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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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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, which have been studied as viable platforms to separate 

immunoglobulins with high yields and, if properly managed, with high purifying capacity. Figure 1.1 

schematizes the typical mAbs manufacturing process flowsheet. The chromatographic and ultra and 

diafiltration steps are the common bottlenecks in the downstream processing. 

 

Figure 1.1 - Consensus process flowsheet for mAb Bulk Drug Substance (1). 

ATPSs are formed by joining two incompatible polymers, or one polymer and a salt, above certain 

concentrations (2). The partition of substances between two-phase aqueous systems is determined by 

complex phenomena, such as van der Waals forces, hydrogen bonds, charge interactions, 

hydrophobic interactions and steric effects. Industrialization of ATPE is made preferable if it can be 

cost optimized by recycling the phase forming components. The use of thermo-responsive polymers, 

such as UCONs (EO/PO) or related polymers (e.g. Jeffamine), allows the possibility to perform a 

temperature-induced phase separation, facilitating subsequent extraction of the target molecule (3). 

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 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 (4). 
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The objective of this work is to assess the possibility of a joint extraction process. 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. Moreover, 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. 

2 Methodology 

2.1 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. 

2.2 Methods 

2.2.1 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. 

2.2.2 Aqueous extraction studies 
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 
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weight of 5 g by adding water. 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. 

2.2.3 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. 

2.2.4 Protein A quantification 
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. 

2.2.5 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). 

2.2.6 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 
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(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 

destained by washing successively in 30% (v/v) ethanol and 10% (v/v) acetic acid, until background 

color disappeared. 

2.2.7 MNPs 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. 

2.2.8 MNPs Zeta Potential Determination 
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) (5). 

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 (6). Since all particles were dispersed 

in 10 mM KNO3 and their hydrodynamic diameter is 1 μm this condition was always satisfied. 

2.2.9 MNPs Hydrodynamic Diameter 
Hydrodynamic diameter measurements were done with a Zetasizer Nano ZS system from Malvern 

(Worcestershire, UK). Particle suspensions were diluted to 0.005 wt% with 10 mM KNO3 pH 12. 

3 Results and Discussion 

3.1 IgG extraction in PEG / Dextran systems with PEG or Dextran coated MNP 

The systems used in these trials were chosen over previous studies regarding the partition of pure IgG 

in systems without magnetic particles. Pure and CHO supernatant IgG partition studies were carried 

out in systems composed of 7% (w/w) PEG 3,350 and 5% (w/w) Dextran 500,000; buffer and NaCl 

were also added depending of the system. Those studies showed an increase of the IgG partition with 

the increase of ionic strength and with the decrease of the pH value. Moreover, the antibody partition 

occurred preferably to the bottom phase for PEG with molecular weight of 6,000 Da or superior, and 

went towards the top phase for PEG MW of 3500 or under. The contaminant proteins present in the 

CHO cell supernatant distributed themselves almost evenly between the two phases independently of 

the conditions. 

Both PEG and Dextran coated MNPs always partitioned to the bottom phase, density driven, 

regardless of the ionic or pH conditions. 

3.1.1 The influence of salt concentration 
The antibody partition in PEG/Dextran system occurs preferentially to the bottom Dextran-rich phase 

in systems with low salt concentration (7). Table 3.1 shows the logarithm of the pure IgG partition 

coefficient in systems containing PEG or Dextran coated MNPs and with increasing NaCl 

concentration. Due to IgG absorption to the surface of the particles the antibody partition coefficients 
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are lower than in the systems without particles, where, for 500 mM NaCl, Log K reached as high as 

2.5. 

The interactions IgG-MNP are mainly hydrophobic in both cases. Table 3.1 shows the pure IgG 

extraction parameters in PEG/Dextran systems with PEG and Dextran coated MNPs for increasing 

NaCl concentrations. 

Table 3.1 - IgG (1 g/LATPS) extraction parameters determined for each phase of ATPSs containing 7% (w/w) 

PEG 3,350 / 5% Dextran 500,000, 0.01% (w/w) PEG and Dextran coated MNPs, 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 

P
E

G
 M

N
P

 

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% 

D
e
x
tr

a
n
 M

N
P

 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% 

 

The increase of salt concentration in the system yields weaker interactions with the MNPs. The 

increase in the percentage of IgG eluted in the second wash with 1M NaCl solution over the 

percentage of IgG eluted in the first wash with water can be a consequence of the existence of some 

electrostatic interactions between MNPs and IgG. In fact, observing the results using CHO cell 

supernatant IgG, which were obtained buffering the systems with an acetate buffer (pH 5) instead of 

the phosphate buffer (pH 7), it was noticed that, for NaCl concentrations ranging 5 to 50 mM, around 

5% of the IgG was eluted from the particles with the 1M NaCl solution while almost none was eluted 

with water. Regarding those systems, loaded with spiked CHO cell supernatant, it was found that the 

presence of MNPs does not increase the purity of the extracted IgG. The other proteins partition 

almost equally between the two phases and establish interactions with the particles, competing with 

the magnetic extraction of the IgG. 

3.1.2 The influence of pH 
The pH of the systems influences the way IgG partitions in ATPSs and how it adsorbs to MNPs. 

Figure 3.1 shows the yield of ATP extraction and magnetic particle extraction of pure IgG depending 

on the pH of the system. 
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Figure 3.1 - 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 (a) and Dextran (b) coated MNP, buffered with 50 mM of 

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

For pH levels around 7 most of the IgG adsorbed to the MNPs was eluted in the first wash with water; 

in these systems, the Dextran coated MNPs had some adsorbed antibody washed with the 1M NaCl 

solution. Lower pH produced higher IgG partition coefficients. Some IgG precipitation was observed to 

occur in systems with neutral pH. 

3.2 IgG extraction in Jeffamine / NaPAA systems with Jeffamine coated MNP 

After describing the phase forming capacities of these polymers by binodials determination, and 

following preliminary studies regarding the partition of pure IgG, it was decided to continue the 

following studies with systems composed by 9% (w/w) Jeffamine M-2070 and 10% (w/w) NaPAA 

8,000.  The Jeffamine/NaPAA systems were characterised by very high partition coefficients towards 

the top Jeffamine-rich phase. Hence, salt concentration has not a remarkable influence in the IgG 

partition in each system. The variation of polymers molecular weight does not have much influence as 

well. In fact, varying these two variables the obtained logarithm of the partition coefficient was always 

higher than 4. However, the concentration of the polymers in the systems has a noticeable influence 

over the partition of the antibody. Increasing the concentration of the NaPAA the partition increased as 

well. However, increase the Jeffamine concentration yielded increased IgG precipitation. Jeffamine , 

which possess a pH over 9, should have been titrated previous to system preparation. By adding 

increasing concentrations of Jeffamine to the system it was provoked an increase in pH levels. This 

fact, associated with size exclusion phenomena, resulted in enhanced IgG precipitation. 

Jeffamine/NaPAA systems do not have any selectivity for the extraction of IgG from complex media 

containing other proteins. SDS-Page analysis allowed to conclude that the distribution of the 

contaminant proteins always followed the partition of the target antibody. As the magnetic particles 

coated with PEG or Dextran, the Jeffamine coated MNPs partitioned to the bottom phase, regardless 

of the conditions in the systems. 

a b 
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3.2.1 The influence of salt concentration 
Figure 3.2 shows how the NaCl concentration influenced the yield of IgG extraction. Most of the 

antibody was collected in the top phase. Moreover, the increased salt concentration gave more 

stability to the IgG, reducing precipitation. This could mean that the antibody established electrostatic 

interactions with the Jeffamine, forming aggregates and precipitating. Jeffamine coated MNPs 

established hydrophobic interactions, although weak, with the antibody, which is a hydrophobic 

protein. 

 

Figure 3.2 - pure IgG (1 g/LATPS) extraction yield in each phase (in the system with no salt the two phases were 
not formed), and in each MNP elution, 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. 

3.2.2 The influence of pH 
Figure 3.3 gives the influence of several buffers and their concentration in the IgG partitioning. The 

increase of the buffer concentration, and consequently of the ionic strength, is associated with an 

increase of the amount of IgG adsorbed to the Jeffamine coated MNPs. 

 

Figure 3.3 - IgG (882 mg/LATPS) extraction yield in each phase, and in each MNP elution, 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). 
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4 Conclusions 

IgG is stable at slightly acid pH (5-7). High pH values (above 9) increase the rate of IgG precipitation. 

Increasing ionic strength raised the partition coefficients. However, it results in increased precipitation; 

probably due to establishment of stronger non-polar interactions between antibodies and consequent 

aggregation. The IgG partition coefficients also increase by using lower MW polymers from the IgG 

preferable phase and higher MW polymers from the other phase; the same was observable when the 

first polymer concentration was decreased or the concentration of the last was increased. High 

concentration of the phase forming polymers leads to IgG precipitation due to exclusion phenomena. 

Both PEG/Dextran and Jeffamine/NaPAA systems show little selectivity for the IgG partition over the 

other proteins existing in the supernatant. Low purity increment was often observed. The CHO cell 

supernatant contaminant proteins distribute almost evenly between the two phases in PEG/Dextran 

systems, and seem to follow the distribution of the target antibody in the Jeffamine/NaPAA ones. 

Higher purity increment could be obtained by increasing the volume ratio towards the IgG preferable 

phase. 

All three kinds of the trialled MNPs partitioned, density driven, to the bottom phase regardless of the 

system conditions. PEG, Dextran and Jeffamine coated MNPs establish mainly hydrophobic 

interactions when adsorbing the antibody at pH levels near 7. Electrostatic interactions gained 

relevance in the IgG adsorption at lower pH (~5). In PEG / Dextran ATPSs with no MNPs the best 

performing system was prepared with 6.5% (w/w) PEG 3,000 and 7.5% Dextran 500,000, no NaCl 

was added, and 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. 

Dextran coated MNPs are the most adsorbing particles: they adsorbed 44.4% of the total pure 

antibody in systems buffered with 50 mM of phosphate buffer (pH 7) and no NaCl. The particles did 

not affect directly the partition of the IgG or improved its ATP extraction, only altered it by partially 

adsorbing the antibody. Supernatant contaminant proteins were found to compete with the antibody, 

adsorbing at the surface of the particles as well. The best performing Jeffamine/NaPAA system was 

the one composed by 9% (w/w) of Jeffamine M-2070 and 10% 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 

The extraction parameters could be improved by functionalizing the MNPs with high affinity ligands 

(e.g. protein A), and, therefore, magnetically extracting, with a very high yield and purity, the target 
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antibody, and combining this method with ATPE. The introduction of ligands in the polymers, such as 

PEG-diglutaric acid, has proved to improve the purity and IgG extraction yield (7). 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 (3). 
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