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Abstract

The biotechnology industry requires high — capacity protein manufacturing
processes that retain protein functionality. Large — scale countercurrent J — type
centrifuges have been developed by the Brunel Institute for Bioengineering that
successfully purify small organic molecules using aqueous — organic phase
systems. Aqueous two — phase systems (ATPS) have been used historically to
purify bio-molecules whilst retaining their biological function. This thests focuses
on extending CCC to the separation of proteins, using a model ATPS of PEG-
1000 and potassium dihydrogen phosphate to separate a mixture of lysozyme and
myoglobin.

Initial studies were on the behaviour of this phase system in a J - type CCC
centrifuge fitted with a multilayer column; the variable parameters examined were
centrifuge rotational speed, mobile phase flow rate and direction, and type of
mobile phase. A set of optimum conditions were identified that gave good
retention and stability of the phases in the column.

These conditions were applied to separate a mixture of the proteins lysozyme and
myoglobin in the same centrifuge. However, the proteins did not elute as
predicted from their equilibrium distribution ratios. It appears that the wave — like
mixing and settling behaviour of the phases in the centrifuge was insufficient for
the proteins to achieve equilibrium partitioning.

A centrifugal partition chromatography (CPC) centrifuge was introduced to the
study. This provided full protein separation, credited to the cascade phase mixing
created by this design of centrifuge. The experimental parameters were used in an
experiment on a pilot — scale CPC instrument.

The CPC study was extended to the isolation of a target protein (phosphomannose
isomerase) from a fermentation supernatant. CPC gave partial purification of the
protein with retention of enzyme activity.

This thesis demonstrates the importance of phase mixing in CCC, which has led to
a new column design by BIB with the potential of industrial — scale protein

purifications.
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Chapter 1 — Introduction

1.1. Aqueous Two — Phase Systems

1.1.1. History of Aqueous Two — Phase Systems

Aqueous two — phase systems (ATPS) were first reported by the Dutch
microbiologist Beijerinck, who had observed that aqueous solutions of gelatine
and agar (starch) formed two liquid phases when mixed together (Beijjerinck,
1896). The phenomenon was then largely overlooked until the Swedish
biochemist Per-Ake Albertsson experimented with polyethylene glycol (PEG) in
an attempt to desorb chloroplast particles from hydroxylapatite grains suspended
in potassium phosphate buffer during a chromatography experiment. Albertsson
noted that the hydroxylapatite had been purged of chloroplasts, and that the PEG
and salt buffer had formed two liquid layers. The chloroplasts themselves had
concentrated in the liquid layer present on top of the phosphate buffer layer. This
was the first experiment in which an aqueous liquid — liquid polymer two — phase
system had been used for the partition of cell particles. Albertsson conducted
further experiments using this PEG — potassium phosphate system with
microorganisms (e.g. Serratia marcescens and Chlorella pyrenoidosa) and
various types of plant cell particles (e.g. starch grains and chloroplast fragments).
He observed that partition was selective, and that the particles collected in one of
the two phases or at the interface (Albertsson, 1956a, 1956b).

Over the following two decades, Albertsson and collaborators developed and
applied several types of aqueous liquid — liquid polymer two — phase systems to
separating viruses, cells, and cell organelles. The partitioning of proteins in these
phase systems was also investigated; a successful countercurrent distribution
(CCD) experiment using a PEG — dextran system was carried out, opening the
way for ATPS purification of proteins (Albertsson and Nyns, 1959, 1961) (refer to
Section 1.3.1 for an explanation of CCD).

Work was also conducted during this period on elucidating the factors governing
partition, such as molecular weight of the polymers (Albertsson, 1958a, 1958D),
ionic composition (Albertsson and Nyns, 1959, 1961), and the relationship
between the partition coefficient and'the surface area of proteins and viruses
(Albertsson, 1958b, 1962b; Albertsson and Frick, 1960). It was discovered that

small changes in the ratio of ions within a system caused large shifts in the



partition of proteins, nucleic acids and cell particles. It had been assumed that in a
polymer — polymer system (such as PEG — dextran) the salts partitioned equally
between the phases. Work by Johansson (1970a) showed some salts partitioned
more equally than others; this inequality in distribution of ions created a small
electrical potential between the phases (Albertsson, 1971a) that had a strong

influence on the partition of charged entities such as proteins, nucleic acids and
cell particles.

Researchers during this period also noted the potential of scaling — up the
partitioning process. A PEG — dextran system was used to purify a DNA
polymerase from a bacterial cell extract (Okazaki and Kornberg, 1964); this
example was used as a model for large — scale biotechnological application of
phase partition to enzyme purification. The experiments on chloroplasts and cells
demonstrated that the phase systems used are mild towards fragile organelles and
cells. This is due to their high water content, low interfacial tension (Rydén and
Albertsson, 1971), and a general protective effect of the polymers.

By the early 1970s, the basic knowledge of ATPS had sufficiently developed for
the method to be applied in the fields of biochemistry, molecular biology, cell
biology and biotechnology (refer to Section 1.1.3). Research into the
fundamentals of these systems continued, covering such areas as the role of water
structure on phase separation (Gupta et al, 2002), the kinetics of phase separation
(Kaul et al, 1995; Solano-Castillo and Rito-Palomares, 2000), the
thermodynamics of phase separation (GroBmann and Maurer, 1995; GroBmann et
al, 1995; Zafarani-Moattar and Sadeghi, 2001), and how temperature affected
phase equilibrium (Hartounian et al, 1993). Physicochemical properties of phase
systems were also reported, such as interfacial tension (Mishima et al, 1998),

phase composition, viscosity, and density (Snyder et al, 1992).

1.1.2. Definition and Examples of Aqueous Two — Phase Systems

Aqueous two — phase systems can be defined as a mixture of two polymers (or
one polymer and a salt) present above certain concentrations in an aqueous
medium that separates into two phases (Hatti-Kaul, 2000). These systems can be
further subdivided, depending on the nature of the polymer(s) and the identity of
the salt and are extensive in number and type; some examples are given in Table
1.1.2a.
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Table 1.1.2a: Examples of aqueous two — phase systems (Albertsson, 1971b).

Non — ionic polymer: Non — ionic
holymer 2) Methylcellulose: Dextran
Polyvinylalcohol
Sodium dextran sulphate: Sodium
carboxymethylcellulose

Polymer: Low Molecular Weight (1) Polyethylene glycol: Potassium
Component phosphate
, olycol: Glucose

In recent years, particular attention has been given to the use of thermosensitive

polymers e.g. poly(ethylene oxide) (PEO) and poly(propylene oxide) (PPO). The
PEO - PPO random copolymer has a decreased solubility in water at higher
temperatures. When heated above the lower critical solution temperature (LCST),
this system will form into two layers: a lower layer consisting of PEO — PPO, and
an aqueous upper layer. The temperature at which this occurs is known as the
cloud point (CP) of the polymer. Using these systems has several advantages. The
low salt concentrations involved reduces the risk of salting out the protein, the
polymers can be recycled, and the target protein is recovered in an aqueous
solution, which facilitates downstream processing (Li and Peeples, 2004).

Examples of these systems are given in Table 1.1.2b.

11



Table 1.1.2b: Examples of the use of ATPS containing thermosensitive polymers.

PEO-4000; dextran, Ribonuclease A,
Ucon 50-HB-5100: dextran 1993
EO,oPOg: dextran T-500 Glucose-6-phosphate Alred et al
dehydrogenase, (1994)

Hexokinase,
3-phosphoglycerate kinase

Bovine serum albumin,

Ucon 50-HB-5100;

Berggren et al

hydroxypropyl starch, Lysozyme, (1995)
EQ30PO7¢: hydroxypropyl B-lactoglobulin A,
starch Myoglobin,

Cvtochrome ¢

EO;0P0O1¢: dextran T-500, Bovine serum albumin, Johansson et al
Ucon 50-HB-5100: Lysozyme (1996)
dextran T-500

5.0% EO5cPOsp: 5.0% HM- Bovine serum albumin, Persson et al
EOPO (hydrophobically Lysozyme, (1999)
modified copolymer of EO and

Apolipoprotein A-1

7.1% dextran: 6.8% EQO3,PO7
9.0% dextran: 9.0% EO;PO7q

a-Chymotrypsinogen A, | Berggren et al
Cytochrome c, (2002)
Ribonuclease-A, I
a-Lactalbumin, |
Lysozyme, '
Myoglobin,
a-Ch OUVYE Sin

7.1% dextran: 6.8% EO30PO7 Lactate dehydrogenase Fexby and
Biilow (2002

Ucon 50-HB-5100 (random Endo-polygalacturonase Pereira et al
copolymer of 50% EO + 50% (2003)
PO): polyvinyl alcohol,
Ucon 50-HB-5100:
hydroxyprop yl starch,

20.0% PEO-PPO-25 00: Recombinant thermostable | Li and Peeples
7.0-15.0% (NH4)>SOq4 o-amylase (MJA1
Random copolymer EOPO: Bovine serum albumin, | Bolognese et al
T sin

The theoretical basis of phase separation is complex. In polymer — polymer

systems, it is attributed to the high molecular weight of the polymers combined
with interaction between the segments of these molecules (Flory, 1953;
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Albertsson, 1986). The phase separation that occurs is driven by the change in
enthalpy when the polymers interact (Flory, 1953).

In polymer — salt systems, phase behaviour in strongly influenced by the type of
salt and its concentration; addition of a salt to a single polymer in solution will
induce phase separation to yield a salt — rich, polymer — poor lower phase and a
salt — poor, polymer — rich upper phase (Albertsson, 1986, Walter et al, 1985, and
Abbot et al, 1990). The relative effectiveness of various salts in creating phase
separation follows the Hofmeister series — a classification of ions based on their
salting — out ability (Ananthapadmanabhan and Goddard, 1987). The Hofmeister
series is based on the nature of the salt anion. Small multivalent anions with high
— charge density (e.g. sulphate and phosphate) do not interact closely with the
polymer molecules. This leads to regions around the polymer molecules that do
not contain salt ions; these regions are the basis for the formation of the two —

phase system (Abbot et al, 1990; Huddleston et al, 1991).

Some typical polymer — salt systems used in protein purification are shown in
Table 1.1.2c.

Table 1.1.2¢: Selected examples of typical polymer — salt ATPS used in protein
purification.

Phase System(s

10.3% w/w PEG-1450: 12.01% w/w a-amylase, de Belval ef al
potassium phosphate (in the ratio 18:7 w/w | Bovine serum (1998)
KoHPO4: KH2POy) albumin,
a-chymotrypsin,
Cytochrome c,
Lysozyme,
Myoglobin,
Ribonuclease-A
10-30% w/v PEG-1500: 20% w/v MgSO;4 B-xylosidase Pan et al
10-30% w/v PEG-1500: 20% w/v (2001)
(NH4)2504
25-30% w/v PEG-1500: 20% w/v NaH,PO,
25-30% w/v PEG-1500: 20% w/v Nazl'IP04
PEG-1500: K,HPOy4 Lysozyme’ Haghtalab el
PEG-4000: K;HPOy, Bovine serum al (2003)
PEG-1500: Na;SOy4 albumin,

PEG-4000; Na,SO4
Compositions = various % w/w

20% w/w PEG-2000: 15% w/w (NH,4),SO, Recombinant T3 and
10% w/w PEG-2000: 18% w/w (NH4),SO4 | thermostable q- Peeples
amylase (MJA1 2004

13
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PEG - salt systems are preferred for protein extraction, both for economic reasons

and because they tend to be more selective than polymer — polymer systems
(Vernau and Kula, 1990). The use of phosphates and sulphates has led to high

concentrations in effluent discharge, and hence to environmental concerns. One
approach is to utilise citrate salts, as they are biodegradable and non — toxic

(Vemau and Kula, 1990), and research into phase systems using these salts has
been conducted (refer to Table 1.1.2d).

Recycling the chemicals from aqueous two — phase systems has also been

investigated as a means of lessening the environmental impact of these phase

systems (Hustedt, 1986; Papamichael et al, 1992).
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Table 1.1.2d: Examples of the use of ATPS containing citrate salts.

Phase System(s

PEG-(400, 1550, 4000, 6000, Alcohol dehydrogenase, Vernau and
12000, 20000): sodium citrate Glucose-6-phosphate Kula (1990)
dehydrogenase,
Alanine dehydrogenase,
Leucine dehydrogenase,

Oxvynitrilase

PEG-1500: sodium citrate BSA Franco et al
1995

PEG-(1500, 4000): sodium Thaumatin derivatives Miranda et al
citrate 1996

citrate (1998
sodium citrate | 2000

PEG-4000: sodium citrate a-amylase, Andrews et al
Amyloglucosidase, (2005)
BSA,
a-Chymotrypsinogen A,
Conalbumin,
Invertase,
a-Lactalbumin,
Lysozyme,
Ovalbumin,
Subtilisin,
Thaumatin,
Trypsin inhibitor

PEG-4000: sodium citrate Zhi et al (2005

PEG-(1000, 1450, 3350): BSA, Boaglio et al
sodium citrate a-Lactoalbumin, (2006)
a-1 Antitrypsin,

3-Lactoglobulin

PEG-1500:; sodium citrate Su and Chiang
2006
PEG-2000: potassium citrate Not applicable* Jayapal et al
2007
PEG-(600, 1000, 1450, 3350, Trypsin, Tubio et al
8000): sodium citrate o-Chymotrypsin 2007

* This was a study of the liquid - liquid equilibrium of this phase system and did
not involve proteins.
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1.1.3. Applications and Advantages of Aqueous Two - Phase Systems
Aqueous two — phase systems have a number of advantages over conventional
extraction processes that have resulted in their use in a number of biological
applications. The aqueous nature of both phases creates a gentle, non — denaturing
environment for biomaterials (when compared with aqueous — organic solvent
systems). Interfacial tension is low, typically 0.0001 to 0.1 dyne cm™ (compared
with 1 to 20 dyne cm™ for aqueous — organic solvent systems). This creates a high
interfacial contact area when the phases are mixed, and thus efficient mass
transfer of bioparticles. Low interfacial tension also minimises denaturation of
proteins, allowing proteins to retain structure and function. The polymers
themselves are known to have a stabilising influence on particle structure and
biological activities (Albertsson, 1986).

ATPS has, since the early 1970s, become a powerful tool in a number of
applications:

1) The fractionation of cells into subpopulations (Walter et al, 1985, Walter and
Johansson, 1994).

2) Determining the surface hydrophobicity and the isoelectric point of proteins
(by cross — partitioning) (Walter and Johansson, 1994, Chapter 20).

3) Detection and quantification of biochemical reactions (Backman, 2000). These
techniques rely on the fact that the free and bound forms of the interacting
molecules (reagents and products) will partition differently in the two phases of an
ATPS. By measuring the concentrations of these molecules in each phase,
information on the stoichiometry of the reaction can be obtained. This technique
has been used to characterise the binding of calmodulin to non — erythroid
spectrin (Bjork et al, 199)).

4) Concentration and purification of biomolecules, including soluble and
membrane — bound proteins, viruses, amino acids and nucleic acids e.g. DNA
(Hatti-Kaul, 2000).

5) In extractive bioconversion, where a biochemical reaction takes place in one
phase and the product is extracted into the other. Suitable partitioning of enzyme,

substrate and product can shift the equilibrium of the reaction positively, making a

high degree of conversion possible. Disadvantages include contamination of the
product with the phase components, and reduction of the reaction rate if the these

components are present in high concentrations (Hustedt et al, 1985).
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Extractive bioconversion has been used to produce glucose-6-phosphate from
glucose by the reaction of hexokinase in a PEG ~ dextran system (Yamazaki and
Suzuki, 1979). A PEG — phosphate system has been used to support the
conversion of the amino acid N-acetyl-L-methionine to L-methionine by acylase

(Kuhlmann et al, 1980).

6) In environmental remediation, where ATPS is used to remove environmentally

— harmful substances from industrial discharge (Hatti-Kaul, 2000).
7) The application of ATPS that has attracted the most interest in biotechnology 1is

its use in the isolation of proteins from crude feedstocks (Table 1.1.33).
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Table 1.1.3a: Selected examples of the use of ATPS in the isolation of proteins
from crude feedstocks.

Phase System(s) Protein(s) Type of
Feedstock

4.8%-26.2% w/w PEG-6000: B-galactosidase Cell lysate of | Veide et al
5.5%-12.0% w/w potassium E. coli (1983)
bhosphate

PEG-(400, 1550, 4000, 6000, Alcohol Bakers’ yeast | Vernau and
12000, 20000): sodium citrate | dehydrogenase, | (S. cerevisiae) | Kula (1990)

Glucose-6- preparation.
phosphate B. cereus cell
dehydrogenase, fermentation.
Alanine Almond bran
dehydrogenase, (Plazenta A.
Leucine amararum
dehydrogenase, pulv.)
Oxynitrilase

7.0% wiv PEG-6000: Thaumatin Cell lysate of | Cascone et al
shosphate, 1.2M NaCl, pH 7 E. coli 1991

PEG (600, 1450, 4000, 6000): Murine Andrews et

sodium/potassium phosphate hybridoma al (1996)
culture
supernatant
mtrate E. coli 1998
5.0% EO50POsp: 5.0% HM Bovine serum E. coli Persson et al
EQOPO (hydmphoblcally albumin, fermentation (1999)
modified copolymer of EO Lysozyme solution .
and PO rotem A-1

7.0% w/w PEG-8000: 7.0%
w/w Dextran TS00

Brumbauer et
al (2000)

Fermentation
supernatant
from various
strains of the

27.0% wiw PEG-1000: 14.0% Fumarase Rito-
w/w K,HPOy, pH 9.0 Pyruvate Palomares
Bulk protein and Lyddiatt

EQO2oPOgo: Na;HPOy4 Fermentation

supernatant
from the fungi

Trichoderma
koningii
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Table 1.1.3a: Continued

Phase System(s) Type of Reference
Feedstock

10-30% w/v PEG-1500: 20% B-xylosidase Fermentation Pan et al
w/v MgSO, supernatant (2001)
10-30% w/v PEG-1500: 20% from the fungi
w/v (NH4)2,SO4 Trichoderma
25-30% w/v PEG-1500: 20% koningii
w/v NaH2PO4
25-30% w/v PEG-1500: 20%
w/v NazHP 04
Detergent — based polymers Cutinase Culture broth | Rodenbrock
| e
cerevisiae
Ucon 50-HB-5100 (random Endo — Fermentation | Pereira et al
copolymer of 50% EO + 50% | polygalacturonase | broth of the (2003)
PO): polyvinyl alcohol, Ucon yeast K.

50-HB-5100: hydroxypropyl marxianus
starch,

Ucon 50-HB-5100:

20% w/w PEG-2000: 15% Recombinant Cell lysate of Liand

w/w (NH4)2SO4 thermostable o- E. coli Peéples
10% w/w PEG-2000: 18% amylase (MJA1) (2004)
w/w (NH4)2SOq4

20.0% PEO-PPO-2500:
7.0-15.0% (NH4),S04

4.4% wiw PEG-8000: 6.0% | Glucosyltransferase | Cell lysate of | Yanagida et
w/w Dextran T500 Streptococcus | al (2004)
mutans
PEG-4000: sodium citrate Cultivation
(2005)

supernatant of
1.1.4. Limitations of Aqueous Two — Phase Systems in Protein Purification

Bacillus
subtilis

Despite its many advantages, ATPS is not widely employed in protein purification
for a number of reasons:
1) There remains a generally poor understanding of the mechanisms of

partitioning, making method development an empirical exercise, although some

progress has been made in thus field (Johansson et al, 1998).
2) The amount of protein that can be dissolved in a phase system is usually

limited to 1.0 mgml™ to 5.0 mgml™ (Table 1.1.4a). Saturation behaviour is

observed as the protein concentration reaches this limit; further increase in protein
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concentration causes the protein to precipitate at the interface, leading to reduced
recovery (Engel et al, 2000). Both PEG and salt solutions are frequently used to
precipitate proteins, however, under certain conditions, some proteins can be

present in phase systems at relatively high concentrations without precipitating
(refer to Table 1.1.4a).

Table 1.1.4a: Selected examples of protein concentrations present in ATPS.

Phase System(s) Protein(s) Protein Reference
Conc"
meg ml™! )*
4.8%-26.2% wiw PEG-6000: B-galactosidase 2.3
5.5%-12.0% w/w potassium (1983)
rhosphate

1) 20% w/w Dextran T500: 70% Feline Leukaemia Hammar et

w/w PEG-6000 Virus proteins: gp70 al (1989)
2) 80% w/w Dextran T500: 20% (outer envelope
w/w polyvinyl alcohol protein) and p27 (a gag
3) 20% w/w Dextran sulphate: protein)
70% wiw PEG-6000

4) 40% w/w Dextran sulphate:
48% w/w methylcellulose
5) 40% w/w Dextran sulphate:
20% w/w polyvinyl alcohol

7.0% wi/v PEG-6000: phosphate, Thaumatin
1.2M NaCl, pH 7 al (1991
PEO-4000: dextran Rlbonuclease A, 0.2-0.5
Ucon 50-HB-5100: dextran al (1993

I
o O
N Wy

1.0% w/w hydroxyethyl BS A, Dissing and
cellulose: 4.0% w/w Myoglobin, Mattiasson
voly(ethyleneimine Lactate dehydrogenase 1994

10.0% w/w PEG-4000: 11.5% a-amylase Schmidt et
w/w phosphate with 3% NaCl at al (1994)
H 7
15.0% w/w PEG-1450: 14.0%

w/w sodium/potassium
phosphate, 12.0% w/w NaCl, pH
7
PEG-1450: potassium phosphate
PEG-1000: potassium phosphate

BSA, Ovalbumin, Huddleston

Lysozyme, et al (1996)
Cytochrome c,

Ribonuclease A,

Myoglobin,




Table 1.1.4a;: Continued

Conc"
m ml'l *
6.0% w/w PEG-4000; 5.8% BSA, 0.5 Johansson et
dextran TS00 Lysozyme
6.0% EO30/PO70: 5.0% dextran
T500

al (1996)

10.3% w/w PEG-1450: 12.01% a-amylase, 1.0 (each | de Belval et
w/w potassium phosphate (in the | Bovine serum albumin, protein) al (1998)
ratio 18:7 w/w KoHPO,: a-chymotrypsin,
KH,;POy) Cytochrome c, |
| Lysozyme,
Myoglobin, |

Ribonuclease-A

EO20POgo: Na,HPO, | B-xylosidase 1.12
2001

10-30% w/v PEG-1500: B-xylosidase 1.08 Pan et al
20% w/v MgSO4 (2001)
10-30% w/v PEG-1500;
20% w/v (NH4)2SOq
25-30% w/v PEG-1500;
20% wiv NaH2P04
25-30% w/v PEG-1500:
20% w/v Na,HPO4
12.5% w/w polyethyleneoxide- Lysozyme, 1.0 Kajiuchi et
maleic acid: 12.5% w/w Conalbumin, al (2002)
yotassium phosphate Ovalbumin
PEG-1500: KsHPOy, Lysozyme,
PEG-4000: K;HPO4 Bovine serum albumin,
PEG-1500; NaSOq4 a-amylase
PEG-4000: Na;;SO4
Compositions = various % w/w
10.0% w/w PEG-1540: 14.8%
w/w KH2P04 /K2HP04 with 2
mol kg™ NaCl

PEG-1500/4000/6000: BSA, 1.0
ammonium carbamate Irypsin, Lysozyme - 2007

* There is a considerable quantity of literature on enzyme purification using

ATPS that reports protein (enzyme) concentration in terms of Umg"1 and/or as

specific activity (e.g. as umol mg"l min'l). Concentrations of non — enzymatic

proteins are frequently reported as partition coefficients, rather than in terms of

mass per unit volume. -

In addition, many protein concentrations reported are given for the concentration

of protein in one of the two phases, rather than the complete phase system.

For ease of comparison, only protein concentrations reported 1n mgrnl"1 (or

equivalent) for complete phase systems are included in Table 1.1.44.

Haghtalab et
al (2003)

Horseradish
peroxidase
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1.1.5. Phase Diagrams for Aqueous Two — Phase Systems

In an aqueous mixture of two polymers, or a polymer and a salt, two phases will
only form if these components are present above certain concentrations
(Albertsson, 1971b). These concentrations at which phase separation occurs can

be represented in a phase diagram, such as in Figure 1.1.5a, which shows a phase

system of polymer P and salt S.

Concentration Polymer £ (%o wiw)

Concentration Salt § % wiw)

Figure 1.1.5a: Example of a phase diagram for an ATPS.

Conventionally, the component enriched in the top phase is plotted on the vertical
axis; the component enriched in the bottom phase is plotted on the horizontal axis.
The concentrations of each component are typically given in terms of percentage
weight — for — weight (% w/w). The concentrations above which two phases form
are represented by a line (usually a curve) called the binodal. A mixture of the two
components whose concentrations lie on or above the line will form two phases; a
mixture that lies below the line will remain as a homogenous solution e.g. In
Figure 1.1.5a, a mixture at point 4 will form two phases; a mixture at point B will
remain as a single phase.

The concentration of polymer and salt in the single phase solution B can be

obtained from the graph axes. Point 4 on the diagram represents the total
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composition of a solution that will separate into two phases. The composition of
the upper phase 1s given at point U on the binodal, and that of the lower phase at
point L. Points U and L are termed nodes. The line drawn joining the nodes
together and passing through point 4 is called a tie — line. Any systems with a
total composition that falls on this tie — line will separate into two phases with
compositions defined by U and L. The lever arm rule states that the relative
volumes of the top and bottom phases will differ, however, since the ratio of the
weights (approximately equal to the volumes) of the upper and lower phases is
given by the ratio of the lengths of AL to AU.

A series of tie - lines drawn to approach the binodal (U'L' and U"L" in Figure
1.1.5a) will eventually reach the critical point (X in Figure 1.1.5a). A system at
the critical point will just separate into two phases of equal volume and
composition, and be represented by a vanishingly small tie — line. All
compositions at the binodal are also critical compositions; however it is only at
the critical point that the volume ratio of upper and lower phase equals 1.

The constituents of a phase diagram, namely the binodal, nodes and tie — line, are
determined experimentally (Albertsson, 1971b) by analysing the composition of
the upper and lower phases. Techniques used include: refractive index
measurement, polarimetry (for optically active polymers e.g. dextran), radioactive
labelling of the polymer(s) and total carbon measurement (e.g. for PEG). Salt 1on
concentrations can be determined by ion chromatography and conductivity
measurements (Walter et al, 1985). Also employed are wet weight measurements
such as turbidometric titration and the cloud point method (Kaul, 2000). These
techniques determine the binodal by recording the mass of stock solutions of
known concentration required to produce the formation of, respectively, a one —
phase system and a two — phase system.

Aqueous two — phase systems are temperature — dependent, therefore a phase
system must be prepared under temperature — controlled conditions. Likewise,
determination of the constituents of the phases must take place under temperature

control, and the resulting phase diagram should report that temperature.
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1.1.6. Preparation of Aqueous Two — Phase Systems

The preparation of polymer — polymer and polymer — salt aqueous two — phase
systems is quite straightforward. Typically, stock solutions of the phase
components are prepared and mixed in appropriate amounts (by weight) in a
separating funnel. The system is allowed to attain the required temperature then

mixed thoroughly to form an emulsion. Separation into the two phases also occurs

in temperature — controlled conditions either under gravity or by centrifugation
(Hatti-Kaul, 2000). For PEG - salt systems, an “all —in — one” method can be
adopted, where the polymer, dry salt and water are measured into one vessel in
proportions that are present in the phase system overall. They are then allowed to
separate under temperature ~ controlled conditions. A phase system is quicker to
produce by this method, however it is not generally suitable for systems that
include dextran. This is for two reasons: dextran is generally not a dry material,
and therefore the concentration in a stock solution must first be determined by
polarimetry in the absence of other components; dextran can require warming to
dissolve into solution, and it is preferable not to have the other components of the
phase system present.

After separation, the phases can be stored using a refrigerator or freezer, but must

be brought to operational temperature before use.

1.1.7. Physicochemical Properties of Aqueous Two — Phase Systems

Aqueous two — phase systems possess a number of physiochemical properties, the
measurement of which can provide insight into the mechanisms responsible for
the partition behaviour observed. In addition, such measurements can be used as a
quality control procedure when working with batch quantities of a phase system to

ensure the reproducibility of a phase system is maintained (Brooks and Norris-
Jones, 2000).

Measurement of the interfacial tension between the phases is a popular method for
quality control, as this property 1S very sensitive to the composition of the phases
(Ryden and Albertsson, 1971). Other physicochemical properties that can be

measured include: electrostatic potential difference between the phases; phase

viscosity; phase density.
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1.1.8. Single — Step Partitioning of Proteins in Aqueous Two — Phase Systems
The partitioning of a protein between the two phases of an ATPS is determined by

the interactions between the protein and the phase components (Albertsson et al,

1990). The factors that determine partition of a protein are as follows:

A) Properties of the protein:
1) The molecular mass or surface area of the protein
2) The protein surface charge

3) Hydrophobicity of the protein — a relatively hydrophobic protein will favour the
more hydrophobic of the phases

4) Biospecificity — the attraction between certain sites on the surface of the protein
and affinity ligands localised in one phase e.g. PEG - ligands in a PEG —rich
phase

5) Conformation of the protein (including the chiral form)

B) Properties of the phase system:

1) Concentration and molecular weight of the polymers used

2) Concentration and identity of the salts used (these will also determine the pH of
the system, which in turn will influence protein partitioning)

3) Electrochemical potential between the phases

The molecular and chemical features important in PEG — salt aqueous two — phase

partition are summarised in Figure 1.1.8a.

The partition of a protein in an ATPS is described by the partition coefficient, K.
This is defined as:

K = Concentration of the Protein in Upper Phase [Equation 1.1.8a]
Concentration of the Protein in the Lower Phase
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A number of proteins have been subjected to the single — step partition process,

using a variety of ATPS (refer to Table 1.1.8a).

Table 1.1.8a: More recent examples of the use of ATPS in single — step partition
to purify proteins.

Phase System(s

PEG-(400, 1550, 4000, 6000, | Alcohol dehydrogenase, | Vernau and Kula (1990)

12000, 20000): sodium Glucose-6-phosphate
citrate dehydrogenase,
Alanine dehydrogenase,
Leucine dehydrogenase,
Oxynitrilase

shosphate, 1.2M NaCl, pH 7
Ucon 50-HB-5100: dextran Myoglobin

EO,oPOgq: dextran T-500 Glucose-6-phosphate Alred et al (1994)
dehydrogenase,

Hexokinase,
3-phosphoglycerate
kinase
10.0% w/w PEG-4000: a-amylase
11.5% w/w phosphate with
Ucon 50-HB-5100: Bovine serum albumin, Berggren et al (1995)
hydroxypropyl starch, Lysozyme,
EQ;,PO70: hydroxypropyl B-lactoglobulin A,
starch Myoglobin,

Cyvtochrome ¢

PEG-1500: sodium citrate Franco et al (1995

PEG-(600, 1450, 4000, IgG Andrews et al (1996)
6000): sodium/potassium
hhosphate
EQ;oPO7¢: dextran T-500, Bovine serum albumin, Johansson et al (1996)
Ucon 50-HB-5100: Lysozyme
dextran T-500 _
citrate
PEG-(1000, 3350): sodium Penicillin acylase
citrate

5.0% EOsoPOso: 5.0% HM- | Bovine serum albumin, Persson et al (1999)
EOPO (hydrophobically Lysozyme,
modified copolymer of EO Apolipoprotein A-1

PEG-(600, 1450, 3350): Porcine insulin Alves et al (2000)
sodium citrate

EOPOso: Na;HPOq Pan and Li (2001
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Table 1.1.8a: Continued

Phase System(s

10-30% w/v PEG-1500: 20% B-xylosidase Pan et al (2001)
w/v MgSO4
10-30% w/v PEG-1500:
20% wiv (NH4)2804
25-30% w/v PEG-1500: 20%
w/v NaHzPO4
25-30% w/v PEG-1500: 20%
w/v Na,HPO4

7.1% dextran: 6.8% a-Chymotrypsinogen A, Berggren et al (2002)

EO30PO50 Cytochrome c,
9.0% dextran: 9.0% Ribonuclease-A,
EO30PO70 a-Lactalbumin,

Lysozyme,
Myoglobin,
a-Chymo YT sin

7.1% dextran: 6.8% Lactate dehydrogenase | Fexby and Biilow (2002)
EQ30PO70

PEG-1500: K;HPOy Lysozyme, Haghtalab et al (2003)
PEG-4000: K;HPO4 Bovine serum albumin,
PEG-1500: NaxSOq4 a-amylase
PEG-4000: N&zSO4
(Compositions = various %
W/W
Ucon 50-HB-5100 (random
copolymer of 50% EO +
50% PO): polyvinyl alcohol,
Ucon 50-HB-5100:
hydroxypropyl starch,
Ucon 50-HB-5100:

Endo -
polygalacturonase

Pereira et al (2003)

20% wiw PEG-2000: 15% Recombinant Li and Peeples (2004)
w/w (NH4)2S04 thermostable a-amylase
10% w/w PEG-2000: 18% (MJAL1)
w/w (NH4)2504
20.0% PEO-PPO-2500:

PEG-4000: sodium citrate

a-amylase, Andrews et al (2005)

Amyloglucosidase, BSA,
a-Chymotrypsinogen A,
Conalbumin, Invertase,
a-Lactalbumin,

Lysozyme,
Ovalbumin,
Subtilisin,
Thaumatin,
Trypsin inhibitor
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Table 1.1.8a: Continued

Phase System(s

Random copolymer EOPO: | Bovine serum albumin, Bolognese et al (2005)
maltodextrin Lysozyme,

T YE sin
BSA,
a-Lactoalbumin,

a-1 Antitrypsin,
3-Lactoglobulin

PEG-1500/4000/6000: BSA, Dallora et al (2007)
oo catamse | Toypsin Lyterme | o

PEG-(600, 1000, 1450, 3350, Trypsin,
8000): sodium citrate a-Chymotrypsin

PEG-(1000, 1450, 3350):
sodium citrate

Boaglio et al (2006)
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1.2. Chromatographic Theory

1.2.1. Definition of Chromatography

Chromatography is an analytical and preparative method used for the separation
and determination of the proportions of chemical components in complex
mixtures (Skoog ef al, 1994). All chromatography methods involve the use of a
stationary phase and a mobile phase. Components of a mixture are carried through
the stationary phase by the flow of a gaseous or liquid mobile phase, separations
being based on differences in migration rates among the sample components.

A chromatogram (refer to Figure 1.2.1a) is a graphical illustration of some
function of solute concentration versus elution time or elution volume, and is
useful in both qualitative and quantitative analysis. The positions of the peaks on
the time or elution volume axis can be used to identify the components of the
sample when compared with reference materials that have been subjected to
chromatography under identical conditions to the sample. The areas under the

peaks provide a quantitative measure of the amount of each species.

5 1

Absorbance (AU)
(3

[] ——
5 10 15 20
Time (min)

Figure 1.2.1a: Example of a chromatogram.
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1.2.2. The Partition Ratio and Distribution Ratio in Liquid - Liquid
Chromatography

All chromatographic separations are based on differences in the extent to which
solutes are partitioned between mobile and stationary phases (Skoog et al, 1994).

For the solute species A, the equilibrium is:

Amobile +* Astationary  [Equation 1.2.2a]

Liquid - liquid chromatography employs two immiscible liquids to act as the
stationary and mobile phases. It is governed by the same mathematical
relationships found in chromatography in general. However, the absence of a solid
stationary phase means that adsorption does not contribute to solute retention;

separation is determined only by the partition coefficient of the solute in the

solvent system used (Conway, 1990).

Therefore, the partition coeflicient X is defined as:

K = Concentration of the solute in the stationary phase [Equation 1.2.2b]
Concentration of the solute in the mobile phase

The term distribution ratio D 1s used interchangeably with partition coefficient,
and is generally replacing partition coefficient in the literature.

The terms partition coefficient and distribution ratio are both used to describe the
comparative concentrations of a solute between the upper and lower phase of a

phase system. Distribution ratio tends to be used for single — step partition studies

e.g. if the phase system and solute were in a test tube:

D = Concentration of the solute in the upper phase [Equation 1.2.2¢]
Concentration of the solute in the lower phase
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1.2.3. Retention of Solutes in Countercurrent Chromatography

Countercurrent chromatography is a form of liquid — liquid chromatography (refer
to Section 1.3). The chromatographic process in countercurrent chromatography
involves the solutes present in a sample undergoing a number of transitions
between the stationary phase liquid and the mobile phase liquid contained within a
column (Berthod, 2002). The column can be visualised (for example) as a length
of tubing, with the stationary phase held immobile within it, whilst the solutes
enter and exit the column in the mobile phase. The solutes separate due to their
differing affinities for the stationary phase. Those solutes with little affinity for
the stationary phase will spend most time in the mobile phase, and exit the column
fairly rapidly; those solutes with greater affinity for the stationary phase will
spend comparatively more time in the stationary phase, and hence exit the column
later. Hence a mixture of different solutes that enter the column simultaneously
and as a mixture will exit it in a sequential fashion as single entities over a
specific time period.

Retention of a particular solute in the column can be given in terms of volume or

time. The solute retention volume Vg 1is given by:
VR=VMm+ K x Vs [Equation 1.2.3a]

Vm and Vs are the mobile and stationary phase volumes, respectively, inside the
column, and X is the distribution ratio of that solute in that phase system.

If the flow rate of the mobile phase is known (in addition to the values for Vi, Vs
and X), it is possible to calculate the retention time of the solute or conversely the
time at which it is expected to elute from the column.

The volume of a liquid - liquid chromatography column is always a known
quantity; this value is either supplied by the manufacturer of the instrument or can
be calculated by filling the system entirely with one phase of an (immiscible) two
— phase system, and then displacing this phase with the other phase into a
measuring cylinder — the system volume will be the volume of the first phase

emerging from the column. The column volume V¢ can be defined as:

Ve=Vmt Vs [Equation 1.2.3b]

32



The stationary phase volume retention ratio, Sf, is given by:
Sf=Vs/Vc [Equation 1.2.3¢]
In percentage terms:
Sf=Vs/Vex 100 [Equation 1.2.3d]
Using equations [1.2.3b] and [1.2.3¢], equation [1.2.3a] can be rewritten as:

VR=Ve+(K-1)x Vs [Equation 1.2.3¢]
and
VR=Vc+[1+(K-1) x Sf] [Equation 1.2.31]

‘The phase volumes inside the column and the stationary phase volume retention
ratio (Sf) can be easily measured, hence these equations can be used to predict the
position of the peak corresponding to a particular solute (providing its distribution
coefficient K is known). Conversely, the K value of a solute can be calculated if

its retention volume Vg 1s known.

If the distribution ratio (K) of a solute equals one (1), it has equal affinity for the
mobile and stationary phase, and will partition equally between the two phases.
This situation is equivalent to the column being filled with one phase only (or
another solvent), and so the retention volume of the solute is the same as the
column volume (F¢).

If the distribution ratio (K) of a solute is less than 1, the solute favours the mobile
phase, and so the corresponding peak will be located before the K = 1 peak.

If the distribution ratio (K) of a solute is greater than 1, the solute favours the

stationary phase, and so the corresponding peak will be located after the K = 1
peak.
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1.2.4. Column Efficiency in Countercurrent Chromatography

The efficiency of a chromatographic column is related to the width of a peak on a
chromatogram, and 1s described in quantitative terms by the rate theory of
chromatography (Skoog ef al, 1994). Qualitatively, the rate theory encompasses
the random nature of the behaviour of each solute molecule whilst in the column,
in terms of how much time 1s spend in each phase, and the path taken by it down
the column. Some molecules will travel rapidly through the column, eluting first,
because they have spent most of their time in the mobile phase. Conversely, those
molecules spending most time in the stationary phase will travel slowly through
the column, eluting last. The result of this random behaviour is a symmetrical

spread of velocities around the mean value (seen as a Gaussian peak on the

chromatogram) which represents the behaviour of the average solute molecule.

Band broadening (the peaks become non — Gaussian) can occur if:

e Too concentrated a sample 1s loaded onto the column

e Too great a volume of sample is loaded onto the column

As the sample molecules travel down the column, they diffuse outwards from a
more concentrated part of the solution to a more dilute part. Therefore in the
centre of the peak the concentration of sample molecules is high, at the two edges
of the peak, the sample molecule concentration is approaching zero. Molecules
from a large and/or concentrated sample will move outwards into the column
more than molecules from a small and/or dilute sample, thus leading to band
broadening.

Band breadth increases as it moves down the column, because more time is
allowed for spreading by these various mechanisms to occur. Therefore, the width

of a band is directly related to residence time in the column, and inversely related

to the mobile phase flow rate.

1.2.5. Column Resolution in Countercurrent Chromatography

The resolution factor, Rs, quantifies the quality of a separation. A resolution factor
value of 1.5 or above means that two adjacent peaks are fully separated (the
detector response has returned to the baseline) (Figure 1.2.5a).
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A resolution factor of less than 1.5 indicates some overlapping of the peaks
(Figure 1.2.5b).

l’l",
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Figure 1.2.5a: Example of a chromatogram of resolution > 1.5.

Absorbance (AU)

/ //\/

J

Time (rmin)

Figure 1.2.5b: Example of a chromatogram of resolution < 1.5.

The resolution factor is calculated using the following equation:

Rs=2xAZ | Equation 1.2.5a]
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The values for AZ, W, and W> can be measured directly from the chromatogram:

Absorbance (AU)

Time (rmin)

Figure 1.2.5¢: Example of a chromatogram showing parameters used to calculate
the resolution factor, Rs.
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1.3. Liquid — Liquid Chromatography

1.3.1. Countercurrent Distribution

Liquid — liquid chromatography utilises two immiscible solvents or phases to
separate components of a mixture. Perhaps the simplest example of this process is
found in single — step partition, where the separation is performed in a test tube,
separating funnel, or similar container. The phase system is placed in the
container and allowed to attain phase equilibrium under the prevailing conditions
e.g. temperature. The sample 1s then added, and the container agitated so that the
phase system and sample are thoroughly mixed. This process allows the
components of the sample to distribute on the basis of their relative affinities for
each of the phases. The system 1s then allowed to regain phase equilibrium, after
which either the upper or lower phase is removed to a separate container for
further processing, 1f necessary.

Countercurrent distribution (CCD) 1s a multistage process based on a number of
single — step partitions. It was pioneered in the 1950s by Lyman Craig, who
devised several CCD instruments. In its simplest form, CCD comprises a series of
test tubes. The process can best be explained with an example (Albertsson, 1986).
A substance of mass 100 mg is distributed in a two — phase system in which its
partition coefficient equals 1. The volume ratio of the system is also 1. At
equilibrium, the amount of substance in the upper phase equals that in the lower
phase i.e. 50 mg in the upper phase and 50 mg in the lower phase (tube 0 at
transfer 0 in Figure 1.3.1a).
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Figure 1.3.1a: Example of the CCD process using test tubes (according to Craig
and adapted from Albertsson, 1986). Numbers inside the test tubes are the mass of
substance in milligrams (mg).

The upper phase of tube 0 is transferred to tube 1, containing fresh lower phase of
equal volume. In addition, fresh upper phase of equal volume is added to the
lower phase of tube 0. The two tubes are shaken, and after equilibrium is
obtained, the substance will be distributed as in the second row of Figure 1.3.1a
i.e. 25% of the original amount of the substance is in each phase. One transfer is
now completed.

The second transfer involves the upper phase of tube 1 being transferred to fresh
lower phase in tube 2; the upper phase of tube 0 is transferred to tube 1, and fresh
upper phase is added to tube 0. After equilibrium the substance will distribute as
shown in the third row of Figure 1.3.1a.

This procedure may be repeated many times; with each transfer, the number of

tubes increases by 1.

chromatography. Each step in CCD involves the thorough mixing of all
components, with the sample molecules transferring between the two phases,
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before equilibrium 1s attained. If the sample includes macromolecules such as
proteins, this thorough mixing greatly reduces problems such as with mass
transfer (the inhibition of molecules to move between the phases due to their
molecular size). The thorough mixing demonstrated in each CCD step also
increases the rate of transfer of the sample molecules between the two phases;
therefore equilibrium 1s attained much faster than if the phases were subjected to
gentle mixing. CCD is perhaps the technique that allows the greatest exhibition of
ideal, or theoretical, behaviour of the phase system and the sample molecules. For

this reason, it is frequently used as a model of ideal behaviour when comparing

the behaviour of countercurrent chromatography systems.

A thin - layer CCD apparatus was developed by Albertsson that consisted of 60
chambers cut out of a circular piece of Perspex (Albertsson, 1965). The advantage

of the thin — layer design was that experimentally acceptable phase separation
times (generally 5 to 10 minutes) could be achieved with PEG — dextran systems;

these systems took considerably longer to separate in more conventional

contatners, such as test tubes.

1.3.2. Countercurrent Distribution of Proteins
CCD has been employed several times in the study of protein behaviour in
aqueous two — phase systems (refer to Table 1.3.2a).

Table 1.3.2a: Selected examples of the use of CCD with ATPS to purify proteins.

Phase System(s

5.0% w/w PEG-(6500, Hexokinase, Johansson et al
8000): 7.0% w/w Dextran Glucose-6-phosphate (1984)
TS00 dehydrogenase,

Phosphofructokinase,
Glyceraldehydephosphate
dehydrogenase,
3-Phosphoglycerate
kinase,
Phosphoglycerate

mutase,

Enolase,
Alcohol dehydro
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Table 1.3.2a: Continued

Phase System(s

(Hydroxypropylstarch Catalase, Tiemeld et al
polymer = PPT) B-galactosidase (1986)
14.0% w/w PPT: 5.0%
w/w PEG-8000
14.0% w/w PPT: 5.0%
w/w PEG-20000
8.0% w/w Dextran TS00:
6.0% w/w PEG-8000
8.0% w/w Dextran T500:
6.0% w/w PEG-20000

10.8% w/w PEG-8000:
2.3% w/w Dextran T500
12.6% w/w PEG-8000:
2.7% wi/w Dextran T500
14.5% w/w PEG-8000:
3.1% w/w Dextran T500
16.2% w/w PEG-8000:
4.5% w/w Dextran TS00
18.0% w/w PEG-8000:
4.9% w/w Dextran T500
19.8% w/w PEG-8000:

Johansson and
Reczey (1998)

B-glucosidase

5.4% w/w Dextran T500
20.0% w/w PEG-8000: Cellulase, Brumbauer et al
4.0% w/w Dextran T500 3-glucosidase 1999

7.0% w/w PEG-8000: B-glucosidase Brumbauer et al
7.0% w/w Dextran T500 2000
PEG-(600, 1000): Alpha-1-antitrypsin Reh et al (2002)
wassmghoghae | | RGO

1.3.3. Countercurrent Chromatography: Introduction and Background
Countercurrent distribution has proved to be an effective method of protein
separation. However, such step — wise processes do not lend themselves well to
large — scale operations; historically those instruments built for this purpose were
fragile and inconvenient to use (Mandava and Ito, 1988). The discrete, individual

nature of the process means that even small — scale separations are time —

techniques that evolved from these early experiments were collectively termed

countercurrent chromatography (CCC), and several different instruments have
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subsequently been designed (Conway, 1990). Common between them all is the
use of immiscible liquids that are subjected to gravitational or centrifugal forces

inside the instrument (Mandava and Ito, 1988).

CCC can be subdivided into hydrodynamic CCC and hydrostatic CCC (Berthod
and Talabardon, 1999). Historically, many hydrodynamic machines were
developed by Ito, whilst most hydrostatic machines were designed and marketed
by the Japanese company Sanki Engineering Limited. The technique name chosen
and registered by Sanki was centrifugal partition chromatography (CPC). This
acronym is also used in the field to refer to the coil planet centrifuge; however, in

this work, CPC will refer exclusively to centrifugal partition chromatography, and
will be addressed in Section 1.3.6.

This project initially utilised a particular type of hydrodynamic instrument called
the Brunel/DE J —type CCC centrifuge. The design of this instrument is addressed

in Section 1.3.5.

1.3.4. Hydrodynamic CCC: Basic Theory

Hydrodynamic CCC uses a rotating coiled tube to produce a hydrodynamic
equilibrium between the two immiscible phases contained within it (Ito, 1988).
The theory of this is best explained using a coiled tube. The tube is filled with
water, and an air bubble and a glass bead are introduced. Both ends of the tube are

sealed, and the tube is rotated about a horizontal axis (Figure 1.3.4a).
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HEAD
TAIL

Figure 1.3.4a: Helical coils filled with water and each containing one bubble

(white circle) and one bead (black circle). Rotation of the coils in the direction
indicated will cause both bubble and bead to move to one end of the coil — an

example of the Archimedean Screw Effect (adapted from Conway, 1990).

If the coil is then rotated in the direction shown by the arrow, both the air bubble
and the bead will travel along the coil in the same direction towards one end of the
coil. This end is designated the “Head” and the other end the “Tail”. If the
direction of rotation of the coil is reversed, the position of the “Head” and “Tail”
is also reversed. This motion of bubble and bead within the water — filled coil 1s
an example of the Archimedean Screw Effect, and is exhibited in both a helical

coil (shown in Figure 1.3.4a) and a spiral coil (shown in Figure 1.3.4b).
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Figure 1.3.4b: Spiral coils filled with water and each containing one bubble

(white circle) and one bead (black circle). Rotation of the coils in the direction
indicated will cause both bubble and bead to move to one end of the coil —an
example of the Archimedean Screw Effect (adapted from Conway, 1990).

If an identical coil is filled with equal volumes of two immiscible liquids, the ends
sealed and the coil rotated as before, an equilibrium will be reached where each

turn of the coil contains equal amounts of each phase (Figure 1.3.4c).

P“““ -
D000~

Figure 1.3.4¢: Distribution of phases at equilibrium in a helical coil containing
equal volumes of heavy phase (shaded area) and li ght phase (clear area) (adapted
from Conway, 1990).

GRAVITY

The coil is then emptied and refilled with unequal volumes of the two immiscible
liquids e.g. one — third 1s filled with the heavy phase and two — thirds with the
lighter phase. When it is rotated as before, the heavy phase (present in lesser
amount) will half fill the coil turns at the “Head” end, with the lighter phase filling

the remaining volume. The excess of the lighter phase will therefore completely
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fill the turns at the “Tail” end of the coil. If the proportions of heavy and light
phase are reversed, the distribution of the liquids will also be reversed.

To summarise, the phase present in the lesser amount, whether lighter or heavier,
will travel to the “Head™ of the coil, where it occupies half of each of a sufficient
number of turns. and the excess of the other phase, either lighter or heavier, will
remain at the “Tail”. The behaviour of the liquids is analogous to that of the
bubble and bead 1n the water — filled coil: the bubble/bead can be regarded as a
very small amount of one phase which always moves to the “Head”.

This type of phase distribution, typically observed at slow rotational speed and
characterised by alternating segments of heavy and light phase, is termed

segmented or Archimedean distribution (Conway, 1990).

A slowly — rotating coil containing equal volumes of two immiscible phases 1s

allowed to reach equilibrium. The ends of the coil are then opened to allow one of

the phases (designated the mobile phase) to be pumped into the “Head™ end; the

phases will be distributed as in Figure 1.3.4d.

©— SAMPLE, THEN
MOBILE PHASE

Figure 1.3.4d: Helical coil containing heavy phase (shaded area) and light phase
(clear area) being utilised for chromatography (adapted from Conway, 1990).

Since the amount pumped in will constitute an excess of that phase, it will be
carried by the rotating coil to the “Tail” end (Conway, 1990). The mobile phase 1s
prevented from flushing the stationary phase from the column by the
Archimedean Screw Force, which carries the stationary phase towards the
“Head™. against the flow of the mobile phase. Interfacial frictional force does
operate in the direction of mobile phase flow; however, in reality, a dynamic
equilibrium is reached inside the coil, which depends on rotational speed, mobile
phase flow rate, viscosity of the two phases, and other factors.

Either phase can act as the mobile phase. However it must be pumped from
“Head™ to “Tail”™; pumping “lail” — to — “Head" would cooperate with the

Archimedean Screw Force and flush the stationary phase from the coil. This
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feature of the system can be used to empty the coil of stationary phase, 1f
necessary.

[f a small volume of sample is introduced to the coil in the mobile phase, it will
undergo partition between the two phases present in each turn of the coil, and its
constituents will undergo chromatographic separation on the basis of their
distribution ratios 1n that particular phase system. Every turn of the coil could be
visualised as a single extraction stage (equivalent to one transfer in CCD), and the
number of theoretical plates calculated from elution profile could be approximated
to the number of turns in the coil. However, this only applies if there is 100%
mixing and mass transfer efficiency in each mixing and settling stage, which

rarely occurs in CCC or CPC.

The fluid dynamics described so far occur when the coil is rotated at very slow
speeds (<10 rpm). As the rotational speed increases to approximately 100 rpm, the
heavy phase will move to the “Head™ end of the coil; this is called unilateral
distribution. When the rate ot column rotation is increased further. so that the
effect of gravity is negligible compared with that of the radial centrifugal force
field. a uniform phase distribution occurs (Figure 1.3.4e). It is this type of phase

distribution that occurs in the Brunel/DE J — type CCC centrifuge.

Figure 1.3.4e: Helical coil showing the distribution of heavy phase (shaded area)

and light phase (clear area) when uniform phase distribution is attained (adapted
from Conway. 1990).

1.3.5. Design of the Brunel/DE J — Type CCC Centrifuge
The Brunel/DE J — type CCC centrifuges are classified as planetary coaxial
instruments. Most coils used with these machines are multilayer; the tubing that

forms the column is wound on a bobbin as cotton thread is wound on a cotton

reel, with the ends of the tubing emerging from the bobbin centre. The bobbin is



attached to a rotor (called the sun rotor), and in the case of the smallest machines
(MILLI/MINI), the tubing ends are fed into the centre of the rotor, to emerge from
the rear of the machine (Figure 1.3.5a). The “flying leads™ are those sections of

tubing external to the bobbin; the letter J shape they form as they exit the bobbin

and enter the sun rotor gives the centrifuge its name.

Bobbin
Sun rotor

Counterbalance

Figure 1.3.5a: DE-MINI CCC centrifuge rotor assembly showing location of
bobbin, counterbalance, flying leads and spindle (adapted from Figure 3.8.4.3 of

DE Mini Centrifuge Instruction Manual, Revision 2, April 2005, courtesy of D.
Hawes/Dynamic Extractions Ltd).

The bobbin is fixed to the sun rotor so that it is able to rotate around its own axis.

and on the MILLI/MINI version, a counterbalance is attached to the rotor to
provide stability when the assembly is rotated. The larger centrifuges (MIDI and

MAXI) have two bobbins that counterbalance one another, and these centrifuges

can be operated utilising one bobbin (parallel operation) or both bobbins (series

operation).
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When the centrifuge 1s in operation, the sun rotor, carrying the bobbin, rotates in a
clockwise direction. The bobbin, in addition to rotating with the sun rotor, also
rotates in a clockwise direction around its own axis; this type of movement is
described as planetary motion. There is one rotation of the bobbin for one rotation
of the sun rotor.

Planetary motion produces a non — uniform centrifugal force field which agitates
the immiscible liquid phases in one section of each loop of the coil. The liquid in

the remainder of the loop exhibits uniform distribution (Figure 1.3.5b).

Path descnbed by

sun rotor
/ am— Raal
Path descnbed by coil
/
\ L
\
N The two phases
i settling out

Muang of the two
phases

Figure 1.3.5b: Distribution of heavy phase (shaded area) and light phase (clear
area) inside a planetary coaxial single layer spiral or multilayer coil e.g. such as 1s
used on the Brunel/DE J — type CCC centrifuges. The diagram illustrates the point
in the rotation pathway where mixing of the two phases occurs (dotted area) and
where the two phases separate out (adapted from Conway, 1990).

Hence in each loop of the coil there is a zone where mixing of the two phases
occurs. followed by a zone where the two phases separate out. During a CCC
separation, mobile phase is flowing through the coil, carrying the multi -
component sample. At a single point in time, a specific volume of mobile and
stationary phase. together with the sample components. will undergo the mixing
process in each loop of the coil. The mobile phase constituent of this volume will
then immediately enter the settling step, before undergoing a repeat process in the

next loop. One mixing and settling step is equivalent to one transfer in CCD. with
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the associated separation of the sample components. The liquids in the coil have
been described as exhibiting waves of mixing and settling, and several

visualisation studies have been undertaken of this behaviour (Conway and Ito,

1984: Sutherland and Wood. 1999; Wood. 2002).

Central to the performance of the CCC centrifuge is the design of the column.
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Figure 1.3.5¢: Typical column designs used in CCC centrifuges (adapted from
Conway, 1990).

The simplest columns are single layer helical coils and single layer spiral coils
(Figure 1.3.5¢), although the relatively small volume and short column length of
these coils is a limiting factor in their use. Capacity of these coils can be increased
by combining design aspects of both into the multilayer coil (fitted to the
Brunel/DE CCC centrifuges and described above).

The toroidal column is often employed in CCC centrifuges, and is formed by
winding the tubing onto a flexible core. which is in turn coiled onto the column
holder or bobbin (Conway. 1990). The first centrifuge to use such a column was
patented in 1977 (Ito. 1977) and was subsequently employed to separate a variety
of biological molecules and cells using aqueous two — phase systems: two
different strains of E. coli (Sutherland and Ito, 1978: Sutherland er al. 1987); cell
membrane fragments (Flanagan er al, 1984); rat liver cell organelles (Heywood-
Waddington er al, 1984; Sutherland ef al, 1984; Sutherland er al. 1985: Heywood-
Waddington er al, 1986: Heywood-Waddington er al, 1988). It was discovered
that phase system behaviour within toroidal coils differed considerably from that
in other coils; unusually. for a column consisting of a coiled tube, the phases were

described as exhibiting hydrostatic, rather than hydrodynamic, behaviour.
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1.3.6. Hydrostatic CCC: Basic Description

Droplet CCC (DCCC) 1s an established technique where droplets of mobile phase
pass through a vertical column of stationary phase under unit gravity (Tanimura ef
al. 1970). Centrifugal partition chromatography, first introduced in 1982
(Murayama et al, 1982), can be viewed as a logical progression from DCCC. The
vertical column 1s replaced by a number of chambers serially connected by
narrower ducts that are placed 1n the rotor of a centrifuge (Berthod and
Talabardon. 1999). A CPC mstrument possesses a single axis of rotation that
produces a constant centrifugal force field which maintains the stationary phase in
the chambers. This compares with the structure of the CCC instruments designed
by Ito and others: open plastic tubes coiled in spools subjected to a changing and
cyclic centrifugal force field produced by a rotational motion with two or more
axes of gyration. In both cases, the stationary phase is held in position by these
forces while the mobile phase 1s pumped through it. In CPC, the mobile phase 1s
driven by an external pump whilst in the ducts, but travels through the chambers
under the influence of the centrifugal force field (Marchal er al, 2002a).

CPC centrifuges have two operating modes: descending and ascending (Figure

|.3.6a).

Rotating Chamber

seal Duct
'S
~

Ascending mode 4 iRk
Upper (hght) |
,.-"",-/l

phase

-

-

Lower (heavy

phase Descending mode

Figure 1.3.6a: Simplified diagram of the arrangement of chambers and ducts in a
CPC centrifuge. The diagram shows the centrifuge operating in ascending mode
(upper phase mobile) and descending mode (lower phase mobile), with the
droplets of mobile phase passing through the stationary phase in each chamber.

The large arrows indicate the direction of the gravitational force field (adapted
from Marchal er al, 2002a).
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The descending mode is chosen if the mobile phase is the lower (denser) phase of
the liquid two — phase system. The mobile phase is pumped into one end of the
column and forms into droplets under the influence of the constant centrifugal
force field. These droplets of phase descend through the stationary phase, before
exiting at the other end of the column.

The ascending mode 1s chosen if the mobile phase is the upper (less dense) phase
of the liquid two — phase system. The mobile phase is pumped into the “Tail” of
the column, where it forms into droplets that ascend through the stationary phase,
before exiting at the “Head” of the column.

There have been several studies on fluid dynamics in CPC centrifuges. Droplet

velocity has been shown to be dependent only on the interfacial tension of the
phase system, and the viscosity of each phase, not on the centrifugal force field or
mobile phase flow rate (Menet ef al, 1994). However, in a constant force field,
droplet velocity is dictated by droplet size, which is dependent on the centrifugal
force field strength (lagher force field strength produces smaller droplets).

Increasing the rate at which the mobile phase is pumped does not increase the
droplet velocity either; instead it increases the number of mobile phase droplets
created. This factor explains why the stationary phase retention decreases as
mobile phase flow rate increases; more droplets of mobile phase mean that there
is less available space for the stationary phase to occupy.

In summary, if rotational speed and mobile phase flow rate are both increased,
droplet size decreases but droplet number increases. Therefore, the interfacial area
between the two phases in the centrifuge increases, leading to easier mass transfer

of particles, higher efficiency of the column, and better separation of components.
These points have been observed experimentally for aqueous — organic phase

systems (Foucault et al, 1992a; Foucault et al, 1992b).

Several studies have been made of the hydrodynamics and kinetics of phase
mixing in CPC centrifuges using stroboscopic photography. By colouring the
mobile phase with a dye, van Buel et al (1998) were able to observe that the
mobile phase occurred as droplets at relatively low flow rates and low rotational
speeds, but formed a jet when either the flow rate or the rotational speed was

increased above a critical value. The behaviour of the two phases has been filmed

(Marchal et al, 2000; Marchal et al, 2002b); visualisation that confirmed the
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importance of the Coriolis force on mobile phase flow shape. The Coriolis force
acts upon the mobile phase flow, causing it to deviate sideways (across the
chamber), rather than follow a straight path downwards or upwards through the
chamber. These visual records made by Marchal et al gave rise to the statement
that the chromatographic efficiency of CPC centrifuges was largely due to good
mixing of the phases within each chamber (Marchal et al, 2002b).This group also
filmed the behaviour of a 17.4% w/w PEG-3550: 10.6% w/w dipotassium
hydrogen phosphate ATPS in a CPC centrifuge (Marchal et al, 2002a), with the
lower phase designated as the mobile phase. The authors attributed the flow
pattern of the mobile phase (described as a non — oscillating sheet) to the
relatively high viscosity, low interfacial tension and low density difference of this
phase system. The effect of the Coriolis force on the separation of mixtures in a
Sanki (Kyoto, Japan) CPC centrifuge has also been studied (Ikehata et al, 2004).
Experimental results showed that the direction of column rotation (clockwise or
anticlockwise) was critical 1in obtaining good separations using both aqueous —

organic and aqueous — aqueous phase systems.

Results from the comprehensive study using visualisation methods by Marchal ef
al (2002a) produced some redesigns of chamber geometry. One example of this 1s
seen in the Partitron 25, a 25 litre capacity CPC centrifuge made by PARTUS
Technologies in collaboration with Couturier SAS and the University of Reims
(Margraff et al, 2005). This production scale instrument attempted to satisfy the
demands of industry, including reliability, biocompatibility, and short separation
times. To achieve the latter, high mobile phase flow rates would have to be used,
creating high pressures within the instrument. The chambers of the Partitron 25
were filled with tampons of knitted metal wire to increase mass transfer

efficiency.

The manufacturer states:

“The Partitron 25 has been designed to enable good manufacturing practice
(GMP) compliance, and is currently validated in commercial pharmaceutical
processes. More information on the complete cleaning of all cells between cycles

will be the subject of coming publications.” (Margraff et al, 2005).
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However, it 1s likely that such inserts proved problematic when thorough cleaning
of the machine became necessary. Information from the manufacturer on this

aspect of the Partitron 25 1s still awaited.

1.3.7. Design of the Armen CPC Centrifuge

The CPC centrifuge used 1n this study was purchased from Armen Instrument

(Vannes, France). An advance in chamber design by Armen was demonstrated in

the double chamber system incorporated into this model of centrifuge (Sutherland

et al, 2008). The double chamber helps maximise efficiency by allowing two
mixing and settling steps to occur where previous designs allowed only one

mixing and settling event per chamber. The chambers and ducts of the Armen

CPC centrifuges are engraved into metal discs (Figure 1.3.7a). Each double

chamber consists of two cavities joined together by a very short section of duct.

The discs are then stacked together to form a cylinder (the rotor) which is rotated

in a single axis during the operation of the centrifuge. Further details of this CPC

centrifuge are given in Section 2.4.1.

Disc 1

Disc 2

Disc 3

Chamber

Duct

Figure 1.3.7a: Photograph of three discs from the Armen 12.5 litre CPC
centrifuge, showing the chambers and connecting ducts (courtesy of I.A.

Sutherland., 2007).



There are a number of differences between hydrodynamic CCC (as demonstrated

in a J — type centrifuge) and hydrostatic CCC (as demonstrated in a CPC
centrifuge):

1)

2)

3)

The behaviour of the phases differs when the mobile phase pump is
stopped but the rotation of the centrifuge is continued. In hydrodynamic
CCC, the heavy and light phases move to opposite ends of the tubing,
whereas in hydrostatic CCC the stationary phase remains trapped in the
chambers.

The interaction of the two phases in each process is also different. In
hydrodynamic centrifuges, both phases are in contact throughout the
length of the column, and gentle, wave — like mixing is observed, whereas
the design of hydrostatic centrifuges creates zones (the ducts that connect
chambers) where only mobile phase is present. The two phases only
interact in the chambers, where a vigorous cascade mixing is seen.

There is a contrast in the operating pressure of each type of instrument. A
hydrostatic pressure difference is created in each chamber of a hydrostatic
CCC centrifuge as the mobile phase displaces the stationary phase. The
magnitude of this pressure difference depends on the density difference
between each phase, the distance from the inflow to the interface in each
chamber, the strength of the gravitational force field, and the number of
chambers connected in series (Sutherland, 2007). This moderate level of
pressure is absent in hydrodynamic centrifuges. The hydrostatic
centrifuges possess rotating seals that have the potential to leak under this
internal pressure, whereas the hydrodynamic centrifuges are equipped with
flying leads that are simply the ends of the tubing emerging from the coil;
the Brunel/DE J — type CCC centrifuge has been designed so that the
flying leads do not become tangled during the operation of the centrifuge.

1.3.8. Protein Separation using Hydrodynamic and Hydrostatic CCC

Numerous examples of protein separation using both hydrodynamic and

hydrostatic CCC centrifuges have been reported, and the use of ATPS in CCC for

protein separation has recently been reviewed (Sutherland, 2007). The literature

reveals that many rescarchers have employed the same, or very similar, phase
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systems and proteins in their studies of instrument performance. This allows the
reviewer to make more direct comparisons between the different centrifuges. A
typical model aqueous two — phase system is 12.5% w/w PEG-1000: 12.5% w/w
dipotassium hydrogen phosphate, with the lower phase employed as the mobile

phase. Typical model proteins include: myoglobin, lysozyme, cytochrome ¢ and
bovine s<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>