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ABSTRACT

This report basically discusses the research done and basic understanding of the
chosen topic, which is Thermodynamic Modeling for Protein Extraction in Aqueous
Polymer System. The objective of the project is to study on extending the application
of polymer thermodynamic model, namely Flory-Huggins Theory [1,2], to capture
and predict the partitioning behaviour of a sample of diffefent types of proteins in an
Aqueous Two-Phase Extraction System (ATPES). ATPES is a liquid-liquid extraction
technique that can be applied as a protein separation method. At equilibrium, these
systems form water-rich two liquid phases which a target protein selectively partitions
into one of the phases according to its ATPES® characteristics. The protein
partitioning behavior can be captured using the above mentioned thermodynamic
model. Examples of two-phase systems are either two polymers (e.g., PEG/dextran)
or one polymer in high-salt concentration (e.g., PEG/salt). The scope for this project
will be the protein extraction in aqueous polymer system. To observe the efficiency of
ATPES to extract certain types of proteins, a modeling approach by Ahmad [3] based
on MATLAB will be used. Using MATLAB software as a helping hand, equilibrium
compositions and the partition coefficient of a target protein in the system can be
computed. The model will be used to analyze the variations in the partitioning trends
and patterns for different types of proteins. The results will be the partitioning of the
respective target proteins, either to the top or to the bottom phase in the ATPES,
producing partitioning coefficient of greater or less than the value of 1 respectively. In
this report, the equilibrium compositions and the partition coefficient of human
hemoglobin and lysozyme from chicken egg white in water — PEG 8000 — Dextran 75
system are calculated using the modeling approach by Ahmad [3]. The result obtained is

then compared to empirical data [30].
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CHAPTER 1
INTRODUCTION

1.1 BACKGROUND OF STUDY

Like other biological macromolecules such as nucleic acids and polysaccharides, proteins
are essential parts of organisms and take part in every proeess within eells. Many proteins
are enzymes, vital to metabolism and catalyze biochemical reactions. Proteins have
structural or mechanical functions, such as myosin and actin in muscle and the proteins in
the cytoskeleton, which form a system of scaffolding that maintains cell shape. Other
proteins are important in cell signaling, immune responses, cell adhesion, and the cell
cycle. Proteins are also necessary in animals' diets, since animals cannot synthesize all
the amino acids they need and must obtain essential amino acids from food. Through the
process of digestion, animals break down ingested protein into free amino acids that are

then used in metabolism [4].

The production of proteins using a selected host with the necessary posttranslational
modifications is one of the key successes in modern biotechnology. This methodology -
allows the industrial production of proteins that otherwise produced in small quantities.
However, the major production costs (50-90%) for a typical biological product resides in
the purification strategy [4]. There is a need for efficient, effective and economic large
scale bioseparation techniques to achieve high purity and high recovery of the target

protein while maintaining the biological activity of the molecule [5].

Chromatography is one of the common methods which can be used in protein
separation[11]. It involves passing a mixture dissolved in a "mobile phase" through a
stationary phase, which separates the analyte to be measured from other molecules in the
mixture and allows it to be isolated. Example of chromatography is affinity
chromatography. It is based on selective non-covalent interaction between an analyte and
specific molecules. It is very specific, but not very robust. It is often used in bioehemistry

in the purification of proieins. There are many types chromatography but all these



methods require very high maintenance for the column and rapid turn-over of packaging

material.

Besides that, uitrafiltration technique is also used to purify proteins. Ulirafiltration (UF)
is a variety of membrane filtration in which hydrostatic pressure forees a liquid against a
semi permeable membrane. Suspended solids and solutes of high molecular weight are
retained, while water and low molecular weight solutes pass through the membrane. This
separation process is used in industry and research for purifying and concentrating

macromolecular (10° - 10° Da) solutions, especially protein solutions.

This research relates to liquid two-phase extraction systems, particularly, to systems for
separating proteins using a two-phase protein extraction system. Several low cost two-
phase systems are known which can handle protein separations on a large scale. These
systems use polycthylene glycol (PEG) as the upper phase-forming polymer and dextran

|6], a concentrated salt solution [7] as the lower phase-forming polymer.

The use of aqueous two-phase systems for the purification of proteins is a very powerful
technique for the primary downstream processing steps [5]. Aqueous two-phase systems
have some advantages in comparison with other commonly used separation and

purification techniques.
The main advantages have been summarized by Albertsson (1986) and are given below:

1. Both phases of the system are of aqueous nature, which has high water content
(70-85%, w/w), hence provide a suitable environment for the preservation of
biological activity.

2. High biocompatibility and low interfacial tension of about 400-fold less than that
between water and an immiscible organic solvent allowing small droplet size,
large interfacial areas, efficient mixing under very gentle stirring and rapid
partition, which facilitates the migration of biomolecules through the interface [8].

3. Rapid mass transfer and mixing until equilibrium requires little energy input.

4. Low probability of denaturation and degradation.



5. Techmque facilitates the processing of solid containing streams.
Polymers stabilize the proteins.

7. Good resolution and high separation yield. Separation may be achieved in a few
minutes; minimizing the harmful action of endogenous proteases.
Separation can be made selective.

9. Scale-up from small laboratory experiments is easy and reliable [9].

10. Relatively high capacity.

11. Continuous operation is possible.

12. Technique is cost effective due to low material cost.

13. Possibility of pelymer and salt recycling [15].

For these reasons, aqueous two-phase systems have been widely studied on a laboratory

scale for the partitioning of many biomolecules.

Aqueous Two Phase System (ATPES)

Many water soluble polymers are incompatible with each other, or with the salt solutions
that are high in ionie strength. Thus; if one of such polymer is mixed with another
polymer or with a salt solution, aqueous two phase system is formed. Such partitioning

systems are employable to separate proteins, from cell debris or to other impurities.

PEG phase containing
soluble constituents of
the homogenate

-less polar, less dense

Dextran phase containing
Cell homogenate + cellular debris '

Polyethylene glycol -more polar, more dense
(PEG) + Dextran . .

Figure 1: Aqueous two phase polymer systein



From Figure 1, the utilization of Polyethylene Glycol (PEG) and Dextran (Dx) results in
the cell debris partitioning to the lower, more polar and more dense phase, while the

soluble desired proteins tends o partition to the top, less polar, and less dense phase.

This is similar for a polymer-salt system, wheré the soluble desired proteins with partition
into one of the phases. Nonetheless, the focus of this whole study would be on ATPES in

comparative analysis for different types of proteins.

In general, aqueous solutions, being polar, are immiscible with non-polar organic
solvents (chloroform, toluene, hexane, etc) and form a two-phase system. However, in an

ATPES, both immiscible polymers are water-based.

ATPES differs from the traditional liquid-liquid extraction system as it is not performed
in the pre-existing immiscible organic and aqueous phases, but two-water solubie and at
the same time mutually incompatible materials. Example of a typical ATPES which
comprises of two-polymers in aqueous solution is a water — Polyethylene Glycol (PEG) —

Dextran (Dx) system as shown in Table 1 below.

Table 1: Major Components in Water — PEG 6000 — Dx 500 ATPES [3]

System Water-PEG-Dex
Temperature 20°C
Overall Composition (volume fraction) | 86 vol% water, 6 vol% PEG, 8 vol% Dx

The formation of the distinct phases is affected by the pH, temperature and ionic strength
of the two polymers, and separation occurs when the amount of a polymer present

exceeds a certain limiting concentration.




Polymer 1

»

Polymer 2 or Salt
Figure 2: Phase Diagram of an ATPES

Figure 2 shows a phase diagram of a polymer-polymer system. At low concentrations, the
mixtures form a single phase, but separaﬁon into two ﬁmompaﬁbie phases will take place
at higher concentrations. For instance, in the case of a mixture at composition A, the
separation of the two-phase region will result in two different phases which compositions
are. given by points B and C of the tie line passing through A. The ratio of the line
segments AB and AC can be utilized in calculating the relative volumes of these two

phases.

As the protein partition between the two aqueous phases, this characieristic can be
represented by partition coefficient, K, which is the ratio of concentrations of the target
molecule (protein) in the top PEG-rich phase and bottom dextran-rich phases,; Cr/Ca.

K—CB (D

where C; and C;, represent the concentrations in the top and bottom phases respectively.
The K-value for each solute was determined as the slope of the concentration in the upper
phase plb’t_ted as a ﬁnictibn p__f tﬁc céhc_enfratiqn in the bottom phase. If value of K is
greater than 1, the target protein is concentrated in the top phase, and on the other hand, if
the value of K is less than 1, the target protein partitioned into the bottom phase. The

yield and efficiency of the separation is determined by the relative amounts of material in



the two phases and therefore depends on the volume ratio (Vy¢Vy). The partition
coefficient is exponentially related to the surface area, molecular weight and surface
charge of the particles in addition to the difference in the electrical potential and
hydrophobicity of the phases. Proteins and larger particles are normally partitioned into
one phase whereas smaller molecules are distributed more evenly between phases.
Typical partition coefficients for proteins are 0.01-100 whereas the partition coefficients

for cells and cell debris are effectively zero [10].

Both the phase separation and protein partitioning behaviour are based on the equilibrium
behavior of the whole system. This liquid-liquid equilibrium behaviour can be captured
and predicted using the thermodynamic models. Different thermodynamic model has its

own advantages and disadvantages.

There are several models for liquid-liquid equilibrium behaviour prediction. Some, such
as Non-Random Two-Liquid (NRTL) Model, use the local composition concept; and

others, such as UNIQUAC, have a more theoretical basis; and finally, UNIFAC use the
group contribution method.

Non-Random Two-Liquid (NRTL) Model

The NRTL model is based on the local composition, and it is applicable to partially
miscible systems. The concept is based on the hypothesis that the local concentration
around a molecule will be different from the bulk concentration when there is a
difference between the interaction energy of the central molecule with the molecules of
its own kind and that with the molecules of the other kind. This difference introduces a

non-randomness at the molecular level [27].

The NRTL model is an activity coefficient model that correlates the activity coefficients
with the composition of a mixture of chemical compounds, expressed by mole fractions.
Mole fractions have been traditionally used in this model, but they are not suitable for
polymeric systems because the mole fraction of a polymer, due its large molecular mass,

is an extremely small quantity.



Instead, mass fraction can be used for calculation of the activity coefficient of a solvent in

polymeric solutions with the UNIQUAC and the UNIFAC methods.

Universal Quasi-Chemical (UNIQUAC) Model

UNIQUAC model is an activity coefficient model in which the activity coefficients of the
components in a chemical mixture can be related fhrough their molar fraction. The model
is a lattice model and this one has been be derived from a first order approximation of

interacting molecule surfaces in statistical thermodynamics.

Although UNIQUAC is mathematically more complex than NRTL it has following
advantages [23, 24): '

1. It contains only two adjustable parameters instead of three parameters in NRTL.
2. The parameters are less dependent on temperature.

3. UNIQUALC is applicable to solutions containing small as well as large molecules.

However, UNIQUAC requires two basic underlying parameters that make the calculation

of activity coefficient tedious and slow, which are:

1. Relative surface and volume fractions are chemical constants, which must be
known for all chemicals.

2. An empirical parameter between components that describes the intermolecular
behaviour. This parameter must be known for all binary pairs in the mixture, and
the number rapidly increases with additional chemical components. The empirical
parameters are derived from experimental activity coefficients, or from phase
diagrams, from which the activity coefficients themselves can be calculated
[2,24].

An alternative is to obtain activity coefficients with a method such as UNIFAC, and the
UNIFAC parameters can then be simplified by fitting to obtain the UNIQUAC
parameters {23, 24]. This method allows for the more rapid calculation of activity

coefficients, rather than direct usage of the more complex method.



UNlversal Functional Activity Coefficient (UNIFAC) Model

UNIFAC Model is a semi-empirical system for the prediction of non-electrolyte activity
estimation in non-ideal mixtures [26]. Tt has several advantages over other NRTL and
UNIQUAC model, which are:

1. Size and binary interaction parameters are available for wide range of types of
functional groups.

2. An open system, and more functional groups and more parameters can be used.

3. Shortening the measurement time of liquid-liquid equilibrium behaviour in

multiphase system.

UNIFAC uses the functional groups present on the molecules that make up the liquid
mixture to calculate activity coefficients. By utilising interactions for each of the
functional groups present on the molecules, as well as some binary interaction
coefficients, the activity of each of the solutions can be calculated. Besides that, by using

UNIFAC, it is gives more flexibility to vary liquid phases compositions [26].
Filory-Huggins Theory

Flory-Huggins theory is a mathematical model of the thermodynamics of polymer
solutions which takes account of the great dissimilarity in molecular sizes in adapting the
usual expression for the entropy of mixing. The result is an equation for the Gibbs free
energy change AG,, for mixing a polymer with a solvent. Although it makes simplifying

assumptions, it generates useful results for interpreting experiments.

Aqueous two phase systems are of considerable value to biotechnology. ATPES would
therefore be the ideal answer to protein purification as the aqueous nature in ATPES
offers the ideal solubility solution for proteins. Overall, ATPES are particularly useful as
the two phases can be constituted to span for the relatively small, yet sensitive differences

in desired protein.



1.2 PROBLEM STATEMENT

Aqueous Two-phase Extraction System (ATPES) is basically a liquid-liquid extraction
technique that can be applied as a protein separation method. When the system achieves
equilibrium, water-rich two liquid phases will be formed and the target protein will
selectively partitions into either phases based on the behavior of its own and that of the
ATPES [3]. All these results could be achieved via full-scale laboratory work in the
laboratory. However, if a particular protein separation were to be performed manually in
a laboratory scale, it is exhaustive to éxplore for many possible combination of polymers
to find the suitable ATPES. Different proteins partition differently in different ATPES.
Moreover, the materials 10 extract a target protein which are pharmaceutical grade
polymers/salt and proteins required are expensive, and the whole process itself being

extremely time consuming.

Being both a cost-effective and faster alternative, modeling is a good way to represent
and predict system behaviour and performance. Systematic computational approach is
needed to model the LLE behavior and to predict partitioning behavior. The protein
partitioning behavior can be captured using a thermodynamic model for polymer systems,
namely Flory-Huggins Theory {1,2].

The advantages of Flory-Huggins Theory are [13]:
1. Itis simple with only a limited number of parameters required.
2. It provides good mathematical insights into the phase formation phenomena.
3. Tt enables qualitative prediction or correlation for measured phase compositions,

and partitioning behaviors.

This study focuses on extending the application [3] of a polymer thermodynamic
approach by Ahmad [3], which is based on Flory-Huggins Theory [1,2], to capture and
predict the LLE behaviour of the ATPES and protein partitioning in ATPES. At the same
time, the applicability of the approach by Ahmad [3] is tested using the empirical data
reported by Pedro et al {30].



1.3 OBJECTIVE AND SCOPE OF STUDY

This study focuses on extending the modeling approach proposed by Ahmad [3] based on
a polymer thermodynamic model, namely Flory-Huggins Theory [1,2], to capture and
predict the partitioning behavior of a sample of different types of proteins in an ATPES.

The scope of this project is:

1. Familiarize with the concepts and theories behind the Aqueous Two-phase
Extraction System (ATPES) as a liquid-liquid extraction technique.

2. Master MATLAB applications.

3. Study all the thermodynamics concepts incorporated in the modeling approach on
ATPES by Ahmad [3] using MATLAB.

4. To perform literature research on suitable polymer system and application of
study.

5. To calculate LLE data using modeling approach of different ATPES for different
polymer combinations.

6. To present complete analysis on the trend or effect of different polymers on the
LLE behavior.

The total time period allocated for this Final Year Project (FYP) would be as shown in
Table 2 below.

Table 2: Final Year Project Time Frame

Semester Duration Teotal Credit Hour
July 2008 14 weeks 2
January 2009 14 weeks 4

10



CHAPTER 2
LITERATURE REVIEW

2.1 ATPES as a Protein Extraction Technique

Liquid-liquid extraction utilizing aqueous two-phase systems are formed spontancously
upon mixing two aqueous solutions of structurally different polymers, above a certain
critical concentration [8]. This phenomenon was first observed by Beijemick, in 1896,
where in this case two phases were formed when agar was mixed with soluble starch or
gelatin. However it was not until 1956 that the potential use of these systems as an
important separation technique in biotechnology was realized [11]. When two waier-
soluble polymers or a polymer and a strong electrolyte were dissolved in water, a two-
phase system is formed. The work of Albertsson in the mid 1950s established that
biological solutes added to theses systems tend to partition unevenly between the phases.
Since then, many two phase aqueous systems have been found; the most thoroughly
investigated being the aqueous dextran-polyethylene glycol system (e.g. 10%
polyethylene glycol 4000/2% dextran T500), where dextran forms the more hydrophilic,
denser, lower phase and polyethylene glycol the more hydrophobic, less dense, upper
phase.

In recent years, the separation of proteins and other biomolecules were studies by many
researchers [12]. Since then, aqueous two-phase extraction has been successfully used for
the purification of biomolecules, such as proteins, nucleic acids and peptides, as well as
for the fractionation of biological membranes, cell organelles and cells [8]. For instance,
Yang et al. investigated Céephalosporin C partitioning in ATPS [13]. Marcos et al. worked
on the purification of Penicillin acylase by these systems [14]. According to the results of
these investigations, extraction by aqueous two phase system is a powerful technique and
allows the integration of clarification, separation, concentration, and purification of

biomolecules and pharmaceutical products {15, 16].

11



Aqueous Two-Phase Extraction System (ATPES) is a liquid-liquid extraction technique
that can be applied as a protein separation method. At equilibrium, these systems form
water-rich two liquid phases which a target protein selectively partitions into one of the
phases according to its and the ATPES’ characteristics. Since both bulk phases consist
mainly of water (usually more than 85% w/w in water), have similar densities and low
interfacial tensions [8], and most polymers have a stabilising effect on the protein tertiary
structure [17], these systems form a gentle and mild environment for proteins.
Furthermore, this process is cost-effective and its scale-up is very easy and reliable [18].
ATPES represents wholly aqueous systems that are safe, nontoxic, and nonflammable,
and thus, they represent rclatively environmentally benign extraction media. Such
systems could be employed as alternatives to traditional aqueous-organic systems for the
separation of, inter alia, small organic molecules. Liquid-liquid extraction of ATPS is
considered to be environmentally friendly due to no use of traditional volatile organic
solvents (VOCs) in the whole process and therefore has already been used to separate and
purify various biological products from the complex mixtures in which they are

produced.

2.2 Modeling of LLE Behaviour in ATPES

When a system reaches equilibrium, the energy content is at the lowest possible state.
This applies to an ATPES, where the equilibrium state attained would enable it to
partition into two distinguishable phases, namely the top and the bottom phase, with
respective components in each phase achieving the following:

1. Minimize in the difference of Gibbs energy of mixing (min AG™W?~Phase) [3 32}

top—phase bottom—phase

component i = lucomponenti ’ where i = 1'2'3' wmne n)

2. Equal chemical potentials (,u

3. Equal fugacity (f; top-phase . gbottom-phase \pherei=1,2,3, )

component i component i

12



A suitable modeling approach has to be adopted to calculate the composition of each
component in each phase at equilibrium. Flory-Huggins theory is able to capture and
calculate for the minimization of the Gibbs energy of mixing level of the components at
equilibrium in the ATPES. This modeling approach, based on Gibbs free energy is
chosen because:

1. It is simple with only a few parameters required.

2. It provides good mathematical insights into the phase formation phenomena.

3. It enables qualitative prediction or correlation for measured phase compositions,

and partitioning behaviors.

A non-linear programming (NLP) formulation in minimizing the Gibbs energy of mixing

two-phase one-phase

difference (AG -AG ) is developed by Ahmad [3].

The total Gibbs energy of mixing for system k, AGS;, or AG is given by the product
N*.AG¥. The total Gibbs energy of mixing for a two-phase system is given by:

AGtwo—phase —_ Ntop-—phase_A—G“top—phase + Nbottom-phase_Ebottom—phase (2)

N¥ represents the total moles of lattice in phase k and is calculated using Equation (3).

N® = ¥Pnk 7, 3)
where : n¥ - moles of component i in phase &

The volume fraction of component i in phase k is calculated by using Equation (4).

L | @

At phase equilibrium, the chemical potential of each component in the phase is equal and

similarly the changes in chemical potential on mixing are equal,

Ajufop—phase — Au{:attom—phase (5)

4

13



Flory [1] and Huggins [2] suggested lattice theory where a liquid mixture is modeled to be a
solid-like as quasi-crystalline lattice [27].

One of the theoretical treatments of protein partitioning in aqueous two phase systems is
based on the Flory-Huggins theory.|28] Flory-Huggins theory is a mathematical model of
the thermodynamics of polymer solutions which takes account of the great dissimilarity
in molecular sizes in adapting the usual expression for the entropy of mixing. The result
is an equation for the Gibbs free energy change AG,, for mixing a polymer with a solvent.
Although it makes simplifying assumptions, it generates useful results for interpreting
experiments. The thermodynamic equation for the Gibbs free energy change

accompanying mixing at constant temperature and (external) pressure is
AG,, = AH,, — TAS,, (©6)

The objective is to find explicit formulas for AH,, and AS,,, the enthalpy and entropy

increments associated with the mixing process.

Based on lattice theory, on a molar basis, for an aqueous system containing 7 types of

polymer, Ilory-Huggins expressed the Gibbs energy of mixing as
— ok
AG* = 33 jus 0070 +RT Yk ngf (7)

where:

k — top phase or bottom phase

PE- volume fraction of component 7 in phase &
r; — degree of polymerization of component

o — effective pair-wise interchange energy between component i and j

if
R — gas constant

T — absolute temperature

14



Therefore, based on Equation (7), the chemical potential change on mixing for each

component in the phase is given by:

ApF = N¥(—1y T ) Dt 1ty @50907 OF + 13 XJh iy 04,85 (1 — BF)) +

"
NRT (Ingf +1- 7,5, %) ®)

top—phase bottom—phase
; D and Q)i P

The LLE compositions are the @ that give the minimum

AGtWoPhase o the maximum (AGOTe-Phase _ pAGtwo-phase) o equivalent chemical

potential changes on mixing between the phases (AutoP-Phase = Ay bottom-phasey

The m components is accounted simultaneously by using a vector of design variables

with the size of 1 x m. Mole fractions of the components in the bottom phase, f, is the

design variable and the total moles in the system is pre-specified as N. The relationship
between j: and N is defined by Equation (9) and (10).

N = Ntop—phase + Nbottom—'phase (9)

Ntop—Phase — (1 _ £} N (10)

“where,
NtoP-PRase = go1a] moles in top phase

Nbottam-phase — ygt3] moles in bottom phase

The total moles in respective phases are defined as N0P~PRase gp( ybottom—phase The
mole of component i in each phase is calculated using Equation (3) and using Equation

(4) to calculate the volume fraction of component i. The NLP is formulated [3] as:

A n Alutap——phase_ Aybottom-—phase 2
: A (~tWwo—phase ~one—phase i i
mln(AG P — AG P ) + Zi wy ( A#tcm—---pli'uttse ) (I 1)

1

top—phase , bottom-phase 2
(Aui Ap;

) <tol; Vi=1,..,n (12)

top-phase
Aui P-p

15



AGIwo—phase . Aone—phase (13)

Q);op-phase - ngttomwphase > tol, (14)

wgottom—phase _ gop—zlhase > toly (15)

0< @i,c <03 Vi=1,..,n k= top— phase, bottom phase (16)
where :

u¥- change in the chemical potential on mixing for component i in phase k
w; - static weighing factor for the chemical potential difference between the phases for

component 7.

As shown in Equation 11 above, the chemical potential difference terms are added into
the right hand side as “penalty term™ to the original objective function on the left. This is
due to the Gibbs energy of mixing difference surface alone being too flat, hampering the
MATLAB written model in looking for the global minimum |3].

The most important factor for phase separation is the chemical nature of both polymers.
The partitioning behavior of a biomolecule depends on the composition of the two phases
in equilibrium. When the composition of the two phases in equilibrium changes, the
partition coefficient changes accordingly — for instance, usually the partitioning becomes

more one sided when the length of the tie-line increases [19].

In ATPES, the phase separation is due to small repulsive interactions between the two
types of monomers in the solution. The total interaction between the two polymers 1s
large (high energy) because each one is composed of several monomers [5]. Hence, for
an ATPES with the composition lying in the two phase possible region, the immiscible
polymers prefer to separate from cach other, arriving to an energetically more favorable

lower cnergy state, thus achieving equilibrium.

The thermodynamics of polymeric solutions has been studied extensively. Among the
earlier pioneered modeling approaches, cach has its very own list of advantages and

disadvantages. Edmond and Ogston [20} modeled nonidealities with a truncated osmotic
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virial expansion based on McMillan -- Mayer theory [20]. Local composition models
UNIversal-QUAsi-Chemical (UNIQUAC), UNIFAC, NRTL and NRF have also been used
to describe the thermodynamics of polymer solutions. Kang and Sandler [22.23] and
Hartounian et al. |24] used the UNIQUAC solution model to deal with the phase behavior
of polymer—polymer aqueous two-phase systems. The UNIFAC model [25] was extended
to polymer solutions by Oishi and Prausnitz [26].

Besides that, a model representing a synergistic combination of the Flory-Huggins
description for the configurational entropy of mixing moiecules of different sizes and the
NRTL or NRF theory for the local compositioﬁ contribution from mixing solvents and
segments of polymers is developed by Zafarani-Moattar and Sadeghi [27]. This model
was applied for the correlation of the phase behavior of some aqueous two phase polymer
systems and the results show that the model can accurately predict the liquid-liquid

equilibrium behaviour.

Brooks [29] developed the first lattice model for solute partitioning applying the Flory
theory of polymer-solvent mixing to aqueous two-phase systems, treating the solute being
partitioned as a third polymer component [28]. The expression for the solute partition
coefficient was derived from the equality of the solute chemical potentials in the two
phases using only first order term in the polymer concentration differences between the
phases [29]. According to this expression, the solute partition behavior is governed by the
molecular volumes of the components of the system and the Flory interaction parameters
y describing the solute interactions with the solvent and each phase polymer. It shows
that the treatment used predicts that the protein partitioning should be more one-sided
with increasing protein molecular weight or increasing total polymer concentrations in
the system and the protein partitioning should increase to the phase rich in the polymer

with decreased molecular weight.
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2.3 Protein of Choice for ATPES Study

The types of proteins to be used in this study would be selected based on the following

criteria:

i Accessibility to the information on the protein propertics/data.
il. Suitability of the protein type.

iii. Auwvailability of the protein in the market.

iv. Industrial significance of the particular protein.

Pedro ct al. [30] reported the partitioning coefficients for a variety of proteins which were
measured in ATPES. The ATPES used in this experiment is as shown in Table 3 below.

Table 3: ATPES used in the experiment to examine the partition coefficients for a variety

of proteins {30]

Svstem Water-PEG-Dex

Major components Water-PEG8000-Dex75

Temperature 23°C

Overall Composition (volume fraction) 86 vol% water, 6 vol% PEG, 8 vol% Dex .

In ATPES described above the distribution coefficients for the proteins were correlated
according to the Collander linear equation, which is a solvent regression equation [30],

given in Equation 17.
ani = aijanj -+ bij (17)
where K; and K; are partition coefficients for any protein in the i-th and j-th two-phase

systems. Coefficients a; and by are constants, the values of which depend upon the

particular compositions of the two-phase systems under comparison.
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Pedro et al. [30] concluded that it is still early at this stage to draw any general conclusion
in regard to the existence of a linear correlation between the logarithms of the partition
coefficients of different proteins in ATPES since there are very few studies of the same
proteins partitioned in"/ATPES formed by polymers of different chemical nature, and even
then the purity and other characteristics of the proteins preparations used by different

authors may differ significantly.

ATPES 1s highly suited to macromolecular polyelectrolytes such as proteins and enzymes
as they can be optimized for partition on the basis of charge, hydrophobicity, and
molecular weight. It has also been discovered by previous studies that proteins with
molecular weight of 20 — 100 kDa, would partition more effectively in ATPES [31].
Hence, the first two proteins to be chosen in carrying-out this study would be preferably

the ones with the molecular weight that are within the above mentioned range.

The identified target proteins to be used in this study would come from two particular
protein-type groups, namely the hemoglobin and enzymes.

The main reason for this sclection is due to the availability of proven empirical
performance data on the protein partitioning in an ATPES in literature [30]. Also, as the
empirical nature of the ATPES in this paper matches to that of our model, it therefore
facilitates the verification our modeling outcome by comparing it to the experimental

results.

The first target protein selected is human hemoglobin. Some of the useful properties of

hemoglobin for this modeling approach are as shown below:

Table 4: Major Properties of Human Hemoglobin [30]

Properties Values

Molecular Weight . 68000 Da

Isoelectric 6.8 pl
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Hemoglobin is the iron-containing oxygen-transport metalloprotein in the red blood cells
of vertebrates. In mammals, the protein makes up about 97% of the red cell’s dry content,
and around 35% of the total content. Hemoglobin is responsible for red blood cells’ red
color. Its normal concentration in erythrocytes is 34%. Hemoglobin is the most important
respiratory protein of vertebrates by virtue of its ability to transport oxygen from the
lungs to body tissues, and to facilitate the return transport of carbon dioxide. Anomalous
globins in which various amino acids have been substituted with others, or in which
certain amino acids are missing entirely from the normal sequence, comprise 153
abnormal hemoglobin species. Some of these are responsible for discases, the most

common of which is sickle cell anemia.

Figure 3: A structure of human hemoglobin

The second target protein selected is one from the enzyme class, i.e. chicken egg
lysozyme. Some of the useful properties of lysozyme for this modeling approach are as

shown below:

Table 5: Major Properties of Lysozyme from Chicken Egg White [30]

Properties Values

Molecular Weight __ 14307 Da

“Isoclectric ' 11.35 pl
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In viruses (or bacteriophages), lysozyme is used as an agent to break into the host
bacterial cell. Lysozyme from the tail of the virus (or bacteriophage) destroys the
peptidoglycan bacterial cell wall and then virus can injects its DNA. After multiplication
in bacteria, many lysozyme molecules are created to lyse the bacterial cell wall and

release new viruses.

Figure 4: A structure of lysozyme from chicken egg white

Table 6 listed the partition coefficients for the target proteins examined in the present
work in ATPES by Pedro et al [30].

Table 6 : Partition coefficients of the proteins in the aqueous two-phase systems Dextran
75 —PEG 8000 [30]

Protein Partition coefficient, K

Human hemoglobin 0.131

Lysozyme 2.36

From the value of partition coefficients, it shows that human hemoglobin is partitioned

into Dextran 75 and lysozyme from chicken egg white is partitioned into PEG 8000.
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CHAPTER 3
METHODOLOGY

3.1 Modeling Using MATLAB
MATLAB is used as a modeling simulation language to calculate the prediction of the

LLE behavior in an ATPES system. MATLAB is a numerical computing environment

and programming language. Steps 1o be taken for this project are given in Figure 6:

Find and analyze suitable journal / source that can be used as reference

Find correlation / values for the Flory-Huggins interaction parameters

Y

Set up the data file for the specific system which to be investigated

e Compile the FH interaction parameters between the components
¢ Compile the degree of polymerization of the components

¢ Compile the specific volume of the components

Y
| Determine the initial scaling factor for the Gibbs minimization approach by

Ahmad {3]

Y

" Run the MATLAB programming that implemented Ahmad’s approach [3]

h 4
Analyze result obtained

Result obtained are analyzed and compared with journals/ sources

Figure 5: Steps in extending the approach by Ahmad [3] on predicting the LLE behavior

based on an aqueous polymer system.

22



Step 1: Estimate the values for the scaling factors

for each component.

b4

Step 2: Estimate the values for the interaction

NO

-parameters-between the components.

1 ‘Step 3: Calculate the LLE compositions using the

v

minimization of Gibbs energy of mixing approach.

h 4

Step 4: Calculate the partition coefficient for the

target protein.

Tie-line calculated matches

‘the empirical tie-line
within a specified error of
tolerance?

Consistency and robustoess
in LLE composition of the
minimization of Gibbs
energy of mixing
approach?

in the ATPES modeling.

23

‘NO

Figure 6: Manual partial enumeration strategy in determining the model parameters used



Figure 5 shows the steps in extending the approach of Ahmad [3] on predicting the LLE
behaviour based on aqueous two phase polymer system. The first step is to find and
analyze suitable jouinals or sources that can be used as reference. The corrélation or
value for the Flory-Huggins (FH) interaction parameters is determined. Then, the data file
for the system is set up. The FH interaction parameters between the components, the
degree of polymerization of the components and the specific volume of the components
is declared. Next, the main script file Tor the system is 56t up where the systemn naine,
type, number of component, type of component and temperature is specified. The initial

points for the solver and composition of the mixture are also specified.

Figure 6 shows the manual paitial enuineration strategy in determining the model
parameters used in the ATPES modeling. It explains the calculation steps that are used in
extending the approach by Ahmad [3]. First, the scaling factors values are estimated for
cach component in the particular ATPES system in study. This is used as a starting point
to determine the correct scaling factor and interaction parameters for each component for
an ATPES system. Next, the interaction parameters values between the components are
estimated. By using the value that been estimated, the LLE compositions and the partition
coeflicient for the target polymer system are calculated. The tie-line produced by
modeling approach is compared with the empirical tic-line whether or not it is within a

specified error tolerance.

Hence, the applicability of minimization of Gibbs energy of mixing approach in
calculation of the LLE behavior of the ATPES and protein partitioning behavior by
Ahmad [3] is tested using the empirical data from Pedro et al [30]. The model parameters
used for the four components in the aqueous polymer mixture of PEG8000 (Myw = 8000)
+ Dextran 75 (Mw = 75000) + water + protein (at 23°C), including the scaling factor for
the objective function of the model are to be predetermined via a manual partial

enumeration strategy as shown in Figure 6.

components i and j, ®; (see Equation 7) plays an important role in modeling the overall
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performance of the protein partitioning behaviour. With the values for the interaction
parameter of proteins with each of the respective polymer component acting as the

manipulated variables, the following vatiables are set to be constant:

1 Degree of polymerization of protein
it. Specific volume of protein

iii. Temperature of system

V. Molecular weight of protein

Vi Initia} guess of overall composition for ATPES system of PEG8000 + Dextran
75 + water + protein

vii.  Interaction parameter of water-protein

£ One-phase mixture composition (phi})
—» optimizer——» — oF
P AGK = choijcb{-‘m}‘ +RTZ~T§—ln¢§‘
i

i =i .3

l

fbottom - AGbottom

1— fbot tom ., .AGtQP

b
min(AGtwo—;bhase - AGone—phase)
Aﬂtop—phase —A ?ottom——phase)

2

- Y
+ Z Wi ( l top—-pha
- A,ui se

Figure 7: Algorithm ofthe MATLAB solver [3].
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Figure 7 shows how the MATLAB coding is written in order to solve for the minimum
AG. By providing the initial value of f, which is the mole fraction of each component in
bottom phase compared to top phase, the solver will solve by running itetatively until the
value of f'is optimized.

3.2 Initial Guess for Modeling Parameters’ Values

3.2.1 Huiniah Hemoglobin

In varying the manipulated variable of interaction parameters of human hemoglobin
with each of the respective polymer components, initial guesses would be important
in determining the later suitable values to artive at the desired outcome of the protein
partitioning. The first set of the initial guess values directly interpolated from two
readily available reference proteins, i.e. ovalbumin and phosphofructokinase as
shown in Table 3 [37] is utilized before we embark on the manual partial enumeration

strategy. Calculation is shown in Appendix B.

Table 7 : Initial guess FH parameters of human hemoglobin used for the modeling
and simulation for aqueous polymer mixture system containing PEG 8000 + Dextran
75 + Water + Human Hemoglobin [30}, interpolated using the data for Ovalbumin

and Phosphofructokinase {32].
Protein Ovalbumin Human Phosphofructokinase
hemoglobin
MW (Da) 43000 68000 . 85000
rprot 100 2720 4500
omega.water prot | 0 .0 0
omega.PLG prot 0 89.3 150
| omega.Dx_prot 100 ' 40.5 0
omega.prot_prot 0 0 0
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3.2.2 Lysozyme from chicken egg white

Table 8 : Initial guess FH parameters of human hemoglobin used for the modeling
and simulation for aqueous polymer mixture system containing PEG 8000 + Dextran
75 + Water + lysozyme from chicken egg white [30], interpolated using the data for
ovalbumin and phosphofructokinase [32].

Protein Lysozyme Ovalbumin Phosphofructekinase

MW (Da)
r.prot - 10 100 4500
omega.water_prot 0 0 0
omega.PEG_prot | 0 ] 0 | 156
omega.Dx_prot 150 100 _ 0
prmpeg—r : 5 , , 0 i S 0 i

Once the results are obtained, scaling factors of the original objective function is to be
fine-tuned to make sure the tie-lines produced are parallel and constant with each other
and comparable with the experimental results [30]. The consistency of the tie lines
indicates the robustness of our model in modeling ATPES within the desired composition

range.
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Chapter 4
RESULTS AND DISCUSSION

4.1 Human Hemoglobin

Analysis is carried out on the partitioning of human hemoglobin in an ATPES consisting
of Water — PEG 8000 — Dextran 75 — human hemoglobin. According to the manual
partial enumeration strategy (See Figure 6) proposed earlier, the initial steps involve the
scaling factor and Flory-Huggins (FH) interaction parameters determination for the

respective components.
4.1.1 Initial Guess of Interaction Parameters
The initial guesses are calculated based on the approach proposed in section 3.1, on the

simulation parameters used in the modeling for ATPES of Water — PEG 8000 — Dextran

75 - human hemoglobin are as shown in Table 8.

Table 8: The initial guesses for the components’ scaling factors and fixed FH parameters
used for the modeling for aqueous polymer mixture system containing human
hemoglobin. Subscripts: 1 = water, 2 = PEG 8000, 3 = Dextran 75, p = human

hemoglobin
System Water — PEGS000-Dx75

Temperature - 23°C

Overall composition {(volume fraction) | 86 voi% water, 5 vol% PEG, 8 vol% Dx, 1

voi% human hemoglobin

Scaling factors Water: 1, PEG8000: ie-1, Dx75: 1e-2,

Human Hemoglobin: 1e-1

Degree of polymerization r;=1,r,= 100, r; = 4500,

¥ human hemoglobin = 2720

Constant Flory Huggins interaction w12= 100, w;3=0, w23 =345, 0, =0

parameters (J/mol)
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Figure 8: Phase diagrams of PEG 8000 - Dextran 75 at 23°C [30].

Figure 8 shows the phase diagrams of ATPES of interest consisting of Dextran 75 — PEG
8000 at 23°C [30] in volume fraction. Weight fraction is converted into volume fraction

as in Appendix C.

Prediction of the constant FH interaction parameter values between water and PEG (w@;2)
and PEG and Dx (w;;) are made by manipulating both values until the red line almost

intercept one of the tie-lines. By trial and error, the values of ®;2, @23 and w;, are found.

w1y = —1200
Wyz = 2450

Wy = 19000
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4.1.2 Minimization of Gibbs Energy — Model’s Objective Function

The LLE composition is calculated using the minimization of Gibbs Energy approach. LLE is
achieved when the system reaches equilibrium and forms the two-phase system, and the
target protein partitions to either the top or bottom phase. At the same time, the value of the
system’s Gibbs encrgy of difference level between one-phase and two-phase is also at the

lowest.

Hence, it is therefore relevant for us to look into the outcome of our simulation in terms of its
Gibbs energy of mixing minimization. In the results from obtained the runs carried out, the
minimization of Gibbs energy difference between one-phase and two-phase was met
throughout all the attempts. Nonetheless, the respective trend of the Gibbs energy of
difference between one-phase and two-phase among the simulation attempts have some

inconsistencies.

Gibbs eneryy difference between one-phase and two-phase

-100

-120

-140

-160

-180

|'\Detta G_{two-phase - Delta G_{one-phase} |

) i 1 i i ] i
0.05 0.06 0.07 0.08 G.0o 6.1 011 0.12
PEGB0O volfvol

200

Figure 9: Gibbs Energy Difference Between one-phase and two-phase for an ATPES of

Water + PEG 8000 + Dextran 75 + Human Hemoglobin at 23°C produced before

adjustment of scaling factors.
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Figure 9 shows the plot of the minimization of Gibbs energy difference between one phase
and two-phase. However, the LLE minimization trend achieved has missing points and is not
successfully converged. This plot is not consistent and therefore, the scaling factors need to

be changed until the plot has 25 points all converged.

4.1.3 Protein Partitioning Behavior

Being at the bottom of the two-phase system, Dextran is of denser and more polar than
the PEG phase which is at the top phase [3]. Human hemoglobin is reported to partitioned
into bottom phase in an ATPES system which consists of PEG 8000 + Dextran 75 +
Water at 23°C, achieving a partition coefficient, K of around 0.131 {30].

Figure 10 shows the partition coefficients in 4-component ATPES system of water, PEG
8000, Dextran 75 and human hemoglobin. PEG partitions to the top, and Dextran
separates almost entirely to the bottom phase. Water partitioned between the phases.
However, from the graph generated, hemoglobin is partitioned into PEG phase and this
contradicted with experimental result, where hemoglobin is supposed to partition into

Dextran phase. Therefore, adjustment of scaling factors values is needed.

Partition coefficient of all components.in 4-component systetr
{water-PEGB000-Dx75-hemogiobin)

25:. ......... ; .......... . .......... .. .......... :_..v..v..v_:.v...v....:. .......... ;Al ........
e
15k .......... , ......... . ........... ............
0}
5
b4 :
= H
© D 41+
Sho b oo B e
Aak —P—water | i
~—#—PEGEE0
sl TEETDES | L
—+—hemaglobin : : :
o0 i i i i i f P i
o0.G . .bgz2 o004 BOE 208 O 012 014 016

PEG volial
Figure 10: Partition coefficients in 4-component ATPES system of water + PEG8000 -+

Dx75 + human hemoglobin before adjustment of scaling factors.
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4.1.4 Phase Diagram (Binodal Curve) Formation Patterns

The following stage involves matching the tie-lines from the simulation to those reported in
[30]. In the event that inconsistencies do occur between the simulated results with the
reported empirical results in and in order for the simulation results to be acceptable or
relevant, the requirement is such that the differences (when comparing the modeling outcome

to empirical results) are to be within a specified error of tolerance.

02,
.18
0.16%
0.14
012

.08

PEGBUOD voliv ol

0.06

D.D4

0.02

%0 TToz Dot 006 006 01 042 044 016 045 02
Dx75 volvol
Figure 11: Phase Diagram for an ATPES of Water + PEG8000 + Dextran 75 + Human
Hemoglobin at 23 °C before adjustment of scaling factors.

However, from Figure 11, we can see that the simulated tie lines are not consistent.
Failing to comply with the required minimum range of error tolerance will result in the
rejection of the modeling outcome, and re-diversion of the decision making process flow

back to Step 2 of the Manual Partial Enumeration Strategy.
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4.1.5 Adjustment of Scaling Factors

To make the result more consistent, scaling factors of the components are changed
accordingly depending on the size of the molecules. The scaling factors values act as
penalty terms to counter the non-uniform sensitivity of the difference in overall Gibbs
energy of mixing 1o each component. The simplest way of dealing with this scaling
problem was to select scaling factors that reduce or increase the order of magnitude of

cach term so that they have similar orders of magnitude [3].

The scaling factors values are found from trial and error, until the results and plots are

consistent. Table 9 shows the values of scaling factors of each component.
Table 9 : The scaling factors of each component calculated for LLE calculations using
the Gibbs energy of mixing minimization approach for the water + PEG 8000 +

Dextran 75 + Human Hemoglobin system.

Components ATPES + Human

Hemoglobin

Water 1
PEG-8000 le-1
Dx75 le-7
Human hemoglobin 1e-8

Figure 12 shows Gibbs energy difference between one-phase and two-phase for an
ATPES of Water + PEG 8000 + Dextran 75 + Human Hemoglobin at 23°C after scaling

factors are changed. The Gibbs energy of mixing difference also changes monotonically
and smoothly as overall PEG concentration increases. The presence of target protein does

not significantly change the Gibbs energy of mixing difference [3].
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PEG8000 + Dx75 + Human Hemoglobin at 23°C after adjustment of scaling factors.
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Figure 13 shows the partition coefficient calculated for each component. Water partitions
equally between the phases, PEG8000 partitions to the top phase and Dextran 75
occupies the bottom phase. In the model, human hemoglobin partitions into the bottom
phase, due to the unfavorable interaction with PEG8000. By changing scaling factors

accordingly, the plot is more consistent and all 25 points are plotted.

Figure 14 shows the phase diagram of the ATPES system after changing the values of
scaling factors. It shows the tie lines and LLE compositions calculated for the mixtures
that are indicated with the red points. We see that in a confined range, the tie lines are
roughly paraliel and the length increases with increasing overall PEG composition in the
system. As predicted by the theory and observed by experiment, the LLE behavior is not
significantly changed by the presence of a small amount of target proteins [3].

Phase Diagram
0.25 [T T T T T T T T T T T T T T T e T T T e e v TTETEEeeTTY

PEGR000 volivol

D75 voliml

Figure 14: Phase Diagram for an ATPES of Water + PEG8000 + Dextran 75 + Human
Hemoglobin at 23 °C after adjustment of scaling factors.
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4.2 Lysozyme from chicken egg white

Analysis is carried out on the partitioning of human hemoglobin in an ATPES consisting
of Water-PEG8000-Dx75-lysozyme. Initial guesses for the components® scaling factors
and FH parameters are made. Since lysozyme from chicken egg white has a relatively
small molecular weight as compared to other components, the degree of polymerization

of lysozyme from chicken egg white is assumed to be small as well.
4.2.1 Initial Guess for Interaction Parameters
Table 10: The initial guesses for the components’ scaling factors and fixed FH
parameters used for the modeling for agqueous polymer mixture system containing

lysozyme from chicken egg white. Subscripts: 1 = water, 2 = PEG8000, 3 = Dx75,p=
lysozyme from chicken egg white

_Svstem Water — PEGS000-Dx75

Temperature C SR : 23°C

Overall composition (volume fraction) | 86 vol% water, 5 vol% PEG, 8 vol% Dx, 1
vol% lysozyme from chicken egg white
Scaling factors Water: i, PEG8000: le-1, Dx75: 1e-7,

Lysozyme from chicken egg white: 1e-6
Degree of polymerization r;=1,r,=100, r; = 4500,

Fiysomyme — 100

Constant Flory Huggins interaction w2 =-1200, w;3 =0, w3 = 2450, @, = 100

parameters (J/mol)

Figure 15 shows the phase diagram of ATPES of interest consisting of Dextran75 — PEG-
8000 —lysozyme from chicken egg white at 23°C [30] in volume fraction. The red line
has similar slope as coihpared to the blue line, therefore the initial guess of interaction

parameters'of the comlﬂpﬁé:nts 'arje accépt_able. From the model, the partition coefficient
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for lysozyme from chicken egg white is 3.255076 (In Kp = 1.180216). Experimentally,
the partition coefficient is 2.36 [30].

Phase Diagram
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Figure 15 : Phase diagram of ATPES of interest consisting of water + PEG 8000 +
Dextran 75 + lysozyme from chicken egg white at 23°C [30]

4.2.2 Minimization of Gibbs Energy — Model’s Objective Function

Figure 16 shows the plot of the minimization of Gibbs energy difference between one phase
and two-phase. Although there are some missing plots, it still clear that the Gibbs energy of
mixing difference changes monotonically and smoothly as overall PEG concentration

increases. The presence of target protein does not significantly change the Gibbs energy

of mixing difference [3].
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4.2.3 Protein Partitioning Behavior

Figure 17 shows the partition coefficients in 4-component ATPES system of water,
PEG8000, Dextran 75 and lysozyme from chicken egg white. PEG8000 partitions to the
top, and Dextran 75 separates entirely to the bottom phase. Water partitioned between the
phases. From the model, lysozyme from chicken egg white partitioned into PEG phase

and this correspond with experimental result {30].

However, the plots of Dx75 and lysozyme from chicken egg white are not smooth. This
might be the reason because lysozyme from chicken egg white has small molecular
weight as compared to other molecules. Besides that, it is also due to the unfavorable
interaction with Dextran-75 as well as the small degree of polymerization of lysozyme
from chicken egg white relative to the other components [3]. Lysozyme from chicken egg
white partitions into the top phase because the self-energy in the top phase of this ATPES
is much higher than and therefore overcoming the repulsive interaction between PEG and
lysozyme from chicken egg white [3].

4.2.4 Phase Diagram (Binodal Curve) Formation Patterns

From Figure 18, we can see that the simulated tie lines are not consistent, and there are
some missing tie lines. However, the plot is still consistent with almost similar slope. The
missing tie lines might be because of the lysozyme from chicken egg white is a relatively
small protein and has small molecular weight compared to other molecules and therefore,

some points cannot converge and form tie lines.
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Figure 18: Phase Diagram for an ATPES of water + PEG8000 + Dextran 75 + lysozyme

from chicken egg white at 23 °C
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4. 3 Error Deviations in Results

An acceptable degree deviation of the simulation’s outcome as compared to the
experimentally reported results [30] would reflect the reliability of this modeling
approach in substitution of laboratory studies. This is measured via the following

proposed formula:

Error of composition at the top phase

2 2
error = \/ (xto;p,PEG - xtop,PEG,lit) + (xtop,Dx — Xiop.Dx lit)

where:

Xeop,pEG = composition of PEG 8000 at the top phase from model,

Xtop pEG,t = composition of PEG 8000 at the top phase obtained experimentally,
Xtop,nx = composition of Dx 75 at the top phase from model, and

Xtop px it = composition of Dx 75 at the top phase obtained experimentally.

Error of composition at the bottom phase

2 2
- . __ (
error = J (%otmm,PEG xbottom,PE’G,lit) + \Xbottom.Dx — Xbottom,Dx lit)

where:

Xpottom,pEc — composition of PEG 8000 at the bottom phase from model,

Xpottom,pEG,1ie = composition of PEG 8000 at the bottom phase obtained experimentally,
Xpottom px = composition of Dx 75 at the bottom phase from model, and

Xpottom Dx.tie = composition of Dx 75 at the bottom phase obtained experimentally.
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4.3.1 Human Hemoglobin
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Figure 19 : Comparison of phase diagram of water + PEG 8000 + Dx75 + human
hemoglobin between empirical tie lines [30] and tie line simulated by modeling approach

by Ahmad [3] on common plotting plane.

Error of composition at the top phase

2 2
e — _ / . \
error = \/ (xtop,PEG xtop,PEG.lit) + Xeop.px =~ Xtop,Dx Lit )

error = /(0.1553 — 0.1203)2 + (3.871 x 10-% — 0.001976)2

error = (.035 = 3.5%
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Error of composition at the bottom phase

2 2
error = J (xbottam_pEG - xbottom,PEG,lit) + (xbottom,Dx — Xbpottom,Dx lit)

error = 4/(0.009312 — 0.004820)2 4+ (0.1451 — 0.1555)2

error = 0.0113 = 1.13%

4.3.2 Lysozyme from Chicken Egg White

N
RSNSN

0 0.05 01 0.15 0.2 0.25

empirical
— simulated

4

Dx volfvol

Figure 20 : Comparison of phase diagram of water + PEG 8000 + Dx75 + lysozyme
from chicken egg white between empirical tie lines [30] and tie line simulated by

modeling approach by Ahmad [3] on common plotting plane.
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Error of composition at the top phase

error = ,/(0.1589 — 0.1109)2 + (5.331 x 10~° — 0.001986)?
error = 0.048 = 4.8%

Error of composition at the bottom phase

error = +/(0.009163 — 0.004818)2 + (0.1493 — 0.1535)2

error = 6.04 x 1073 = 0.604%

Results obtained thus far have set the groundwork for further study of protein partitioning
behavior in ATPES for other types of system and proteins. Besides that, the modeling
parameters” fine-tuning efforts in making sure the parallelism of our modeling outcome

to those reported from a basis of empirical nature has also been meticulously established.

In addition, the applicability of this modeling approach that is based on Gibbs energy of
minimization to determine the behavior of the protein partitioning which are human
hemoglobin and lysozyme from chicken egg white, in addition to calculating equilibrium
behavior of an aqueous two-phase system, i.e. water — PEG 8000 — Dextran 75 has been

verified.
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CONCLUSION AND RECOMMENDATION

ATPES comprises of a liquid-liquid extraction technique that takes advantage of phase
separation phenomenon in order to recover protein. In this water-rich system, proteins
will selectively partitions into one of the phases. ATPES allows continuous steady-state
operation with high capacity, easy engineering scale-up, and also offers high yicld for
protein recovery. Despite the fact that ATPES has the potential to fulfiil the demand by
industry as an efficient, large-scale; primary downstream process to extract protein, there
are still a limited number of applications at industrial scale. This is due to the economic
concerns regarding the amount of polymer required to extract a small amount of protein

as some of the polymers are quite expensive.

Due to the advantages of Flory-Huggins theory in capturing the protein partitioning
behaviour, this project is carried out to focus on extending the application [3] of a
polymer thermodynamic model since there are limited designs methods available.
MATLAB is used as a modeling simulation language to calculate the prediction of the
LLE behaviour in an ATPES system.

In this project, using the modeling approach by Ahmad [3], the LLE equilibrium
behaviour of ATPES, namely a polymer-polymer system of water-PEG 8000-Dextran 75
are successfully predicted. The human hemoglobin and lysozyme from chicken egg white
partitioning behavior in ATPES mentioned are also successfully predicted. Table 11
shows the summary of degree of polymerization and Flory Huggins interaction
parameters used for human hemoglobin and lysozyme from chicken egg white for this
model. Table 12 shows summary of scaling factors of each component in ATPES. The
results obtained from this model tally with the results found experimenta]ly.rTherefore,
we can conclude that this model can be used to predict protein partitioning behavior in

ATPES.
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Table 11: Summary of degree of polymerization and Flory Huggins interaction
parameters used for human hemoglobin and lysozyme from chicken egg white partitioned
in water — PEG 8000 — Dx 75 system at 23°C.

Parameter ATPES + Human Hemoglobin ATPES + Lyvsozyme trom

chicken egg white

Degree of r,= 1, r,= 100, ry= 4500, ri=1,r>=100, r; = 4500,
polymerization 7 hemogiobin = 2720 Fiysozyme = 100
Constant Flory @, = -1200, W, = 0, w,,= -1200, ;= 0,
Huggins interaction 6,3 = 2450, 0, =0, @, =2450,0,, =0,
parameters (J/mol) @, = 19000, @, =40.5 ®, =100,0, =20

p 3p 2 3p

Table 12: Summary of scaling factors of components in water — PEG 8000 — Dx75

system at 23°C.

Components ATPES + Human ATPES + Lysozvme from

Hemoglobin chicken egg white
Water ' 1 1
PEG-8000 | Te-1 le-1
Dx75 te-7 le<6
Target protein le-8 le-2

For future work, the study can maybe be expanded to other polymeric biomolecules such
as nucleic acids and polysaccharides. Besides that, model can also be improved by also |
including program that can predict the time taken for the ATPES from mixture to
partition into two phases.
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Appendix B : Calculation of initial guess FH parameters of human hemoglobin used
for the modeling and simulation for aqueous polymer mixture system containing
PEG-8000 + Dextran75 + Water + Human Hemoglobin [30], interpolated using the
data for Ovalbumin and Phosphofructokinase [32].

Table Al : Interpolation of initial guess FH parameters of human hemoglobin

Protein Ovalbumia Humzan hemoglobin Phosphofructokinase

MW (Da} 43000 . 68000 85000
r.prot 100 X 4500
omega. PEG prot 0 y _ 150
omega.Dx prot 100 z 0

Calculation of degree of polvmerization of human hemoglobin

Let x be the degree of polymerization, t.prot of human hemoglobin;
x - 100 68000 — 43000
4500 — 100 85000 — 43000
x = 2720

.. Degree of polymerization, r.prot of human hemoglobin = 2720



Appendix € : Example of calculation of volume fraction from the information of weight

fraction

Table A2 : Overall composition of ATPES in weight fraction

System Water — PEGS000-DX75

1 Overall composition (weight fraction) |

 82% (w/w) water, 6% (w/w) PEG,

12% (w/w) Dx

Density of the mixture, o is given by:

-

1
P=Sow

‘where v is specific volume (c’/g) and w isthe weight fraction of the component.

Given;

Specific volume of water: 1 cm’/g
Specific volume of PEG: 0.832 cm’/g
Specific volume of Dx: 0.626 em’/g

Therefore,
1

P = 1 x 0.82) + (0.832 x 0.06) + (0.626 x 0.12)
p = 1.060 g/cm?

Volume fraction, ¢ of component / is calculated by:

$i = pv;w;

Example :

Pwater = 1.060 X 1 X 0.82 = 0.864 vol% water



Appendix D: Example of data file

% Data file for WaterPEGEOGODxT75hemoglobin

reference: Pedro et al.

% FH interaction paramster
ofiega.water watetr = (;

% FH interaction parameter
omega.water PEG = -1200;

% FH interaction parameter
omega.water Dx = 0;

% FH interaction parameter
omega.PEG PEG = 0;

% FH interaction parameter
cmega.PEG Dx = 2450;

% FH interaction parameter

(]

omega.Dx bx = 0;

fal

omega.water prot = 0;

between water-water

between water-PEG

betwaen water-Dx

between PEG~PEG

between PEG-Dx

between Dx—-Dx

% specifying the FH interaction parameter between water and protein

% specifying the FH interaction parameter betwsen PEG and protein

omega.PEG prot = 0;

% specifving the F
- omega.Dx_prot = 19%000;

# interaction parameter between Dx and protein

% specifying the FH interaction parameter between protein and protein

omega.pret prot = 0;

% specifying number of component
’

no comp = 4

% specifying the component

comp.cl = ‘water';
comp.cZ2 = "PEG';
comp.c3 = 'Cx';

comp.c4 = "hemoglobin';

% degree of polymerisaticn
r.water = 1;



r.PEG = 100;
r.Dx = 4500;
r.hemogleobin = 2720;

% specific volume [cm3/qg]
% Kang and Sandler 1987
v.water = 1;

v.PEG = 0(.832;

v.Dx = 0.626 ;
v.hemoglobin = 0.73;

% source:
% /results LiEgrid 3comp TLypeZ tocompare mylog.mat

w lit.mix = [ 1-0.0606-0.3241 0.0606 &.1241
1-0.0522-0.1075 0.0522 0.1075
1-0.0434=0.089% 0.0434 0.0899
1-0.0408-0.0842 0.0408 0.0842
1-0.0382-0.0785 0.0382 G.0785
1-0.0357-0.0729 0.0357 0.07297;

w_lit.top = [1-0.1302-0.0031 0.1302 0.003%
1-0.1121-0.0048 0.1121 0.0048
1-0.0912-0.0121 0.0912 0.01i21
1-0.0805-0.0164 0.0805 0.0164

"1-5.0728-0.0215 0.0728 0.02157];

w lit.bot = [1-0.0053-0.2244 {.0053 0.2244
1-0.0057-0.1923 0.0057 0.1923
1-0.01131-0.1521 0.0111 0.1521
1-0.0132-0.1367 0.0132 0.1367

1-0.02-0.1166 0.0200 0.1166];
[m,n] = size(w lit.mix);
para.v = [v.water v.PEG v.Dx];

% loop to convert each row of w into phi
for i = 1mm

o

% mixture composition
phi lit.mix{i,:) = Calc w2phi(w lit.mix(i,:);para);

end

{m,n] = size(w lit.top};



for i = i:m
% top composition

phi_lit.top(i;:} = Calc w2phi(w lit.top(i;:);para);

% bottom composition

phi lit.bot(i,:) = Calc w2phi{w lit.bot (i, :},para);

end

% assigning the system type
type = 1;

% plotiting the results

h = plot_LLE{l,phi 1it, 'bx-',type,comp,1,1);
% saving the data in a mat file
save WaterPEG8000Dx75hemoglobin;



Appendix D: Example of main script run file

L

script file to run file to split

in order to calculate split compositions

for a system ceontaining

water, poelymerl, polymer? and target protein

of o

ol

=]
<3
ao

o

clearing memory and closing all figures
clear all;
close all;

t=127;
r
2000200000 B00000000000000000800008000050000000030200000208800200500
Rt R R R R s I S R I TR R Tl S CTTODUVUUULD DDLUV D DLV LTODTCODO0VULOOCOooDD 020D 0 0

% setting the save data file (as mat file)
SaveFile = sprintf{'results LLE 4dcomp_varyPEG polym_ tgt thesis %d’,t};

& checking if data file exist
existflag = check file(SaveFile);

LR9RR0and00et0leRa0 002000000000 00000000C00020002002000800000000%0
CTTDORO0OCTDTLT O CLODTOCR VU OO0 RO 00000 T 00 o0 D00 0T CO B8 T o000 CEEEoGEaTTTODSSSD

% declaring global wvariliables
global R;

glocbal TolF;

global TolX;

global Toldmu;

glokal MaxTIter;

% specifying the universal gas constant
R = 8.314;

% specifying the tolerance for function evaluation in solver
TolF = le-B8;

% specifying the tolerance for variable evaluation in solver
TolX = le-6;

% specifying the
Toldmu = [ 1 ]

olerance for chemical potential difference

% specifying the mazimum iteration for SolvOpt
MaxIter = 10000000;



% specifying the number of components
no comp = 4;

% specifying the name of components

comp name.cl = 'water';
comp name.cZ = 'PEGE000';
comp_name.c3 = "'Dx757;

comp name.cé 'hemoglobin';

% specifying the ATPS and proteins

atps sys = sprintf('%S%S%S',comp_name.cl,comp_name.cZ, comp name.c3);
tgt protein = comp name.c4;
type = 1;

% specifying the system temperaturs
T = 273.15 + 23;

% loading the parameters for ATP-proteian-contaminant system
parameter = GetParameters_4comp (atps sys, type,tgt protein,T);
parameter.omega(2,4) = 150;

%5 specifying initial total amount of the mixture (one-phase system)

% specifying the composition for the mixture (one-phase system)
vol.PEG = linspace{0.048,0.14,25);

vol.Dx = 0.08;

vol.hemoglobin = 0.0001;

% generating the composition matrix
for 1 = l:length(vol.PEG)
phi{i,:) = [ (l-vol.PEG(i)-vol.Dx-vol.hemogliobin)
vol.PEG(1) vol.Dx vwvol.hemoglobinl;
end

3 specifying the initial points for solver
st = [ 0.5 0.1 0.2 0.9 1;

% solving the fractions of mole in the bottom phase at equilibrium

for i = l:length(vol.PEG}
[f_split,phi_split,molemsplit,Ntot_split,dGﬁsplit,dU_split, -
K split,opticns] =

Calc split solwvopt (phi(i,:),NO,parameter, s0, type):



f store(i,:) = £ split;

phi_split_store.top(i,:}) = phi split.top;
phi_split_store.bot(i,:) = phi split.bol;
dG_split_store(i) = dG_split;

K split_store(i,:) = K split;

a

% assigning flag for convergence
if ( options(9) > 0 }

convilag(i) = 1;
else

convflag{i) = 0;
end

end

% extracting the rasults

crt = 1;

for i = l:length{vol.PEG)
if ( convflag(i) )

phi one plot{cnt,:) = phi{i,:};:
phi_split plot.top{cnt,:} = phi_split stoere.top(i,:});
phi_split plot.bot(cnt,:) = phi_split store.bot (i, :);

K plot(ecnt,:}) = K split store{i,:);
dG plot{cnt) = dG split store{i);
flag plot{cnt) = convflag(i);
cnt = cnt+1;

end

% plotting partition coefficient

g{l} = figure(l);

Ssubplot(3,1,3),

hold on;

h{l)y = plot(phi_one_piot(:,2),log(K_plot{:,l)),’k>—');

h{2Z}) = plot(pkl_one plet(:,2),log(K plot(:,2)},"'*="','"Color',[1 O 01});

for i = l:length({(K plot)
text(phi_one_plot(i,Z),log(K_plot(i,4J),sprintf('%d',flagﬂplot(i)});

end

h(3}) = plot(phi_one_plot(:,2),log(K_plot(:,B)),'o—','Color‘,[O 1 01);
h{4) = plbt(phi_oneuplot(t,Z),log(K_plOt(t,4)),'+—','Color',{0 0 11):
grid on;

ylabel ('1ln K'};

xlabel {("PEG vol/veol');

title(sprintf('Partition coefficient of all components in td-component
system\n{%s-%s—-%s~

%s)',no_comp,comp_name.cl;comp_name.cZ,comp_name;c3,comp_name.c4));



fa)

eval (sprintf('iegend(h,'"%s"",

o
,"‘ES",

*"Location'',

') ', comp name.cl, comp name.c2, comp_name.c3, comp name.c4));

o

(2) = figure(2);
subplot(3,1,1),

el

plot (phi one plot(:,2),dC plot, 'bx~");

$fTor 1 = 1l:length(dG plot)
Send
grid on;

> plotting the Gibbs energy difference

% text (phi one ploti(i,2),dG plot{i),sprintf('%

yvlabel ('} \Delta G_{two-phase -~ \Delta G {one-phase} |'};

%xlakbel { 'PEGB00C vol/vol');

'"Best"

Yy flag_plot(i)));

title ("Gibbs energy difference between one-phase and two-phase'};

% plotting phase diagram
g(3) = figure{3};
Zsubplot (3,1,2),

hold on}

grid on;

plot(phigone_plot(:,S},phi_one_plot(:,2),'ro');

$for i = l:length{flag plot)

%

text (phi one plot(i,3),phi one plot(i,2),sprintf('%d’',flag plot{i)});

Zend

plot LLE(3,phi split plot, 'bx-',1l,comp name,l);

% saving the results
save (SaveFile);

saveas (g{3),sprintf{'LLE 4comp varyPEG poclym prot thesis %d',t},

"fig');

saveas(g(l),sprintf('an_4comp_varyPEG_polym_prot_thesis_%d‘,t),

"ftig');

saveas{g(2), 'dG dcomp varyPEG polym prot thesis_3%d', 'fig'):



