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Accounting for Interface Behaviour in Multi-Stage Aqueous
Two-Phase Extraction

Emma Chandler?, Joan Cordiner?, Solomon Brown?®*

% Department of Chemical and Biological Engineering, University of Sheffield, S1 8JD

Abstract

Aqueous two-phase extraction (ATPE) is an alternative, cheaper and con-
tinuous protein purification technique. For ATPE to be used in industry,
it must compete with current batch purification procedures, which can be
achieved using multi-stage operation. To design extraction processes us-
ing ATPE appropriate process models must be developed. In this study,
experimentally determined single-stage equilibrium data was used to gen-
erate a model to describe the behaviour of protein in multi-stage counter-
current ATPE. Two distribution systems are considered: liquid-liquid (LL)
and liquid-interface-liquid (LIL) distribution. The LIL model considers ma-
terial which precipitates at the interface of the system. These models were
then both compared against a three-stage experimental case study ATPE.
The LIL model described the case study system better than the LL model,
reducing the error from 40% to 11%. With this significant increase in ac-
curacy, the LIL model represents an important tool with which to design
multi-stage ATPE processes.

Keywords: Multi-stage extraction, Continuous protein purification,
McCabe Thiele, Aqueous two-phase systems

1. Introduction

Aqueous two-phase extraction (ATPE) has been demonstrated to be a
valuable alternative protein purification technique to chromatography (Rosa
et al., 2010). ATPE, in comparison to chromatography, is relatively cheap
and is ideal for continuous operation. A switch from batch to continuous
manufacturing in bio-processing has been encouraged by regulatory bodies,
including the FDA, because it can reduce processing costs while increasing
manufacturing capacity and the consistency of the product quality (Kon-
stantinov and Cooney, 2015). However, this move will require modification
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or replacement of current techniques while still retaining the high purity stan-
dards required in this industry (Azevedo et al., 2009). Aside from having the
advantage of being a continuous manufacturing technique, ATPE is capable
of handling large amounts of varying and crude material and is a very mild,
low shear technique which is unlikely to damage the target protein (Asenjo
and Andrews, 2011). The process has been demonstrated with a number
of products, including: enzymes, monoclonal antibodies, protease inhibitors
and serum albumin (Andrews et al., 1996, Harris et al., 1997, Rito-Palomares
et al., 2000, Rito-Palomares and Lyddiatt, 2000). However, there are still
challenges for ATPE to overcome in order to be commercially viable: the
low resolution and a lack of understanding of the phase forming mechanisms
(Asenjo et al., 1994, 2002, Rito-Palomares, 2004, Ruiz-Ruiz et al., 2012).
The low resolution of ATPE can be overcome either through the use of
multi-stage operation or affinity ligands. The latter has been used to increase
purity and yield to over 90% in a single step (Azevedo et al., 2009). Multi-
stage ATPE was used by Rosa et al. (2013) to purify IgG from CHO cell
media to 99% purity and 80% yield. Even when accounting for the added
cost of a multi-stage operation, ATPE is cheap when compared with other
purification steps, for instance chromatography. Further cost reductions can
be made as it has been demonstrated that the more expensive phase forming
polymer can be recycled using multi-stage ATPE (Rosa et al., 2013).
Because of the lack of understanding of the phase forming mechanisms,
process design is reliant on both trial and error and individual expertise;
this is both time consuming and expensive (Rito-Palomares, 2004). In ATPE
system selection, parameters which need to be considered can include: choice
of type and concentration of phase forming constituents, use of additional
constituents such as NaCl and ligands, system conditions such as pH and
temperature. As a result of the number of parameters, a trial and error
approach is not guaranteed to yield the required results. For instance, Rito-
Palomares and Middelberg (2002) screened a number of systems to extract
a recombinant viral coat protein from F Coli, varying both PEG type and
phase forming component concentration; however the most successful system
removed 55% of contaminants and recovered 55% of the target protein. In
order to generate experimental expertise in the area, Benavides and Rito-
Palomares (2008) released a ‘practical guide’ which can aid in generating a
starting point in system selection; however, there are still many variables
to be tested. Bensch et al. (2007) suggested that high throughput robotic
aided strategies could aid in rapid system selection; however, this would
drastically increase the cost. Recently, there have been efforts to reduce
material costs generated in extensive experimental system screening through
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the use of miniaturized microfluidic platforms, these can evaluate multiple
system’s partition coefficient at the pL scale Bras et al. (2017).

Another approach to design and optimise ATPE is to use modelling
strategies; this approach has been shown to be economically advantageous
and is capable of reducing experimental workload while increasing the num-
ber of systems evaluated (Biegler and Grossmann, 2004). Modelling ap-
proaches in ATPE have been used to identify and describe the effect of key
process parameters and select robust systems which can handle feedstock
variations (Patel et al., 2018). Predictive modelling has been identified by
Soares et al. (2015) and Torres-Acosta et al. (2019) as an area of ATPE
which would benefit from further development. One road block is the large
variety which exists between different systems and shifts in behaviour be-
cause of changes to system conditions. Currently, partitioning for a specific
system and protein is predicted using physiochemical properties, including;:
amino acid composition and structural features of the protein and the affect
of salt in the system (Salgado et al., 2008, Ferreira et al., 2015b,a). Ulti-
mately, the aim would be predicting the binodal curve of a system and then
subsequently the partitioning of protein, this has been attempted through
molecular dynamic simulations (Dismer et al., 2013).

One way to combine experimental and modelling strategies to improve
the performance is to utilise modelling techniques in multi-stage process de-
sign; this has been applied to both ATPE and the general chemical processing
industry. In industry, multi-stage techniques have been used for processes
that are simple and cost effective but provides a low purity and/or yield,;
the most well known is example is binary distillation. A common technique
to optimise the number of stages in a process is to use the McCabe Thiele
method which has been used extensively for binary distillation (Richardson
et al., 2002). The McCabe Thiele method has been demonstrated to be suit-
able for ATPE when it was adapted and applied by Rosa et al. (2009a,b)
Liu et al. (2018) and Chandler et al. (2019) for a stage wise optimisation
of IgG, tetracycline and C-Phycocyanin respectively. For the method to be
adapted to LLE and ATPE, equilibrium curves using experimental data of
each of the contaminant(s) and target protein being considered must be con-
structed; these show the distribution of the contaminant(s) or target protein
between the top and bottom phases of the selected system at a range of
concentrations.

In the multi-stage ATPE models previously developed, only the protein
partitioning into the top and bottom phases of the system is considered. Al-
bertsson (1971) described two distribution regimes: liquid-liquid (LL) and
liquid-interface distribution. This means that there are three regions in a
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Figure 1: A diagram to show the different options for distribution of material in an ATPE,
adapted from Albertsson (1971)

system which protein can partition: the top and bottom phase and the
horizontal interface (HI). Where material in the top and bottom phases is
dissolved in the bulk phase and material in the HI is precipitated. As a re-
sult, there are multiple possible distribution regimes which are demonstrated
in Figure 1. Subsequently, the previously developed models are only capa-
ble of describing LL distribution regimes. Aside from different partitioning
regimes, it is also known that LL distribution systems become saturated
at very high protein concentrations, at which point protein partitions into
the HI (Albertsson, 1971). Miindges et al. (2015) reported IgG aggregation
with high CHO cell media loading which influenced the yield and purity.
Andrews and Asenjo (1996) investigated partitioning of protein across the
three regions described, with precipitation of protein into the HI of a system
(Asenjo and Andrews, 2011). They found that in six systems tested, with
three different proteins: Amyloglucosidase, subtilisin and Trypsin inhibitor,
that systems rarely conform to a true LL distribution until phase saturation.
Instead their data showed that above relatively low protein concentrations
and the formation of solid phase which can settle into the HI was a common
occurrence in systems.

This work aims to build upon previous work using an adapted McCabe
Thiele method to describe multi-stage ATPE by considering HI as well as
top and bottom phase partitioning. The work firstly screens a number of
PEG-1500 and potassium phosphate buffer at a pH of 8.0 through experi-
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mentation to select a suitable system. Single stage equilibrium data of the
selected system was presented showing haemoglobin partitioning into the
top, bottom and HI across a range of concentrations. This equilibrium data
was used to develop models to describe haemoglobin behaviour in multi-stage
counter-current ATPE with both LL distribution and liquid-interface-liquid
(LIL) distribution. These models were then both compared against an ex-
perimental case study of a 3 stage counter-current ATPE which was spiked
with haemoglobin in the waste stream.

2. Materials and Methods

2.1. Materials

Polyethylene Glycol (PEG) with an average molecular weight of 1500 Da
was obtained from Sigma Aldrich, potassium phosphate dibasic, KoH POy,
was obtained from Acros organics, potassium dihydrogen phosphate, Ho K POy,
was obtained from Alfa Aesar and haemoglobin was obtained from Sigma
Aldrich.

2.2. Experimental Methods

Phase systems were prepared using stock solutions of potassium phos-
phate pH 8.0 (20% w/w), and PEG 1500 (50% w/w). The phosphate buffer
stock solution consisted of potassium phosphate dibasic and potassium di-
hydrogen phosphate. The stock solutions of PEG 1500 and phosphate buffer
were stored at room temperature. Haemoglobin stocks were prepared to
concentrations of 10 and 30 mg/mL and stored at 4°C.

The system screening protocol is illustrated in Figure 2a and 2d. 1.5 mL
system, at the required concentrations of PEG 1500 and phosphate buffer
were prepared in 2 mL centrifuge tubes. Systems were then each spiked with
100 pL of 30 mg/mL haemoglobin. The systems were mixed thoroughly for
30 seconds by vigorous shaking and inversion of the centrifuge tube. Systems
were centrifuged at 800 g for 30 minutes to ensure that systems had reached
equilibrium. Approximate partitioning volumes were then determined using
the graduations on the centrifuge tube. Known volumes of the top and
bottom phase were then taken carefully using a micro-pipette, ensuring that
no material was taken from the interface region. Samples were then diluted
with deionised water by a known amount of 1 - 4 times their volume after
which they were vortexed for 30 seconds to ensure they were thoroughly
mixed. Samples were then analysed in a UV-Vis at 405 nm and haemoglobin
concentration was determined through the use of standard curves and the
Beer-Lambert law. As only an estimated concentration was required for the
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system screening, the standard curves were constructed in water, rather than
each individual system tested, to save time. The amount of material in the
HI was calculated from the total material added and the material measured
in the top and bottom phases.

Haemoglobin was chosen as a model protein because of its pigment. Mul-
tiple systems were screened to evaluate protein partitioning into the top,
bottom and HI of systems as well as system volume ratios. This was carried
out in order to find a system suitable for multi-stage extraction experiments
and evaluate partitioning into the HI across a range of systems. The work
of Kan and Lee (1994) was used as a basis for choosing system conditions of
a PEG 1500 and potassium phosphate buffer (pH 8.0). Table 1 shows the
concentrations systems screened.
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Figure 2: A Schematic to show an overview of the experimentation carried out in this study.
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One of the systems screened, a 13.0% w/w PEG 1500 and 11.2% w/w
potassium phosphate buffer pH 8.0 system, was used in further experimental
investigations to study multi-stage ATPE. For this system equilibrium curves
were constructed, phase volumes were determined and a multi-stage extrac-
tion was carried out; this is depicted in Figure 2b and 2d. For the equilibrium
curve, the systems were prepared and then spiked with a known volume of
haemoglobin, up to 10% of the total volume. Systems were thoroughly mixed
and then centrifuged at 800 g for 30 minutes to ensure phases had reached
equilibrium. 300 pL of the top phase and 500 pL of the bottom phase was
carefully extracted using a micro-pipette. Particular care was taken to not
disrupt the material at the HI. The top phase was then diluted by 900 nL
and the bottom phase sample by 700 pL of deionised water. Samples were
then vortexed for 30 seconds to ensure they were thoroughly mixed. Cali-
bration curves were constructed for the top and bottom phase which were
prepared as described in this paragraph and then spiked with haemoglobin
stock. Samples were then analysed in a UV-vis at 405 nm and haemoglobin
concentration was determined through the use of standard curves and the
Beer-Lambert law. The amount of material in the HI was calculated from
the total material added and the material measured in the top and bottom
phases. Experimentation was carried out in triplicate.

The size of the HI and the material gathered there changes with respect
to the total protein concentration; an experiment was carried out to approxi-
mate this. The determination of the HI volume vs protein concentration was
carried out as follows. A 6 mL system of a 13.0% w/w PEG 1500 and 11.2%
w/w potassium phosphate buffer pH 8.0 was prepared by weight, and spiked
with haemoglobin stock (up to 10% volume of the total system volume).
Systems were then allowed to separate until equilibrium. Phase heights of
the bottom phase, top phase, and HI material were then determined using a
digital micrometer along with the falcon tube diameter. The phase heights
and the falcon tube diameter were then used to determine phase volumes.
Experimentation was carried out in triplicate.

For the multi-stage extraction, three counter-current stages were used;
this is depicted in Figure 2c and 2d. Larger (ca. 15 mL) volumes of a
13.0% w/w PEG 1500 and 11.2% w/w potassium phosphate buffer pH 8.0
system were prepared by weight in 15 mL falcon tubes. These were mixed
thoroughly for 30 seconds and allowed to separate overnight. The top and
bottom phases were then collected using a hypodermic needle and syringe,
and stored as stocks for the top and bottom phase for use in the multi-stage
extraction. Care was taken to avoid the material surrounding the IHI which
was discarded.
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Figure 3: A schematic representation of the extract and waste phases for the multi-stage
extraction.

The HI was measured to be at 52% of the total system height. The total
volumes of the systems were 1500 mL. The extract consisted of the 650 pL of
the top phase, and the waste phase consisted of 780 uL of the bottom phase
stock and 70 pL of the top phase stock. 54.6 nL of haemoglobin stock was
added to the waste feed at stage 1.

For each run of the multi-stage extraction, the extract and waste phases
were transferred across the stages as demonstrated in Figure 2c. Once phases
were transferred across the stages systems were shaken vigorously for at least
30 seconds to mix and allowed to separate to equilibrium. The system was
run for 15 runs, the extract and waste output for each run was collected.
After 15 runs the waste and extract for each stage was collected for analysis
which is depicted in Figure 2d. All samples were weighed and then diluted by
a known volume. Samples were then vortexed for 30 seconds to ensure they
were properly mixed. Samples were then analysed in a UV-vis at 405 nm
and haemoglobin concentration was determined through the use of standard
curves and the Beer-Lambert law. Standard curves were constructed for
both the waste and extract phases. The multi-stage extraction was carried
out in triplicate.

2.8. Compulational Methods

In this work, we compare two models; the first is based on the tradi-
tional method of modelling ATPE and assumes the distribution of material
is between the two regions: the top and bottom phases of the system. The
model developed in this paper assumes material is partitioned between three
regions: the top and bottom phase and the HI of the system. Both use
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Figure 4: A schematic to illustrate the multi-stage extraction.

single-stage equilibrium behaviour as a basis for modelling the multi-stage
ATPE.

The model firstly assumes that the phases are immiscible, this is a com-
mon assumption for ATPE despite that phases are semi-miscible. The pro-
cess is isothermal, so an energy balance is not used (Mistry et al., 1996,
Rosa et al., 2009b,a). It was assumed that perfect mixing and equilibrium
for phase separation was achieved at each stage. In ATPE several com-
ponents must be considered, these can be divided into the phase forming
materials (polymer(s), salt(s) and water) and the material to be partitioned
(the contaminants and target protein). 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 was lastly assumed that
the HI was flat.

The mass balances in the model assume a semi-continuous multi-stage
operation with rapid batch separations which are moved counter-currently
upon separation. The model utilises the same system conditions at each
stage with only the protein concentration varying; this similar to Rosa et al.
(2009a,b). In comparison,Mistry et al. (1996) simulated a continuous multi-
stage operation where the extraction conditions changed at each stage to
account for extraction and back extraction; this requires more experimental
data to generate adequate mass balances which cover all components within
the system. While the modelling in the present paper assumes and accounts
for partitioning between three regions (the top, the bottom, and the HI of the
system), the simulations from Rosa et al. (2009a,b) and Mistry et al. (1996)
assume partitioning between only the top and bottom phase. Mistry et al.
(1996) presents the partitioning of protein as a constant value, whereas the
present paper and Rosa et al. (2009a,b) account for changes in partitioning

10
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For the multi-stage distribution, if V' is the phase volume (mL), C is
the concentration of protein (mg/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:

Vwa,O + ‘/ycy,N+1 = chm,N + VyC 1 (1)

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

Vach,n—l + VyCy,n—H = ‘/sz,n + VyCy,n (2)

Using equations (1) and (2) we can pose the stage-wise optimisation of
the multi-stage ATPE as follows:

min N (3)

subject to:
Cac,N S CTm‘get (4)

Where Crgrger is the required concentration in phase x. If optimising
number of stages for yield, x is the target protein concentration in the waste
phase. If optimising number of stages for purity, « is contaminant protein
concentration in the extract phase. In this paper, we consider the yield of
the system. To determine the first step, a mass balance across the entire
system is used:

Cy,l = Cy,n—l—l - 7(6’.1,71/ - C;L’,O) (5)

Fach stage is then evaluated as follows:

Czn = f(equilibrium line),

Va n=1,...,N (6)
7Czn_0xn— )
Vy( : 1)

Where f is the function determined for the equilibrium line. The line is
determined either by a piecewise linear function or a curve of the equilibrium
points determined experimentally. This collection of the experimental data
is described in the previous section. In this paper, the equilibrium line is
described by a curve, shown below in equations 7 and 8.

The partitioning in the LL distribution model is constructed as follows.
Based on the experimental data, quadratic relationships were assumed be-
tween the total concentration and the concentration in the top and bottom

Cy7n+l = Cy,n -

11



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

phases of the system. As a result, the partitioning in each stage is determined
by:

C(Bottom = kblc%oml + kaCTotal (7)

Crop = ki1 CFtar + k12CTotal (8)

The coefficients kp1, kpo, ki1 and ko were then determined by regression
against the experimental data points from the equilibrium curve; kp; and k¢
have the units mL/mg, kys and ko are dimensionless. There is a range that
a linear relationship can be seen between the total and phase concentration
for the top and bottom phases; however, the equilibrium curve includes data
points at which the phases have reached a level of saturation (Albertsson,
1971, Mistry et al., 1996). As such, a linear relationship was no longer
appropriate and a second order polynomial was used to describe the top and
bottom phase concentrations in relation to the total system concentration.

For the phase volumes, VBottom and Vp,, were determined experimentally
and remained constant regardless of protein concentration.

In the LIL distribution model, the material in the HI was also considered.
In the single-stage equilibrium curve, the amount of protein in the HI was
calculated using a mass balance:

MHI = CTotalVTotal - CBottomVBottom - CTopVTop (9)

The concentration, Cgy of mass in the HI, My (mg) was calculated with
respect to the total system volume, rather than with respect to the volume
measured at the HI. This is to avoid potentially large errors with volume
measurement being propagated through the model. If a more accurate vol-
ume measurement of the interface could be used, it could be calculated as
a true concentration. Based on the experimental data a linear relationship
was assumed between the total concentration and the concentration in the
HI of the system. As a result, the partitioning in each stage is determined
by:

Mpr

VTotal

= karCrotal (10)

The coefficient kg is dimensionless. While the volume of the phase at
the HI was not used in concentration calculations to avoid error propagation,
it was used to determine whether the mass at the HI was part of the ‘ex-
tract’ or ‘waste’. Larger HI regions partitioned into the extract and smaller

12
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third phase regions partitioned into the waste. Ideally material in the HI
should remain in the waste phase; however, partitioning of HI material into
the extract occurs at higher protein concentrations and therefore large HI
volumes. The volume of the HI, Vy;, was considered as an insoluble phase
at the HI over the top of the liquid phases which is described by:

Crotal +b
%Vir = alogio <thl+> (11)

Vir = % Va1 Vrota (12)

The coefficients a (dimensionless), b (mg/mL) and ¢ (mL/mg) were deter-
mined using the data points determined experimentally from the HI volume
curve using least squares regression.

It was assumed that the mass in the HI was all in the extract or the
waste phase. If the volume of the HI was below Viyiticar then the HI ma-
terial partitioned into the waste phase. If the volume of the HI was above
Voritical then the HI material partitioned into the extract phase. Vioyitical 18
dependant on the extraction method and materials used in the experimental
protocol.

Veriticar 18 defined as:

Veriticat = -EHT"T2 (13)

Where Eyp is the extraction height (cm) above the HI and r is the radius
of the test tube (cm). The the waste, W and extract, F, phase protein
concentration (mg/mL) for each stage, n, are defined as follows:

If Vur < Veritical:

CW,n — VBottochottom,n + (VTop - VE)CTop,n + C’HI,anTotal (14)

CE,'rL = VE,nCTop,n (15)

If VHI,n > Veritical:
CW,n = VBottomCBottom,n + (VTop - VE)CTop,n (16)
CE,n = VECTop,n + CHI,nVTotal (17)

Then for the stage-wise balance:
VWCW,TL—I + VECE,TH—I = VWCW,TL + VECE,n (18)

13
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We can then use equations 1 to 6 to calculate how the system behaves in
a multi-stage process. For this paper, as the yield is being considered, the
material is being moved from the waste phase to the extract phase. Therefore
y is the extract phase and x is the waste phase.

3. Results and Discussion

The first step in using ATPE involves screening for systems which have
suitable extraction conditions. For single-stage ATPE, often many systems
have to be screened to find desirable extraction conditions. For multi-stage
ATPE, less desirable extraction conditions with lower resolutions can be
accepted because the resolution can be improved by altering the number of
stages, and so the screening is less extensive. Screening is still necessary
in multi-stage extraction as non-optimal conditions could result in losses
between stages which are higher than that of single-stage extraction. While
there are many parameters which can be varied in order to alter partitioning,
in this study the chosen system conditions were based upon the work of Kan
and Lee (1994).

Table 1 shows the screening concentrations and position of the HI and
5 shows the amount of protein in the top, bottom and HI of each system.
Table 1 shows that three systems did not contain high enough concentrations
of phase forming material (PEG 1500 and potassium phosphate buffer) to
form two-phase systems. Systems A, B, C and J all partitioned so that one
phase consisted of around 31% of the volume and the other around 69% of
the volume. While it is possible to operate LLE with a large volume ratio,
it is preferable to use systems with more or less equal volumes such as those
shown by systems E, K and L.

Volume ratios are also important to consider in system selection for three
reasons: they have a relationship with the phase separation kinetics, systems
with a very small phase reach protein saturation faster, and separator design
is dependant on volume ratios. For the phase separation kinetics of PEG-salt
systems, systems which have a large top phase have continuous top PEG-rich
phases, meaning they have much slower phase separation kinetics than sys-
tems with continuous bottom salt-rich phase (Albertsson, 1971, Kaul et al.,
1995). The fastest phase separations are observed at intermediate positions
on a binodal where the phase volumes are approximately equal (Salamanca
et al., 1998). This difference is seen because of the much larger viscosities
of the PEG-rich phase compared to the salt-rich phases. Slow separation
kinetics would become problematic upon scale up, reducing the amount of
material processed. For protein accumulation in the HI, if one of the phases
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PEG 1500 Phosphate Buffer HI position

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

Table 1: The concentration and position of the HI in a 1600 pL. sample of the PEG 1500
- potassium phosphate pH 8.0 systems screened

3.0 T T T

Hl Top Phase
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25} E HI g
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Figure 5: Distribution of 3 mg of haemoglobin in different 1600 pL. PEG 1500 - potassium
phosphate pH 8.0 systems screened.
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is too small, only a small amount of protein will be able to partition into
it, even if the phase can handle a high concentration of protein, until the
phase becomes saturated (Albertsson, 1971). Systems with a saturated phase
will result in accumulation of material in another phase, resulting in either
material in the HI or a less desirable partition coefficient. Lastly, with sepa-
rator designs, the equipment dimensions are often dependant on the volume
rations. A large volume ratio would require non-traditional settler designs
which could increase the complexity and therefore cost of the equipment.

For an extraction, it is preferable to maximise the amount of dissolved
protein as opposed to precipitated protein. While the precipitated protein
can still theoretically redissolve, it can become damaged, aggregate or be
difficult to redissolve (Albertsson, 1971). Theoretically, systems have either
a LL or liquid-interface distribution; because a large amount of haemoglobin
partitioned into the top and HI of the systems, these systems would be con-
sidered to have liquid-interface distribution. However, Andrews and Asenjo
(1996) demonstrated that true two-phase partitioning regimes are uncommon
and often partitioning is seen across the top and bottom phases with pre-
cipitated material in the HI of a system, even at low protein concentrations.
Figure 5 showing the partitioning of systems screened, demonstrates there is
protein in both phases and the HI for all two-phase systems tested. It should
be noted that relatively high concentrations of protein (2 mg/mL) were used
in the screening. As higher concentrations are reached, more material tends
to partition into the HI. The point at which more material tends towards the
HI is dependant on the system conditions and the protein. Haemoglobin has
likely become saturated in the top and bottom phase meaning partitioning
into the HI is likely exaggerated by the high protein concentration.

For further testing, system E was chosen for study as it had a suitable
distribution of material into the top phase, as well as volume ratio close to
1. System J had better distribution into the top phase; however, had less
suitable volume ratios with the bottom phase only forming 500 pL of the
1600 pL system. Figure 6 shows the partitioning of haemoglobin in system
E into the top and bottom phases and the HI with respect to the total system
concentration. In this graph, the material in the HI is shown as a pseudo
concentration of the total system volume as the volume of the HI is very
small, and the top and bottom phases are shown as a concentration of their
respective phases. When considering material in the HI, Andrews and Asenjo
(1996) also considered the HI material as a pseudo concentration of the total
system volume. Figure 6 shows that the haemoglobin favours the top phase,
followed by the HI and then the bottom phase. The material in the top and
bottom phases was dissolved and the material in the HI is a precipitated mass
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Figure 6: The partitioning of haemoglobin in a 13.0% w/w PEG 1500 and 11.2% w/w

potassium phosphate buffer at pH 8.0 system.
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Figure 7: Volume of the HI as a percentage of the total volume in a 13.0% w/w PEG 1500
and 11.2% w/w Potassium phosphate buffer at pH 8.0 system.

which sits at the HI. As the total protein concentration increases, the mass
in the HI grows into the top phase. Once a total haemoglobin concentration
of greater than approximately 0.45 mg/mL is reached, the top phase begins
to become saturated and an increasing amount of haemoglobin partitions
towards the bottom phase. If higher concentrations of protein were used,
the bottom phase would also become saturated and more material would
partition into the HI. It can be seen that material immediately partitions
into the top, bottom and HI. This contradicts the assumption that systems
partition either as a liquid-liquid distribution or as a liquid-interface distri-
bution until the system is saturated and supports the findings of Andrews
et al. (1996), who found that protein often partitioned into the top, bottom
and HI of systems.

The experimental data in Figure 6 and Figure 7 were both used in the
model. The equilibrium curves were used to predict the partitioning of ma-
terial of between the phases of a system given a total protein concentration,
and the volume curve was used to predict where the material at the HI went,
the waste or extract phase, given a total protein concentration for each stage.
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Experiment LL model LIL model

Stage Phase Amount Amount FError Amount FError
(mg) (mg) (%) (mg) (%)
! 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

Table 2: Comparison of the amount of protein in each phase between the experimental
data, the LL distribution model and the LIL distribution model.

The model was then tested against a case study system. Figure 8 shows
the amounts of haemoglobin in the extract and waste phases of each stage
of a 3 stage counter-current ATPS. Using three stages of system E the yield
of haemoglobin ATPE improved from 61.8% in a single stage to 85.3% in
three stages, drastically improving the yield of ATPE using a multi-stage
extraction. Table 2 shows the results for the LL and the LIL distribution
models in comparison to the experimental results. The table shows the
amount (mg) of haemoglobin in the extract and waste phases of each stage,
as well as the percentage difference between the experimental data and the
LL and LIL distribution models with respect to the amount of protein in the
feed.

The LL distribution model assumes protein partitions into just the top
and bottom phases and is the methodology previously used to describe parti-
tioning behaviour of multi-stage ATPE as it is commonly assumed in single-
stage systems (Rosa et al., 2009b,a, Liu et al., 2018). The LL model can be
seen describe the case study extraction in stages with less material in the sys-
tem; however, for the extract in stage one, with the highest concentration of
haemoglobin, the model has a 40% error. This is because it does not account
for the protein in the HI meaning that all of the protein in the HI was lost.
While the rest of the model reflects the experimental data well, should the
LL distribution model be used to look at any stages placed in front of stage
1 (to look at contaminant partitioning), this error would carry into these
stages. This would also cause more problems if a higher feed concentration
was used. The experimental data shows the total concentration in stage 1 is
0.462 mg/ mL. Figure 6 showed the top phase starts becoming saturated at
concentrations of >0.45 mg/mL. This means that the LL distribution model
is showing a 40% error in stage 1, despite only just reaching saturation. It
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is likely that at larger concentrations, the model would deviate more.

The material in the HI could be considered as part of the waste or extract
phase, and an equilibrium curve could be constructed using these phases.
However, this would give less flexibility in the modelling as the extract and
waste phases would have a set size. By constructing an equilibrium curves
considering the top, bottom and HI, it allows the model to consider differ-
ent extract and waste phase sizes; thereby allowing for different extraction
methods, equipment and scale to be considered.

The behaviour of the HI material is dependant on both the volume of the
mass at the interface and the extraction methodology. Practically speaking,
its preferable to avoid systems which precipitate a target protein into the
interface. However, Andrews and Asenjo (1996) identified that very few
systems exist which do not have protein partitioning into the HI, even at low
concentrations. It has known that it is common larger contaminants, cells
and cell debris to experience partitioning to the HI; therefore, in systems with
a large number of contaminants in the HI it would be important to avoid
taking this region into the extract as it would reduce purity. As a result,
having models which predict for HI partitioning, would allow users account
for this behaviour and including the HI in the extract phase can be avoided
or minimised, without changing the feed characteristics. For instance this
could be achieved by changing equipment to avoid disturbing material at the
HI, decreasing the extract size, adding extra stages, choosing a more suitable
system, or decreasing the amount of protein in the feed.

This model is only used to predict the behaviour of a single protein; in
future work it could be used to evaluate both a target and contaminants sep-
arately. As contaminants are likely to consist of a range of different protein
and material, often they are grouped together, either completely or as two
groups: high and low molecular weight components (Rosa et al., 2009a,b).
There are other divisions possible, and a stubborn contaminant could be
evaluated on its own. Generally for extraction steps, the yield of the system
can be evaluated by looking at reducing the amount of target phase in the
waste stream. The purity can be improved by reducing the contaminants in
the extract stream. For a back extraction step, only the target movement out
of the polymer phase and into the salt phase needs to be considered. Lastly
for a washing step, removal of any remaining material from the polymer
phase should be considered. Using this model as a basis, evaluating different
protein components in turn the model can be used to build up multi-stage
process flow sheets for ATPE which can greatly improve the performance of
the extraction. The added consideration of the HI partitioning could also be
integrated into other modelling approaches such as the work of Mistry et al.
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(1996) and Rosa et al. (2009a,b).

In this work, only a single protein was considered and the above ap-
proach considered each protein in turn in isolation. In practice, while the
partitioning of the proteins will mostly be a result of the system conditions,
different proteins in a system together will have an impact on each other’s
partitioning behaviour. This is particularly likely to be the case in systems
which have a saturated phase, and a build-up of material in the HI. As a
result, future work should look at experimentally evaluating multi-protein
mixtures and partitioning in terms of the HI, top and bottom phase. Fur-
ther future work in modelling could involve adopting a multi-component feed
approach as is used in distillation and in more traditional LLE. In this ap-
proach, the components are pseudo separated and parameters are assigned
determine their interaction, for processes where component partitioning are
strongly dependant on phase compositions, as is the case in ATPE, a mod-
ified Rachford-Rice algorithm could be applied (Seader et al., 2006). While
there are likely a large number of components in a biological separation,
similar contaminants could be grouped together and major or stubborn con-
taminants could be evaluated separately (Rosa et al., 2009a,b). As feeds
in bioprocessing are complex and variable, future work should also look at
robustness testing of the model, evaluating how feed variation affects model
output.

Ideally, this model would be extended to work with single stage predictive
behaviour models, so as to reduce experimental work load and increase the
number of systems considered when picking optimal conditions. However,
currently single stage models and experimental work defines partitioning in
terms of top and bottom phase partitioning. For more accurate results,
partitioning into the HI could also be considered.

4. Conclusions

The use of multi-stage ATPE is capable of increasing the performance
of the process, the yield of a model protein, haemoglobin, in a model multi-
stage extraction was improved from 61.8% in a single step to 85.3% in three
stages. This work describes a model to describe multi-stage ATPE which
is based on mass balances between the stages, with each stage having three
regions in which protein can partition: the top, bottom and HI. The model
requires two types of single-stage equilibrium experimental data: protein
partitioning data and the volume of precipitation of protein at the HI over
a range of protein concentrations. In order to account for the material the
only extra experimental data collection required is volume of the material
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precipitating at the HI, which is easy to obtain. The amount of material at
the interface is determined via calculation.

Generally partitioning of protein with systems is considered to be be-
tween two regions: the top and bottom phase. The main finding of this
paper is that to successfully describe multi-stage ATPE the protein needs
to be considered. Across 9 systems screened haemoglobin was found to par-
tition into all three regions when systems were spiked with 2 mg/mL of
haemoglobin: the HI, top and bottom phases. In the model system which
was studied in more detail, it was found that protein partitioned into all
three regions immediately, not just after the top and bottom phases were
saturated. As a result, the model presented in this paper which accounts
for the behaviour of protein in the system at the HI, reduced the maximum
error experienced to 11% from 40% compared with a model which described
only the top and bottom phase protein partitioning.
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