 

one ionic group at the end of its backbone, and that is probably the nature of the interactions 

Jeffamine-IgG, hence the much more intense partition of the antibody to the top phase. 

Because of the problem with IgG quantification mentioned before, no clear conclusions can be taken 

regarding the yield of IgG extraction in the different systems. 
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Figure 4.53 - The partition coefficient of supernatant IgG in ATPSs composed by 9% (w/w) Jeffamine M-

2070 and 10% (w/w) NaPAA 8,000 and for increasing NaCl concentrations, with a CHO cells supernatant of 

40% (pH 8.4-8.5). 

The purity of IgG in the various top phases extracted from each of the systems was every time 

considerably low. Analysing Figure 4.54 it can be noticed once more that, the wells which have the 

bands corresponding to the light and heavy chains of the IgG have, also have the bands 

corresponding to the other proteins present in the supernatant. 

 

Figure 4.54 - SDS-Page gel for purity analisys of the systems described above. Well identification by NaCl 

concentration (mM): 1) 10 t; 2) 10 b; 3) 25 t; 4) MW standart; 5) 25 b; 6) 50 t; 7) 50 b; 8) 100 t; 9) 100 b; 10) 

raw supernatant. 
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4.3.4 Jeffamine / NaPAA ATPSs with addition of Jeffamine coated MNPs 

Alongside with what was done for the PEG coated and Dextran coated magnetic nano-particles, the 

same assays were tested with Jeffamine coated MNPs. 

Partition of Jeffamine coated MNPs 

Like PEG and Dextran coated MNPs, the partition of the magnetic particles was density driven. In 

every prepared system, for several values of pH and for various salt concentrations, the Jeffamine 

coated MNPs partitioned to the bottom phase, as Figure 4.55 and Figure 4.56 ilustrate. 

 

Figure 4.55 - ATPS test tubes with Jeffamine coated MNPs with different buffers: A) citrate (pH 2.5); B) 

acetate (pH 5); C) phosphate (pH 7). Systems composition is as follows: 9% (w/w) Jeffamine M-2070; 10% 

(w/w) NaPAA 8,000; 0.01% (w/w) Jeffamine MNPs; 50 mM buffer. 

 

 

Figure 4.56 - ATPS test tubes with Jeffamine coated MNPs with several NaCl concentrations: A) without 

salt; B) 150 mM; C) 300 mM; D) 500 mM. Systems composition is as follows: 9% (w/w) Jeffamine M-2070; 

10% (w/w) NaPAA 8,000; 0.01% (w/w) Jeffamine MNPs; 50 mM phosphate buffer (pH 7). 

 

A B C 

A B C D 



73 
 

Partition of pure IgG in systems containing Jeffamine coated MNPs 

Influence of salt concentration 

Figure 4.57 shows the increase in the partition coefficient as the salt concentration is raised, and the 

progress of the IgG extraction yields of the IgG in each phase is patent in Table 4.9. The increase in 

salt concentration should increase the partition coefficient by making larger the difference in IgG 

concentration between the top and the bottom phase. However, Table 4.9 shows that the increase in 

the IgG partition coefficient was only due to the reduction of the precipitation levels. The same 

observation was made in the PEG / Dextran systems with PEG or Dextran coated MNPSs. 

The IgG partition coefficient was actually lower in the systems with Jeffamine coated MNPs than in the 

systems without particles. As can be seen in Figure 4.42 (pure IgG partition in ATPSs with increasing 

NaCl concentrations), the IgG Log K was always higher than 4.0 in the systems without particles, 

while in the systems with MNPs it barely reached 3.0. 

 

Figure 4.57 - The logarithm of pure IgG (1 g/LATPS) partition coefficient in 9% (w/w) Jeffamine M-2070 / 10% 

(w/w) NaPAA 8,000 ATPSs with 0.01% (w/w) Jeffamine coated MNP, buffered with 50 mM phosphate buffer 

(pH 7), and for NaCl concentrations ranging 150 to 500 mM. 

 

Table 4.9 - pure IgG (1 g/LATPS) extraction parameters in each phase of ATPSs containing 9% (w/w) 

Jeffamine M-2070 / 10% (w/w) NaPAA 8,000 ATPSs with 0.01% (w/w) Jeffamine coated MNPs, and buffered 

with 50 mM phosphate buffer (pH 7), for NaCl concentrations ranging 150 to 500 mM. 

[NaCl] 
(mM) 

η top phase η bottom phase Log K 
η 1st MNP wash 

w/ MilliQ 
η 2nd MNP wash 

w/ 1M salt sol. 
ηtotal 

150 18,7% 2,3% 2,22 5,3% 2,3% 28,65% 

300 34,3% 2,2% 2,75 5,1% 3,2% 44,87% 

500 45,8% 2,4% 2,95 5,2% 3,5% 56,89% 

 

The MNPs two washes in Table 4.9 show that was eluted more IgG in the first wash with water than in 

the second wash with the 1 M NaCl solution. This means that the interactions Jeffamine coated 

particle-antibody have a hydrophobic nature. Another observation that can be made regarding the 
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following graphic is that the NaCl concentration does not altered the adsorption of the IgG to the 

particles. 

 

Influence of pH 

By observing Figure 4.58 and with the systems pH information from Table 4.10 it is noticed that, the 

lower the pH is decreased from its usual value in non-buffered systems (~9), the lower is the partition 

coefficient. The antibody preference for the top phase over the bottom one is higher for higher pH 

values. For high pH values the polyacrylate is negatively charged and hence pushes the generally 

hydrophobic antibody towards the top phase, to the Jeffamine-rich phase. 

 

Figure 4.58 - The logarithm of pure IgG (1 g/LATPS) partition coefficient in 9% (w/w) Jeffamine M-2070 / 10% 

(w/w) NaPAA 8,000 ATPSs with 0.01% (w/w) Jeffamine coated MNPs, buffered with 50 mM of different 

buffers: citrate (pH 2.5), acetate (pH 5) and phosphate (pH 7). 

 

Table 4.10 - Pure IgG (1 g/LATPS) extraction parameters in 9% (w/w) Jeffamine M-2070 / 10% (w/w) NaPAA 

8,000 ATPSs with 0.01% (w/w) Jeffamine coated MNPs, buffered with 50 mM of different buffers: citrate 

(pH 2.5), acetate (pH 5) and phosphate (pH 7). After the magnetic separation two MNPs washes were 

made, the first one with MilliQ water, and the second with a 1 M NaCl 50 mM phosphate buffered solution 

(pH 7). 

Buffer (50 mM) η top phase η bottom phase Log K 
η 1st MNP wash 

w/ MilliQ 
η 2nd MNP wash 

w/ 1M salt sol. 
pH ηtotal 

Citrate 48,2% 11,4% 1,18 11,7% 1,2% 6.5 72,48% 

Acetate 30,0% 3,5% 2,12 8,6% 0,6% 6.8 42,63% 

Phosphate 65,5% 2,2% 3,17 3,0% 0,5% 7.6 71,20% 

 

The quantity of IgG adsorbed to the Jeffamine coated MNPs was higher in the citrate buffered system 

(Table 4.10), and decreased as the pH of the system raised. The interactions particle-IgG, since 

almost all of the IgG was eluted in the first wash with water, are mainly hydrophobic, and these 

interactions seem to be stronger when the pH value of the solution decreases. 
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Partition of supernatant IgG and other proteins in systems containing Jeffamine coated MNPs 

Influence of salt concentration 

Figure 4.59 shows the enhanced IgG partition coefficient for increasing NaCl concentrations. It shows 

as well how the Log K of a system with 50 mM NaCl but without buffer is much higher than in the 

buffered systems. The increase of salt concentration supports the increase in IgG partition coefficient. 

Yet, what is remarkable about the results in Figure 4.59 is that the Log K is much more influenced by 

the presence of a buffer that makes the pH of the system decrease from 8.9 to 6.4. As discussed 

above, the partition of the IgG is much more unequal the higher the pH of the system. In this assay the 

precipitation of the antibody was not visible, and the quantification mistakes already mentioned made 

it impossible to refer to the extraction yield of the IgG. 

 

Figure 4.59 - The logarithm of IgG (882 mg/LATPS) partition coefficient in 9% (w/w) Jeffamine M-2070 / 10% 

(w/w) NaPAA 8,000 ATPSs with 0.01% (w/w) Jeffamine coated MNPs, buffered with 100 mM acetate (pH 5), 

and with several NaCl concentrations ranging 5 to 50 mM; one system with 50 mM NaCl was tested with 

no buffer. 

Comparing these ATPSs supplemented with Jeffamine coated MNPs with the systems non-

supplemented (Figure 4.53), which IgG Log K is always higher than 2.0, it is possible to conclude that 

the presence of the magnetic nanoparticles decreases the IgG partition coefficient. It seems that the 

adsorption of the antibody by the particles, resulting in the decreasing of concentration of free IgG in 

the system, leads to a more uniform distribution of the antibody between the two phases. 

Regarding the magnetic IgG extraction in this test, which results are indicated in Figure 4.60, it is clear 

that all IgG was washed out in the wash with water. This is in accordance with the supposition that the 

main interactions particle-antibody are of the hydrophobic kind. The increase of salt concentration in 

the solution is one of factors promoting this kind of interactions. 
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Figure 4.60 - Yield of IgG extraction in two elutions of Jeffamine coated MNPs for each of the systems 

described above. After the magnetic separation two MNPs washes were made, the first one with MilliQ 

water, and the second with a 1 M NaCl 50 mM phosphate buffered solution (pH 7). 

The purity analysis was made resorting to SDS-Page gels, which are in the annex A.4. 

What was observed in the systems without magnetic particles was obtained in this assay as well. The 

purity of the antibody in the top phase is very low. Although the concentration of the contaminant 

proteins was not determined the only runs where there can be noticed some stripes, besides the ones 

correspondent to the IgG, are in the samples where the antibody is present. In the gel wells where the 

samples from the first elutions of the MNP were run the stripes of other proteins appear as well, 

meaning that the adsorption of proteins by the Jeffamine coated MNPs is not IgG exclusive. 

 

Influence of pH 

Figure 4.61 shows the IgG partition coefficient decreasing as the buffer concentration was increased, 

exception be made between the systems with 10 mM and 50 mM of phosphate buffer. 

As can be seen in Table 4.11, 21% of the IgG precipitated in the system with 100 mM of citrate buffer, 

and 11% in the one with 50 mM of acetate. The pH of this system is not so low as to provoke the 

antibody precipitation. So, this fact could be due to the increase in ionic strength. The ionic strength in 

the bottom phase, as shown by the conductivity values on each phase, is practically double of the 

ionic strength in the top phase. Because the increase of the buffer concentration result in the increase 

of the IgG extraction yields in the bottom phase, this could be the reason for the occurrence of some 

antibody precipitation in the systems above mentioned. 

The increase of the buffer concentration in these Jeffamine / NaPAA systems is associated with an 

increase of the amount of IgG adsorbed to the Jeffamine coated MNPs (Table 4.11). The increase of 

ionic strength favours the hydrophobic interactions protein-magnetic particle, which are the kind of 

bonds admitted to be the most important in IgG adsorption to the Jeffamine coated MNPs. 
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Figure 4.61 - The logarithm of IgG (882 mg/LATPS) partition coefficient in 9% (w/w) Jeffamine M-2070 / 10% 

(w/w) NaPAA 8,000 ATPSs with 0.01% (w/w) Jeffamine coated MNPs, buffered with 10, 50 or 100 mM of 

different buffers: citrate (pH 2.5), acetate (pH 5) and phosphate (pH 7). 

 

Table 4.11 - IgG (882 mg/LATPS) extraction parameters, and other system characteristics, in each phase of 

ATPSs containing 9% (w/w) Jeffamine M-2070 / 10% (w/w) NaPAA 8,000 ATPSs with 0.01% (w/w) Jeffamine 

coated MNPs, and buffered with 10, 50 or 100 mM of different buffers: citrate (pH 2.5), acetate (pH 5) and 

phosphate (pH 7). After the magnetic separation two MNPs washes were made, the first one with MilliQ 

water, and the second with a 1 M NaCl 50 mM phosphate buffered solution (pH 7). 

Sample 
η top 

phase 
η bottom 

phase 
Log 

K 
η 1st MNP 

wash w/ MilliQ 

η 2nd MNP 

wash w/ 1M 

salt sol. 
ηtotal 

Bottom 
phase 

conductivity 
(mS/cm) 

Top phase 
conductivity 

(mS/cm) 
pH 

w/o buffer 83.25% 5.26% 2.55 2.41% 0.13% 91.05% 65.8 30.5 8.6 

10 mM citrate 84.96% 14.56% 1.55 1.64% 0.01% 101.17%   6.4 

50 mM citrate 72.69% 15.68% 1.41 14.00% 0.07% 102.44%   6.4 

100 mM citrate 50.02% 18.86% 1.10 9.88% 0.25% 79.00% 93.0 49.8 5.9 

10 mM acetate 83.44% 11.01% 1.90 4.39% 0.14% 98.99%    

50 mM acetate 64.43% 10.01% 1.90 14.78% 0.16% 89.37%    

100 mM acetate 69.26% 17.71% 1.32 13.54% 0.17% 100.69% 91.3 46.5 6.5 

10 mM phosphate 83.91% 8.06% 2.21 2.60% 0.02% 94.59%    

50 mM phosphate 84.36% 6.07% 2.59 6.23% 0.14% 96.81%    

100 mM phosphate 69,25% 16,51% 1,65 10,32% 0,16% 96,24% 96.0 41.3 7.7 

 

Regarding the purity of the extracted IgG, the same that was observed in the test of IgG extraction for 

different NaCl concentrations, was again observed in the present case. The other proteins present in 

the supernatant chose the same distribution as the target, the antibody. The adsorption of the proteins 

to the magnetic particles is especially clear, as can be seen in the wells where the samples of the first 

MNPs wash were run as a set of stripes that are not of the IgG (gels 6 and 7 in annex A.4). 
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Influence of MNP concentration 

The influence of the MNP concentration in the IgG partition coefficient does not show any trend 

(Figure 4.62). It has a minimum for 0.01% (w/w) of Jeffamine coated MNPs and a maximum for 

0.03%. The same happens with the determined extraction yields in each phase of each system 

(Figure 4.63): while an increase in the extraction yield, or decrease of Log K, was observed in the 

systems with Jeffamine coated MNPs ranging concentrations from 0 to 0.01% (w/w), the yield of IgG 

extraction in the bottom phase has a minimum in the system containing 0.03% of particles. 

The quantity of antibody adsorbed to the particles was roughly the same for all the concentrations 

trialled (Figure 4.64). The contrary was observed with PEG or Dextran coated MNPs. 

The variation of the magnetic particles concentration also does not seem to carry some influence on 

the distribution of the other supernatant proteins. Since their corresponding stripes again appeared in 

the SDS-Page analysis, it can be said that the contaminant proteins contest the antibody for the 

adsorption to the particles. 

 

Figure 4.62 - The logarithm of IgG (882 mg/LATPS) partition coefficient in 9% (w/w) Jeffamine M-2070 / 10% 

(w/w) NaPAA 8,000 ATPSs with increasing weight percentages of Jeffamine coated MNP, buffered with 

100 mM acetate (pH 5). 
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Figure 4.63 - The yield of IgG (882 mg/LATPS) extraction in each phase of ATPSs containing 9% (w/w) 

Jeffamine M-2070 / 10% (w/w) NaPAA 8,000 with increasing weight percentages of Jeffamine coated MNP, 

buffered with 100 mM acetate (pH 5). 

 

 

Figure 4.64 - Yield of IgG extraction in two elutions of Jeffamine coated MNPs for each of the systems 

described above. After the magnetic separation two MNPs washes were made, the first one with MilliQ 

water, and the second with a 1 M NaCl 50 mM phosphate buffered solution (pH 7). 

 

  



80 
 

5 CONCLUSIONS 

The constant growth of immunoglobulins market demand and the progress of production processes 

granted room for the establishment of new downstream process platforms for the extraction and 

purification of antibodies. Aqueous two phase extraction and magnetic separation are two promising 

innovative techniques, inexpensive, ale to grant high extraction yields and which, when properly 

manipulated, are capable of provide high purifying rates. 

In this thesis was shown that the aqueous two-phase extraction can be coupled with magnetic 

separation as a possible downstream process for the purification of antibodies from CHO cells 

supernatant. One of the main features of this combined method is the increase of phase segregation 

rate, an important characteristic when considering scale-up. Systems composed by PEG and Dextran 

were supplemented with PEG or Dextran coated magnetic nanoparticles, and Jeffamine coated MNPs 

were added to Jeffamine / NaPAA composed ATPSs. The three kinds of MNPs were deemed stable at 

low concentrations during the time of phase separation and bound IgG elutions. The partition of the 

particles in the studied ATPSs was found to be density driven, since the particles always partitioned to 

the bottom phase. The antibody partition was increased by increase in ionic strength. However, high 

salt concentrations rendered increased precipitation levels, due to establishment of stronger 

hydrophobic bounds between aggregated antibodies. IgG was stable in slightly acid pH values. 

In PEG / Dextran ATPSs with no MNPs the best performing system was prepared with 6.5% (w/w) 

PEG 3,000 and 7.5% (w/w) Dextran 500,000, no NaCl was added, and the system was buffered with 

50 mM of acetate buffer what granted a pH of 3.7. This system showed a logarithm of IgG partition 

coefficient of 4.21, and yield the extraction of 56.2% (1.13 of incremented purity) of the total loaded 

IgG in the top PEG-rich phase. However, the same system buffered with 100 mM of acetate (pH 5.0) 

was considered to be preferable, since its pH value provides a milder environment for bioprocesses. 

Moreover, the latest system also had a high partition coefficient of 4.13 and provided the extraction of 

57.4% (with 1.11 fold purity) of the antibody in the top phase. Low IgG extraction yields were blamed 

on longer than advisable storage time before IgG quantification. The IgG extraction yield in the top 

phase can be increased by increasing the volume ratio of the ATPS. The addition of MNPs to the 

systems, and consequent partial adsorption of IgG, causes the decrease of partition coefficients. The 

antiboby-MNP interactions are mainly hydrophobic. The most IgG adsorbing particles in PEG / 

Dextran ATPS (7% (w/w) PEG 3,350, 5% (w/w) Dextran 500,000) were Dextran coated particles 

(0.01% (w/w)) in a system prepared with no NaCl addition and without buffer (pH 7.0): 44.4% of the 

IgG (pure Gammanorm IgG) was adsorbed to the particles. However, as a result, the antibody 

logarithm of the partition coefficient became negative (-0.41), 35.4% of the antibody was recovered in 

the top phase and 26.0% in the bottom phase. The supernatant contaminant proteins establish 

interactions with the particles, competing with the antibody and not allowing an increase of the bound 

IgG purity. Of the systems complemented with MNPs and loaded with supernatant, the best 
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performing one was the 7% (w/w) PEG 3,350, 5% (w/w) Dextran 500,000 system, with 100 mM of 

acetate buffer (pH 5) and 0.03% (w/w) of PEG coated MNPs: 75.0% of the antibody was recovered in 

the top phase and 13.4% in the bottom phase (Log K of 1.09), and 16.5% was recovered by magnetic 

extraction. 

The best performing Jeffamine / NaPAA system was the one composed by 9% (w/w) of Jeffamine M-

2070 and 10% (w/w) NaPAA 8,000, with a low salt concentration. Higher partition coefficients were 

obtained in systems buffered with 50 mM of phosphate, with a pH~7.8 (Log K of 2.59), or without 

buffer (Log K of 2.55), with a system pH of 8.6. The system with 50 mM phosphate buffer had the 

highest IgG extraction yields: 84.4% in the top phase and 6.4% in the two elutions of the Jeffamine 

coated MNPs. Jeffamine / NaPAA systems showed no selectivity in the partitioned proteins, and no 

increased purity was observed in any of these aqueous two-phase systems. In order to guarantee 

some pH control in Jeffamine containing systems, the Jeffamine stock solutions should have been 

titrated until neutral solutions were obtained. 

More studies should be held in order to improve extraction yields and purity of the extracted IgG. The 

introduction of ligands in the polymers, such as PEG-diglutaric acid, has proved to improve the purity 

and IgG extraction yield (Azevedo, et al., 2009). By covalently binding high affinity ligands, such as 

protein A, to the surface of magnetic nanoparticles it will render magnetic separation highly effective. 

The use of Jeffamine, and other ethylene oxide - propylene oxide like thermoresponsive polymers, 

shall also be studied regarding the possibility to recycle the polymers and facilitate the IgG extraction 

(Ferreira, 2008?). 
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7 ANNEX 

A.1. MOLECULAR FORMULAS OF DIFFERENT POLYMERS AND OF OTHER PHASE FORMING 

COMPOUNDS 

Butylcellosove 

[2-Butoxyethanol]  

Jeffamine M-2070 

 

Carboxymethylcellulose 
(Na) 

 

Methoxypolyethylen
e glycol  

Carboxymethyldextran (Na) 

 

Methylcellulose 

 

DEAE dextran (HCl) 
 

NaCl  

Dextran 

 

Poly(acrylic acid) 

 

Dextrane sulfate (Na) 

 

Polyethylene glycol 
 

Ethylhydroxyethylcellulose 

[Ethulose] 
 

Polypropylene glycol 
 

Ficoll 

 

Polyvinyl alcohol 
 

Glucose 
 

Polyvinylpyrrolidone 

 

Glycerol 
 

Potassium phosphate KPO4 

Hydroxypropyldextran 

 

Propyl alcohol 
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A.2. HISTOGRAMS OBTAINED FOR THE HYDRODYNAMIC DIAMETER DETERMINATION 
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A.3. PHASE DIAGRAMS OF PEG / DEXTRAN ATP SYSTEMS 

 

 

Figure 7.1 - Phase diagram for the PEG 3,400 / Dextran 40,000 system at 22 °C (Zaslavsky, 1995). 

 

 

Figure 7.2 - Phase diagram for the PEG 3,400 / Dextran 70,000 system at 22 °C (Zaslavsky, 1995). 
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Figure 7.3 - Phase diagram for the PEG 3,400 / Dextran 500,000 system at 22 °C (Zaslavsky, 1995). 

 

 

Figure 7.4 - Phase diagram for the PEG 6,000 / Dextran 70,000 system with 0.15 mol/kg of NaCl in 0.01 

mol/kg of sodium phosphate buffer at 23 °C (Zaslavsky, 1995). 
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A.4. SDS-PAGE GELS FOR PURITY ANALYSIS OF THE IGG EXTRACTED FROM THE SYSTEMS 

PREPARED IN THE JOINT ATPE-MAGNETIC EXTRACTION WITH JEFFAMINE COATED MNPS 

 

Table 7.1 - Constitution of the samples run in the gels for the mentioned assay. All systems were 

composed by 9% (w/w) Jeffamine M-2070 and 10% NaPAA 8,000; the ones for the assays with variation of 

salt and MNPs % (w/w) were buffered with 100 mM of acetate buffer (pH 5). In gels 1, 2 and 3 (wells 1, 2, 5 

and 6) are the samples of the systems with variation of the several buffers concentration. The gels 3 

(wells 7 to 10) and 4 (wells 1, 2, 5 and 4) have the samples from the systems with variation of NaCl 

concentration. Gels 4 (wells 7 to 10) and 5 (wells 2, 3, 5 and 6) have the samples from the systems were 

the weight percentage of the MNPs was varyied. (t) stands for top phase and (b) stands for bottom phase. 

In the remain gels were run the two MNPs washes: 1st wash with water and 2nd wash with 1M NaCl 50 

mM phosphate (pH 7) solution. 

Well 
# Gel 1 Gel 2 Gel 3 Gel 4 Gel 5 

1 MW standart supernatant 50 mM phosphate (t) 10 mM NaCl (t) MW standart 

2 supernatant MW standart 50 mM phosphate (b) 10 mM NaCl (b) 0.01% MNP (t) 

3 w/o buffer (t) 10 mM acetate (t) MW standart supernatant 0.01% MNP (b) 

4 w/o buffer (b) 10 mM acetate (b) supernatant MW standart supernatant 

5 10 mM citrate (t) 50 mM acetate (t) 100 mM phosphate (t) 50 mM NaCl (t) 0.03% MNP (t) 

6 10 mM citrate (b) 50 mM acetate (b) 100 mM phosphate (b) 50 mM NaCl (b) 0.03% MNP (b) 

7 50 mM citrate (t) 100 mM acetate (t) 
50 mM NaCl without 

buffer (t) 
0% MNP (t) w/o buffer (1

st
 wash) 

8 50 mM citrate (b) 100 mM acetate (b) 
50 mM NaCl without 

buffer (b) 
0% MNP (b) 

10 mM citrate 
(1

st
 wash) 

9 100 mM citrate (t) 10 mM phosphate (t) 5 mM NaCl (t) 0.005% MNP (t) 
50 mM citrate 

(1
st
 wash) 

10 100 mM citrate (b) 10 mM phosphate (b) 5 mM NaCl (b) 0.005% MNP (b) 
100 mM citrate 

(1
st
 wash) 

Well 
# Gel 6 Gel 7 Gel 8 Gel 9  

1 
10 mM acetate 

(1
st
 wash) 

supernatant supernatant MW standart  

2 MW standart 
10 mM NaCl 

(1
st
 wash) 

100 mM citrate 
(2nd wash) 

5 mM NaCl 
(2nd wash) 

 

3 supernatant MW standart 
10 mM acetate 

(2nd wash) 
supernatant  

4 
50 mM acetate 

(1
st
 wash) 

50 mM NaCl 
(1

st
 wash) 

MW standart 
10 mM NaCl 
(2nd wash) 

 

5 
100 mM acetate 

(1
st
 wash) 

0.005% MNP 
(1

st
 wash) 

50 mM acetate 
(2nd wash) 

50 mM NaCl 
(2nd wash) 

 

6 
10 mM phosphate 

(1
st
 wash) 

0.01% MNP (1
st
 wash) 

100 mM acetate 
(2nd wash) 

0.005% MNP 
(2nd wash) 

 

7 
50 mM phosphate 

(1
st
 wash) 

0.03% MNP (1
st
 wash) 

10 mM phosphate 
(2nd wash) 

0.01% MNP (2nd 
wash) 

 

8 
100 mM phosphate 

(1
st
 wash) 

w/o buffer (2nd wash) 
50 mM phosphate 

(2nd wash) 
0.03% MNP (2nd 

wash) 
 

9 
50 mM NaCl without 

buffer (1
st
 wash) 

10 mM citrate 
(2nd wash) 

100 mM phosphate 
(2nd wash) 

-  

10 
5 mM NaCl 
(1

st
 wash) 

50 mM citrate 
(2nd wash) 

50 mM NaCl without 
buffer (2nd wash) 

-  
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Figure 7.5 - Gel 1. 

 

 

Figure 7.6 - Gel 2. 
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Figure 7.7 - Gel 3. 

 

 

Figure 7.8 - Gel 4. 
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Figure 7.9 - Gel 5. 

 

 

Figure 7.10 - Gel 6. 

 

MW (kDa) 
250 
150 

 

100 
 

75 

 

 
50 

 
 

37 

 

 
 

25 
 

 

20 
 

 

 
10 

MW (kDa) 
250 
150 

 

100 
 

75 

 

 
50 

 
 

37 

 

 
 

25 
 
 

20 
 

 
 

10 

1 2 3 4 5 6 7 8 9 10 

1 2 3 4 5 6 7 8 9 10 



93 
 

 

Figure 7.11 - Gel 7. 

 

 

Figure 7.12 - Gel 8. 

 

MW (kDa) 
250 
150 

 
 

100 
 

75 

 
 

50 

 
 

37 

 
 
 

25 
 
 

20 
 

10 

MW (kDa) 
250 
150 

 

100 
 

75 

 
 

50 

 
 

37 

 

 
 

25 

 
20 

 
 
 

 
10 

1 2 3 4 5 6 7 8 9 10 

1 2 3 4 5 6 7 8 9 10 



94 
 

 

Figure 7.13 - Gel 9. 
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