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Abstract

Agueous two-phase system (ATPS) is a technique used for recovery and purification of
biomolecules. Extractive bioconversion is a system which integrates biotransformation
into ATPS to allow the in situ recovery of bioproducts immediately after they are
formed. The extractive bioconversion of poly-g-caprolactone (PCL) in an ATPS had not
been established. In addition, the properties of the products obtained following the
extractive bioconversion process are not well understood. Therefore, this study aimed to
determine the ideal conditions for Burkholderia cepacia lipase-mediated extractive
bioconversion of PCL in a polyethylene glycol (PEG)-based ATPS, as well as to
examine the properties of the products obtained. A sequential optimization strategy,
which comprised of full factorial design (FFD) followed by one-factor-at-a-time testing,
was employed for the optimization. FFD was employed to screen for significant
variables, namely pH, bioconversion temperature, molecular weight of PEG, tie-line
length (TLL), volume ratio (Vr) and concentration of NaCl additive in the recovery of
the hydrolyzed products and enzyme. Qualitative analysis, which included gas
chromatography-tandem mass spectrometry (GC-MS/MS), thermogravimetric analysis
(TGA), differential scanning calorimetry (DSC) and gel permeation chromatography
(GPC) were subsequently used to characterize the products recovered. Results from the
FFD screening indicated that temperature, Vr and concentration of NaCl additive were
the significant factors which influenced the partitioning of the hydrolyzed products into
the upper phase. On the other hand, factors which could significantly influence the
partitioning of lipase into the lower phase were temperature, TLL and Vr. With the
exception of NaCl additive, all other significant factors were subsequently subjected to
the one-factor-at-a-time optimization. It was found that the balanced tradeoff between

yields of hydrolyzed PCL in the upper phase and lipase in the lower phase was observed



at a temperature of 40 <C, TLL of 28 % (w/w), and Vr of 80:20. When these conditions
were applied in a system composed of 19 % (w/w) PEG 3000 and 8.1 % (w/w)
potassium phosphate at pH 7.0 without the presence of NaCl additive, 79.8 %
hydrolyzed PCL was recovered from the upper phase and 42.0 % lipase was partitioned
into the lower phase. GC-MS/MS analysis revealed and confirmed that the products of
the extractive bioconversion were monomers and oligomers of PCL. Results of TGA
analysis demonstrated that the higher the temperature of hydrolysis, the lower the onset
temperature at which decomposition of PCL occurred. In addition, DSC data
demonstrated a negative relationship between temperature of PCL hydrolysis and the
melting as well as crystallization temperatures of the excess reactants. Besides, GPC
analysis illustrated that the molecular weight of the PCL samples showed a decreasing
trend with the temperature of hydrolysis, and that the higher the temperature of
hydrolysis, the higher the polydispersity index. In conclusion, an optimized system for
extractive bioconversion of PCL using B. cepacia lipase was described, which
preferentially partitioned the hydrolyzed products into the upper phase and lipase into

the lower phase.



Abstrak

Sistem akueous dua fasa (ATPS) adalah satu kaedah yang digunakan untuk memperoleh
dan menulenkan biomolekul. Biokonversi ekstraktif merupakan satu sistem yang
menggabungkan biotransformasi dengan ATPS bagi pemerolehan “in situ” bioproduk
sebaik sahaja ia terbentuk. Kaedah biokonversi ekstraktif poli-e-kaprolakton (PCL) di
dalam sistem ATPS belum lagi dibangunkan. Selain itu, ciri-ciri produk yang diperoleh
hasil daripada proses biokonversi ekstraktif tersebut adalah tidak banyak diketahui.
Oleh itu, kajian ini bertujuan untuk menentukan keadaan yang paling sesuai untuk
biokonversi ekstraktif PCL oleh lipase Burkholderia cepacia di dalam ATPS yang
berdasarkan polietilena glikol (PEG), serta mengkaji ciri-ciri produk yang diperoleh.
Satu strategi berturutan yang merangkumi reka bentuk faktorial penuh (FFD) dan ujian
satu faktor pada satu masa telah digunakan untuk pengoptimuman. FFD digunakan
untuk menentukan pembolehubah yang signifikan di antara pH, suhu biokonversi, berat
molekul PEG, panjang garis tie-line (TLL), nisbah isipadu (Vr) dan kepekatan NaCl
tambahan dalam pemulihan produk-produk hydrolisis dan enzim. Analisis kualitatif,
termasuk kromatografi gas berseiring spektrometri massa (GC-MS/MS), analisis
thermogravimetri (TGA), kalorimeter pengimbasan perubahan (DSC) dan kromatografi
gel penyerapan (GPC), telah digunakan bagi menentukan ciri-ciri produk yang
diperoleh. Hasil kajian dari FFD menunjukkan bahawa suhu, Vr dan kepekatan NaCl
adalah faktor-faktor signifikan yang mempengaruhi pemindahan produk-produk
hidrolisis ke fasa atas, manakala faktor-faktor yang mempengaruhi pemindahan lipase
ke fasa bawah secara signifikan adalah suhu, TLL dan Vr. Selain daripada NaCl
tambahan, pengoptimuman telah dilaksanakan pada faktor-faktor signifikan yang lain.
Keseimbangan antara pemerolehan PCL terhidrolisis di fasa atas dan pemerolehan

lipase di fasa bawah telah diperhatikan pada suhu 40 <C, TLL 28 % (berat/berat) dan Vr



80:20. Apabila keadaan-keadaan ini digunakan di dalam sistem yang mengandungi 19%
(berat/berat) PEG 3000 dan 8.1 % (berat/berat) potasium fosfat pada pH 7.0 tanpa
kehadiran NaCl tambahan, sebanyak 79.8 % produk hidrolisis telah diperoleh daripada
fasa atas dan 42.0 % lipase telah dipindahkan ke fasa bawah. Analisis menggunakan
GC-MS/MS menunjukkan dan mengesahkan bahawa produk-produk biokonversi
ekstraktive adalah monomer dan oligomer PCL. Hasil daripada analisis TGA pula
menunjukkan bahawa semakin tinggi suhu yang digunakan untuk proses hidrolisis,
semakin rendah suhu permulaan penguraian PCL. Tambahan lagi, data dari DSC
menunjukkan terwujudnya hubungan negatif di antara suhu hidrolisis PCL dan suhu
peleburan serta penghabluran bahan tindak balas yang berlebihan. Di samping itu,
analisis GPC menunjukkan bahawa berat molekul sampel PCL menurun dengan
peningkatan suhu hidrolisis, dan semakin tinggi suhu hidrolisis, semakin tinggi indeks
polidispersiti. Kesimpulannya, sistem yang optimum untuk biokonversi ekstraktif PCL
menggunakan lipase B. cepacia telah berjaya dikembangkan, di mana produk-produk
hidrolisis diberi keutamaan untuk dipindahkan ke fasa atas dan lipase diberi keutamaan

untuk dipindahkan ke fasa bawah.
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CHAPTER 1

INTRODUCTION

1.1 Introduction

Agqueous two-phase system (ATPS) is a technique used for recovery and purification of
biological products, which is formed by the equilibration of two immiscible chemical
compounds at appropriate concentrations, followed by separation of the compounds into
two phases under gravity or in a centrifuge (Li et al., 2012; Raja et al., 2011). Recovery
and purification are then achieved by partitioning the products of interest into one phase
and the contaminants into another phase. Different types of chemical compounds can be
used as the phase-forming components, which give rise to several distinct types of
ATPS, of which the polymer/polymer-based system and the polymer/salt-based system
are the most widely used. Compared to most conventional methods of bioproduct
recovery and purification, ATPS has the advantages of being rapid, producing higher
yields, maintaining the native structure of biomolecules, low cost, as well as the
potential to relatively simple and practical scaling up process (Albertsson, 1986). In
addition, since the phase-forming components used are typically non-toxic and
recyclable, ATPS has been viewed as an environmentally benign green technology

(Kalaivani & Regupathi, 2013; Li et al., 2012).

Coupling of ATPS with several other techniques can increase the applicability of
the system. For example, integration of biotransformation into ATPS, an operation
termed extractive bioconversion, allows bioproducts to be isolated in situ immediately
after they are formed in a single step (Zijlstra et al., 1998). In this approach, the system
parameters are adjusted to allow the bioconversion to take place in a homogeneous

mixture, after which the enzymes and the unreacted substrates are partitioned to one



phase while the products formed are partitioned into another phase. Such an integrative
approach not only saves the time and cost associated with the processes, but also
reduces the risk of product loss during each step of the processing operations as when
the steps are carried out separately. Extractive bioconversion has been used for the
simultaneous production and isolation of xylo-oligosaccharides formed from xylan
hydrolysis (Li et al., 2011), and of cyclodextrins obtained from sago starch

bioconversion (Ling & Ng, 2013).

1.2 Problem statement

Poly-¢-caprolactone (PCL) is biodegradable polymer that finds applications in a diverse
range of industries. PCL is readily miscible with a variety of other compounds; hence,
its major use is to improve, through chemical modifications, the characteristics and/or
the quality of the compounds with which it blends (Liu et al., 2009; Maafi et al., 2009).
Hydrolysis of PCL, which can be achieved by using lipase as a biocatalyst, is an
important step for producing shorter subunits with tailored properties. Presently, the
method of extractive bioconversion of PCL with lipase in an ATPS is not well
established. Hence, the development of an effective method that integrates PCL
hydrolysis and isolation of the hydrolyzed products in a single system was carried out.
We postulate that the combination of the two processes in a single step can allow high
yield recovery of the hydrolyzed products, and at the same time reduces the time and
cost associated with the operation. In addition, the characteristics of the hydrolyzed
products obtained are not well understood. The present study was therefore conducted
to develop a method of extractive bioconversion of PCL using Burkholderia cepacia

lipase in an ATPS system and further, to characterize the products recovered.



1.3  Objectives

The general objective of this study was:

To study the applicability of a polyethylene glycol (PEG)-based ATPS in extractive
bioconversion of poly-e-caprolactone (PCL) using Burkholderia cepacia lipase, and to

investigate the properties of the products obtained.

The specific objectives of this study were:

1. To study the partition behavior of the hydrolyzed PCL, as well as of lipase, in
the ATPS-based extractive bioconversion system;

2. To screen for the significant factors which influence the partitioning of the
hydrolyzed PCL and lipase in the above system;

3. To investigate the optimum conditions for recovery of hydrolyzed PCL and
lipase in the above system;

4. To investigate the chemical and physical properties of the hydrolyzed PCL

recovered from the process of extractive bioconversion.



CHAPTER 2

LITERATURE REVIEW

2.1  Aqueous two-phase system (ATPS)

Agqueous two-phase system (ATPS) is a liquid-liquid extraction method used to partition
and purify biomolecules. The method was originally described by Beijerinck (1896),
who found that mixtures of gelatin and agar as well as of gelatin and soluble starch
separated into two distinct layers upon mixture. Albertsson (1986) later initiated a
comprehensive research on the applicability of ATPS for partitioning and downstream
recovery of biomolecules, by using polyethylene glycol (PEG), dextran and water, as
well as PEG, potassium phosphate and water, as the phase-forming components. In fact,
the components used for the formation of the phases are not limited to the above-
mentioned compounds. Essentially, an ATPS is formed by having two chemically
incompatible components mixed thoroughly at or above the critical concentration,
during which phase separation would occur, with each phase enriched in one of the
phase-forming components (Li et al., 2012; Raja et al., 2011). By manipulating the
conditions at which phase separation occur, biomolecules of interest and other
contaminants can be partitioned along with the phase-forming components into different

phases, thereby achieving purification purposes.



2.1.1 Applications of ATPS

Following Albertsson’s initial comprehensive work on the purification of biomolecules
using the above method, a large number of extensive researches had attempted to
investigate the applicability of ATPS in the recovery of various other biomolecules.
ATPS had since been thought as a superior alternative for the separation and
purification of biomolecules which were difficult to be recovered by using other
bioseparation methods (Gupta et al., 1999). Over the past decades, a vast variety of
biomolecules have been recovered or purified by using ATPS, including proteins (Ooi
et al., 2009a), lactic acid (Planas et al., 1998), aroma compounds (Marco et al., 2000),
viral or plasmid gene therapy vectors (Garca-Perez et al., 1998), recombinant proteins
(Ibarra-Herrera et al., 2011), inclusion bodies and viral coat proteins for protein
vaccines (Rito-Palomares, 2004), and nucleic acids (Ohlsson et al., 1978), among others.
Attempts have also been made to use ATPS to recover non-biological molecules, such
as metal ions (Lacerda et al., 2009) and small organic molecules (Rogers et al., 1998).
Apart from the above-mentioned laboratory-scale product purification processes, ATPS
has, in fact, been applied in large-scale settings as a technically- and economically-
viable alternative. A notable example for large-scale application of ATPS is for the
early stages of purification or partial purification of intracellular microbial enzyme,

including the removal of the cell debris (Saxena et al., 2003).

Apart from being used for product purification, ATPS has been used to
concentrate dilute products by partitioning the products into the extraction phase of
smaller volume or into the ATPS interface (Antov, 2005; Ratanapongleka, 2010). In
recent years, ATPSs have also been modified by integrating with several other
techniques for greater applicability, such as extractive bioconversion and extractive

fermentation (see section 2.1.5). These modifications allow extraction, clarification,



separation, concentration and partial purification steps, among others, to be combined
into a single recovery system, thus avoiding the risk of product loss in the multiple steps

of the processing operations (Becker et al., 2009; Gupta et al., 1999).

2.1.2 Formation and mechanisms of ATPS

The ATPS is formed when two chemically incompatible compounds, typically, but not
limited to, two polymers or one polymer and one specific salt, are mixed thoroughly at
appropriate amounts (by weight) at equilibrium and allowed to separate into two phases
under gravity or in a centrifuge (Li et al., 2012; Raja et al., 2011). Thus, the system can
be broadly divided into two steps, namely equilibration and phase separation steps
(Hustedt et al., 1985). When the two phases are formed, each of the phases is enriched
with one of the respective phase-forming components, and water is present in about 85-
90 % in both phases (Rosa et al., 2010). The time needed to achieve complete
separation of the phases depends on the difference in density and viscosity of the two
phases (Walter et al., 1985). The smaller the difference in density, or the larger the
difference in viscosity, the longer the time needed to achieve complete separation of the

phases (Hustedt et al., 1985).

Despite being widely used, the complex mechanisms of ATPS partitioning are
still not fully understood, although it is known that the partitioning behaviour of ATPS
is affected by system components, ionic strength, concentration and molecular weight of
polymer, type and concentration of salt, the presence of additives, pH, and temperature
of the system (Franco et al., 1996; GUndlz, 2000; Zaslavsky, 1995). This is because the
nature of ATPS is not only dependent on the physicochemical traits of the biomolecules
such as conformation, molecular weight, size, hydrophobicity, charge, and specific

binding sites, but also influenced by the van der Waals, hydrophobic and hydrogen



bonds, static effects, and electrostatic interactions between the biomaterial and the phase
forming components (Albertsson, 1986; Franco et al., 1996; Gindz, 2000; Huddleston
et al., 1991b). It is the net effect of the above-mentioned parameters that together

determines the phase into which the biomolecules are partitioned.

However, it is understood that a better separation of two biomolecules can be
achieved when significant difference is found in their partition behaviours. Therefore,
by adjusting the parameters above, biomolecules of interest could be manipulated to be
partitioned into one of the phases, while undesired contaminants into another phase.
However, the partitioning behaviours of biomolecules and contaminants are rather
unpredictable (Goja & Hong Yang, 2013). For example, in some cases, the biomolecule
to be partitioned may change its role to act as a phase-forming component when it is
present in high amount (Ng et al., 2013; Ooi et al., 2009b; Show et al., 2012). Hence,
determination of the appropriate conditions for achieving separation of biomolecules
and contaminants into different phases is difficult and relies on extensive screening
procedures. To minimize the experimental works and time associated with the above
screening, design of experiments (DOE) methodology could be applied to statistically
evaluate the impact of several candidate parameters on ATPS partitioning (Antony,
2014). Alternatively, an automated high-throughput screening approach could be used
for comprehensive screening of the appropriate parameters, but this approach would
incur a high cost to the overall operation and is therefore not cost-effective for small

scale work (Boisclair et al., 2014).

Although determination of optimum conditions is tedious, the reference
conditions that should be used during initial preparation of ATPS can be identified from

the phase diagram (Figure 2.1). An ATPS phase diagram provides information on the



concentration of phase-forming components needed to form two immiscible phases, the
subsequent concentration of phase components in each of the phases, as well as the
volume ratio of phase components. A phase diagram is composed of a binodal curve
and several tie-lines. The binodal curve separates the regions at which one and two
immiscible phases are formed during the ATPS. On the other hand, each tie-line forms a
straight line between the node on the binodal curve which represents the final
concentration of the phase-forming component in the upper phase and that which

represents the final concentration of the lower phase-forming component.

4 Composition of upper phase
“ TWO-PHASE REGION

Tie-line

Composition of lower, phase
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Figure 2.1: Illustration of phase diagram for an ATPS (modified from Hatti-Kaul,

2000a).



2.1.3 Advantages and disadvantages of ATPS

Apart from being able to purify target biomolecules, ATPS is commonly employed in
biochemistry and biotechnology because it possesses multiple advantages. The most
important advantage of ATPS compared to other well-established and highly successful
techniques, such as electrophoresis and various types of chromatography, is its unique
mechanism of separation, which is capable to detect any heterogeneity present in a
seemingly homogeneous mixture (Walter et al., 1985; Zaslavsky, 1995). This allows the
separation of the fundamentally heterogeneous subpopulations, facilitating the isolation
of the otherwise unobtainable entities for further studies (Zaslavsky, 1995). ATPS is
also easy to operate and the yield is typically high while the separation process is rapid,
which allows the separation to be done at room temperature (Albertsson, 1986). The
system also provides a gentle environment which allows the native structure of the
biomolecules to be maintained, due to its high water content of 85-95 % and low
interfacial tension of 0.0001-0.1 dyne/cm (compared to the interfacial tension of water-
organic solvent systems of 1-20 dyne/cm) (Hatti-Kaul, 2001; Mattiasson, 1983; Ooi et
al., 2009b; Ratanapongleka, 2010; Subathra et al., 2012). In addition, scaling up is easy
and reliable, and the large loading capacity eradicates the need to perform the
separations repeatedly (Castro & Aznar, 2005). It is also possible to perform continuous
steady-state and automated operation, hence resulting in a lower overall energy
consumption (Hatti-Kaul, 2000a). By integrating clarification, concentration and
purification in a single step, ATPS also reduces overall processing time and cost
(Zaslavsky, 1995). Besides, ATPS utilizes various instruments commonly employed in
chemical industry, such as mixer-settlers, column contactors and centrifugal contactors,
and hence, no additional, specialized instruments are necessary (Cunha & Aires-Barros,

2000; Igarashi et al., 2004). Finally, the overall ATPS process is environmentally



friendly, since most of the phase components are non-toxic and phase-forming

components are typically recyclable (Figure 2.2).

Extraction system Recovery system
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Figure 2.2: Recycling of the phase-forming components of ATPS (adapted from Gupta

et al., 2004)

However, the main disadvantage of the use of ATPS in recovering biomolecules
arises from its incompletely understood mechanisms underlying the partitioning
(Zaslavsky, 1995). Hence, screening for parameters affecting the performance of an
ATPS uses a random screening approach, which is often laborious and time-consuming
(Hatti-Kaul, 2000a). To minimize the number of experiments required to obtain
optimized ATPS conditions, modelling experiments can be performed (Hart et al., 1995;
Kammoun et al., 2009; Rosa et al., 2007). Many prediction models have been used in
such experiments to predict the partition behaviour of biomolecules in ATPS, with the
Flory-Huggins theory and virial expansion model represent the fundamental viewpoints
in this respect (Abbott et al., 1990; Baskir et al., 1989). Nonetheless, reliable prediction
for the selection of optimal systems for a given specific separation has not been
achieved through these models. Another disadvantage associated with the ATPS system

is the difficulty to reproduce partitioning data (Walter et al., 1985; Zaslavsky, 1995).
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Inter-assay and -laboratory irreproducibility of ATPS partitioning has been reported,
which could be attributed to the use of phase-forming components made in different

batches or made by different manufacturers (Walter et al., 1985; Zaslavsky, 1995).

2.1.4 Types of ATPS
Depending on the phase-forming components used, several types of ATPS can be
formed, including a polymer/polymer-based system, a polymer/salt-based system, and

an alcohol/salt-based system.

2.1.4.1 Polymer/polymer ATPS

Polymer/polymer-based systems are among the most widely employed ATPSs. The
phase separation process in this type of ATPS is caused by the enthalpy of hydration,
which is due to the polymer-polymer interactions in the solution, and is influenced by
the molecular size and the thermodynamic properties of the polymers (Albertsson, 1986;
Hatti-Kaul, 1999; Johansson et al., 1998). Polymer/polymer ATPS is best exemplified
by a system comprising of polyethylene glycol (PEG) and dextran. In the mentioned
system, a wide variety of PEG molecular weights can be chosen and used for different
applications (Gupta et al., 1999). Low molecular weight PEGs are typically used for
purification of hydrophilic high molecular weight compounds, and vice versa (Cabezas,

1996).

One major reason why PEG/dextran ATPS has received much attention is that
the system is easily amenable to modification or derivatization in order to make the
partitioning of biomolecules more effective (Harris & Chess, 2003; Lu & Tjerneld,
1997). A PEG-dextran system is also characterized by its relatively suitability for

general applicability, considering the fact that the two phases have appropriate
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physicochemical properties such as viscosity and density difference (Balasubramaniam,
2003; Zaslavsky, 1995). Moreover, PEG and dextran has been shown to be non-toxic
and biodegradable, hence it has been proposed to be used in large scale commercial
applications, such as in the recovery of aroma compounds, natural products and
therapeutic proteins in food, cosmetics and medical industries (Harris, 1992; Hatti-Kaul,
2000a; Ratanapongleka, 2010). However, since PEG has a lower critical solution
temperature (temperature above which a polymer phase and a water phase is formed) of
above 100 <C, and dextran is an expensive phase-forming component, other polymers
have been used as their replacements (Balasubramaniam, 2003; Saeki et al., 1976).
Polypropylene glycol (PPG), polyvinyl alcohol (PVA), and random copolymers of
ethylene oxide and propylene oxide (EOPO), for examples, have been used as the
substitutes for PEG, while unfractionated dextran, Ficoll (polysucrose), methylcellulose,
hydroxyethylcellulose (HEC), and Reppal PES (hydroxypropyl starch) have been used

to replace dextran (Harris et al., 1997; Persson et al., 1999; Persson et al., 1998).

2.1.4.2 Polymer/salt ATPS

Polymer/salt-based systems are another type of commonly employed ATPS. Instead of
using two polymers, polymer/salt ATPS is constructed by substituting one of the phase
components with an appropriate salt. The ability of a salt in facilitating phase separation
process depends on its Gibbs free energy of hydration and/or its position in Hofmeister
or lyotropic series (Ananthapadmanabhan & Goddard, 1987). In fact, it is the anion of a
salt which serves as the major determinant of the effectiveness of the salt in facilitating
the phase separation process (Rogers et al., 1996). An example of the polymer/salt
ATPS is established by PEG and sodium phosphate. Following phase separation, the
polymer is localized in the upper phase, while the salt is partitioned into the lower phase.

Compared to the other systems, the polymer-salt ATPS has the advantages of having a
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lower phase viscosity, higher selectivity, relatively lower cost, and a wider range of
hydrophobicity differences between the two phases (Albertsson et al., 1990; Ooi et al.,

2009a; Rito-Palomares, 2004).

However, one downside of the polymer/salt-based ATPS is that denaturation or
precipitation of the target products may occur as a result of the high ionic strength
conditions due to the presence of high salt concentrations (Ananthapadmanabhan &
Goddard, 1987; Andersson & Hahn-Hagerdal, 1990). In addition, disposal of the salt
solution appears to be environmentally unfriendly. Fortunately, the latter issue can be
addressed by using either biodegradable salts which possess lower eutrophication
potential (Vernau & Kula, 1990; Zafarani-Moattar et al., 2004), or volatile salts which

can be easily recycled back into the gas phase (van Berlo et al., 2000).

2.1.4.3 Alcohol/salt ATPS

Water-soluble alcohols, such as methanol, ethanol, and propanol, were originally
examined as the additives to increase the efficiency of ATPS. However, it was soon
realized that these water-soluble alcohols can also be used to establish ATPS along with
inorganic salts (Greve & Kula, 1991). Examples of alcohol/salt-based ATPS include
ethanol/citrate ATPS, 1-propanol/phosphate ATPS and 2-propanol/ammonium sulphate
ATPS. This type of ATPS has the advantage of being able to recover the target
biomolecules easily by evaporating the alcohol, thus allowing the simple recycling of
the organic solvent phase (Goja & Hong Yang, 2013). In addition, alcohol/salt-based
ATPS exhibits low toxicity to the environment, and is inexpensive (Goja & Hong Yang,

2013).
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However, utilization of alcohol/salt ATPS may result in the irreversible
denaturation of the proteins or enzymes recovered (Li et al., 2010). Industrial scale
bioproduct recovery using alcohol/salt ATPS is also limited, because alcohols have low
flash points and high volatilities, which may pose a safety concern if used in process-
scale quantities. Hence, attempts have been made to substitute alcohols with thermal-
stable, non-flammable ionic liquids, such as [C4mim]ClI (1-n-butyl-3-
methylimidazolium chloride) or [Na44]Cl (tetrabutylammonium chloride) (Gutowski et
al., 2003; He et al., 2005; Li et al., 2005; Ruiz-Angel et al., 2007). In addition, these
ionic liquids have the advantages of having low viscosity, high chemical stability,
amenable chemical structures and physical properties, and strong solubilizing power

(Dupont et al., 2002; Oppermann et al., 2011).

2.1.4.4 Other types of ATPS
Apart from the above-mentioned types of ATPS, several other ATPSs have also been
studied and used for the recovery of various biomolecules, and these are summarized in

Table 2.1.
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Table 2.1: Other types of ATPSs (adapted from Ng, 2013)

Types of Phase-forming Examples Properties References
ATPS components
Stimuli- pH-sensitive Polydiallyaminoethanoate- | Partitioned target product in | Waziri et al., 2003
responsive polymer dimethyl sulfoxide upper phase which is attached | Cabral, 2007
ATPS in the form of protein-ligand- | Kamihira et al., 1992
pH-responsive Eudragit S100 polymer complex can be easily | Qin & Cao, 2008
copolymer recovered as a precipitate by | Wang et al., 2008
altering the environmental pH
Synthetic pH- Pasc, Pabs or isoelectric point (pl).
sensitive polymer
Polymer can be recovered up to
Light-sensitive PNNe 95 % by laser radiation at 488
polymer nm after effective partitioning
of target product.
Aqgueous lonic/non-ionic Triton X-100, Triton X- | Products can be recovered in | Lye etal., 1995
micellar two- | surfactant 114 coacervate phase (Sanchez- | Regalado et al., 1996
phase system | solution Ferrer & Garcia-Carmona, | Ooi et al., 2011b
(AMTPS) 1994; Sanchez-Ferrer et al., | Saitoh et al., 1995

1989; Ramelmeier et al., 1991)
and the detergent-rich phase of
AMTPS can be recycled after
the temperature-induced phase
separation (Minuth et al.,
1996).

Kitajyo et al., 2007
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Table 2.1, continued

Affinity  or
ligand-
specific
ATPS

Affinity ligand

Metal chelator, lectin,
reactive dye and
coenzymes bounded
copolymer

Partitioning of target product
into one of the phases can be
improved by affinity
partitioning of ligand-product
complex or the addition of free
ligands (Kopperschlager &
Birkenmeier, 1990).

Including the purification tags
directly into the target product
itself using small molecules
such as short tryptophane-rich
peptide, tyrosine and
hydrophobin 1 (Selber et al,
2004; Cramer & Holstein,
2011).

Roque & Lowe, 2006
Kopperschlager, 1994
Garg et al., 1996
Sivars et al., 2000
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2.1.5 Process integration with ATPS

To increase the cost and technical efficiencies of bioproduct isolation, ATPS has been
integrated with other operations to achieve simultaneous processing and purification of
bioproducts. Integration of ATPS with these operations can lead to new coupling
techniques, such as extractive bioconversion, extractive fermentation, and cell

disruption with direct product recovery (Figure 2.3).

Biocatalysts (e.g., cells,

» Bioconversion 1
enzymes, etc.) :
RS BT S
: I’ R o
: . |
Fermentation Extracellular g Product extraction with L
| o ATPS |
L products ;| | |
—_ - - = ——_————— = =
...... EESEIISITON FRMRIOIOIIEN TMERR
[
Intracellular products —»  Cell disruption 3

Figure 2.3: Process integration with ATPS. (1) Extractive bioconversion (......... ); (2)
Extractive fermentation (— — —); (3) Cell disruption with direct product recovery

(- — - ) (adapted from Ooi, 2011a).
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2.1.5.1 Extractive bioconversion

Extractive bioconversion refers to the purification of bioproducts in situ immediate after
biotransformation has taken place (Hua & Xu, 2011). In this integrative approach,
bioconversion is completed in a homogeneous mixture containing enzymes or
microorganisms, and the products formed are partitioned into one of the phases directly
after separation for recovery while the enzymes, cells or unreacted substrates are
partitioned into another phase. The products formed can easily be removed by
evaporization, adsorption, permeabilization, membrane filtration or many other
approaches, and after the products are removed, the biocatalyst-containing phase can be
recycled and reused, thus making extractive bioconversion an environmentally-friendly

approach (Cabral, 2007).

ATPS is well adapted for extractive bioconversion since the system provides a
gentle condition for many biological enzymes and/or host cells to work. The system also
does not interfere with the substrates supplied and the products generated during the
bioconversion process, since it is made of very high percentages of water content.
Compared to operations which involve separate steps of bioconversion and product
recovery, extractive bioconversion minimizes the risk of product loss and reduces the
overall time and costs required (Zijlstra, 1998). Extractive bioconversion has been used
for the simultaneous production and isolation of glucose from starch (Larsson et al.,
1989) or cellulose (Tjerneld et al., 1985) hydrolysis, of xylo-oligosaccharides formed
from xylan hydrolysis (Li et al., 2011), and of cyclodextrins obtained from sago starch

bioconversion (Ling & Ng, 2013), among other operations.
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2.1.5.2 Extractive fermentation

Extractive fermentation refers to the instantaneous recovery of bioproducts formed in
the fermentation broth from their enzymes or host cells (Banik & Santhiagu, 2002).
ATPS provides mild environment for long-term survival of cells and/or enzymes.
Similar to extractive bioconversion, the products and the enzymes or host cells must be
exclusively partitioned into each distinct phase in order for efficient purification to
occur. The immediate product recovery ensures that end-product inhibition in
fermentation as well as loss or early degradation of labile products does not occur,
which indirectly allows higher yield of products compared to other conventional
methods (Banik et al., 2003; Daugulis, 1994; Freeman et al., 1993; Hatti-Kaul, 2000b;
Rito-Palomares et al., 2000). Extractive fermentation has been utilized for the recovery

of acetone, lactic acid and butanol (Rito-Palomares, 2004).

2.1.5.3 Cell disruption with direct product recovery

For intracellular products, single-step recovery can be achieved by integrating cell
disruption to ATPS. This reduces the number of steps required to purify products of
interest from contaminants such as cell debris, hence reduces the overall cost and time.
Integration of cell disruption with ATPS has been demonstrated for extraction of an

intracellular enzyme (Rito-Palomares & Lyddiatt, 2002).
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2.1.6 Recovery of bioproducts

After successful separation of bioproducts from their contaminants in an ATPS system,
it is often needed to recover the bioproducts from the phase-forming components to
obtain products of high purify for further use. The only exceptions are labile substances
which would become less stable when removed from the system, as the phase-forming
components provide a gentle environment, and can act as stabilizing agents, for the
substances (Prasad, 2010; Sivars & Tjerneld, 2000). Several techniques can be
employed for removing the phase-forming components to achieve recovery purposes.
One of the commonly used techniques for this purpose includes the application of high
effective gravitational force to the mixture (Asenjo & Andrews, 2012; Wijethunga &
Moon, 2012). This can be achieved via centrifugation (for the recovery of large particles
such as cell and cell fragments) or ultracentrifugation (for small particles such as virus
particles). Cesium chloride (CsCl) density gradient centrifugation or ultracentrifugation
has been found to be particularly useful for the removal of PEG from the substances of

interest (Guo et al., 2013; Morenweiser, 2005).

In addition, ion exchange or hydroxylapatite chromatography can be used for the
recovery of charged bioproducts from ATPS with uncharged phase-forming
components, such as PEG/dextran system or alcohol/salt system (Gupta et al., 2004;
Saxena et al., 2003). The uncharged phase-forming components can easily be washed
away from the chromatographic system as they cannot bind to the ion exchanger.
Similar to ion exchange or hydroxylapatite chromatography, charged bioproducts can
also be purified from neutral phase-forming components by using electrophoresis (Zhai
et al., 2001). Proteins, viruses, amino acids derivatives and DNA, for examples, have
been successfully recovered from ATPSs by using chromatography and electrophoresis

techniques (Saxena et al., 2003; Zhai et al., 2001a; Zhai et al., 2001b).
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Besides, for ATPSs in which polymers are used as a phase-forming component
and bioproducts of interest are partitioned into the polymer-rich phase, recovery of the
bioproducts can be achieved by first adding excessive salts to the polymer-rich phase.
This facilitates the migration of the desired bioproducts into the salt phase, thus being
separated from the polymers (Walter et al., 1985; Zaslavsky, 1995). If the desired
bioproducts are proteins, ammonium sulphate can be used to precipitate and recover the
proteins. Alternatively, a simple dialysis can be performed to remove the salt from the
bioproducts of interest, thus achieving purification purposes (Hatti-Kaul, 1999; Walter
et al., 1985). In most cases, however, the resulting mixture contains small tolerable
amounts of PEG. Nonetheless, the PEG could be removed by ultrafiltration or

diafiltration (Kepka et al., 2004; Rathnasamy & Kumaresan, 2013; Zaslavsky, 1995).
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2.2 Lipase

Lipases (triacylglycerol acylhydrolases; EC 3.1.1.3) are water-soluble serine hydrolases
that possess a catalytic triad consisting of the consensus sequence Gly-X1-Ser-X2-Gly,
where Gly=glycine, Ser=serine, X1=histidine or tyrosine and X2=any amino acid.
Generally, lipases have a molecular weight of between 19 and 60 kDa, and are
ubiquitous in nature (Chen & Lee, 1995; McClean & Callaghan, 2009). The serine
residue in the above-mentioned consensus sequence serves as the nucleophilic member
in this catalytic triad (Svendsen, 1994). Normally, the catalytic triad is fully separated
from the reaction medium by a lid-like a-helical polypeptide chain in the closed and
inactive conformation (Jaeger et al., 1994). Under aqueous conditions where the
substrate forms an emulsion at the hydrophilic-lipophilic interface, structural
rearrangement occurs to the lipase to expose its active site region to the substrate. This
triggers “interfacial activation” of the lipase, which is characterized by a sharp increase
in the enzyme activity (Jaeger et al., 1999). The enzyme is then involved in catalyzing
the reversible hydrolysis of triacylglycerols into glycerol and fatty acids at the water-
lipid interface by acting on the carboxyl ester bonds of substrate molecules (Figure 2.4)
(Svendsen, 1994). The ability of the enzyme in catalyzing the reaction at the water-lipid

interface differentiates lipase from a related ester hydrolyzing enzyme, esterase.

Under micro- or non-aqueous conditions, however, lipases are capable of
reversing hydrolysis (Figure 2.4), as well as catalyzing synthesis reactions such as
transesterification or interesterification (Houde et al., 2004; Jaeger et al., 1999).
Transesterification is the process by which two acyl moieties are exchanged between
two acylglycerols, and lipase-mediated transesterification can be exemplified by
glycerolysis (Figure 2.5) and alcoholysis (Figure 2.6) (Paiva et al., 2002; Sharma et al.,

2001). On the other hand, interesterification refers to the process by which the positions
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of acyl groups are exchanged within a triglyceride or among triglyceride molecules, and
acidolysis (Figure 2.7) and ester exchange (Figure 2.8) represent the classic examples of

interesterification reactions that are catalysed by lipases (Amir et al., 2012; Ramjit et al.,

1976).
0 Hydrolysis 0
| | + H,O > | | + R, — OH
Ri —C —OR, Ester synthesis Ri —C —OH
Acylglycerol Fatty acid Alcohol

Figure 2.4: Simple hydrolysis and ester synthesis reactions catalyzed by lipase. Under
aqueous conditions, lipase catalyzes the hydrolysis of carboxyl ester bonds to release
fatty acids and organic alcohols. However, under water-restricted environments, lipases
can reverse the process of hydrolysis and catalyze the esterification reaction (modified

from Saxena et al., 1999).

o OH Glycerolysis 0
| + EOH > [ + R, — OH
Ri — C —OR; OH Ri —C—0
EOH
: . . : OH
Figure 2.5: Glycerolysis reaction catalyzed by lipase
o Alcoholysis o
I *  ROH > I + R, — OH
Ri — C —OR; Ri — C —ORs

Figure 2.6: Alcoholysis reaction catalyzed by lipase
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0 0] Acidolysis 0 0

I * | > || + ||
Ri —C —OR; Rs —C —OH Rs — C— OR; Ri — C — OH
Figure 2.7: Acidolysis reaction catalyzed by lipase

0) 0 Ester exchange 0 0

I ¥ I > I s I
R1 —C _OR2 Rs — C _OR4 Rl — C— OR4 R3_ C_ORZ

Figure 2.8: Ester exchange reaction catalyzed by lipase

2.2.1 Factors which influence lipase activity

The catalytic activity of lipases can be influenced by the nature of the substrates (Gupta,
2000; James et al., 2013). For example, some lipases showed high selectivity towards
long and medium chain fatty acids, and exhibit low activity towards fatty acids with
short chains (Alhir et al.,, 1990). Lipases from Staphylococcus xylosus and
Staphylococcus warneri, for instance, demonstrated increased esterification rate with
increasing fatty acid chain length (Gumel et al., 2011). However, each enzyme is unique
in its specificity and it is therefore not accurate to generalize the activity of lipase based
on the fatty acid chain length (Gumel et al., 2011). Lipases from some organisms (e.g.
lipolase 100T from Thermomyces lanuginosus) favor short chain fatty acids, while the
activity of lipases from other organisms (e.g. Candida Antarctica) appears to be

unaffected by fatty acid chain length (Ferrer et al., 2005).

In addition, it has been observed that the catalytic activity of lipases in non-
aqueous conditions tends to decrease over time, probably due to the generation of water

molecule during the reaction, or due to prolonged exposure of the enzyme’s hydration
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layer to organic solvent, which leads to the changes in the three-dimensional
conformation of the enzyme (Castillo et al., 2006; Idris, & Bukhari, 2011; Pereira et al.,
2003; Singh et al., 2013; Sinha & Khare, 2014). Such a structural alteration leads to
changes in enantio-, stereo- and regio-selectivities of the enzyme, and typically limits
the overall rate of product formation in the enzymatic reaction, necessitating various
manipulations such as immobilization, microwave irradiation or enzyme equilibration to
improve the activity of the enzyme (Carlsson et al., 2012; Yang et al., 2013; Yu et al.,

2011).

2.2.2 Bacterial lipase

Lipases are abundant in nature as they are produced by many plants, animals and
microorganisms (Chen and Lee, 1995). Among these, lipases produced by
microorganisms are of the greatest importance to industrial and biotechnical
applications due to their stabilities in various organic solvents, pH, and temperature,
high chemo-, regio-, and enantioselectivity, ability to function without cofactors, ability
to perform novel reactions in aqueous and non-aqueous media, low cost, and specificity
to a broad range of substrates (Ghosh et al., 1996; Gupta et al., 2004; Jaeger et al., 1999;
Jaeger & Reetz, 1998; Rathi et al., 2001). Bacteria lipases have received greater
practical attention compared to lipases from other microorganisms (e.g. yeasts), because
bacteria lipases typically have a shorter generation time, higher activity, and more well-
characterized method for preparation and genetic manipulation (Frost & Moss, 1987;
Hasan et al., 2006). The lipase generation time, however, varies according to the

bacterial species, but it can be as short as less than 24 hours for fast growing bacteria.

Most, if not all, bacterial lipases are extracellular enzymes, which are released

into the culture broth during the cultivation period, specifically at the late logarithmic or
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stationary phase (Aravindan et al., 2007). Bacterial lipases are principally produced by
submerged cultures and solid state fermentations supplied with carbon sources, nitrogen
and metal ions as nutrients (Petre, 2011). An inducer is needed for stimulating the
production of lipase, and oil is typically used as an inducer, although hydrolysable
esters, triglycerides, free fatty acids, glycerol and bile salts have also been used
(Aravindan et al., 2007). An example of a bacterial lipase is the alkaline lipase produced
by Burkholderia sp. ST8, a Gram-negative bacterium. The lipases are highly resistant to
heat inactivation, with a half-life of more than 12 hours at 90-100°C (Bisht et al., 2013).
Burkholderia lipases are also stable over alkaline pH range of 6-12, and remain
enzymatically active in the presence of several different organic solvents and metal ions
at temperatures that range over 30-60°C (Bradoo et al., 2002; Rathi et al., 2000; Rathi et

al., 2001).

2.2.3 Applications of lipases

According to the Euromonitor International Company Report in December 2011, the
global market of lipase has been constantly increasing since the past decade. Lipase is
now recognized as one of the most important enzymes for biotechnological applications,
as it could be used as a sustainable replacement for the chemically driven synthesis of
various products (Hasan et al., 2006). Specifically, lipases find their applications in food
industry (Table 2.2) as well as in the processing of detergents and degreasing
formulation, leather, oleo-chemical, textiles, synthesis of fine chemicals, paper
manufacture and production of cosmetics (Quyen et al., 1999). Lipases have also been
widely used in the making of biodegradable polymers, biodiesel, pharmaceuticals, and
agrochemicals, among others (Hasan et al., 2006). In addition, since lipases are very
versatile enzymes capable of catalyzing reactions involving a broad range of substrates,

there is a growing demand for the use of lipase in new areas and applications (Hasan et
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al., 2006). In most industries, bacterial lipases are used due to their various advantages
described in the preceding section. An overview of the use of bacterial lipases in

industrial applications is shown in Table 2.3.

Table 2.2: Lipase applications in food industry (adapted from Ooi, 2010)

Food industry Action Product of application

Fat and oils Transesterification and hydrolysis Margarine and fatty acids
Beverages Improved aroma Alcoholic beverages

Bakery foods Flavour improvement Shelf-life propagation

Dairy foods Hydrolysis Flavouring agent in milk,

cheese and butter.
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Table 2.3: An overview of the use of bacterial lipases in industrial applications (adapted

from Ooi, 2010)

Industry/field

Applications

Lipase source

Food processing

Pharmaceutical and
pesticide

Waste/effluent
management

Biodiesel production

Detergent formulation

Paper manufacturing

Cosmetic and perfume

Flavor development and

improvement; fat removal; shelf-life
prolongation; quality improvement

Production of chiral intermediates or
optically active compound for the
synthesis of drugs of pharmaceutical
interest, fungicides insecticides and
herbicides; digestive aids

Wastewater treatment (breakdown of

fats, oils and grease)

Conversion of oil to methyl- or other
short-chain alcohol esters

Additive in detergent (removal of
oil/ fatty deposits from fabrics)

Quality improvement (enzymatic

pitch removal)

Preparation of skin cleansers;
pearling agents; moisturizers;

fragrance ingredient

Burkholderia cepacia;
Pseudomonas sp.;
Staphylococcus
warneri;
Staphylococcus
xylosus

Bacillus subtilis;
Chromobacterium
viscosum;
Pseudomonas cepacia;
Pseudomonas
fluorescens;

Serratia marcescens;
Achromobacter;
Arthrobacter sp.

Acinetobacter
calcoaceticus;
Pseudomonas
aeruginosa

Pseudomonas cepacia;
Pseudomonas
fluorescens

Pseudomonas
alkaligenes;
Pseudomonas
mendocina;
Chromobacterium

Pseudomonas sp.

Pseudomonas cepacia

28



2.3 Poly-g-caprolactone

2.3.1 General properties of poly-g-caprolactone

Poly-¢e-caprolactone (PCL) is a synthetic hydrophobic semicrystalline polymer which
belongs to the family of aliphatic polyester. The polymer has a low melting point of
approximately 59-64 <C and a glass transition temperature of about -60 <C, owing to the
semicrystalline nature of the molecule which facilitates its formability at low
temperatures (Celik et al., 2009). Generally, the crystallinity of PCL is negatively
influenced by its molecular weight, and the number average molecular weight of PCL
ranges between 3000 and 80,000 (Celik et al., 2009). The chemical structure of PCL is
shown in Figure 2.9. At room temperature, PCL is highly soluble in a wide range of
organic solvents, including chloroform, 2-nitropropane, cyclohexanone, toluene,
benzene, carbon tetrachloride, and dichloromethane (Labet, & Thielemans, 2009). It is,
however, moderately soluble in acetone, acetonitrile, dimethylformamide, ethyl acetate
and 2-butanone, and insoluble in alcohol, diethyl ether and petroleum ether (Labet, &
Thielemans, 2009). PCL possesses a high decomposition temperature of 350 <C, a
tensile modulus of 0.45 GPa and a melt viscosity of 443 Pa s at 150 <C (Gnanasekaran

et al., 2009).

O

n

Figure 2.9: Chemical structure of poly-e-caprolactone (Celik et al., 2009)
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2.3.2 Synthesis of PCL

PCL does not occur naturally and can only be produced synthetically. There are two
major pathways by which PCL could be synthesized, namely the polycondensation
pathway and ring-opening  polymerization pathway (Ebnesajjad, 2013).
Polycondensation represents the conventional method for synthesizing polyesters, and
production of PCL can be achieved via polycondensation of a hydroxycarboxylic acid,
6-hydroxyhexanoic acid (Ebnesajjad, 2013). However, ring-opening polymerization of
e-caprolactone has emerged as the preferred pathway for producing PCL, as polymers
produced through this pathway tend to be of higher superiority, with little, if any, side
product generated (Kfoury et al., 2013). Ring-opening polymerization of e-caprolactone
is facilitated by the presence of catalysts. A great variety of enzymatic, organic and
metal catalysts for production of PCL through this pathway have been described
(reviewed in Labet and Thielemans, 2009), and each catalytic system can result in
distinct structures and properties of the resulting PCL. Apart from that, production of
PCL via a free radical ring-opening polymerization pathway has also been described, by

using 2-methylene-1-3-dioxepane as the substrate (Bailey et al., 1982).

2.3.3 Degradation of PCL

PCL is biodegradable by various microorganisms which possess appropriate hydrolytic
enzymes such as lipases and cutinases (Abdel-Motaal et al., 2013). The polymer is not
biodegradable in the body of higher organisms, but it can be eliminated through
bioresorption by first undergoing hydrolytic degradation of its ester linkages, which can
proceed through either surface erosion or bulk degradation pathways (Woodruff &
Hutmacher, 2010). This hydrolytic degradation process takes 0-12 months and produces
low molecular weight polymers (Mw < 3000) of higher crystallinity, which can be

intracellularly degraded in phagosomes (Pitt et al., 1981; Sun et al., 2006; Woodward et
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al., 1985). The entire process of PCL degradation in the human body can take several
years, depending on the initial molecular weight of the homopolymer (Middleton &
Tipton, 2000). The slow degradation rate of PCL makes it an attractive material to be
used in biomedical applications that need to remain active or intact for a long term, such

as several drug delivery devices and suture materials.

2.3.4 Applications of poly-g-caprolactone

In addition to the physical and chemical properties described above, PCL possesses
several advantages over other biopolymers which make it suitable to be used in various
biomedical applications. Firstly, PCL has high biocompatibility with the human tissues
(Woodruff & Hutmacher, 2010). Sutures made from PCL, for example, trigger
relatively milder inflammatory responses compared to those made from other aliphatic
polyesters. In addition, the remarkable ability of PCL to blend with many other
polymers can be exploited to enhance the biocompatibility of the molecule and to
improve the characteristics of the resulting products. For instance, blending of PCL with
cellulose propionate, cellulose acetate butyrate, polylactic acid or other polymers can
improve the resistance of the resulting biomedical applications from stress cracking,
control the rate of drug release from microcapsules produced, and manipulate the
degradation rate of the materials derived from the polymer (Ali et al., 2014; Giunchedi
et al., 1994). Besides, the superior rheological properties and viscoelasticity of PCL
allows it to be shaped into a large range of scaffolds, enabling manufacturing of
products with tailored properties which are suitable for specific applications (Woodruff

& Hutmacher, 2010).

Given these strengths of PCL and its relatively inexpensive cost of production

compared to other biopolymers, PCL has found its use in many biomedical applications.
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In fact, PCL has been approved for use for medical purposes by the Food and Drug
Administration (FDA) since the 1970s and as such, it can be found in many common
medical devices. For example, PCL has been used to produce microspheres and
nanospheres for delivering therapeutic drugs to specific target sites in the body (Kumar
& Sawant, 2013; Shadyet al., 2013; Singh et al., 2013; Wu et al., 2011). PCL has also
been used to produce sutures and utilized as antiseptic-releasing film for dressing
cutaneous wounds (Ng et al., 2007). In addition, the use of PCL or its copolymers as
materials for fixation of bone fracture, scaffolds for tissue engineered skin (Ng et al.,
2001), conduit for axonal regeneration (Koshimune, 2003) and scaffolds for supporting
fibroblasts and osteoblasts growth (Hutmacher, 2001; Rai, 2004), among others, have

been reported.

Besides biomedical applications, PCL has also been extensively used in
developing various novel materials. The most common use of PCL is in the chemical
modifications of polyurethane, resins, or polyesters, which not only result in the
improved processing characteristics of the products, but also confer the water-, oil-,
solvent-, or chlorine-resistance properties to the modified products (Kariduraganavar et
al., 2014). Considering the low melting point of PCL, it can also be added to polyvinyl
chloride (PVC) as a polymeric plasticizer to enhance composting of PVC as a means of

disposal (Kariduraganavar et al., 2014).
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2.4  Current state of knowledge on lipase-mediated extractive bioconversion of

PCL using ATPS

Although there is already a large body of database which provides many relevant
insights on partitioning of products using ATPS, only few studies to date have focused
directly on extractive bioconversion in ATPS. Biotransformation and conventional
method of multistep product recovery have become the key barriers to the economical
and high yield production of the desired products, especially in a large-scale operation.
Therefore, ATPS, which combines biotransformation and recovery processes in a single
system, has been introduced for cost- and time-effective product recovery. Since PCL
has shown a variety of applications in different fields, including biomedical and
chemical fields, the study of extractive bioconversion of PCL in ATPS is of particular
interest. However, this area of research has not been explored. Thus, the core of this
research was to study the applicability of ATPS in extractive bioconversion of poly-e-
caprolactone (PCL) using Burkholderia cepacia lipase. Although the advantages of
ATPS have been shown in a number of researches, the mechanisms of ATPS are still
not completely understood. Therefore, it is expected that the findings in this study will
serve as a reference in the database of extractive bioconversion in ATPS and aid in

understanding the mechanisms of ATPS in the future.
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CHAPTER 3

METHODOLOGY

3.1 Materials

3.1.1 Reagents

All the reagents used in this study were of analytical grade. The list of reagents used

along with their manufacturers is shown in Table 3.1.

3.1.2 Equipment

The list of equipment used and their functions in this study are shown in Table 3.2.
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Table 3.1: List of reagents used and their descriptions

Reagent

Manufacturer

Poly-¢-caprolactone
Poly(ethylene glycol) 3000
Poly(ethylene glycol) 6000
Poly(ethylene glycol) 8000
Dipotassium hydrogen phosphate
Potassium dihydrogen phosphate

4-Nitrophenyl palmitate

4-Nitrophenol

Amano Lipase PS, from Burkholderia

cepacia

Sodium deoxycholate

Triton X-100
Acacia gum
Chloroform
Tetrahydrofuran
Dichloromethane
2-Propanol

n-Hexane

Sigma-Aldrich, USA
Sigma-Aldrich, USA
Sigma-Aldrich, USA
Sigma-Aldrich, USA
Systerm ChemPur, Malaysia
Systerm ChemAR, Malaysia
Sigma-Aldrich, USA
Sigma-Aldrich, USA

Sigma-Aldrich, USA

Sigma-Aldrich, USA

Sigma Chemical Company, USA
Systerm Biochemistry, Malaysia
Merck, Germany

Merck, Germany

Merck, Germany

Merck, Germany

Merck, Germany
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Table 3.2: List of equipment used and their descriptions

Equipment

Function

Manufacturer

Shaking incubator

Density meter

Magnetic stirrer hotplate

Analytical balance

Conductivity meter
Water purification
system

Spectrophotometer

Autoclave

Centrifuge

Vortex mixer

pH meter

Pocket refractometer

GC-MS System

To agitate the reaction samples
under controlled temperature,
rpm and time duration during
bioconversion

To measure the density of
solvents and samples

To stir and mix solutions at an
elevated temperature

To accurately measure masses of
reagents (e.g. phase-forming
components)

To measure the electrical
conductivity in a solution

To obtain deionized and
ultrapure water

To measure the amount of light
of a specified wavelength which
passes through a medium for
quantifying the concentrations of
compounds in solution

To sterilize apparatus

To spin the ATPS mixture to
achieve phase separation

To thoroughly mix the contents
of samples

To measure the pH of the ATPS

To measure the index of
refraction of phase forming
components

To perform GC-MS/MS for
identification of samples

Daihan Labtech, Korea

Anton Paar, Austria

Heidolph, Germany

Sartorius, Germany

Mettler Toledo,
Switzerland

Heal Force, Shanghai

Jasco, Japan

Tomy, Japan
Hettich, Germany
Gemmy Industrial
Corp., Taiwan
Thermo Scientific,

USA
Atago, Japan

Agilent, USA
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Table 3.2, continued

Differential scanning
calorimeter (DSC)

Thermogravimetric

analyzer

Gel permeation
chromatography

To study the effects of
temperature on samples

To study the effects of
temperature on the physical and
chemical changes of samples

To determine the average
molecular weight and
distribution of samples

Perkin-Elmer Inc.,
USA

Perkin-Elmer Inc.,
USA

Waters corporation,
USA
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3.2  Methods

3.2.1 Phase diagram

Phase diagrams of PEG/salt ATPS were modified from Ooi et al. (2009b). Phase
systems were prepared from stock solutions of PEG-3000 (50 % w/w), PEG-6000 (50%
w/w), PEG-8000 (50 % w/w), and sodium phosphate salt solution (40 % w/w; pH 6, pH
7 and pH 8, respectively). Phase diagrams of ATPS were determined by turbidometric
titration method described by Albertsson (1986). Mixtures of standard solutions of PEG
as well as salt of known concentrations were titrated by adding diluents until the
formation of only one phase was observed, as indicated by the change of the solution
from turbid to clear. The changes in solution turbidity were utilized for measurement of
mixture immiscibility. The weight of distilled water added was noted for determination
of the points in the binodal curves. A series of systems with different weight
compositions were made to generate series points for binodal curves. Tie-line length
(TLL) was described as the compositions of the two phases which were in equilibrium

and was determined as in Equation 3.1:

TLL = VAP? + AC? (Equation 3.1)

where AP and AC are the differences between the polymer and potassium phosphate

concentrations in the top and lower phases, respectively.

The concentrations of the polymer and salt were respectively determined by
measuring the refractive index and the conductivity (Albertsson, 1986; Regupathi et al.,
2009). A standard salt conductivity curve with a range of salt concentrations (Appendix
A) was plotted and utilized to determine the salt concentration in the particular phase-
forming mixture. The concentration of PEG was subsequently estimated by deducting
the refractive index value (Appendix A) of the salts (Ooi et al., 2009a). The binodal
curve was then plotted for various polymer and salt concentrations.
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3.2.2 Extractive bioconversion

Extractive bioconversion was carried out as described in previous literatures, with slight
modification (Ng et al., 2013; Ooi et al., 2009a). ATPSs were prepared from 50 % (w/w)
PEG stock solutions with different molecular weights (3000, 6000 and 8000) and 40 %
(w/w) potassium phosphate stock solutions. The ATPSs were prepared by first adding
appropriate concentrations of PEG stock solution and potassium phosphate solution at a
defined pH in shake flask. Each ATPS was subsequently added with appropriate
amounts of distilled water, 3 % (w/w) of PCL and 30 mg of Burkhoderia sp. lipase in
order to obtain an ATPS with a final mass of 10 g. Systems with all of the above
components except the commercial lipase as well as systems with all of the above
components, together with deactivated lipase, were used as controls. The ATPSs were
then incubated in an incubator shaker at a specified temperature for 72 hours. All
experiments were conducted in triplicates. Subsequently, the systems were centrifuged
at 5,000 x g for 5 min to allow complete phase separation. The top and lower phases

were taken out separately for analyses of hydrolyzed PCL and enzyme activity.

3.2.3 Quantification of PCL concentration

The mass concentration of the hydrolyzed PCL was determined by using a density
meter in accordance to manufacturer’s instructions. A total of 5 mL of sample was
transferred into the density meter gently in order to prevent bubble formation in the
column of density meter. After a constant reading was taken, the column of density
meter was washed and rinsed with distilled water before the next sample was tested.
The initial mass concentrations of the top and lower phases were also measured at the

beginning of the experiment as the blank references.
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3.2.4 Lipase activity assay

The lipase activity was measured by using colorimetric method (Arnau et al., 2010).
Firstly, 100 I Triton X-100 was added to 5 ml 4-nitrophenyl palmitate (pNPP) and
heated at 50 <C for 5 minutes. The molar extinction coefficient of pNP at pH 7 after the
addition of Triton X-100 was € = 3.982 % 10° Mt cm™ whereas pNP without Triton X-
100 was 7.11 < 10° Mt cm™. The mixture was subsequently used as the substrate for
lipase. Next, a total of 1 mL solution containing the enzyme was added into a cuvette
containing 2 mL of the substrate and incubated at 37 <C for 15 minutes. During the
entire incubation process, the reaction was measured by a spectrophotometer at 410 nm
absorbance against an enzyme-deactivated control. All experiments were run in
triplicates. The rate of reaction was calculated by using Spectra Measurement software.
One unit of enzyme was defined as 1 pmol of 4-nitrophenol enzymatically released
from the substrate in one minute. Lipase activity was calculated as follows (Equation

3.2):
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Absorbance =ec L (Equation 3.2)

dc _ Absorbance o 1 o 1 o a_ pmol U

dt t e L"b mlmin  ml

where
dc . S :
prie rate of concentration change with time (umol min ~1)
Absorbance o _
— = initial rate of enzyme activity (Abs min™1)
£ = Molar extinction coefficient (M cm™)
L = Light path length (1 cm)
a = total volume of enzymatic reaction (ml)
b = volume of sample (ml)

3.2.5 Screening of significant process variables

Full factorial design (FFD) was employed to screen for the effects of several process

variables towards the efficiency of ATPS partitioning. The FFD was designed by using

Minitab software (version 16), and a total of 195 runs was carried out. Table 3.3 gives

the coded values of the factors in FFD. Extractive bioconversion was carried out by

using the method mentioned in section 3.2.2 and the products formed were measured as

described in the section 3.2.3 and section 3.2.4. Subsequently, the measurements were

calculated to determine the partition coefficient and recovery yield of products formed.

Analysis of variance (ANOVA) was used to determine the significance of each process

variable in affecting the partitioning of the biomolecules. P values of less than 0.05

were considered significant in all analyses.
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Table 3.3: Factors and value levels used in FFD

Variables (Factors) Low value (-1) Central VValue (0) High value (+1)

Molecular weights of PEG 3000 6000 8000
pH 6 7 8
Temperature ( C) 40 49 58
Tie-line length 28 32 38

Volume ratio (PEG:Salt) 30:70 50:50 70:30
Additive (NaCl) ( %) 0 0.5 1

The six process variables were studied as they were believed to influence the
partitioning of biomolecules in ATPS based on previous literatures (Mohammadi et al.,
2008; Ooi et al., 2009a; Ramyadevi et al., 2012b; Su et al., 2006). For PEG molecular
weight, the central value was decided at PEG 6000 not only because PEG at this
molecular weight has the highest selectivity against lipase in ATPS, but also because it
acts as an intermediate molecular weight of PEG (Ooi et al., 2009a & Su et al., 2006).
The levels of the low (-1) and high (+1) values were subsequently chosen according to
Ooi et al. (2009a) and Ramyadevi et al. (2012b). For pH, in addition to the fact that the
optimum pH of the lipase was pH7, high yield and high lipase activity were also
observed by Ooi et al. (2009a) when pH range of 6.5 ~ 8.5 was used for lipase
partitioning in ATPS. Moderate pH, neither too acidic nor too basic, was chosen, in
order to prevent protein denaturation and at the same time, to promote environmental
friendliness at the time of discharging the solution after the partitioning process
(Ramyadevi et al, 2012b). pH 6, 7 and 8 were therefore chosen for analysis in this study.
For temperature, 49<C was chosen as the central value for investigation, as it
corresponded to the optimum temperature of lipase as stated on the manufacturer’s

manual. The lipase is highly resistant to heat inactivation, with a half-life of more than
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12 hours at 90-100°C (Bisht et al., 2013). Therefore, high temperatures were considered
for analysis. However, temperatures of 60<C and above were avoided to assure that the
product obtained is purely biodegraded by biocatalyst instead of by thermal
decomposition, since the melting point of PCL is at 60<C. Therefore, 58 <T was
selected as the high (+1) value. Since the difference between high (+1) and central
values is 9 <C, it was decided that the difference between central and low (-1) values
should be 9 <C too, and thus, 40 <C was selected as the low (-1) value. On the other
hand, the levels of the three FFD values for tie-line length, volume ratio and
concentration of neutral salt in the system were determined according to Mello et al.

(2015) and Ramyadevi et al. (2012b).

3.2.6 Optimization

Based on the results obtained from the full factorial screening, tie-line length and
volume ratio were selected for further optimization using the conventional method of
one-factor-at-a-time, to determine the optimum operating conditions of extractive
bioconversion of PCL. During the optimization process, the other variables were fixed
at the following conditions: PEG molecular weight of 3000, pH 7 and 0 % additive.
Temperature of 31, 33, 35, 37, 40, 49 and 58 <C, tie-line lengths of 18, 23, 28, 32 and
38 ( % w/w) as well as volume ratio of 30/70, 50/50, 70/30, 80/20, 90/10 were
examined. Extractive bioconversion was carried out by using the method mentioned in
section 3.2.2 and the products formed were measured as described in the section 3.2.3
and section 3.2.4. Samples with deactivated lipase and without lipase served as blanks.
All experiments were run in triplicates. Eventually, measurements were calculated in
order to determine the recovery yield of PCL and lipase in the upper and lower phases,

respectively.
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3.2.7 Calculations
The partition coefficient, K, was defined as the ratio of the lipase activity (or hydrolyzed

PCL concentrations) in the two phases of ATPS (Equation 3.3) (Ooi et al., 2009a).

K =B

Ag

Equation (3.3)
where Ar and As are the lipase activities (in units/mL) or hydrolyzed PCL

concentrations (in mg/mL) in the upper phase and lower phases, respectively.

Volume ratio, Vr, was defined as the ratio of volume in the upper phase (V) to that in

the lower phase (Vs ) (Equation 3.4) (Ooi et al., 2009a):

Vi = Equation (3.4)

<|_‘<

vs)

The yield of hydrolyzed PCL in the upper phase was calculated using Equation 3.5 (Ooi

et al., 2009a).
: 100 i
Yield of hydrolyzed PCL ( %)= —1 1 Equation (3.5)
1+ (—*>)
V., K

R
where Vg is the volume ratio of the upper phase to the lower phase and K is the partition

coefficient.

The yield of lipase in the lower phase was calculated using Equation 3.6 (Ooi et al.,
2009a).

100

Yield of lipase (%)= —————
1+ (V, *K)

Equation (3.6)

where VR is the volume ratio of the upper phase to the lower phase and K is the partition

coefficient.
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3.2.8 Qualitative analysis

3.2.8.1 Gas chromatography-tandem mass spectrometry (GC-MS/MS)

Gas chromatography-tandem mass spectrometry (GC-MS/MS) analysis was carried out
for identification of hydrolysed products formed after PCL hydrolysis in accordance to
manufacturer’s instructions, with slight modification (Gumel et al., 2012). The
hydrolyzed PCL was subjected to silylation to form stable sily derivatives which were
more suitable for analysis using GC-MS/MS. The analysis was carried out in Agilent
Triple Quadrapole 7000B GC-MS System (Agilent, USA) with a gas chromatograph
fitted with a HP-5 methylphenysiloxane capillary column (30 m x 0.25 mm). Helium
was used as the carrier gas at a flow rate of 1.0 mL min™. The oven temperature was
programmed at 90 <C for 1 min, followed by 280 <C for 49 min. The injector
temperature was set at 150 <C while the detector temperature was 250 <C. A total of 2.0
L aliquot was injected in splitless mode. The operating conditions of MS were: 70 eV
ionization potential; ion source temperature of 290 <C; quadruple of 100 <C; solvent
delay of 6.0 min; scan speed of 200 amu/s; scan range of 45-1,000 amu; and 3000 volts
of EV voltage. Analysis of the data was done by using MassHunter Workstation

software (Agilent, USA).

3.2.8.2 Thermogravimetric analysis (TGA)

Thermal stability of the control and hydrolyzed PCL was investigated by using
thermogravimetric analysis (TGA) (Gumel et al., 2012). For the TGA analysis, the
sample was heated from 25 to 900 <T at the rate of 10 < per min™*. 10.0 mg sample was

then loaded in the ceramic pan for acquisition of the thermal data.

3.2.8.3 Differential scanning calorimetry (DSC)
Differential scanning calorimetric (DSC) analysis was carried out following

manufacturer’s instructions with slight modification (Gumel et al., 2012). Scanning was
45



performed by heating up the samples from -50 <C to 180 <C, followed by cooling down
to 30 <T. The heating/cooling rate was fixed at 10 < min! under nitrogen atmosphere.
Prior to the sample placement in the cell, the sample was loaded on a tared aluminium
pan and sealed with a pierced lid. A blank control comprising of an empty aluminium
pan with pierced lid was also set up. The aluminium pans were then equilibrated at the
starting temperature before subjected to the programmed heating-cooling process. The
crystallization temperature (Tc) and melting temperature (Tm) of the polymer samples

were then determined from the curve generated.

3.2.8.4 Gel permeation chromatography (GPC)

Gel permeation chromatography (GPC) was used to determine the average molecular
weight (Mn), weight average molecular weight (Mw), polydispersity index (PDI) and
distribution of the control and hydrolyzed PCL (Gumel et al., 2012). Styragel HR
column (Waters Corporation, USA) was used for the high-resolution analysis of the low
molecular weight compounds (Gumel et al., 2012). The eluent used was tetrahydrofuran,
which was pumped at a flow rate of 1 ml min? at 40 <. A 2.0 mg/ml sample was
filtered through a 0.45 pm filter prior to injection into the machine. For each polymer
sample, 100 pl of the filtered sample was injected. The instrument was calibrated using

monodisperse polystyrene (PS) standards.
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CHAPTER 4

RESULTS AND DISCUSSION

4.1  Phase diagram

The phase diagrams of PEG/salts ATPS were measured. Figure 4.1(a), (b) and (c)
showed the phase diagrams of PEG 3000/salt system, PEG 6000/salt system and PEG
8000/salt system, respectively. A phase diagram is composed of a binodal curve and
several tie-lines (see Figure 2.1). Mixture compositions under the binodal curve are
homogeneous while those on top of the binodal lead to two aqueous phases which are
immiscible. The lines linking the two points of the binodal are the tie-lines. As may be
seen from Figure 4.1, the higher the PEG molecular weight, the lower the concentration

required to achieve phase separation.

Q

PEG 3000 (% wiw)
= = =2 KB 8 &5 & &
g

(]
Ll

01 2 3 4 5 6 7T 8910111213P1410515171819202122232425262?282930

(% wiw
Figure 4.1: Phase diagrams of (a) PEG 3000, (b) 6000 and (c) 8000/potassium

phosphate systems
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Figure 4.1, continued.
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4.2 Residual analysis

Assessment of the fitted model was done by performing residual analysis with

standardized residuals. The values of the residuals were calculated by subtracting model

fitted values from the experimental values (Equation 4.1). The residual plots of the full

factorial design models in the upper and lower phases were shown in Figure 4.2 and

Figure 4.3 respectively.

Residuals = Experimental values — Model fitted values (Equation 4.1)

Residual Plots for Yield of Hydrolyzed PCL in the Top Phase

Normal Probability Plot
99.9

a - .

90

50

Percent

10

Z

-4 2 0 2 4

Stz;ndardized Residual

Histogram

(o

w
o

Frequency

=
o o

-3 -2 -1 0 1 2 3

Standardized Residual

C

Standardized Residual

Standardized Residual

Versus Fits

N DA
" .‘ . ¢ 0%y, .‘
. u n.c i. 2 u.‘ ’ ‘e

20 40 60 80
Fitted Value

Versus Order

1 20 40 60 80 100 120 140 160 180

Observation Order

Figure 4.2: Residual plots of the full factorial design model for the effect of parameters

studied on the yield of hydrolyzed PCL in the upper phase
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Residual Plots for Yield of Lipase in the Bottom Phase
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Figure 4.3: Residual plots of the full factorial design model for the effect of parameters

studied on the yield of lipase in the lower phase

Assumption of normality was justified based on the observation that residuals
were scattered narrowly around the standardized line for both upper and lower phases as
shown in Figure 4.2 (a) and Figure 4.3 (a) respectively. This observation was further
supported by the appearance of histograms in Figure 4.2 (b) and Figure 4.3 (b), which
revealed bell-shape distributions. The normal distribution of the residuals signifies that
the experimental data errors were due to random events, rather than non-random factors
(Connors, 2002). Additionally, no strong evidence of systematic error in the
experimental data for both the upper and lower phases, as illustrated by the random
scattering of the residual points in almost equal numbers below and above the
standardized zero line in the plots of standardized residuals versus fitted values (Figure

4.2 (c) and Figure 4.3 (c) respectively). Finally, based on the plots of standardized
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residual versus observation order in Figure 4.2 (d) and Figure 4.3 (d), the data obtained
was expected to be independent of the order of its collection for both phases of the

ATPS, as indicated by the absence of strong pattern of data scattering.

4.3  Significance of process variables studied

Screening was performed on the six main factors included in this study (i.e. molecular
weight of PEG, tie-line length (TLL), pH, bioconversion temperature, volume ratio (Vr),
and the presence of NaCl additive) in order to evaluate the significance of each factor,
as well as of combinations of factors, on the partitioning of hydrolyzed PCL into the
upper phase and lipase into the lower phase. A total of 195 runs were included, and the
yields of hydrolyzed PCL and lipase were shown in Table 4.1. The effect of each factor
and combinations of the factors was illustrated in the normal probability plots in Figure
4.4 (for upper phase) and Figure 4.5 (for lower phase), where deviation from the
normality indicates the presence of significance influence. The corresponding ANOVA
P values of the effects were shown in Table 4.2 (upper phase, single factors analysis),
Table 4.3 (upper phase, two-way interaction analysis), Table 4.4 (upper phase, three-
way interaction analysis), Table 4.5 (lower phase, single factors analysis), Table 4.6
(lower phase, two-way interaction analysis), and Table 4.7 (lower phase, three-way

interaction analysis).

For the upper phase, temperature, Vr and additive appeared to be the significant
single factors which could affect the mean percentage of recovery of hydrolyzed PCL,
each with a P value of less than 0.001. Analysis of two-way interactions between the
factors revealed that PEG molecular weight-pH, PEG molecular weight-temperature,
PEG molecular weight-Vr, pH-temperature, pH-additive, temperature-TLL,

temperature-additive, and TLL-Vr interactions could significantly influence the
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partitioning, with P values of 0.006, < 0.001, 0.009, < 0.001, 0.035, 0.008, < 0.001 and
< 0.001 respectively. In addition, the following three-way interactions were shown to be
significant for influencing the partitioning of hydrolyzed PCL in the upper phase: PEG
molecular weight-pH-temperature (P < 0.001), PEG molecular weight-pH-additive (P <
0.001), PEG molecular weight-temperature-additive (P < 0.001), PEG molecular
weight-TLL-additive (P = 0.005), PEG molecular weight-Vr-additive (P = 0.021), PEG
molecular weight-temperature-TLL (P < 0.001), pH-temperature-additive (P = 0.005),
pH-TLL-Vr (P < 0.001), temperature-Vr-additive (P < 0.001) and TLL-Vr-additive (P <

0.001).

On the other hand, for the lower phase, single factors which could significantly
influence the partitioning of lipase were temperature (P < 0.001), TLL (P < 0.001) and
Vr (P < 0.001). Besides, the effects of two-way interactions between PEG molecular
weight and pH (P < 0.001), PEG molecular weight and temperature (P < 0.001), PEG
molecular weight and Vr (P = 0.031), PEG molecular weight and additive (P < 0.001),
pH and temperature (P < 0.001), pH and TLL (P < 0.001), pH and Vr (P = 0.007),
temperature and Vr (P = 0.013), as well as Vr and additive (P = 0.032) were also
significant. For three-way interaction, PEG molecular weight-pH-TLL, PEG molecular
weight-pH-Vr, PEG molecular weight-pH-additive, pH-TLL-Vr and temperature-TLL-
VR interactions were shown to affect the partitioning of lipase significantly, with all
having a P value of less than 0.001 except the PEG molecular weight-pH-Vr interaction

(P = 0.008).
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Table 4.1: The 195 runs performed for the screening of significant process variables and the associated yields

PEG Yield of Yield of
StdOrder RunOrder CenterPt Blocks  molecular pH Temp TLL Vr Additive PCL in lipase in
weight upper phase lower phase
58 1 1 1 8000 6 40 38 2.3333 1 50.0009 52.5472
107 2 1 1 3000 8 40 38 0.4328 1 45.5032 68.7812
138 3 1 1 8000 6 40 38 0.4328 0 38.5203 54.8080
161 4 1 1 3000 6 40 28 0.4328 1 48.5741 84.0231
38 5 1 1 8000 6 58 28 0.4328 1 16.5909 45.5021
154 6 1 1 8000 6 40 38 2.3333 0 83.3402 67.0004
85 7 1 1 3000 6 58 28 2.3333 0 66.5594 32.5460
96 8 1 1 8000 8 58 38 2.3333 0 75.6633 25.9902
64 9 1 1 8000 8 58 38 2.3333 1 64.8970 19.7342
63 10 1 1 3000 8 58 38 2.3333 1 37.0231 33.8982
16 11 1 1 8000 8 58 38 0.4328 0 39.3642 35.6744
32 12 1 1 8000 8 58 38 2.3333 0 77.0468 25.8814
180 13 1 1 8000 8 40 28 2.3333 1 51.9855 56.5150
179 14 1 1 3000 8 40 28 2.3333 1 55.0366 64.3749
88 15 1 1 8000 8 58 28 2.3333 0 67.0734 49.3497
78 16 1 1 8000 6 58 38 0.4328 0 21.9266 52.6723
5 17 1 1 3000 6 58 28 0.4328 0 50.0342 47.2247
114 18 1 1 8000 6 40 28 2.3333 1 58.8135 39.6750
168 19 1 1 8000 8 58 28 0.4328 1 28.7045 45.6374
137 20 1 1 3000 6 40 38 0.4328 0 14.0002 51.1776
108 21 1 1 8000 8 40 38 0.4328 1 40.1820 69.0866
182 22 1 1 8000 6 58 28 2.3333 1 47.5475 47.6482
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Table 4.1, continued
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92.8322
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52.5322
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48.3231
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Table 4.1, continued
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71.8606
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61.7769
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34.6481
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45.5902
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56.5631
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27.1263
63.4982
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37.8246
54.2932
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Table 4.1, continued
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Table 4.1, continued
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Table 4.1, continued
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Table 4.1, continued
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Table 4.1, continued
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Normal Plot of Standardized Effects
(Response = Yield of Hydrolyzed PCL in Top Phase)
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Figure 4.4: Normal plot for the effect of the process variables on partitioning of

hydrolyzed PCL in the upper phase
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Normal Plot of Standardized Effects
(Response = Yield of Lipase in Bottom Phase)
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Figure 4.5: Normal plot for the effect of the process variables on partitioning of lipase

in the lower phase
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Table 4.2: ANOVA of the effect of single factors on the partitioning of hydrolyzed

PCL in upper phase.

Source Degrees of Sum of Mean F value P value
freedom Squares Square
(SS)
MW of PEG 1 45.5 45.5 1.13 0.290
pH 1 46.2 46.2 1.15 0.286
Temperature 1 793.4 793.4 19.71 <0.001
TLL 1 6.1 6.1 0.15 0.697
VR 1 29683.9 29683.9 737.51 <0.001
Additive 1 3706.9 3706.9 92.10 <0.001

S = 6.34420; R-Sq = 89.43 %; R-Sq(ad]) = 86.50 %

*Significant at 95 % confidence level
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Table 4.3: ANOVA of the effect of two-way interactions between the factors on the

partitioning of hydrolyzed PCL in upper phase.

Source Degrees Sum of Mean Fvalue P value
of Squares Square
freedom (SS)
MW of PEG*pH 1 310.6 310.6 7.72 0.006
MW of PEG*Temp 1 900.2 900.2 22.37 <0.001
MW of PEG*TLL 1 10.6 10.6 0.26 0.609
MW of PEG*Vr 1 283.0 283.0 7.03 0.009
MW of PEG*Additive 1 2.8 2.8 0.07 0.793
pH*Temp 1 1462.8 1462.8 36.34 <0.001
pH*TLL 1 136.8 136.8 3.40 0.067
pH*Vr 1 5.4 5.4 0.13 0.714
pH*Additive 1 182.9 182.9 4.55 0.035
Temp*TLL 1 295.0 295.0 7.33 0.008
Temp*Vr 1 68.5 68.5 1.70 0.194
Temp*Additive 1 3064.4 3064.4 76.14 <0.001
TLL*VRr 1 996.4 996.4 24.76 <0.001
TLL*Additive 1 131.0 131.0 3.25 0.073
Vr*Additive 1 63.0 63.0 1.56 0.213

*Significant at 95 % confidence level
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Table 4.4: ANOVA of the effect of three-way interactions between the factors on the

partitioning of hydrolyzed PCL in upper phase.

Source Degrees  Sum of Mean F value P value
of Squares Square
freedom (SS)
MW of PEG*pH*Temp 1 2136.2 2136.2 53.08 <0.001
MW of PEG*pH*TLL 1 83.4 83.4 2.07 2.07
MW of PEG*pH*VR 1 1.3 1.3 0.03 0.858
MW of PEG*pH*Additive 1 1251.9 1251.9 31.11 <0.001
MW of PEG*Temp*TLL 1 144.7 144.7 3.60 0.060
MW of PEG*Temp*Vr 1 47.7 47.7 1.18 0.278
MW of PEG*Temp*Additive 1 810.7 810.7 20.14 <0.001
MW of PEG*TLL*VR 1 o54.7 4.7 1.36 0.246
MW of PEG*TLL*Additive 1 331.8 331.8 8.24 0.005
MW of PEG*Vr*Additive 1 217.9 217.9 5.41 0.021
pH*Temp*TLL 1 1256.6 1256.6 31.22 <0.001
pH*Temp*Vzr 1 3.7 3.7 0.09 0.762
pH*Temp*Additive 1 324.7 324.7 8.07 0.005
pPH*TLL*VRr 1 699.1 699.1 17.37  <0.001
pH*TLL*Additive 1 42.7 42.7 1.06 0.305
pH*Vr*Additive 1 73.7 73.7 1.83 0.178
Temp*TLL*VR 1 35.7 35.7 0.89 0.348
Temp*TLL*Additive 1 22.8 22.8 0.57 0.453
Temp*Vr*Additive 1 1215.6 1215.6 30.20 <0.001
TLL*Vr*Additive 1 615.3 615.3 15.29 <0.001

*Significant at 95 % confidence level
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Table 4.5: ANOVA of the effect of single factors on the partitioning of lipase in lower

phase.
Source Degrees of Sum of Mean F value P value
freedom Squares Square
(SS)

MW of PEG 1 37.9 37.9 0.63 0.428
pH 1 155.9 155.9 2.60 0.109
Temperature 1 11153.1 11153.1 186.36 <0.001
TLL 1 3619.6 3619.6 60.48 <0.001
VR 1 10053.0 10053.0 167.97 <0.001
Additive 1 227.4 227.4 3.8 0.053

S =7.73619; R-Sq = 81.55 %; R-Sq(ad]) = 76.46 %

*Significant at 95 % confidence level
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Table 4.6: ANOVA of the effect of two-way interactions between the factors on the

partitioning of lipase in lower phase.

Source Degrees of  Sum of Mean Fvalue P value
freedom Squares Square
(SS)
MW of PEG*pH 1 1265.1 1265.1 21.14 <0.001
MW of PEG*Temp 1 1224.2 1224.2 20.46 <0.001
MW of PEG*TLL 1 58.6 58.6 0.98 0.324
MW of PEG*Vr 1 284.2 284.2 4.75 0.031
MW of PEG*Additive 1 989.8 989.8 16.54 <0.001
pH*Temp 1 1313.1 1313.1 2194  <0.001
pH*TLL 1 790.9 790.9 13.21 <0.001
pH*Vr 1 452.4 452.4 7.56 0.007
pH*Additive 1 4.7 4.7 0.08 0.780
Temp*TLL 1 230.7 230.7 3.86 0.051
Temp*Vr 1 379.0 379.0 6.33 0.013
Temp*Additive 1 14.1 141 0.24 0.628
TLL*VRr 1 3.6 3.6 0.06 0.807
TLL*Additive 1 17.9 17.9 0.30 0.585
Vr*Additive 1 280.5 280.5 4.69 0.032

*Significant at 95 % confidence level
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Table 4.7: ANOVA of the effect of three-way interactions between the factors on the

partitioning of lipase in lower phase.

Source Degrees  Sum of Mean F P value
of Squares Square value
freedom (SS)
MW of PEG*pH*Temp 1 55.6 55.6 0.93 0.337
MW of PEG*pH*TLL 1 1460.1 1460.1 2440 <0.001
MW of PEG*pH*Vr 1 428.6 428.6 7.16 0.008
MW of PEG*pH*Additive 1 1289.1 1289.1 2154 <0.001
MW of PEG*Temp*TLL 1 0.0 0.0 0.0 0.977
MW of PEG*Temp*Vr 1 72.3 72.3 1.21 0.273
MW of PEG*Temp*Additive 1 155.5 155.5 2.60 0.109
MW of PEG*TLL*Vr 1 209.3 209.3 350  0.063
MW of PEG*TLL*Additive 1 63.2 63.2 1.06  0.306
MW of PEG*Vr*Additive 1 35.3 35.3 0.59 0.444
pH*Temp*TLL 1 36.2 36.2 0.60 0.438
pH*Temp*Vr 1 8.0 8.0 0.1 0.715
pH*Temp*Additive 1 174.7 174.7 2.92 0.090
pH*TLL*Vr 1 1154.5 1154.5 19.29 <0.001
pH*TLL*Additive 1 58.8 58.8 098  0.323
pH*Vr*Additive 1 30.5 30.5 0.51 0.477
Temp*TLL*VR 1 1578.3 1578.3  26.37 <0.001
Temp*TLL*Additive 1 111 111 0.18 0.668
Temp*Vr*Additive 1 56.2 56.2 0.94 0.334
TLL*Vr*Additive 1 208.7 208.7 3.49 0.064

*Significant at 95 % confidence level
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4.4 Main effect analysis

The trends by which the individual variables affected the partitioning of hydrolyzed
PCL and lipase in the upper and lower phases were shown in the main effect plots in
Figure 4.6 and 4.7, respectively. For the upper phase, a positive relationship was
observed for pH, temperature and Vg, in such a way that the higher the values of the
process variables, the higher the yield of hydrolyzed PCL obtained. On the contrary,
PEG molecular weight, TLL and additive showed a negative relationship with the

recovery of the hydrolyzed PCL. On the other hand, for the lower phase, a negative

relationship was observed for all the factors studied, except additive.

Main effect plot for the yield of hydrolyzed PCL in upper phase

Mw of PEG pH Temp
60!-
&
§ 50 S — T — ] //.
a0+
3000 6000 8000 6 7 8 40 49 58
P=0.290 P=0.286 P<0.001
TLL Vr Additive
60--
c
g 50--—.=* — \
= \.
a0+
28 32 38 0.43280 1.38305 2.33330 0.0 0.5 1.0
P=0.697 P<0.001 P<0.001

Figure 4.6: Main effect plot for the partitioning of hydrolyzed PCL in the upper phase.

(a) Molecular weight of PEG, (b) pH, (c) Temperature, (d) TLL, (e) Vg, (f) Additive
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Main effect plot for the yield of lipase in bottom phase

Mw of PEG pH Temp
60T
c \
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a0l \
3000 6000 8000 6 7 8 40 49 58
P=0.428 P=0.109 P<0.001
TLL Vr Additive
60- 5
& \ .\
% 50 \ — —8
a0t \
28 32 38 0.43280 1.38305 2.33330 0.0 0.5 1.0
P<0.001 P<0.001 P=0.053

Figure 4.7: Main effect plot for the partitioning of lipase in the lower phase.

(a) Molecular weight of PEG, (b) pH, (c) Temperature, (d) TLL, (e) Vr, (f) Additive

4.4.1 Effect of molecular weight of polymer

Figure 4.6 (a) showed the effect of PEG molecular weight, in the range of 3000 to 8000,
on the mean percentage of hydrolyzed PCL vyield in the upper phase. The mean
percentage of the product yield showed an insignificant decreasing trend with an
increase in PEG molecular weight. Therefore, the highest yield of hydrolyzed PCL was
obtained in a system containing PEG of molecular weight of 3000, and vice versa.
Within the range of PEG molecular weight used in this study, the negative effect of
PEG molecular weight on the yield of hydrolyzed PCL was, however, not statistically

significant, as illustrated by the result of ANOVA test (P = 0.290) (Table 4.2).
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Generally, if a phase-forming polymer is substituted with a lower molecular
weight fraction of the same polymer, the interaction between the polymer and the
biomolecules tends to increase, leading to an enhanced affinity of the biomolecule to the
said phase (Raja et al., 2011). Therefore, an increase in the molecular weight of the
phase-forming polymer tends to promote the partitioning of the desired product into the
phase opposite to that in which the polymer is enriched. Our observation in the present
study, in which a lower yield of hydrolyzed PCL in the upper phase was associated with
a higher molecular weight of PEG in the same phase, was in concordance with this
general rule. We postulate that the increase in PEG molecular weight in the upper phase
encouraged the transfer of the hydrolyzed PCL into the lower phase, hence resulting in

its low yield.

The phenomenon observed may be attributed to the volume exclusion effect and
the hydrophobic nature of the phase-forming polymer (Almeida et al., 1998; Su et al.,
2006). The increase in the molecular weight of the polymer corresponds to the increase
in its chain length, which, in turn, leads to the formation of a more compact polymeric
conformation with more extensive intramolecular hydrophobic interactions.
Collectively, these intramolecular hydrophobic bonds create repulsive forces (Forciniti
et al., 1991; Knowles et al., 2011; Zhu et al., 2001), which cause the reduction of the
free volume available in the upper phase to accommodate the biomolecules (Bhat &
Timasheff, 1992; Ibarra-Herrera et al., 2011; Mehrnoush et al., 2012; Nalinanon et al.,
2009; Raja et al., 2011; Yucekan & Onal, 2011). The biomolecules are therefore forced

to leave the upper phase and enter the lower phase.

In addition, the transfer of a solute molecule into an aqueous medium is also

governed by the total interaction energy between the biomolecule and the phase-
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forming polymer (Zaslavsky, 1995). The weak interaction between high molecular
weight PEG and the biomolecules adopts a positive free energy value (DGtransfer > O,
with entropic changes overcome enthalpy changes), leading to entropically unfavorable
conditions, which further drives the partition of the biomolecules into the lower phase
(Nalinanon et al., 2009). On the contrary, the strong interaction between PEG of low
molecular weights and the biomolecules could result in an enthalpic force, which

facilitates the transfer of the biomolecules into the upper phase (Tubio et al, 2007).

Furthermore, interfacial tension, which is affected indirectly by the molecular
weight of the phase-forming polymer, has been reported to play an important role in
influencing the partitioning behavior of biomolecules in ATPS (Bamberger et al., 1984;
Ratanapongleka, 2010; Saravanan et al., 2007). The increase in the molecular weight of
the polymer may result in an increase in the hydrophobicity of the PEG-rich phase as a
result of its long polymeric chain. This intensification of the hydrophobicity could
increase the interfacial tension between the phases, which in turn, interferes with the
partitioning of the biomolecules, in such a way that the particles are to be excluded from
the upper phase (Srinivas et al., 2002; Wu et al., 1996). In addition, the increasing
molecular weight of the polymer may produce a system with a higher viscosity which
may not be suitable for the partitioning and recovery of biomolecules (Zhao et al.,

2013).

Similar to our observation, many studies have shown results in line with the
general rule described above. For example, in a study involving the extraction of
alcohol dehydrogenase (ADH) from yeast in PEG-salt system, Madhusudhan et al.
(2008) showed a significant reduction of free volume in the PEG phase as the molecular

weight of the PEG was increased from 600 to 20000, which caused the selective
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partitioning of the product into the lower phase. Besides, in another study which
involved protein partitioning in a PEG-maltodextrin ATPS, the product yield in the
upper phase was found to decrease with an increase in PEG molecular weight from
4000 to 10000, an observation which the researchers claimed to be due to the
hydrophobic interaction between the polymer and the product (Ramyadevi et al., 2012a).
Apart from that, Srinivas et al. (2002) found that the low interfacial tension attributed
by low molecular weight polymer played a role in promoting the preferential partition
of the desired product to the PEG-rich phase. In addition, Zhu et al. (1996) reported that
in a polymer-salt system, the yield of urokinase tended to decrease in the PEG-rich
phase as polymer molecular weight was increased, which was also in agreement with
the abovementioned general rule. The general rule was also observed by Prodanovié¢
and Antov (2008), who showed that the partitioning of Penicillium cyclopium
pectinases in the upper phase of an ATPS was negatively affected by the molecular

weight of the phase-forming polymer.

The effect of PEG molecular weight on the mean percentage of lipase yield in
the lower phase was also investigated in the present study, and the results are shown in
Figure 4.7 (a). A negative relationship between the molecular weight of PEG and yield
of lipase in the lower phase was observed. Therefore, the higher the molecular weight of
PEG used, the lower the yield of lipase obtained, and vice versa. However, the effect of
PEG molecular weight on the yield of lipase was not statistically significant, as
demonstrated by the result of ANOVA test (P = 0.428) (Table 4.5). The lack of
statistical significance could be attributed to the small molecular size of lipase
(approximately 34 kDa), as the effect of PEG molecular weight on the behavior of
partitioning is usually apparent only for proteins of larger molecular sizes (>50 kDa)

(Almeida et al., 1998).
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Interestingly, the trend by which PEG molecular weight influenced lipase
partitioning did not follow the general rule stated above. However, violation of the
abovementioned general rule was not uncommon, and several researchers have reported
a similar finding as ours. Almeida et al. (1998), for example, showed an increased
affinity of the cutinase for the upper phase (and therefore reduced the yield in the lower
phase) as the PEG molecular weight was increased. We postulate that the violation of
the general rule in our study was due to the fact that the volume exclusion effect
imparted by PEG molecular weight was dominant to the electrostatic effect caused by
the phase-forming salt. Therefore, as the molecular weight of PEG increases, the
hydrolyzed PCL was partitioned into, and occupied, the lower phase, which led to the
reduction of the volume available for the lipase in the lower phase. Furthermore, we
hypothesized that the hydrolyzed PCL could form intermolecular interactions such as
ion-dipole force and/or ion-induced dipole force with the ions of salts. The ability to
form these intermolecular interactions could favor the retention of the hydrolyzed PCL
over lipase in the lower phase, forcing lipase to move to the upper phase and/or
interphase of the ATPS, due to the influence of volume exclusion effect as well as
salting out effect (Grossman and Gainer, 1988). Together, these proposed mechanisms
caused the reduction of lipase yield in the lower phase with an increasing molecular

weight of PEG.

In addition, the transfer of lipase to the upper phase instead of its retention in the
lower phase could be facilitated by the presence of interaction between lipase and PEG,
which was assumed to be dominant over the volume exclusion effect formed by the
PEG of in the upper phase (Spelzini et al., 2005). Interaction between protein and PEG
has been shown to affect the partitioning of the former in PEG-phosphate and PEG-

sodium sulphate systems (Haghtalab et al., 2003). Such an interaction could, however,
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result in both positive and negative yields as the molecular weight of PEG was
increased (Haghtalab et al., 2003). The contrary results could be explained by the
solution behavior of PEG (Spelzini et al., 2005). PEG is able to form either a fully-
extended structure or a compact structure, which are stabilized by varying degrees of
intramolecular hydrophobic bonds. These bonds discourage the polymer to interact with
the solvent, but at the same time increase its affinity to interact with the hydrophobic
portions of proteins (Spelzini et al., 2005). As the difference in hydrophobicity between
the two phases increases, the partition of the proteins tends to be facilitated into the
upper phase (Ramyadevi et al., 2012a). Therefore, the ability to form flexible structures
allows PEG to exert both positive and negative effects on the yield of the protein of

interest.

Furthermore, we propose that the presence of electrostatic interaction between
the lipase and PEG could be another underlying factor which contributed to the
displacement of lipase from lower phase in our study. This postulation was first
suggested by Xia et al. (1993), who hypothesized that an electrostatic interaction could
be formed between the protonated carboxyl groups of pepsinogen and the oxygen ether
of PEG. Increasing PEG molecular weight increased this interaction, which resulted in a
better hydration and higher solubility of the pepsinogen in the PEG phase, causing the
protein to transfer towards the PEG-rich phase. In addition, the repulsion force created
by the negatively-charged salt ions constituting the lower phase of a PEG-salt ATPS
could generate repulsion forces for proteins of the same charge, which further drove the
transfer of the latter to the upper phase. The same mechanisms could be responsible for
the preferential migration of lipase to the upper phase in the present study, thereby

reducing its yield in the lower phase.
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4.4.2 Effect of pH of the ATPS system

Figures 4.6 (b) and 4.7 (b) showed the effects of the pH of the ATPS system, in the
range of pH 6.0 — 8.0, on the mean percentage of hydrolyzed PCL and lipase in the
upper and lower phases, respectively. The system pH was initially selected for analysis
in the present study as it has been previously suggested that manipulations of the pH
could influence the partitioning of biomolecules in a readily predictable manner
(Zaslavsky, 1995; Forciniti et al., 1991). Generally, we observed a positive relationship
between the pH of the system and the yield of the hydrolyzed PCL in the upper phase.
On the other hand, a negative relationship was found between the system pH and lipase
yield in the lower phase. Therefore, at pH 8.0, the mean percentage of the hydrolyzed
PCL in the upper phase was the highest whereas that of the lipase in the lower phase

was the lowest, and vice versa.

Similar to the present study, the observation that the system pH was positively
associated with the yield of products in the upper phase has been found in several other
previous reports. For example, Mohammadi & Omidinia (2008) showed that the
recovery of phenylalanine dehydrogenase in the upper phase was the highest when the
system pH was increased from 5.8 to 8.0. In our study, the positive relationship between
the system pH and the yield of hydrolyzed PCL could be explained by the coincidence
between the higher end of pH range studied and the optimum pH for lipase stability and
activity. It has been shown previously that maximum stability and enzymatic activity of
B. cepacia lipase was achieved at pH 8.0 — 9.0 (Padilha et al., 2012). Therefore, at this
pH, PCL hydrolysis occurred at a more rapid rate compared to the other pH examined in
this study, thereby generating a higher yield of the hydrolyzed PCL. The higher rate of

hydrolysis could indirectly contribute to the eventual greater recovery of the products,
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which were preferentially partitioned into the upper phase due either to the hydrophobic

interaction with PEG, or the salting-out effect in the lower phase.

The effect of pH on the partitioning of the biomolecules could also be explained
by the fact that pH could alter the charge of the biomolecules in the system
(Mohammadi et al., 2007; Raja et al., 2011). The value of pH, relative to the isoelectric
points (pl) of the biomolecule, determines the net charge of the biomolecule in the
solution (Barbosa et al., 2011). When pH is greater than, lesser than or equal to its pl,
the biomolecule charges negative, positive and neutral respectively (Raja et al., 2011).
Several previous studies have demonstrated that at a higher pH, the negatively charged
biomolecule preferentially partitioned into the upper phase (Schmidt et al., 1994,
Franco et al., 1996), due to the enhanced hydrophobic and electrostatic interactions
between the biomolecule and PEG, in which PEG tends to act as positively charged and
attracts the negatively charged biomolecules to the upper phase (Albertsson, 1986;
Franco et al., 1996; Huddleston et al., 1991a; Ramyadevi, 2012a; Yicekan & Onal,
2011; Tanuja et al., 1997). Burkholderia lipase has a pl value of 6.3 and is therefore
negatively charged at a pH higher than this (Ishimoto et al., 2001). Therefore, at a high
pH, lipase had the tendency to enter the upper phase and move out from the lower phase,
leading to its reduced yield in the lower phase in the present study. Our results was in
agreement with that observed by Ooi et al. (2009a), who demonstrated the increased
migration of Burkholderia lipase to the upper phase when the pH was raised from 6.5 to
8.5, presumably due to the influence of the protein charge. However, the result of
ANOVA in our study illustrated that the effect of the system pH on the partitioning of
the biomolecules was not statistically significant (upper phase, P = 0.286, Table 4.2;
lower phase, P = 0.109, Table 4.5). One possible explanation for this observation is that

the hydrophobic and electrostatic interactions between the lipase and phase-forming
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PEG was limited by hydrolyzed PCL, whose transfer into the upper phase was also
enhanced at high pH. Therefore, the tendency of the negatively-charged lipase to

partition into the upper phase at high pH was restricted.

Besides, pH could influence the partitioning of the biomolecules by modifying
the ratio of the charged and uncharged species in the system (Ramyadevi, 2012a). This
ratio reflects the overall interactions of the charged and uncharged particles in the
system, which play an equally important role as the net charge of the biomolecule in
influencing the partition behavior, particularly for large biomolecules (Zaslavsky, 1995;
Ramyadevi, 2012a). The unequal distribution of cations and anions in the system may
also cause the formation of an electrical double layer near the interface, which
influences the partitioning behavior of the charged biomolecules (Ramyadevi, 2012a).
The Henderson-Hasselbalch equation could be used to predict the said ratio, such that
the higher the pH of the system, the higher the ratio of A~ molar concentration to HA
molar concentration, where HA refers to an undissociated weak acid while A~ is the
conjugate base of the acid (Yong et al., 2010). As the concentration of A" increases,
repulsion or salting-out effects in the lower phase would be enhanced, which facilitate
the transfer of lipase to the upper phase, hence reducing its yield in the lower phase
(Macros et al., 1999; Ishimoto et al., 2001). Additionally, as pH also influences the
partition of various salts and ions, phase composition could be altered with a change in
pH (Mohammadi et al., 2007; Raja et al., 2011; Zhu et al., 1996). This could result in
the modifications to the electrostatic [- difference between the two phases, which in turn,
influences the partitioning behavior as well as the partition coefficient (Mohammadi et

al., 2007; Zhu et al., 1996).
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Apart from that, pH may also affect the partitioning behavior of the
biomolecules by inducing aggregation to the biomolecules (Zaslavsky, 1995;
Ratanapongleka, 2010). Protein aggregation may occur if the pH of the system is close
to the isoelectric point of the protein. Saravanan et al. (2006) showed that when the pH
of the system was increased from 6 to 8 (which was shifted nearer to the isoelectric
point of the protein examined in the study), the transfer of the protein into the PEG-
containing upper phase was facilitated. We postulate that in the present study, a similar
increase in the rate of lipase aggregation occurred with the increasing pH, as the pH of
the system became closer to the isoelectric point of Burkholderia lipase. Aggregation of
the lipase increased the partitioning of the enzyme into the upper phase, thereby
reducing its yield in the lower phase. A shift in pH can also affect the intramolecular
bonds of the biomolecule, resulting in conformational changes, which could in turn,
alter the partitioning behavior of the biomolecule (Zhu et al., 1996). In addition,
although protein denaturation can also affect yield of lipase in upper and lower phase,
this event was unlikely in the present study, as the pH used was close to the neutral pH
and the optimum pH of the enzyme. All the above postulations could provide an
explanation for the influence of pH on the increased and decreased yield of hydrolyzed
PCL and lipase in the upper and lower phases respectively, as observed in the present
study. Nevertheless, further quantitative and qualitative works are needed in order to

confirm the postulations.

4.4.3 Effect of temperature

In this study, two different temperatures were involved throughout the process of
extractive bioconversion, namely the temperature of bioconversion using lipase, and the
temperature of product recovery using ATPS. Changes in the latter could result in the

modification of tie-line length (TLL) (de Oliveira et al., 2008; Regupathi et al., 2011).
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Since TLL is one of the main factors investigated in this study, the abovementioned
changes could complicate the experimental design and analysis, which could eventually
lead to misleading interpretations of data. Therefore, the present study focused only on
the effect of temperature of bioconversion on the final yield of biomolecules, with the
procedure of ATPS partitioning performed at room temperature. Nonetheless, despite
not being investigated in the present study, the effect of partitioning temperature on the
final yield of product has been more or less well-established, with a higher temperature
typically associated with increased yields of biomolecules (Noorashikin et al., 2012;
Xavier et al., 2013; Xia et al., 2011), although there are notable exceptions (Saravanan

et al., 2006).

The effect of bioconversion temperature on the yield of hydrolyzed PCL in the
upper phase was shown in Figure 4.6 (c), while that on the yield of lipase in the lower
phase was shown in Figure 4.7 (c). Generally, an increase in the temperature was
associated with a higher yield of PCL monomers and oligomers. For lipase, on the other
hand, a negative relationship was observed, such that the higher the temperature, the
lower was its yield. Remarkably, the effect of the bioconversion temperature was

statistically significant, with P < 0.001 in both of the phases (Tables 4.2 and 4.5).

The most important influence of bioconversion temperature on the final yield of
the biomolecules was probably associated with the activity and stability of lipase. As a
general rule of thumb, a rise in temperature increases the activity of an enzyme, until a
certain point where the enzyme undergoes denaturation and conformational changes,
thereby losing its active site specificity (Biazus et al., 2009; Curvelo Santana et al.,
2010). For many enzymes, the reaction rate approximately doubles with every 10 <C

increase in the temperature (Wolfenden et al., 1999). In our study, three bioconversion
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temperatures were selected and examined for their effects on the yield of biomolecules.
The temperatures were 40, 49 and 58 <C, each of which differed substantially from one
another and could therefore influence the enzymatic activity, although verification of
this hypothesis was beyond the scope of the present study. The possible increase in
enzymatic activity could result in a greater amount of PCL being hydrolyzed in our
study, which contributed to the increased recovery of PCL monomers and oligomers in

the upper phase at high temperatures.

The link between the increased rate of bioconversion (and hence the increased
initial amount of hydrolyzed PCL) and the ultimate product recovery was, however, not
straightforward. Nevertheless, it is possible that for ATPS systems with high and low
initial loads of PCL monomers and oligomers, the overall balance of intermolecular
interactions between the hydrolyzed PCL and phase-forming components was different.
The different loads could also contribute to different degrees of phase ratio changes,
which in turn affected the partitioning efficiency of not only the hydrolyzed PCL, but
also the lipase (Amid et al., 2014). This eventually resulted in different yields of the

biomolecules in systems with different temperatures of bioconversion.

In addition to the increase rate of reaction, a higher temperature is also typically
associated with a reduced stability of enzymes at prolonged durations. The stability of
an enzyme can be measured based on its half-life (Doran, 1995; Vieille & Zeikus, 2001).
Generally, the half-life of enzymes in a high temperature system is shorter than that in a
system of low temperature, provided that the solvent used in both systems was identical
(Doran, 1995; Marangoni, 2002). At any given temperature and system composition,
the half-lives of lipases from different organisms are different, and there is currently a

paucity of information on the half-lives of Burkholderia lipase in PEG/phosphate
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systems at the three temperatures examined in the present study. However, the half-lives
of lipases are normally much shorter than the 72-hour incubation period during the
process of bioconversion in our study (Nawani et al., 2006; Rahman et al., 2005;
Salameh & Wiegel, 2010; Zhang et al., 2010). Thus, it is possible that by the end of the
incubation period, a greater fraction of lipase had been degraded in a system of higher
temperatures, which contributed to its reduced recovery and yield in the lower phase of

the said system.

4.4.4 Effect of tie-line length

The effect of tie-line length (TLL) on the yields of hydrolyzed PCL in the upper phase
and lipase in the lower phase was also investigated in this study, and the results were
shown in Figures 4.6 (d) and 4.7 (d) respectively. For both the upper and lower phases,
a negative relationship was observed between the TLL and the yield of the respective
biomolecules. Although TLL influenced the partitioning of hydrolyzed PCL in the
upper phase and lipase in the lower phase in the same direction, the magnitude of the
influence was different. The results of the ANOVA test indicated that the effect of TLL
on hydrolyzed PCL yield in the upper phase did not reach statistical significance (P =
0.697), while that on lipase yield in the lower phase was highly significant (P < 0.001)

(Tables 4.2 and 4.5).

Partitioning of biomolecules in an ATPS relies considerably on, among other
factors, the concentration of the phase-forming components (Khayati, 2013; Navapara
et al., 2011). An increase in salt concentration, for example, promotes the salting out
effect, which increases the tendency of biomolecules to move out from the salt-rich
phase (Mehrnoush et al., 2011; Wang et al., 2010). Considering the fact that TLL

corresponds positively to the concentrations of phase-forming components in both
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phases of ATPS (see Equation 4.2), it is justifiable to implicate the role of TLL in the

modification of partition behavior of biomolecules.

(TLL)? = (Ap)? + (As)? (Equation 4.2)
where Ap is the difference in polymer concentration (in % wi/v) between upper and
lower phases and As is the difference in salt concentration (in % w/v) between the said

phases

Based on the equation above, a higher TLL therefore signifies an increased
concentration of PEG in the upper phase and phosphate salt in the lower phase in the
present study. Our observation that a high TLL was associated with a low vyield of
hydrolyzed PCL and lipase in the respective phases can thus be explained as follows. At
high TLL, the increased PEG concentration denotes that a greater number of polymer
units were available to form various types of interaction with appropriate biomolecules
(Raja et al., 2011). For example, when lipase acquired a net negative charge at high pH,
it could be attracted to the upper phase where PEG acted as a positively charged
compound (Huddleston et al., 1991a; Tanuja et al., 1997). Once in the upper phase, the
hydrophobic part of the lipase could also form hydrophobic interactions with the
polymer, thereby occupying the free volume available for other biomolecules, such as
PCL monomers and oligomers, whose interactions with the PEG were weak. The
hydrolyzed PCL was then forced to leave the upper phase, thereby causing its reduced
yield. The accumulation of lipase on the upper phase also explained its low recovery in

the lower phase.

The entry of lipase into the upper phase in ATPS with high TLL was not due

entirely to the increase in PEG concentration. A higher TLL also signifies the increase
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in the concentration of salt in the lower phase. The high concentration of salt ions
increased the demand of water molecules, thus decreasing the number of water
molecules available for interaction with the charged part of lipase (Prasad, 2010). This
ultimately promoted hydrophobic interactions among lipases, which caused the
coagulation of the enzyme and its eventual evacuation from the salt-rich lower phase in
a process termed “salting out” (Mehrnoush et al., 2011; Prasad, 2010; Wang et al.,
2010). Additionally, the retention of lipase in the lower phase was further discouraged
by the fact that an increase in TLL was also associated with a drop in the free volume
available for biomolecules in the lower phase (Mehrnoush et al., 2012). Compared to
the reduction of free volume in the upper phase as described above, the free volume
drop in the phosphate-rich lower phase was relatively more dramatic. The effect of TLL
was therefore more apparent in the lower phase, which explains why the lower phase

was significantly affected by TLL while the upper phase was not significantly affected.

445 Effect of volume ratio

Figures 4.6 (e) and 4.7 (e) respectively showed the effect of volume ratio (Vr) on the
mean percentage of hydrolyzed PCL in the upper phase and lipase in the lower phase. A
positive relationship was observed in the upper phase, with a higher Vr corresponded to
a greater yield of hydrolyzed PCL. A contrasting observation was seen in the lower
phase, in which the higher the Vg, the lower the lipase yield. Notably, despite exerting
its influence in opposing directions in the upper and lower phases, the effect of Vr on
the yield of the respective biomolecules was statistically significant, with ANOVA P

values of less than 0.001 in both phases (Tables 4.2 and 4.5).

The mechanism underlying the above observation is rather straightforward. As

mentioned in Chapter 3.2.7, Vr refers to the ratio of volume in the upper phase to that in
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the lower phase. Therefore, as Vr increases, the free volume available for
accommodating the solute molecules in the upper phase increases, while that in the
lower phase decreases (Ooi et al., 2009b). The increase in the free volume in the upper
phase encouraged a higher amount of water molecules to enter the said phase, thus
extending its solubility limit. Hence, in the present study, the entry of both hydrolyzed
PCL and lipase into the upper phase, and the corresponding evacuation of both the
biomolecules from the lower phase, was facilitated with an increase in Vr. In addition,
e-caprolactone monomers and oligomers, being polar molecules, can form hydrogen
bonds with the water molecules which entered the upper phase. This further
strengthened the retention of the hydrolyzed PCL in the upper phase as the Vr of the
system was increased. Together, these mechanisms resulted in the enhancement of the
yield of the hydrolyzed PCL in the upper phase, and the reduction of the recovery of

lipase in the lower phase.

Apart from that, the specific activity of certain enzymes, such as alcohol
dehydrogenases, has been shown to be positively influenced by the Vr of the system
(Madhusudhan et al., 2008). Although much further works are warranted, it remains a
possibility that the increase in Vr was also associated with a higher activity of lipase in
the present study, which rendered the hydrolysis of PCL more effective during the
bioconversion process. This produced a greater amount of PCL monomers and
oligomers, which consequently led to an increase in the yield of hydrolyzed PCL in the

upper phase in our study.

4.4.6 Effect of NaCl additive
The effect of NaCl additive on the partitioning of hydrolyzed PCL in the upper phase

and lipase in the lower phase was shown in Figures 4.6 (f) and 4.7 (f), respectively.
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Generally, the higher the concentration of the NaCl additive in the upper phase, the
lower the yield of the hydrolyzed PCL. On the contrary, a positive relationship was
observed in the lower phase, such that a higher yield of lipase was obtained in a system
containing a higher concentration of the neutral salt additive. The effect of the NaCl
additive on the yield of hydrolyzed PCL in the upper phase was statistically highly
significant (P < 0.001) (Table 4.2). However, its effect on lipase yield in the lower
phase was not significant, although the P value was close to the borderline of statistical
significance (P = 0.053) (Table 4.5). Nevertheless, the lack of statistical significance for
the effect of NaCl additive on lipase partitioning was not unexpected. It has been
previously shown that when the pH of an ATPS is near to the isoelectric point of a
protein, the effect of the salt additive on its partitioning would not be substantial (Gu,
2000). In this study, the systems of pH 6.0 to 8.0 were used, all of which were

reasonably near to the isoelectric point of Burkholderia lipase, which is around 6.3.

The role of additive in influencing ATPS partitioning was initially suspected,
and eventually investigated, in the present study because additives can present long
range effects to the characteristics of aqueous solutions (Zaslavsky, 1995). Since the
structure of water relies heavily on relatively weak forces such as hydrogen bonds, its
spatial arrangement and distribution of the intermolecular interaction energies could be
easily affected by the addition of various types of solutes (Zaslavsky, 1995). Thus, the
presence of different types and concentrations of additive could result in variations to
the ionic composition, charge distribution, solvent polarity and other properties of
aqueous solutions, which could in turn, affect biomolecule partitioning in ATPSs. In
fact, various types of salt have been used as additives in several ATPSs, and have been
shown to influence the partitioning of various biomolecules (Ferreira & Teixeira, 2011;

Luechau et al., 2009; Srinivas, 2000). Addition of salts has also been shown to reduce
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the concentration of polymer required for phase separation in ATPSs, which further

assures its importance in biomolecule partitioning.

The trend by which NaCl affected the partitioning of hydrolyzed PCL and lipase
in the present study could be explained by the modification of electrostatic potential
difference by the additive (Zaslavsky, 1995). Addition of low concentrations of
univalent salts such as NaCl has been shown to alter the ionic composition of the
system without causing significant impact to the position of the binodal (Diamond &
Hsu, 1992). Since different ions have different affinities to the two phases, changes in
ionic composition can disturb the distribution of cations and anions present in the
system. Alterations to the ionic distribution can create electrostatic potential difference
across the interface, which upsets the electrical interaction and repulsion between the
molecules present, thus affecting the distribution of polyelectrolytes or charged
molecules (Madeira et al.,, 2005; Pfennig & Schwerin, 1995). The higher the
concentration of NaCl additive added, the greater the electrostatic potential difference,
which leads to the enhanced interaction between the biomolecules and the salt-rich
lower phase (Raja & Murty, 2013). This mechanism caused a greater amount of the
hydrolyzed PCL to move out from the upper phase in the present study, thereby
reducing its yield, as the concentration of the NaCl additive was increased from 0.1 M
to 1.0 M. Similarly, the increase in the concentration of the NaCl additive corresponded
to a greater electrostatic potential difference, which exerted a strong effect on the
partitioning of lipase since the enzyme contains a large number of charged amino acid
residues. The greater electrostatic potential difference encouraged the partitioning of

lipase into the lower phase, thus facilitating its recovery.
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Besides, the effect of NaCl additive on the partitioning of the biomolecules can
also be explained with the concept of free volume. As NaCl dissociates in the aqueous
solution, the CI™ anion produced tends to be attracted to the PEG-containing upper phase,
as the polymer inclines to act as a positively charged entity (Huddleston et al., 1991a;
Tanuja et al., 1997). With the entry of CI™ anions into the upper phase, the free volume
available for the biomolecules in the said phase decreases. Additionally, as mentioned
above, the addition of neutral salt could disrupt the distribution of ions in the system.
Some of the phase-forming salt molecules could be brought to the interface or the upper
phase, and dominate the free volume available. Other than that, in the present study, we
propose that some of the lipases entered the upper phase and form hydrophobic
interactions with PEG, thereby further taking up the free volume available. The transfer
of the hydrolyzed PCL into the upper phase was thus restricted by the lack of free
volume available, leading to its low yield in the upper phase as NaCl was added into the
system. The migration of the hydrolyzed PCL into the lower phase could also be
promoted by its intermolecular interactions (such as ion-dipole force and/or ion-induced
dipole force) with the ions of salts in the lower phase, as well as by the volume
exclusion effect aroused from the lipase-PEG interaction in the upper phase. The
presence of the proposed lipase-PEG interaction also signifies that a reduced amount of
lipase could be partitioned into the lower phase, which probably explains the lack of

significance of NaCl addition with the yield of lipase in the lower phase.

Apart from that, the properties of a biomolecule could be altered by the additive
added, thereby influencing the partitioning behavior of the biomolecule. A protein, for
example, could form various interactions with the additive added, or undergo
conformational modifications in response to the altered properties of the aqueous

solutions (Zaslavsky, 1995). The salt ions generated during dissociation of the additive
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in aqueous solutions could also decrease the solubility of biomolecules (Raja & Murty,
2013). For example, addition of salt has been shown to reduce the solubility of various
proteins, such as serum albumin and ceruloplasmin, in PEG. We postulate that the
solubility of lipase in PEG was also negatively affected by the addition of NaCl. Hence,
when high concentrations of NaCl were added into the ATPS, the transfer of lipase to
the PEG-rich upper phase was discouraged, which explains its high yield in the lower

phase.

45  One-factor-at-a-time optimization for recovery of hydrolyzed PCL and
lipase

The results from the full factorial screening indicated that bioconversion temperature,
Vr and additive were the factors which could significantly affect the partitioning and
recovery of hydrolyzed PCL in the upper phase. On the other hand, for the partitioning
of lipase in lower phase, the significant factors were bioconversion temperature, Vr and
TLL. Further optimization of the significant factors is important to identify the most

ideal conditions at which extractive bioconversion of PCL in ATPS occur.

For the purpose of optimization, apart from the factor being optimized, all other
factors were fixed at a level where the balance between high yields of hydrolyzed PCL
in the upper phase and lipase in the lower phase could be attained. The factors were
optimized sequentially, starting with temperature and subsequently TLL and Vr.
Notably, the addition of salt additive in the system was excluded from the optimization
process. This is because the presence of additives caused strong decline in the yield of
the hydrolyzed PCL in the upper phase, and increased the yield of lipase in the lower
phase only slightly. Therefore, a system without the NaCl additive was preferred, since

a high yield of hydrolyzed PCL in the upper phase could be obtained while not causing
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serious trade-off to the yield of lipase in the lower phase. Hence, in all optimization

work, systems without the presence of NaCl were used.

45.1 Optimization of temperature

Optimization of temperature was performed in a system composed of 19 % (w/w) PEG
3000 and 8.1 % (w/w) potassium phosphate at pH 7.0, TLL of 28 % (w/w) and Vr of
70/30. A total of seven temperatures were selected for the optimization viz. 31, 33, 35,
37, 40, 49 and 58 <C. The trends by which the temperatures affected the recovery of the
hydrolyzed PCL in the upper phase and lipase in the lower phase were shown in Figure
4.8. For the upper phase, a positive trend was observed between temperature and the
hydrolyzed PCL recovery, where the temperatures of 31, 33, 35, 37, 40, 49 and 58 <C
corresponded to 36.1, 38.3, 50.2, 60.1, 62.1, 64.8 and 66.0 % vyields respectively. The
rate of enzymatic hydrolysis increased with an increase in temperature (Wolfenden et
al., 1999), hence higher the amount of products generated. This contributed to an
overall higher initial load for partitioning in ATPS, which translated into an increased

product recovery (Lin et al., 2012).

On the other hand, the yield of lipase was relatively constant at the lower
temperatures, followed by a positive trend at slightly higher temperatures, until a certain
point where an opposite trend was observed. The yield of lipase in the lower phase was
31.8, 31.7, 32.1, 42.3, 45,5, 41.3 and 32.5 % at 31, 33, 35, 37, 40, 49 and 58 T
respectively. At lower temperature ranges, it is suggested that most of the lipases were
attracted to the upper phase due to the availability of free volume in the upper phase,
resulting in the low yields in the lower phase. The free volume in the upper phase could
only accommodate a limited amount of lipase, thus leading to the relatively constant

yield at these temperatures. At higher temperatures, the enzymatic rate increased,
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leading to the increase in the amount of hydrolyzed PCL in the upper phase. The entry
of hydrolyzed PCL into the upper phase reduced the free volume available for lipase,
thereby forcing the latter to move into the lower phase, which increased its yields.
However, the stability of enzyme at temperatures above 40 <C was low (Nawani et al.,
2006; Rahman et al., 2005; Salameh & Wiegel, 2010; Zhang et al., 2010).
Consequently, after the long incubation period of 72 hours, much of the lipase lost their
activities, which led to its lower initial load for partitioning and hence, a reduced yield

at temperatures above 40 <C.
Considering the tradeoff between yields of hydrolyzed PCL in the upper phase

and lipase in the lower phase, 40 <C was deemed as the optimum temperature for the

extractive bioconversion.

Effects of Bioconversion Temperature on PCL yield and
Lipase yield
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Figure 4.8: Effects of bioconversion temperature on the yields of hydrolyzed PCL in

the upper phase and lipase in the lower phase
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4.5.2 Optimization of TLL

TLL was optimized in a system composed of 19 % (w/w) PEG 3000 and 8.1 % (w/w)
potassium phosphate at pH 7.0, temperature of 40 <C and Vr of 70/30. Five TLLs were
investigated, namely 18 %, 23 %, 28 %, 32 % and 38 % (w/w). The effect of TLL on
hydrolyzed PCL and lipase yields in the upper and lower phases respectively was
shown in Figure 4.9. Generally, the yield of both hydrolyzed PCL and lipase initially
increased with an increase in TLL, until a certain point where an opposite trend was
observed. At the five TLLs, the yields of hydrolyzed PCL in the upper phase were 58.0,
65.8, 63.5, 58.9, and 52.3 % respectively, while the yields of lipase in the lower phase
were 39.0, 40.2, 49.4, 41.3, and 36.0 %. Considering the balance between the yield of
hydrolyzed PCL and lipase in their respective phases, a TLL of 28 % (w/w) was

considered as optimum.

Based on the observation that an increase in TLL corresponded to the increase in
PEG and salt concentrations, the above trend can be explained as follows: an increase in
PEG concentrations at high TLL signifies the availability of more polymer units for
various kinds of interactions with biomolecules (Raja et al., 2011). Therefore, initially,
the PCL monomers and oligomers could interact more frequently with the PEG through,
for example, hydrogen bonding, thereby favoring their partitioning into the upper phase.
The preference of the upper phase to accommodate hydrolyzed PCL over lipase at this
stage caused the transfer of the latter into the lower phase, resulting in its increased
yield. Moreover, at this initial TLL, the concentration of salt was still low in the lower
phase. Therefore, salting out effect was not apparent, and most of the lipase molecules
continue to be retained in the lower phase. Competition between hydrolyzed PCL and
lipase in the upper phase was weak, which facilitated the initial increment of PCL vyield

in the upper phase with increasing TLL.
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However, as TLL keep increasing, the salting out effect and the corresponding
free volume reduction of the lower phase became more pronounced (Mehrnoush et al.,
2012). Hence, lipase molecules moved out from the lower phase and entered the upper
phase, where they competed with PCL monomers and oligomers for interaction with
PEG. The interaction between lipase and PEG was stronger than that between
hydrolyzed PCL and PEG. This was due to the fact that Burkholderia lipase was
slightly negatively charged at pH 7 since it has a pl value of 6.3 (Ishimoto et al., 2001).
Hence, it could attract to the PEG which acts as a positively charged polymer. Moreover,
the high salt concentration in the lower phase led to the hydration of lipases, which
exposed their hydrophobic parts and therefore, encouraged their hydrophobic
interactions with the PEG (Bonomo et al., 2006). Lipases therefore occupied the free
volume in the upper phase, which resulted in removal of hydrolyzed PCL from the
upper phase through volume exclusion. Thus, as TLL increased, the yield of lipase in

the lower phase as well as the yield of hydrolyzed PCL in the upper phase decreased.
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Figure 4.9: Effects of tie-line length (TLL) on the yields of hydrolyzed PCL in the

upper phase and lipase in the lower phase
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4.5.3 Optimization of volume ratio

Volume ratio (VRr) is another parameter which was chosen for the one-factor-at-a-time
optimization for the recovery of hydrolyzed PCL and lipase. Optimization of the
process was performed with five different Vrs, namely 30/70, 50/50, 70/30, 80/20, and
90/10, in a system composed of 19 % (w/w) PEG 3000 and 8.1 % (w/w) potassium
phosphate at pH 7.0, temperature of 40 <C and TLL of 28 % (w/w). The results of the
optimization were shown in Figure 4.10. The yield of hydrolyzed PCL in the upper
phase generally increased with increased Vg, until a certain point where a reduced yield
was observed. The mean percentages of hydrolyzed PCL recovery in the upper phase at
the five Vrs were 30.3, 42.5, 63.7, 79.8, and 69.3 %, respectively. On the other hand,
the yield of lipase in the lower phase initially decreased with increased Vr. The yield
eventually became constant as the Vr continue to increase. The yields of lipase in the
lower phase were 78.5, 46.2, 41.2, 42.0, and 42.0 % at the five Vrs above. Therefore,
the optimum condition for the extractive bioconversion was achieved with a Vr of 80/20,
where the highest yield of hydrolyzed PCL could be obtained from the upper phase,

without significant loss to the yield of lipase in the lower phase.

The initial increase in the yield of hydrolyzed PCL as Vr was increased could be
due to direct increase in the free volume of the upper phase. An increased free volume
permitted the retention of a greater number of the hydrolyzed PCL, thereby increasing
its recovery percentage. The initial increase in Vr also caused the free volume reduction
in the lower phase, thereby forcing the evacuation of lipase molecules from the lower
phase resulting in reduced recovery. However, as Vr continue to increase, the yield of
lipase in the lower phase became relatively constant. Although free volume reduction
continue to occur, the overall dynamic interactions between other system parameters

(e.g. pH, temperature, PEG molecular weight, etc) exerted a strong influence on the
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partitioning behavior, which preferentially retained the lipase in the lower phase or the
interface. Nevertheless, at the Vr of 90/10, the scarcity of free volume in the lower
phase or interface resulted in the entry of some lipase molecules into upper phase,
subsequently competing with hydrolyzed PCL for interaction with the phase-forming
polymer. The increased entry of lipase could saturate the upper phase, leading to the
random removal of biomolecules from the phase, resulting in the reduced recovery yield

of hydrolyzed PCL.
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Figure 4.10: Effects of volume ratio (Vr) on the yields of hydrolyzed PCL in the upper

phase and lipase in the lower phase

4.5.4 Concluding optimum conditions for recovery of hydrolyzed PCL and lipase

In this study, the applicability of ATPS in extractive bioconversion of PCL to its
monomers and oligomers using B. cepacia lipase was demonstrated. The optimum
conditions to achieve high yields of hydrolyzed PCL in the upper phase and lipase in
the lower phase were: 19 % (w/w) PEG 3000, 8.1 % (w/w) potassium phosphate, no

NaCl additive, TLL 28 % (w/w), Vr 80:20, pH 7.0 and 40 <C (Table 4.8). Under these
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conditions, 79.8 % hydrolyzed PCL and 42.0 % lipase were recovered from the upper

and lower phases respectively.

Table 4.8: Optimum conditions for recovery of hydrolyzed PCL and lipase

Parameter Molecular weight pH Temperature Vg TLL NaCl

of PEG (w/w)  additive
(%) (%)
Optimum PEG 3000 7.0 40 € 80:20 28 0

condition

4.6  Properties of hydrolyzed PCL

4.6.1 Gas chromatography—tandem mass spectrometry (GC-MS/MS)

GC-MS/MS was carried out to identify the products formed after hydrolysis of PCL.
GC-MS/MS is a highly specific, sensitive and selective technique for routine
quantitative analysis of complex mixtures, and is able to remove matrix interference for
providing reliable confirmation of mixture components (Thakur et al., 2010). Figure
4.11 showed the GC-MS/MS chromatograms of the samples obtained in upper phase (a)
and lower phase (b) of the ATPS. Comparison of the two chromatograms revealed a
common peak (labeled “1”) in both phases. However, a small peak (labeled “2”) was
found specifically at the upper phase. Analysis with MassHunter Workstation software
(Agilent, USA) indicated that the peak labeled “1” corresponded to e-caprolactone
monomers, whereas the peak labeled “2” corresponded to e-caprolactone dimers (Figure
4.12). Control without lipase was also analyzed with GC-MS, and no similar peaks were
observed in the chromatogram (data not shown). This provides an indication that the
formation of the e-caprolactone monomers and oligomers was due to action of lipase,
and that ATPS could serve as an efficient method for recovery of the hydrolyzed

products in extractive bioconversion of PCL.
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Figure 4.11: GC-MS/MS chromatograms of the samples obtained in upper phase (a)

and lower phase (b) of the ATPS
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Figure 4.12: Analysis with MassHunter Workstation software revealed that the peaks
labeled “1” and “2” corresponded to e-caprolactone monomer (a) and dimer (b),
respectively. The molecular weight of the silylated monomer was 261, while that of the

silylated dimer was 375

4.6.2 Thermogravimetric analysis analysis (TGA)

The thermal stability of PCL was investigated by using thermogravimetric analysis
(TGA), which was performed on the residual reactant after the completion of hydrolysis
at 40, 49 and 58 <C. The intact PCL (i.e. samples without undergoing hydrolysis) was
also analyzed as a control. The losses of sample weight as a function of temperature
were shown in Figure 4.13. It was observed that samples from different hydrolysis
temperatures underwent weight loss starting from different heating temperatures. For

the control sample, the weight loss was observed to start from approximately 380 <C.
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On the other hand, the recorded onsets of weight loss for excess reactants from 40, 49
and 58 <C hydrolysis reactions were approximately 372, 360, and 295 <C respectively.
Therefore, the higher the temperature of hydrolysis, the lower the temperature at which
the onset of weight loss was observed. A possible explanation for this observation is
that the rate of hydrolysis increases with temperature (Al-Zuhair et al., 2003). Therefore,
at high temperatures, most of the PCL had been hydrolyzed, thus leaving only a small
amount of polymers intact. The small amount of intact polymer required less energy for
breaking the necessary bonds to trigger decomposition, which corresponded to a lower
onset temperature. Additionally, it was also observed that the weight of all the samples
were relatively constant prior to the weight loss temperatures mentioned above. This
observation indicates that the samples tested contained no volatiles such as solvent or
moisture, and the weight loss was therefore due entirely to the decomposition of PCL

(Sinetal., 2011).
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Figure 4.13: TGA thermogram showing the weight losses of PCL hydrolyzed at 40, 49

and 58 <C, as well as unhydrolyzed control

99



4.6.3 Differential scanning calorimetry (DSC)

DSC was performed on excess reactants from 40, 49 and 58 <C hydrolysis reactions, as
well as the unhydrolyzed control sample, to determine their melting and crystallization
temperatures. The chromatograms were shown in Figure 4.14. Both melting and
crystallization temperatures decreased with the increase in the hydrolysis temperature.
The melting temperature of the excess reactants from 40, 49 and 58 <C hydrolysis
reactions were 72.1, 70.7 and 70.6 <C respectively, while the crystallization temperature
recorded for the three samples were 33.8, 33.2 and 32.7 <C. Interestingly, while the
melting temperature of the unhydrolyzed control sample was higher than those of the
hydrolysis reactants (72.6 <C), its crystallization temperature was lower than the other

samples (30.1 <C).

At high temperature ranges, the rate of hydrolysis was increased, which
generated a higher amount of e-caprolactone monomers and oligomers in the resulting
reactants. The decreasing trend of the melting temperature with an increase in
hydrolysis temperature could be explained by the fact that the presence of larger
amounts of hydrolyzed products could disrupt the attractive forces that stabilize the
polymer (Brittain & Bruce, 2006). As such, less energy was required to break the forces,
which eventually contributed to the lower melting point (Brittain & Bruce, 2006).
Additionally, the presence of these hydrolyzed products resulted in a lower molecular
weight of the sample, which is typically associated with a lower melting and
crystallization temperatures (Sperling, 2005). This is because the initiation of nucleation
and nuclear density increment, which represent key steps in crystallization, is positively
influenced by the molecular weight of a polymer (Li et al., 2014). Therefore, samples

hydrolyzed at high temperatures in this study, which had a lower molecular weight,
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initiated the above steps later during the cooling down process, which translated into a

lower temperature of crystallization.
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Figure 4.14: DSC curves for products hydrolyzed at 40, 49 and 58 <C and

unhydrolyzed control

4.6.4 Gel permeation chromatography (GPC)

GPC was used to characterize the number averaged molecular weight (Mn), the weight
averaged molecular weight (Mw) and the polydispersity index (PDI) of the residual
reactants from hydrolysis of PCL at 40, 49 and 58 <C, as well as the control sample.
The average molecular weights were determined against a polystyrene (PS) calibration
curve. A decreased Mn values was observed with the increase in hydrolysis temperature
(Table 4.9). The Mn of the control sample was 43,293 g mol, while those of the excess
reactants from 40, 49 and 58 <C hydrolysis of PCL were 42,904, 32,460 and 2,734 ¢

mol? respectively. The reduction in Mn values was primarily caused by the chain
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scission of the ester linkages of PCL at moderately high hydrolysis temperature (Sin et
al., 2010; Sin et al., 2011). Besides, the Mw for the four samples above were 78,262,
65,120, 51,725, and 4,438 g mol™ respectively (Table 4.9). An increase in the PDI of
the degraded PCL samples was also observed as hydrolysis temperature was increased
from 40 to 58 <C (Table 4.9). This indicated that the hydrolyzed samples showed a
broader molecular weight distribution, which could be explained by the generation of
low molecular weight hydroxyalkanoic acids of varying sizes as the rate of hydrolysis
was increased (Sin et al., 2011). It was postulated that the lipase employed a random
chain scission mechanism to catalyze the enzymatic hydrolysis of the polymeric
backbone, since broadening of the molecular weight distribution and rapid decrease of

molecular weight were observed (Kunioka & Doi, 1989; Montano-Herrera et al., 2014).

Table 4.9: GPC analysis of PCL samples hydrolyzed at different temperatures

Sample GPC analysis
Mn? (Da) MwP° (Da) PDI®
Control 43,293 78,262 1.81
PCL remaining at 40 C 42,904 65,120 1.52
PCL remaining at 49 <C 32,460 51,725 1.59
PCL remaining at 58 C 2,734 4,438 1.62

2 Number averaged molecular weight
b \Weight averaged molecular weight

¢Polydispersity index, defined by M,,/M,

102



CHAPTER 5

CONCLUSION

In this study, we have successfully demonstrated the applicability of ATPS in extractive
bioconversion of PCL to its monomers and oligomers using Burkholderia cepacia
lipase. Results from the FFD screening demonstrated that among the six factors
investigated, temperature of bioconversion, Vr and concentration of NaCl additive
could significantly influence the partitioning of the hydrolyzed PCL into the upper
phase. On the other hand, the partitioning of the lipase into the lower phase was

significantly affected by temperature, TLL and Vr.

Inclusion of NaCl additive in the system resulted in drastic reduction in the yield
of hydrolyzed PCL in the upper phase, but did not cause much alteration to the yield of
lipase. Therefore, it was reasonably clear that a system without the presence of NaCl
was desirable. Hence, concentration of NaCl additive was not subjected to the further
optimization work, while bioconversion temperature, TLL and Vr were optimized using
one-factor-at-a-time strategy. Optimization was done in a system composed of 19 %
(w/w) PEG 3000 and 8.1 % (w/w) potassium phosphate at pH 7.0 without the presence
of NaCl additive. It was found that the most optimum conditions, which allowed
acceptable tradeoff between yields of hydrolyzed PCL in the upper phase and lipase in
the lower phase, were at a temperature of 40 <C, TLL of 28 % (w/w), and Vr of 80:20.
Under these conditions, 79.8 % hydrolyzed PCL and 42.0 % lipase was recovered from

the upper and lower phases respectively (Table 4.8).

Qualitative analysis, which included GC-MS/MS, TGA, DSC and GPC, were

used to characterize the products formed after the extractive bioconversion. GC-MS/MS
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analysis showed that the products obtained were e-caprolactone monomers and
oligomers. On the other hand, TGA analysis demonstrated that the onset of PCL
decomposition was lower when the temperature of hydrolysis was higher. Analysis by
DSC revealed that the melting and crystallization temperatures generally decreased with
increase in the temperature at which PCL hydrolysis was performed. Besides, GPC
analysis showed that as the temperature of hydrolysis was increased, the molecular
weight of the PCL samples was decreased while the polydispersity index was increased.
The summarized physical and chemical properties of the products were shown in Table

5.1.

Table 5.1: Physical and chemical properties of the products

Physical and chemical properties Main findings

Molecular weight of :
Silylated monomer 261

Silylated dimer 375

Onset of weight loss:

40<C hydrolysis reaction 372<C
49<C hydrolysis reaction 360<C
58 <C hydrolysis reaction 295<C

Melting temperature:
40<C hydrolysis reaction 72.1<C
49<C hydrolysis reaction 70.7C

58<C hydrolysis reaction 70.6C
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Table 5.1, continued

Crystallization temperature:

40<C hydrolysis reaction
49<C hydrolysis reaction

58 <C hydrolysis reaction

33.8C

33.2<C

32.7C

Mn2 (Da)
PCL remaining at 40 C
PCL remaining at 49 <C

PCL remaining at 58 C

42,904
32,460

2,734

MwP° (Da)
PCL remaining at 40 C
PCL remaining at 49 <C

PCL remaining at 58 C

65,120
51,725

4,438

PDI¢
PCL remaining at 40 <C
PCL remaining at 49 <C

PCL remaining at 58 <C

1.52

1.59

1.62

2 Number averaged molecular weight

P Weight averaged molecular weight

¢Polydispersity index, defined by M,,/M,

In conclusion, we have successfully established the optimum conditions for

extractive bioconversion of PCL using B. cepacia lipase in an ATPS and characterized

the products recovered.
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CHAPTER 6

RECOMMENDATIONS FOR FUTURE WORK

Although an ATPS for extractive bioconversion of PCL using B. cepacia lipase has
been established in the present study, the yields of both hydrolyzed PCL and lipase was
not exceptionally high. In order to improve the development of the system and apply it
in the industrial scale, much more work could be done, but are not included in the
present study due mainly to time and cost restrictions. The following experiments are

recommended for future work.

Firstly, factors other than PEG molecular weight, TLL, pH, bioconversion
temperature, Vg, and NaCl additive can be investigated for their significance in
influencing the partitioning of the hydrolyzed PCL and lipase. Examples of factors
which can be studied include temperature of ATPS partitioning, and the use of other
additives, which have been previously found to exert significant effects to the
partitioning of other biomolecules. In addition, since lipases from different organisms
have different specificities and activities, the use of lipases from other organisms for the
extractive bioconversion can be considered, given the fact that efficiency of enzyme

could potentially influence biomolecule partitioning.

Besides, the partitioning of the hydrolyzed PCL and lipase can be studied in
ATPSs composed of other phase-forming components. This is because interaction of
hydrolyzed PCL and lipase with the phase-forming components represents a major
determinant for the partitioning behavior of the biomolecules, and it is expected that the
interaction would be dissimilar in systems containing different types of phase-forming

components. It is possible that in ATPSs made of other phase-forming components, the
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partitioning of hydrolyzed PCL into the upper phase and lipase into the lower phase
would be enhanced. Therefore, it is recommended that the study be conducted in other
types of ATPS. Several other polymer/salt-based systems, such as EOPO/ammonium
sulfate and Ucon 50-HB5100/sodium citrate systems, have been shown to be effective
for recovery of biomolecules and can be considered for extractive bioconversion of PCL.
Apart from polymer/salt-based system, the extractive bioconversion can also be
investigated in other types of ATPSs, such as polymer/polymer-based ATPSs or

alcohol/salt-based ATPS.

In addition, although the significant factors which could affect the partitioning
of the hydrolyzed PCL and lipase have been successfully established in the present
study, the mechanisms by which these factors contribute to the differential partitioning
behavior is less well understood. Most of the mechanisms described in Chapter 4 are
purely postulations from published reports in the literature. Therefore, it is
recommended that the specific mechanisms by which each significant factor affects the
partitioning be studied. It may be helpful to study the partitioning Kkinetics as well.
Understanding the specific mechanisms and kinetics of partitioning allows us to design

a better strategy for recovery of the biomolecules in the future.

Finally, PCL and its monomers and oligomers are mainly used in large-scale
manufacturing sectors. As such, the various advantages of ATPS, such as low cost and
energy requirements, can only be maximized and fully appreciated when the extractive
bioconversion is utilized in the industrial scale. To be applicable in the industrial scale,
scaling up is necessary. It is thus recommended that experiments involving scaling up of

the system be done in the future.
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Appendix

Appendix A: Standard curve of PEG 6000, PEG 8000 and potassium phosphate

salt conductivity
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Figure A.1l: Standard curve of (a) PEG 6000, (b) PEG 8000 and (c) potassium

phosphate salt conductivity
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