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Abstract

Aqueous Two-Phase Extraction (ATPE) is an alternative, cheap and continuous
protein purification technique which can handle large and varying material types
as well as achieve high purities and yields. It could be used to shift protein manu-
facturing from a batch to a continuous process. The implementation of continuous
processing would be beneficial to the biopharmaceutical industry as it increases the
product quality, decreases costs, and increases throughput. However, ATPE is asso-
ciated with a low resolution and reliability which has led to a lack of wide acceptance
within an industrial setting. This thesis uses Multi-stage Extraction (MSE) and the
McCabe Thiele method to better understand ATPE and improve resolution.

This work experimentally evaluated MSE using model pigmented proteins. The
yield and purities demonstrated there were differences between the separation meth-
ods tested. The gravity settled systems (to a distinct horizontal interface formation)
had a lower resolution than centrifuge settled systems despite literature suggesting
they were comparable. To understand the differences, settling of ATPE was eval-
uated using traditional dispersion height measurements, turbidity measurements,
microscopic observation, and changes in protein concentration in each of the phases.
It was found protein precipitated and settled from the bulk liquid phases into the
horizontal interface after its formation. Single-stage protein partitioning data was
experimentally determined and used in a modified McCabe Thiele method to predict
multi-stage behaviour; this was compared to MSE experimental systems. Previous
literature only considered two bulk liquid phases in the partitioning data. This work
found that horizontal interface partitioning data was required to accurately describe
multi-stage ATPE. Deming regression was used to show uncertainty in horizontal
interface partitioning data did not impact the stage-wise modelling. This thesis has
shown considering partitioning into the horizontal interface of a system is required
to model multi-stage ATPE. Accurate understanding and modelling of multi-stage

ATPE will aid in more reliable and successful process design.

Keywords: ATPS, multi-stage extraction, McCabe Thiele method, horizontal in-
terface partitioning
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U3 Separation rate coefficient

Uy Separation rate coefficient

vV, Coefficient describing horizontal interface size

Vi Coefficient describing horizontal interface size, mg/mL
V. Coefficient describing horizontal interface size, mL/mg
Vovitical Threshold value for volume of horizontal interface, mL
Var Size of the horizontal interface as a percentage volume of the

total system height

V, Sedimentation velocity, m/s
We Weber number
A Calculated value

Greek Letters



Notation XXV

@ Significance level

I3 Protein partitioning coefficient for the horizontal interface

51 Protein partitioning coefficient for the horizontal interface, mL/mg

B Protein partitioning coefficient for the horizontal interface

B True estimate of horizontal interface slope for haemoglobin par-
titioning

B, The estimate of § without the data set (Crotati» Crri)

B: The " pseudo-variate of ,5’

SE(S) Standard error of 3

Var jaekknife(8)  Variance of 3 as determined by the Jackknife method

€ Normally distributed error, mg/mL

0 Data set

A Error ratio

7 Mean of experimental data points

b Viscosity of the continuous phase, kg/ms

1755 Viscosity of the dispersed phase, kg/ms

Ap Density difference between the two phases, kg/ m®
pc Density of the continuous phase, kg/ m?

o Interfacial tension between the two phases, N/m

ow Surface tension of the air-water interface at 20 °C, 7.28x 10_2N/m






Chapter 1

Introduction, Aims and

Objectives

This chapter is an introductory chapter which outlines the background and context
for the research contained in this thesis. The first section outlines how Aqueous
Two-Phase Extraction (ATPE) works as an extraction process. The section also
outlines the reason there is a need to develop continuous processes like ATPE for
protein purification, followed by the technology gaps in ATPE which need to be met
for ATPE to be used industrially. The chapter also describes the biopharmaceutical
market as well as the latest use and development of ATPE for the extraction of ther-
apeutic proteins. Lastly, this section outlines the hypothesis, aims, and objectives
for this thesis which have been chosen to help ATPE become more attractive as an

industrial process.

1.1 ATPE as a process

Aqueous Two-Phase Systems (ATPS) form semi-miscible phases when sufficient con-
centrations of phase forming material (polymer(s)) and / or salt(s)) are used in
water. These phases separate due to the polarity of the phases, and it has been
shown by Albertsson (1986) that up to 18 phases can be seen in a single system.
However, two phases are often used for practicality to partition proteins. In this
type of two-phase system, one phase is considered the relatively hydrophilic phase
and one the relatively hydrophobic phase. For instance, in a Polyethylene Glycol
(PEG)-salt system, the salt-rich phase would be considered the hydrophilic phase,
and the PEG-rich phase the hydrophobic phase. When protein, solutes, or cells are
added to a system, they will preferentially partition into one of the phases because

of the properties of the protein and the system conditions. The system conditions
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Figure 1.1: A schematic of an ATPE

can be manipulated to change the protein partitioning. This means that the system
can be used as a separation technique. A schematic of an extraction using ATPS is

shown in Figure 1.1

1.2 Background

ATPE is a non-traditional protein purification technique in which there has been
a renewed interest as the biopharamceutical industry undergoes a paradigm shift.
The industry has typically been conservative in that it employs batch manufacturing
techniques, values a first to market approach, has little concern for costs, and has
very stringent health and safety regulations. However, the industry must adapt
to increase its manufacturing capacity and drive down its costs while still meeting
the stringent safety standards. This is due to the expiration of patents and the
subsequent emergence of biosimilars which have driven down prices. The industry
is also facing an increasing demand for products. It has been suggested that this
should be achieved through the use of continuous manufacturing; this has been
further encouraged by safety boards, such as the FDA, as it is expected to improve
the quality and consistency of the products (Konstantinov and Cooney, 2015). As
a result, there has been a need to either convert the current batch purification
techniques to a continuous mode of operation or replace them.

Up until recently, significant effort has been focused upon improving and convert-
ing the upstream unit operations into continuous processes. These improvements
have meant that, theoretically, large antibody titres can be achieved in continuous
cell cultures at an industrial scale (Hodge, 2005; Clincke et al., 2013). The increase
in material from the upstream processing has resulted in the downstream processes

being unable to cope with required throughputs (Azevedo et al., 2009a). This issue



1.2 Background 3

is further compounded by the high cost of downstream processing which can account
for up to 80% of the manufacturing costs (Roque et al., 2004). As such, it would
be desirable to both intensify and integrate downstream unit operations in order to
increase the amount of material handled as well as decrease the costs. An alternate

unit operation which is considered to be capable of meeting all of these demands is
ATPE.

ATPE is a Liquid-Liquid Extraction (LLE) process suitable as a continuous
purification technique for biological products. ATPE is a gentle, low shear extraction
technique which is unlikely to damage or denature biological products (Asenjo and
Andrews, 2011a). The technique has an added advantage of having comparatively
cheaper economics when compared with more traditional downstream purification
techniques (Azevedo et al., 2009a). This is due to the cheap, recyclable phase forming
material, simple equipment requirements, and its ability to be run in a continuous
manner. The process works by using high enough concentrations of phase forming
polymer(s) and / or salt(s) to form two aqueous, semi-miscible phases. Protein, cells,
and solutes can then be partitioned by setting the conditions so that the target
product partitions into one phase and the contaminants partition into the other,
thereby purifying the target product. ATPE has been demonstrated at lab scale
to be capable of purifying a number of biological products including: monoclonal
antibodies (Andrews et al., 1996), protease inhibitors (Harris et al., 1997), and cells
(Walter et al., 1992).

The first recorded observation of aqueous two-phase partitioning was made by
a Dutch microbiologist in 1886 when it was discovered that the water soluble poly-
mers agar and starch would separate into two aqueous phases (Beijerinck, 1886).
A use for ATPS was not discovered until the 1950’s when Albertsson (1958) used
it to partition protein. During the course of his career, Albertsson (1986) was in-
strumental in developing the process as a protein purification technique, including
suitable equipment and scaling up the process so that it is capable of being run at

an industrial scale (Blomquist and Albertsson, 1972).

However, the process has two major drawbacks; a lack of understanding of the
phase forming mechanisms, and a low resolution being achieved through a single
step. These drawbacks have lead to the process design and optimisation being
heavily reliant on both ‘trial and error’ and individual expertise. This has made
the process development expensive with no guarantee of yielding desirable results.
As a result, there is a reluctance to use the process industrially and the process
was overshadowed in the 1990’s by chromatography, a process which was better

understood and well suited to the batch operations being used at the time.
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1.3 Industry and ATPE

The biopharmaceutical industry is a large and fast-growing industry. It was valued
at around $325 billion in 2020 with an estimated compound annual growth rate of
around 7.3 % between 2021 and 2026 (MordorIntelligence, 2021). The key mar-
ket players include Amgen Inc, Abbvie Inc, Bristol Myers Squib, Eli-Lilly, Roche
and Novo Nordisk (MordorIntelligence, 2021; IndustryArc, 2019). These key market
players often supply key blockbuster drugs to the market which treat some of the
most challenging diseases like cancer or autoimmune diseases. For example, Genen-
tech (owned by Roche) produce Avastin (Bevacizumab) to treat number of difficult
to treat cancers including non-squamous non-small cell lung cancer and recurrent
glioblastoma (Genentech, 2021). The Monoclonal Antibody (MAb) works by tar-
geting VEGF, thereby limiting the growth of new tumour blood vessels (Genentech,
2021). Avastin recorded sales of $7.12 billion in 2019; however, this is predicted to
drop drastically to $1.7 billion by 2026 after Amgen and Allergen bought cheaper
biosimilars of Avastin to market at the end of 2019 (FiercePharma, 2020).

There is a growing acceptance of ATPE within industry which is being driven by
the need to reduce costs of bio-processes as the emergence of biosimilars lowers the
market price of therapeutic proteins. McQueen and Lai (2019), who work within
the drug development and processing departments of GlaxoSmithKline, published a
mini-review on the increasing acceptance of ATPE within the pharmaceutical and
biopharmaceutical industries. They comment the barriers to adopting ATPE as an
industrial technology were theoretically low. Research into this area is increasingly
showing that high yields and purities of therapeutic proteins can be achieved from
crude starting materials; for instance, lysed cell supernatant or cultivation broth.
Kruse et al. (2019) combined ATPE with a membrane-based separation to purify
MAbs directly from a cultivation broth. They achieved high MAD yields, up to 93
%, while removing DNA and host cell protein.

Aside from its use in the purification of therapeutic proteins, ATPE is also
breaking into diagnostics. A major author in the field, Boris Zaslavsky, has set up
a spin out company (Cleveland Diagnostics) which uses ATPE in cancer diagnos-
tics(ClevelandDx, 2021). The company has recently raised a series D funding round
of around $19 million. The technology evaluates differences in partitioning coef-
ficients in cancer markers. They state partitioning coefficients of common cancer
biomarkers change as result in changes in protein structure in cancerous patients
(Zaslavsky et al.). The technology allows for more accurate and earlier screening of

patients, aiming to improve treatment outcomes by catching cancer cases earlier.
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1.4 Research aims and objectives

To improve the low resolution of ATPE, Multi-stage Extraction (MSE) can be
utilised. Improving low resolution, cheap separation processes through the use of ad-
ditional stages has been a technique commonly used across the chemical processing
industry, with the most well known example being distillation. Using MSE has the
added benefit of reducing the amount of system screening required, as less desirable
conditions can be accepted. To use ATPE as a multi-stage technique, there needs
to be a firm understanding of how the process behaves across multiple stages and
which parameters need to be controlled.

As such, this thesis aims to evaluate multi-stage ATPE and develop a method for
the design and its implementation. The overarching aim of this report is to reduce
both the ‘trial and error’ and individual expertise required in the design of ATPE
for protein purification and therefore increase the success in ATPE design. As such

the project was divided as follows:

1. Literature surrounding ATPE

2. Materials and methods

3. Experimental investigations of multi-stage ATPE
4. Multi-stage ATPE modelling at equilibrium

5. Kinetics of ATPE and robustness testing

6. Conclusions and future work






Chapter 2

Literature Review

2.1 Introduction

This section outlines the relevant literature surrounding Aqueous Two-Phase Ex-
traction (ATPE) and is divided into four parts. The first section looks at the back-
ground, uses, advantages and challenges of ATPE. The second section covers how
Aqueous Two-Phase Systems (ATPS) behave, along with the partitioning behaviour
of protein, cells and solutes. The third section contains information on the kinetics of
the phase separation and the last section outlines the different modelling approaches
used in ATPE.

2.1.1 Applications of ATPE

ATPE has been demonstrated to be capable of purifying a wide range of biological
products at lab scale which are shown in Table 2.1. It can be seen that the process is
capable of handling Monoclonal Antibody (MAb)s. MAbs are the most sought after
and profitable therapeutic proteins in the biopharmaceutical industry. In 2016, the
pharmaceutical industry statistics show that 6 out of the top 10 grossing pharmaceu-
tical products were MAb, with a further two also being biopharmaceutical products
(Hall et al., 2017). As a result, a significant amount of the research surrounding pro-
tein purification techniques looks at the purification of MAbs. Despite this focus,
there is a wide range of biological products which also need purification including;:
enzymes (a-amylase, proteases), amino-acids (L-Arginine, L-glutamic acids), antibi-
otics (tetracyclines, celaphosporins, penicillins) natural pigments (C-phycocyanin,
p-carotene), and therapeutic cells (CAR-T cells, synthetic blood) (Doran, 2013).
As the number of products available increases, the diversity in manufacturing re-
quirements also increases; this creates a need to develop more novel manufacturing

techniques surrounding purification of biological products.
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Tonic Liquids

Use System Type Reference(s)
Enzymes Polymer-Salt (Kula et al., 1982; Prinz
et al., 2014)
MAbs Polymer-Salt (Rosa et al., 2013; Andrews
et al., 1996)
Polymer-Polymer (Azevedo et al., 2009b)
Antibiotics Polymer-Hydrophobic (Jiang et al., 2009)

Protease inhibitors

Polymer-Salt

Harris et al., 1997)

Cells

Polymer-Polymer

Walter et al., 1992)

Metal Ions

Polymer-Salt

Small Organic Species

Polymer-Salt

Willauer et al., 2002)

Nano and Micro - Solid

Polymer-Polymer

(
(
(Rogers and Bauer, 1996)
(
(

Helfrich et al., 2005)

Particulates

Table 2.1: Applications of ATPE shown within the literature.

2.1.2 Competing Technologies

Currently, the downstream processing of biologics is heavily reliant on resin-based
chromatography. In resin-based chromatography, a mobile phase which contains the
target protein and contaminants is run through the stationary phase, i.e. the resin
bed. The target protein and contaminants interact with the resin differently de-
pending on their properties. Typical properties exploited to separate contaminants

from target protein include (Doran, 2013):

Charge

e Size

Hydrophobicity

Biospecific affinity

If the

contaminants are bound to the column, the column can be operated continuously

Either the contaminants or target protein are bound to the column.

until the solid resin is saturated and either needs to be cleaned or replaced. If
the target protein is bound to the column, as is common, then once the mobile
phase has been run through the column, the conditions of the column are changed
(usually through pH adjustment) and the target protein is eluted off the column.
Due to the up stream processes and high regulatory standards, processes are often
run as campaigns and purification is carried out in batch with equipment and resins
cleaned or replaced after every individual operation. As a result, protein purification

is run as an inherently batch process.
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Chromatography columns are recognised as the backbone of protein purification
due to the high product quality which can be achieved easily and rapidly to meet
the minimum driving factors of the biopharmaceutical industry (Konstantinov and
Cooney, 2015). However, as they are run as an inherently batch operation, the
process cannot deliver the required throughput at a competitive cost. There are ways
to alter the operation of chromatography columns to be run in a more continuous
manner to increase throughput and decrease costs; this is described later in this

section.

Another disadvantage of chromatography is the high cost of the process; up to
80% of the downstream processing costs of protein can be attributed to the chro-
matographic unit operations (Azevedo et al., 2009a). Mostly, this is a result of the
long processing times and high cost of the resin. A particular cost to highlight is the
protein A resins, commonly used in an affinity capture step of MAbs, which typi-
cally cost between $6,000 and $15,000 per litre (Lain, 2009; Petrides et al., 2014).
Petrides et al. (2014) carried out economic analysis of the batch production of MAbs.
It was found that the protein A resin accounted for 73% of the consumables cost,
with a further 15% attributed to other resins. In comparison, filtration membranes
accounted for only 10% of the consumables costs. When considering the total oper-
ating costs it was found that protein A resin alone accounted for 11.7%, even if the

lower range of protein A ($6000/L) cost and a use of 60 cycles were assumed.

The last major disadvantage associated with the use of chromatography columns
is that they are unable to deal with large or varying amounts of material (Azevedo
et al., 2009a). This is becoming increasingly important because of the improvements
being made in the upstream processes. These improvements have resulted in both
higher MAbs titres, as well as increasing production scales. Consequently, there are

larger amounts of material for the downstream processes to deal with.

These disadvantages along with the current trends in bioprocessing mean that
in order for the industry to advance, it is imperative that either the process of
chromatography be improved or replaced, either partially or fully, by an alternative
process (Konstantinov and Cooney, 2015). In order to meet the demand to improve
chromatography processes, advances have been made which allow the process to run
continuously, thereby reducing costs, increasing throughput, and decreasing column
size requirements. This has been achieved through both a multi-column and a
single-column approach. A multi-column approach involves having each column at
a different stage of the operation (e.g. loading, washing, elution, cleaning in place,

and equilibration), thereby creating a continuous operation.

There are several different ways of approaching multi-column chromatography;

the most common and simple of which is called Periodic Counter-Current Chro-
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matography (PCCC). In PCCC, the columns are switched between each mode of
operation. This technique has been demonstrated using both MAbs and enzymes,
where it both improved the process economics (through increasing the resin usage)
and decreased the equipment and facility size (Godawat et al., 2012). The use of
PCCC was investigated commercially by GE Healthcare (2015) where it was found
that PCCC increased production capacity by 56% when compared with a batch

chromatography operation.

Another multi-column approach is called Simulated Moving Bed (SMB) chro-
matography. In this, the solid resin bed in is kept stationary, but the point at which
the mobile phase(s) is added is moved simulating a counter-current flow. This effec-
tively creates columns at different points of the operation. This technique has been
offered at both a small and commercial scale by PALL, Sigma-Aldrich, and other bio-
processing manufacturers (PALL Biopharmaceuticals, 2017; Sigma-Aldrich, 2017).
For SMB to work, a resin which binds much more preferentially to the product than
the impurities is required (for example a protein A resin for MAbs) or acceptance
of only achieving a partial separation in a single step (Miiller-Spéth et al., 2008).
As a result, this technique has been modified in order to provide three fractions,
as opposed to two. Having three fractions allow for the product to be separated
from both weakly and strongly binding impurities. This technique is called Multi
Column Counter Current Solvent Grade Purification (MCSGP) (Liu and Morrow,
2017). MCSGP has been shown by Liu and Morrow (2017) to be capable of purifying
a target MADb from two other MAb variants using a cation exchange chromatogra-
phy column to achieve a purity and yield of over 90%. An alternative, theoretical,
multi-column approach is True Moving Bed (TMB) chromatography, where the sta-
tionary and mobile phases are moved counter-current to each other. However, it is
impractical to move the stationary phase in resin based chromatography (Sa Gomes
and Rodrigues, 2012).

In terms of a single-column chromatography approach, a technique called Con-
tinuous Annular Chromatography (CAC) can be used. In this approach, the column
along with the stationary phase is rotated and the mobile phase moves cross-current
to the stationary phase. CAC has been demonstrated at lab scale to be suitable
for bioseprations but is not yet available commercially (Hilbrig and Freitag, 2003;
Zydney, 2016).

These efforts to develop continuous chromatography techniques have increased
the resin life span as well as the throughput of the process. However, the repeated
use of the resin can result in column fouling which means a decrease in performance
over time (Staby et al., 1998; Close et al., 2013; Doran, 2013). While cleaning in

place techniques can be used to remove or reduce column fouling, some fouling is
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irreversible (Jin et al., 2010). To slow the process of irreversible column fouling,
more upstream purification processes can be used to protect more expensive resins;
however, eventually they will still need to be replaced.

Other alternative continuous purification techniques which are being considered
include (Zydney, 2016):

e Continuous Counter-Current Tangential Chromatography (CCTC) (Dutta et al.,
2015)

e Radial chromatography (Lay et al., 2006)
e Protein precipitation®* (Hammerschmidt et al., 2014)
e Crystallisation® (Zang et al., 2011)

*Batch operations which can be modified using a tubular reactor to run continuously.

While chromatography is a very useful technique in the processing of biologics,
the trends of the industry and disadvantages of the process mean that research into
better operational methods of chromatography, cheaper resins, or even alternative
processes are required. An alternative process which is considered capable of meeting
the current demands of the industry is ATPE.

2.1.3 Advantages of ATPE

One of the advantages to using ATPE which has re-captured interest in the process
is that it is easily run in a continuous manner. ATPS has two liquid phases, rather

than a solid phase and a liquid phase, meaning that during operation:
1. Both phases are mobile
2. Cleaning of the phases is easier to achieve
3. Replacement of the phases is easier to achieve

It is these three advantages which make the system particularly suitable to contin-
uous operation. This is particularly relevant because of the recent push towards
continuous manufacturing in the biopharmaceutical industry. This has been encour-
aged by the FDA as a result of a demand to reduce the cost of biologics. Furthermore,
a product of a continuous manufacturing method is likely to be of a more consistent
and higher quality (Rathore et al., 2016; Konstantinov and Cooney, 2015). This is
because the time to manufacture the product would vary less, resulting in a more
consistent glycosylation profile (Robinson et al., 1994; Pacis et al., 2011; Konstanti-
nov and Cooney, 2015).
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Decreasing costs is an essential challenge to biopharmaceutical companies who
originally developed a product and must now compete with companies bringing out
biosimilars. Biosimilars are therapeutic protein products which have been shown
to have no meaningful difference clinically (in terms of safety, efficacy and quality)
to an original product. The process of developing therapeutic proteins is expensive
and lengthy, especially for completely novel products which must undergo the most
extensive research and development processes as well as more extensive clinical test-
ing. A lot of therapeutic protein products are beginning to reach the end of their
patents. This means that other companies who have not had to bear the brunt
of the research and clinical testing costs can develop biosimialars (Blackstone and
Joseph, 2013). In order to compete with companies producing biosimilars of their
product, companies are looking for cheaper manufacturing methods to reduce costs,
for instance, by switching from a batch manufacturing technique to a continuous
one.

The use and benefits of continuous manufacturing have been shown to be effective
across a wide array of manufacturing industries. These include; chemical, food, steel
casting, and pharmaceutical industries (Anderson, 2001; Reay et al., 2013). The
benefits of using a continuous manufacturing process include (Konstantinov and
Cooney, 2015):

e Reduced equipment size

Higher productivity

Reduced capital

Reduced operating cost

Steady state operation

Low cycle times
e Streamlined process flow

The reduction in equipment size and higher productivity is the result of a con-
tinuous output of a small amount of product, rather than a large amount of product
being produced at the end of a campaign (Utterback, 1994). The smaller equipment
also means that smaller spaces are required for manufacturing plants which reduces
the capital required to set up a manufacturing process. This reduced cost and re-
duced need for upfront capital would allow companies to invest in the development
and manufacture of more biological products. This is especially relevant when con-

sidering treatments for conditions and diseases which are less prevalent and therefore
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less profitable. A greater number of biological products which are cheaper to pro-
duce will increase the number of treatable diseases as well as increase treatment
availability worldwide. In terms of the biopharmaceutical industry, it will increase
both profit margins and the number of products which can be sold. However, there
are some concerns with continuous manufacturing; a key concern is that production
would effectively be halted should one unit operation fail or become contaminated.

Aside from continuous operation, ATPE has several other advantages which

includes:

e Flexible operation

Flexible material handling

Low cost

Low toxicity and low shear

Easily scale up
e Process integration

ATPE is a flexible process which can be operated in a number of different config-
urations. It has been shown that it can be operated in a batch or a continuous mode
as a single or a multi-stage process, with the multi-stage processes being operable as
both a counter-current and a cross-current configuration (Walter et al., 1994). This
allows for the process to be easily adapted to the individual needs of a manufactur-
ing processes. The process is also flexible in the way it handles material; it has been
shown that ATPE is capable of dealing with both large and varying feeds. This is
particularly relevant as continuous upstream operations, such as high cell density
perfusion systems, have been shown to express large titres which can vary (Hodge,
2005; Clincke et al., 2013).

ATPE has also been shown to be capable of dealing with very crude material,
including Chinese Hamster Ovary (CHO) cell supernatant and PER.C6 cell super-
natant, a cell line derived from human embryonic retinal cells (Rosa et al., 2009b,
2013). ATPE has also been shown to be capable of handling very viscous mate-
rial (for instance chicken egg white) which chromatography columns would typically
find difficult to handle (Lu et al., 2013; Dembczynski et al., 2010, 2013). Handling
of viscous and crude material is becoming more valuable as novel upstream man-
ufacturing methods are being developed which aim to decrease costs and increase
manufacturing capacity. An example of where ATPE could be beneficial is as a
purification technique for novel upstream manufacturing methods is in the purifi-

cation of chicken egg white containing biological products. The novel technique of
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using transgenic chickens to produce biological products has been achieved; how-
ever, the manufacturing techniques surrounding the downstream processes need to
be capable of handling very viscous material to make this a viable way to produce
biological products (Herron et al., 2018). The use of biological products in trans-
genic chicken eggs would drastically decrease the costs associated with production.
As the techniques to produce biologics improve and novel manufacturing methods
are developed, this capability to handle varying types and amounts of crude material
will make the diversity and robustness of ATPE invaluable.

A further advantage of ATPE is the low cost of the phase forming materials
and the process in comparison with chromatography. This is particularly true if
a polymer-salt system is used and recycling of the more expensive polymer phase
using back extraction and washing steps is carried out (Rosa et al., 2013). The
use of two aqueous phases also makes ATPE a very mild, low shear process with
low toxicity, which is unlikely to damage or denature the biological product (Asenjo
and Andrews, 2011a). Lastly, it has been shown that ATPE can combine two or
more unit operations. For instance: clarification, purification, and viral inactivation
(Schiigerl and Hubbuch, 2005; Benavides and Rito-Palomares, 2008; Asenjo et al.,
1994; Hart et al., 1994). It has also been shown that the system is easily scaled up
which allows for easy transition from bench scale to an industrial scale operation.

Together, these advantages have led to ATPE being reconsidered as a purifica-
tion technique for biological products considering the current trends seen in bio-
processing. The unit operation provides an alternative to chromatography which
can: reduce costs, be easily operated in a continuous manner, and can intensify and

integrate downstream unit operations.

2.1.4 Challenges Establishing ATPE as an Industrial Process

While interest in ATPE has recently been reignited due to the biopharmaceuticals
industry’s interest in continuous manufacturing, there are a number of challenges
which must be overcome in order for the unit operation to be used as an industrial
process. Most importantly, the process needs to effectively compete with the indus-
trially used protein purification techniques (in particular, chromatography) in terms
of process economics, yield and purity (Azevedo et al., 2009a). While the process is
much cheaper to run than chromatography, single-stage ATPE has a low resolution
which has an impact on the purity and yield of the process (Ruiz-Ruiz et al., 2012).
High levels of purity are needed in order to comply with the high safety standards
applied to the biopharmaceutical industry, and the yield of the system would affect
the economics of the process.

There are two ways to overcome the low purity and yield achieved using ATPE.
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The first is to use a multi-stage purification process. Rosa et al. (2013) reported
that they achieved an 80% yield and greater than 99% purity of Immunoglobulin G
(IgG) from CHO cell supernatant when a multi-stage, counter-current continuous
Polyethylene Glycol (PEG)-phosphate system was used. Another way to improve
the resolution is to use Aqueous Two-Phase Affinity Partitioning (ATPAP) (Azevedo
et al., 2009a). In this approach, at least one of the phase forming polymers is
chemically attached to an affinity ligand specific to the target protein. The technique
has been shown to be capable of purifying IgG to 90% purity and yield in a single
step. Ligands can also be added in solution to a system to improve the resolution
(Andrews et al., 1990).

The other limitation of ATPE is the lack of understanding of the mechanics
behind the phase separation and the protein partitioning behaviour. This has led to
a lack of reliable modelling of the system, which has in turn contributed to ATPE’s
reputation as a low resolution, unreliable technique (Asenjo et al., 1994, 2002a; Rito-
Palomares, 2004). Modelling is required in the optimisation of the process, system
and reactor design to maximise the efficacy of the system. This lack of reliable
modelling has resulted in a need for both ‘trial and error’ as well as individual
expertise in system selection which is time consuming and expensive. There have
been efforts to combat this through the use of robotic-aided strategies, but these are
costly (Bensch et al., 2007).

Another limitation of ATPE is the difficulty in removing the polymer phase
material after the extraction. To avoid this, a second back-extraction step can be
used where the polymer phase containing the target protein is contacted with a
fresh salt phase. The conditions are set so as to partition the target protein into
the salt-rich phase Mistry et al. (1996). A salt-rich phase is much easier to clean
downstream than a polymer-rich phase. The removal of salt can be achieved easily
with filtration, and the more expensive polymer phase can then be recycled and
reused with this method.

2.1.5 System Representation

ATPS are often graphically represented using a phase diagram. These show infor-
mation on the system at equilibrium. A typical representation of a binodal curve is
shown in Figure 2.1. The phase diagram depicts the binodal curve which shows the
critical concentration at which the system will shift from forming a single-phase to
forming a two-phase system. Below the curve, a single phase is formed and above
the curve two phases are formed. A binodal curve is usually determined experimen-
tally using the cloud point method (Hatti-Kaul, 2000). In two-phase systems, the

separation can be represented by a tie line. On the phase diagram below, the line
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Polymer % w/w

One phase B

O Salt % w/w

Figure 2.1: A typical representation of a binodal curve which shows the critical
point, tie lines and the points at which the system shifts from forming a single to a
two-phase system.

AB and the lines parallel represent the systems tie lines. In the example tie line
AB, the point D represents the concentration of an entire system. This point D can
be anywhere along the tie line. As the system separates, the concentration of each
phase moves along the tie line until one phase reaches the concentration at point
A and the other phase the concentration at point B. At this point, the system is
at equilibrium. It has been shown experimentally that systems with different total
compositions resting along a tie line will have the same equilibrium composition in
each phase (with different phase volumes) (Albertsson, 1971). It has been shown
experimentally that tie lines in the same ATPS are considered to run parallel to each
other (Albertsson, 1986; Zaslavsky, 1995; Hatti-Kaul, 2000; Raja et al., 2011); this
is not the case in traditional Liquid-Liquid Extraction (LLE) (Seader et al., 2006).

Another important feature on the binodal curve is the critical point, C. This is a
theoretical point at which the compositions and volumes of the two phases are equal.
The critical point can be determined experimentally by extrapolating through the
midpoints of several tie lines (Hatti-Kaul, 2000). Another important feature shown
on phase diagram is the phase inversion point, represented by the point I. This
point is the concentration at which the phase continuity of the system is reversed.
In polymer-salt phases, this is always determined by a critical salt concentration
and is known to cut through the critical point (Kaul et al., 1995; Salamanca et al.,
1998).
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Systems are often described in terms of their volume ratios which can be deter-
mined using the phase diagram. There are two types of volume ratio: the stability
ratio, and the relative difference. These can be worked out using a phase diagram
using the following equations, assuming the point O represents the origin of the

phase diagram (Salamanca et al., 1998):

DFE
ili i0o = — 2.1
Stability Ratio DO (2.1)

Relative Difference = %
(2.2)
DI

IA

2.1.6 ATPE Process Operation

ATPE can be operated in two ways:

1. A two-phase system is mixed and allowed to separate

2. A single-phase system is altered to form two phases and allowed to separate

Overwhelmingly, ATPE is operated by mixing a two-phase system and allowing
it to separate; most of this report assumes that the system is operated as such
and this type of operation is discussed throughout. This form of operation is the
only option for most traditional LLE systems as they are completely immiscible.
As a result, the conditions required for single-phase formation, if there are any,
are extreme and unusable. However, for ATPE, semi-miscible phases are formed
with conditions to form a single phase readily achievable at room temperature and
pressure. This means that the operation through shifting a single-phase system to
a two-phase system is easily attainable.

Operation of ATPE has been explored through the use of thermoseparating poly-
mers. In these systems, a temperature increase above a critical point will force a
phase shift from a single phase to a bottom polymer-rich phase and a top water-
rich phase (Ferreira et al., 2008). This type of system is useful in a multi-stage
extraction, where in the first step normal ATPS are used for extraction of the target
into the polymer-rich phase. A temperature increase is then used to extract the
target protein into the water-rich phase so that the thermoseparating polymer can
be recycled (Li et al., 1997; Kepka et al., 2004). This is a cheaper, more sustainable
process which is easier on the downstream processes.

The use of temperature to alter the system equilibrium can be of some con-

cern for protein purification as biomolecules are sensitive to temperature changes.
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However, shifts in equilibrium can be achieved with very small temperature changes
at room temperatures. Furthermore, some molecules are stable at higher tempera-
tures, for instance, IgG (the biomolecule which accounts for the largest proportion
of biopharmaceutical revenue) has been found to be stable up to a temperature of
around 55°C (Vermeer and Norde, 2000). Indyk et al. (2008) showed that once IgG
has been freeze dried, there is no effect from the heat treatment on the molecule.

Phase shift operation has also been used to study systems. de Belval et al. (1998)
used a temperature increase to manipulate system equilibrium in PEG-salt systems.
In this study, the effect a system’s Tie Line Length (TLL) had on the protein
partitioning was evaluated, in particular systems which were close in composition to
the critical point. It was found that using a temperature control to alter the TLL
produced less error than altering the system composition. This was because very
small changes in composition alter the TLL when the system is close to the critical
point (de Belval et al., 1998).

2.1.7 Equipment Design

Typically, ATPE is operated using a system that forms two phases which is mixed
and then allowed to separate. The system operation is performed in either a gravity
settler or a centrifuge. Gravity settlers are simpler to scale up and less expensive as
they require less energy to operate (Kaul et al., 1995). The scale up of systems in
a gravity settler is related simply to the height of the system and can be evaluated
through the kinetics; the kinetics are discussed later in this thesis. Kaul et al. (1995)
carried out studies on scaling up PEG 4000-phosphate systems from 5 g to 1300 g
and determined that the kinetics of the system are independent on the horizontal
area of the system. In terms of equipment designs for the continuous operation of
ATPE; there are three main types (Espitia-Saloma et al., 2014):

e Column Contactors
o Mixer-Settler Units

e Other Contactors

Out of the three types, column contactors have had the most success in the chem-
ical processing industry and have therefore been studied most extensively. There

are multiple different types of column contactors including:

e Pulsed Cap Columns

e Spray Columns
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Perforated Rotating Disk Contactors (PRDC)

Packed Columns

Sieve Plate Columns

Vane Agitated Columns

The major difference between these columns is how the mass transfer is facilitated
and the promotion of the phase mixing. These columns experience the following

problems with their operation (Espitia-Saloma et al., 2014):

e Time to reach steady state

Back mixing

Flooding

Emulsification

Poor phase separation

Complexity of the device

These problems are experienced to a greater degree in ATPE than in traditional
LLE because of both the small density difference between the phases and because
the phases are so similar (both phases have water as the solvent). This means that
the phase separation / time to reach steady state can be slow, particularly in tall
columns. The low density difference also contributes to the systems experiencing
back mixing if the feed velocities are too high. An emulsion forms in columns where
the phase dispersion mechanism creates globules which are too small.

Together, these disadvantages mean that operating columns for ATPE can be
difficult. Despite this, they have been used successfully; Rosa et al. (2011) used a
packed column to continuously purify IgG from CHO cell supernatant. A yield of
85% of the target protein was achieved with 85% of protein contaminants and 50%
of the total contaminants in the system were removed.

Another widely used type of separation equipment in the chemical industry for
LLE are mixer-settler batteries. These are simple, scalable, and cheap systems with
low energy requirements that are easy to clean. They do require systems which
separate easily with rapid separation rates. Mixer-settler batteries have been used
with success for ATPE; Rosa et al. (2013) used a multi-stage counter-current PEG-
salt ATPE to purify IgG from CHO cell supernatant. A yield of 80% of the target

protein was achieved with a purity of 99%.
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Counter-Current Chromatography (CCC) columns offer a further equipment op-
tion to consider that use centrifugal force. There are two categories of CCC columns:
hydrostatic columns and hydrodynamic columns. In both columns, a stationary
phase is created by holding the denser liquid phase in geometrical channels by a cen-
trifugal force and the lighter mobile phase is pushed through the stationary phase.
Hydrostatic columns use a pump to push the mobile phase, whereas hydrodynamic
columns utilise an Archimedean screw effect (Mekaoui et al., 2012).

CCC columns allow for a large number of extraction steps (over 250 theoreti-
cal steps) and are scalable. However, with ATPE, there are some problems with
retention of the stationary phase, particularly in hydrodynamic columns. In hy-
drodynamic columns, often under 20% of the volume of liquid stationary phases is
retained in the CCC column over the column volume (Mekaoui et al., 2012). Such
a low stationary phase retention does not allow for satisfactory protein separation.
Low retention of stationary phases arises because of the low density difference be-
tween the phases and low interfacial tension. To improve the density difference
between the phases, work has been carried out by Ruiz-Angel et al. (2007) to de-
velop ATPE which uses room temperature ionic liquids as a second phase instead of
a polymer like PEG. This still limits the types of systems that can be used with this
equipment which can conflict with system selection for a desirable protein purifica-
tion. For instance, in order to maximise the density difference between the phases, a
lighter polymer (400-1000 MW) should be selected; however, successful purification
of IgG has mostly been achieved with heavier polymers around 4000 MW. Despite
these challenges, Centrifugal Partition Chromatography (CPC) has been used to
successfully purify lysozyme from myoglobin by Sutherland et al. (2011).

2.2 ATPS Behaviour

2.2.1 Overview

ATPS form semi-miscible phases when sufficient concentrations of phase forming
material (polymer(s)) and / or salt(s)) are used in water. These phases separate
due to the polarity of the phases, and it has been shown by Albertsson (1986) that
up to 18 phases can be seen in a single system. However, two phases are often used
for practicality to partition proteins. In this type of two-phase system, one phase is
considered the relatively hydrophilic phase and one the relatively hydrophobic phase.
For instance, in a PEG-salt system, the salt-rich phase would be considered the
hydrophilic phase, and the PEG-rich phase the hydrophobic phase. When protein,
solutes, or cells are added to a system, they will preferentially partition into one

of the phases because of the properties of the protein and the system conditions.
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The system conditions can be manipulated to change the protein partitioning. This
means that the system can be used as a separation technique. This section describes

the variables and theory behind both the system and protein behaviour.

2.2.2 Comparison to Traditional LLE

ATPE can be compared with and operates similarly to more traditional LLE tech-
niques, i.e. aqueous-organic systems, which is an established process in the chemical
industry. Some parallels can be drawn between the two processes which mean the
field of ATPE can benefit from the more mature field of traditional LLE. It is also
helpful to recognise the differences between the two processes when drawing com-

parisons. A comparison between the two different systems is detailed in Table 2.2.

The first major variance is that two different immiscible solvents are used in
traditional LLE, one phase is aqueous and the other is organic. In these systems,
charged solutes will partition to the aqueous phase and non-charged solutes will
partition to the organic phase. In ATPE, only a single solvent (water) is used, and

the phases separate as a result of the phase forming constituents.

This has a knock on effect in its behaviour; for instance, in a PEG-salt system,
the phases partition partially because of the relative hydrophobicity of the PEG-
rich phase relative to the salt-rich phase. Solutes and particulates added to this
system will then partition only partially because of their polarity. Whereas in tra-
ditional LLE, non-polar solutes partition to the more hydrophobic phase, and polar
solutes partition to the more hydrophilic phase. More detailed theories behind the
partitioning of phases and solutes in ATPE are discussed in more detail in a later

section.

In ATPE, the phases are partially soluble in one another as the solvent is the same
for both phases. Therefore, a critical concentration of phase forming constituents
are required for multi-phase formation. This is not true for aqueous-organic systems

as immiscible phases are used and single-phase systems would be difficult to achieve.

In ATPE, there is very little difference in the density of the phase as a result of
most of the phases consisting mostly of water. The similarity between the phases and
aqueous environment is what makes ATPE so suitable for protein purification (Mer-
chuk et al., 1998). This is also what makes the separation of the phases so difficult
and slow. Proteins have a low solubility in organic media and the harsh conditions
of traditional LLE mean that protein would be damaged and make aqueous-organic

systems unsuitable for protein separation (Huenupi et al., 1999).



22

Literature Review

Traditional LLE

ATPE

Two solvents: An aqueous and an
organic phase (for example toluene
and water).

One solvent: Water is the only
solvent, phase forming constituents
are used to form the phases (for
example PEG and phosphate).

Phases are generally immiscible or
sparingly soluble in each other.

Phases are semi miscible: Phases are
partially soluble in each other, and a
high enough concentration of phase
forming constituents is required to
form more than one phase.

Solute partitioning a result of

polarity or ligand affinity: Charged /
polar solutes to the aqueous phase,
non-charged / non-polar solutes to the
organic phase.

Solute partitioning is partially a
result of the relative hydrophobicity:
Solutes partition due to many reasons
which are discussed in the next
sections, but generally polar solutes
move to the more hydrophilic phase
and the non polar solutes more to the
more hydrophobic phase.

Solute partitioning manipulated
through manipulating the solutes
charge(for example complexing agents,
reducing agents, etc) or ligand affinity.

Solute partitioning manipulated
through system conditions: for
example PEG molecular weight, pH,
temperature. Partitioning can be
influenced through affinity
interactions. This is discussed in more
detail in later sections.

Unsuitable for protein separation:
Organic phase contains no / very
little water, which would damage the
protein.

Suitable for protein separation: As the
solvent for both phases is water, this
provides a suitable, gentle extraction
environment for protein.

Table 2.2: A comparison between traditional LLE and ATPE (Albertsson, 1971;

Seader et al., 2006).
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2.2.3 Phase Separation

In ATPE, there is an incomplete understanding of the mechanisms behind the phase
separation and the mechanisms are different in polymer-polymer and polymer-salt
systems. However, there are some commonalities between these two systems and
it is known that phase separation is a result of how the phase forming components
interact both with each other and with water (Huddleston et al., 1991; Cabezas,
1996). It is theorised that there are three stages of separation:

1. For dilute solutions of polymers, there are many layers of solvent separating the
individual polymer molecules. As the polymer concentration approaches zero,
there is no interaction between the phase forming components. At this point,
the system is a truly homogeneous phase and there is no phase separation at
any level (Dobry and Boyer-Kawenoki, 1947). The concentration range for
which this holds true is dependent on the properties of the phase forming

components, and is likely only true for low concentrations.

2. It has been theorised by Dobry and Boyer-Kawenoki (1947) that there is an in-
termediate stage between a truly homogeneous system and systems which have
multiple phases at a macroscopic level. Dobry and Boyer-Kawenoki (1947) sug-
gested that in this intermediate stage, the different molecules begin to weakly
interact with each other and this interaction leads to phase separation at the
microscopic level. This phase separation cannot be observed by eye and the
system will still appear as a single phase at the macroscopic level. This is sup-
ported by the need for dilutions of phases by 1-4 times their weight with water
when separated phases are analysed in a UV-visible spectrophotometer as the

microscopic phase separation interferes with readings (Albertsson, 1971).

3. At higher polymer concentrations, the polymers form a mesh or lattice-like
structure (Cabezas, 1996). These structures grow as the polymer concen-
tration increases. In systems with more than one polymer phase, there is
an incompatibility between some types of polymers. This results in separate
mesh structures and therefore multiple polymer phases as they separate due to
steric exclusion (Asenjo and Andrews, 2011b). There is also an incompatibil-
ity between polymers and inorganic salts. The mechanism is unclear, however,
it is related to the hydration of the salts and the Hofmeister series (Anan-
thapadmanabhan and Goddard, 1987). As the salt concentration increases,
more water is required to dissolve the salt as the salt captures the water. This
happens in conjunction with the polymer lattice formation in the polymer-rich

phase (Asenjo and Andrews, 2011b). Eventually, it becomes more energetically
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favourable to form two phases.

2.2.4 Protein Behaviour

In ATPE, a feed is often complex but can contain a mixture of cells, cell debris,
organelles, protein, particulates, and solutes. When a feed is added to a system,
it will partition between the phases. Generally, more hydrophilic or charged com-
ponents partition to the salt-rich bottom phase and more hydrophobic or neutral
components partition to the PEG-rich top phase (Harris, 1989). The partitioning
behaviour of a component (cells, cell debris, organelles, protein, particulates, and
solutes) within a system is dependent on the properties of the component and the
system itself; component properties which should be considered are (Harris, 1989;
Albertsson, 1986; Asenjo and Andrews, 2011b; Grilo et al., 2016):

Size (Luechau et al., 2009)

Hydrophobic character (Andrews and Asenjo, 2010)

Electrochemical potential (Asenjo and Andrews, 2011b)

Bio-specific affinity (Ruiz-Ruiz et al., 2012)

Separation based upon size is usually for larger components such as proteins,
organelles, and cells. The separation is based upon the surface area and size of
the component. The partitioning is a result of the ‘free volume effect’; the volume
available for the components in each phase is strongly affected by the steric effects of
the phases forming constituents. When this effect is too great, larger particles like
protein, organelles, or cells will partition to the horizontal interface, rather than one
of the phases as there is not enough free volume available in either one of the phases.
For smaller compounds, this effect has a much lower influence on the partitioning.

Separation based upon the hydrophobic character of a component refers to pro-
tein partitioning; this is based upon a protein’s 3D structure and the hydrophobicity
of surface amino acids (Asenjo and Andrews, 2011b). The relative hydrophobicity
of the phases is dependent on the nature of the phases used in the system. While
all phase forming constituents in an ATPS are hydrophilic, one is considered to
be hydrophobic relative to the other phase forming constituent. For instance, in a
polymer-salt system, the polymer-rich phase would be hydrophobic relative to the
salt phase because the polymer’s hydrophilic functional groups are confined to the
extremes of the molecule, whereas the rest of the molecule would be hydrophobic (as
long as a hydrophilic side chain is not present). In comparison, the salt-rich phase

will readily capture the water in the system. A protein which has lots of hydrophobic
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surface amino acids will favour the relatively hydrophobic phase and a protein with

lots of hydrophilic surface amino acids will favour the relatively hydrophilic phase.

Separation based on electrochemical potential is a result of the charge of a com-
ponent determining the partitioning. The use of charged phase forming consistent
(NaCl which dissociates within the system) has been shown to significantly increase
the separation of protein which was positively charged; it was suggested this was
a result of NaCl increasing the negativity of the PEG-rich phase (Andrews et al.,
2005; Asenjo and Andrews, 2011b). A proteins charge can be manipulated through
the use of its isoelectric point and other components expected within a system are

also charged, for instance, DNA which is negatively charged.

Lastly, affinity ligands with biospecific affinity to a protein will affect the par-
titioning of that protein. Ligands have been used in systems as free ligands and
coupled to a phase forming component (usually to PEG) to increase system selec-
tivity (Benavides et al., 2011). Affinity interactions have also been suggested as
a mechanism of partitioning between a biomolecule and the PEG (Luechau et al.,
2009).

There is disagreement between the most respected authors in the field of ATPE
over which mechanism is driving the partitioning of molecules in systems (Grilo
et al., 2016). Luechau et al. (2009) concluded that the partitioning of nucleic acids
in PEG-phosphate systems could be described using the excluded volume theory.
However, the work of Andrews and Asenjo (2010) uses hydrophobic interactions to
explain partitioning. Other works conclude that hydrophobic interactions should be
used to explain the partitioning in systems using higher molecular weight PEG, but
not lower molecular weight PEG. Rocha and Nerli (2013) found that partitioning of
bromelain in PEG 600-citrate and PEG 1000-citrate systems could not be explained
by either the molecular weight or the isoelectric point of the enzyme. They proposed
that there was some affinity interaction between the low molecular weight PEG and
bromelain. Other prominent authors such as Aires-Barros and Azevedo conclude
that systems generally will be dependent on all of the above interactions, and in

some cases there can be a synergistic effect (Grilo et al., 2016).

One way to explain behaviour is that the partitioning behaviour is more depen-
dent on different interactions for different types of system. For instance, a standard
PEG-salt system with small solutes in would be primarily partitioned based on the
electrochemical potential or hydrophobic interactions (for a small protein). If larger
proteins were added, the partitioning would be still dependant on the hydrophobic
character of the system but would also be largely dependent on the excluded volume
theories. A more specialist system such as ATPAP with protein A ligands used to

partition IgG from contaminants would be mostly dependant on affinity interactions
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of the IgG and the protein A ligands.

2.2.5 System Variables

System variables are system properties or environmental conditions that can be

manipulated to change partitioning. These include (Harris, 1989; Albertsson, 1986):
e Type of polymer
e Polymer molecular weight
e Type of salt
e Concentration of phase forming constituents
e System pH
e Use of additional salt
e Use of additional ligands

e Temperature

The different properties of the protein / components within the system can be
manipulated with the above variables in order to facilitate separation.

If the governing mechanism to facilitate separation is size dependency, then the
steric effects of the phase forming components should be considered (Asenjo and
Andrews, 2011b; Ananthapadmanabhan and Goddard, 1987). Variables which can
be manipulated include: molecular weight of polymer, concentration of polymer,
inclusion of a branched polymer, and ionic strength of salt. Increasing polymer
molecular weight, polymer concentration, or ionic strength of salt will result in
the reduction of free volume available. Inclusion of a branched polymer generally
increases the free volume available.

In terms of the hydrophobic effects of the system, there are two known mecha-
nisms: the hydrophobicity, and the salting out effect. With regards to the former,
the polymer phase becomes more hydrophobic as the polymer molecular weight or
concentration increases. It should also be noted that as phase forming constituent
concentration increases, water concentration decreases. This leads to a decrease in
free water. High concentrations of additional salts, such as NaCl, would affect free
water through the salting out effect. The salting out effect can also be considered
through the Hoffmeister series (Ananthapadmanabhan and Goddard, 1987). Both
of the above mechanisms result in hydrophobic molecules favouring the more hy-
drophobic phase. For phases relative hydrophobicity, it is dependent on both the

concentration and chemical properties of the phase forming constituents.
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The electrochemical dependency of a protein can be manipulated through its
isoelectric point by altering the pH of the salt phase. If the isoelectric point of a
protein is below the pH of the system, it will push the protein towards the PEG-
rich phase. The isoelectric point of the protein is the point at which the protein’s
net charge is equal to zero and is therefore the point at which a protein is least
soluble in a hydrophilic phase. A protein’s charge is negative when a systems pH
is above the protein’s isoelectric point and is positive when a systems pH is below
it. Less free water is available in systems with a higher pH salt-rich phase, which
pushes the target protein out of the salt-rich phase. The use of charged phase
forming constituents can also then be used to manipulate partitioning (Andrews
et al., 2005).

From this information, these variables can be tied to the mechanisms described
in the previous section; examples for a PEG-salt system are shown in Tables 2.3 and
2.4.

2.3 Kinetics of Phase Separation

2.3.1 Overview

The operation of ATPS can be achieved using two different approaches; either by
changing the system from a single-phase system to a two-phase system, therefore by
initiating phase separation, or by mechanically mixing a two-phase system and then
allowing it to separate (Sawant et al., 1990). A change from a single-phase system
to a two-phase system can be achieved through either the addition of phase forming
components or change in system conditions, for example, an increase in temperature
or pH. However, a phase-shift method of operation is not commonly used. Mostly, a
system which forms two-phases is selected and the conditions of the system selected
are kept constant. This system is then mechanically agitated so that the solutes can
transfer between the phases and the phases are left to separate. This is the preferred
operational method and also the method used in the operation of traditional LLE.
A system which is defined as being in equilibrium has two separated phases. For a
separated system, the two phases will be separated by a distinct horizontal interface
and there will be no net change in the composition of the phases (Tidhar et al.,
1986).

In ATPE, the separation of the phases is a time dependant process in which the
mechanism for phase separation is the same for all types of systems (Kaul et al.,
1995). For a separating system, there will be a continuous phase and a dispersed
phase. In the continuous phase, globules of the dispersed phase form at the coa-

lescence front and rise or sink (depending on the continuity of the phases) towards
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System Effect on system Effect on Mechanism(s)
Variable partitioning responsible
Use of Increase in Increase Hydrophobicity
hydrophobic hydrophobicity of attractiveness of effects
branched polymer phase polymer phase to
polymer hydrophobic protein

and decrease for
hydrophilic protein
Change in steric Change in available Size exclusion
effects of polymer in free water in polymer | theory
polymer phase phase
Increase Increase in Increase Hydrophobicity
polymer hydrophobicity of attractiveness of effects
molecular polymer phase polymer phase to
weight hydrophobic protein

Increase in steric
effects of polymer in
polymer phase

and decrease for
hydrophilic protein
Decrease in available
free water in polymer
phase

Size exclusion
theory

Increase in
polymer
concentration

Increase in
hydrophobicity
polymer of phase

Increase in steric
effects of polymer in
polymer phase

Increase
attractiveness of
polymer phase to
hydrophobic protein
and decrease for
hydrophilic protein
Decrease in available
free water in polymer
phase

Hydrophobicity
effects

Size exclusion
theory

Increase in
salt
concentration

Salt phase captures
more water

Increase salting out
effect in salt phase

Decreases systems
ability to partially
hydrate protein
Salts protein out of
phase

Hydrophobicity
effects

Table 2.3: Equating mechanisms and variables in PEG-salt ATPS
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System Effect on system Effect on Mechanism(s)
Variable partitioning responsible
Increased Salt phase captures Decreases systems Hydrophobicity
salting out more water ability to partially effects
ability of salt hydrate protein

Increase salting out Salts protein out of
effect in salt phase salt phase
Use of Increase salting out Salts protein out of Hydrophobicity
additional effect in salt phase salt phase; effects
NaCl
Na(Cl dissociates and Increases separation Electrochemical
splits between the of charged particles effects
phases (Na* into the
salt phase, Cl into
the polymer phase)
Increase in pH | Decrease in available Shift in pH changes Hydropobicity
free water in salt charge on protein and | effects

phase

alters solubility in

phases
Increase in Increase in TLL Decrease in available Size exclusion
temperature free water theory
Increase in relative Increase Hydrophobic
hydrophobicity of attractiveness of effects
phases polymer phase to
hydrophobic protein
and decrease for
hydrophilic protein
Use of ligands | N/A Attract protein to Affinity
polymer phase if interactions
ligand is attached to
polymer backbone
Create new compound | Hydrophobicity
which has a different and
solubility altering Electrochemical
partitioning effects

Table 2.4: Equating mechanisms and variables in PEG-salt ATPS
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Figure 2.2: A schematic of an ATPS with a continuous bottom phase undergoing
separation.

their native phase. At the settling front, the globules will queue until they coalesce
and join their native phase. The settling front is where the horizontal interface will
eventually form. The turbid region between the coalescence front and the settling
front is described as the dispersion front and the height of the dispersion front is
used to measure the separation (Kaul et al., 1995). This is represented in Figure
2.2. The rate of separation of the phases of ATPS is measured by the rate of change
of the dispersion height. This is measured by eye in a graduated tube. A phase
diagram can be used to determine the continuity of the phases, this is shown below

in Figure 2.3.

2.3.2 Mechanism

During phase separation, there are two processes happening: globule coalescence,
and globule rise or fall (Kaul et al., 1995). A separating system is dominated by
one of these processes. This can be observed at eye level; a system which is seen
to have queuing at the horizontal interface has the rate of separation controlled
by the coalescence of the globules. For most ATPS, this is the rate-controlling
process and the queuing at the horizontal interface is characteristic (Asenjo et al.,
2002a; Salamanca et al., 1998). The horizontal interface acts as a barrier between
the two phases and globules must have enough energy to pass through this barrier.
ATPS have more similar phases to each other compared with more traditional LLE
systems. This means that the repulsion between the phases is not as great as what
is observed in aqueous-organic systems. This effect is so great that ATPS form semi
miscible phases rather than immiscible phases. The rate of coalescence is not well
understood, however, it is known to be controlled by both the settler and the system
properties (Jeffreys and Hawksley, 1965).

For a separating globule, there are three forces acting on it: gravity, friction,
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and buoyancy. The more dominant force is dependent on the properties of the
system. The gravitational force is dependent on the density and size of the globule.
The friction and buoyancy forces are dependent on the rheological properties of
the system as well as the size of the globule. In ATPS, there is very little density
difference between the two phases, however, in PEG-salt systems there are large
viscosity differences between the phases. The viscosity of the PEG-rich phase is
often much greater than the salt-rich phase. This has a large effect on the separation
rates of the system which is discussed in more detail in Section 2.3.3.

In terms of the coalescence behaviour of globules, these three forces all have an
effect on the system, as well as the interfacial tension between the phases both at

the horizontal interface and at a globule interface (Salamanca et al., 1998).

2.3.3 Phase Continuity

In a separating ATPS, one of the phases can be observed as being the continuous
phase, and the other as the dispersed phase (Kaul et al., 1995). This can be done
by eye by observing the direction the globules travel. For example, a system with a
continuous top phase would have globules descending towards the bottom phase and
a system with a continuous bottom phase would have globules ascending towards the
top phase. The dispersed phase is static and grows in size as globules join it. For a
continuous polymer phase, the globule sizes are much smaller than for that seen in a
continuous salt phase and are not easily observed without magnification (Salamanca
et al., 1998). The increased viscosity of the polymer phase makes it more difficult
for globules of the opposing phase to coalesce and form larger globules, resulting in
a smaller average size of globule.

The continuity of the phases is determined by the concentration of phase forming
constituents. The fixed concentration at which the phase continuity inverts is called
the phase inversion point (Kaul et al., 1995). This point has been shown to coin-
cide with the critical point and is represented in Figure 2.3 (Merchuk et al., 1998).
However, there is an ambiguity where the continuity of the phases is determined by
both the system composition and the fluid dynamics of the system (Merchuk et al.,
1998). In this range, it was shown that gentle agitation of a PEG-salt system led
to a continuous bottom phase and strong agitation led to a continuous top phase.
As a result, this is sometimes demonstrated on a phase diagrams as a pair of phase
inversion lines.

Phase continuity is one of the most important factors in the system kinetics in
polymer-salt systems. Albertsson (1986) noticed that above a certain volume ratio,
the rate of separation rapidly increases. However, it was Walter (1985) who linked

the change in volume ratio to an inversion of the phase continuity. In polymer-salt
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Figure 2.3: A typical representation of a binodal curve which shows the phase in-
version point.

phases, the bottom, salt-rich phase is much less viscous than the top, polymer-
rich phase. As a result, when the bottom phase is continuous, the phase separation
happens at a much faster rate (Kaul et al., 1995; Salamanca et al., 1998; Asenjo et al.,
2002a). This is a result of globules moving through a phase with low viscosity will
experience less friction than those moving through a more viscous phase. Globules in
a less viscous phase will also be able to coalesce more easily as the interface surface
tension would be lower. This results in larger globules which move more rapidly

through the phase and coalesce more quickly at the horizontal interface.

In ATPS, the coalescence of globules at the horizontal interface has been observed
as the rate determining process for the phase separation in many systems (Asenjo
et al., 2002a; Salamanca et al., 1998). Kaul et al. (1995) suggest that globule coales-
cence in ATPE is thought to be largely dependent on the interfacial tension of the
system. It is known that larger globules have a lower surface charge and therefore
experience less electrical repulsion which speeds up the rate of coalescence at the
horizontal interface (Salamanca et al., 1998). Salamanca et al. (1998) observed that
smaller globules form in systems with continuous PEG-rich phases which correlates
with slower separation rates for systems with continuous PEG-rich phases. It is also
known that coalescence rates are dependent on liquid composition; deionised water
is known to coalesce at much faster rates than water containing salts (Doran, 2013).

Polymer-salt systems contain very high concentrations of salts (as well as polymers)
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and can be very slow to separate and coalesce. Salamanca et al. (1998) showed that
systems which sit on intermediate sections of the binodal with a high enough salt
concentration to have a continuous salt-rich phase have the fastest separation rates.
This correlates with the lowest concentrations of salt (and polymer) possible to have

a continuous bottom phase, therefore resulting in the fastest separation rates.

2.3.4 System Properties and Phase Separation

The type of system has a large effect on the rate of separation of a system. Polymer-
salt systems have much more desirable kinetics than polymer-polymer systems. This
is a result of the lower viscosity of the salt phase in the polymer-salt systems resulting
in faster separation times (Hart et al., 1994).

Rate of separation can also be linked to a systems binodal curve in terms of
both types of volume ratios: stability ratio, and relative distance (Salamanca et al.,
1998). PEG-sulphate systems were used to show that the rate of separation is faster
for systems with smaller relative distances. Systems with small relative distances
sit in intermediate positions on the binodal curve. For systems with small relative
distances, an increase in TLL will increase the separation rate (Asenjo et al., 2002a).
It is theorised that this is a result of an increase in difference between the phases,
making the separation easier.

Salamanca et al. (1998) showed that systems with large volume ratios have a ‘lag’
phase in the separation during which time there is little change in the dispersion
height. Systems with larger volume ratios sit in the extremes of the binodal curve
and have higher concentrations of phase forming constituents. This results in a
higher interfacial tension at the horizontal interface and an increase in viscosity for
those systems with higher concentrations of a polymer (Kaul et al., 1995).

The use of additional salt, NaCl, was shown by Asenjo et al. (2002a) to have a
negligible effect on the viscosity of the system. However, it has been observed to
decrease the separation rate Kaul et al. (1995). It is theorised this would be the

same for all additional salts.

2.3.5 Effect of Protein

The introduction of protein into a system can affect the system’s behaviour both in
terms of the separation and kinetics. This is particularly the case if the target is
large, for instance, large proteins or cells (Asenjo et al., 2002a). It is thought this
is because the protein interacts with the phase forming constituents and alters the
system behaviour. The addition of protein also alters the density difference between

the phases and hence the rate of separation (Kaul et al., 1995).
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2.4 Modelling Approaches

2.4.1 Overview

The optimisation of ATPE processes is often achieved through experimental ‘trial
and error’ based on individual expertise. This is due to the lack of understanding
of the behaviour of systems and a large number of parameters which control the
behaviour. The optimisation of ATPS is vital in order to meet the desired purity
and yield requirement; however, this can be both time consuming and expensive
with no guarantee that the experimentation will yield the required results. In an
effort to overcome the learning curve of researchers and engineers who are new
to the process, there have been papers published by experts in the field detailing
‘practical guidelines’ in system selection and design (Benavides and Rito-Palomares,
2008). While these rules generate a starting point in system selection, there are still
many parameters to be tested. It has been suggested that high throughput robotic-
aided strategies could be employed to enable this number of parameters to be tested
quickly (Bensch et al., 2007). However, this approach would drastically raise capital
and operating costs. There have been attempts to offset the material costs of high
volume testing by using miniaturized microfluidic platforms (Bras et al., 2017).
The alternative approach is to use modelling strategies to understand the system
behaviour and therefore reduce the experimental workload.

Mathematical models are used in several ways to describe ATPS and their use

as an extraction process:
e Equilibrium modelling
¢ Kinetics modelling
e Mixing modelling

The equilibrium modelling is used to describe the phase separation and protein par-
titioning of the system. In this type of modelling, some models are there to describe
the separation and others are used to predict the partitioning of the system. These
are used to design system extraction protocols which have satisfactory yields and
purities. The kinetics modelling is used to describe the rate of the phase separation
and is used in both system selection and in the design of appropriate equipment.
Modelling of the mixing of the phases is less extensively studied as it is considered
easier to achieve appropriate mixing conditions; however, it is considered in the
equipment design.

This following section goes through each of these types of modelling in more
detail.
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2.4.2 Modelling Partitioning

The partitioning of a protein in an ATPS can be described by the protein partitioning
coefficient, K (Albertsson, 1971):
CTop

K_

= 2.3
C(B ottom ( )

Where Cr,,, is the concentration (mg/mL) of the protein partitioned to the top
phase when the system is at equilibrium and C'g., 1S the concentration (mg/ mL)
of the protein partitioned to the bottom phase when the system is at equilibrium.

K can also be described in terms of the partitioning factors (Albertsson, 1971):
K= KO : thob ) Kel : Kbiosp ’ Ksize ’ Kconf (24)

Where the partitioning is a result of the hydrophobicity (K}, f,p), the electrochemical
potential (K,;), the molecular size of the protein (K,;,.), the biospecific affinity
(Kbpiosp), the conformation of th protein (K, ) and any other factors (K).

While the partitioning of protein is described as a function of the top and bottom
phase concentration, Andrews and Asenjo (1996) found that it was common for
protein to partition into the horizontal interface of a system. They found that true
partitioning between the top and bottom phase of a system was only ever true at
very dilute protein concentrations, although some systems experience partitioning
into the horizontal interface even at very dilute protein concentrations. Furthermore,
Asenjo and Andrews (2011b) state that protein partitioning is known to change as

protein concentration increases.

2.4.3 Phase Equilibrium Modelling

While the previous two sections are also concerned with representing system equi-
librium, this section looks at the modelling surrounding the partitioning theories.
However, there is no single underpinning theory to describe the partitioning of ATPS.
As a result, there are a number of modelling approaches. Typically, each of these
models is most applicable to a different range of conditions, and the models deviate
from experimental data outside of these conditions. Cabezas (1996) described four

general modelling approaches:
e Osmotic Virial Expansions
e Extensions of the Lattice theories, i.e. the Flory Huggins Theory

o Integral Equation Theory
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e Other Approaches, i.e. Group Contribution Schemes, Excluded Volume Ap-

proximations

The main way these theories differ is in their assumptions surrounding the mech-
anisms for phase separation. Osmotic virial expansions assume phase separation is
primarily a result of the properties of water, whereas lattice theories assume sepa-
ration is primarily a result of the lattice formation of polymers. Integral equation
theory combines these two assumptions (Zaslavsky, 1995). As a result of the differ-
ences in the underlying assumptions, these models are only suitable for particular
phase forming constituent types and concentration ranges; these generally differ for
the different models. As osmotic virial expansions assume phase formation is a result
of the properties of water, they are most applicable to ATPS with a dilute polymer
concentration. As more concentrated regimes of polymers are used, higher order
terms are required to account for the increased solute interaction within the system.
This is particularly true of polymer-salt systems which require higher concentrations
of phase forming polymers to form two-phase systems. Lattice theories are most ap-
propriate for concentrated polymer regimes. Johansson et al. (1998) successfully
predicted the partitioning of several proteins in PEG-dextran systems using lattice
theories, including serum albumin and phycoerythrin. However, Zaslavsky (1995)
states that this model is inappropriate for polymer-salt ATPS because the strong
salt-water and some of the salt-polymer interactions mean that it cannot be assumed
that the salt has no effect on the polymer-water interactions.

A more sophisticated method to modelling partitioning behaviour of ATPS is
the integral equation theory which combines different models using a statistical
approach. This procedure was used by Kenkare and Hall (1996) to describe the
partitioning of PEG-salt systems. The model aimed to describe the effect tempera-
ture has on the equilibrium conditions of PEG-salt ATPE. The model was partially
successful. Firstly, it was able to predict that increasing salt concentration lowered
the temperature at which the phases separate. Secondly, it was able to predict that
increasing temperature and increasing PEG molecular weight increases the size of
the biphasic region. Lastly, it was able to determine that increasing the anion charge
of the salt decreases the salt concentration at which separation occurs. However,
there were some deviations when the model was compared with the experimental
data, for instance, the salt concentrations in each phase at equilibrium. This was
attributed to the assumption the model makes that the ion-solvent interactions were
unimportant.

Another way to use equilibrium modelling is in process optimisation. In terms of
process optimisation of conditions, it has been estimated that there are over one bil-

lion possible systems to explore for any given separation problem (Selber et al., 2000;
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Torres-Acosta et al., 2019). There are also difficulties in mathematical handling of
the experimental data of ATPS as it is prone to having large errors associated with
it (Selber et al., 2000). As a consequence, models need to be sufficiently robust
to handle large data errors, as well as being capable of exploring a large area for
solutions. This means there is still an opportunity for improvement in the area of
predictive modelling. Currently, common strategies for optimisation are univariate
optimisation and Response Surface Methodology (RSM). Univariate optimisation is
a commonly explored strategy which involves a simple and methodical approach to
optimise a single parameter at a time. It has been used with success for multiple
proteins including: invertase, B-phycoerthrin, C-phycocyanin, and lutein (Akardere
et al., 2010; Karkas, et al., 2012; Benavides and Rito-Palomares, 2008). While this
method can be highly valuable, the optimum conditions may be missed as only a sin-
gle parameter can be evaluated at a time. RSM provides the opportunity to explore
multiple parameters to obtain optimum conditions. It uses a statistical approach
which evaluates an experimental study where several parameters are varied. The
results are then reduced to a 2°¢ order model so that an optimum can be calcu-
lated. This has been used in a wide range of applications within the scope of ATPE
including for the recovery of monoclonal antibodies and enzymes (Azevedo et al.,
2007; Alhelli et al., 2016).

2.4.4 Mixing Modelling

ATPS are typically operated through mixing the system and then allowing it to
separate. This is the point at which the majority of the mass transfer of solutes and
particulates between the phases happens. The mixing is also partially responsible for
determining the globules mean diameter; this is also determined by the interfacial
tension and hydrodynamic conditions within the mixer. For a stirred mixer, the

mixing can be described as a function of the following (Asenjo et al., 2002a):

dg = f(Re,We,t,,) (2.5)

Where d,; is the diameter of the globule, Re is the Reynolds number, We is the
Weber number, and ¢, is the mixing time.

Due to the low interfacial tension of ATPS, an equilibrium is reached between the
globule coalescence and globule break after a relatively short agitation (Kaul et al.,
1995; Asenjo et al., 2002a). After this time point, any extra time spent on mixing
is not thought to affect the system’s behaviour. As a result, the research focus
has been on other aspects of the system, such as phase separation and partitioning

behaviour.
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2.4.5 Kinetics Modelling

The simplest way to model the process of sedimentation is to use Stokes’ Law.
This has been considered by some researchers because the law is applicable if the
globules are allowed to travel uninterrupted (Kaul et al., 1995). This assumes that
the globules rise or sink towards their native phase undisturbed and if the model is
used to describe the separation time, that the time taken for globules to coalesce is
negligible. These conditions have only been shown to be met in very viscous systems,
where the rise or fall of globules in a system can take hours (Kaul et al., 1995).
Generally speaking, the law is not applicable to ATPS for a number of reasons.
Firstly, in fast separating systems there are swarms of globules in ATPS which can
interact with each other (Kaul et al., 1995). These interacting globules sometimes
coalesce meaning that there is a change in globule diameter which affects Stokes’
Law. Secondly, globule diameter can also change due to diffusion over time. In order
to account for these factors, a globule population balance can be used. However, it
would still be expected that there would be differences between the calculated and
experimental values. Aside from globule interaction, the rate controlling process for
the separation of most ATPS is globule coalescence. This makes Stokes’ Law a bad
model to use for the process of separation.

The most accepted way to measure the rate of separation of ATPS is to measure
the rate of change of the dispersion height; this is represented in Figure 2.4 (Asenjo
et al., 2002a). This measurement has been used for both ATPS and aqueous-organic
systems and has been used in the modelling of the kinetics of the phase separation of
both ATPS and aqueous-organic systems. The model was first established by Golob

and Modic (1977) for aqueous-organic systems and is shown below:

o HO ey AP T,
VS_UI(MD) (pc) (0w> (2.6)

Where Vg is the sedimentation velocity (m/s), pe is the viscosity of the contin-
uous phase (kg/ms), pp is the viscosity of the dispersed phase (kg/ms), Ap is the
density difference between the two phases (kg/ mg), pc is the density of the contin-
uous phase (kg/m®), o is the interfacial tension between the two phases (N/m), oy
is the surface tension of the air-water interface at 20 °C (7.28 x 10>N/m), and the
constants vy, vg, v3 and v, are determined by regression analysis of the experimental
data.

In terms of a polymer-salt ATPS, there are two different types of system to be
characterised due to the large difference in the viscosity of the phases: a system
with a continuous top polymer-rich phase, and a system with a continuous bottom
salt-rich phase (Asenjo et al., 2002a).
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Figure 2.4: A typical representation of a dispersion height graph of a ATPS.

Coefficient Continuous Top Phase Continuous Bottom phase

vy 1.435 x 107° 2.04 x 107°
vy 2.148 0.144
V3 -1.062 -0.555
v, -0.971 -0.079

Table 2.5: Coefficients for kinetics equation of PEG-salt ATPS as determined by
Mistry et al. (1996)

Equation 2.6 was then modified by (Mistry et al., 1996) to measure the rate of
separation of ATPS in terms of the rate of change of the dispersion height of the
system to the following:

L) = ey Sy Ly (2.7

The coefficients are different depending on which of the phases are continuous,
this is shown in Table 2.5. It can be seen from the coefficients that the viscosity of
the system plays a much more important role in the phase separation in a system
with a continuous top polymer-rich phase. In a system with a continuous bottom
salt-rich phase, density is the most important factor in the phase separation. The
equation was also modified by Salamanca et al. (1998) to be written to add the

terms for the volume ratios (either the relative distance or the stability ratio).
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Figure 2.5: A schematic to illustrate a five stage counter-current ATPE with a feed
at stage three

2.4.6 Multi-stage Modelling

Multi-stage involves using multiple ATPE in series to improve the resolution of an
extraction. A schematic to illustrate a multi-stage extraction is shown in Figure
3.4. For multi-stage modelling for ATPE, there are two approaches. The first is
a multi-step approach, and the second is a multi-stage approach. In a multi-step
approach, different system conditions are chosen to partition different proteins or
move the target protein into a different phase. In the multi-stage approach, the

same extraction conditions are used to improve the resolution of the process.

Multi-step extractions have been carried out with success with ATPE. Kroner
et al. (1982) successfully used multi-stage ATPE with four sequential systems be-
ing used to extract formate dehydrogenase from Candida boidinii homogenate. The
extractions were carried out in mixer-settlers, and at each step, the following were
removed: cell waste, nucleic acids, bulk proteins, and finally salts and remaining
proteins. Despite the number of stages, a 70% yield was achieved along with tech-
nical grade purity (>70%). The study also compared this purification process with
two other processes. The first process was composed of precipitation, centrifuga-
tion and three chromatographic steps, and the second process was composed of two
ATPE steps, ultra-filtration, and a chromatographic step. The study showed that
the multi-stage ATPE was less time consuming and had higher productivities than

other possible isolation routes.

Multi-step ATPE has also been used to back extract the target for ease of down-
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stream processing. Hummel et al. (1983) carried out a larger scale two-stage ATPE
of D-lactate dehydrogenase from Lactobacillus confuses homogenate. The first step
was carried out at a 120 kg scale using a PEG-salt ATPS in an open stack sepa-
rator at a flow rate of 60 L h™' and was designed to remove cell debris. The top
PEG-rich phase containing D-lactate dehydrogenase was then contacted with a sec-
ond salt phase to back extract the target into the salt-rich phase both for ease of
downstream processing and to further purify the product. This step was carried out

at a volume of 200 L in a gravity settler which was left overnight.

A lack of predictive design has been recognised as a major weakness in ATPE
(Soares et al., 2015). The use and amount of NaCl as an additional salt has been
identified as a key performance parameter in protein partitioning, and is often used
in multi-step extractions to control extraction and back extraction steps (Rosa et al.,
2007; Ahmad et al., 2008; Mao et al., 2010; Patel et al., 2018). As a result of this, a
significant proportion of the predictive process modelling in ATPE has been centred
around manipulating the system using NaCl concentration of PEG-salt systems
(Mistry et al., 1996; Huenupi et al., 1999; Miindges et al., 2015). The initial research
conducted by Mistry et al. (1996) used a sigmoidal Boltzmann curve to describe the
partition coefficient (log K) of the target protein (a-amylase) as a function of the
NaCl concentration for a system with a large PEG phase. The contaminant partition
coefficient remained constant over the varying NaCl concentration. In the first step,
a high NaCl concentration was used to extract the target protein into the PEG-rich
phase. In the second step, a fresh bottom phase with a low NaCl concentration was
contacted with the PEG-rich phase containing the target protein to back extract
it into the salt-rich phase. This is done to recycle the more expensive PEG-rich
phase and because a salt-rich phase is easier to process downstream. Extensions on
this work show that recycling of up to 40% w/w of the PEG-rich phase had little
effect on the system performance over ten cycles (Miindges et al., 2015). Lastly,
modelling has been used to design control systems for ATPE processes which are
run continuously, specifically looking at different volumetric hold ups (Simon and
Gautam, 2004).

Other multi-stage techniques involve using multiple stages of the same system
in order to improve the low purity and yield typically seen in ATPE. Multi-stage
extraction has been used with great success in ATPS; Rosa et al. (2013) used a multi-
stage counter-current PEG-salt ATPE to purify IgG from CHO cell supernatant to
a purity of 99% and a yield of 80%. A common method for stage-wise optimisation
of equilibrium binary separations is McCabe Thiele (Richardson et al., 2002). This
was originally used in the chemical industry to determine the required number of

stages for binary distillation; an application for which it is still used.
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The McCabe Thiele method was modified by Warade et al. (2011) to be suitable
for traditional LLE and has been demonstrated by Rosa et al. (2009a,b) to be
suitable for ATPS specifically. In the Warade et al. (2011) study, a single operating
line was used to optimise the number of stages for a specified purity in multi-stage
counter-current LLE systems. In the Rosa et al. (2009a,b) studies, a single operating
line was also used to determine a required yield rather than a required purity. In
all three of these studies, only the target component concentration was used in the
models and the contaminants are not considered in the stage-wise determination. In
Rosa et al. (2009b), equilibrium curves of different fractions of CHO cell supernatant
were used to predict the success of each fractions extraction from IgG; however, the

number of stages was not determined.

2.5 Conclusion

This literature review outlines the relevant literature surrounding ATPE for this
thesis. The review begins by looking at the background of ATPE and its place
within the bioprocessing industry. It was found that ATPE represents an opportu-
nity for a protein purification process which is cheap and geared towards running
continuously at a time that the bioprocessing industry is looking to move to a con-
tinuous manufacturing process as well as reducing costs. However, the process is
not widely accepted within industry due to two major problems with the process:
the lack of understanding of the phase forming mechanisms, and the low process
resolution. These two problems have meant that the process design is overly reliant
on individual expertise and trial and error.

In system design, there are two major criteria which need to be considered: the
phase separation rates, and the resolution of the system. Section 2.2 focussed on
the phase separation behaviour of systems. Currently, there is no one underpin-
ning theory outlining the mechanisms behind phase separation and partitioning.
Mechanisms can be divided into four categories: size, electrochemical dependency,
hydrophobicity, and bio-affinity, with the dominant mechanism varying between sys-
tems and components within the system.

Section 2.3 evaluates the literature surrounding the phase separation of the sys-
tem. In LLE, settler design and the amount of material processed within a system
is highly dependent on the phase separation kinetics of a system. In ATPE, the
separation rates are measured by eye and the formation of a distinct horizontal in-
terface. Separation rates were shown in the literature to be highly dependent on the
system viscosity of the phases and which phase was the ‘continuous phase’.

Section 2.4 outlines the modelling approaches within ATPE, for prediction /
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evaluation of key performance parameters in phase equilibrium, protein partitioning,
phase separation rates and system design. It was found that one practical way of
both reducing experimental workload and improving system performance was to use
multi-stage extraction.

As a result of the literature review, this thesis focusses on ways to improve sys-
tem performance while reducing experimental workload. Chapter 4 experimentally
evaluates multi-stage extraction in ATPE, looking at if the technique can be used to
improve system resolution and if operational techniques (centrifuge and gravity op-
eration) effect the multi-stage resolution. Chapter 5 looks at multi-stage modelling
for ATPE and compares the modelling to several experimental case study extrac-
tions. Chapter 6 looks at in more detail factors which can effect multi-stage ATPE,
in particular the kinetics of the phase separation and variations in the equilibrium

data used for the modelling in Chapter 5.






Chapter 3

Materials and Methods

3.1 Introduction

This chapter outlines the materials and methods used in this thesis. There are two
main sections to this chapter: the experimental materials and methods, and the
computational methods. Experimental methods are used in all three data chapters

(Chapters 4, 5 and 6) and computational methods are used in Chapters 5 and 6.

In this thesis, several Aqueous Two-Phase Systems (ATPS) are studied with
two target model proteins: C-phycocyanin and haemoglobin. These proteins were
chosen because of their pigments which made them easy to analyse. The model
contaminants considered in this thesis were: allophycocyanin, phycoerythrin and

lysozyme.

In Chapter 4, experimental investigations were carried out surrounding the ex-
traction of C-phycocyanin from contaminants using multi-stage Aqueous Two-Phase
Extraction (ATPE). In Chapter 5, multi-stage ATPE (where the separation at each
stage has reached equilibrium) is modelled and experimentally validated against
both multi-stage extractions of a single, pure protein (haemoglobin) and a protein
(C-phycocyanin) in contaminants. In the final data chapter, Chapter 6, two variables
which were shown to impact multi-stage ATPE were investigated; these variables
were the kinetics of the phase separation after the horizontal interface formation, and
the impact variation in horizontal interface partitioning had on Multi-stage Extrac-
tion (MSE). The kinetics of the phase separation were investigated experimentally,
whereas the impact of variable horizontal interface partitioning was investigated
computationally. This chapter outlines the materials and methods carried out for
this thesis.

45
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3.2 Experimental Materials and Methods

3.2.1 Materials

The phase forming materials used in the ATPSs in this thesis were deionised water,
phosphate buffers, and Polyethylene Glycol (PEG) of varying weights. PEG with a
Molecular Weight (MW) of 6000 Da was obtained from Alfa Aesar (Heysham, Eng-
land). PEG with MWs of 4000 Da and 1500 Da were obtained from Sigma-Aldrich
(Dorset, England). Potassium phosphate dibasic (>98%), KyH PO,, was obtained
from Acros Organics and potassium dihydrogen phosphate (>98%), Hy K PO,, was
obtained from Alfa Aesar. Ammonium phosphate monobasic and dibasic (>98%),
NH H,PO, and (N H,)yH PO, respectively, were obtained from Sigma Aldrich.

Food grade C-phycocyanin was obtained from three sources; as a result, the dif-
ferent stocks contained different mixtures of contaminants. The first two sources
were commercially available blue food colourings obtained from Sainsbury’s Super-
markets Ltd. in a liquid form, and SooperGood Foods in a powder form; both
of these contained C-phycocyanin from Spriulina sp.. As food colourings, both of
these forms will have been partially purified although they still contained other
contaminants, including allophycocyanin and phycoerythrin. The last form of C-
phycocyanin was supplied by Professor Gilmour’s microalgae research lab in the
Molecular Biology and Biotechnology department at Sheffield University in a liquid
form that had undergone centrifugation to remove cell debris. The C-phycocyanin
was produced by Galdieria Sulphuraria using a novel method which does not result
in the expression of the contaminant allophycocyanin. This means that the 615
nm and 652 nm peaks were only generated by C-phycocyanin; however, this stock
still contained the contaminant phycoerythrin which absorbs strongly at 562 nm. All
three C-phycocyanin sources were analysed to obtain information on composition us-
ing a Ultraviolet-visible (UV-vis) absorption method discussed in section 3.2.7. The
other model target protein, human haemoglobin, was obtained from Sigma Aldrich.
The model contaminant, lysozyme from chicken egg white, was also obtained from
Sigma Aldrich.

3.2.2 Model protein

For the model separations, two pigmented proteins were chosen for investigation:
C-phycocyanin and Haemoglobin. Primarily, these proteins were chosen for ease of
analysis using a UV-vis.

C-Phycocyanin is a light-harvesting blue-pigmented protein which is an accessory
pigment to chlorophyll. The blue pigmentation is a result of the phycocyanobilin

chromophores, 3 of which are covalently bound to each of the 6 monomers which
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make up the hexamer C-phycocyanin (Schirmer et al., 1985). The protein when
produced in Spirulina platensis, is acid sensitive (<pH 5), light-sensitive and tem-
perature sensitive (>45 °C) (Wu et al., 2016a). C-Phycocyanin produced in Galdieria
Sulphuraria is slightly more stable and is able to withstand temperatures up to 60
°C and below pH 5 for extended periods of time (Wan et al., 2021).

Haemoglobin is a transport protein which is found in many organisms. It re-
sponsible for transporting oxygen from lungs to tissues throughout an organism, as
well as facilitating the return of carbon dioxide. Haemoglobin is comprised of four
subunits, each of which has a polypeptide chain and a heme group where oxygen
binds reversibly to the ferrous iron atom within the heme group (Marengo-Rowe,
2006).

The C-Phycocyanin stocks were partially purified; however, they still contained
other impurities, most notably allo-phycocyanin and phycoerythrin (also pigmented).
The haemoglobin stocks only contained haemoglobin. Using simplified experimental
systems which have minimal impurities comes with both advantages and disadvan-
tages. ATPS are generally considered complex extractions which are difficult to
predict. Using simplified systems allowed a thorough evaluation the behaviour of
a single protein in an ATPS. However, by simplifying the systems the extraction
and behaviour may not accurately represent an industrial extraction. As a result, it
would be expected that future work would look at building up system complexity

with more crude and complex protein stocks.

3.2.3 Stock and System Preparation

For this thesis, ATPS and stock solutions were prepared by weight unless otherwise
stated. This is standard for ATPS as the polymers used create very viscous solutions
and as a result conducting experimentation by volume generates very large errors
(Albertsson, 1986).

ATPS were prepared using stock solutions of 50% w/w PEG (MWs: 1500, 4000,
6000) and 20% w/w buffer stocks were prepared using 20% w/w salt stock solutions
(KyHPO,, HoKPO, and NH;HyPO, and (NH,),HPO,). Three salt buffers were
used in this thesis: two ammonium phosphate buffers (20% w/w) at pH 7.4 and 7.0,
and a potassium phosphate buffer (20% w/w) at a pH of 8.0. Different system con-
ditions were used for different proteins. Systems studied in the kinetics studies were
based upon past work by Asenjo et al. (2002a). The ammonium phosphate buffer
stock solution was prepared using 20% w/w stock solutions of ammonium phosphate
monobasic and ammonium phosphate dibasic, and the pH was determined using a
Mettler Toledo FiveEasy Benchtop pH meter. The potassium phosphate buffer stock

solution was made up in the same way using 20% w/w potassium phosphate dibasic
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and potassium dihydrogen phosphate stock solutions.

Several ATPS are routinely used throughout this thesis; their composition is

shown in Table 3.1 along with how they are referred to throughout this thesis.

To make up protein stocks, the powder form of C-phycocyanin was made up to
30 mg/mL in deionised water and the two liquid C-phycocyanin forms were used
as received. These stocks were stored in a dark fridge at 4 °C as C-phycocyanin
degrades in light. For clarity, the C-phycocyanin stocks were given labels: the
liquid Arthrospira platensis stock was termed ‘C-phycocyanin stock 1°, the powder
Arthrospira platensis stock was termed ‘C-phycocyanin stock 2’ and the Galdieria
stock was termed ‘C-phycocyanin stock 3’. Haemoglobin stock was made up to 10
and 30 mg/mL in deionised water and stored at 4 °C. Lysozyme stock was made up

to 14 mg/mL in deionised water and stored at 4 °C.

3.2.4 Binodal Curve Determination

Binodal curves are used to determine the single and two-phase regions of ATPS.
The position of a system within this curve can be used to determine some system
characteristics. The cloud point method was used to determine the position of the
binodal curve for a PEG 6000 - ammonium phosphate pH 7.4 ATPS (conditions
used in C-phycocyanin case study ATPS) as described in Hatti-Kaul (2000). This
method uses the basis that a single-phase system will be clear; however, once the
system shifts to a two-phase system, it will become turbid as the phases begin to
form and separate. As a result, the shift from a single to a two-phase system can

easily be detected by eye.

To determine the binodal curve of an ATPS, stock solutions of each of the phase
forming components were required. In this case, the phase forming components
were PEG 6000 and ammonium phosphate buffer at pH 7.4. First, one of these
stock solutions was weighed into a beaker and the other stock solution was then
added drop-wise while continuously stirring. When the solution turned turbid, the
additional weight was recorded. Deionised water was then used to shift the com-
position of the ATPS back to a single-phase system and the weight was recorded.
This was repeated until the stock solution originally weighed into the beaker had
been diluted by just over half its weight, giving half of the binodal curve. The stock
solutions were then switched to give the opposing half of the binodal curve. This

was carried out in triplicate.
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Table 3.1: ATPS used in this thesis
Label Buffer Phosphate | Phosphate | PEG PEG
pH Buffer Buffer MW
Type
% w/w % w/w
C-phycocyanin 7.4 Ammonium | 12.5 6000 9.0
case study system Phosphate
Haemoglobin case | 8.0 Potassium 11.2 1500 13.0
study system Phosphate
Kinetics A 7.0 Ammonium | 10.0 4000 14.0
Phosphate
Kinetics B 7.0 Ammonium | 10.0 4000 16.0
Phosphate
Kinetics C 7.0 Ammonium | 10.0 4000 18.0
Phosphate
Kinetics D 7.0 Ammonium | 10.0 4000 20.0
Phosphate
Haemoglobin 8.0 Potassium 12.6 1500 9.7
Screening A Phosphate
Haemoglobin 8.0 Potassium 14.4 1500 9.5
Screening B Phosphate
Haemoglobin 8.0 Potassium 16.2 1500 9.4
Screening C Phosphate
Haemoglobin 8.0 Potassium 9.3 1500 13.2
Screening D Phosphate
Haemoglobin 8.0 Potassium 11.2 1500 13.0
Screening E Phosphate
Haemoglobin 8.0 Potassium 13.1 1500 12.8
Screening F Phosphate
Haemoglobin 8.0 Potassium 15.0 1500 12.6
Screening G Phosphate
Haemoglobin 8.0 Potassium 5.8 1500 16.9
Screening H Phosphate
Haemoglobin 8.0 Potassium 7.9 1500 16.6
Screening 1 Phosphate
Haemoglobin 8.0 Potassium 9.9 1500 16.3
Screening J Phosphate
Haemoglobin 8.0 Potassium 11.8 1500 16.0
Screening K Phosphate
Haemoglobin 8.0 Potassium 13.7 1500 15.8
Screening L Phosphate
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Extract Top
Phase
Wadie Bottom
phase

Figure 3.1: A schematic to illustrate the top, bottom, extract and waste phases in
an ATPE

3.2.5 Treatment of Phases

Practically speaking, it is very difficult to completely separate out the top and
bottom phases of an ATPS, particularly when extractions are carried out at speed
(as is the case in MSEs operated to a separation time). As such, systems were
operated using a ‘waste’ and an ‘extract’ phase. This allows the operational phases

to consist of an amount of each phase and is demonstrated in Figure 3.1.

3.2.6 Single Protein Analysis

For systems with a single protein in them, analysis could be carried out using a
UV-vis spectrophotometer because of the proteins pigment (haemoglobin) or the
quantities at which it was used (lysozyme). To determine protein concentration, cal-
ibration curves at the appropriate wavelengths were constructed. Lysozyme curves
were constructed at 280 nm and haemoglobin at 405 nm.

As for these systems, only a single protein was being considered which absorbs
strongly at 405 nm due to its pigment or at 280 nm, Beers’ Law dictates that a
correlation between its absorbance and known concentration could be used. Beers’
Law is defined as (Swinehart, 1962):

A =elC (3.1)

where A is absorbance, e is molar absorptivity (L/gem), [ is the path length
(ecm), and C' is the concentration (g/L) of the solution.

To construct a calibration curve samples were measured against suitable blanks;
these were made up of the same concentration of phase forming components or

deionised water. Samples with the phase forming components were spiked with
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varying volumes of protein stocks of known concentrations. The sample’s UV-vis
absorption spectra were recorded using a VWR 6300PC Double Beam Spectropho-
tometer calibrated between 190-900 nm.

Calibrations of haemoglobin in the haemoglobin case study system were required
in both equilibrium curves and MSE phases. This was because different dilution
rates were used between top and bottom phase analysis of the equilibrium curves
and extract and waste phase analysis of the MSE. In the top and bottom phases,
500 pL samples were diluted by 750 pL of deionised water. In the extract and
waste phases, 6560 pL samples were diluted with 650 pL of deionised water. These
lower dilutions were used in the extract and waste phase analysis because very low
concentrations of protein were seen in some samples.

The calibration curve for the haemoglobin screening systems (shown in Table
3.1) was conducted in water. To be completely accurate, calibration curves should
be carried out against each system; however, as this would be very time consuming
and only a rough estimate of system behaviour was needed at this stage, it was
deemed unnecessary.

The calibration curve for lysozyme was also carried out in deionised water at 280

nm as a lower degree of accuracy was acceptable.

All experimentation was carried out in triplicate and errors were calculated using

error propagation with 95% confidence intervals.

3.2.7 Phycocyanin Data Analysis

For systems with multiple proteins in it, different analysis was carried out. In this
study, multi-protein mixtures were made up of the phycocyanins: C-phycocyanin,
allophycocyanin and phycoerythrin. These proteins have been widely studied and
have been shown to have distinctive fingerprints under UV-vis analysis. These have
lead to a standardised analytical technique for phycocyanin quantification deter-
mined by Bennett and Bogorad (1973).

Analysis of protein concentration was carried out using a VWR, 6300PC Double
Beam Spectrophotometer calibrated between 190-900 nm. Blanks were made up of
the same concentrations of the phase forming components for each sample. The
widely used method to analyse C-phycocyanin devised by Bennett and Bogorad
(1973) is carried out as follows.

To obtain C-phycocyanin concentration:

Agrs — 0.474A
Cope = 2615 — 652 (3.2)
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To obtain A-PC concentration:

Agsa — 0.2084
Cupo = 2652 — 615 (3.3)

To obtain PE concentration:

A —0.241 —0.84
Cppy = 22562 0 chzgg 0.849C 4 _pc (3.4)

where Ay, is absorbance at wavelength WL nm.

A common method to determine the purity of C-phycocyanin is to use the 620
nm to 280 nm absorbance peak ratio shown in equation 3.5. Generally, a ratio >0.7
is considered food grade, >3.9 is considered reagent grade and >4.0 is considered
analytical grade (Kuddus et al., 2015).

A280Peak

This method was adjusted slightly to account for the high phase viscosity leading
to inaccuracies of pipetting in ATPE. The top PEG-rich phase of ATPS is highly
viscous, particularly with higher MW PEG like that being used in these studies. As
a result, studies of ATPS are often carried out by percentage weight (% w/w) as the
use of volume can be inaccurate. As such, calibrations of each of the protein stocks
of C-phycocyanin in each of the phases of the case study ATPS were determined,
these are shown in appendices in Chapter 7.2. It was unknown if there would be
a significant difference in the calibration curves of systems operated under gravity
or through the use of a centrifuge, so calibration curves were carried out for each.
All protein absorbs strongly around 280 nm, and the blue pigment phycobiliproteins
absorb strongly at 562 nm, 615 nm and 652 nm under UV-vis light (Bennett and
Bogorad, 1973). As a result, calibration curves were all constructed around these

points.

For the calibration curves for C-phycocyanin, the blanks were made up in the
same way as the stock solutions of the extract and waste phases for the C-phycocyanin
case study MSEs. For this, 2 g ATPS were made up as described in section 3.2.3.
The system representing gravity operation was allowed to separate for 6 minutes
because the system took 5 minutes for a clear horizontal interface to form. Systems
representing the centrifuge operation were centrifuged at 2000 g for 10 minutes at
20 °C in a Sigma 4K15 Laboratory centrifuge. A 370 pL volume of the top (extract)
phase was extracted using a micro-pipette. The rest of the system was vigorously
shaken for 30 seconds and a 500 pL sample of the ‘waste’ phase was taken. These

samples were then stored in 1.5 mL tubes of a known weight. The sample weight was
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recorded before a dilution of 500 pL. and 300 pL. with deionised water for the extract
and waste phases, respectively. The dilution weight was recorded. The samples were
then centrifuged at 9000 g for 10 minutes at 20 °C. This was done to ensure a sample
with no phase separation occurring was achieved before analysis (Albertsson, 1986).
These samples were then spiked with a known volume of the C-phycocyanin stocks
and mixed using a vortex as well as inversion for at least 30 seconds. Sample UV-vis
absorption spectra were then recorded between 190 nm and 900 nm using a VWR
6300PC Double Beam Spectrophotometer.

For the PEG-rich phase extract phases in the MSE, the calibration curves of
C-phycocyanin (at 280 nm, 562 nm, 625 nm, found that there was a factor of 1.14
difference between that and the salt-rich phase which was accounted for in calcula-

tions using equations 3.2, 3.3 and 3.4.

All experimentation was carried out in triplicate and errors were calculated using

error propagation and error bars are shown to 95% confidence intervals.

3.2.8 Screening

Several systems were screened in order to select a suitable extraction process for
haemoglobin. Kan and Lee (1994) showed that potassium phosphate (pH 8.0)- PEG
1500 systems were suitable for the extraction of haemoglobin. As a result, a range
of systems with different concentrations of PEG 1500 and potassium phosphate pH
8.0 were screened; concentrations of systems screened are shown in Table 3.1 under
Haemoglobin Screening A-L. 1.5 g systems were made up to the required concen-
trations of phase forming components in 2 mL centrifuge tubes. Each system was
spiked with 100 pL of 30 mg/mL haemoglobin stock. The systems were then thor-
oughly mixed for 30 seconds through vigorous shaking and inversion. To separate
the phases, the systems were then centrifuged at 800 g for 30 minutes to ensure that
phases had reached equilibrium. Approximate partitioning volumes were then mea-
sured and recorded using the graduations on the centrifuge tube. 500 pL samples
of the top and bottom phase were taken carefully using a micro-pipette, ensuring
that phases and material at the horizontal interface were not disturbed. The sample
weight was recorded. Samples were then diluted by 750 pL of deionised water, the
dilution weight was recorded. Samples were then vortexed for 30 seconds to ensure
that the samples were forming a single phase. Using the absorbance of the samples
at 405 nm, the haemoglobin concentration of samples were then estimated through

the use of standard curves constructed in water, as described earlier in Section 3.2.6.
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3.2.9 Selection of Single Model Contaminant

A different model contaminant, lysozyme, was evaluated in Chapter 5 for the case
study C-phycocyanin system. Lysozyme was expected to partition rapidly into the
bottom phase of this system as it has a very high isoelectric point of pH 11.35 (Sigma-
Aldrich), and had an advantage over allophycocyanin as a contaminant as it could
be evaluated separately from C-phycocyanin and, therefore, at higher concentrations

than with allophycocyanin.

3.2.10 Equilibrium Curves

Equilibrium curves were used to determine the behaviour of protein in a given case
study ATPSs across a range of protein concentrations. This curve was used in the
modelling to determine partitioning.

For C-phycocyanin in the C-phycocyanin case study system (defined in Table
3.1), 2 g systems were made up as described in section 3.2.3. The ATPS were then
spiked with a known volume of the C-phycocyanin stock 1. Systems were shaken
vigorously through inversion for 30 seconds before centrifugation at 2000 g for 10
minutes at 20 °C. A 350 pL sample of the top phase and a 900 pL sample of the
bottom phase was carefully extracted and stored in a tube of a known weight. The
weight of the sample was then recorded before dilution with deionised water; the
top phase was diluted by 1 mL and the bottom phase by 400 puL. At very high C-
phycocyanin concentrations, the samples were diluted by a larger (known) amount
to keep the C-phycocyanin concentration within the appropriate range for UV-vis
analysis. These samples did not need adjustment for a PEG phase due to the large
dilution. The samples were then centrifuged again at 9000 g for 10 minutes at 20
°C; dilutions and centrifugation was carried out to ensure that the sample was a
single phase that was suitable for analysis. Analysis was carried out as discussed in
section 3.2.7. This was repeated in triplicate. C-phycocyanin stock 1 was used in
the C-phycocyanin equilibrium curve as this stock was used in the MSE modelling.
The allophycocyanin concentration was accounted for using the equations described
in 3.2.7. A curve for lysozyme was constructed in the C-phycocyanin case study
system using the same methods as used with C-phycocyanin described above only
using UV-vis analysis at 280 nm.

An equilibrium curve for haemoglobin was constructed in the haemoglobin case
study system. For this equilibrium curve, the system was made up as described in
Section 3.2.3 which was then spiked with a known volume of 10 mg/mI haemoglobin
stock up to 10% of the total system volume. Systems were then thoroughly mixed

for 30 seconds by inversion. To separate the phases, systems were then centrifuged
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at 800 g for 30 minutes. A 300 pL sample of the top phase and a 500 pL sample of
the bottom phase was taken from each system, being careful to not disturb material
at the horizontal interface of the system. The top phase was then diluted by 900 pL
of deionised water and the bottom phase sample was diluted by 700 pL of deionised
water. Samples were then thoroughly mixed through inversion and shaking for 30
seconds before UV-vis analysis. Phase concentrations were calculated using the Beer-
Lambert Law, calibration curves and dilution factors. The amount of haemoglobin
in the horizontal interface of the sample was determined by mass balance of protein

in the top, bottom phase, and total amount.

All experimentation was carried out in triplicate and errors were calculated using

error propagation with 95% confidence intervals.

3.2.11 Volume Curves

For the haemoglobin extraction, a significant amount of material partitioned into
the horizontal interface in such a way that a measurable third phase formed at
the horizontal interface. As a consequence, a curve for the volume of the material
at the horizontal interface vs. the total protein concentration in the system was
constructed. For this, 6 mL of the haemoglobin case study system was made up
and spiked with the 10 mg/mL haemoglobin up to 10% of the total system volume.
Systems were then allowed to separate overnight to equilibrium. Phase heights of the
top, bottom, and horizontal interface of the system were determined using a digital
micrometer. The internal diameter of the falcon tube was then used to determine

phase volumes.

Volume curves were not necessary for C-phycocyanin or lysozyme as the visual

build up was not large enough (<1 mm height).

All experimentation was carried out in triplicate and errors were calculated using

error propagation with 95% confidence intervals.

3.2.12 Single-stage ATPE

Single-stage extractions of C-phycocyanin in the C-phycocyanin case study system
were carried out in the same way as described in section 3.2.7 for each of the C-
phycocyanin feed stocks as operated through separation with a centrifuge. Samples
were taken of the top and bottom phase. The extract and waste phase concentrations

were calculated via mass balance. Each was carried out in triplicate.
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3.2.13 Multi-stage ATPE

For the MSEs of C-phycocyanin in the C-phycocyanin case study system, each stage
was carried out at 1.464 mL scale in 2 mL epindorff centrifuge tubes; the horizontal
interface was determined to be at 69.2% of the total system height. The extract
phase consisted of 370 pL of the top phase, while the remaining 80 puL. and all of the
bottom phase made up the waste phase (1014 pL). While the stock solutions were
made up using weight, the extract and waste phases were calculated by volume as
speed made this a necessity for the gravity operated extractions and consistency was
required across the extractions. For the extractions, stock solutions of the extract
and waste phase of the C-phycocyanin case study systems were made up. This was
done for both types of operation.

For a system operated through the use of a centrifuge, larger volumes (ca. 50
g) of the case study ATPS were made up and allowed to separate overnight. The
required volume of the extract phase calculated using the system density was then
extracted from the system and stored as the ‘centrifuge extract phase stock’; the
remaining system was stored as the ‘centrifuge waste phase stock’. For the gravity-
operated stocks, systems were made up to the same height as the MSEs.

The extract volume (calculated from the system phase densities and total system
weight) was taken from the system after being allowed to separate for 6 minutes
and stored as the ‘gravity extract phase stock’. The remaining was kept as the
‘gravity waste phase stock’. It was found that if the centrifuge-operated stocks were
used for the gravity-operated MSEs, the phase volumes shifted across the multi-
stage systems; this is likely because gravity-operated systems are still separating
whereas centrifuge-operated systems were not. Both of the waste phase stocks and
the gravity-operated extract stocks formed two-phase systems. As a result, when
using these stocks, systems were continuously mixed using a magnetic stirrer. This
is only suitable for systems which separate extremely slowly, as is the case here.

Multi-stage ATPE were carried out in a counter-current formation; schematics
of those used in this thesis are depicted in Figures 3.2, 3.3 and 3.4. Stages be-
tween the extract and feed remove contaminants and stages between the waste and
feed improve target recovery. As there was allophycocyanin in both C-phycocyanin
stock 1 and 2 feeds, a five-stage extraction with the protein feed in stage three was
carried out. As the C-phycocyanin case study system was designed to remove al-
lophycocyanin and there was no allophycocyanin in C-phycocyanin stock 3, only a
three-stage extraction was carried out with the protein feed in stage one with the
waste phase feed was carried out. Each extraction was tested both under centrifuge
and gravity separation. Systems were made up using the waste and extract stocks

for each respective type of operation by volume. Each system was inverted and
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thoroughly mixed for 30 seconds. For the centrifuge operation, the separation was
carried out at 2000 g for 10 minutes at 20 °C. For the gravity separation, the indi-
vidual systems were measured to take 5 minutes to form a horizontal interface at
the height operated; as a result, the systems were allowed to separate for 6 minutes
to allow for any variation after addition of protein and to ensure that systems had
reached ‘equilibrium’. The systems were run for 13 + runs until the extract and
waste UV-vis spectra stopped changing and steady-state was reached. Runs are the
number of phase changeovers performed between the stages. At this point, 500 pL
of the waste phase and 370 nL of the extract phases of each stage were collected and
stored in 2 mL centrifuge tubes of a known weight. The weight of the sample was
recorded before the sample was diluted by a 500 uL and 300 pL of deionised water
for the extract and waste phases, respectively. The sample was then centrifuged
again at 9000 g for 10 minutes at 20 °C to ensure that the sample was a single phase

system suitable for UV-vis analysis.

For validation of the model using C-phycocyanin, the five stage extraction with
the feed at stage three using the liquid dye containing C-phycocyanin from the
previous chapter was used. The extractions were carried out using a centrifuge-
operated separation. A second four-stage extraction, with the feed at stage one
using the same C-phycocyanin source was carried out using the same methods for

model validation.

For the haemoglobin MSEs in the haemoglobin case study system, large volumes
(ca. 15 mL) of the haemoglobin case study system were made up, thoroughly mixed,
and allowed to separate over night until equilibrium was reached. The top and bot-
tom phases were then collected using a hypodermic needle, avoiding the horizontal
interface, and stored as top and bottom phase stocks. The horizontal interface had
been determined to be at 52% of the of the total system volume in section 3.2.11.
Systems in the MSE were made up to be 1.5 mL; the extract consisted of 650 uL of
the top phase and the waste phase consisted of 780 uL of the bottom phase and 70
nL of the top phase. 54.6 pL of 10 mg/mL haemoglobin was added to the MSE at
stage one with the waste phase. The extraction was carried out in a counter-current
formation. Systems were shaken vigorously and allowed to separate until equilib-
rium. After 15 runs, the waste and extract phases were collected for each stage and

analysed using a UV-vis spectrophotometer at 405 nm.

All experimentation was carried out in triplicate and errors were calculated using

error propagation with 95% confidence intervals.
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Figure 3.2: A schematic to illustrate a three stage counter-current ATPE with a
feed at stage one
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Figure 3.3: A schematic to illustrate a four stage counter-current ATPE with a feed
at stage one
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Figure 3.4: A schematic to illustrate a five stage counter-current ATPE with a feed
at stage three

3.2.14 Conventional Dispersion Height Diagrams

For the dispersion height measurements for the kinetics studies, the C-phycocyanin
case study system and the kinetics systems A-D shown in Table 3.1 were made
up in a graduated cylinder with a flat bottom which could be sealed. To mix
the system, systems were thoroughly shaken and inverted for 30 seconds before
observation of the phase separation. A measurement of the total system height was
then taken for time point 0 using the cylinder graduations. Systems were allowed to
separate and measurements of the dispersion height and settling fronts were taken
by eye using cylinder graduations at various time points until the separation was
considered complete. The separation was considered complete when a distinct and
flat horizontal interface formed between the top and bottom phase.

All experimentation was carried out in triplicate and errors were calculated using

error propagation with 95% confidence intervals.

3.2.15 UV-vis Analysis at 555 nm

For the turbidity measurements for the kinetics studies, 3.5 mL of an ATPS was
made up in a quartz cuvette with a 1 cm path length. Systems were then mixed
through shaking and inversion for 30 seconds. Systems were then allowed to separate
under gravity and measurements were taken periodically using a Jenway 6305 UV-vis
Spectrophotometer. A blank of deionised water was used for these measurements.
The measurements were taken at 555 nm through the bottom, continuous phases of

each of the systems. The dispersion height experimentation determined that all the
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systems had continuous bottom phases. Each reading was carried out in triplicate.
In this experiment, the C-phycocyanin case study system and the kinetics systems
A-D shown in Table 3.1 were tested.

All experimentation was carried out in triplicate and errors were calculated using

error propagation and error bars are shown to 95% confidence intervals.

3.2.16 Microscopic Observation

The kinetics of the phase separation of the C-phycocyanin case study system were
tested in more detail than the kinetics systems A-D shown in Table 3.1. For this
experimentation, the separation of the C-phycocyanin case study system was ob-
served using a Nikon microscope with a Nikon plan fluor 20x magnification lens.
The C-phycocyanin case study system was pipetted into a quartz cuvette with a 1
mm path length. This cuvette had been modified with a hydrophobic coating to
reduce the amount of PEG interacting with the sides of the cuvette. The systems
were mixed by vigorously shaking and inverting the cuvette for 30 seconds. Images
and videos were taken periodically throughout the experimentation. For scaling of
the images, a transmission electron microscopy grid was used; in this, one square
was the equivalent of 63.5 pm. Scales were then implemented by hand using the
software Image J (Schneider et al., 2012).

For the experimentation, images were taken of the top phase, bottom phase, and
horizontal interface of the system. Different volumes of the system were required to
get images of the different phases. For the experiments observing the bottom phase,
350 pL of the system was pipetted into the cuvette before thorough mixing; this was
the same height as in the C-phycocyanin kinetics study and UV-vis analysis at 555
nm. The case study system was then observed at approximately 30% of the total
system height. For the top phase, 350 pL of the system was used and the system was
observed at approximately 88% of the total system height. For the experimentation
observing the horizontal interface, 275 pLi of the system was used and the system
was observed at approximately 69% of the total system height. A smaller system
was used to make the horizontal interface easier to follow with the camera.

Systems were not made up in the cuvette as it would be very difficult to make
them up accurately by weight within a cuvette with a 1 mm path length at a volume
of <350 L. Instead, for this experiment, larger stock systems were made up to the
required C-phycocyanin case study system concentrations and stored. Samples of
this stock solution were then taken for microscopic observation after vigorous shaking

and inversion for at least 30 seconds.

All experimentation was carried out in triplicate.
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3.2.17 Protein Kinetics

The phase separation of C-phycocyanin case study system was evaluated by spiking
the system with C-phycocyanin and evaluating the amount of C-phycocyanin in
each of the phases at periodic time points. Systems were made up to 1.5 g (1.464
mL) in 2 mL centrifuge tubes and spiked with 50 uL of C-phycocyanin. Systems
were then vigorously shaken and inverted for 30 seconds to mix the system and
then allowed to separate under gravity. Each system was allowed to separate for
a different length of time, ranging from immediately after the horizontal interface
formation to 24 hours after the separation began. For each sample, 200 uL of the
top phase and 500 pL of the bottom phase was extracted using a pipette being
careful not to disturb material at the horizontal interface. Samples were stored in
1.5 mL centrifuge tubes of a known weight and the sample weight was recorded. Top
phase samples were then diluted by 800 pl. and bottom phase samples by 450 pL
samples with deionised water; the diluted sample weights were then recorded. The
samples were then centrifuged at 9000 g for 10 minutes at 20°C to ensure that the
sample was a single phase sample which could undergo UV-vis analysis. Analysis of

C-phycocyanin concentration was then carried out as before in Section 3.2.7.

3.2.18 Error Calculations

The standard deviation, SD, of a measurement, m, was calculated from repeats of

that data point, 7, and the total number of repeats in the experiment, j:

SD — (w (3.6)

J
Experimental errors in values calculated from multiple samples, 1 to s, were
calculated via error propagation (Harvard, 2007). The standard deviation of a cal-

culated value, Z, SD, of added or subtracted sample measurements, m, can be
defined as:

SD, =1\/(SDy)> + (SDy)> +...(SD,)” (3.7)

For multiplication or division:

SD, = Z\/(S’%)2 + (D22, (SDsy: (3.8)

mq my mg
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3.3 Computational Methods

This thesis uses single-stage data (equilibrium volume curves) to describe multi-stage
ATPE. Two different models are compared in this thesis: a Liquid-Liquid (LL)
distribution model, and a Liquid-Interface-Liquid (LIL) distribution model. The
LL distribution model assumes that partitioning only occurs between the top and
bottom phases of a system and, the LIL distribution model assumes that distribution
occurs between three regions of the system (the top, bottom, and the horizontal
interface). Both models use single-stage equilibrium data to determine the behaviour
of a protein over multi-stage ATPE.

The model(s) assume the following:

1. The phases are immiscible

2. The process is isothermal

3. Perfect phase mixing was achieved
4. Phases were operated to equilibrium

5. Partitioning assumed to be only a result of phase forming materials and that

other proteins added to the mixture did not impact phase partitioning

6. The interface was flat

The first assumption states that the phases were immiscible. Phases are semi-
miscible with some salt partitioning into the PEG-rich phase and some PEG par-
titioning into the salt-rich phase. This is a common assumption in ATPE, and is
valid as the protein curves are constructed in ATPS used for the MSE. It should be
noted that robust systems should be chosen so that small shifts in composition do
not result in large systems changes and therefore partitioning. Systems which are
very close to the critical point of the binodal curve could generate more model error
as they are prone to large partitioning changes as a result of very small temperature
or concentration changes (de Belval et al., 1998).

The process is also considered to be isothermal so an energy balance is not used
(Mistry et al., 1996; Rosa et al., 2009b,a). System components do not react with
each other so a constant temperature should be maintained. Temperature changes
within the system (either from a reaction or heating or cooling the system) would
alter phase partitioning and contribute to model error.

It was assumed that perfect mixing was achieved at each stage. This is valid
as the interfacial tension in ATPS is very low meaning that an equilibrium point

between globule break and coalescence is easily reached (Kaul et al., 1995).
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The phases are also considered to have reached equilibrium. The point at which
phase equilibrium is reached in ATPS is a major topic within this thesis. It is shown
that this is valid for systems which have been operated to the point of clear, non-
turbid phases. This can be achieved by allowing a system to separate overnight in
a temperature-controlled environment, or more quickly in a temperature controlled
centrifuge. This thesis shows that should a system simply be operated to a clear
horizontal interface the model will not be valid as protein is still moving between
the phases in the system.

In ATPE, several components must be considered and can be divided into the
phase forming materials (polymer(s), salt(s) and water), and materials which are to
be partitioned (proteins, particulates, and cells). The materials to be partitioned are
split into the contaminants and target. The partitioning of the protein is assumed to
be a result of the phase forming materials. The concentration of the phase forming
components and the phase volumes are assumed to be constant across the system
(Rosa et al., 2009b,a). It is likely that in systems with multiple proteins at high
concentrations, partitioning is being altered away from the constructed partitioning
curves. This is likely mostly true at, or close to protein concentrations where a
phase is becoming saturated. At this point, a protein may not be able to partition
into its favoured phase and will partition into another phase or precipitate into the
interface or to the bottom of the flask.

It was lastly assumed that the horizontal interface was flat. An interface will be
curved; however, this would be difficult to accurately account for and the very small
changes in the phase volume will not generate huge errors. Upon scale-up the error
may be large enough to consider accounting for.

For the multi-stage distribution, if V' is the phase volume (mL), x is the phase
which protein is being moved from, y is the phase protein is being moved to and N

is the total number of stages, the mass balance is described by:

V;cC:Jc,O + V;;Cy,NJrl = V:vcz,N + VyC 1 (3'9)

Likewise, material balances for stage n can be written as:

V:ccx,n—l + VyCy,n—H = VxCx,n + VyCy,n (3.10)

Each stage at each run can then be evaluated using the equilibrium curve de-

scribing the phase separation and the stage-wise material balance:

Crop/HI)Bottom = f(equilibrium lines)
V.Z'CCC7’I’L—17T—1 + VyC 7TL+1,’I“—1 n= 17 e 7N (3'11)

VTotal

CTotal,n,r =
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where f is the function determined for the equilibrium line and r is the number
of runs performed. The equilibrium lines are determined either by a piecewise linear
function or a curve of the equilibrium points determined experimentally. In this
thesis, they are determined through curves from experimentally determined data
points. How the concentration of the extract and waste phases is determined from
the top, bottom, and horizontal interface phase concentrations depends on if the
model uses a LL or LIL distribution; this is described in the following two sections.

The number of runs, 7, is determined by the following conditions being met:

r>N (3.12)

~0.00001 < Cy , — Cyp yp— > 0.00001 (3.13)

In this chapter, the number of stages was set to the experimental stages car-
ried out in model validation. In the predicted stage design, up to 10 stages were

considered for each separation step.

3.3.1 LL Distribution

In the LL distribution model, the partitioning in each stage is determined by:

C’Bottom = kblc%otal + kaCToml (314)

C’Top = ktlc%otal + ktZCTotal (315)

The coefficients ky; (mL/mg), kye, k4 (mL/mg) and k;y were determined exper-
imentally from the equilibrium curve. The phase volumes, Vi,opn, (mL) and Vi,
(mL), were determined experimentally and remained constant regardless of protein
concentration. The extract, F, and waste, W, phases can be determined by the

following equations:

CW,n = VBottomCBottom,n + (VTop - VE)CTop,n (316)

CE,n - VE,nCTop,n (317>

There are configurations where the extract phase can consist of all of the top
phase and part of the bottom phase, and the waste phase consists of the remaining
bottom phase. These would follow the same equations as above, just with phases

reversed. The material in the horizontal interface is not considered in this model.
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3.3.2 LIL Distribution

In the LIL distribution model, the material in the horizontal interface was also
considered. The concentration, Cz; (mg/mL), of mass in the horizontal interface,
My (mg), was calculated with respect to the total system volume rather than
with respect to the volume measured at the horizontal interface. This is to avoid
potentially large errors with volume measurement being propagated through the
model. If a more accurate volume measurement of the horizontal interface could be

used, it could be calculated as a true concentration.

MHI = C'TotalVTotal - C'Bottomvaottom - CTopVTop (318)

For the haemoglobin partitioning, the horizontal interface concentration was

found to follow the following equation:

My
VTotal

= 5CTotal (319)

For the C-phycocyanin and lysozyme partitioning, the horizontal interface con-

centration was found to follow the following equation:

My

V. = ﬁlc%otal + ﬁQCTotal (320)
Total

While the volume of the phase at the horizontal interface was not used in concen-
tration calculations to avoid error propagation, it was used to determine whether the
horizontal interface material was part of the ‘extract’ or ‘waste’. It was suitable to
use for this as there was a much lower accuracy requirement. In the haemoglobin ex-
traction, larger horizontal interface regions partitioned into the extract and smaller
horizontal interface regions partitioned into the waste. Ideally, material in the hori-
zontal interface should remain in the waste phase; however, partitioning of horizon-
tal interface phase material into the extract occurs at higher protein concentrations,
i.e. larger horizontal interface volumes. The volume of the horizontal interface, Vg,
was considered as an insoluble phase at the interface boundary between the top and

bottom phase:

C V;
%Viyy = Valogio (T"“{}Jr b) (3.21)
Vir = %V 1Vrotal (3.22)

where a, b (mg/ml) and ¢ (mL/mg) were determined experimentally from the hori-

zontal interface volume data.
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It was assumed that the mass in the horizontal interface was all in the extract or
the waste phase. If the volume of the horizontal interface phase was below a thresh-
old value, Vi itical, then the horizontal interface material partitioned into the waste
phase. If the volume of the horizontal interface material was above Vio,.;1i0q then the
horizontal interface material partitioned into the extract. Vi,iica 1S dependant on
the extraction method and separation equipment used in the experimental protocol.

Vioriticar 18 defined as:

L2
VCTitical = HExtractionﬂ'Tadlus (323>

where Hg,iraction (cm) is the extraction height above the horizontal interface
and radius (cm) is the radius of the vessel used for the extraction. The waste and
extract phases for each stage, n, are defined as follows:

If VHI,n < VCritical:

CVV,n = VBottomCBottom,n + (VTop - VE)CTop,n + CHI,nVTotal (324)

CE,n = VECTop,n (325)

If VHI,n > VCTitical:

CW,n = VBottomCBottom,n + (VTop - VE)CTop,n (326>

CE,TL = VECTop,n + C'HI,nVYTotal (327)

Then, for the stage wise balance (in both distributions), Cr (mg/mL) and Cy,
(mg/mL) are substituted into equation 3.11 to determine the total concentration at
each stage. If the contaminants being evaluated, then protein is being removed from
the extract phase and x = F and y = W. If the target protein is being evaluated,

then protein is being removed from the waste phase and x = W and y = E.

3.3.3 Optimisation

The stage wise optimisation was either carried out with respect to the yield or purity
(for a single contaminant) of the system. For a set target recovery or removal, the

objective function is:

Nma.r

min )~ SyBy (3.28)
N=1
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where S is the stage-wise result, B is a binary variable, N is the number of stages
in the multi-stage process being considered, and N,,,, is the maximum number of

stages considered. This objective statement is subject to:

Nm(l(l:
> By=1 (3.29)
N=1
By €0,1 VN (3.30)
N
N=1
Sy = Recovery or Sy = Removal (3.32)

where T is the required recovery or removal (for a single contaminant) and the
stage-wise result, S, is the achieved value for the recovery (Recovery) or removal
(Removal) for 1...Ny,. stages within a process, N.

To evaluate the loss of target protein, the following equation was used:

CwoVw — Cwn Vv
Cw.oViv

Recovery = x 100 (3.33)

where Recovery is the percentage recovery of the target protein and CyyoVyy is the
amount of the target protein in the feed added to the system. In this scenario, x
would represent the waste phase and y would represent the extract phase.

To evaluate the removal of contaminants:

CenVE

Removal = x 100 (3.34)

E0VE
where Removal is the percentage removal of a contaminant protein and C (Vg
is the amount of the contaminant protein in the feed added to the system. In this

scenario, x would represent the extract phase and y would represent the waste phase.

3.3.4 Deming Regression

In this work, the variability and robustness of a model describing multi-stage ATPE
is tested. The model uses single-stage partitioning behaviour as a basis for modelling
multi-stage ATPE. The system is then optimised to predict the optimal number
of stages for a required yield or required amount of removal of contaminants. The
reliability of this result is then tested via randomising the partitioning of material at

the horizontal interface, which is the most variable part of the experimental data, and
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re-running the model and stage-wise optimisation. The variance of the coefficient £
was determined using Deming regression. Deming regression was used because it was
necessary to have both a variable x and y axis. This was because it was not possible
to determine either the total or horizontal interface protein concentration accurately
through experimentation. The Deming regression was carried out as follows (Linnet,
1990). This analysis was carried out on the LIL distribution model describing the
haemoglobin MSE; this case study system was chosen because it had the largest
amount of material partitioning into horizontal interfacehorizontal interface.

The first step was to set a value for the error ratio, A; this can be calculated
(Equation 3.38) or set. Three values for A were used as one method to test model
robustness: a calculated value from experimental data, A = 1 and A = 7. These
values gave a wide range of A s to be tested; A = 1 assumed that the y error was
equal to the x error and A = 7 and 7x larger than the x error. The calculated value
for A was determined as follows; firstly, the mean of each set of data, 6, at every

data point, 4, is calculated from repeats carried out at each data point, j:

Coi = = (3.35)

Where the total number of repeats at each data point is represented by J; and
0 is a place holder for Total (x axis) and HI (y axis). The true concentration, Cy
(mg/mL) can be related to the measured concentration Cyp (mg/mL) by the normally

distributed error €y (mg/mL) through the following equation:

Co=Cy+e (3.36)

Then variance of each data set was calculated by:

I J;
> 2. (Coij—Coy)
Var(e) = = (3.37)
S -1
=1

The constant error ratio, A between the two variances, Var(e,) and Var(e,), of
the z and y data set respectively may then be calculated by:
_ Var(ey)

A= Var(e,) (3.38)

For this process, the = data set is set as Crp;,; and the y data set is represented
by CHI'
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As it is known that the equation goes through the origin, the ‘true estimates’ of
Corotr and Clyp, for each pair of (Crotali» Crr ) measurements for haemoglobin in

the haemoglobin case study system, can be defined as:

CA’HI = BéTotal (339)

And the estimate of the slope, £, can be calculated as:

b1/
B=—g 5V +4A (3.40)

where: \
) (3.41)
p
I
U = Z C%otal,i (342)
I
q=Y Ci, (3.43)
i=1
I
= Z CTotal,iCHI,i (344)
i=1

The jackknife method was then used to calculate the standard error of 3, SF(B)
The jackknife method has been shown to be suitable for use in Deming regression
(Linnet, 1990). Firstly, to compute 3, the estimate of 3 using all available data, was
calculated. Then for ¢ = 1...1, B_i, the estimate of 3 without the data set (Crotal,is
Cpy,;) was calculated. From this data set, for 7 = 1...1, the i pseudo-variate B:

was calculated as:

B =18 —-(I-1)pb, (3.45)

The jackknife estimator, B Jackknife » 15 then computed as:

I 5«
R 3
Brackknife = E TZ (3.46)
i1

The variance of 38, Var j,ckini fe(B), can then be calculated as:

/\

2
ﬂJackkmzfe)

-1

M~

VJackknife (347)

i=1

Finally SE(B) can be calculated as:
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N \/Varjackknife(ﬁ) (3.48)

1

The confidence intervals of /3, with a 100 (1 — «)% confidence interval, can be

calculated as:
BEti_q1-25E(B) (3.49)

For each of the distributions of 5 as calculated by the three A values, 1000 random
values for 3 were generated which were then used in the model developed for the

LIL distribution to determine an optimal number of stages for a required yield.



Chapter 4

Experimental Investigations of
Multi-stage Aqueous Two-Phase

Extraction

4.1 Introduction

Aqueous Two-Phase Systems (ATPS) are a promising alternative processing option
for protein purification due to a reduced comparative cost compared with traditional
techniques (such as chromatography) and ease at which they can be operated contin-
uously. For ATPS to be used industrially, there are two major issues to be resolved:
the lack of understanding of the phase forming mechanisms, and the low resolution
achieved in a single extraction step. This chapter experimentally explores the use
of multi-stage Aqueous Two-Phase Extraction (ATPE) to improve the resolution of
the process. While multi-stage ATPEs are simple to operate, there are two opera-
tional methods which have both been explored in this chapter: operation through
though the use of a centrifuge, or under gravity. During this chapter, the extraction
of a model protein, C-phycocyanin, was explored using a case study system of 9%
w/w Polyethylene Glycol (PEG) 6000 and 12.5% w/w ammonium phosphate buffer
at pH 7.4. To evaluate the robustness and repeatability of the results, different
contaminant mixes were used.

The use of Multi-stage Extraction (MSE) has been used successfully across the
chemical processing industry with cheap and low yield processes in order to im-
prove the process performance; a key example is column distillation (Seader et al.,
2006; Richardson et al., 2002). Multi-stage operation has also been applied to both
traditional Liquid-Liquid Extraction (LLE) and ATPE with success (Seader et al.,
2006; Rosa et al., 2013). In ATPE, MSE can be utilised in two ways to improve

71
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process performance: either the extraction conditions remain the same with each ad-
ditional step removing more of the same contaminants, or the extraction conditions

are modified with each step.

Altering the system conditions with each step has multiple uses. Firstly, it has
been used to remove different contaminants at each stage. For example, Kroner
et al. (1982) used four sequential systems to extract formate dehydrogenase from
Candida boidinii homogenate. The extractions were carried out in mixer settlers and
at each step the following were removed: cell waste, nucleic acids, bulk proteins,
and finally salts and remaining proteins. Despite the number of stages, a 7T0%
yield was achieved along with technical grade purity (>70%). Secondly, MSE with
different system conditions at each step has been applied to move the target from the
PEG-rich to the salt-rich phase for ease of downstream processing in a backwashing
step. Hummel et al. (1983) carried out a larger scale two-stage ATPE of D-lactate
dehydrogenase from Lactobacillus confuses homogenate. The first step was carried
out using a PEG-salt ATPS and was designed to remove cell debris. The top PEG-
rich phase containing D-lactate dehydrogenase was then contacted with a second
salt-rich phase to back-extract the target into the salt-rich phase both for ease
of downstream processing and to further purify the product. Lastly, multi-step
extraction has been used in ‘washing’ steps, where protein remaining in the PEG-
rich phase is removed after product back-extraction, in order to recycle the more
expensive polymer phases in a PEG-salt ATPS. Rosa et al. (2013) implemented a 6+
stage process where all of these techniques were used. A multi-stage counter-current
process with the same conditions was used to remove contaminants by extracting
the target protein, Immunoglobulin G (IgG) into the PEG-rich phase. The system
conditions were then changed to back-extract the target into the salt-rich phase for
easier downstream processing. Finally, the PEG-rich phase waste from the back-
extraction was washed in order to recycle it. An 80% yield and a 99% purity of
IgG from Chinese Hamster Ovary (CHO) cell supernatant was achieved using this
approach.

For this chapter, C-phycocyanin was chosen as the target in the MSE experimen-
tation because it is a blue-pigmented protein which absorbs strongly at around 620
nm. This makes it easy to analyse with a Ultraviolet-visible (UV-vis) spectropho-
tometer. While C-phycocyanin has undergone some investigation as an ‘anti-cancer’
protein, it has most commonly been produced as a natural food colouring (Jiang
et al., 2018; Carle and Schweiggert, 2016). C-phycocyanin can still require purifi-
cation to be sold even though the purity standards of the food industry are much
lower than that of the bio-pharmaceutical industry. The purity of C-phycocyanin

is assessed by UV-vis spectroscopy where its characteristic peak absorption wave-
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Figure 4.1: Structures of phycoerythrin, C-phycocyanin and allophycocyanin as de-
picted by Sonani (2016).

length of 620 nm is compared with a general protein absorption peak at 280 nm.
The comparison of absorption between these two wavelengths then gives the purity
ratio which must be above 0.7 to be sold as a food product (Kuddus et al., 2015).
The 620 nm peak can be used to evaluate the C-phycocyanin concentration as this
blue protein absorbs strongly at this wavelength. The 280 nm peak evaluates total
protein concentration. Protein usually absorbs strongly at this wavelength because
of the presence of two aromatic amino acids, tryptophan and tyrosine, and to a
smaller extent the presence of cystine which is responsible for the disulphide bond
(Schmid, 2001).

While the purity standards are lower in the food industry, the cost of production
must also be much lower and the throughput much higher. The many advantages of
ATPE make it a viable option for processing of C-phycocyanin. These advantages
include low cost, low energy requirements (if operated using gravity), scalability,
continuous operation, and the option of recycling raw material. Seeking to use ATPE
in the food and beverage industry may also provide an opportunity to explore the
process on an industrial scale without having to compete with chromatography, as
chromatography is generally used for quality control rather than processing in the
food and beverage industry (Bio-Rad, 2020).

C-phycocyanin can be produced in cyanobacteria and is of the phycophiliprotein
family; blue-pigmented proteins in this family are made up of monomers composed
of similar a and 8 subunits. C-phycocyanin has an overall structure of (af)g. A
common contaminant found with C-phycocyanin is allophycocyanin, which has the
structure (af3)s;. The removal of allophycocyanin from C-phycocyanin is desired as
allophycocyanin pollutes the blue colouring with a blue/green. Another common
contaminant considered in this chapter is phycoerythrin, which is also a hexamer
composed of similar @ and S subunits. The purification techniques currently used
within the food and beverage industry struggle to separate these compounds from

each other.
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Alongside choosing suitable extraction conditions, the operational method of
ATPE is another parameter which must be considered. The extraction is based
upon the separation of the two phases, one of which contains the target protein and
the other contains contaminants. The separation of the phases is commonly achieved
using two different methods: phase separation through gravity, or through the use
of a centrifuge. Industrial equipment designs are based on one of the two above
separation methods. For instance, centrifugal partition columns and counter-current
chromatography columns are based on separation through centrifugal force, whereas
traditional mixer-settlers and column contactors are based on gravity settling. While
operation through centrifugal force can be achieved rapidly, it is more expensive
and has higher energy requirements than equipment based on gravity settling. In
current ATPE literature, equilibrium using gravity separation is defined as the point
at which a clear horizontal interface is formed between the two phases (Tidhar et al.,
1986). This can be achieved in under 80 seconds in fast separating systems at bench
scale, but may take as long as 12 hours in a slow separation system (Fauquex et al.,
1985; Albertsson, 1986). When operating a system using gravity, it is important
to chose systems with rapid separations at bench scale as separation time is based
upon system height and will therefore increase as systems are scaled up (Kaul et al.,
1995). System separation rate is determined by the system conditions, the most

important factor has been determined to be the phase viscosity (Kaul et al., 1995).

Systems which are separated under centrifugal force will always be operated at
or very close to equilibrium as large forces are applied. There may be some heating
of the sample upon centrifugation which may shift the equilibrium and therefore the
partitioning of the sample. Temperature-controlled centrifuges can be used in order
to mitigate this effect; however, this would increase operational costs, particularly
at scale. Large-scale systems operated under gravity are not always operated to
equilibrium. Generally, the formation of a horizontal interface is considered close
enough to equilibrium (Kaul et al., 1995). Operating close to equilibrium will mean
there are very slight changes in the system, however, it has been shown in ATPS
that slight shifts in the concentration can drastically change partitioning behaviour
(de Belval et al., 1998). Fortunately, systems where small changes can have a drastic
effect on partitioning behaviour can be predicted by the position on the binodal and
can therefore be avoided in process design (de Belval et al., 1998). These regions
are shown in Figure 4.2. Systems which can have drastic behaviour changes are
characterised by having an intermediate position on the binodal / or a position very
close to the binodal curve. Systems with an intermediate position on the binodal can
experience drastic shifts in partitioning behaviour from very small environmental

changes, and positions close to the binodal may change to a single-phase system
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Figure 4.2: A schematic of a binodal curve (represented by the solid black line)
illustrating regions which have robust ATPS.

with small environmental changes. Robust system selection in single-stage ATPS
can overcome this problem. However, small changes in a single-stage system may
accumulate across a multi-stage system. At best, this may alter separation behaviour
or shift the horizontal interface position and reduces performance; at worst, this
could result in a system which does not form two phases at extremities of a multi-

stage system.

A system which is operated under gravity is considered to be very close to equi-
librium once a distinct horizontal interface is formed. This means interchangeability
is assumed between the operational methods. Often in experimental studies, sys-
tems are separated through 10 or more minutes in a centrifuge at low spin speeds
and then left in a controlled temperature environment overnight to ensure equilib-
rium has been reached (Albertsson, 1986; Rosa et al., 2009a, 2007; de Barros et al.,
2016). In comparison, when kinetics studies are performed, the phase separation is
evaluated by eye and without protein in the system (Asenjo et al., 2002a; Kaul et al.,
1995). As a result, evaluating the differences of the operational methods on pro-
tein partitioning will provide insight into experimentation and ultimately choosing
equipment and system operational methodology upon scale up.

In this chapter, three multi-stage ATPE systems for C-phycocyanin purification
are experimentally evaluated. The guidelines established in Benavides and Rito-
Palomares (2008) were used to select a PEG and salt type for the ATPS. For this
PEG-phosphate ATPS, a binodal curve was constructed. A system was selected
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from this which is expected to be robust because of its position on the binodal. The
partitioning of C-phycocyanin in this system was then tested through the construc-
tion of an equilibrium curve. Three different C-phycocyanin stocks are then used for
the single and MSEs. The first two feeds are commercially available food products of
C-phycocyanin from Arthrospira platensis, and the third is C-phycocyanin produced
from Galdieria Sulphuraria. The MSE were carried out using gravity operation and

centrifuge operation.

4.2 Results and Discussion

4.2.1 System Selection

Within this study, a model extraction of C-phycocyanin from other protein con-
taminants present within cyanobacteria was carried out. Two contaminants which
are commonly present and easily identifiable by spectral analysis are the phyco-
biliproteins allophycocyanin and phycoerythrin. C-phycocyanin absorbs strongly at
around 620 nm, allophycocyanin at 652 nm, and phycoerythrin at 562 nm (Bennett
and Bogorad, 1973). The exact point of the 620 nm C-phycocyanin peak varies be-
tween around 610 nm and 620 nm depending on the exact structure of the protein.
C-phycocyanin in the three stocks used was found to have a peak at 615 nm. To
carry out an extraction, the first step is to decide on the system type. For a protein
extraction, both polymer-polymer and polymer-salt ATPE are suitable. However, as
polymer-salt systems are more economically favourable than polymer-polymer, the
former were used (Benavides and Rito-Palomares, 2008). The characteristics of the
target and contaminants are key considerations when choosing PEG and salt types
in system selection. Benavides and Rito-Palomares (2008) state that two charac-
teristics which are important in system selection are protein size and the isoelectric
point. Table 4.1 shows the expected characteristics of the proteins.

The isoelectric point of the target protein alongside the pH of the phase forming
salt buffer has been used in the literature to manipulate target protein partitioning
(Benavides and Rito-Palomares, 2008). When extracting a target protein, it is
generally pushed into the PEG-rich phase in a polymer-salt system. As the pH of
the system increases above a protein’s isoelectric point, the free water in the salt-rich
phase decreases. This can result in the protein favouring the PEG-rich phase. A pH
up to 4 points above the isoelectric point (so as not to push all the contaminants
into the polymer-rich phase) is considered suitable (Benavides and Rito-Palomares,
2008). Another consideration involving pH is that C-phycocyanin has been shown to
be unstable when stored in solutions below pH 5, and is generally stored in solutions

around pH 7 (Wu et al., 2016b). In terms of protein size, as the size of protein
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Table 4.1: Estimates from the literature of the isoelectric point and MW of protein
within feed stocks used in the model ATPE

Protein MW Isoelectric point  Reference
(kDa) (pH)

C-phycocyanin 242 4.65 (Anaspec, 2020b)
(Prozyme, 2019)

Allophycocyanin 90 - 121 5.1 (Ferndndez-Rojas et al., 2014)
(Bateman, 2019; Kozlowski, 2016)
(Anaspec, 2020a)
(

Orta-Ramirez et al., 2000)

Phycoerythrin 240 - 292 4.2

increases a lower Molecular Weight (MW) of PEG is required for the target protein
to readily partition into the PEG rich phase (Benavides and Rito-Palomares, 2008).
This is a result of the excluded volume theory (Grilo et al., 2016). Benavides and
Rito-Palomares (2008) state that a PEG MW of less than 4000 is generally preferred
for a protein with a MW of more than 10 kDa, whereas a PEG MW of more than
6000 is preferred for a target protein of less than 10 kDa.

From Table 4.1, it can be seen that there are differences between C-phycocyanin
and allophycocyanin which can be readily exploited in ATPE using the method
established by Benavides and Rito-Palomares (2008); both the size and isoelectric
point of the proteins are different. There is less difference between phycoerythrin
and C-phycocyanin; both proteins are of a similar size and unfortunately the isolec-
tric point of C-phycocyanin lies between that of allophycocyanin and phycoerythrin.
As this is the case, it may be difficult to isolate C-phycocyanin from both allophy-
cocyanin and phycoerythrin using the same ATPS on the salt pH of the system
alone.

A salt-phase with a pH of 7.4 was selected to push C-phycocyanin into the PEG-
rich phase as well as to stay in the pH stability range of C-phycocyanin. The three
salts used as phase forming components used in ATPE are citrate, sulphate, and
phosphate salts. Citrate and sulphate salts are generally used in systems with a
lower pH requirement, below pH 6.5, and phosphate salts are used for pH 7 or
above (Benavides and Rito-Palomares, 2008). As a result, an ammonium phosphate
buffer at pH 7.4 was chosen. A PEG MW of 6000 was chosen because it has been
previously used successfully in the literature to extract C-phycocyanin and it was
therefore known that C-phycocyanin would partition into a PEG 6000 phase (Antelo
et al., 2015). Other methods could have been used to manipulate protein partitioning
within the system; for instance, using the Tie Line Length (TLL) of the ATPS to
change either the size exclusion or hydrophobic effects of the system.

Figure 4.3 shows the binodal curve of a PEG 6000 and ammonium phosphate at
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Figure 4.3: Binodal curve of a PEG 6000 - ammonium phosphate at a pH of 7.4
ATPS. The black dots represent the point at which the system shifts from a single
phase to a two-phase system. The red cross represents the system chosen for further
case study.

pH 7.4 ATPS. The region below the black dots represent the concentrations at which
this system forms a single-phase system, and the region above represents the con-
centrations at which a two-phase system occurs. The red cross represents the system
chosen for further study. This system was chosen as it rests at a salt concentration
high enough to form a system with a continuous bottom phase, therefore having
faster separation kinetics (Kaul et al., 1995). The system is also still on the edge of
the intermediate region of the binodal curve, which are also known to have faster
phase separation kinetics as well as volume ratios which are not extremely high or
low (Salamanca et al., 1998). The system is not too close to the binodal curve, and
far enough away from a central position to represent a system which is robust. Small
concentration or condition changes should not alter the system partitioning or shift
the system to a single phase. Together, these traits make the C-phycocyanin case

study system suitable for a MSE process.
Albertsson (1971) and Andrews and Asenjo (1996) state that ATPS can expe-

rience partitioning into the horizontal interface of a system. As a result protein
partitioning into the horizontal interface is considered in this thesis. Figure 4.4
shows the partitioning of C-phycocyanin between the top, bottom, and horizontal
interface in the case study ATPS. In the majority PEG-salt systems, the top phase
is the PEG-rich phase and the bottom phase is salt-rich phase. It can be seen
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interface in the C-phycocyanin case study system.

Figure 4.5: ATPS in which material, including protein, has partitioned heavily into

the horizontal interface of the system.
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from Figure 4.4 that C-phycocyanin favours the top phase in this system which is
where the target protein should be extracted to. The relationship between the total
C-phycocyanin concentration and top phase C-phycocyanin concentration appears
linear at all concentration ranges tested. Almost no C-phycocyanin partitions into
the bottom phase within the range tested. Some protein begins to partition into
the bottom phase after a total concentration of 1.5 mg/mL of C-phycocyanin is
reached. It can also be seen that material is partitioning into the system horizon-
tal interface, even at low total system concentrations.ATPS with protein and other
materials partitioning into the interface are shown in Figure 4.5. Partitioning into
the horizontal interface is discussed in more detail in the next chapter. It should
be noted that the concentration in the horizontal interface is taken with respect to
the total volume of the system as the volume of the horizontal interface is not easily
measured accurately. The top and bottom phases are shown as a concentration of
their phase size; in this system, the top phase was shown to be 30.8% of the total
system volume, and the bottom phase was shown to be 69.2% of the total system
volume. The treatment of the horizontal interface material is discussed in the next

chapter.

4.2.2 Feed and System Characterisation

Only protein contaminants are considered in this study rather than small solutes and
particulates. Bulk protein was considered using the 280 nm peak, and the target
protein and major contaminants using 562, 615 and 652 nm peaks. To evaluate the
success of the extractions, the starting feed stocks needed to be evaluated as they had
different concentrations of C-phycocyanin, allophycocyanin, and phycoerythrin. Ta-
ble 4.2 shows the calculated concentrations of C-phycocyanin, allophycocyanin, and
phycoerythrin in each of the feed stocks, as calculated from the equations described
in Chapter 3.

The first feed evaluated in this study was a commercially available liquid food
colouring which contained C-phycocyanin from Arthrospira platensis; this stock was
termed ‘C-phycocyanin stock 1°. From Table 4.2, it can be seen that UV-vis analysis
showed that the product contained 7.29 mg/mL of C-phycocyanin along with the
highest concentrations of allophycocyanin at 2.42 mg/mL and phycoerythrin at 1.72
mg/mL.

The second feed evaluated in this study was a commercially available pow-
dered food colouring and nutritional product which contained C-phycocyanin from
Arthrospira platensis; this stock was termed ‘C-phycocyanin stock 2. When 30
mg/mL of the powder was made up in deionised water, it can be seen from Table
4.2 that this stock contained 7.30 mg/mL of C-phycocyanin, 1.15 mg/mL of allophy-
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Table 4.2: The concentration of C-phycocyanin, allophycocyanin, and phycoerythrin
protein in each of the stock solutions used in this study.

C-phycocyanin  Allophycocyanin  Phycoerythrin

Stock type mg/mL mg/mL mg/mL

C-phycocyanin stock 1 7.29 2.42 1.72
C-phycocyanin stock 2 7.30 1.15 1.16
C-phycocyanin stock 3 1.61 0 0.33

cocyanin, and 1.16 mg/mL of phycoerythrin. Similar amounts of C-phycocyanin are
seen in C-phycocyanin stocks 1 and 2; however, a lower amount of phycobiliprotein
is seen in the powder stock. As only 9.16 mg/mL of phycobiliprotein is accounted
for, there are therefore other contaminants in this feed. Other protein contaminants
will be accounted for in bulk at the 280 nm peak, but non-protein contaminants
are not. The non-protein contaminants are not considered in this chapter as it is
unlikely that a concentration of <21 mg/mL in the stock and a total concentration
of <0.45 mg/mL in the ATPS will interfere with the ATPE. Phase forming com-
ponents, which control the system behaviour are present in the case study system
at concentrations of around 115 mg/mL and 159 mg/mL of PEG and phosphate
salt buffer respectively. These components are in large excess compared with the
other contaminants in the system and both strongly influence the behaviour of water.
Therefore, these components control the system behaviour. In ATPE, particularly in
multi-stage systems, its important that systems are chosen which are robust enough

that feed variation does not strongly influence behaviour.

The last feed stock evaluated was a C-phycocyanin containing sample obtained
from a research laboratory at the University of Sheffield. This sample was made using
Galdieria which was cultured such that undetectable amounts of allophycocyanin
are expressed. This stock was termed ‘C-phycocyanin stock 3’. It should be noted
that the stock still contained the pigmented-protein phycoerythrin, but this protein
does not absorb around the 620 nm mark. As the method to manufacture the stock
was carried out in a lab, conditions varied more than that in a commercial process
and stock solutions obtained could vary in concentration. All feeds were analysed
to obtain the exact concentrations used in each experiment; however, while some
comparisons could be made between the experiments, only qualitative conclusions
could be drawn as a result of this. Generally speaking though, Table 4.2 shows that
this stock contained a much lower concentration of C-phycocyanin and phycoerythrin
than the other two stocks.
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4.2.3 Single-stage Extraction

As a comparison to the MSEs, a single-stage extraction using the same case study
system was carried out for each of the feed stocks. Table 4.3 shows the 620 / 280 nm
purity ratios of the extract phase of a single-stage ATPE compared with the feed
stocks and Figure 4.6 shows the amounts of C-phycocyanin, allophycocyanin, and
phycoerythrin in the feed stocks compared with the extract and waste phases in a
single-stage ATPE. All three extractions were carried out using a centrifuge for the

separation.

Figure 4.6 and Table 4.3 show the results for the single-stage ATPE for all three
feeds. It can be seen across all three experiments in Figure 4.6 that C-phycocyanin
consistently behaves as seen in the equilibrium curve in Figure 4.4 and favours the
top PEG-rich phase of this ATPS. It can also be seen that phycoerythrin favours
the top PEG-rich phase. This is in line with the guidelines established by Benavides
and Rito-Palomares (2008) as a result of the isoelectric point of the system being
far below that of C-phycocyanin. Allophycocyanin, as desired, is favouring the salt-
rich bottom phase, with all the allophycocyanin being detected in salt-rich phase for
both systems containing the contaminant. The successful removal of allophycocyanin
from the feeds is reflected in the 620/280 nm purity ratios shown in Table 4.3, with
both C-phycocyanin stock 1 and 2 purity ratios being improved. The C-phycocyanin
stock 1, which contains more allophycocyanin, had the greatest purity ratio increase
from 1.84 to 2.86 in a single step compared with C-phycocyanin stock 2, which had a
purity ratio increase of 2.16 to 2.7. The C-phycocyanin stock 3 also had an increase
of purity ratio from 0.81 to 1.09 despite not containing allophycocyanin, indicating
that some other bulk protein contaminant within the feed is being extracted into

the bottom phase.

While the purity ratio was increased in all three single-stage extractions, it can
be seen from Table 4.3 that a major drawback is that a large proportion of C-
phycocyanin is being lost. While Figure 4.4 shows that the partitioning of the system
is such that C-phycocyanin overwhelmingly favours the top phase, it is difficult in
practice to operate a system with complete separation of the phases. As a result,
either some of the bottom phase is retained in the extract of some of the top phase
in the waste. Generally speaking, bottom phase in the extract results in a lower
purity and top phase in the waste results in a lower yield. In this system, the latter
is true, with 80 out of 450 pL of the top phase remaining in the waste phase. This
has resulted in a 24.3%, 24.1% and 31.4% loss of C-phycocyanin in the waste phase

in the systems containing the C-phycocyanin stocks 1, 2 and 3, respectively.
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Table 4.3: The 620 to 280 nm purity ratio of each of the feed stocks and extract phase
of a single-stage C-phycocyanin case study system as operated under centrifuge-
operation.

Purity ratio

Stock type Feed Single-stage extract C-phycocyanin loss
C-phycocyanin stock 1 1.84 2.86 24.3%
C-phycocyanin stock 2 2.16 2.70 24.1%
C-phycocyanin stock 3 0.81 1.09 31.4%
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Figure 4.7: A schematic to illustrate the multi-stage extraction set-up.

4.2.4 C-phycocyanin Stock 1 MSE

The first MSE carried out was a five-stage counter-current ATPE with the case study
system with C-phycocyanin stock 1 feedstock added at stage three. An example
set-up is illustrated in Figure 4.7. In this extraction, the aim was to partition C-
phycocyanin into the top phase and the contaminants into the waste phase. Stages
to the left of the feed were used to improve the purity, and to the right were used to
improve the yield. The extraction was carried out both with the use of a centrifuge
and with a gravity separation using the same feed stocks. The results for this MSE
are shown in Table 4.4 and in Figures 4.8 and 4.9.

Firstly, it can be seen that the overall purity ratio was improved from 1.84 in
the feedstock to 2.98 in a MSE operated with a centrifuge and 2.35 with a MSE
operated through the use of gravity. This is shown in Figure 4.8 in which the purity
ratios for the extracts out of the MSE are different, with the 620 nm peaks shown
to be very similar. However, the 280 nm peak for the centrifuge operation is much
lower than that of the gravity operation peak. When comparing both extracts with

the feed, the purity ratio has been improved for both, with the 280 nm peak of the



4.2 Results and Discussion 85

Table 4.4: The purity ratio of each of the C-phycocyanin stock 1 feed and extract
phases of a five-stage C-phycocyanin case study system with a feed at stage three
as operated with a centrifuge and gravity.

Stage Purity ratio
Centrifuge-operation Gravity-operation

C-phycocyanin stock 1 1.84 £0.09

Stage 1 2.98 +£0.15 2.35 +0.15
Stage 2 2.71 £0.14 2.37 £0.14
Stage 3 2.47 +0.09 2.24 +0.09
Stage 4 2.09 +0.08 2.10 +0.08
Stage 5 1.71 +0.27 1.87 +0.27

feed above that of both the extracts and the 620 nm peak below that of the extracts,
showing that the purification was successful. The shoulder at 652 nm seen in the
feed has been removed in the extract spectra and the waste stream spectra shows
a very pronounced hump at 652 nm, indicating that allophycocyanin is leaving in
the waste stream. When comparing both the MSEs with the single-stage extraction,
the centrifuge-operated MSE just outperformed the single-stage extraction in terms
of purity, which had an extract purity of 2.86, but the gravity operated MSE did
not. This is likely because the gravity operated separation was still undergoing

separation.

Between the feed and waste exit, the amount of C-phycocyanin is reduced in
both stages at each step, therefore increasing the yield of the system. Between the
extract exit point and the feed, there is a dilution of the C-phycocyanin. This trend
is also observed in the behaviour of phycoerythrin which also partitions into the
top phase. However, there was no dilution effect observed with allophycocyanin in
the waste phases between the feed and the waste exit. This was because the waste
phase contains the entirety of the bottom phase and allophycocyanin overwhelmingly

favours the bottom phase.

From Figures 4.9a and b, it can be seen that the MSEs lost 19.4% and 21.1%
of the target protein to the waste in the centrifuge operated and gravity operated
ATPE, respectively. The centrifuge-operated system marginally outperformed the
gravity operated system, and both were only a marginal improvement over the single-

stage extraction which was unexpected.

When looking at the final stage in Figures 4.9a and b, it can be seen that the
partitioning of C-phycocyanin between the two phases seems to have altered. In
this final step, there is around the same amount of C-phycocyanin in the waste
phase as in the extract phase for both types of operation. This could be for three

reasons; firstly, the system conditions could have been altered in the MSE enough
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Figure 4.8: UV-vis spectra of the extract, waste and feed of a C-phycocyanin case
study five-stage counter-current ATPS. System was spiked with C-phycocyanin stock
1 in stage three. As operated using gravity and centrifuge separation.

to shift the partitioning conditions. This is unlikely as no shift in the position of the
horizontal interface was observed in these systems. Secondly, a contaminant could
be collecting in the bottom phase of the ATPE and is at its highest concentration at
stage five, at which point it is at a high enough concentration to shift the partitioning
conditions for other proteins in the system. Lastly, a small amount of protein could
have become precipitated in the horizontal interface at each step which could not
redissolve under the conditions used in the MSE (Albertsson, 1971). This would be
more likely to happen in a system operated with a centrifuge and at high protein
concentrations as both of these would force protein into the horizontal interface.
If protein precipitates in the horizontal interface, it would build up over each step
and be seen most prevalently at stage five where the waste phase containing the
horizontal interface exits the MSE. Once the phases were extracted for analysis at
the end of the experiment, the protein in the horizontal interface would be more
likely to redissolve once phases were diluted for analysis and re-shaken. The protein
that was able to redissolve under these new conditions would then be able to be

detected with UV-vis analysis.

Figure 4.9 shows there is more C-phycocyanin and phycoerythrin measured in
the waste of the system operated through gravity settling than the system operated
through the use of a centrifuge in stages two and three. Despite this, the centrifuge

operation only had a marginal overall improvement of yield which was within error.
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Figure 4.9: Amount of C-phycocyanin (C-PC), allophycocyanin (A-PC) and phyco-
erythrin (PE) in the extract and waste phases of each stage of a C-phycocyanin case
study five-stage counter-current ATPS. The system was spiked with C-phycocyanin
stock 1 in stage three. As operated using gravity separation and centrifuge opera-

tion.
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Figure 4.9 shows that there is some allophycocyanin observed in the extract phase
when the system is operated with a gravity separation, whereas with a system op-
erated with a centrifuge does not have any allophycocyanin in the extract phases
of stage one and two. It was not expected that allophycocyanin would be found in
the extract phases of the experimental MSE, as there are very low concentrations
of allophycocyanin in the system, and other data shown in the equilibrium curves
and single-stage extractions all show allophycocyanin partitioning into the bottom
phase. It is possible the partitioning of the system changed for the reasons discussed
above. Another option is that it was observed that the systems operated under grav-
ity were still cloudy, despite the formation of the horizontal interface, whereas the
centrifuged systems were clear. It is possible that small globules of the bottom phase
were still moving out of the top phase, taking allophycocyanin with them. This is
discussed more in Chapter 6. This behaviour was reflected in the purity ratio and
the purity ratio was shown to be better in the centrifuge-operated system than the

gravity-operated system.

4.2.5 C-phycocyanin Stock 2 MSE

The next MSE which was carried out was a five-stage counter-current ATPE with
the case study system with C-phycocyanin stock 2 feedstock added at stage three.
In this extraction, the aim was to partition C-phycocyanin into the top phase and
allophycocyanin into the waste phase. Stages to the left of the feed were used to
improve the purity, and stages to the right of the feed were used to improve the
yield. The extraction was carried out both with the use of a centrifuge and with
gravity separation. The results for this MSE are shown in Table 4.5 and Figures
4.10 and 4.11.

It can be seen that the purity ratio was improved from 2.16 in the feedstock
to 2.7 in a single-stage extraction, 2.65 in a MSE operated with a centrifuge, and
2.5 with a MSE operated through the use of gravity. The loss of C-phycocyanin
was 24.1% in a single-stage system, 6.7% in a multi-stage system operated with a
centrifuge, and 16.5% in a multi-stage system when operated through gravity.

The behaviour of C-phycocyanin follows the same general trend across the stages
for both system operations. Between the feed and the waste exit, the amount of C-
phycocyanin is reduced in both stages at each step, therefore increasing the yield of
the system. However, between the feed and the extract exit, there is still a dilution
of the C-phycocyanin. The amount of allophycocyanin is reduced in the extract
phase between the feed and the extract exit, thereby increasing the system purity,
and is not diluted between the feed point and waste exit point; this can also be seen
in the C-phycocyanin stock 1 MSE.
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Figure 4.10: Amount of C-phycocyanin (C-PC), allophycocyanin (A-PC), and phy-
coerythrin (PE) in the extract and waste phases of each stage of a C-phycocyanin
case study system five-stage counter-current ATPE. System was spiked with C-
phycocyanin stock 2 in stage three. As operated using gravity separation and cen-

trifuge operation.
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Table 4.5: The purity ratio of each of the C-phycocyanin stock 2 feed and extract
phases of a five-stage C-phycocyanin case study system with a feed at stage three
as operated under centrifuge-operation and gravity.

Stage Purity ratio
Centrifuge-operation Gravity-Operation
C-phycocyanin stock 2 2.16 £0.15
Stage 1 2.65 +0.10 2.50 +0.04
Stage 2 2.40 +0.03 2.37 £0.04
Stage 3 2.23 +0.04 2.21 +0.11
Stage 4 1.86 £0.11 2.14 +0.07
Stage 5 1.23 £0.15 1.80 £0.34
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Figure 4.11: UV-vis spectra of the extract, waste and feed of a C-phycocyanin case
study five-stage counter-current ATPS. System was spiked with C-phycocyanin stock
2 in stage three. As operated using gravity separation and centrifuge separation.
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The spectra analysis shown in Figure 4.11 shows the same patterns as seen
in the C-phycocyanin stock 1 MSE. Not only is the purity ratio better for the
centrifuge operation, but the 652 nm peak in the feed is removed in the extract and
is pronounced in the waste feed. The purity ratio of the system was improved over
that of the feed but was not improved compared with the single-stage system. It
is possible this is because phycoerythrin, or another protein contaminant, is being
concentrated into the extract phase at a greater rate than C-phycocyanin over the
multiple stages. It could be expected that phycoerythrin would partition more
readily into the top phase than C-phycocyanin because phycoerythrin has a lower

isoelectric point.

4.2.6 C-phycocyanin Stock 3 MSE

The last MSE carried out was a three-stage counter-current ATPE with the C-
phycocyanin stock 3 stock added in stage one. As there was no allophycocyanin in
this system, no stages were placed to the left of the feed. The aim of the experiment
was to see if a MSE could be used to improve the yield of the process and if there
is a difference in system behaviour when the ATPE was operated using a gravity
separation versus using a centrifuge. While it should be noted that the feeds varied
because of the way the C-phycocyanin was produced, some qualitative comparisons
and observations can be made in conjunction with the other extractions. The results
for this MSE are shown in Table 4.6 and Figures 4.12 and 4.13.

From Table 4.3 and Figure 4.12 it can be seen that the loss of C-phycocyanin
in the single-stage system was 31.4% of the feed, whereas in the MSEs the loss of
C-phycocyanin was 4.0% and 14.3% in the centrifuge-operated and gravity-operated
system, respectively. The centrifuge-operated system had a higher yield than the
gravity-operated system; this could be a result of having a lower protein concentra-
tion in the feed as well as the mode of the operation.

Interestingly, Figure 4.13 shows that even though the feed used in the centrifuge
operation had a much lower purity ratio than that used in the gravity operated
multi-stage operation, a higher ratio was achieved in the extract. For the centrifuge
operation, a feed with a purity ratio of 0.58 was introduced into the system, and
the purity was improved to 1.22 in the extraction. For the gravity operation a
feed with a purity ratio of 0.82 was introduced into the system and only a 1.03
purity ratio was achieved in the extract. This could be due to several reasons.
Firstly, a higher protein loading in the system; however, this is unlikely as the total
concentration of both of these extractions is significantly lower than that used in both
C-phycocyanin stock 1 and 2 extractions. Secondly, in the feed introduced with the

centrifuge operation there is a protein contaminant which is present in significantly
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Figure 4.12: Amount of C-phycocyanin (C-PC) and phycoerythrin (PE) in the ex-
tract and waste phases of each stage of a C-phycocyanin case study three-stage
counter-current ATPS spiked with C-phycocyanin stock 3. As operated using grav-
ity separation and centrifuge operation.
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study three-stage counter-current ATPS spiked with C-phycocyanin stock 3. As
operated using gravity separation and centrifuge separation.
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Table 4.6: The purity ratio of each of the C-phycocyanin stock 3 feed and extract
phases of a three-stage C-phycocyanin case study system as operated under cen-
trifuge operation and gravity.

Stage Purity ratio
Centrifuge-operation Gravity-operation
C-phycocyanin stock 3 Feed 0.58 £0.14 0.82 £0.04
Stage 1 1.22 +0.05 1.03 +0.09
Stage 2 0.80 +0.16 0.79 +0.16
Stage 3 0.35 £0.52 0.52 +0.49

higher concentrations than in the gravity-operated system and this protein either
favours the bottom phase or alters the partitioning of the system. Lastly, the mode
of operation could have resulted in these changes, as protein may still be separating
in the gravity operation.

From Table 4.6, it can be seen that MSE did not improve the purity of the
system, but instead made the extraction worse. It is likely that the phycoerythrin
contaminant (or another contaminant) is accumulating in the extract phase faster

than C-phycocyanin.

4.2.7 Overview of MSEs

From the three extractions carried out, it can be seen that the use of MSE can be
used to improve both the yield and the purity of the process. All of the multi-
stage processes decreased the loss of the target protein in the waste output. It can
be seen from Table 4.7 that the most successful of the MSEs was the centrifuge
operated C-phycocyanin stock 3 MSE which reduced the waste output from 31.4%
in a single extraction to 4%. The purity of the process was also improved in all of
the MSEs, with the most successful extraction improving the purity ratio from 1.86
to 2.98 for the centrifuge operated C-phycocyanin stock 1 MSE. However, there were
varying amounts of success achieved across the different extractions which could be
a result of a variety of factors including: the modes of operation, differences in feeds
(contaminant and target protein concentration), partitioning of protein changing
across stages, and contaminants concentrating into the extract phase.

In terms of whole system behaviour, stages towards the extract output improves
the purity of the system, and stages towards the waste phase output considers the
yield of the system; this is illustrated in Figure 4.14. For each stage added onto the
system, there is a stepwise reduction of protein in the phase it does not partition to.
The yield of the system is easier to consider. It is a result of the behaviour of the

target protein, and while other proteins may influence the target behaviour, how
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Table 4.7: The purity ratio and % of C-phycocyanin lost in the waste output with
respect to the feed for all extractions carried out.

Feed Extraction
Single-stage Multi-stage, Centrifuge = Multi-stage, Gravity
purity % C- purity % C- purity % C-
ratio phycocyanin | ratio phycocyanin | ratio phycocyanin
loss loss loss
Stock 1 | 2.86 24.3% 2.97 19.4% 2.35 21.1%
Stock 2 | 2.70 24.1% 2.65 6.7% 2.50 16.5%
Stock 3 | 1.09 31.4% 1.22 4.0% 1.03 14.3%
]:Extract * * * ) * Extract
out in
[N > > > » >
Waste Waste
In Stage 1 Stage 2 Stage 3 Stage 4 Stage 5 Out
Increased purity, T .
Extract diluted Protein Increased yield
feed

Figure 4.14: A schematic to demonstrate the general trends seen across the six MSEs
carried out.

those proteins themselves behave does not affect the yield.

To improve the yield, the amount of target protein in the waste phase leaving
the system should be minimised. To do this, stages should be added between the
feed and the point at which the waste phase exits the system. The purity is more
complicated because each contaminant may behave differently. As a result, while an
extra step may be removing one contaminant, it may be concentrating another into
the extract phase. Each contaminating protein may be influencing other proteins
and the system behaviour. Proteins may partition at different rates and if the
target protein is already in the extract phase, extra stages could reduce the purity
by further concentrating contaminants into this phase. To remove a contaminant
which is moving into the extract phase, a different system would then need to be
selected. If only a single contaminant which is partitioning into the waste phase is
considered alone, it can be seen there is a stepwise reduction of the contaminant

between the feed and the extract collection.

For each additional step, there are trade-off’s (aside from cost) that must be

considered. For a system in which the waste phase is made up of part of the top
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phase, the concentration of the target protein would be diluted for each step added
between the feed and the extract collection point as fresh top phase or more dilute
(in terms of target protein concentration) top phase is added to compensate for the
loss of top phase in the waste. To offset the dilution, more of the top phase should
be taken up in the extract, and to minimise the dilution, the entire top phase should
be taken up. However, this would be very difficult to practically achieve, and may
result in impurities in the horizontal interface being taken up with the extract. Even
if all the top phase was taken up in the extract, protein is never 100% partitioned
towards one phase, so there would still be a dilution effect. This means that no extra
steps other than those required should be added, as it would reduce the performance

of the process.

It can also be seen that the operating conditions make a difference to the results
of the extraction. All three of the MSEs showed differences between the results
when operated using the two methods: centrifuge operation, and gravity settling.
The mechanisms behind these are complicated and require more experimentation to
determine. In particular, the kinetics of the phase separation between the formation
of the horizontal interface and true equilibrium, and material behaviour at the hor-
izontal interface need to be studied in more detail to determine why this behaviour

occurs. This is explored more in Chapter 6.

From the specific extraction carried out, it can be seen that allophycocyanin
favours the bottom phase, and C-phycocyanin and phycoerythrin favour the top
phase. This could be a result of the isoelectric points of the protein shown in Table
4.1; C-phycocyanin and phycoerythrin had lower isolectric points than allophyco-
cyanin and so are more readily partition into the extract phase. This suggests that it
would be difficult to extract allophycocyanin and phycoerythrin from C-phycocyanin
using a single system without the use of affinity ligands and Aqueous T'wo-Phase
Affinity Partitioning (ATPAP) because C-phycocyanin’s isoelectric point lies be-
tween that of allophycocyanin and phycoerythrin. As exact isoelectric points and
MWs vary between different types of production methods / species used to produce
the protein, it would be helpful to specifically characterise major components within
a feed. The literature suggested that phycoerythrin may have a slightly higher MW
than C-phycocyanin, so a higher MW PEG could be considered to discourage phy-
coerythrin from partitioning into the top phase. However, this may make both
phases unfavourable to both phycoerythrin and C-phycocyanin as they are both
large proteins and result in large amounts of material partitioning into the horizon-
tal interface. It may be more sensible to carry a two-step extraction where the second
step back-extracts the C-phycocyanin into the salt phase, while phycoerythrin still

partitions into the PEG phase. If specific analysis of the protein shows difference in
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the hydrophobic / hydrophilic amino acid ratios in the proteins, changing the TLL
of the system could be used to alter protein partitioning.

In comparison with other purification methods, the ATPS used in this chapter
was very good at separating C-phycocyanin from allophycocyanin. This is desir-
able as allophycocyanin is commonly produced alongside C-phycocyanin which pol-
lutes the colour of the dye C-phycocyanin. The purity ratio achieved sits in line
with other literature for purification procedures of C-phycocyanin; da Silva Figueira
et al. (2018) achieved purity ratios of around 3 using a combination of ion exchange
chromatography and diafiltration. Additional steps of diafiltration and precipita-
tion allowed for a purity ratio of >4 to be achieved. While high purity ratios were
achieved with these steps, global yields were between 58% (purity ratio = 3) and
42% (purity ratio = 4). A similar purity ratio (3) was achieved for the multi-stage
centrifuge extraction of C-phycocyanin stock 1, with a recovery of over 80%. These
extractions are not directly comparable as the starting feed stock used in da Silva
Figueira et al. (2018)’s work was cruder; however, it demonstrates that ATPE is in
line with other purification procedures (including chromatography) in the literature.
Patil and Raghavarao (2007) used single-stage ATPE to purify C-phycocyanin and
reported purity ratios of between 2 and 3.5 in a single step with recoveries of be-
tween 80% and 97%. Higher purity ratios were reported with salt buffers with a pH
of around 6 which indicates that a more optimal system could have been selected for
the MSEs carried out in this work. This is in line with the ‘practical guidelines’ pub-
lished by Benavides and Rito-Palomares (2008) who state that setting the pH of the
salt buffer too high encourages partitioning of contaminants into the extract phase.
The very high yields reported by Patil and Raghavarao (2007) are theoretical and
based upon the assumption that complete separation of the top and bottom phase
could be achieved; in reality, this is very unlikely and these are likely to decrease as
a result.

From the results, it can be seen that while the multi-stage configurations used
improved the separation, they may not be optimal. The majority of the allophyco-
cyanin was removed within two steps, however, more of the C-phycocyanin could be
removed from the waste output. As a result, it would likely improve the results of

the extraction to move the feed from stage three to stage two.

4.3 Conclusions

In conclusion, multi-stage ATPE is a tool which can be used to improve the yield
and purity of a single-stage extraction; however, to do so effectively, the system

and feed need to be properly characterised and controlled. It has been shown that
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stages between a feed and extract collection can be used to improve the system
purity, and stages between the feed and waste output can be used to improve the
yield. Three different contaminant mixes were studied, evaluating single-stage vs
multi-stage ATPE using two different modes of operation: centrifuge and gravity
separation. All multi-stage operations had an improvement in yield when compared
with the single-stage operation; however, the purity was not improved through extra
stages. This was a result of the contaminant which favoured the salt-rich phase,
allophycocyanin, being almost completely extracted in a single step making the
additional steps unnecessary. If the feed contained a contaminant which was only
partially removed in a single step additional stages could be utilised to improve
the purity. The major finding of this chapter is that the two modes of operation,
gravity and centrifuge settling, showed a difference in performance. In the MSE, the
centrifuge operation outperforming the gravity operation in both yield and purity.
It is expected that this is a result of separation still taking place in the gravity
system. This chapter shows that more work is required to understand both the
behaviour of individual proteins and how they behave together with an ATPS to
properly design and utilise multi-stage processes. In terms of system operation, the
kinetics of the phase separation between the formation of the horizontal interface
and true equilibrium need to be studied in more detail in order to understand the
discrepancies between systems operated through the use of a centrifuge and with a

gravity separation.



Chapter 5

Equilibrium Modelling of
Multi-stage Aqueous Two-Phase

Extraction

5.1 Introduction

The previous chapter demonstrated that Multi-stage Extraction (MSE) can be
used to improve the resolution and performance of Aqueous Two-Phase Extrac-
tion (ATPE). It demonstrated that the systems need to be understood to a greater
degree to enable multi-stage process design and optimisation. It also showed that
there were a large number of mechanisms happening within the system. As a result,
this chapter aims to evaluate multi-stage systems which have reached equilibrium
at each stage, as defined by a clear phase rather than the formation of a horizontal
interface and break down the component parts of the process in order to under-
stand them more thoroughly. By gaining a better understanding of the system, the
alm is to improve the accuracy of multi-stage modelling techniques enough to use
them as a tool to aid in the design of multi-stage ATPE. Consequently, the chapter
looks at: evaluating the behaviour of a single model proteins, haemoglobin and C-
phycocyanin, in a multi-stage system, building and validating a model to describe
multi-stage ATPE, and then using the model in this chapter for multi-stage ATPE
process design.

As previously discussed, ATPE has two major drawbacks which need to be ad-
dressed in order for the process to be commercially viable: a low resolution, and a
lack of understanding of the phase forming mechanisms (Asenjo et al., 1994, 2002b;
Rito-Palomares, 2004; Ruiz-Ruiz et al., 2012). These drawbacks are inherently linked

as the latter drawback has resulted in a lack of predictive models to describe the
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partitioning of protein in systems (Torres-Acosta et al., 2019). This in turn has
resulted in systems under performing in terms of process yield and purity.

Recent advances in modelling protein partitioning have involved using the phys-
iochemical properties of both the system and the protein of interest to predict par-
titioning behaviour. Properties which have been considered in modelling protein
partitioning include amino acid composition and structural features of the protein
of interest as well as effects of salts (Salgado et al., 2008; Ferreira et al., 2015a,b).
While establishing patterns of behaviour upon changing individual parameters is
important, the ultimate goal would be to be able to predict and optimise the par-
titioning behaviour from a protein’s characteristics. One attempt at this was made
by Dismer et al. (2013) who predicted the binodal curve of a system and, from
that, the partitioning of a particular protein through the use of molecular dynamic
simulations.

While progress in this type of modelling has been made, there are still develop-
ments which need to be made to satisfactorily model protein partitioning in ATPE.
This can be attributed to the large variety in different types of systems and the
shifts in behaviour which, in some systems, can be a result of even small changes in
conditions. Key process parameters which should be considered in system selection

include:

e Type of phase forming components (i.e. polymer type(s), salt type)

Use of additional constituents (i.e. NaCl, affinity ligands)

Operating temperature

Salt pH

Polymer molecular weight

System composition

Flow rates for continuous operation
e Separation time and method

In order to speed up the development of predictive partitioning ATPE models,
the use of high throughput screening and robotic-aided strategies has been suggested
in order to maximise the amount and the consistency of the experimental data
available (Torres-Acosta et al., 2019). Until robust and accurate models are available
to optimise system selection so that systems are routinely capable of achieving high
resolutions in a single step, alternative modelling strategies to improve the process

should be explored.
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One such area which can be explored is the modelling of multi-stage systems. The
previous chapter showed this strategy can improve resolutions, but modelling tools
still need to be developed to aid in multi-stage process design. Modelling strategies
have been applied to both multi-stage ATPE as well in other two-phase extraction
processes within the chemical processing industry. In an industrial setting, low-
resolution two-phase extraction processes are routinely designed using multi-stage

modelling to improve the performance of the process.

One method commonly used is the McCabe-Thiele method which has most ex-
tensively been applied to binary distillation, but has also been applied and modified
for traditional Liquid-Liquid Extraction (LLE) and ATPE (Richardson et al., 2002;
Seader et al., 2006; Rosa et al., 2009b,a). Warade et al. (2011), adapted McCabe-
Thiele for traditional LLE and used this method to optimise the number of stages
for a required purity. In binary distillation, there are only two components in the
system: one is the target, and the other the contaminant. They each made up
the dominant component in one of the two-phases of the system. As a result, by
considering one component, the other component’s concentration can be inferred.
This is not possible in ATPE and traditional LLE as the material which deter-
mines the phase formation is mostly independent of the material to be partitioned.
In ATPE, the phase forming components (i.e polymer(s), salt(s) and water) and
system environmental conditions (i.e. temperature and salt pH) determine the par-
titioning of the target and contaminants (i.e, proteins, cells and solutes). While the
concentration of other protein may influence the partitioning of another protein to
some extent, the overriding driver behind protein partitioning is the phase forming
components and environmental conditions. Consequently, one partitioned protein
component cannot be used to infer the concentration of another partitioned protein
component. While this can be problematic, it is advantageous as proteins to be
partitioned can be evaluated separately assuming that the protein components are
not significantly interacting, therefore simplifying the modelling required to evaluate

the system.

The McCabe-Thiele method has been adapted for ATPE by Rosa et al. (2009a,b)
and Liu et al. (2018). For the method to be adapted, equilibrium curves which
evaluate the concentration of a component within each phase of the system were
constructed. Rosa et al. (2009a) used the equilibrium curve of Immunoglobulin G
(IgG) in a Polyethylene Glycol (PEG)-salt system to evaluate the number of steps
required for the removal of IgG from the waste phase of the system. They also
constructed an equilibrium curve for different fractions of Chinese Hamster Ovary
(CHO) cell media, considering high and low molecular weight components separately,
to predict the success of extracting IgG from CHO cell media using ATPE. They did
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not evaluate the number of steps required to remove the CHO cell media. Liu et al.
(2018) used ionic liquid based ATPE to purify tetracycline, again only considering
and optimising the yield of the system.

In these models, the concentration of the target component to be partitioned in
each of the phases (top and bottom) is considered. However, it has been noted in
ATPE that material can partition into the horizontal interface (Albertsson, 1971;
Andrews and Asenjo, 1996). Figure 5.1 shows the two types of system described
by Albertsson (1971): Liquid-Liquid (LL) distribution, and Liquid-Interface (LI)
distribution, as well as a third theoretical Liquid-Interface-Liquid (LIL) distribution
which is considered in this chapter. In a system with LL distribution, the material
partitions between the top and bottom phase of the system, whereas, in a system
with LI distribution, material partitions into only one of the liquid phases and the
rest partitions into the horizontal interface. Systems with a LL distribution which
become overloaded with protein have been observed to have protein aggregate and
partition into the horizontal interface. This has been observed in systems with very
high protein concentrations (Albertsson, 1971). This horizontal interface partition-
ing in overloaded systems was reported by Miindges et al. (2015) to affect the purity
and yield of an ATPE of IgG from CHO cell media. Theoretically, most of the
aggregated protein in the horizontal interface should redissolve in more favourable
conditions, including lower protein concentrations, meaning that MSE could be used
to overcome this issue. However, models will need to account for horizontal interface
partitioning to accurately simulate system operation (Albertsson, 1971). Another
component commonly found in ATPE is cell debris; this has also been shown to par-
tition readily into the horizontal interface of a system Albertsson (1971). In ATPE
where any material, contaminant, or target partitions into the horizontal interface
of a system, models that only describe partitioning in terms of the two liquid phases
will deviate from the true values. Andrews and Asenjo (1996) published work which
indicated that true LL distribution did not occur in systems often and found protein

partitioned into the horizontal interface even at low protein concentrations.

This chapter aims to build upon the multi-stage ATPE modelling work of Rosa
et al. (2009b,a) and Liu et al. (2018) with the added consideration of partitioning
of material into the horizontal interface of a system. The work firstly models the
behaviour of a single protein, haemoglobin, in multi-stage systems using single-stage
equilibrium data. Haemoglobin was used at this stage because it was easily obtained
in isolation. Two models were compared: the first assuming a LL distribution, and
the second assuming a LIL distribution. Predictions for three case study multi-
stage ATPE were carried out and validated against experimental data. At this

stage, experimental MSE and modelling predictions were carried out using both
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Figure 5.1: A diagram to show the different options for distribution of material in
ATPE, adapted from Albertsson (1971).

haemoglobin and C-phycocyanin. Lastly, the work demonstrates how the model
developed in this chapter can be used to build multi-stage, multi-step ATPE. A
multi-stage ATPE was developed for an extraction of C-phycocyanin from model

contaminant lysozyme, evaluating both purity and yield.

5.2 Results and Discussion

The aim of this chapter is to develop a model for multi-stage ATPE which is accurate
enough to be used in process design. To do this, a more in depth understanding of
protein behaviour in single-stage systems needs to be built. As such, this section is
divided into three sections. In the first, the development of the model is discussed
and results are presented. In the second, the model is validated against three MSEs.
In the last section, the model is used to design a multi-stage ATPE of C-phycocyanin

from lysozyme.

5.2.1 Model Development

Haemoglobin was chosen as the model protein to develop the MSE model. This
was done so that a single protein could be studied in isolation away from contami-
nants and so that the model could be tested on more than one protein and system.
Haemoglobin was chosen as a model protein because of its pigment, making it easy
to analyse, and because there is literature surrounding extracting haemoglobin in

ATPE.

The first step in developing an ATPE process is to screen for systems which
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have desirable extraction conditions. In ATPE, target proteins are often extracted
into the top PEG-rich phase of a PEG-salt system. For single-stage extractions, the
screening process may have to be extensive in order to find appropriate extraction
conditions. By utilising MSEs, this process can be drastically reduced because
systems with lower resolutions can be accepted. The resolution of the entire process

can then be improved by increasing the number of stages.

In ATPE, there are many parameters which can be controlled in order to alter
protein partitioning. As a result it can be advantageous to utilise ATPE literature
surrounding a specific protein. In this case, as ATPE of haemoglobin had been
studied before, starting conditions to evaluate were chosen from the literature (Kan
and Lee, 1994). Kan and Lee (1994) found that very high partitioning coefficients
for haemoglobin could be achieved using ATPE with lower molecular weights of
PEG, between 600 and 1500, paired with potassium phosphate buffers between 8
and 10.5. As the molecular weight of haemoglobin is around 64.5 kDa and its
isoelectric point varies depending on type (but is around pH 7.1), these conditions
follow the guidelines established by Benavides and Rito-Palomares (2008) (Koepke
and Miller, 1972; Tame and Vallone, 2000). For this system, an extraction with
average partitioning conditions was required so it could easily be improved with
MSE. As a result, a PEG 1500 potassium phosphate with pH 8.0 system was chosen;

the exact concentrations screened are shown in Table 5.1.

The results of the screening are shown in Table 5.1 and Figure 5.2; Table 5.1
shows the phase volumes of the systems screened and Figure 5.2 shows the amount
of haemoglobin in the top, bottom, and horizontal interface of the systems screened.
Table 5.1 shows that systems D, H, and I did not contain enough phase forming
material to form two-phase systems. Systems A, B, C, and J partitioned so that
one phase contained around 69% of the system, and the other around 31% of the
system. For systems A, B, and C, the bottom phase consisted of the largest volume
and for system J, the top phase made up the largest volume. While LLE with very
large and small volume ratios are possible to run, it is preferable to set conditions
so that the volume ratios are equal, as they are in systems E, K and L. The reason

volume ratios equal to 1 are preferable is described later on in this section.

Figure 5.2 shows the distribution of haemoglobin across the horizontal interface,
top, and bottom phase of systems screened which formed two-phases. The first thing
to note is that material was found in the horizontal interface of all systems screened
as well as in both of the liquid phases. Because the majority of material partitioned
into the top and horizontal interface phases in all cases, these systems would be
classified as having a LI distribution. However, there is a large amount of protein in

these systems so it is likely that the horizontal interface partitioning is exaggerated
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Table 5.1: Position of the horizontal interface in a 1600 pL sample of the PEG 1500
- potassium phosphate pH 8.0 systems screened

PEG 1500 Phosphate buffer Horizontal interface position Volume ratio

Label (% w/w) (% w/w) (Estimated) (uL) ol
A 9.7 12.6 1100 0.45
B 9.5 14.4 1100 0.45
C 9.4 16.2 1100 0.45
D 13.2 9.3 No Phase Formation n/a
E 13.0 11.2 750 1.13
F 12.8 13.1 1000 0.6
G 12.6 15.0 1000 0.6
H 16.9 5.8 No Phase Formation n/a
I 16.6 7.9 No Phase Formation n/a
J 16.3 9.9 500 2.2
K 16.0 11.8 750 1.13
L 15.8 13.7 800 1

by the high protein loading and the top and bottom phases have become saturated.
When an ATPE is carried out, it is preferable that as much of the protein as

possible is partitioned into the top and bottom phases, i.e. as suspended or dis-
solved protein rather than as precipitated protein at the horizontal interface. While
Albertsson (1971) notes that precipitated protein in the horizontal interface should
theoretically redissolve, in practice, the protein can become damaged, aggregate ir-
reversibly, or be difficult to redissolve. In the literature, mostly the distribution of
systems are considered to either be LL or LI; however, Figure 5.2 shows that in all
the two-phase systems tested, material distributed across all three regions thereby
following a LIL distribution. Relatively high concentrations, around 2 mg/mL, were
used in these systems making phase saturation more likely. As higher protein con-
centrations are reached in a system, more material will partition towards the hori-
zontal interface as the top and bottom regions of the system have become saturated.
The point at which material will rapidly partition into the interface varies between
systems and is dependent on system conditions and the protein being partitioned.
For further study, system E was chosen as it had a volume ratio close to one
as well as a large amount of haemoglobin partitioning into the top PEG-rich phase
of the system. While system J had more material partitioning into the top PEG-
rich phase, it had a less suitable volume ratio. The volume ratio of the system
is important to consider for three reasons. Firstly, there is a relationship between
the volume ratio and kinetics of phase separation of a system. Secondly, systems

with one large phase and one small phase are more likely to experience horizontal
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Figure 5.2: Distribution of 3 mg of haemoglobin in the different 1600 pL. PEG 1500
- potassium phosphate pH 8.0 systems screened.

interface partitioning as the small phase will quickly become saturated. Lastly, the
separator design is dependent on volume ratios.

In terms of relating volume ratios to the phase separation kinetics in a PEG-
salt system, systems which have a large top PEG-rich phase and a small salt-rich
bottom phase will have a continuous PEG-rich phase. Continuous PEG-rich phases
are associated with slower rates of separation due to the high viscosity of the phase
(Albertsson, 1971; Kaul et al., 1995). Systems with the fastest phase separation
kinetics are usually associated with continuous bottom phases and intermediate
positions on the binodal curve where the volume ratios are approximately equal
(Salamanca et al., 1998). Slow phase separation rates would cause scalability issues
as phase separation is dictated by the system height, meaning slow separation rates
at bench scale would be compounded on scale up and much less material could be
processed as a result. For systems with a phase which has a small phase volume, even
if the phase can handle large concentrations, it will still become saturated quickly
because of its reduction in volume, meaning more material will partition into the
horizontal interface. Lastly, separator designs are often dependant on the volume
ratio of the system; a very large or small volume ratio may require a non-traditional
settler design, increasing the complexity and cost of the equipment.

After the system used in the multi-stage ATPE was chosen, single-stage protein
partitioning data in the chosen system was required. Firstly, calibration curves for

haemoglobin in water, the top, bottom, waste, and extract phases were required; this
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Figure 5.3: Calibration curves of haemoglobin in different concentrations of phase
forming components, respective of concentrations used during experimentation.

is shown in Figure 5.3. The results from Figure 5.3 show that there is no statistical
difference between calibrations in water, the top, and bottom phases used in the
equilibrium curve. The top and bottom phases were diluted by around 1.5 times the
sample volume, whereas the MSEs were diluted by 1 times the sample volume. The
difference can be seen in the multi-stage calibration curves, which have a shallower
slopes. The increase in PEG concentration in the extract and waste samples could
be the reason for the difference in the calibration curves.

In order to model a multi-stage system, data on how a protein behaves in a
single-stage system was required. As such, an equilibrium curve showing the par-
titioning of haemoglobin in the haemoglobin case study system to the top, bottom
and horizontal interface of a system. Figure 5.4 displays this equilibrium curve in
which the concentration of haemoglobin in the horizontal interface is displayed as
a concentration relative to the total volume of the system. This is because the
size of material in horizontal interface is too small to measure with the precision
required to use it in the model and any inaccuracies would propagate through the
model creating large amounts of error. The top and bottom phase concentrations
are determined from their respective phase volumes. The first observation which
can be made from Figure 5.4 is that haemoglobin favours the top phase, followed by
partitioning into the bottom phase, and then the horizontal interface of the system
of the system.

Haemoglobin is dissolved when it partitions into the top and bottom phases of
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Figure 5.4: The partitioning of haemoglobin in the haemoglobin case study system.

the system; however, is precipitated in the horizontal interface. In the top and
bottom phases, the colour of the phase increases in intensity as the concentration of
haemoglobin increases. The precipitated material in the horizontal interface sits on
top of the boundary between the phases, i.e., the mass in the interface was observed
to encroach on the top phase. As the amount of material in the horizontal interface

increases, the volume of the mass increases.

Figure 5.4 shows that the partitioning behaviour of the system in all three regions
of the systems is fairly linear until a total system concentration of around 0.45
mg/mL was reached. At this point, the top phase begins to become saturated and
more material begins to partition into the bottom phase of the system. Partitioning
into the horizontal interface of the system follows a linear trend at the concentration
range evaluated. If the system was loaded with a high enough concentration of
protein, the bottom phase of the system would also become saturated and more
material would partition into the horizontal interface, or possibly precipitate at the

bottom of the system.

The equilibrium curve in Figure 5.4 also shows that material immediately par-
titions into all three regions: the top, bottom, and horizontal interface. This con-
tradicts the assumption that the distribution of systems is either LL or LI until the

system reaches protein concentrations at which it becomes saturated, and supports
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the findings of Andrews and Asenjo (1996) who found partitioning across the top,
bottom, and horizontal interface common in Aqueous Two-Phase Systems (ATPS).

Figure 5.5 shows the volume percentage of the horizontal interface against the
total amount of haemoglobin in the system. In this system, the size of the horizontal
interface got quite large; as a result, the horizontal interface would partition into
the extract phase.

Along with Figure 5.4, Figure 5.5 was also used in the modelling. The equilibrium
curve was used to predict the concentrations of the phases, and the volume curve
was used to predict whether the material in the horizontal interface partitioned into
the extract or the waste phase. Systems with a small horizontal interface would
have material partition into the waste phase. This mechanism is only relevant in
systems where large amounts of material partition into the horizontal interface, and
is also dependant on the extraction method and extract volume taken. A volume
curve is not required for systems where there is no visible build up of material
in the horizontal interface. While the curve in Figure 5.5 is not accurate enough
for phase concentrations, it is accurate enough to be used to predict when the
volume at the horizontal interface is large enough to partition into the horizontal
interface. If a very accurate method of determining the horizontal interface volume
could be determined, the concentration of the horizontal interface material could be
determined as a function of the horizontal interface volume.

The single-stage data required for the MSE consists of: equilibrium curves of
protein to be evaluated in the system used in the extraction, a horizontal interface
volume curve for systems with very large horizontal interface partitioning values, and
calibration curves in the phase concentrations used in other analysis. This data is
fairly simple to collect and is not extensive or time consuming. System screening can
also be carried out in system selection. This may include different phase constituents

and concentrations, phase separation rate data, and binodal curves.

5.2.2 Model Validation

Both a model using a LL distribution and one using a LIL distribution were tested
against case study systems to test both the accuracy of the model and if the inclusion
of material partitioning into the horizontal interface improved the performance of
the model. The models were tested against a three stage counter-current multi-stage
system which had haemoglobin fed into the system at stage one. This extraction
used the haemoglobin case study system and required single-stage data on phase
partitioning and data on the volume of the horizontal interface.

Figures 5.6a and 5.6b show the Ultraviolet-visible (UV-vis) analysis of the extract

and waste phases, respectively, of each of the stages. Figure 5.7 shows the amount



110

Data Chapter 2

3.0

2.5 1

2.0 1

1.5 1

1.0 -

0.5 1

Horizontal Interface Volume %

0.0 T

00 01 02 03

0.4

T

06 07 08

Total Protein Concentration (mg/mL)

Figure 5.5: Volume of the horizontal interface as a percentage of the total volume

in the haemoglobin case study system.

of haemoglobin in the extract and waste phases of each stage of the extraction. It

can be seen that the recovery of haemoglobin improved from 61.8% in a single step

to 85.3% in three stages which means that the use of MSE drastically improved the

yield of

the system.

The comparison of the LL and LIL distribution models with the experimental
results is shown in Table 5.2. The table shows the amount (in mg) of haemoglobin
found in each stage in the extract phases as well as the percentage difference between

the experimental data and each of the models with respect to the feed. The feed
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Figure 5.6: The UV-vis analysis of the extract and waste phases of a three-stage
counter-current haemoglobin case study ATPE
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Figure 5.7: The amount of protein in the extract and waste phases of a three-stage
counter-current haemoglobin case study ATPE with the feed in stage 1

for this system was 0.5 mg, 54 uL of stock of haemoglobin in a 1.5 mL system. In
the LL distribution model, there is an assumption that all material in the system
partitions into the liquid phases of the system. This model is what has been used
to previously describe the behaviour of multi-stage ATPE (Rosa et al., 2009a,b; Liu
et al., 2018). In the case study extraction with haemoglobin, the LL distribution
model can be seen to adequately describe the stages with less material in the system,
i.e. stages two and three. However, for the extract in stage one, the LL distribution

model has a error of 40% less material than was observed in the experimental data.

While the model performs adequately at lower concentrations in isolation, any
stages placed between the feed and the extract point would carry error forward,
even if at a lower concentration which the LL distribution model could handle.
There would also be problems if feeds at a higher concentration were used. In this
system, a feed of 0.5 mg was used, which reflected a total concentration of around
0.322 mg/mL. The experimental data showed that after 15 runs, the total amount of
protein in stage one is 0.719 mg amounting to a total concentration of 0.462 mg/mL.
Figure 5.4 showed that the system started becoming saturated at concentrations of
>0.45 mg/mL meaning that the system had only just started to reach the point
at which it was becoming saturated. This means that the LL distribution model
showed a 40% error in stage one, despite only just reaching concentrations at which
the systems phases begin to become saturated. It is likely this model would deviate

even more at higher concentrations. In comparison, Table 5.2 shows that the LIL
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distribution model adequately describes protein distribution in each stage. The
highest error seen in the LIL distribution model is 11.0% (compared with 40% for
the LL distribution) and mostly, the error is below 5%.

Table 5.2: Comparison of the amount of haemoglobin in each phase between the
experimental data, the LL distribution model, and the LIL distribution model. The
feed in this system was at stage 1.

Experiment LL LIL
Stage Phase Amount Amount Error Amount FError
(mg) (mg) (%) (mg) (%)
1 Extract 0.444 0.244 -40.0 0.436 -1.6
Waste 0.275 0.248 -5.4 0.295 4.0
9 Extract 0.173 0.127 -9.2 0.228 11.0
Waste  0.145 0.107 -7.6 0.129 -3.2
5 Extract 0.049 0.048 -0.2 0.057 1.6
Waste  0.047 0.037 -2.0 0.073 5.2

The models were also tested against a four-stage counter-current multi-stage
system, with a feed in stage one, looking at the behaviour of C-phycocyanin in
the presence of contaminants including allophycocyanin and phycoerythrin. This
extraction was carried out using the C-phycocyanin case study system which was
also used in the C-phycocyanin extractions used in Chapter 4. C-phycocyanin stock
1 was used as the protein feed. This allowed for the opportunity to test the models
with a different system and target protein as well as in the presence of contaminants.

The C-phycocyanin extractions only required single-stage data on the phase par-
titioning because the volume of the horizontal interface was not large enough to
partition into the extract phase under the extraction conditions and concentrations
of protein used. The equilibrium partitioning data for the C-phycocyanin stock
together with the equation lines used in the model is shown in Figure 5.8. This
equilibrium curve is the same as the C-phycocyanin equilibrium curve in Chapter 4.

The results for the four-stage MSE is shown in Figures 5.9a and 5.9b. The same
patterns as seen in Chapter 4 are shown in this extraction: C-phycocyanin favours
the extract phase, and with each stage there is a decreasing amount of protein in
the system. The total recovery of C-phycocyanin was 84.0%; this represents a slight
increase over the centrifuge operated ATPE carried out in the previous chapter
with this feed. This achieved a 80.6% recovery of C-phycocyanin using three stages
between the point at which the feed was added to the system and the removal of
the waste phase. The amount of protein added to the system in the extraction in
the previous chapter was approximately 3 times less than the extraction carried out

in this chapter which means that there is an improved yield with the extra stage as
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Figure 5.8: The partitioning of C-phycocyanin in the top, bottom, and horizontal
interface region with respect to the total C-phycocyanin concentration in the C-
phycocyanin case study

well as increase in processing capacity.

Table 5.3 shows a comparison between the results of the experiment and the two
models. As with the haemoglobin extraction, the results show that the LIL model
described the system behaviour better than with the LL distribution model with
the largest error being 15.2% compared with -33.8% error. Furthermore, the errors
seen in the LIL distribution model are consistently much smaller, between -3 and
5%, whereas the LL distribution model errors are always more than -10% and are
generally between 20 and 30% below the experimental value. This is likely a result of
the LL distribution model not accounting for protein distributed into the horizontal
interface. For the LIL distribution model, the earlier stages have been slightly over
estimated, and the latter waste stages have been underestimated. This could be
a result of protein in the horizontal interface not redissolving in the experimental

study.

Lastly, the models were tested against the five-stage counter-current multi-stage
system with a feed in stage three carried out with the C-phycocyanin stock 1 used in
the previous chapter. The results from this experimental MSE are shown in Section
4.2.4. The model looks at the behaviour of C-phycocyanin between the feed and
the waste removal. However, in this extraction there are additional stages between
the feed and the extract removal which will increase the amount of C-phycocyanin

in the system. To account for this, the feed in the model was run with the feed
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Table 5.3: Comparison of the amount of C-phycocyanin in each phase between the
experimental data, the LL distribution model, and the LIL distribution model for
the four-stage extraction with the feed at stage one.

Experiment LL LIL
Stage Phase Amount Amount Error Amount FError
(mg) (mg) (%) (mg) (70)
1 Extract 0.593 0.494 -14.0  0.630 5.20
Waste 0.441 0.259 -25.7  0.494 7.45
9 Extract 0.310 0.172 -19.4  0.417 15.2
Waste  0.304 0.064 -33.8  0.320 2.22
3 Extract 0.181 0.041 -19.6  0.242 8.65
Waste 0.202 0.014 -26.4 0.182 -2.81
4 Extract 0.089 0.008 -11.4  0.104 2.12
Waste  0.114 0.003 -15.7  0.077 -5.27

plus the amount shown in the waste phase of stage two of the experimental study
in Section 4.2.4. While extra experimental data was required to input this data,
it provided an opportunity to see if the systems behaved consistently if a feed was
not at the extract or waste entry points. The equilibrium curve shown in Figure
5.8 was used in the model. Table 5.4 shows the results from the experimental study
and the LL and LIL distribution models. Shown are the stages from the feed entry
point (stage three) to the point at which the waste phase exited the system (stage
five). The LIL distribution model again outperformed the LL distribution model,
with the largest error being -8.74% compared with -29.3%, respectively. The errors
in the LIL distribution model were generally between -3 and 5% whereas the errors
in the LL distribution model were always below -14% and largely around -28%. As
a result, the LIL model can be seen to describe the behaviour of multi-stage ATPE
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in a range of conditions more accurately than previous iterations of the model.

Table 5.4: Comparison of the amount of C-phycocyanin in each phase between the
experimental data, the LL distribution model, and the LIL distribution model. The
feed in this system was at stage 3

Experiment LL LIL
Stage Phase Amount Amount Error Amount FError
(mg) (mg) (%)  (mg) (%)
3 Extract 0.297 0.214 -28.2  0.271 -8.74
Waste  0.153 0.066 -29.3  0.170 5.62
4 Extract 0.129 0.046 -28.0 0.141 3.86
Waste  0.097 0.011 -28.9  0.086 -3.53
5 Extract 0.054 0.007 -16.0  0.054 0.05
Waste  0.044 0.002 -14.3  0.033 -3.71

5.2.3 Process Design Using the Model

As the LIL model was shown to adequately describe the behaviour of protein in
multi-stage ATPE, it was then utilised to predict the number of stages required in
a model separation of C-phycocyanin from a model contaminant, lysozyme. In this
extraction, the volume proportions of the extract and waste phases were changed
to 28% and 72% of the system, respectively. It was expected that increasing the
extract size from 24.8% to 28% would improve the theoretical performance of the
system. The theoretical feed contained 8 mg/mL of C-phycocyanin and 10 mg/mL
of lysozyme, and was spiked into the system at 4% of the total system volume.

To effectively model this, an equilibrium curve of lysozyme in the C-phycocyanin
case study system was required; this is shown in Figure 5.10. The equilibrium shows
that lysozyme overwhelmingly favours the bottom phase of the system which is not
surprising considering it has an isoelectric point of 11.35. Again, lysozyme shows
partitioning into the horizontal interface of the system and only very small amounts
of lysozyme partition into the top phase of the system. Lysozyme could be reaching
saturation in the bottom phase at around 0.65 mg/mL at which point more protein
begins to partition into the horizontal interface; however, there are not enough data
to know for sure.

To design the extraction process, firstly, the number of stages required to remove
lysozyme from the extract phase was estimated. This was because the stages between
the feed point and waste removal were unlikely to make much of a difference to
lysozyme removal from the extract phases as only very small amounts of lysozyme
were likely to be present in the extract phases. However, to ensure that no significant

effect would occur to the yield if the extract stage before the feed contained lysozyme,
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Figure 5.10: The partitioning of lysozyme in the top, bottom, and horizontal inter-
face region with respect to the total lysozyme concentration in the C-phycocyanin
case study system

the model was run with the required feed added, and then with a 30% and 60%
increase in feed. The percentage removal was worked out using the initial feed. This

process was also carried out for C-phycocyanin removal from the waste phase.

Table 5.5 shows the results for lysozyme removal from the extract phase of the
system. It can be seen two stages are required to remove most of the lysozyme from
the extract phase. The increase in feed had a small effect on a system with one
extraction step but had a negligible effect on the system with two stages. More

stages could be used, but no significant performance increase was seen.

The second step in designing the extraction process was to evaluate the number
of stages for C-phycocyanin recovery. Table 5.6 shows the results from the model
for C-phycocyanin recovery. It can be seen that drastic increases are seen in perfor-
mance up to the addition of four stages and a negligible increase in performance on
the system is seen after seven stages. Having fewer stages was also shown to result
in having a process which was less capable of dealing with varying feeds and large
variations in yield were seen when the feed was increased. Four stages would be
required to achieve a recovery of >94% with this operational configuration. These
results were then used to inform the extraction process shown in Figure 5.11. The
number of stages required for an extraction would be dependant on the users re-
quirements, but the model described in this chapter can be used to inform MSE

process design.
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Table 5.5: Predicted percentage removal of lysozyme from the C-phycocyanin case

study system.

Stages Feed Feed + 30 % Feed + 60%
1 93.92 92.10 90.27
2 99.95 99.93 99.92
3 100.00 100.00 100.00
4 100.00 100.00 100.00

Table 5.6: Predicted percentage recovery of C-phycocyanin from the C-phycocyanin

case study system.

Stages Feed Feed + 30 % Feed + 60%
1 66.50 56.07 45.49
2 85.52 80.84 76.01
3 93.21 90.94 88.57
4 96.71 95.59 94.40
) 98.39 97.83 97.23
6 99.21 98.93 98.63
7 99.61 99.48 99.33
8 99.81 99.75 99.67
9 99.91 99.88 99.84
10 100.00 100.00 99.93
Lysozyme
removal >99%
Extract ) ‘ ) ¢ “Extract
out in
N > > > —>
Waste Waste
In Stage 1 Stage 2 Stage 3 Stage 4 Stage 5 (C)llitC

Protein Feed (4 %)
* 8mg/mLC-PC
* 10 mg/ mL Lysozyme

recovery >94 %

Figure 5.11: Schematic representing a MSE design of C-phycocyanin from lysozyme

in the C-phycocyanin case study system.
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5.2.4 Overview

In terms of process design, the material in the horizontal interface could be consid-
ered just as part of the extract or waste phase of a system, and the calibration curve
could be constructed using the extract and waste phase concentrations. However,
doing this would reduce the flexibility of the model as the extract and waste phases
would have to remain at a set size. The extract and waste phases should be set in
accordance with the amount and type of material in the horizontal interface, the
total system size, and the equipment being used to carry out the extractions. The
proportions of the extract and waste phase may change during the process design
and scale up. Constructing equilibrium curves using the top, bottom, and horizontal
interface concentrations (rather than the extract and waste phases) allows the user
the flexibility to consider different extract and waste sizes.

This chapter has shown that considering horizontal interface behaviour in ATPE
is very important in MSE design. The behaviour of the protein or material at the
horizontal interface would be dependant on the volume of the mass at the horizontal
interface and the way an extraction was carried out. For instance, systems which
are centrifuged are likely to compact material in the horizontal interface more than
systems allowed to separate via gravity, and systems with an extract phase which is
very close to the size of the top phase or systems with large amounts of material in
the horizontal interface are likely to pick up the material in the horizontal interface in
the extract. When systems are screened, it is preferable to avoid selecting a system
which precipitates a target protein or a significant amount of contaminant into the
horizontal interface as it could affect the yield and purity of the process and could
clog up equipment. Miindges et al. (2015) found that high loadings of IgG resulted
in a decrease of the purity and yield of the process. The horizontal interface needs to
be accounted for as it is common for things (particularly larger contaminants such
as cells or cell debris) to partition to some extent into the horizontal interface. This
is particularly important for ATPE as it is can be used as a primary clarification
step, therefore processing very crude (unpurified) material, for example, CHO cell
media broth. Material straight from a bioreactor or homogeniser will contain a large
variety of material, including cell debris. As a result, having models which account
for horizontal interface behaviour are important for process design.

One way to minimise reductions in yields and purity as a result of horizontal
interface partitioning is to avoid taking up the horizontal interface into the extract.
This is because all material is likely to partition into the horizontal interface, includ-
ing contaminants, making it difficult to achieve separation from the contaminants
if the horizontal interface is taken up. There is also the possibility that target pro-

tein that partitions into the horizontal interface will become damaged. This could
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render it a contaminant that may need to be separated out downstream. To avoid
or minimise the loss of yield and purity without changing the feed characteristics,

process design should look to:

e Reduce the volume of the extract

e Chose systems with larger top phases

Lower the amount of feed added to the system

Use equipment / or extraction techniques which avoid disturbing the horizontal

interface

Add extra stages.

These steps can all be used to reduce the amount of precipitated material in
the extract; however, they all have a trade off. If the volume of the extract is
reduced, extra stages will be required between the feed point and the waste removal
to produce the same yield. If the amount of feed added to the system is reduced, more
runs would be required to process the same amount of material thereby decreasing
the productivity of the process. If systems with a larger top phase are chosen, more
stages could be required to produce the same purity, the target protein concentration
will be reduced which could increase the processing needs downstream, and, if the
phase is large enough, the system may have a continuous top phase resulting in slower
phase separation kinetics and reduced processing capacity. Using equipment and
extraction methods which avoid disturbing the horizontal interface cannot reduce
the size or amount of material in the horizontal interface. It is therefore limited
by the system chosen and the partitioning behaviour of the protein. Lastly, adding
extra steps will come with additional costs.

In the model, there will be some error generated because all of the horizontal
interface material is assumed to go into the extract or the waste phase of the system.
In the experimentation carried out, it was observed that the precipitated material
tended to aggregate together and therefore most of the material partitioned into
one phase or another. However, as there will be a small amount of material in the
horizontal interface going into the opposing phase, error will be generated. Error may
also be generated as it can be difficult to redissolve material which has precipitated
at the horizontal interface. This may affect system behaviour when the MSE is
carried out, and will not be detected with UV-vis analysis. Material could be less
likely to redissolve in the MSEs than during analysis. This is because the samples

for analysis are being diluted to a much greater degree in water rather than ATPE
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phases. This could mean that the experimental readings for the waste phases are
higher than expected, and the extract phases are lower than expected.

Evaluation of a single contaminant is carried out in this work. Rosa et al.
(2009b,a) suggested that as contaminants make up a range of different materials,
they could be grouped. Specifically, the work suggested grouping contaminants as
high and low Molecular Weight (MW) components. There are other divisions pos-
sible, for instance, by isoelectric point, and a stubborn contaminant or contaminant
present in high concentrations could be considered on its own.

The modelling in this chapter looks at evaluating a single protein at a time,
evaluating target proteins and contaminants separately. The work considers that
for extraction steps, the stages between the feed point and removal of the extract
improve the purity of the system and the stages between the feed point and the
waste removal improve the yield of the system. The model was used in this work to
evaluate extraction steps; it could also be applied to back-extraction of the target
protein from the polymer-rich phase into a salt-rich phase, or to washing steps for
recycling of the polymer phase. The model could therefore be used as a basis to build
up multi-stage, multi-step ATPE processes to improve the performance of ATPE.

The number of contaminants present and variability of biological systems also
mean that the models utilised to describe extraction processes need to be robust,
and the systems need to be capable of handling complex and varying feeds. As a
result, it would be necessary to carry out robustness testing on both systems selected

and the models used. Robustness testing is evaluated in the next chapter.

5.3 Conclusions

In conclusion, multi-stage ATPE processes can be modelled more successfully when
the model accounts for the behaviour in the horizontal interface of a system. Across
multiple systems and with various proteins, protein was found to partition into the
horizontal interface in all systems tested even at low concentrations.

The modelling requires single-stage data on the protein partitioning into the top,
bottom, and horizontal interface regions of the system. In systems with significant
amount of material partitioning into the horizontal interface of a system, two extra
sets of data are required: data on the volume of horizontal interface region, and a
threshold value for when the horizontal interface volume is large enough for horizon-
tal interface material to partition into the extract phase. The modelling was tested
against three case study MSEs using two different types of protein and systems. As
the work builds upon the LL distribution modelling used by Rosa et al. (2009b,a)
and Liu et al. (2018), the experimental data was compared against both the LL dis-
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tribution modelling and the LIL modelling developed in this chapter. Considering
the horizontal interface region in the modelling was found to drastically and con-
sistently reduce the error between predicted and experimental values. The largest
error seen in the LL modelling was -40.0% compared with +15.2% in LIL model.
Furthermore, the error in the LL distribution modelling was consistently over -20%,
whereas the error in the LIL model was very rarely greater than +10%.

As the modelling was now capable of accurately predicting protein behaviour,
the model was used to design a MSE of C-phycocyanin from a model contaminant,
lysozyme, demonstrating how the model could be used in multi-stage, multi-step
extraction processes for ATPE. The model was only used to consider yield and purity
in extraction steps; however, could also could be used to design back-extraction and
washing steps.

The model requires very little experimental data and can be used to improve
process design with reduced experimental work load. The model reiterated that
multi-stage design is a valuable tool in improving yield and process purity. It also
predicted that the robustness of the system would increased as the number of stages

in the system.






Chapter 6

Variables Effecting Multi-Stage

Aqueous Two-Phase Extraction

6.1 Introduction

This chapter aims to investigate the variables which were shown to affect the perfor-
mance of multi-stage Aqueous Two-Phase Extraction (ATPE) in more detail. Two
variables in particular were considered: phase separation after the formation of the

horizontal interface, and partitioning of protein into the horizontal interface.

In terms of the first variable, Chapter 4 showed that there is a significant differ-
ence between systems operated through the use of a centrifuge and those operated
through the use of gravity. Systems operated through the use of a centrifuge have
significantly larger forces applied to them and, as a result, are at or very close to
equilibrium. Systems which are operated through gravity are evaluated through the
formation of a distinct horizontal interface. Currently, the separation of the phases
of an Aqueous Two-Phase Systems (ATPS) is evaluated by eye through the disper-
sion and settling front; separation is considered complete at the formation of the
horizontal interface (Kaul et al., 1995; Asenjo et al., 2002a). However, it has been
noted that small globules persist in each of these phases after the horizontal interface
has formed when evaluating the system by eye. This means that the phases are still
a turbid, cloudy colour (Kaul et al., 1995). This phase colour is used in the cloud
point method in the determination of the binodal curve; it shows that a system
is two-phase rather than a single-phase system (Hatti-Kaul, 2000). Therefore, it is
reasonable to assume that an ATPS which has a distinct horizontal interface but still
has turbid phases is still separating. The cloud point method uses clear, non-turbid
phases to determine if a system is a single phase system; this is likely to also be an

indication that equilibrium has been reached in a two-phase system and is seen in
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systems which have been centrifuged under temperature-controlled conditions.

In the current literature, despite the turbid phases after the horizontal interface
formation, the assumption is that the bulk separation has taken place and any
separation after this point is unlikely to have a large impact of the performance
of the process (Kaul et al., 1995). This may be the case for systems operated in a
single-stage configuration. However, it has not been investigated (for either single or
multi-stage systems) and the data in Chapter 4 showed that there was a significant
difference in performance between gravity-operated and centrifuge-operated multi-
stage ATPE. This chapter aims to investigate if separation after horizontal interface
formation occurs and is significant enough to account for the differences between

operational methods.

The second parameter investigated was protein partitioning into the horizontal
interface of the system; this was also shown to have an impact on the behaviour
of multi-stage ATPE. Andrews and Asenjo (1996) evaluated three different proteins
across six ATPS and observed that protein partitioning into the horizontal interface
of an ATPS was common. The data in the previous two chapters showed that
both lysozyme and C-phycocyanin partitioned into the horizontal interface of the C-
phycocyanin case study ATPS. Data from Chapter 5 demonstrated that haemoglobin
partitioned into the horizontal interface of all nine Polyethylene Glycol (PEG) 1500
- phosphate systems screened and that large amounts of haemoglobin partitioned
into the horizontal interface of the haemoglobin case study system even at very low

concentrations.

Partitioning into the horizontal interface has been demonstrated to be a common
occurrence which has an impact on system performance (Andrews and Asenjo, 1996;
Miindges et al., 2015). Albertsson (1971) noted that the precipitated protein in the
horizontal interface should redissolve under more favourable conditions; however,
some of the protein may be permanently precipitated. This makes it difficult to
accurately measure the protein in the horizontal interface. To analyse protein ex-
perimentally, a Ultraviolet-visible (UV-vis) can be used. For this, the protein needs
to be in solution and so protein that has not redissolved will not be accounted for.
Therefore, the most accurate way to determine the amount of protein in the horizon-
tal interface of a single-stage system is to use a mass balance of the known amount
of protein added to the system and the measured amounts of protein in the top and
bottom phases. This method is not possible for Multi-stage Extraction (MSE)s as
the total amount of protein in the system is not known. While every effort is made
to redissolve the protein for analysis in the horizontal interface through dilution
and vortexing, there is still uncertainty in the results for samples with horizontal

interface material. Furthermore, the conditions in the multi-stage extraction may



6.1 Introduction 125

not be favourable enough to result in protein redissolving when moved to another
stage; this may affect the system’s protein partitioning behaviour. In Chapter 4,
stages which were far away from the feed point had more protein in the waste phase
(containing the horizontal interface) than predicted from the equilibrium curve. One
theory for this behaviour was that some of the protein in the horizontal interface
had not redissolved when it was moved to another stage, therefore altering partition-
ing behaviour. This would further increase the uncertainty surrounding the results

which include horizontal interface material.

One way to evaluate the impact of the uncertainty surrounding horizontal inter-
face partitioning on results is to perform robustness testing on the model. Models
need to be robust as the experimental data of ATPS are prone to errors which result
in difficulties in its mathematical handling (Selber et al., 2000). Robustness testing
has been utilised in ATPE before by Patel et al. (2018) to evaluate how variations in
feeds affected multi-stage extraction performance. Practically speaking, while it is
important to know the concentrations of the phases, it is more important to under-
stand the number of stages required to meet a required yield or purity. Therefore,
the model was extended from calculating the amount of protein in each phase to
optimising the number of stages required in a MSE for a required yield or purity.
This alteration allowed an assessment of how variations in horizontal interface parti-
tioning impacted on the number of stages required. In terms of process optimisation
of conditions, it has been estimated that there are over one billion possible sys-
tems to explore for any given separation problem (Selber et al., 2000; Torres-Acosta
et al., 2019). Therefore, employing optimisation strategies in ATPE is one method

to overcome the low resolution without an extensive experimental workload.

This chapter is divided into two major sections with the aim of evaluating pa-
rameters which have a significant impact on the performance of multi-stage ATPE.
Firstly, the effect of the kinetics of the phase separation between the formation of the
horizontal interface and true equilibrium is evaluated. To do this, systems had their
kinetics evaluated by traditional dispersion height measurements, UV-vis analysis at
555 nm, microscopic observation of a separating system, and protein concentration
analysis at various time points in a case study ATPS. Secondly, the model built in
Chapter 5 was modified to optimise the number of stages for a given yield or purity.
The optimal number of stages of a case study ATPS was then calculated for a variety
of required yields. To test the robustness of the system, the effect that varying the
horizontal interface had on the optimal number of stages for a required yield was

then tested over a number of runs.
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6.2 Results and Discussion

6.2.1 The Kinetics of the Phase Separation

The first part of the experimental work in this chapter carries out a study of the
kinetics of the phase separation on multiple systems. The systems chosen for the
study were previously used in a kinetics study by Asenjo et al. (2002a). The first
technique used to investigate the phase separation kinetics was the traditional dis-
persion height measurements. These measurements track the two fronts which are
composed of visible globules that form in a settling system by eye. Studies which
utilise these measurements assume that the bulk of the separation is over at the
formation of a discrete horizontal interface (Kaul et al., 1995; Mistry et al., 1996;
Asenjo et al., 2002a). However, it was indicated in Chapter 4 that there was appre-
ciable separation taking place after the formation of the horizontal interface which
affected the performance of a multi-stage ATPE. As a result,UV-vis analysis at 555
nm of a system’s bottom continuous phase was utilised to evaluate the separation of
the phases as this could account for separation past the formation of the horizontal
interface.

Separating systems are characterised as having a continuous phase and a dis-
persed phase. System conditions (specifically phase-forming salt concentration in a
PEG-salt system) dictate which of the phases is continuous and which is dispersed
(Merchuk et al., 1998). In a continuous phase, globules of the dispersed phase form
and then rise or sink towards the horizontal interface. At the horizontal interface,
globules queue until they coalesce and join their native phase. The dispersed phase
is considered static and this can all be observed by eye. For separation which cannot
be observed by eye, UV-vis analysis was used. As the separation is considered to
take place in the continuous phase, this was carried out on the continuous bottom
phases of the systems. For the UV-vis experimentation to track the separation,
a fixed wavelength of 555 nm was chosen. At this wavelength, the phase forming
constituents did not absorb strongly and changes seen in the absorbance were likely
due to movement of globules which were still separating.

Figure 6.1 shows the dispersion height measurements for systems A, B, C, and
D. Systems were PEG 4000 - pH 7.0 ammonium phosphate ATPS. All systems
consisted of 10% w/w ammonium phosphate and systems A, B, C and D consisted
of 14, 16, 18 and 20% w/w PEG 4000, respectively. For these systems, the bottom
phase was observed to be the continuous phase; as a result, the top line represents
the settling front and the bottom line the coalescence front. The separation is
considered complete when these two fronts meet and distinct horizontal interface is

formed (with no globule queueing). For all systems tested by eye, Figure 6.1 shows
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that the separation is rapid and can be considered complete 5 minutes after the
separation began. Rapid eye level separation is to be expected as the bottom phase
of the system is the continuous phase and the systems sit at intermediate positions
on the binodal curve (Asenjo et al., 2002a). A general trend can be seen of the phase
separation rate increasing as the concentration of PEG increases. While increasing
the PEG concentration will increase the viscosity of the phases, particularly the top
phase, it will also increase the density difference between the phases which increases
the driving forces behind the phase separation. This mirrors the findings of Asenjo
et al. (2002a) who found that phase separation rate increases as tie line length
increases.

The systems evaluated in the dispersion height measurements were of different
heights than those in the UV-vis separation experiment; the total height of the
dispersion height experiments was 6.3 cm, whereas the total height of the UV-vis
separation experiments was 3.5 cm. Taller systems were used for the dispersion
height measurements because the rapid separation of the phases at eye level is dif-
ficult to measure, and are much more difficult at smaller heights. This difficulty
is seen in Figure 6.1 by the large errors, especially at the second and third data
points where the majority of the separation is taking place. Some of this error is
due to the random nature of coalescing globules which means that the settling and
coalescence fronts and the formation of the horizontal interface will naturally vary
between repeats.

Shown in Figures 6.2 and 6.3 are the results of the UV-vis analysis at 555 nm of
the continuous bottom phases of systems A, B, C, and D. Figure 6.2 shows the entire
separation from when mixing ceased to the point that the phases were clear. Figure
6.3 shows the separation from the point at which mixing ceased to 20 minutes after
it began. The red line in both Figures 6.2 and 6.3 is the point by which a distinct
horizontal interface is known to have formed; this indicates complete separation

according to the traditional measure of dispersion height.
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The first conclusion that can be drawn from the UV-vis analysis is that the
separation continues long after the formation of the horizontal interface. There are
significant changes in the absorbance observed between the red line and the point
at which a baseline is reached for each system. The systems that were used in the
dispersion height experimentation had a greater total system height than those in the
UV-vis experiments; it would therefore be expected that the UV-vis systems would
separate more rapidly than the dispersion height diagrams. Even without taking
this into account, an absorbance of around 0.75, 0.90, 1.0 and 1.15 is reached by the
time the horizontal interface has formed for systems A, B, C, and D, respectively.
These readings are significantly above the baseline for the systems (around 0.25)
meaning that there is still a significant amount of separation to take place after the
formation of the horizontal interface. The baseline for each system takes several
hours after the formation of the horizontal interface to be reached for all systems
tested.

Each curve follows a relaxation trend and the baseline was reached at ca. 150
minutes for system A, 200 minutes for system B, 250 minutes for system C, and ca.
300 minutes for system D. At eye level, system D (with the highest concentration of
PEG) separated the most rapidly and system A (with the lowest concentration of
PEG) separated most slowly. This is the opposite trend to that seen in the UV-vis
measurements. It is likely that the bulk separation is over faster in systems with
higher concentrations of PEG; however, in this rapid time frame (first 5 minutes),
a greater clarity (less turbid) of phases is achieved in systems with lower concentra-
tions of PEG. It can also be seen that it is likely that systems with a lower PEG
concentration reach true equilibrium faster than systems with a higher concentration
as the phases are much less viscous. Lastly, it can be seen from Figure 6.2 that there
are large amounts of error generated around the baseline reading. This is likely from

globules of PEG attached to the sides of the cuvette moving.

6.2.2 C-phycocyanin System Study

The previous section showed that it is likely that the separation of the continuous
phase continues long after the formation of horizontal interface. Microscopic obser-
vation was used to determine if this is the case. It would also be useful to investigate
how this phase separation after the formation of the horizontal interface affects the
partitioning of protein within the system. In order to do this, a single system was
evaluated in more detail; the C-phycocyanin case study system was used so that
the differences in operational method seen in Chapter 4 could be investigated. In
this section, the C-phycocyanin system was evaluated with a number of methods:

the traditional dispersion height measurements, the UV-vis analysis at 555 nm, the
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Figure 6.2: Turbidity measurements at 555 nm through the bottom, continuous
phases of systems A, B, C, and D. The readings shown are from the start to the end
of separation, the dotted red line indicates the point at which a distinct horizontal
interface had formed.
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Figure 6.3: Turbidity measurements at 555 nm through the bottom, continuous
phases of systems A, B, C, and D. The readings shown are from the start of sepa-
ration to 20 minutes after separation began, the dotted red line indicates the point
at which a distinct horizontal interface had formed.
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Figure 6.4: Dispersion height diagram for the C-phycocyanin system.

phases were observed separating under a microscope, and analysis was carried out
on the concentration of C-phycocyanin in the phases at different time points. Inves-
tigating the C-phycocyanin system allowed for data to be collected which could be
directly correlated to the multi-stage extractions carried out in previous chapters.
The first experiment carried on the C-phycocyanin system was the dispersion
height measurements; this is shown in Figure 6.4. This experimentation showed
similar results to the systems in the previous section. At eye level, the system
separated rapidly forming a horizontal interface within 12 minutes for a system with
a total height of 6.3 cm. The system was observed to have a continuous bottom
phase, so the bottom line shown in Figure 6.4 represents the coalescence front, and
the top line represents the settling front. With the experimentation, a large amount
of error was shown in the readings, particularly in the time regions of 1.5 - 4 minutes
where the bulk of the separation was taking place. This separation was slower than
the separations in the previous section. While the concentration of PEG was lower
than systems B, C, and D, and the same as system A, the molecular weight of the
PEG was higher. The higher molecular weight PEG is more viscous which increases
the viscosity of the phases, especially the top PEG-rich phase, and slows separation.
The second experiment carried out on the C-phycocyanin system was the UV-vis
analysis at 555 nm of the continuous bottom phase of the system; this is shown in
Figure 6.5. Figure 6.5a shows the beginning of separation (from the point at which
mixing of the phases ceased) until 20 minutes after the separation began and Figure

6.5b shows the entire separation (to the point at which phases were clear). In both
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of these figures, the point at which a distinct horizontal interface is formed is shown
by the red dotted line in a system which is the height of the cuvette; this was shown
through experimentation to take 5 minutes in Chapter 4. This experimentation also
shows similar results as seen in the previous section. Firstly, the UV-vis analysis
indicates that it is likely that separation continues long after the formation of the
horizontal interface. Figures 6.5a and b show that the most rapid separation is
achieved in the first five minutes of separation; however, between five minutes and
250 minutes after separation began, the absorbance shifted from around 0.8 to 0.4.
This change in absorbance was less than seen in systems A, B, C, and D. This
experimentation cannot establish the effect of separation past the formation of the
horizontal interface, and to be sure that separation is still taking place, auxiliary

experimentation was used.

In order to further study the separation of the phases, the separation of the
C-phycocyanin system was observed under a microscope. Shown in Figures 6.6
and 6.7 are images of the system separating at various time points throughout the
separation. Figure 6.6 shows the separation for the first 15 minutes and Figure
6.7 shows the remaining separation. For this system, the height of the separation
would have been around the same as the systems used in the UV-vis analysis of the
C-phycocyanin system. As a result, the formation of a distinct horizontal interface

would be achieved after 5 minutes of separation.

Figures 6.6 and 6.7 show that globules of phases form very rapidly, with globules
being shown in the time it took to take the first image (<10 seconds). It can also be
seen that the most rapid separation of the phases occurs before the formation of the
horizontal interface, with the largest number and size of globules being shown in the
images before the horizontal interface forms (<5 minutes). The figures also show
that the separation of the phases continues to take place after the formation of the
horizontal interface. In the initial few minutes after the formation of the horizontal
interface, there appears to be some of the queuing at the horizontal interface at the
microscopic level; this is characteristic of the phase separation of ATPS (Salamanca
et al., 1998; Asenjo et al., 2002a). The globules persisting in the bottom phase
that show this characteristic queuing behaviour are significantly larger than those
which are observed in the bulk of the phase. These larger globules that remain
in the bottom phase after the horizontal interface formation rapidly clear out of
the bottom phase and are not seen in the microscopic observation 15 minutes after
separation began. The characteristic queueing of globules at the horizontal interface
of a system is used within the literature to indicate that the rate controlling process
for the phase separation of most ATPS is globule coalescence (Salamanca et al., 1998;

Asenjo et al., 2002a). While this has been routinely observed at eye level, Figures
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Figure 6.5: Turbidity measurements at 555 nm through the bottom, continuous

phases of the C-phycocyanin system. The dotted red line indicates the point at
which a distinct horizontal interface had formed for a system of this height.
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6.6 and 6.7 shows that there is a population of smaller globules which persist in the
bottom continuous phase after horizontal interface formation that do not queue at
the horizontal interface. Due to their much smaller size, it is likely that the rate
controlling process for these globules is the rise to the horizontal interface. Therefore,
this part of the separation is likely to take place at a much slower rate than the initial
separation. This is also seen in the UV-vis analysis of the C-phycocyanin system;
Figure 6.5 shows that the initial separation taking place before horizontal interface
formation is much more rapid than the separation taking place after this point. It
is likely there is a period where both process are seen and the dominance of the rate

controlling process of globule coalescence is transferred to globule rise.
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The separation of the top, dispersed phase under a microscope is shown in the
top rows of Figures 6.6 and 6.7. Generally, the separation of ATPS are evaluated in
terms of the continuous phase; however, the figures show that there are very small
globules remaining in the dispersed phase of the C-phycocyanin system. These
globules slowly clear out of the top phase over a few hours. This settling of globules
in the top PEG-rich phase is much slower than the settling in the bottom salt-rich
phase; this is likely due to the increased viscosity of the top PEG rich phase.

The microscopic observation has confirmed that the separation continues af-
ter the formation of the horizontal interface and that there is separation taking
place at the microscopic level in both the continuous and dispersed phase of the
C-phycocyanin system. However, it cannot show how it affects the separation of
protein within the system. As a result, a fixed concentration of C-phycocyanin in
the C-phycocyanin system was analysed at different time points after the formation

of the horizontal interface; this is shown in Table 6.1.

The first observation which can be made from Table 6.1 is that the separation
of the C-phycocyanin system after the formation of the horizontal interface does
have an effect on the partitioning of C-phycocyanin. While it can be seen that the
movement of C-phycocyanin from the bottom phase is very small and within error,
the amount of protein in the top phase increases from 0.109 mg immediately after
the formation of the horizontal interface at 5 minutes to 0.150 mg 15 minutes after
separation began; this 0.41 mg difference is around 24% of the total C-phycocyanin
in the system. By 6 hours after separation, 0.150 mg can still be found in the top
phase and between 15 minutes and 6 hours 89% of the C-phycocyanin in the sys-
tem can be found in the top phase. However, 24 hours after the separation began
and at equilibrium, the top phase only contained 0.122 mg of C-phycocyanin which
accounts for 72% of the total C-phycocyanin in the system. This relates to a 22%
reduction of C-phycocyanin in the top phase between 6 and 24 hours. The equilib-
rium curve for C-phycocyanin matches with the last data point generated for the
C-phycocyanin kinetics curve and cannot be correlated with the data immediately
after horizontal interface formation. The data immediately after horizontal interface
formation shows that the experimental top phase concentration is higher than the
model prediction, and the amount of material in the horizontal interface is too low.
As a result, this material clearing out of the top phase between 6 and 24 hours is

most likely settling into the horizontal interface.

In this experimentation, the bottom phase sample taken was 500 pL (out of a
possible 1.057 mL) and the top phase sample was 200 nL (out of a possible 457 pL).
The amount of phase remaining was in the 557 nL of the bottom phase, the 257 nL.

of the top phase or the horizontal interface. For the systems at equilibrium, each
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Table 6.1: The amount of C-phycocyanin measured in each of the top and bottom
phases of the C-phycocyanin system at various time points after the separation began
up until equilibrium had been reached. Also shown is the amount of material not
accounted for; this is listed under ‘Remaining’.

Time (min) Phase amount (mg)
Top Bottom Remaining

0 0.169

5 (horizontal interface formation) 0.109  0.007 0.053
15 0.150  0.006 0.012
30 0.154  0.005 0.009
60 0.150  0.006 0.012
360 0.159  0.004 0.005
1440 0.122  0.003 0.044

of the phases were assumed to have the same concentration throughout, and for
the multi-stage extraction, all of the system was analysed. However, in these sepa-
rating systems, it is likely that there is a concentration gradient across the phases,
particularly the bottom continuous phase, with protein concentration increasing as
distance from the horizontal interface decreases. In this experimentation, material
around the horizontal interface was avoided when extractions of samples were made
in order to avoid disturbing the horizontal interface and collecting material from
the wrong phase. Therefore, it is possible that the concentration of the top half of
the bottom phase is much higher than the bottom half (where the sample in this
experimentation was taken) and the increase in concentration of the top phase is
from material moving from the bottom phase to the top phase.

Table 6.1 shows that there is a rapid increase in the amount of C-phycocyanin
in the top phase between the formation of the horizontal interface and 15 minutes
after separation began. Then, between 15 minutes and 6 hours, there is a very
small change in protein amount. It is likely the rapid change is accounted for in C-
phycocyanin movement from the bottom phase to the top phase and this is reflected
in the microscope images in Figure 6.6 and in the UV-vis analysis in Figure 6.5.
While the separation was shown to carry on for around 6 hours after separation
began, there appears to be a settling mechanism occurring between 6 hours and 24
hours which cannot be accounted for. Table 6.1 shows that between 6 hours and 24
hours the amount of C-phycocyanin in the top phase of the system dropped from
0.159 mg to 0.122 mg.

C-phycocyanin was shown in Chapters 4 and 5 to partition most readily into the
top phase followed by the horizontal interface of the system with very little protein
partitioning into the bottom phase. It was shown that separation after horizontal

interface formation was important for this system; this chapter shows that there
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were two mechanisms which should be considered. Firstly, movement of material
into the dispersed phase from the continuous phase. This occurs from the beginning
of separation until the larger globules of the dispersed phase in the continuous phase
have been depleted. Secondly, the much slower mechanism of smaller globules of
the continuous phase in the dispersed phase bringing material into the horizontal
interface of the system. In this system the first mechanism dominated the separation
for the first 15 minutes, and then second mechanism dominated the separation until
equilibrium.

While it is unlikely that a gravity separation would be allowed to separate for
hours, it is often assumed that the optimum time to allow a system to separate
coincides with the horizontal interface formation or to use a centrifuge and operate
systems to equilibrium. The data shown in this chapter indicated that the optimum
time for separation does not coincide with either the formation of the horizontal
interface or equilibrium. In terms of maximising the yield of C-phycocyanin using
the system, the greatest clarity was achieved at around 6 hours. This is not a
practical separation time, but a large increase of 24.3% in amount of C-phycocyanin
in the top phase was achieved between the horizontal interface formation and 15
minutes after separation began (with respect to total protein amount). More data
points are required to determine the exact time this rapid separation ends, but it is
possible that a much higher yield could be achieved by allowing systems to separate
for a few minutes after horizontal interface formation. It is likely that the optimal
separation for purity and yield will differ in separations containing more than one
contaminant. This is because any contaminant which separates into a separating
dispersed phase, which also contains the target protein, could experience an increase
in purity as the contaminant settles into the horizontal interface. This could occur
as the target protein also settles into the horizontal interface, thereby reducing the

yield.

6.2.3 Horizontal Interface Variation

Along with the kinetics of the phase separation, the partitioning of material into
the horizontal interface was shown to be a variable which is important consideration
in the design and modelling of multi-stage-ATPE. Previous work within this thesis
has shown that partitioning into the horizontal interface is more important than
previously considered. Firstly, in most of the literature, partitioning of material
is generally considered to be between the two liquid top and bottom phases of a
system. However, data in Chapter 5 demonstrated across multiple systems using
different proteins and protein concentrations that protein partitioned into the hor-

izontal interface of the system. This horizontal interface partitioning was shown
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to be vital to accurately model multi-stage extraction of ATPS. Secondly, previous
literature considers that the bulk of the separation was complete at the formation
of a horizontal interface and that, while there may be very small amounts of sepa-
ration taking place, the important separation in terms of protein partitioning was
complete. The data in the previous section of this chapter showed that partitioning
of protein, particularly into the horizontal interface, was linked to the kinetics of
the phase separation and significant partitioning of protein into a horizontal inter-
face occurred after horizontal interface formation. This data demonstrated that the
separation past the formation of the horizontal interface played a significant role in

process performance even in a single-stage extraction.

Due to the importance of horizontal interface partitioning, this last section fo-
cuses on evaluating how variation of material in the horizontal interface affects the
stage-wise results of multi-stage extraction. As previously discussed, it is difficult
to measure partitioning of material into the horizontal interface experimentally in
multi-stage extractions. This is because to measure protein concentration using a
UV-vis, it needs to be dissolved. However, protein precipitated in the horizontal
interface of an ATPS can be difficult to redissolve or even irreversibly precipitated.
As a result of this, the most experimentally accurate way to determine the amount
of material is using a mass balance to calculate the material from the total known
amount of protein added to a system and the experimentally determined amounts
from the top and bottom phase. However, this is only possible in a single-stage
system. There is also a limit to the number of experimental systems which can be
processed using experimental methods due to the time-consuming nature of experi-
mentation. As a result of these factors, a modelling approach was used to evaluate
material in the horizontal interface. Variations in material at the horizontal inter-
face was used to test the robustness of the model. As the experimental data for the
horizontal interface material is less accurate than the data for the top and bottom
phases, the greatest uncertainty for the results surrounds the horizontal interface
partitioning behaviour. As the greatest amount of horizontal interface partitioning
was experienced in the haemoglobin case study system, this system was chosen for
study. The stage-wise optimisation is only useful if robust results are obtained, and
small changes in the horizontal interface behaviour or small errors in data analysis

do not impact the stage wise optimisation.

To evaluate the effect of horizontal interface partitioning on the outcome of multi-
stage ATPE and the robustness of this outcome, the model was firstly altered to
allow for a stage-wise optimisation. This allowed the model to evaluate the number
of stages needed to accommodate different yield requirements as opposed to shifts

in yield at a set number of stages. Then, to determine variation in the horizontal
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interface partitioning, Deming regression was used to determine the variance of the
equation describing the horizontal interface partitioning. Deming regression assumes
that there are errors across both the x and y axis, that these errors have a constant
and known error ratio, A, and that the errors are normally distributed (NCSS,
2020). It was important to assume errors across both axis in the horizontal interface
partitioning as with multi-stage ATPE there is no way to accurately determine either
total protein concentration or horizontal interface concentration experimentally. The
error ratio used in the Deming regression can be used to increase and decrease
the confidence in the data; as A gets smaller, larger errors are expected in the
independent variable (the total protein concentration). Therefore, three different A
values across a wide range were tested so as to test the reliability of the model: 1,
1.63 (a calculated value from experimental data using Equation 3.38), and 7. The A
values and single-stage experimental data were used to calculate the distribution of
the partition coefficient, 3, describing horizontal interface partitioning in the model.
This was then used to vary horizontal interface partitioning and test the stage-wise

outcome of the model.

The haemoglobin system was evaluated for a number of reasons: it had been
previously used in Chapter 5 with the Liquid-Interface-Liquid (LIL) distribution
model, it was a stock solution with a single protein in it which partitioned into
the PEG-rich phase of the system, and it had significant partitioning of protein
into the horizontal interface. Using a system with significant partitioning of protein
into the horizontal interface gave the most extreme conditions with which to test
the robustness of the model. A probability function for the horizontal interface
equation slope (based on a t distribution) was generated for each value of \. Using
this probability function, 1000 random values for the equation describing horizontal
interface partitioning were generated. These values were then each used in the
stage-wise optimisation to calculate an optimal number of stages for various yield

requirements.

Table 6.2 shows the calculated values for 8 and the standard errors for 5 for each
value of A (1, 1.63, and 7) and linear regression (which is equivalent to A = o0). It
can be seen that the calculated values for 5 and standard errors vary little across
each value; this gives confidence in the data gathered and the model generated to
describe the horizontal interface. The standard errors are not large and the 95%

confidence region for § for all data points lies between 0.21 and 0.234.

Shown in Table 6.3 is the calculated yields from the experimentally determined
data and LIL distribution model from Chapter 5 for haemoglobin in the haemoglobin
system. It can be seen from the calculated values that the largest increase in yield is

from 63.93% to 80.57% using one to a two-stage system, respectively. The table also
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Table 6.2: The calculated values for 5 and SE(S) from Deming regression using A
values of 1, 1.62 and 7 and linear regression.

Y s SE(B)
1 0.22276  0.00583
1.62 0.22271  0.00583
7 0.22266  0.00584

oo (Linear regression) 0.22269 0.00563

Table 6.3: The calculated yield of haemoglobin for a varying number of stages in
a counter-current multi-stage operation using the haemoglobin system, using the
same feed and extract and waste sizes as used in the experimentation. Shown is the
stage-wise results for § — 2SE(B), 8 — SE(B), B, 8+ SE(B) and 8+ 2SE(fB) as
calculated when \ = 7.

Stages Yield
B-2SE() B-SE®B) B B+SE@B) B+2SE()

1 63.93 63.93 63.93 63.93 63.93
2 80.73 80.65 80.57 80.49 80.41
3 85.78 85.54 85.31 85.07 84.83
4 92.10 91.89 91.66 91.43 91.19
5 93.34 93.03 92.71 92.36 92.00
6 94.01 93.59 93.13 92.64 92.11
7 94.39 93.83 93.21 92.52 91.75
8 94.59 93.87 93.04 94.23 95.10

shows that significant increases in yield are shown up to the addition of four stages
in a counter-current system. However, additional stages after this point do not have
a significant impact on yield, and from 8+ stages, the yield begins to decrease (not
shown). The decrease in yield will be a result of more of the protein partitioning
into the horizontal interface and the size of the extract and waste phases. For this
decrease to occur, the later stages reach a point where more protein is partitioning
into the waste phase rather than the extract phase. This will not occur in all systems,
or for all extract and waste volumes of this system. If the extract volume of this
system was increased, the concentration range where more material partitions into
the waste phase would decrease until it disappeared. As it stands, this concentration
range is very small and only at very dilute concentration. Also shown in Table 6.3 is
the stage-wise results at different confidence intervals surrounding 3. These results
reiterate that there is very little variation up until more than four stages are used and
there is a high confidence in results until this point. After this point, the variation
in results increases and the confidence in results decreases.

The results for the randomised equation for the horizontal interface partitioning

are shown in Figures 6.8, 6.9, 6.10 and 6.11. The results are grouped around the
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Figure 6.8: The number of stages required to reach varying yields around that which
is achieved in a two-stage process. Shown are the results for A = 1, 1.63, and 7. The
number of runs refers to the number of different 5 values tested within the model.

output for the calculated yields shown in Table 6.3 to see how the stage-wise opti-
misation changed around changes in stage numbers. Not shown are results around a
single-stage process as the calculated yields did not change with varying horizontal
interface slope. This is because a concentration high enough to result in horizontal
interface partitioning into the extract phase was not reached and there was no vari-
ance in the amount of material entering the stage as there was no material entering

from other stages.

Shown in Figure 6.8 is the robustness testing surrounding a two-stage process.
The LIL model predicts that a yield of 80.6% would be achieved using a two-stage
process which means that anything above this value would require a three-stage
process. As a result, the stage-wise optimisation across varying horizontal interface
slopes was run for a required yield of 80%, 80.5% and 81% for the three A values
tested. It can be seen from the results in Figure 6.8 that there is very little variation
in results between the yields. Figure 6.8a shows that every run predicted a two-stage

system for a yield of 80% and Figure 6.8c shows that a every run predicted a three-
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Figure 6.9: The number of stages required to reach varying yields around that which
is achieved in a three-stage process. Shown are the results for A =1, 1.63, and 7.

stage system for a yield of 81%. Figure 6.8b shows the results for a predicted yield of
80.5%, which shows that there is very little difference between the different lambda
results meaning a user can be confident in the results and around 90% of results
predict a two-stage system. The results for a two-stage system are robust, with a
0.5 - 1% interval where there is some uncertainty with the required number of stage.
In system design, if a yield of over 80.5% is required, either operational parameters
such as the extract and waste phase sizes would be adjusted or a three-stage system
would be used.

Shown in Figure 6.9 is the robustness testing surrounding a three-stage process.
The LIL model predicts that a yield of 85.4% would be achieved using a three-stage
process, anything above this value would require more stages. As a result, the stage-
wise optimisation across varying horizontal interface slopes was run for a required
yield of 84%, 85%, 85.5% and 86% for the three A values tested. Figure 6.9a shows
that for all variations of the horizontal interface equation, a three-stage process was
required to achieve a 84% yield and Figure 6.9d shows that almost all runs required
a four-stage system to achieve an 86% yield. Figure 6.9b shows that around 90%

of runs required a three-stage process to achieve a 85% yield and Figure 6.9c shows
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Figure 6.10: The number of stages required to reach varying yields around that
which is achieved in a four-stage process. Shown are the results for A =1, 1.63, and
7.

that around 70% of runs required a four-stage process to achieve a 85.5 % yield.
Again, in all four sub figures, A does not change the results significantly. The region
in which there is uncertainty in the stage-wise results is between 85 and 86% which
is slightly larger than that seen in the two-stage process, but that would be expected
as the number of stages increases (thereby increasing the complexity of the system
and model) and the region is still small. As both A and the region in which there
is an uncertainty in the stage-wise optimisation is small, a user can be confident in

the model.

Shown in Figure 6.10 is the robustness testing surrounding a four-stage process.
The LIL model predicts that a yield of 91.7% would be achieved using a four-stage
process and yields above this value would require more stages. As a result, the stage-
wise optimisation across varying horizontal interface slopes was run for a required
yield of 91%, 91.5%, 92% and 92.5% for the three A values tested. Figure 6.10a
shows that almost all variations of the horizontal interface equation a four-stage

process was required to achieve a 91% yield and Figure 6.10d shows that all runs
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Figure 6.11: The number of stages required to reach varying yields around that
which is achieved in a >four-stage process. Shown are the results for A = 1, 1.63,
and 7.

required at least a five-stage system to achieve an 92.5% yield. Figure 6.10b shows
that around 80% of runs required a four-stage process to achieve a 85% yield and
Figure 6.10c shows that around 90% of runs required a four-stage process to achieve
a 92% yield. For Figure 6.10a, A does not change the results significantly and a user

could be confident in the results up to a four-stage process.

Shown in Figure 6.11 is the stage wise optimisation with varying horizontal in-
terface for yields which require more than four stages. This is because above four
stages, the stepwise improvement in yield is not significant; as a result, the improve-
ment in yield is less than the uncertainty in the modelling. Figure 6.11 shows that
there is a general trend of requiring more stages to reach a higher yield. However,
there is a large spread of results across four or more optimal stage requirements.
Figure 6.11d shows that it is not possible to achieve a yield of 96% under the op-
erating conditions implemented by the model. Interestingly, there is little variation
between the results, meaning that uncertainty in results is likely a result of process
limitations rather than confidence in the horizontal interface equation. After four

stages, the model is not accurate enough to predict robust conditions. This could
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be because the model is not accurate enough for a large number of stages, but it is
more likely that it is due to the very close results in yield achieved when more than

four stages are used.

6.3 Conclusions

In this chapter, two variables which were known to affect the performance of multi-
stage ATPE were investigated: the kinetics of the phase separation, and partition-
ing of protein into the horizontal interface of a system. The first was evaluated
experimentally and the second through a modelling approach. The experimentation
surrounding the phase separation applied the non-traditional techniques of using a
UV-vis and microscopic observation alongside traditional dispersion height measure-
ments to evaluate the separation of the phases. It was found that the separation
continued long after the formation of the horizontal interface, and that separation
occurred in both the continuous and dispersed phase. Concentration analysis of C-
phycocyanin demonstrated that this separation past horizontal interface formation
had a large effect on protein partitioning even in single-stage extractions. Material
continued to move into the top phase rapidly for around 15 minutes after separation
started; this did not coincide with horizontal interface formation for a system of
this size which took around 5 minutes. After this, there was a slower separation
period between 6 hours and 24 hours. During this period, it was found that for
C-phycocyanin, partitioning into the horizontal interface from the top phase was
achieved mostly during this separation period. As a result of both these factors, the
equilibrium concentrations differed vastly to concentrations achieved at the forma-
tion of an horizontal interface. For a system where the yield was being evaluated,
the optimum point at which to extract the phases did not coincide with either the
horizontal interface formation or equilibrium.

Varying A within the Deming regression had very little impact on both the value
for 8 and its confidence intervals which were used to describe the partitioning of
protein into the horizontal interface. This meant that there was a high degree of
confidence in the data gathered and modelling used to describe horizontal interface
partitioning despite difficulties presented in experimentally measuring precipitated
protein. The modelling surrounding the robustness testing on the horizontal inter-
face showed that stage-wise optimisation did not vary significantly while there was
still a significant step-wise performance increase. After four stages, an increase in
stages had little impact on process performance, at this point the model was shown
to not be robust. It was thought that this was a result of the close results for the

stages.



Chapter 7

Conclusions and Future Work

This chapter outlines the major conclusions and findings in this thesis followed by
the future work to be carried out. The work in this thesis surrounds the use of
Aqueous Two-Phase Extraction (ATPE); specifically, the work explores the use of
multi-stage processing to improve the yield and purity achieved by the process. The
literature review outlined the importance of investigating the use of ATPE as a
continuous protein purification option in the biopharmaceutical industry. Moving
towards continuous manufacturing options has become of increasing interest to the
biopharmaceutical industry as it is a way to decrease costs, increase manufacturing

capacity, and increase product consistency and quality.

Aside from being a process which is easily run continuously, ATPE is a developing
process which is cheap in comparison with the more traditional batch purification
processes such as chromatography. This is both a result of the cheap phase forming
components (usually a citrate, phosphate, or sulphate salt, and Polyethylene Glycol
(PEG) for protein purification) and the ability to more easily recycle the more
expensive polymer phase. The ability to recycle the polymer phase is particularly
important if expensive ligands are used to improve the process resolution as the
ligands will also be recycled by recycling the polymer phase. Additional advantages
of ATPE include that it is a gentle, low shear process which does not damage protein,
and that it is capable of combining multiple steps in processing (for instance, primary
clarification, purification and protein concentration). Lastly, ATPE has been shown
to be a robust process capable of handling large, varying, and crude feeds. Robust
processing has become of increasing importance as the upstream processes have
moved to continuous processing as material coming from continuous bioreactors has

been shown to vary.

Despite the many advantages to ATPE, the process has two major challenges

which must be overcome in order to be accepted as an industrial process: the low

149



150 Conclusions and Future Work

resolution of the process, and the lack of understanding of the phase forming mech-
anisms. These two drawbacks are inherently linked as the lack of understanding of
the phase forming mechanisms has resulted in a lack of predictive process design
that leads to the low process resolution. Currently, process design is heavily reliant
on both individual expertise and ‘trial and error’; this is not guaranteed to yield the
desired results. These two drawbacks mean that there is an opportunity to research
and develop the process to improve both process understanding and tools for process
design. As such, this thesis aimed to improve process yield and design through the
use of multi-stage ATPE. Additionally, a deeper understanding behind the process
behaviour and important process variables was developed through exploring the use
of multi-stage ATPE. This is because issues in single-stage ATPE were magnified
and highlighted when multi-stage extraction was explored.

This thesis was divided into three results chapters. The first chapter experi-
mentally explored the use of multi-stage ATPE. The second chapter developed a
model to describe multi-stage ATPE which was operated with each step at equilib-
rium. The third chapter explored two variables that were shown to be important in
multi-stage ATPE in previous chapters: the kinetics of the phase separation after

the formation of the horizontal interface, and horizontal interface partitioning.

7.1 Conclusions

Chapter 4 evaluated three different protein mixtures in case study multi-stage ATPEs.
Two different operational methods were considered: phase separation using a cen-
trifuge, and phase separation using gravity. The chapter demonstrated that Multi-
stage Extraction (MSE) is a valuable tool which could be applied to ATPE in order
to improve the process performance. Generally speaking, it was found that target
protein recovery could be improved through additional stages between the protein
feed and the waste exit, and the removal of contaminants could be improved through
additional stages between the protein feed and the extract exit. While this general
rule could be followed and demonstrates that MSE is a valuable tool, the chap-
ter also demonstrated that there were other parameters which need to be carefully
considered and the multi-stage process needed to be carefully controlled. These pa-
rameters included: operational method, controlling the phase forming constituent
concentrations in extract and waste feeds, the behaviour of individual contaminants
in multi-contaminant mixtures, careful selection of appropriate Aqueous Two-Phase
Systems (ATPS) conditions, and horizontal interface partitioning.

A parameter in Chapter 4 that was shown to be of particular importance was

the operational method. It was shown that there was a vast difference between
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systems which were separated through centrifugation versus gravitational settling.
For each of the MSE extractions carried out, the target protein recovery and purity
was greater for a system operated with a centrifuge operation. It was theorised that
this was because the systems separated by gravity were still undergoing separation
which impacted process performance, whereas the centrifuged systems were at true
equilibrium due to the greater forces applied on them. This difference also meant
that different stock solutions for the phase forming components had to be used
because the position of the horizontal interface shifted. This meant that control
over the MSE was lost if the concentrations used for the centrifuged systems were

used for the gravity-operated systems.

In this first results chapter, for practical reasons, it was found that systems
should be operated and considered using an ‘extract’ and a ‘waste’ phase rather
than as a ‘top’ and ‘bottom’ phase. When using ATPE, completely separating the
top PEG-rich from the salt-rich bottom phase is difficult to achieve. Using extract
and waste phases which can consist of parts of each of the phases can account for this.
Another consideration was how different contaminants behaved in the extraction. In
the case study MSE, C-phycocyanin was removed from contaminants, and the major
contaminants identified were allophycocyanin and phycoerythrin. In the ATPS used,
allophycocyanin was easily separated from C-phycocyanin, however, phycoerythrin
partitioned into the same phase as C-phycocyanin. The result of this was that the
yield of the process was much easier to consider than the purity of the extract in
this multi-component mixture because additional steps to improve C-phycocyanin
purity in the extract could also concentrate contaminants into the extract phase.

This highlighted the importance of careful process design in ATPE.

The last observation was that protein was shown to partition into the horizontal
interface of the system. Most of the previous literature considers protein to either
be in the top or bottom phase of the system. It was observed that stages which were
closest to the exit of the waste stream had different partitioning ratios than expected
and had much more protein in the waste phase than expected. It was theorised that
this was because protein was becoming trapped into the horizontal interface and not

redissolving until dilution for analysis, thereby altering partitioning coefficient.

The second results chapter developed a model to describe a single protein’s
behaviour in multi-stage ATPE when the stages were operated to equilibrium, i.e.
operated using a centrifuge. This chapter developed a modified McCabe-Thiele
method to describe the system and considered two different partitioning regimes: a
Liquid-Liquid (LL), and a novel Liquid-Interface-Liquid (LIL) distribution. Previous
work in this area is based upon a LL distribution and assumes all protein partitioned

into the top and bottom phase of the system. The LIL distribution considered
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partitioning into the horizontal interface of the system as well as the top and bottom
phases. Both of these models required equilibrium curves to describe a protein
partitioning between each of the phases. The LIL model also required data on
the volume of protein at the horizontal interface of a system, which can result in
visual build ups of material in systems with significant partitioning of protein into
the horizontal interface. In systems with large visual build-ups the protein in the
horizontal interface, this material can be taken up into the extract phase which
was accounted for in the LIL model. Both of these models were validated against
experimental case study MSEs, one using a single protein target (haemoglobin), and
others considering C-phycocyanin in multi-component mixture. In all validations
carried out, the LIL model was shown to significantly outperform the LL model
that shows that partitioning of protein into the horizontal interface of a system was

an important variable to consider.

As a result of the consideration of protein partitioning into the horizontal in-
terface of a system, the LIL multi-stage model describing ATPE was considered
accurate enough to be used in multi-stage ATPE process design. The previous
results chapter showed that one side of the feed considered protein yield and the
other contaminant removal. As a single protein can be considered at a time, the
LIL model was utilised to predict an appropriate MSE configuration of a separation
of a model target protein, C-phycocyanin, from a model contaminant, lysozyme.
The LIL model was capable of predicting the number of stages required for tar-
get protein recovery. The yield can be predicted from this and would remain the
same in multi-component mixtures provided other proteins do not alter the target
protein’s partitioning. In terms of contaminants, the model is only currently ca-
pable of predicting the number of stages required to remove a single contaminant
at a time. While the removal of this single contaminant would remain the same
in multi-component mixtures (provided it’s partitioning is not altered), the model
cannot necessarily be used to predict a process purity as it cannot consider other
contaminants which may behave differently. In a multi-component purification with
multiple contaminants that behave similarly, it is probable that a single equilibrium
curve could be used to describe the grouped contaminants and the model can be
used as an approximation of the contaminant’s behaviour. However, a single equi-
librium curve cannot be used to describe the partitioning of contaminants that have
drastically different behaviour such as phycoerythrin and allophycocyanin in the
C-phycocyanin case study ATPE. In this case, equilibrium curves for each of these

components would need to be constructed for them to be considered in any capacity.

The final results chapter explored in more detail the two variables which were

shown in the previous results chapters to have a significant impact on multi-stage
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ATPE: the phase separation after the formation of the horizontal interface, and
protein partitioning into the horizontal interface. The former was considered to be
important due the differences observed between separating a system through the
use of a centrifuge versus gravity. Systems operated through the use of a centrifuge
have large forces applied to them and so rapidly reach equilibrium. Conversely,
systems operated through gravity are judged by eye to have completed separation
at the formation of a distinct horizontal interface; any separation after this point
is assumed to have no significant effect on phase separation. To investigate phase
separation, four techniques were used: traditional dispersion height measurements,
Ultraviolet-visible (UV-vis) spectrophotometer analysis at 555 nm, microscopic ob-
servation, and protein concentration analysis of the phases at various time points.
In all systems evaluated, phase separation was observed to continue after the forma-
tion of the horizontal interface. Furthermore, while in previous literature systems
are considered to have a ‘continuous phase’ and a ‘dispersed phase’, microscopic ob-
servation showed separation in both phases as well as protein concentration changes

after the horizontal interface formation.

From all data gathered, it appeared that there were two mechanisms in the phase
separation. The first was the rapid initial separation of the larger globules within the
system, and the second was a much slower settling of the smaller globules. In terms
of protein partitioning, the model protein, C-phycocyanin, rapidly separated into the
liquid phases during the first stage which took around 15 minutes and then settled
into the horizontal interface between 6 and 24 hours after separation began. For a
system of the size used in UV-vis, microscopic and protein concentration analysis,
horizontal interface formation took around 5 minutes. However, the movement of C-
phycocyanin into the top (extract) phase continued until 15 minutes and significantly
improved between 5 and 15 minutes (24.3 % increase with respect to the total protein
amount). The recovery of C-phycocyanin in the top phase was reduced between 6
and 24 hours as C-phycocyanin settled into the horizontal interface (21.9% of the
total protein). Therefore, this data demonstrated that optimal separation time for
ATPE does not necessarily coincide with either the horizontal interface formation

or equilibrium because of horizontal interface settling.

The second variable investigated in the third results chapter was horizontal in-
terface partitioning. As protein within the horizontal interface has precipitated, the
accuracy of the experimental data generated around this was thought to be less
than other experimental data. The data surrounding the horizontal interface was
thought to be of key concern to the LIL model, and the model needed to be robust
enough to handle variations and inaccuracies in the single-stage equilibrium data

for horizontal interface partitioning. As such, robustness testing was carried out on
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the model to determine if variation in horizontal interface partitioning impacted the
stage-wise optimisation results. To do this, the model was adjusted to determine an
optimal number of stages for a required protein recovery or removal depending on if
a target protein or contaminant was being considered. Deming regression was then
utilised to determine the variance of the equation describing the horizontal interface
partitioning of a model protein, haemoglobin, in the haemoglobin case study sys-
tem. This protein was used as it had the most drastic partitioning of all the system
evaluated. The LIL model was then run using different variables for the horizontal
interface partitioning to determine if the stage-wise results remained consistent. It
was found that results remained consistent while additional stages had a significant
impact on resolution. However, once there was little improvement from additional
steps, the results became less robust.

Overall, the most important contribution of this thesis is the work in showing
how crucial it is to consider partitioning of protein into the horizontal interface of
an ATPS. Previous literature considers that protein partitions only between the
bulk phases and that the bulk separation takes place before the formation of a hor-
izontal interface. This work has demonstrated that a significant amount of protein
partitions into the interface, particularly between the horizontal interface formation
and the point at which phases are clear and non-turbid. To utilise ATPE as a pro-
tein purification technique industrially both an accurate understanding of system
behaviour and accurate models to describe system behaviour will be needed. This
thesis shows that to do that both horizontal interface partitioning and separation

after horizontal interface formation need to be considered.

7.2 Future Work

In Chapters 4 and 5 it was found that there was more protein in the waste phases
close to the waste exit point. It was theorised that this was because protein was
becoming trapped in the horizontal interface thereby altering partitioning. To deter-
mine if this is the case in future work, Native-PAGE samples could be ran on samples
of the horizontal interface to detect aggregated protein in the horizontal interface.
Measurements of the phase forming components at stage five and the feed could be
determined to see if they have been altered by stage five, thereby altering parti-
tioning. Full characterisation of the feed stock could be carried out using various
techniques such as mass spectrometry analysis for all components and SDS-PAGE
for protein components. Equilibrium curves of C-phycocyanin in the case study sys-
tem could then be constructed in the presence of each of these contaminants to see

if it alters the partitioning of C-phycocyanin, thereby altering partitioning across
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the stages.

To develop the model further, work could be done on estimating how much of
the protein does not redissolve in each step of the process, as well as looking at the
best methods and conditions to redissolve the protein in the horizontal interface.
To further reduce experimental workloads in ATPE, multi-stage models could be
utilised with single-stage predictive protein partitioning models. Together, these
models could evaluate a large number of systems and operational procedures to
pick optimal conditions. Until such models are developed with enough accuracy,
high throughput robotic-aided strategies could be used to consider a large number
of systems. The effectiveness of additional steps was found to decrease as more
stages were added. Therefore, future work could also include investigating the cost-

effectiveness of extra steps.

One area of future work is considering how multi-component protein mixtures
impacts the behaviour of a single protein within that system. Within this, how
much other proteins impact partitioning of a target protein at equilibrium needs to
be established. This could be established through determining equilibrium curves
of different proteins in different protein mixtures to see if the same proteins follow
the same partitioning patterns. It would be expected that there would be some
impact on behaviour, particularly for systems which are reaching phase saturation
concentrations. Depending on the results of this experimentation, the modelling
of multi-component mixtures in multi-stage ATPE operated at equilibrium should
be explored in future work. This work could involve utilising a multi-component
feed approach as is used in distillation and in traditional Liquid-Liquid Extraction
(LLE). For processes where the component partitioning is strongly dependent on
the phase forming components, as is the case in ATPE, a Rachford-Rice algorithm
could be applied to the system (Seader et al., 2006).

In terms of future work surrounding the kinetics of the phase separation, the first
thing that needs to be established is a more in depth understanding of each step of
separation. For this, analysis of different, much smaller fractions of a system across
various time points should be carried out. This could be for protein concentration,
phase constituent concentration or UV-vis analysis at 555 nm. Taking fractions at
different time points would give an idea of how concentration gradients across the
phases play a part in the phase separation, particularly in the first rapid stage of
separation. Concentration gradients are unlikely to play a part in the slow settling,
however, a more in depth analysis of the slow separation when material settles into
the horizontal interface could be carried out using this method. Once this has been
established, different settling regimes for proteins with different types of partitioning

should be explored. In this study, a model protein which favoured the top phase and
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horizontal interface of a system with a continuous top phase was investigated. In
further work, a wider study which covers proteins that favour different phases as well
as systems with continuous top and systems with continuous bottom phases should
be considered. Future work could also see if different proteins settle at different
rates in systems, and if settling can be linked to phase constituent concentration or
distance to equilibrium. Lastly, multi-component mixtures should be considered to
see if different proteins impact settling behaviour and if different proteins separate
at different rates. Ideally, models should be built to accurately describe the phase

separation and protein partitioning of the systems.

Ideally, future work should include both modelling to describe the kinetics of
the phase separation as well as to optimise the settling time for gravity settling.
Optimising settling time is an important consideration due to the fact that the opti-
mal time does not coincide with either horizontal interface formation or equilibrium.
This is even more important because significant differences in partitioning coefficient
are seen in the minutes after horizontal interface formation, and between this point
and equilibrium. To carry out settling time optimisation when considering a single
protein, separation time (rather than stages) could be minimised. This would allow
the model to account for separation after the formation of the horizontal interface.
However, the model would not be capable of accounting for the additional cost of
extra stages. One way round this is to optimise for cost; this can balance the amount
of material which can be processed (increased settling time decreases this) with the
cost of additional stages. Once multi-component mixtures are used, it is possible
that the yield and purity requirements for minimum settling time will conflict. More

work is required to fully understand how these requirements will conflict.

In future work, robustness testing could be expanded in order to consider other
variables which could affect the system behaviour. The robustness testing should
be carried out on more systems and proteins to test if the model is still reasonably
robust under other conditions. Conditions which should be tested include horizontal
interface behaviour with multiple proteins within the system, and for systems with
different distribution and separation profiles. Other future work could look at eval-
uating the uncertainty surrounding other variables within the model, particularly
how variations in the phase separation kinetics affect the extraction process. An-
other variable which could be evaluated is the variation surrounding the feed which
is known to be changeable in bioprocessing. To make the model more useful to a
user, the output of the model could be varied to determine regions of certainty and
uncertainty in a stage-wise output for a required yield. This would make it much

easier to compare results in testing different variables.

In terms of more extensive future work, there are several other areas which need
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to be considered. Firstly, the different components of this thesis could be joined
together. In particular, the more extensive understanding of the phase separation
should be built into the equilibrium model to describe systems which are not operat-
ing at equilibrium. As there will be variance surrounding the phase separation, the
robustness testing should be utilised to test this. Another place the model should
be tested is upon scale up; scale up is largely based on phase separation to the point
of horizontal interface formation. As such, the impact of separation of phases after
horizontal interface formation should be considered in scale up. While this separa-
tion may take too long to be practical, it may influence the choice to operate systems
with either gravity or centrifuge operation. Lastly, protein partitioning in the hori-
zontal interface is not widely considered within the literature or within the current
modelling of ATPE. Models such as Mistry et al. (1996) could be more accurate if
horizontal interface partitioning is considered within in them. Once this is done, to
even further expand the model built within this thesis, the multi-stage modelling

could be linked to the predictive partitioning models described in the literature.
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Appendix A

This appendix shows the calibration curves of the model protein C-phycocyanin in
the extract and waste phases of the model case study system. This data correlates
to the determination of C-phycocyanin content in an Aqueous Two-Phase Systems
(ATPS) as shown in Chapter 3. The data in this section looks to determine if there
are differences in the calibration curves. This could be as a result of differences in
phase forming constituent concentration because of operational method, or because
of errors generated in pipetting due to the high viscosity of the Polyethylene Glycol
(PEG)-rich phase.

A concern addressed was that large errors would be generated when using vol-
umes to evaluate the more viscous PEG-rich phase of the system. As a result, it
was important to evaluate if there were differences between absorbance of protein
in the extract and waste phases, and also between each phase when operated using
a centrifuge and when operated through gravity. It was expected that there would
be a difference between the absorbance of protein in the extract and waste phases
because of the viscosity of the PEG creating error when pipetting. It was also con-
sidered that there could be a difference between systems operated under gravity and
through the use of a centrifuge, as while the bulk of the systems have separated at
the formation of the horizontal interface, the phases are still turbid which indicates
that a system is still separating (Hatti-Kaul, 2000). From Figure 7.1 it can be seen
that there is no difference between the same phases if they are operated differently,
i.e. under gravity or through the use of a centrifuge. However, there is a differ-
ence between the extract and waste phase calibration phases. It was found that the
relationship between each extract and waste phase calibration curves was:

For a curve of:

V; oc
AWL = kphase(vt k) (71)
Total

Where Ay, is the absorbance value at wavelength W L nm, W L values of 280,
562, 615 and 652 nm were analysed, V. is the volume of feed stock added to the
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Figure 7.1: Calibration curves of C-phycocyanin stock 1 in the extract and waste
phases of a C-phycocyanin case study system. As operated using gravity separation
and centrifuge operation.

sample, Vi is the total volume of the sample and k. is the gradient determined
from the extract and waste phase calibrations. As this relationship was found for
all values analysed, any sample in the top phase was adjusted by a factor of 1.14,
with a standard deviation of 0.057, when the equations 3.2, 3.3 and 3.4 were applied.
To calculate stock concentrations, the gradients on the calibrations were applied to
equations 3.2, 3.3 and 3.4.

Figure 7.1a also shows that Beers law is followed until around 0.045 mL/mL of
C-phycocyanin stock 1 in the extract phase for the 619 nm calibration curve. As
C-phycocyanin is mostly responsible for this peak, this would correspond to a C-
phycocyanin concentration of around 0.33 mg/mL, at which point the calibration
curve begins to flatten and Beers law can no longer be applied meaning samples

above this concentration would have to be diluted for analysis.
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