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Immunoglobulin G (IgG) is a type of high value therapeutic protein widely applied to
the treatment of various chronic diseases such as cancer, immune and inflammatory
disorders. The conventional expensive and rate-limiting chromatography-based
downstream processing of 1gG has been considered as the bottleneck in producing
commercially viable therapeutic products. This thesis focused on the development and
application of aqueous two-phase system (ATPS) as an effective and economical
approach to recover the IgG from crude feedstock. The partition of pure IgG and the
extraction of 1gG from an artificial mixture of proteins, which contained 1gG and bovine
serum albumin (BSA) at a concentration that simulates the common IgG/impurities ratio,
were significantly affected by the polyethylene glycol (PEG) molecular weight, phase
compositions, and the addition of sodium chloride (NaCl). The monoclonal human 1gG1
was successfully recovered from the Chinese Hamster Ovary (CHO) cell supernatant by
using an ATPS composed of 14.0% (w/w) PEG 1450, 12.5% (w/w) phosphate (pH 7.5),
and 5.0% (w/w) NacCl in the first forward extraction. A total yield of 81.38%, high 1gG
purity of 95.06% and PF of 8.91 were achieved after the back extraction step. Also,
relationship which describes the effect of the difference in composition of the phase-
forming component between the top and bottom phases on the interfacial partitioning of
protein as well as relationship which linearly correlates the protein partitioning behaviour
to phase compositions and system pH were proposed and verified by studying the
partitioning behaviour of a model protein, BSA, in the PEG-phosphate ATPS. The results
of goodness of fit test showed that the former relationship and an extended form of the
latter relationship, which incorporated with the influence of NaCl concentration, were
both applicable to the correlation of the partitioning behaviour of IgG in the ATPS which
contained complex protein solutions. The molecular dynamics (MD) simulation of the
partitioning of BSA in an optimised ATPS confirmed that the ATPS is a biocompatible
separation technique. Therefore, these results open a promising prospect for the
application of ATPS as an effective alternative purification tool in the downstream
processing of IgG.
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Imunoglobulin G (IgG) adalah sejenis protein terapeutik yang diguna secara meluas
untuk rawatan pelbagai penyakit kronik seperti kanser, keradangan dan gangguan imun.
Untuk mengatasi cabaran dari pemprosesan hiliran konvensional IgG yang memakan
masa dan tinggi kosnya, pembentukan kaedah alternatif untuk menulenkan 1gG menjadi
semakin terdesak. Dengan itu, penyelidikan ini mengkaji pembangunan dan aplikasi
sistem akueus dua fasa (ATPS) sebagai kaedah alternatif yang ekonomi dan berkesan
bagi penulenan IgG dari supernatan kultur sel. Pengekstrakan 1gG tulen dan IgG daripada
campuran protein tiruan yang mengandungi IgG dan albumin serum lembu (BSA) pada
kepekatan yang menyerupai nisbah lgG/bendasing yang biasa, telah terjejas dengan
ketara oleh berat molekul polietilena glikol (PEG), komposisi fasa dan penambahan
natrium klorida (NaCl). 1gG1 manusia monoklonal telah berjaya dipulihkan daripada
supernatan kultur sel ovari hamster China (Chinese Hamster Ovary (CHO)) dengan
mengguna ATPS yang mengandungi 14.0% (w/w) PEG 1450, 12.5% (w/w) fosfat (pH
7.5) dan 5.0% (w/w) NaCl pada pengekstrakan peringkat pertama. Hasil pemulihan
keseluruhan, ketulenan dan faktor penulenan yang masing-masing sebanyak 81.38%,
95.06% dan 8.91 telah dicapai selepas pengekstrakan balik 1gG ke fasa fosfat yang baru.
Selain itu, model yang menerangkan kesan perbezaan kepekatan polietilena glikol (PEG)
antara dua fasa pada pengasingan interfasa protein dan model yang menghubung kaitkan
pengasingan protein dengan komposisi fasa dan sistem pH telah dibentuk dan disahkan
dengan kajian sifat-sifat pengasingan protein model, BSA, dalam ATPS PEG-fosfat.
Keputusan analisis statistik menunjukkan bahawa model pengasingan interfasa protein
dan model sifat-sifat pengasingan protein yang telah diperkembangkan untuk
merangkumkan pengaruh kepekatan NaCl boleh digunakan untuk ramalan sifat-sifat
pengasingan protein dalam ATPS yang mengandungi larutan protein yang kompleks.
Simulasi dinamik molekul (MD) bagi pengasingan BSA dalam ATPS mengesahkan
bahawa ATPS adalah teknik penulenan protein yang bioserasi. Oleh itu, kajian ini
menunjukkan bahawa aplikasi ATPS mempunyai prospek yang cerah sebagai kaedah
penulenan alternatif dalam pemprosesan hiliran IgG.
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CHAPTER 1

INTRODUCTION

1.1 Background

Antibodies, also known as immunoglobulins, are divided into five different classes (i.e.
1gG, IgM, IgA, IgD and IgE) which differ in size, carbohydrate composition, and the
sequence of amino acid in the heavy chain. Among various immunoglobulins,
immunoglobulins of the IgG class are widely applied to diagnose and to treat various
diseases and disorders, such as cancer, transplant rejection, immune and inflammatory
disorders (Elvin et al., 2013). Since the first commercialization of therapeutic antibody
in 1986, this class of biotechnology derived drugs have been hailed as a magic bullet in
various medical applications due to their inherent high specificity (Ecker et al., 2014).
Following the approval of the humanised and fully human antibodies (i.e. antibodies of
non-human origin whose protein sequences have been genetically modified to enhance
their resemblance to antibodies produced naturally in the human body) such as Xolair
and Arzerra, the global sales revenue reached $75 billion in 2013, constituting nearly
half of the biopharmaceutical products market (Ecker et al., 2014; Walsh, 2014). In view
of the increasing market demand, market introduction of newly approved antibody
products and the prevalence of cancer and diseases, the global sales are projected to
increase at 8% per year, reaching $125 billion in 2020. Meanwhile, the growing market
needs, the call for less costly products, the growing competition between the
biopharmaceutical companies, and the economic constraints of healthcare systems have
adversely increased the pressure for the establishment of a cost-effective and faster
pharmaceutical production (Gagnon, 2012; Sommerfeld and Strube, 2005).

In response to these needs, the upstream process development has advanced remarkably
in the last few decades. While earlier in vivo production (Sommerfeld and Strube, 2005)
yielded milligram to gram quantities of IgGs, the continuous improvements in the
upstream processing of IgG have allowed their volumetric productivities to increase by
20-fold over the past two decades (Kuczewski et al., 2011). However, the economies of
scale brought by this improvement have failed to translate to the downstream processing
of antibody which constitutes up to 50-80% of the total manufacturing costs (Walsh,
2010).

In general, most of the purification schemes of the antibody depend on the application of
Protein A affinity chromatography, which needs prior centrifugation and filtration steps,
as the primary capture and purification step (Shukla and Thémmes, 2010). This step is
then followed by two chromatographic polishing steps and a filtration step. The high
specific binding affinity of protein A ligand towards the Fc domain of antibody provides
high selectivity and more than 95% product-related purity from a clarified cell culture
supernatant (Hahn et al., 2003). However, this major rate-limiting process accounts for
more than 70% of the downstream costs and an industrial scale protein A column could
cost up to $1.5 million (Azevedo et al., 2009b; Walsh, 2010). Moreover, its purification

1



performance is overshadowed by several drawbacks such as the low capacity, long
processing time, complex scale-up, high pressure drop within column and low
proteolytic and chemical stability which may contaminate the end product (Low et al.,
2007). In addition to this, the polishing steps also suffer from the similar limitations
aforementioned and the use of viral filters could cost $25,000 per production run
(Gronemeyer et al., 2014; Walsh, 2010). As a whole, the conventional recovery
processes are laborious, time-consuming, expensive and finite, which in turn make the
therapeutic antibody product extremely expensive. Versatile and economical alternative
purification methods are therefore required to be developed in order to improve the
process throughput, scalability, and the processing time of the 1gG purification processes
(Thémmes and Etzel, 2007). Alternatively, they can reduce the number of purification
stages, make excellent complements to the conventional operations and enhance the cost
effectiveness of the recovery operations.

In recent years, the aqueous two-phase system (ATPS), a bioseparation process that
exploits the differential partitioning of solutes in the immiscible two-aqueous solutions,
has been recognised as a versatile and superior alternative recovery step that can
overcome several technical limitations of the conventional chromatographic purification
processes for therapeutic antibodies. This purification method has not only shown good
purification performance in the recovery of various proteins and enzymes, but also a
number of industrial applications (Asenjo and Andrews, 2011). Judging from the product
selectivity, recovery and purity, the use of inexpensive phase-forming chemicals has
made this emerging technique more attractive and competitive. Its merits also include
simplicity, high capacity, biocompatible separation environment, ease of upscale and
continuous operation (Goja et al., 2013). Most importantly, the integration of the
clarification, concentration and purification of proteins into a single ATPS extraction
step can reduce the processing time, the number of unit operations, running costs and
capital expenditure of the manufacturing process as well as providing favourable product
yield and purity (Igarashi et al., 2004b; Rosa et al., 2010). These process advantages over
the conventional primary chromatographic purification technique thus make the ATPS
an excellent recovery method feasible for the large-scale purification of high value
therapeutic 1gG from complex feedstock.

1.2 Research Problems

The pressures for alternative low-cost and rapid pharmaceutical production are on the
rise from various aspects. The economic constraints of healthcare systems, growing
market demand and competition between companies inevitably place crucial challenges
to the typically expensive and time-consuming conventional downstream processing that
has failed to keep up with the advancement in the upstream processes (Rosa et al., 2011).
The high production cost of $100-1000 per gram of therapeutic proteins not only makes
the products not commercially viable, but also causes the antibody-based
pharmacotherapy extremely expensive and may not be affordable for everyone
(Sommerfeld and Strube, 2005). Thus, the development of alternative antibody recovery
processes that could produce comparable or improved yield and decrease the purification
cost and time are indispensable prerequisites to expand the market for the therapeutic
antibodies. One of such alternative IgG purification methods that could circumvent these
bottlenecks is the ATPS. However, despite the considerable academic research efforts as
well as the favourable process economics and advantages offered, the industrial scale
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application of the ATPS is still limited (Oelmeier et al., 2012b; Rosa et al., 2010). The
limited application is caused by the poor understanding of the complex solute
partitioning mechanism in the ATPS that makes the ATPS method development rather
time, labour, and material intensive (Benavides and Rito-Palomares, 2008). Under such
circumstances, a clear molecular picture of the underlying protein partitioning
mechanism needs to be devised and detailed models in the form of equations which could
predict and elucidate the protein partitioning behaviour have to be derived to achieve
process optimisation in a rapid and inexpensive way. Unfortunately, most of the available
models either demand excessive experimentally determined parameters or only valid
over a limited set of condition. Besides this, the accumulation of product at the interface
of the ATPS, a common phenomenon that has been reported in many literatures, has
however been neglected by many researchers. This phenomenon is detrimental to the
protein recovery process as it results in product loss and may cause subsequent process
complication. This interfacial partitioning behaviour ought to be thoroughly investigated
and accounted in order to fully exploit the industrial capabilities of the ATPS for the
recovery of IgG.

In light of these constraints, besides determining the best conditions for the recovery of
IgG in the polymer-salt ATPS that promote rapid and cost effective recovery process,
this work also sought to identify and formulate the relationships between the system
variables and each of the “true” partitioning (i.e. the partition of protein between two
bulk aqueous phases and with no accumulation of protein at the interface) and the
interfacial partitioning of proteins (Figure 1.1). This approach could enhance the
understanding of the ATPS and pave the way for the process development of industrial
applications. Additionally, the molecular dynamics (MD) simulation of a small replica
of the protein containing ATPS was demonstrated for the first time in the literature to
give a clearer molecular insight into the underlying protein partitioning mechanism of
the ATPS. Therefore, this work focused on the understanding, characterisation, and
correlations of the “true” and interfacial partitioning behaviour of proteins with the ATPS
parameters, as well as the selective recovery of IgG in the ATPS to guide the process
development of ATPS as a rapid and economical 1gG recovery process.

1.3 Objectives

In summary, the objectives of this research were:

1. Toidentify and formulate the factors which contribute to the interfacial partitioning
of a model protein, BSA, in the polymer-salt ATPS.

2. Tocharacterise the partitioning behaviour of a model protein, BSA, in the polymer-
salt ATPS by performing MD simulation and developing relationships between the
partitioning behaviour of protein and ATPS parameters.

3. To characterise the partitioning behaviour of pure 1gG in the polymer-salt ATPS by
studying and correlating the effect of ATPS parameters to the partitioning
behaviour of pure 1gG.

4.  To recover the IgG with high yield and purity from crude feedstock by using the
polymer-salt ATPS.
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In this study, the ATPS was adopted for the recovery of IgG. The initial investigation
focused on assessing the factors which affect the partitioning behaviour of a model
protein and the pure IgG in the polyethylene glycol (PEG)-phosphate ATPS in order to
develop relationships which could provide a better understanding of the interfacial
protein partitioning and “true” protein partitioning behaviour. The best ATPS conditions
for the selective recovery of monoclonal human IgG1 from the Chinese Hamster Ovary
(CHO) cell culture supernatant was then determined. Also, the proposed relationships
were applied to provide a framework for elucidating, correlating and ultimately
predicting the 1gG partitioning in the ATPS. The scope of this work is depicted in Figure

1.2.
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The subject matter of this thesis is organised as follows:

Chapter 2 is a literature review of the current market of the therapeutic antibody products,
its application and the advancement of the upstream process. The limitations of the
conventional downstream processes, potential alternatives and the practical strategies of
the ATPS process development for product recovery are critically discussed in terms of

efficiency and economic viability.




Chapter 3 details the factors which contribute to the interfacial partitioning of a model
protein (BSA) in the ATPS. An alternative method to evaluate the interfacial partition
coefficient of protein in the ATPS was formulated.

Chapter 4 describes the protein partitioning behaviour of BSA in the PEG-phosphate
ATPS. The BSA serves as both the model protein for the evaluation of purification
performance and as model impurity for the impurities present in an IgG containing
feedstock. Relationships that correlate the protein partitioning with the ATPS parameters
are developed and MD simulation of the partitioning of protein in an optimised ATPS is
performed. The findings provide a new valuable insight into the underlying protein
partitioning mechanism.

With reference to the partitioning behaviour of the BSA studied in Chapter 4, Chapter 5
details the influence of the ATPS parameters on the partitioning behaviour of pure 1gG.
The relationship proposed in Chapter 4 is further extended to correlate the partitioning
behaviour of IgG with the ATPS parameters. The findings can serve as a guide for the
recovery of various monoclonal antibodies (mAbs) from crude feedstock.

Chapter 6 demonstrates the selective recovery of 1gG from simulated protein mixture
and crude feedstock, as well as the applicability of the proposed relationships in
correlating the ATPS extraction of 1gG from complex protein solution.

Chapter 7 outlines the main conclusions of the studies in this work. Overall, the ATPS
can effectively recover high value therapeutic protein, IgG with high product yield and
purity from complex feedstock.



REFERENCES

Abbasiliasi, S., Tan, J.S., Ibrahim, T.A.T., Kadkhodaei, S., Ng, H.S., Vakhshiteh, F.,
Ajdari, Z., Mustafa, S., Ling, T.C., Rahim, R.A., Ariff, A.B. (2014). Primary
recovery of a bacteriocin-like inhibitory substance derived from Pediococcus
acidilactici Kp10 by an aqueous two-phase system. Food Chem. 151:93-100.

Abbott, N.L., Hatton, T.A. (1988). Liquid-liquid extraction for protein separations. Chem.
Eng. Prog. 84:31-41.

Abrams, D.S., Prausnitz, J.M. (1975). Statistical thermodynamics of liquid mixtures: a
new expression for the excess Gibbs energy of partly or completely miscible
systems. AIChE journal 21:116-128.

Ahuja, S. (2000). Handbook of bioseparations. California: Academic Press.

Albertsson, P.A. (1969). Partition of cell particles and macromolecules in polymer two-
phase systems. Adv. Protein Chem. 24:309-341.

Albertsson, P.A. (1986). Partition of cell particles and macromolecules. 3rd ed. New
York Wiley

Albertsson, P.A., Cajarville, A., Brooks, D.E., Tjerneld, F. (1987). Partition of proteins
in aqueous polymer two-phase systems and the effect of molecular weight of
the polymer. Biochim. Biophys. Acta 926:87-93.

Alves, J.G., Chumpitaz, L.D., da Silva, L.H., Franco, T.T., Meirelles, A.J. (2000).
Partitioning of whey proteins, bovine serum albumin and porcine insulin in
aqueous two-phase systems. J. Chromatogr. B 743:235-239.

Altschul, S.F., Madden, T.L., Schéffer, A.A., Zhang, J., Zhang, Z., Miller, W., Lipman,
D.J. (1997). Gapped BLAST and PSI-BLAST: a new generation of protein
database search programs. Nucleic Acids Res. 25:3389-3402.

Altschul, S.F., Wootton, J.C., Gertz, E.M., Agarwala, R., Morgulis, A., Schaffer, A.A.,
Yu, Y.K. (2005). Protein database searches using compositionally adjusted
substitution matrices. FEBS J. 272:5101-5109.

Amaresh, S.P., Murugesan, S., Regupathi, 1., Murugesan, T. (2008). Liquid— Liquid
Equilibrium of Poly (ethylene glycol) 4000+ Diammonium Hydrogen
Phosphate+ Water at Different Temperatures. J. Chem. Eng. Data 53:1574-
1578.

Andrews, B., Asenjo, J. (1996). Protein partitioning equilibrium between the aqueous

poly (ethylene glycol) and salt phases and the solid protein phase in poly
(ethylene glycol)-salt two-phase systems. J. Chromatogr. B 685:15-20.

104



Andrews, B., Schmidt, A., Asenjo, J. (2005). Correlation for the partition behavior of
proteins in aqueous two-phase systems: effect of surface hydrophobicity and
charge. Biotechnol. Bioeng. 90:380-390.

Armstrong, J., Wenby, R., Meiselman, H., Fisher, T. (2004). The hydrodynamic radii of
macromolecules and their effect on red blood cell aggregation. Biophys. J.
87:4259-4270.

Arnold, K., Bordoli, L., Kopp, J., Schwede, T. (2006). The SWISS-MODEL workspace:
a web-based environment for protein structure homology modelling.
Bioinformatics 22:195-201.

Asenjo, J., Schmidt, A., Hachem, F., Andrews, B. (1994). Model for predicting the
partition behaviour of proteins in aqueous two-phase systems. J. Chromatogr.
A 668:47-54.

Asenjo, J.A., Andrews, B.A. (2011). Aqueous two-phase systems for protein separation:
a perspective. J. Chromatogr. A 1218:8826-8835.

Azevedo, A., Rosa, P., Ferreira, I., Aires-Barros, M. (2008). Integrated process for the
purification of antibodies combining aqueous two-phase extraction,
hydrophobic interaction chromatography and size-exclusion chromatography. J.
Chromatogr. A 1213:154-161.

Azevedo, A., Rosa, P., Ferreira, ., Pisco, A., de Vries, J., Korporaal, R., Visser, T., Aires-
Barros, M. (2009a). Affinity-enhanced purification of human antibodies by
aqueous two-phase extraction. Sep. Purif. Technol. 65:31-39.

Azevedo, A.M., Rosa, P.A., Ferreira, I.F., Aires-Barros, M.R. (2007). Optimisation of
aqueous two-phase extraction of human antibodies. J. Biotechnol. 132:209-217.

Azevedo, AM., Rosa, P.A., Ferreira, I.F.,, Aires-Barros, M.R. (2009b).
Chromatography-free recovery of biopharmaceuticals through aqueous two-
phase processing. Trends Biotechnol. 27:240-247.

Babu, B.R., Rastogi, N., Raghavarao, K. (2008). Liquid—liquid extraction of bromelain
and polyphenol oxidase using aqueous two-phase system. Chem. Eng. Process.
47:83-89.

Bamberger, S., Seaman, G.V., Sharp, K., Brooks, D.E. (1984). The effects of salts on the
interfacial tension of aqueous dextran poly (ethylene glycol) phase systems. J.
Colloid Interface Sci. 99:194-200.

Baskir, J.N., Hatton, T.A., Suter, UW. (1987). Thermodynamics of the separation of
biomaterials in two-phase aqueous polymer systems: effect of the phase-
forming polymers. Macromolecules 20:1300-1311.

Baskir, J.N., Hatton, T.A., Suter, U.W. (1989). Protein partitioning in two-phase aqueous
polymer systems. Biotechnol. Bioeng. 34:541-558.

105



Baughman, D.R., Liu, Y. (1994). An expert network for predictive modeling and optimal
design of extractive bioseparations in aqueous two-phase systems. Ind. Eng.
Chem. Res. 33:2668-2687.

Beck, A., Reichert, J.M. (2013). Approval of the first biosimilar antibodies in Europe: a
major landmark for the biopharmaceutical industry. MAbs. Taylor & Francis,
pp. 621-623.

Benavides, J., Rito-Palomares, M. (2008). Practical experiences from the development
of aqueous two-phase processes for the recovery of high value biological
products. J. Chem. Technol. Biot. 83:133-142.

Berendsen, H.J., Postma, J.P.M., van Gunsteren, W.F., DiNola, A., Haak, J. (1984).
Molecular dynamics with coupling to an external bath. J. Chem. Phys. 81:3684-
3690.

Berggren, K., Johansson, H.-O., Yjerneld, F. (1995). Effects of salts and the surface
hydrophobicity of proteins on partitioning in agqueous two-phase systems
containing thermoseparating ethylene oxide-propylene oxide copolymers. J.
Chromatogr. A 718:67-79.

Bevington, P.R., Robinson, D.K. (2003). Data reduction and error analysis. 3" ed. New
York: McGraw-Hill.

Bhattacharya, A.A., Curry, S., Franks, N.P. (2000). Binding of the general anesthetics
propofol and halothane to human serum albumin high resolution crystal
structures. J. Biol. Chem. 275:38731-38738.

Borbas, R., Turza, S., Szamos, J., Kiss, E. (2001). Analysis of protein gels formed by
interfacial partitioning. Colloids Polym. Sci. 279:705-713.

Borlido, L., Azevedo, A., Sousa, A., Oliveira, P., Roque, A., Aires-Barros, M. (2012).
Fishing human monoclonal antibodies from a CHO cell supernatant with
boronic acid magnetic particles. J. Chromatogr. B 903:163-170.

Borlido, L., Moura, L., Azevedo, A.M., Roque, A.C., Aires-Barros, M.R., Farinha, J.P.S.
(2013). Stimuli-Responsive magnetic nanoparticles for monoclonal antibody
purification. Biotechnol. J. 8:709-717.

Bradford, M.M. (1976). A rapid and sensitive method for the quantitation of microgram
quantities of protein utilizing the principle of protein-dye binding. Anal.
Biochem. 72:248-254.

Bronsted, J.N. (1931). Molekdilgrosse und Phasenverteilung. 1. Z. Phys. Chem. Ser. A
(Bodenstein-Festband) 155:257-266.

Builder, S., Hart, R., Lester, P., Ogez, J., Reifsnyder, D. (1998). Isolation of recombinant
insulin-like factor growth factor-1 from cells. US patent 5695958.

106



Bussi, G., Donadio, D., Parrinello, M. (2007). Canonical sampling through velocity
rescaling. J. Chem. Phys. 126:014101.

Cabezas, H. (1996). Theory of phase formation in aqueous two-phase systems. J.
Chromatogr. B 680:3-30.

Capezio, L., Romanini, D., Picd, G.A., Nerli, B. (2005). Partition of whey milk proteins
in aqueous two-phase systems of polyethylene glycol-phosphate as a starting
point to isolate proteins expressed in transgenic milk. J. Chromatogr. B 819:25-
3L

Case, D.A., Cheatham, T.E., Darden, T., Gohlke, H., Luo, R., Merz, K.M., Onufriev, A.,
Simmerling, C., Wang, B., Woods, R.J. (2005). The Amber biomolecular
simulation programs. J. Comput. Chem. 26:1668-1688.

Chen, C.C., Chang, H.M. (1998). Effect of thermal protectants on the stability of bovine
milk immunoglobulin G. J. Agric. Food Chem. 46:3570-3576.

Chen, C.Y., Chang, H.W., Kao, P.C., Pan, J.L., Chang, J.S. (2012). Biosorption of
cadmium by CO_-fixing microalga Scenedesmus obliquus CNW-N. Bioresour.
Technol. 105:74-80.

Chen, J., Sun, Y. (2003). Modeling of the salt effects on hydrophobic adsorption
equilibrium of protein. J. Chromatogr. A 992:29-40.

Chethana, S., Nayak, C.A., Raghavarao, K. (2007). Aqueous two phase extraction for
purification and concentration of betalains. J. Food Eng. 81:679-687.

Chon, J.H., Zarbis-Papastoitsis, G. (2011). Advances in the production and downstream
processing of antibodies. N. Biotechnol. 28:458-463.

Costa, M.J.L., Cunha, M.T., Cabral, J.M., Aires-Barros, M.R. (2000). Scale-up of
recombinant cutinase recovery by whole broth extraction with PEG-phosphate
aqueous two-phase. Bioseparation 9:231-238.

Cunha, T., Aires-Barros, R. (2002). Large-scale extraction of proteins. Mol. Biotechnol.
20:29-40.

Da Silva, C.A.S., Coimbra, J.S.D.R., Rojas, E.E.G., Teixeira, J.A.C. (2009). Partitioning
of glycomacropeptide in aqueous two-phase systems. Process Biochem.
44:1213-1216.

Da Silva, N.R., Ferreira, L.A., Mikheeva, L.M., Teixeira, J.A., Zaslavsky, B.Y. (2014).
Origin of salt additive effect on solute partitioning in aqueous polyethylene
glycol-8000—sodium sulfate two-phase system. J. Chromatogr. A 1337:3-8.

Dallora, N.L.P., Klemz, J.G.D., Pessoa Filho, P.d.A. (2007). Partitioning of model

proteins in aqueous two-phase systems containing polyethylene glycol and
ammonium carbamate. Biochem. Eng. J. 34:92-97.

107



de Belval, S., le Breton, B., Huddleston, J., Lyddiatt, A. (1998). Influence of temperature
upon protein partitioning in poly (ethylene glycol)-salt aqueous two-phase
systems close to the critical point with some observations relevant to the
partitioning of particles. J. Chromatogr. B 711:19-29.

Di Nucci, H., Nerli, B., Pico, G. (2001). Comparison between the thermodynamic
features of [alpha] 1-antitrypsin and human albumin partitioning in aqueous
two-phase systems of polyethyleneglycol-dextran. Biophys. Chem. 89:219-229.

Diamond, A.D., Hsu, J.T. (1990). Correlation of protein partitioning in aqueous polymer
two-phase systems. J. Chromatogr. A 513:137-143.

do Nascimento, 1.S.B., dos Reis Coimbra, J.S., Martins, J.P., da Silva, L.H.M., Bonomo,
R.C.F., Pirozzi, M.R., Cinquini, A. (2010). Partitioning of glutenin flour of
special wheat using aqueous two-phase systems. J. Cereal Sci. 52:270-274.

Dreyer, S., Salim, P., Kragl, U. (2009). Driving forces of protein partitioning in an ionic
liquid-based aqueous two-phase system. Biochem. Eng. J. 46:176-185.

Ecker, D.M., Jones, S.D., Levine, H.L. (2014). The Therapeutic Monoclonal Antibody
Market. mAbs. Taylor & Francis, pp. 00-00.

Edmond, E., Ogston, A. (1968). An approach to the study of phase separation in ternary
aqueous systems. Biochem. J 109:569-576.

Eiteman, M.A. (1994). Predicting partition coefficients of multi-charged solutes in
aqueous two-phase systems. J. Chromatogr. A 668:21-30.

Elvin, J.G., Couston, R.G., van der Walle, C.F. (2013). Therapeutic antibodies: market
considerations, disease targets and bioprocessing. Int. J. Pharm. 440:83-98.

Essmann, U., Perera, L., Berkowitz, M.L., Darden, T., Lee, H., Pedersen, L.G. (1995). A
smooth particle mesh Ewald method. J. Chem. Phys. 103:8577-8593.

Farruggia, B., Nerli, B., Pic6, G. (2003). Study of the serum albumin-polyethyleneglycol
interaction to predict the protein partitioning in agueous two-phase systems. J.
Chromatogr. B 798:25-33.

Ferreira, I.F., Azevedo, A.M., Rosa, P.A., Aires-Barros, M.R. (2008). Purification of
human immunoglobulin G by thermoseparating aqueous two-phase systems. J.
Chromatogr. A 1195:94-100.

Ferreira, L., Madeira, P.P., Mikheeva, L., Uversky, V.N., Zaslavsky, B. (2013). Effect
of salt additives on protein partition in polyethylene glycol-sodium sulfate
aqueous two-phase systems. Biochim. Biophys. Acta 1834:2859-2866.

Ferreira, L.A., Teixeira, J.A. (2011). Salt effect on the (polyethylene glycol 8000+

sodium sulfate) aqueous two-phase system: Relative hydrophobicity of the
equilibrium phases. J. Chem. Thermodyn. 43:1299-1304.

108



Ferreira, L.A., Teixeira, J.A., Mikheeva, L.M., Chait, A., Zaslavsky, B.Y. (2011). Effect
of salt additives on partition of nonionic solutes in aqueous PEG—sodium sulfate
two-phase system. J. Chromatogr. A 1218:5031-5039.

Flory, P.J. (1941). Thermodynamics of high polymer solutions. J. Chem. Phys. 9:660-
660.

Forciniti, D., Hall, C., Kula, M. (1990). Interfacial tension of polyethyleneglycol-
dextran-water systems: influence of temperature and polymer molecular weight.
J. Biotechnol. 16:279-296.

Forciniti, D., Hall, C., Kula, M. (1991). Protein partitioning at the isoelectric point:
influence of polymer molecular weight and concentration and protein size.
Biotechnol. Bioeng. 38:986-994.

Forciniti, D., Hall, C.K. (1990). Theoretical treatment of aqueous two-phase extraction
by using virial expansions: a preliminary report. ACS symposium series.
Oxford University Press, pp. 53-70.

Gagnon, P. (2012). Technology trends in antibody purification. J. Chromatogr. A
1221:57-70.

Gai, Q., Qu, F., Zhang, T., Zhang, Y. (2011). Integration of carboxyl modified magnetic
particles and aqueous two-phase extraction for selective separation of proteins.
Talanta 85:304-3009.

Garcia-Pérez, A.l., Sancho, P., Pinilla, M. (1998). Surface and metabolic properties of
microcytic and macrocytic human anaemic red blood cells detected in polymer
aqueous two-phase systems. J. Chromatogr. B 711:301-307.

Gautam, S., Loh, K.C. (2011). Immunoglobulin-M purification-Challenges and
perspectives. Biotechnol. Adv. 29:840-849.

Gerson, D.F. (1980). Cell surface energy, contact angles and phase partition. |I.
Lymphocytic cell lines in biphasic aqueous mixtures. Biochim. Biophys. Acta
602:269-280.

Goja, A.M,, Yang, H., Cui, M., Li, C. (2013). Aqueous two-phase extraction advances
for bioseparation. J. Bioprocess. Biotech. 4:140.

Golander, C., Herron, J., Lim, K., Claesson, P., Stenius, P., Andrade, J., Harris, J. (1992).
Poly (ethylene glycol) chemistry: biotechnical and biomedical applications.
New York: Plenum Press.

Gonzalez Flecha, F.L., Levi, V. (2003). Determination of the molecular size of BSA by
fluorescence anisotropy. Biochem. Mol. Biol. Educ. 31:319-322.

Gottschalk, U. (2008). Bioseparation in antibody manufacturing: the good, the bad and
the ugly. Biotechnol. Progr. 24:496-503.

109



Gronemeyer, P., Ditz, R., Strube, J. (2014). Trends in Upstream and Downstream Process
Development for Antibody Manufacturing. Bioengineering 1:188-212.

Grossman, P.D., Gainer, J.L. (1988). Correlation of Aqueous Two-Phase Partitioning of
Proteins with Changes in Free Volume. Biotechnol. Progr. 4:6-11.

Guan, Y., Lilley, T.H., Treffry, T.E., Zhou, C.-L., Wilkinson, P.B. (1996). Use of
aqueous two-phase systems in the purification of human interferon-al from
recombinant Escherichia coli. Enzyme Microb. Technol. 19:446-455.

Gundiz, U. (2000). Partitioning of bovine serum albumin in an aqueous two-phase
system: optimization of partition coefficient. J. Chromatogr. B 743:259-262.

Gupta, R., Bradoo, S., Saxena, R. (1999). Aqueous two-phase systems: An attractive
technology for downstream processing of biomolecules. Current Science 77.

Hachem, F., Andrews, B., Asenjo, J. (1996). Hydrophobic partitioning of proteins in
aqueous two-phase systems. Enzyme Microb. Technol. 19:507-517.

Hagarova, D., Breier, A. (1995). Distribution of proteins in aqueous two-phase systems
formed by dextran and polyethylene glycol. Influence of protein hydrophobicity.
Gen. Physiol. Biophys. 14:277-292.

Hahn, R., Schlegel, R., Jungbauer, A. (2003). Comparison of protein A affinity sorbents.
J. Chromatogr. B 790:35-51.

Hansson, U.-B., Andersson, K., Liu, Y., Albertsson, P.-A. (1989). Fractionation of
immunoglobulins by liquid-liquid partition chromatography in aqueous two-
phase systems. Anal. Biochem. 183:305-311.

Harris, J.M. (1992). Poly(Ethylene Glycol) Chemistry: Biotechnical and Biomedical
Applications. New York: Springer Science and Business Media.

Hart, R.A., Lester, P.M., Reifsnyder, D.H., Ogez, J.R., Builder, S.E. (1994). Large scale,
in situ isolation of periplasmic IGF-I from E. coli. Nat. Biotechnol. 12:1113-
1117.

Hartounian, H., Floeter, E., Kaler, E., Sandler, S. (1993). Effect of temperature on the
phase equilibrium of aqueous two-phase polymer systems. AIChE J. 39:1976-
1984,

Hartounian, H., Kaler, E.W., Sandler, S.I. (1994). Aqueous Two-Phase Systems. 2.
Protein Partitioning. Ind. Eng. Chem. Res. 33:2294-2300.

Hatti-Kaul, R. (2000). Aqueous Two-Phase Systems: Methods and Protocols. New
Jersey: Humana Press.

Haynes, C., Benitez, F., Blanch, H., Prausnitz, J. (1993). Application of integral-equation
theory to aqueous two-phase partitioning systems. AIChE journal 39:1539-1557.

110



Haynes, C., Blanch, H., Prausnitz, J. (1989). Separation of protein mixtures by extraction:
thermodynamic properties of aqueous two-phase polymer systems containing
salts and proteins. Fluid Phase Equilib. 53:463-474.

Hess, B., Bekker, H., Berendsen, H.J., Fraaije, J.G. (1997). LINCS: a linear constraint
solver for molecular simulations. J. Comput. Chem. 18:1463-1472.

Hess, B., van Der Spoel, D., Lindahl, E. (2010). Gromacs user manual version 4.5. 4.
University of Groningen, Netherland.

Hill, T.L. (1957). Theory of Solutions. I. J. Am. Chem. Soc. 79:4885-4890.

Hill, T.L. (1959). Theory of solutions. Il. Osmotic pressure virial expansion and light
scattering in two component solutions. J. Chem. Phys. 30:93-97.

Horak, J., Hofer, S., Lindner, W. (2010a). Optimization of a ligand immobilization and
azide group endcapping concept via “Click-Chemistry” for the preparation of
adsorbents for antibody purification. J. Chromatogr. B 878:3382-3394.

Horak, J., Ronacher, A., Lindner, W. (2010b). Quantification of immunoglobulin G and
characterization of process related impurities using coupled Protein A and size
exclusion high performance liquid chromatography. J. Chromatogr. A
1217:5092-5102.

Hou, D., Cao, X. (2014). Synthesis of two thermo-responsive copolymers forming
recyclable aqueous two-phase systems and its application in cefprozil partition.
J. Chromatogr. A 1349:30-36.

Huddleston, J., Veide, A., Kohler, K., Flanagan, J., Enfors, S.-O., Lyddiatt, A. (1991).
The molecular basis of partitioning in aqueous two-phase systems. Trends
Biotechnol. 9:381-388.

Huggins, M.L. (1941). Solutions of long chain compounds. J. Chem. Phys. 9:440-440.

Ibarra-Herrera, C.C., Aguilar, O., Rito-Palomares, M. (2011). Application of an aqueous
two-phase systems strategy for the potential recovery of a recombinant protein
from alfalfa (Medicago sativa). Sep. Purif. Technol. 77:94-98.

Igarashi, L., Kieckbusch, T., Franco, T. (2004a). Mass transfer in aqueous two-phases
system packed column. J. Chromatogr. B 807:75-80.

Igarashi, L., Kieckbusch, T., Franco, T. (2004b). Xylanase mass transfer studies in
aqueous two-phase systems using spray and sieve plate columns. Bioprocess
Biosyst. Eng. 26:151-157.

Jiang, J., Prausnitz, J.M. (2000). Molecular thermodynamics for partitioning of native

and denatured proteins in aqueous two-phase systems. J. Phys. Chem. B
104:7197-7205.

111



Johansson, G. (1985). Determination of ionic charge by liquid-liquid partition. J.
Chromatogr. A 322:425-432.

Johansson, H.-O., Karlstrém, G., Tjerneld, F., Haynes, C.A. (1998). Driving forces for
phase separation and partitioning in aqueous two-phase systems. J. Chromatogr.
B 711:3-17.

Johansson, H.-O., Lundh, G., Karlstrém, G., Tjerneld, F. (1996). Effects of ions on
partitioning of serum albumin and lysozyme in agueous two-phase systems
containing ethylene oxide/propylene oxide co-polymers. Biochim. Biophys.
Acta 1290:289-298.

Johansson, H.-O., Magaldi, F.M., Feitosa, E., Pessoa, A. (2008). Protein partitioning in
poly (ethylene glycol)/sodium polyacrylate aqueous two-phase systems. J.
Chromatogr. A 1178:145-153.

Jorgensen, W.L., Maxwell, D.S., Tirado-Rives, J. (1996). Development and testing of
the OPLS all-atom force field on conformational energetics and properties of
organic liquids. J. Am. Chem. Soc. 118:11225-11236.

Josic, D., Lim, Y.P. (2001). Analytical and preparative methods for purification of
antibodies. Food Technol. Biotech. 39:215-226.

Kakisaka, K., Shindou, T., Ishidao, T., Iwai, Y., Arai, Y. (1998). Partition Coefficients
of Amino Acids, Peptides, and Enzymes in Dextran+ Poly (Ethylene Glycol)+
Water Aqueous Two-Phase Systems. J. Chem. Eng. Jpn. 31:991-995,

Kelley, B. (2009). Industrialization of mAb production technology: the bioprocessing
industry at a crossroads. MAbs. Taylor & Francis, pp. 443-452.

Khayati, G., Alizadeh, S. (2013). Extraction of lipase from Rhodotorula glutinis
fermentation culture by aqueous two-phase partitioning. Fluid Phase Equilib.
353:132-134.

Kimura, K. (2000). Simultaneous accumulation of low-molecular-mass RNA at the
interface along with accumulation of high-molecular-mass RNA on aqueous
two-phase system partitioning. J. Chromatogr. B 743:421-429.

King, R.S., Blanch, H.W., Prausnitz, J.M. (1988). Molecular thermodynamics of aqueous
two-phase systems for bioseparations. AIChE journal 34:1585-1594.

Kiss, E., Szamos, J., Tamas, B., Borbas, R. (1998). Interfacial behavior of proteins in
three-phase partitioning using salt-containing water/tert-butanol systems.
Colloids Surf. A Physicochem. Eng. Asp. 142:295-302.

Knevelman, C., Davies, J., Allen, L., Titchener-Hooker, N.J. (2010). High-throughput

screening techniques for rapid PEG-based precipitation of 1gG4 mAb from
clarified cell culture supernatant. Biotechnol. Progr. 26:697-705.

112



Kohler, G., Milstein, C. (1975). Continuous cultures of fused cells secreting antibody of
predefined specificity. Nature 256:495-497.

Kuczewski, M., Schirmer, E., Lain, B., Zarbis-Papastoitsis, G. (2011). A single-use
purification process for the production of a monoclonal antibody produced in a
PER. C6 human cell line. Biotechnol. J. 6:56-65.

Kumar, A., Galaev, 1.Y., Mattiasson, B., Aarvak, T., Bonyhadi, M., Cabral, J., Camacho,
S., Craig, S., Dainiak, M., Engh, G.v.d. (2008). Cell Separation: Fundamentals,
Analytical and Preparative Methods. New York: Springer.

Laemmli, U.K. (1970). Cleavage of structural proteins during the assembly of the head
of bacteriophage T4. Nature 227:680-685.

Lahore, H.M.F., Miranda, M.V., Fraile, E.R., de Jiménez Bonino, M.J.B., Cascone, O.
(1995). Partition behaviour and purification of a Mucor bacilliformis acid
protease in aqueous two-phase systems. Process Biochem. 30:615-621.

Lan, J.C.-W., Yeh, C.-Y., Wang, C.-C,, Yang, Y.-H.,, Wu, H.-S. (2013). Partition
separation and characterization of the polyhydroxyalkanoates synthase
produced from recombinant Escherichia coli using an aqueous two-phase
system. J. Biosci. Bioeng. 116:499-505.

Lebreton, B., Huddleston, J., Lyddiatt, A. (1998). Polymer—protein interactions in
aqueous two phase systems: fluorescent studies of the partition behaviour of
human serum albumin. J. Chromatogr. B 711:69-79.

Lee, C.K., Sandler, S.I. (1990). Vancomycin partitioning in agueous two-phase systems:
Effects of pH, salts, and an affinity ligand. Biotechnol. Bioeng. 35:408-416.

Lee, J.W., Forciniti, D. (2010). Purification of human antibodies from transgenic corn
using aqueous two-phase systems. Biotechnol. Progr. 26:159-167.

Lee, K.-M., Gilmore, D.F. (2006). Statistical experimental design for bioprocess
modeling and optimization analysis. Appl. Biochem. Biotech. 135:101-115.

Li, F., Vijayasankaran, N., Shen, A., Kiss, R., Amanullah, A. (2010). Cell culture
processes for monoclonal antibody production. mAbs. Taylor & Francis, pp.
466-479.

Lin, D.Q., Wu, Y.T., Mei, L.H., Zhu, Z.Q., Yao, S.J. (2003). Modeling the protein
partitioning in aqueous polymer two-phase systems: influence of polymer
concentration and molecular weight. Chem. Eng. Sci. 58:2963-2972.

Liu, H.F., Ma, J., Winter, C., Bayer, R. (2010). Recovery and purification process

development for monoclonal antibody production. MAbs. Taylor & Francis, pp.
480-499.

113



Liu, Y., Yu, Y., Chen, M., Xiao, X. (2011). Advances in aqueous two-phase systems and
applications in protein separation and purification. Can. J. Chem. Eng. Technol.
2:1-7.

Low, D., O’Leary, R., Pujar, N.S. (2007). Future of antibody purification. J. Chromatogr.
B 848:48-63.

Lowe, C.R., Lowe, AR. Gupta, G. (2001). New developments in affinity
chromatography with potential application in the production of
biopharmaceuticals. J. Biochem. Biophys. Methods 49:561-574.

Luechau, F., Ling, T.C., Lyddiatt, A. (2009a). Interfacial partition of plasmid DNA in
aqueous two-phase systems. Sep. Purif. Technol. 67:64-70.

Luechau, F., Ling, T.C., Lyddiatt, A. (2009b). Partition of plasmid DNA in polymer—salt
aqueous two-phase systems. Sep. Purif. Technol. 66:397-404.

Luechau, F., Ling, T.C., Lyddiatt, A. (2009c). Selective partition of plasmid DNA and
RNA in aqueous two-phase systems by the addition of neutral salt. Sep. Purif.
Technol. 68:114-118.

Luechau, F., Ling, T.C., Lyddiatt, A. (2010). A descriptive model and methods for up-
scaled process routes for interfacial partition of bioparticles in aqueous two-
phase systems. Biochem. Eng. J. 50:122-130.

Ma, J., Hoang, H., Myint, T., Peram, T., Fahrner, R., Chou, J.H. (2010). Using
precipitation by polyamines as an alternative to chromatographic separation in
antibody purification processes. J. Chromatogr. B 878:798-806.

Malpiedi, L.P., Diaz, C.A., Nerli, B.B., Pessoa Jr, A. (2013). Single-chain antibody
fragments: Purification methodologies. Process Biochem. 48:1242-1251.

Mandenius, C.F., Brundin, A. (2008). Bioprocess optimization using design-of-
experiments methodology. Biotechnol. Progr. 24:1191-1203.

Mao, L.N., Rogers, J.K., Westoby, M., Conley, L., Pieracci, J. (2010). Downstream
antibody purification using aqueous two-phase extraction. Biotechnol. Progr.
26:1662-1670.

Marek, W., Muca, R., Wo$, S., Pigtkowski, W., Antos, D. (2013). Isolation of
monoclonal antibody from a Chinese hamster ovary supernatant. I: Assessment
of different separation concepts. J. Chromatogr. A 1305:55-63.

Martinez, J.M., Martinez, L. (2003). Packing optimization for automated generation of
complex system's initial configurations for molecular dynamics and docking. J.
Comput. Chem. 24:819-825.

Martinez, L., Andrade, R., Birgin, E.G., Martinez, J.M. (2009). Packmol: A package for

building initial configurations for molecular dynamics simulations. J. Comput.
Chem. 30:2157-2164.

114



Matsumoto, T., Inoue, H. (1993). Small angle X-ray scattering and viscoelastic studies
of the molecular shape and colloidal structure of bovine and rat serum albumins
in aqueous systems. Chem. Phys. 178:591-598.

McDonald, P., Victa, C., Carter-Franklin, J.N., Fahrner, R. (2009). Selective antibody
precipitation using polyelectrolytes: a novel approach to the purification of
monoclonal antibodies. Biotechnol. Bioeng. 102:1141-1151.

McMillan Jr., W.G., Mayer, J.E. (1945). The statistical thermodynamics of
multicomponent systems. J. Chem. Phys. 13:276-305.

Melander, W., Horvath, C. (1977). Salt effects on hydrophobic interactions in
precipitation and chromatography of proteins: an interpretation of the lyotropic
series. Arch. Biochem. Biophys. 183:200-215.

Mishima, K., Matsuyama, K., Ezawa, M., Taruta, Y., Takarabe, S., Nagatani, M. (1998).
Interfacial tension of aqueous two-phase systems containing poly (ethylene
glycol) and dipotassium hydrogenphosphate. J. Chromatogr. B 711:313-318.

Mistry, S.L., Kaul, A., Merchuk, J., Asenjo, J. (1996). Mathematical modelling and
computer simulation of aqueous two-phase continuous protein extraction. J.
Chromatogr. A 741:151-163.

Mohamadi, H.S., Omidinia, E., Dinarvand, R. (2007). Evaluation of recombinant
phenylalanine dehydrogenase behavior in aqueous two-phase partitioning.
Process Biochem. 42:1296-1301.

Mokhtarani, B., Karimzadeh, R., Amini, M.H., Manesh, S.D. (2008). Partitioning of
Ciprofloxacin in aqueous two-phase system of poly (ethylene glycol) and
sodium sulphate. Biochem. Eng. J. 38:241-247.

Miindges, J., Stark, 1., Mohammad, S., Gérak, A., Zeiner, T. (2015). Single stage aqueous
two-phase extraction for monoclonal antibody purification from cell
supernatant. Fluid Phase Equilib. 385:227-236.

Mutalib, F.A.A., Jahim, J.M., Bakar, F.D.A., Mohammad, A.W., Hassan, O. (2014).
Characterisation of new aqueous two-phase systems comprising of Dehypon®
LS54 and K4484® Dextrin for potential cutinase recovery. Sep. Purif. Technol.
123:183-189.

Naganagouda, K., Mulimani, V. (2008). Aqueous two-phase extraction (ATPE): an
attractive and economically viable technology for downstream processing of
Aspergillus oryzae a-galactosidase. Process Biochem. 43:1293-1299.

Nikolic, Z. (2008). Liquid Phase Sintering-l. Computer Study of Skeletal Settling and
Solid Phase Extrication in a Normal Gravity Environment. Sci. Sinter. 40:3.

Oelmeier, S.A., Dismer, F., Hubbuch, J. (2012a). Molecular dynamics simulations on
aqueous two-phase systems-Single PEG-molecules in solution. BMC Biophys
5:14.

115



Oelmeier, S.A., Effio, C.L., Hubbuch, J. (2012b). High throughput screening based
selection of phases for aqueous two-phase system-centrifugal partitioning
chromatography of monoclonal antibodies. J. Chromatogr. A 1252:104-114.

Ooi, C.W., Tey, B.T., Hii, S.L., Ariff, A., Wu, H.S., Lan, J.C.W,, Juang, R.S., Kamal,
S.M.M,, Ling, T.C. (2009a). Direct purification of Burkholderia pseudomallei
lipase from fermentation broth using aqueous two-phase systems. Biotechnol.
Bioprocess Eng. 14:811-818.

Ooi, C.W., Tey, B.T., Hii, S.L., Kamal, S.M.M., Lan, J.C.W., Ariff, A,, Ling, T.C.
(2009b). Purification of lipase derived from Burkholderia pseudomallei with
alcohol/salt-based aqueous two-phase systems. Process Biochem. 44:1083-
1087.

Parrinello, M., Rahman, A. (1981). Polymorphic transitions in single crystals: A new
molecular dynamics method. J. Appl. Phys. 52:7182-7190.

Peng, Q., Li, Z., Li, Y. (1995). Experiments, correlation and prediction of protein
partition coefficient in aqueous two-phase systems containing PEG and
K2HPO4-KH,PO4. Fluid Phase Equilib. 107:303-315.

Perumalsamy, M., Batcha, M.l. (2011). Synergistic extraction of bovine serum albumin
using polyethylene glycol based aqueous biphasic system. Process Biochem.
46:494-497.

Pico, G., Bassani, G., Farruggia, B., Nerli, B. (2007). Calorimetric investigation of the
protein—flexible chain polymer interactions and its relationship with protein
partition in aqueous two-phase systems. Int. J. Biol. Macromol. 40:268-275.

Pico, G., Romanini, D., Nerli, B., Farruggia, B. (2006). Polyethyleneglycol molecular
mass and polydispersivity effect on protein partitioning in aqueous two-phase
systems. J. Chromatogr. B 830:286-292.

Pic6, G.A. (1997). Thermodynamic features of the thermal unfolding of human serum
albumin. Int. J. Biol. Macromol. 20:63-73.

Platis, D., Labrou, N.E. (2006). Development of an aqueous two-phase partitioning
system for fractionating therapeutic proteins from tobacco extract. J.
Chromatogr. A 1128:114-124.

Pucca, M.B., Bertolini, T.B., Barbosa, J.E., Galina, S.V.R., Porto, G.S. (2011).
Therapeutic monoclonal antibodies: scFv patents as a marker of a new class of
potential biopharmaceuticals. Braz. J. Pharm. Sci. 47:31-38.

Raja, S., Murty, V.R., Thivaharan, V., Rajasekar, V., Ramesh, V. (2011). Aqueous two
phase systems for the recovery of biomolecules—a review. Sci. Tech. 1:7-16.

Renon, H., Prausnitz, J.M. (1968). Local compositions in thermodynamic excess
functions for liquid mixtures. AIChE journal 14:135-144.

116



Rito-Palomares, M. (2004). Practical application of aqueous two-phase partition to
process development for the recovery of biological products. J. Chromatogr. B
807:3-11.

Rito-Palomares, M., Dale, C., Lyddiatt, A. (2000). Generic application of an aqueous
two-phase process for protein recovery from animal blood. Process Biochem.
35:665-673.

Rodrigues, M.E., Costa, A.R., Henriques, M., Azeredo, J., Oliveira, R. (2010).
Technological progresses in monoclonal antibody production systems.
Biotechnol. Progr. 26:332-351.

Roque, A.C., Silva, C.S., Taipa, M.A. (2007). Affinity-based methodologies and ligands
for antibody purification: advances and perspectives. J. Chromatogr. A
1160:44-55.

Rosa, P., Azevedo, A., Ferreira, 1., De Vries, J., Korporaal, R., Verhoef, H., Visser, T.,
Aires-Barros, M. (2007a). Affinity partitioning of human antibodies in aqueous
two-phase systems. J. Chromatogr. A 1162:103-113.

Rosa, P., Azevedo, A., Sommerfeld, S., Backer, W., Aires-Barros, M. (2011). Aqueous
two-phase extraction as a platform in the biomanufacturing industry:
economical and environmental sustainability. Biotechnol. Adv. 29:559-567.

Rosa, P., Azevedo, A., Sommerfeld, S., Backer, W., Aires-Barros, M. (2012).
Continuous aqueous two-phase extraction of human antibodies using a packed
column. J. Chromatogr. B 880:148-156.

Rosa, P., Ferreira, I., Azevedo, A., Aires-Barros, M. (2010). Aqueous two-phase systems:
a viable platform in the manufacturing of biopharmaceuticals. J. Chromatogr.
A 1217:2296-2305.

Rosa, P.A., Azevedo, A.M., Aires-Barros, M.R. (2007b). Application of central
composite design to the optimisation of aqueous two-phase extraction of human
antibodies. J. Chromatogr. A 1141:50-60.

Rosa, P.A., Azevedo, A.M., Sommerfeld, S., Mutter, M., Bécker, W., Aires-Barros, M.R.
(2013). Continuous purification of antibodies from cell culture supernatant with
aqueous two-phase systems: From concept to process. Biotechnol. J. 8:352-362.

Salgado, J.C., Andrews, B.A., Ortuzar, M.F., Asenjo, J.A. (2008). Prediction of the
partitioning behaviour of proteins in aqueous two-phase systems using only
their amino acid composition. J. Chromatogr. A 1178:134-144.

Sandin, S., Ofverstedt, L.G., Wikstrom, A.C., Wrange, O., Skoglund, U. (2004).

Structure and flexibility of individual immunoglobulin G molecules in solution.
Structure 12:409-415.

117



Saravanan, S., Rao, J.R., Nair, B.U., Ramasami, T. (2008). Aqueous two-phase poly
(ethylene glycol)—poly (acrylic acid) system for protein partitioning: Influence
of molecular weight, pH and temperature. Process Biochem. 43:905-911.

Sasakawa, S., Walter, H. (1972). Partition behavior of native proteins in aqueous
dextran-poly (ethylene glycol)-phase systems. Biochemistry 11:2760-2765.

Scheutjens, J.M.H.M., Fleer, G.J. (1979). Statistical theory of the adsorption of
interacting chain molecules. 1. Partition function, segment density distribution,
and adsorption isotherms. J. Phys. Chem. 83:1619-1635.

Scheutjens, J.M.H.M., Fleer, G.J. (1980). Statistical theory of the adsorption of
interacting chain molecules. 2. Train, loop, and tail size distribution. J. Phys.
Chem. 84:178-190.

Schmidt, A., Ventom, A., Asenjo, J. (1994). Partitioning and purification of a-amylase
in aqueous two-phase systems. Enzyme Microb. Technol. 16:131-142.

Selvakumar, P., Ling, T.C., Walker, S., Lyddiatt, A. (2012a). Partitioning of
haemoglobin and bovine serum albumin from whole bovine blood using
aqueous two-phase systems. Sep. Purif. Technol. 90:182-188.

Selvakumar, P., Ling, T.C., Walker, S. Lyddiatt, A. (2012b). Recovery of
glyceraldehyde 3-phosphate dehydrogenase from an unclarified disrupted yeast
using aqueous two-phase systems facilitated by distribution analysis of
radiolabelled analytes. Sep. Purif. Technol. 85:28-34.

Shukla, A.A., Hubbard, B., Tressel, T., Guhan, S., Low, D. (2007). Downstream
processing of monoclonal antibodies—application of platform approaches. J.
Chromatogr. B 848:28-39.

Shukla, A.A., Thémmes, J. (2010). Recent advances in large-scale production of
monoclonal antibodies and related proteins. Trends Biotechnol. 28:253-261.

Smejkal, B., Agrawal, N.J., Helk, B., Schulz, H., Giffard, M., Mechelke, M., Ortner, F.,
Heckmeier, P., Trout, B.L., Hekmat, D. (2013). Fast and scalable purification
of a therapeutic full-length antibody based on process crystallization.
Biotechnol. Bioeng. 110:2452-2461.

Smith, P, Krohn, R.1., Hermanson, G., Mallia, A., Gartner, F., Provenzano, M., Fujimoto,
E., Goeke, N., Olson, B., Klenk, D. (1985). Measurement of protein using
bicinchoninic acid. Anal. Biochem. 150:76-85.

Sommerfeld, S., Strube, J. (2005). Challenges in biotechnology production—generic
processes and process optimization for monoclonal antibodies. Chem. Eng.
Process. 44:1123-1137.

Spelzini, D., Farruggia, B., Pico, G. (2005). Features of the acid protease partition in
aqueous two-phase systems of polyethylene glycol-phosphate: Chymosin and
pepsin. J. Chromatogr. B 821:60-66.

118



Su, C.K., Chiang, B.H. (2006). Partitioning and purification of lysozyme from chicken
egg white using aqueous two-phase system. Process Biochem. 41:257-263.

Sulk, B., Birkenmeier, G., Kopperschlager, G. (1992). Application of phase partitioning
and thiophilic adsorption chromatography to the purification of monoclonal
antibodies from cell culture fluid. J. Immunol. Methods 149:165-171.

Szenczi, A., Kardos, J., Medgyesi, G.A., Zavodszky, P. (2006). The effect of solvent
environment on the conformation and stability of human polyclonal IgG in
solution. Biologicals 34:5-14.

Taha, M., Khoiroh, I., Lee, M.-J. (2013). Phase Behavior and Molecular Dynamics
Simulation Studies of New Aqueous Two-Phase Separation Systems Induced
by HEPES Buffer. J. Phys. Chem. B 117:563-582.

Thémmes, J., Etzel, M. (2007). Alternatives to chromatographic separations. Biotechnol.
Progr. 23:42-45.

Van Oss, C.J., Chaudhury, M.K., Good, R.J. (1988). Interfacial Lifshitz-van der Waals
and polar interactions in macroscopic systems. Chem. Rev. 88:927-941.

Veide, A., Smeds, A.L., Enfors, S.O. (1983). A Process for large-scale isolation of p-
galactosidase from E. coli in an aqueous two-phase system. Biotechnol. Bioeng.
25:1789-1800.

Velayudhan, A., Menon, M.K. (2007). Modeling of Purification Operations in
Biotechnology: Enabling Process Development, Optimization, and Scale-Up.
Biotechnol. Progr. 23:68-73.

Wahl, D. (2005). A short history of electrochemistry. Galvanotechnik 96 (8):1820-1828.

Walsh, G. (2010). Biopharmaceutical benchmarks 2010. Nat. Biotechnol. 28:917-924.

Walsh, G. (2014). Biopharmaceutical benchmarks 2014. Nat. Biotechnol. 32:992-1000.

Walter, H., Brooks, D.E., Fisher, D. (1985). Partitioning In Aqueous Two—Phase System:
Theory, Methods, Uses, And Applications To Biotechnology. Florida, USA:

Academic Press Inc.

Walter, H., Johansson, G. (1986). Partitioning in aqueous two-phase systems: an
overview. Anal. Biochem. 155:215-242.

Walter, H., Johansson, G. (1994). Methods in Enzymology: Aqueous Two-Phase
Systems. San Diego, CA: Academic Press.

Walter, H., Johansson, G., Brooks, D.E. (1991). Partitioning in aqueous two-phase
systems: recent results. Anal. Biochem. 197:1-18.

119



Wan, J., Cao, X., Wang, W., Ning, B., Li, X. (2010). Partition of several model
bioproducts in recycling aqueous two-phase systems with pH/light responsive
copolymers. Sep. Purif. Technol. 76:104-109.

Wang, J., Wolf, R.M., Caldwell, J.W., Kollman, P.A., Case, D.A. (2004). Development
and testing of a general amber force field. J. Comput. Chem. 25:1157-1174.

Wang, Y., Mao, Y., Han, J., Liu, Y., Yan, Y. (2010). Liquid— liquid equilibrium of
potassium phosphate/potassium citrate/sodium citrate+ ethanol aqueous two-
phase systems at (298.15 and 313.15) K and correlation. J Chem Eng Data
55:5621-5626.

Wu, Q., Lin, D.Q., Yao, S.J. (2013). Evaluation of poly (ethylene glycol)/hydroxypropyl
starch aqueous two-phase system for immunoglobulin G extraction. J.
Chromatogr. B 928:106-112.

Wu, Y.T., Zhu, Z.Q., Mei, L.H. (1996). Interfacial tension of poly (ethylene glycol)+
salt+ water systems. J Chem Eng Data 41:1032-1035.

Yokoyama, W.M., Christensen, M., Santos, G.D., Miller, D., Ho, J., Wu, T.,
Dziegelewski, M., Neethling, F.A. (2013). Production of Monoclonal
Antibodies. Curr. Protoc. Immunol.:2.5:2.5.1-2.5.29.

Yoo, S.M., Ghosh, R. (2012). Simultaneous removal of leached protein-A and aggregates
from monoclonal antibody using hydrophobic interaction membrane
chromatography. J. Memb. Sci. 390:263-269.

Zafarani-Moattar, M.T., Nemati-Kande, E. (2011). Thermodynamic studies on the
complete phase diagram of aqueous two phase system containing polyethylene
glycol dimethyl ether 2000 and di-potassium hydrogen phosphate at different
temperatures. Calphad 35:165-172.

Zaslavsky, B.Y. (1994). Aqueous two-phase partitioning: physical chemistry and
bioanalytical applications. New York: Marcel Dekker Inc.

Zaslavsky, B.Y., Miheeva, L., Gasanova, G., Mahmudov, A. (1987). Effect of polymer
composition on the relative hydrophaobicity of the phases of the biphasic system
aqueous dextran-poly (ethylene glycol). J. Chromatogr. A 403:123-130.

Zaslavsky, B.Y., Miheeva, L., Mestechkina, N., Rogozhin, S. (1982). Physico-chemical
factors governing partition behaviour of solutes and particles in aqueous
polymeric biphasic systems.: 1l. Effect of ionic composition on the hydration
properties of the phases. J. Chromatogr. A 253:149-158.

Zhou, F., Kakisaka, K., Ishidao, T., lwai, Y., Arai, Y., Furuya, T. (1997). Measurement
and correlation of partition coefficients of amino acids in dextran+ poly
(ethylene glycol)+ water aqueous two-phase systems. J. Chem. Eng. Jpn.
30:349-353.

120



Zhou, J.X., Tressel, T. (2006). Basic Concepts in Q Membrane Chromatography for
Large-Scale Antibody Production. Biotechnol. Progr. 22:341-349.

Zijlstra, G., Michielsen, M., De Gooijer, C., Van der Pol, L., Tramper, J. (1998). 1gG and
hybridoma partitioning in aqueous two-phase systems containing a dye-ligand.
Bioseparation 7:117-126.

Zijlstra, G.M., Michielsen, M.J., de Gooijer, C.D., van der Pol, L.A., Tramper, J. (1996).

Hybridoma and CHO Cell Partitioning in Aqueous Two-Phase Systems.
Biotechnol. Progr. 12:363-370.

121





