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ABSTRACT

During conventional microcarrier cell culturing, the use of harmful trypsin
or a mechanical scrapper during cell harvesting can damage the cell
membranes and reduce cell yield. The development of a non-invasive
harvestment process for cells is essential, for preserving cell functions and
improving cell yield. The ultimate objective of the present study was to
synthesize a novel polyNIPAm thermoresponsive microcarrier, to eliminate
the use of trypsin or scrapper approaches for cell harvestment.
Comprehensive investigation of processing parameters, of initiator type,
surfactant composition, comonomer ratio, stirring rate and cross-linker
content were performed, to gain improved understanding of the process-
structure-property relationship, and thereby identify optimum processing
conditions. PolyNIPAmM microspheres possessing different size ranges and
surface properties were synthesised successfully via suspension
polymerisation. The use of different initiator types affected the
polymerisation temperature, size and surface charge of the polyNIPAmM
product. The surface charge of the polyNIPAm microspheres was
controlled by adjusting the surfactant composition. Copolymerisation with
butyl methacrylate (BMA) improved the surface hydrophobicity of the
microspheres for enhanced protein adsorption. Relatively small
microspheres of diameters ~ 30 ym were formed when a high stirring rate
of 400 rpm was used. It was found that the compressive modulus of the
microspheres increased with increasing cross-linker content. In vitro cell
trials were performed to appraise the cellular response to the polyNIPAmM
microspheres. The polyNIPAm microspheres were found to be
biocompatible with human embryonic kidney (HEK) cells. Spontaneous cell
detachment from the microspheres occurred upon lowering the incubation
temperature of the culture media. The incorporation of 10 wt% of
cetrylmethylammonium bromide (CTAB) surfactant and 30 wt% of BMA
comonomer to the polyNIPAm exhibited a cell yield of ~ 1.7 x 106 cells/ml,

which is comparable to commercial microcarriers (1.0 x 10° cells/ml).
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CHAPTER 1

INTRODUCTION

1.0 Introduction

In vitro cell culturing is a process of growing mammalian tissues under
controlled conditions [1]. It is vital for studying the physiology and
biochemistry of cells, mutagenesis and carcinogenesis. Cell culturing is a
major tool used in the development of vaccines and therapeutic proteins.
It can be used also for replacement tissues or organs [2]. All these

applications are beneficial for improving human health.

Most of the mammalian cell lines are anchorage-dependent, i.e. the cells
are not adapted to live in suspension, and can only survive upon adhering
to a solid substrate [1]. The first generation of cell cultures used petri
dishes. However, this method requires a large amount of labour and
space, limiting the production of cells. Hence, microcarrier was introduced
by van Wezel in 1967 [3] to replace the role of the petri dish. Microcarrier
cell cultures offer numerous advantages over conventional culturing
methods using petri dish or roller bottle approaches. One advantage is the
capability of producing high vyields of cells, owing to the large culture
surface area to volume ratio of microcarriers. Fewer culture vessels are
required, due to the ability of microcarriers to culture large numbers of
cells in small volumes, which leads to a decrease in production costs [4].
However, there is a significant drawback of using commercial microcarriers
for cell culturing. Proteolytic enzymes such as trypsin, are required to
detach the cells from the microcarriers during cell harvesting. The use of
trypsin damages the cell membrane-associated matrix proteins, leading to

a loss of cell function or cell death [5].

In this context, thermally responsive polymers have attracted significant
attention, as one of the most promising materials for use as a substitute
for commercial microcarriers. Amongst the thermally responsive polymers,
poly(N-isopropylacrylamide) (polyNIPAm) has been studied extensively for
biomedical applications, such as drug delivery systems and the tissue
engineering of cell sheets, owing to its sharp phase transition at

temperatures close to the physiological body temperature [6]. It has been



established that polyNIPAm in aqueous solution exhibits a reversible
hydrophilic-hydrophobic change, in response to temperature changes
around its lower critical solution temperature (LCST) at 32°C [7]. It
undergoes a sharp transition from coil to globule form as the temperature
is raised above 32°C. During the cell culturing process, performed at 37°C,
the polyNIPAm chains became strongly hydrophobic and suitable for cell
adhesion and growth [8]. In a recent study by Nakayama et al. (2010)
[8], a polyNIPAm-coated petri dish was used to culture endothelial cells.
Spontaneous detachment of cells was observed by simply reducing the
culture temperature to 20°C. A similar finding was documented by
Schmidt et al. (2010), whereby a polyNIPAm microgel film allowed
complete detachment of mouse fibroblasts when the culture temperature
was lowered from 37 to 20°C [9]. Additionally, Cooperstein and Canavan
(2013) reported that polyNIPAm films are biocompatible and non-cytotoxic
to fibroblasts, epithelials and smooth muscle cells, making polyNIPAmM a

promising candidate material for microcarrier cell culturing [10].

1.1 Research Significance

Many studies highlighted the grafting of polyNIPAm onto tissue culture
polystyrene (TCPS) petri dishes to promote thermally-induced cell
detachment [8,9,11]. However, these studies involved culture substrates
in thin film form, which did not offer high enough surface area to volume
ratios for the production of high cell yields at low cost [4]. To the best of
our knowledge, no study has reported on the synthesis of polyNIPAmM
microspheres for non-invasive cell culture. Hence, a comprehensive study
was performed to optimise the polymerisation process to obtain

microcarriers that exhibit maximal cell attachment and cell growth.

Microcarrier size has a great influence on the attachment and growth of
anchorage-dependent cells. In general, a larger number of cells can be
loaded on to microcarriers of larger size. However, increased numbers of
large microcarriers may not be appropriate for suspension during the
cultivation of cells. On the other hand, smaller microcarriers offer higher
surface area, leading to higher cell densities. However, most anchorage-
dependent cells do not multiply well on small microcarriers, due to their
excessively high curvatures. Hence, the ideal size of a microcarrier is
between 100 and 300 pm [12].



The size of polyNIPAm particles depends on the type of polymerisation
technique employed. It has been reported that the size of polymer
particles produced using emulsion polymerisation and precipitation
polymerisation is < 10 pm [13]. On the other hand, suspension
polymerisation is particularly suitable for the production of large polymer
particles, ranging from 5 to 1000 um. Hence, suspension polymerisation is
utilised in the present work to produce polyNIPAm microspheres of
diameter 100 - 300 pm [14]. Although polyNIPAmM is a promising
candidate material for cell culturing, its poor mechanical properties
constitute a significant challenge for use as microcarrier in cell culture
application. One effective approach to improve the mechanical properties
of polyNIPAm is the crosslinking method, although the addition of a
crosslinker reduces the flexibility of the polymer. Hence, there is a need

for compromise between the rigidity and flexibility of the polymer.

Initiator type, surfactant and comonomer composition all influence the
surface chemistry, and physical and thermal properties of polyNIPAmM
microspheres [15]. Further, stirring rate and cross-linker content used in
the polymer synthesis also affect the size and mechanical properties of the
microspheres, respectively. All these properties have a significant effect on
cellular response to the microspheres. The key challenge is to identify and
optimize both formulation and process, to obtain the desired microcarriers
for the non-invasive culturing of human embryonic kidney (HEK) cells. The
novelty of this research work is the production of an alternative
microcarrier that facilitates cell attachment and growth, and induces cell

detachment without the use of proteolytic trypsin or scrapper.

In order to be used as a microcarrier for anchorage-dependent cell

culturing, the polyNIPAmMm must meet the following basic criteria [12]:

Size:
i.  The microcarrier must be larger than the cell size in order to allow

cell proliferation and growth.

LCST:

ii.  The microcarrier LCST must not be higher than 37°C, the standard
incubation temperature for cell cultures. If the LCST of the
microcarrier is > 37°C, no cells will attach to the polyNIPAmM as it

will still exhibit a hydrophilic state which inhibits cell attachment.



Rigidity:
The microcarrier must be sufficiently rigid for cell support, and

retain its shape throughout the culturing process.

1.2 Aim and Objectives

The aims and objectives of the present study are:

vi.

Vii.

To synthesise polyNIPAmM microspheres satisfying the basic criteria

for microcarrier cell culturing.

To study the effect of initiator type on the synthesis of polyNIPAmM

microspheres via the suspension polymerisation technique.

To study the effect of surfactant composition on the surface charge

of polyNIPAm microspheres.

To study the effect of comonomers on the surface hydrophobicity of

polyNIPAm microspheres.

To study the effect of stirring rate and cross-linker content on the

physical and mechanical properties of polyNIPAm microspheres.

To study the effect of physical, mechanical and surface properties

on the cellular response to polyNIPAm microspheres.

To study cell detachment from polyNIPAm microspheres without

the use of harmful trypsin or scrapper.



1.3 Thesis Outline

The thesis consists of nine chapters. The research significance, aims and
objectives are outlined in Chapter 1. Chapter 2 provides an overview of
the characteristics and synthesis of thermoresponsive polymers, along
with surfactant types and applications. Additionally, a literature review for
polyNIPAm-related studies is presented. Chapter 3 describes the
specifications of the raw materials, experimental procedures, and
characterisation techniques used in the present study. Chapter 4
demonstrates the synthesis of polyNIPAm microspheres using two
different types of initiator. Modification of the surface charge of polyNIPAmM
microspheres, and its effect on cellular response, are studied in Chapter 5.
The incorporation of a butyl methacrylate (BMA) comonomer to improve
cell attachment is demonstrated in Chapter 6. Chapter 7 presents the
effect of stirring rate and cross-linker content on the physical and
mechanical properties of microspheres, and shows a correlation with cell
proliferation and growth. An overview discussion is presented in Chapter
8. Chapter 9 concludes the present research work and makes suggestions

for the future development of polyNIPAmM microcarrier.



CHAPTER 2

LITERATURE REVIEW

2.0 Introduction

This Chapter presents an overview of cell culture development, followed by
an overview of thermoresponsive polymers, the mechanisms of free
radical polymerisation, polymerisation techniques used to prepare polymer
microspheres, the classification of surfactants, and the mechanisms of
protein adsorption on culture substrates. Additionally, a literature review

on surface modification for improving cell attachment is presented.

2.1 Microcarrier Developments

Cell culturing is vital for the study of animal cell structure, function and
differentiation, and for the production of many important biological
materials such as vaccines, enzymes, hormones, and antibodies. Most
mammalian cell culture products are manufactured using cells grown in
suspension. The cells can be cultivated in fermenters like microorganisms.
However, the majority of cells used in the manufacture of viral vaccines
for human and veterinary use are anchorage-dependent, which means
that the cells need to attach to a compatible surface in order to survive
and multiply rather than stay in suspension. On the laboratory-scale,
anchorage-dependent cells are grown as monolayers on petri dishes,
flasks or roller bottles, as shown in Figure 2.1. Conventionally, roller
bottles are used in the production of biologics, such as cytokines and
viruses derived from those cells. In a typical production plant for those
biologics, a large amount of labour is required for roller bottle handling, as

thousands of roller bottles are employed in cell cultivation [4].
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Figure 2.1 Schematic diagram of the conventional cell culture method
using a culture flask

In this context, microcarrier cultures constitute an alternative method for
culturing anchorage-dependent cells on the large-scale. A microcarrier is a
support matrix, allowing for the growth of adherent cells in bioreactors.
Figure 2.2 depicts a microcarrier fully attached with cells. The microcarrier
culture introduces new possibilities and makes possible the practical, high-
yield culturing of anchorage-dependent cells. In microcarrier culture, cells
grow as monolayers on the surfaces of small spheres, or as multilayers in
the pores of macroporous structures suspended in culture medium with
gentle stirring. By using microcarriers within simple suspension cultures,
i.e. fluidized or packed bed systems, it becomes possible to obtain high-
yields of up to 200 million cells per milliliter. The first microcarrier culture
was demonstrated by van Wezel in 1967 [3] using diethylaminoethyl
(DEAE) Sephadex A50 particles. In 1972, the first industrial-scale product
(Inactivated Polio Vaccine) manufactured in microcarrier culture was
developed [16]. Since then, a variety of microcarriers have been
introduced and much research has provided insight into the optimization of

culture conditions.



Figure 2.2 Phase contrast micrograph of a Cytodex microcarrier attached
with Vero cells [17]

2.1.1 Advantages of Microcarriers

There are numerous advantages of microcarrier culture over conventional

monolayer culture methods, as follows [18]:
(i) New applications for animal cell culture

Microcarriers offer convenient surfaces for the growth of animal cells, or
increasing the yield of cells from standard monolayer culture vessels and
perfusion chambers. Studies on differentiation and cell function, the
isolation of cells, and the storage and transportation of cells can be

performed using microcarriers.

(ii) Increased production capacity

The very large culture surface area to volume ratios offered by
microcarrier systems provides for the high yield of cells without the use of
bulky equipment and time consuming methodology. Owing to their large
surface area to volume ratios, microcarriers occupy less space in storage,

production and waste-handling, compared to conventional culture method.

(iii) Improved control

The monitoring and sampling of microcarrier cultures become easier for
the production of large numbers of anchorage-dependent cells.

Microcarrier systems provide for excellent control of culture parameters,



such as pH and gas tension. Improved control allows for homogeneous

culture systems with a wide variety of process designs.

(iv) Reduced requirements for culture medium

Stirred microcarrier cultures yield up to 100-fold as many cells, for a given
volume of medium, as compared to other monolayer techniques. Superior
yields have been reported for a wide variety of systems including human
fibroblasts [19], and transformed mouse fibroblasts [20]. Thus,
microcarrier cultures reduce the requirements for culture medium, and
subsequently reduce the cell culture costs, particularly when expensive

serum supplements like fetal calf serum is required.

(v) Reduced requirements for labour

Fewer culture vessels are required with microcarrier cultures, due to the
ability of microcarriers to culture large numbers of cells in small volumes
(more than 1000 cells/L). Moreover, the separation of cells from culture
medium is simple and no centrifugation steps are required. As a result,

less labour is required for routine production.

(vi) Lower risk of contamination

In cell culture, the risk of contamination is related to the number of
handling steps (e.g. the opening and closing of culture vessels), as
required to produce a given quantity of cells or products. Microcarrier
cultures reduce the number of handling steps. Hence, the risk of
contamination is lowered when producing a large quantity of cells in a
single microcarrier culture in comparison with several hundred roller
bottles.

2.1.2 Mechanisms of Cell Attachment to Microcarriers

The attachment of anchorage-dependent cells to microcarriers can be
divided into four stages (Figure 2.3). The first phase comprises slight
attachment to the surface. The second phase is characterised by flattened
but still spheroidal cells, where the cells are significantly more adherent
due to increased contact area and bond density. Cells in the third

attachment phase are significantly more adhesive than cells in phase two



because of the increased number of bonds. Cells in the fourth spreading
phase are fully attached and extremely flat [21]. Figure 2.3 depicts the
adhesion of cells in culture, involving: (a) the adsorption of attachment
factors to the culture surface; (b) contact between the cells and the
surface; (c) attachment of the cells to the coated surface; and (d)

spreading of the attached cells.

adsorption contact attachment spreading
- 4

substrate substrate substrate substrate

Figure 2.3 Depiction of the four phases of the adhesion process [21]

Two factors in culture medium that are essential for cells to adhere to
culture surfaces are: divalent cations and glycoproteins in the medium or
adsorbed to the culture surface. Many established and transformed cell
types secrete only very small amounts of fibronectin and thus require a
fibronectin or serum supplement in the culture medium before adhesion
can occur [22]. Certain types of cells, such as diploid fibroblasts, can
secrete more significant quantities of fibronectin and hence do not require
an exogenous source for attachment [23]. When initiating a culture, it is
usual practice to let the culture surface come into contact with medium
containing serum before cells are added to the culture. Culture medium
supplemented with 10% (v/v) fetal calf serum contains ~ 2-3 ug
fibronectin/mL, and a large proportion of the fibronectin adsorbs to culture
surfaces within a few minutes. Serum-free media often require the
addition of fibronectin (1-50 pg/mL) before many cells can attach to the
culture surfaces. Further, culture procedures affect the rate at which cells
attach to surfaces. For the case of microcarrier cultures, the microcarriers
and cells are often in a stirred suspension. Under such conditions, the
attachment of cells to Cytodex usually occurs to the same extent as with
static culture systems. However, with some cell types, an initial static

culture period is required so that all steps of adhesion are fully completed.
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2.1.3 Requirements of Microcarriers for Cell Culture
(i) Size, shape and diffusion limits

The diameter of different microcarriers varies from ~ 10 ym up to ~ 5
mm. The smaller microcarriers are best suited for use within stirred tanks,
whilst the higher sedimentation rates of larger microcarriers make them
more suitable for use within fluidised and packed beds. The smaller the
microcarriers, the larger the surface area in settled bed volumes because
of the smaller void volumes between them. However, the microcarrier size
must be larger than the cell size for stable support. The optimum size for
smooth microcarriers is ~ 100-300 pym as larger microcarriers limit the
oxygen penetration into cell layers [24]. A very narrow size distribution is
important for ensuring good mixing in the reactor and uniform
sedimentation of the microcarrier beads, which allows for scale-up to

large-scale processing.

Mass transfer in cell aggregates is a significant problem in immobilized
cultures. The poor solubility of oxygen in medium at 37°C and the high
consumption rate of cells make it a marker for cell aggregate limitations.
For example, it has been reported that in high-density cell cultures (up to
2x10'%/m3 in the cell layer), with an oxygen consumption rate of 5x10°7
mol/cell and a medium volume that is 10-fold the cell mass, the oxygen is

consumed within three minutes [25].

A single oxygen molecule has to overcome three barriers before it reaches
a cell in the middle of the carrier: firstly transport from the gas phase into
the medium; then transfer from the medium to the cell mass; and then
diffusion through the cell layers and consumption. The oxygen transfer
rate (OTR) can be increased by increasing the volume-specific surface, or
by using pure oxygen instead of air. The cells themselves should not be
exposed directly to oxygen because of its toxic effect. Depending on the
size of the carrier, the oxygen concentration on its outside must be

increased [26].

(ii) Rigidity and shear force

The microcarrier rigidity is important for long-term cultures. The materials
used should withstand the organic acids and proteases found in culture

supernatants. Abrasive carriers made of brittle materials such as glass or
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ceramics could harm the cells, and cause problems when filtering the

culture supernatants.

In turbulent fluids, the collisions between particles and the stirrer are very
energetic. In contrast to stirred tanks, the shear forces in fluidized beds
are distributed homogeneously and impeller/carrier collisions are not
possible. Shear forces in fluidised beds correlate with the particle
sedimentation velocity and reactor type. The linear velocity should not be
more than 0.3 km/h during attachment of anchorage-dependent cells,

whilst a velocity of 95 km/h is necessary for cell detachment [27].

(iii) Transparency

Microcarrier transparency is important for cell observation using light
microscopy. In vaccine production especially, it is important to see the
morphology of cells directly on the carrier to identify the right moment to
infect cells or harvest viruses. Unfortunately, due to the size, three-
dimensional structure and the material of certain microcarriers, the cells
cannot be observed clearly under light microscope. Furthermore,
conventional scanning electron microscopy (SEM) is not suitable because
of the long preparation time and effect of dehydration on cell shape and

morphology [3].

2.1.4 Commercial Microcarriers

Microcarriers can be produced from various materials including DEAE-
dextran, glass, collagen, polystyrene plastic, and acrylamide. Different
materials possess different surface chemistries, which will influence
cellular morphology and proliferation. The properties of these commercial

microcarriers are outlined in the following sections:

(i) Cytodex 1

Cytodex 1 microcarriers are composed of a cross-linked dextran matrix
substituted with positively charged N,N-diethylaminoethyl (DEAE) groups
to a degree that is optimal for cell growth. The charged groups are located

throughout the microcarrier matrix, as shown in Figure 2.4.

12
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Figure 2.4 Schematic diagram of the Cytodex 1 microcarrier [18]

The chemical reaction conditions used to produce Cytodex 1 microcarriers
ensure that the number of tandem groups is minimized (only ~ 15% of
groups [28,29]. The stability and homogeneity of the charged groups is
thus maintained and their possible leakage minimized. Pyrolysis mass
spectroscopy has been used to test for the presence of leaked DEAE
dextran in concentrated polio vaccines prepared from microcarrier cultures
using Cytodex 1, and was found to be below the limits of detection, i.e.
less than 20 ppm [30].

(ii) Cytodex 3

Cytodex 3 microcarriers work on an entirely different principle. Whilst
most surfaces used in cell culture (e.g. glass, plastic, Cytodex 1) possess a
specific proportion of small charged molecules to promote cell attachment
and growth, certain proteins can also provide a surface suitable for cell
growth. The connective tissue protein collagen has proved to be a valuable
cell culture substrate. Cytodex 3 microcarriers feature a surface layer of
denatured collagen bound covalently to the matrix of cross-linked dextran
(Figure 2.5). The amount of denatured collagen bound to the microcarrier
matrix is ~ 60 pg/cm?, which results in maximum cell yields [32]. The
denatured collagen is derived from pig skin type I collagen, extracted and
denatured by acid treatment, concentrated and purified by an ion

exchange, and steam sterilized before being coupled to the matrix.

Cytodex 3 .
collagen layer gf M\"._ IiJ i
coupled to 3 Fcross-linked dextran =Q=CH =CH=CHm= MH=(g-LYS.COLLAGEN]

surface l\\-......r'!

Figure 2.5 Schematic diagram of the Cytodex 3 microcarrier
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The Cytodex 3 microcarrier combines the advantages of collagen-coated
culture surfaces with the advantages of microcarrier culture. In addition, it
can also be used as a general-purpose collagen-coated cell culture
substrate. Most normal epithelial cells will attach more efficiently to
collagen than to other surfaces. Consequently, collagen-coated culture
surfaces are used frequently for establishing primary cultures and for
growing cells that are normally difficult to grow in culture. Collagen-coated
surfaces are beneficial because they allow differentiation of cells in vitro at
either little or colonial culture densities. Such surfaces are also
advantageous when culturing for extended periods, since they delay the
detachment of the cell sheet that eventually occurs following long-term

mass culture on uncoated surfaces [33].

A variety of cell types, including hepatocytes, fibroblasts, chondrocytes,
epidermal cells, myoblasts and mammary epithelial cells, are cultured
routinely on collagen-coated surfaces. Differentiation of myoblasts at small
densities in vitro depends on the presence of collagen bound to the culture
surface. Myoblasts attach and spread more satisfactorily on collagen than
on standard cell culture surfaces [34]. Hepatocytes can be cultured more
successfully on collagen surfaces. The collagen permits freshly isolated
hepatocytes to attach with maximum efficiency, whilst spreading is more
rapid than on any other cell culture surface. Since fibronectin is not
required for attachment of hepatocytes to collagen, this surface is most

suitable for the culture of hepatocytes in protein-free media.

(iii) Cytopore microcarriers

Cytopore is composed of cross-linked cellulose (Figure 2.6). With a pore
size averaging 30 pm, its porosity is > 90%. Similar to Cytodex, this
microcarrier is also hydrophilic due to the introduction of DEAE groups on

the cellulose.

The major cell culture applications for Cytopore are in the production of
recombinant products and monoclonal antibodies from Chinese hamster
ovary (CHO), baby hamster kidney (BHK), mouse myeloma (NSO) and
hybridoma cells. Apart from anchorage-dependent cells, Cytopore can be
used to culture cells in suspension. Hence, Cytopore is used mainly for

stirred tank reactors. The physical properties of Cytopore are very similar

14



to those of Cytodex, and the design of the stirred tank reactor, impeller

and retention device can be the same for both microcarriers.

Cytopore

charges
throughout
matrix

Figure 2.6 Schematic diagram of the Cytopore macroporous microcarrier

The main features of Cytopore are:

1. Optimised surface characteristics for the efficient attachment and
spreading of cells.

2. Optimised size, density and macroporosity to facilitate suspension or
fluidization, providing for healthy growth and high yields for a wide range
of cells.

3. A biologically inert matrix providing a strong non-rigid substrate for
stirred microcarrier cultures.

4. The macropores protect cells from shear forces and allow cells to create

a micro-environment.

Cytopore exhibits high rigidity and stability under both acidic and alkaline
environments and can withstand autoclaving at 121°C for 30 minutes
without loss of function. It is supplied as a dry granulated powder, can be
stored between 8 and 25°C with a shelf-life up to 5 years. The hydrated
form of the microcarrier, sterilised and stored at 4°C, is stable for ~ two

years.

(iv) Cytoline microcarriers

Cytoline microcarriers are negatively charged macroporous microcarriers,
composing high-density polyethylene weighted with silica. Cytoline
microcarriers are mainly hydrophobic from the polyethylene with
hydrophilic contribution from the silica (Figure 2.7). The major application
of Cytoline microcarrier is in the culture of CHO, in the form of adherent
and semi-adherent cells for recombinant protein and monoclonal antibody

production in fluidised bed perfusion cultures.
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Figure 2.7 Schematic diagram of Cytoline microcarriers

Cytoline is the microcarrier of choice for 95% of adherent or semi-
adherent cells in fluidized beds. It works well with cells requiring high
oxygen transfer rates to reach high final cell densities. However, Cytoline
is not suitable for stirred tank reactors due to its high sedimentation rate.
However, one of the limitations of Cytoline is that it cannot be autoclaved
at high temperatures, although repeated autoclaving at 121°C for 30
minutes is possible. Cytoline is supplied in lentil-shaped macroporous
particle form, and the storage temperature and shelf-life for Cytoline are

identical to that for Cytopore.

2.1.5 Cell Harvesting Process

Cell harvesting is a process of separating the adherent cells from the
culture substrate surface. This process is performed when the cells have
reached a population density that suppresses cell growth. Ideally, cells are
harvested when they reached semi-confluency, to maximize the efficiency
of transformation. In general, cells are harvested using either mechanical
scrapper or trypsin. Mechanical scrapper is a rubber spatula that removes
the cells from the growing surface physically. This method is used
commonly when harvesting many different samples of cells for preparing
extracts. On the other hand, trypsin is proteolytic enzyme that cleaves the
cell membrane protein, leading to dissociation of the cells from the
growing surface [35]. Figure 2.8 illustrates the cell harvesting process

using mechanical scrapper and trypsin.

ﬁ;.)_/-f .!,H | I _._-\. L
X IR

(&) addition of proteolytic N

el enIymes/mechanical seraping

Figure 2.8 Depiction of cell harvesting process using mechanical scrapper
and trypsin
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Although both of the harvesting methods are fast and easy, these methods
may damage the cell membrane and reduce cell yield. In this context,
thermoresponsive polymers are identified as a promising candidate
material for non-invasive cell culturing without the use of trypsin during
harvesting process. The overview of thermoresponsive polymers is

presented in the following section.

2.2 Overview of Thermoresponsive Polymers

Thermoresponsive polymers are smart polymers that exhibit a reversible
physical change when external thermal stimuli are presented. This type of
polymer exhibits a critical solution temperature at which the phases of
polymer and solution are changed with response to their composition
typically in water. Thermoresponsive polymers are divided into two
categories, namely lower critical solution temperature (LCST) and upper
critical solution temperature (UCST) systems. LCST systems become
soluble below the critical temperature but insoluble above the critical
temperature. Conversely, UCST systems exhibit single phase above the
critical temperature while showing phase separation below the critical
temperature, as depicted by Figure 2.9. Poly(ethylene oxide) and
poly(propylene oxide) block copolymers, methylcellulose and poly(N-
isopropylacrylamide) are the typical LCST polymers, whilst xyloglucan is a
typical UCST polymer [36]. The characteristics of these thermoresponsive

polymers are presented in the following section.

A A
T ‘ T single-phase
| two-phase -~ region
region - UCST
LCST \_J ' two-phase
smgle-phase / region
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>

s y

(a) (b)

Figure 2.9 Schematic diagram of phase diagrams for (a) LCST polymers
and (b) UCST polymers [36]
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2.2.1 Xyloglucan

Xyloglucan consists of a backbone of glucose residues with side groups of
xylose attached through glycosidic linkages. Figure 2.10 depicts the
chemical structure of xyloglucan. It is the major hemicellulose found in the
primary walls of plants. Xyloglucan exhibits a unique reversible phase
transition. Xyloglucan gel is formed by removing > 35% of the galactose
residues using fungal B-galactosidase as the galactose moieties facilitate
steric hindrance that inhibits gel formation [37]. Gelation occurs in a
limited temperature range from 40 - 80°C. The gel reverts to sol upon
cooling to 5°C or heating to 110°C. The xyloglucan gel has been utilised as
a food additive, thickener and starch modifier [38].

OH
O

A x

o
HO
Representative xyloglucan repeat unit
X = Xylose G = Glucose

Figure 2.10 Chemical structure of xyloglucan [39]

2.2.2 Poly(Ethylene Oxide) and Poly(Propylene Oxide) Block
Copolymers

The poly(ethylene oxide) (PEO) polymer is highly soluble in water up to
85°C. The poly(propylene oxide) (PPO) polymer is hydrophobic in nature.
However, copolymers of PEO and PPO can be prepared with a wide range
of solubilities and phase transition behaviours. PEO-PPO sequences are
commercially available as triblock copolymers with the following trade

names: Pluronics® and Tetronics® (Figure 2.11).
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Figure 2.11 Chemical structures of Pluronics® and Tetronics® [40]

Pluronics® and Tetronics® may be used as thermoreversible gels and have
been approved by the Food and Drug Administration (FDA) and
Environmental Protection Agency (EPA) for applications as food additives,
pharmaceutical ingredients, drug delivery carriers and injectable systems
for tissue engineering [41]. Their gelation temperatures depend on the
polymer composition and solution concentration. For example, Pluronic®
gels at 37°C in solutions that contain ~ 20 wt% of polymer. This system
has been used in the treatment of burns and other wound healing
applications [42]. Further, Pluronic® has been studied as an injectable drug
delivery carrier. On the other hand, Tetronics® exhibits a gel-sol transition
around 50°C. Tetronics® in solution with isolated chondrocytes has been
used as an injectable cartilage formulation, for testing tissue formation
after subcutaneous injections in mice [43]. Furthermore, Tetronics® has

been tested for the delivery of proteins and peptides [44].

2.2.3 Methylcellulose

Methylcellulose is a family of insoluble in water polysaccharides [45]. The
chemical structure of methylcellulose is shown in Figure 2.12. It is
produced when cellulose is exposed to methylchloride and sodium
hydroxide (NaOH) solution under agitation, with methylation occurring
more rapidly in NaOH-rich and higher temperature environments.
Cellulose is hydrophilic but it is insoluble in water as the cellulose fibers
contain crystalline regions defined by intra- and intermolecular hydrogen
bonds. Methylcellulose forms a gel in aqueous solution at temperatures

between 60 and 80°C, attributed to hydrophobic association caused by
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dehydration of the methoxyl groups. Conversely, the gel changes to a
solution at temperatures below 0°C [46]. It is used widely as a thickener in

food, pharmaceutical and ceramic processing applications.

Figure 2.12 Chemical structure of methylcellulose [45]

2.2.4 Poly(N-isopropylacrylamide)

PolyNIPAm is a thermoresponsive polymer that has been studied
extensively for many applications, owing to its thermosensitive properties
in water [46]. PolyNIPAm exhibits a LCST at ~ 32°C, in which a reversible
conformational transition occurs from expanded coil (soluble) to compact
globule (insoluble) in water [47,48]. Figure 2.13 depicts the phase change
of polyNIPAm at the LCST.

N i R W
H o g
Loss of bound water
T>LCST to bulk solution H
se—- H-O
-— H-0
T<LCST - H
H-0
" O
H H H O i H H H H H
Hydrophilic Hydrophobic

Figure 2.13 Reversible phase change of polyNIPAm in response to
temperature

The solubility is affected as the amphiphilic polyNIPAAmM chains hide the
hydrophilic amide groups, whilst exposing the hydrophobic isopropyl
groups, in the compact globule conformation at T > LCST. During this

transition, the hydrogen bonds formed between water molecules and the
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polymeric chains become disrupted, being associated with a
thermodynamically favourable rise in entropy, i.e. the main driving force
for the transition. Further, the transition can be seen as an abrupt
shrinkage of the gel above the LCST, being associated with a change in
the swelling capability of these crosslinked structures. Since the LCST of
polyNIPAm is close to the body physiological temperature, and can be
increased above or below 37 °C by the incorporation of comonomer units,
it becomes particularly suitable for use as a pharmaceutical or biomedical
carrier [49,50]. Based on the in vivo toxicity of polyNIPAm, as evaluated
by Malonne et al. (2005), no significant acute toxic signs in mice, upon
oral administration of polyNIPAm, were observed even after a month [51].

The chemical structure of polyNIPAm is depicted by Figure 2.14.

Figure 2.14 Chemical structure of polyNIPAmM

In the tissue engineering field, temperature sensitive scaffolds and surface
modifications have been investigated for the manipulation of cell sheets.
For example, poly(NIPAAm-co-acrylic acid) (poly(NIPAAm-co-AA)) gels
have been applied as extracellular matrices for pancreatic islets in
biohydrid pancreas [52]. In tissue engineering, it is required to grow cells
at a surface and to detach the confluent cells for harvesting, ideally
without a biochemical or chemical reagent step. In this context,
polyNIPAm grafted surfaces have been shown to support the growth of
cells, as diverse as bovine endothelia and rat hepatocytes, when above the
LCST, and to allow recovery of the cells when the temperature was
reduced below the LCST [53]. This type of application has been tested on
biodegradable polymers such as poly(L-lactic acid), showing similar

behaviour to that conducted on polystyrene culture plates [54].
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An emerging medical field for responsive polymer-biopolymer conjugates
is the targeting of gene expression via switchable polymers that display
antisense nucleotide binding behaviour [55]. PolyNIPAm conjugated with
pendent oligodeoxynucleotides (ODNs) display the expected temperature-
induced coil-globule transition at 33°C in physiological-like buffers (pH
7.4, 100 mM NaCl). It has been reported that translation of a plasmid
encoding enhanced green fluorescent protein (EGFP) was suppressed in a
dose-dependent fashion by the polyNIPAm-antisense ODN conjugate,

whilst no translational repression was observed for polyNIPAm alone [55].

The use of polyNIPAm co-polymers as mediators for prokaryotic cell
adhesion was first reported by Ista and co-workers [56]. LCST mediated
transitions of surface-grafted polyNIPAm homopolymer materials resulted
in reversible changes for adsorbed bacteria, i.e. staphylococcus
epidermidis and Halomonas marina, being dependent on the inherent
preferences of these bacterial strains for hydrophilic or hydrophobic

substrates.

In general, polyNIPAm can be synthesised via various approaches,
including thermal-induced free radical polymerisation, microwave
irradiation, ultraviolet light irradiation, and precipitation polymerisation. It
has been reported that the form of the final product depends on the
synthesis technique used. Table 2.1 lists work regarding polyNIPAmM
synthesis using different techniques for biomedical applications. It is found
that most of the synthesis methods involved functionalisation and grafting
of polyNIPAmM onto other materials such as gold and glass. These methods
are tedious and require a lot of different chemical substances. In
particular, for use as cell culture membrane, the tissue culture polystyrene
(TCPS) dish was grafted with polyNIPAm to induce cell detachment
thermally. However, two-dimensional planar structure of the TCPS dish
limits the production of cells. To the best of my knowledge, none of the
study reported about polyNIPAmM microcarrier synthesis for cell culturing.
Hence, the aim of my present study is to develop a thermally responsive
polyNIPAm microcarrier for non-invasive harvesting of cells without the
use of trypsin. The mechanism of polymerisation technique used in

polyNIPAm microcarrier synthesis is presented in the following section.
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Table 2.1 Overview of work on the synthesis of polyNIPAmM

Refer- Material Form Synthesis Ap|?I|ca-
ence method tion
N-isopropylacrylamide Free radical Drug
(NIPAAmM)- ; .
[57] . . Nanogel polymeri- delivery
vinylpyrrolidone (VP)- sation System
acrylamide (AAm) y
Proton
PolyNIPAmM- EDC-surface exchanae
[58] functionalised Pt/C Membrane functionali- 9
) membrane
catalyst sation
fuel cell
Dextran- Hydrazide
aldehyde/PNIPAM/ Nano- ydrazide Drug
[59] . - functionali- .
superparamagnetic particles . delivery
. . sation
iron oxide
Hybrid polyNIPAmM- Atom transfer Controlled
[60] pentapeptide Solution radical uptake and
conjugate polymerisation release
Atom transfer Controlled
[61] PolyNIPAm grafted on Sheet radical release drug
graphene S -
polymerisation delivery
Atom transfer
[62] PolyNIPAmM brush Monolayer radical CeI_I she_et
grafted PCL substrate S engineering
polymerisation
— Adipic acid
Hydrazide dihydrazide | Biomedical
[63] functionalised Hydrogel . - .
functionalisa- | applications
polyNIPAmM )
tion
RGDS-immobilized
[8] polyNIPAm grafted on Monolayer EI?:r:ggt?sgm (;fe”n:glrgunr:
TCPS dish
PolyNIPAmM/ Multisensitive Free radical Controlled
[64] methacrylic acid core-shell olvmerisation uptake and
(MAA) microgel poly release
Comb-type grafted
[65] polyNIPAm on TCPS Monolayer EI(_ectro_n I:_)eam CeI_I she_et
dish irradiation engineering
Reversible
PAEMA/PolyNIPAmM L Controlled
. . addition-
[66] core cross-linked Micelles f . release drug
: ragmentation .
micelles delivery

chain transfer
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Table 2.1 (Continued)

Atom transfer

PolyNIPAmM brush on . Cell culture
[67] TCPS dish Brush rad|gal . membrane
polymerisation
o Drug and
[68] Au/PNIPAmM nanogel Nanosphere PreC|p|t_at|o_n gene
polymerisation -
delivery
PolyNIPAmM brush Nanocapillary Atom transfer Controlled
grafted on Au-coated array . . .
[69] radical filtration
polycarbonate track- membrane | S devi
etched membrane (NCAM) polymerisation evices
Radical
. polymerisation Non-viral
[70] PonNIP_Am/ponarglnm Nanosphere & EDC- transgene
e bioconjugate
activated vector
coupling
cili MPS coupling .
[71] Au S|I|ca/Pon_lNIPAm Microsphere & emulsion Photgmc
core shell microgel o device
polymerisation
Gold coated . . I Photonic
[72] polyNIPAm particles Particles UV irradiation device
Surface Optical valve
PolyNIPAmM modified initiated P
[73] Monolayer . underwater
glass radical graft enaineerin
polymerisation 9 9
PolyNIPAM/PEG
[74] grafted on PET culture Porous Elgctron I:_Jeam Cell culture
membrane membrane irradiation membrane
. Protein
[75] PolyNIPAmM grafted on Monolayer Free ra_dlc:_:\I adsorption
glass substrate polymerisation
study
solymerisation | Tunavle
[76] . Poly(N- Porous gel using benzol- filters,
isopropylacrylamide) peroxide as actuators &
initiator Sensors
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Table 2.1 (Continued)

Poly(N- Free radical
. Y . . polymerisation | Biomedical
[77] isopropylacrylamide) Thin layer - R
thin layer on a gold using AIBN as | applications
initiator
Controlled
PEG-modified poly(N- APS & TEMED release of
[78] isopropylacrylamide) Macrofporous redox initiated macro-
Poly(ethylene glycol) disc olvmerisation molecular
(PEG) as the porogen poly active
agents
PNIPAmM grafted on
[79] polystyrene (TCPS) Nonporous EIe_:ctrqn peam Cell culture
culture membrane membrane irradiation membrane
Injectable
Poly(N- o APS & TEMED | scaffolds for
. . Cylindrical A .
[80] isopropylacrylamide- disc redox initiated tissue
co-acrylic acid) polymerisation | engineering
applications
Size-
Poly (- Free radical selective
i Y . Cylindrical polymerisation | permeation/
[81] isopropylacrylamide- . .
co-methacrylic acid) disc using AIBN as controlled
initiator drug
delivery
Poly(N-
; ; Controlled
Isopropylacrylamide) Macro-oorous | APS & TEMED | active agent
[82] Hydroxypropyl digc redox initiated |  delivery/
cellulose was used as polymerisation | microrobotic
pore-forming agent devices
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2.3 The Free Radical Polymerisation of PolyNIPAmM

Free radical polymerisation is a type of chain growth polymerisation
process by which a polymer is formed through the addition of free radical
building blocks. The polymerisation process comprises three stages,
namely initiation, propagation and termination. Each stage of the

polymerisation reaction will be described in the following sections.

2.3.1 Initiation

In the present study, the polymerisation reaction was initiated by free
radicals generated from the 2,2-azobis(iso-butyronitrile) (AIBN) initiator.
AIBN is an azo compound, i.e. containing an -N=N- group. The
decomposition temperature of AIBN is 65°C. Two 2-cyanoprop-2-yl
radicals are produced and a molecule of nitrogen gas is eliminated upon
thermal decomposition of each AIBN molecule when heated up to 70°C
[83]. The formation of free radicals from AIBN decomposition is depicted
by Figure 2.15.

N HsC. CHs HiC__CHs
SCANY & N ;

S o ez
HsC~ CH, I

Figure 2.15 Free radical formation from AIBN decomposition

The reactive AIBN free radicals add to a monomer molecule by opening
the unstable carbon-carbon double bond in the NIPAM monomer to
produce secondary free radicals. Figure 2.16 illustrates the mechanism of

NIPAm chain initiation by free radical attack.

=CH H
HC i H3C\‘/CH3 Lo
. _H2C7
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NIPAmM Free radical

Secondary free radical

Figure 2.16 Mechanism of NIPAm chain initiation
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2.3.2 Propagation

Once a polymer chain has been initiated, the chain propagates until all the
monomers are used up or until termination occurs. The propagation
process usually takes place within a fraction of a second, in which
thousands of monomers are added to the chain within this period. Since
the O-O bond is weak (with bond dissociation energy of 154 kJ/mol) and
non-polar, O2 can cleave homolytically to produce two oxygen free
radicals. In the homolytic cleavage process, a two-electron covalent bond
breaks and one electron goes to each of the oxygen atom, as shown in
Figure 2.17. Hence, the reaction vessel was purged with inert nitrogen gas
to remove all oxygen and prevent any free radicals from reacting with the

polymer chain.

/N

O——20 — 20°

Oxygen molecule Oxygen radicals

Figure 2.17 Formation of free radicals via homolytic cleavage of oxygen

2.3.3 Termination

Chain termination can occur by two different mechanisms, i.e. by coupling
or disproportionation. These mechanisms involve a reaction between two
growing chain ends. Some monomers terminate exclusively by either
coupling or disproportionation. If longer chains are desired, the initiator
concentration should be kept low; otherwise, many shorter chains will
result [83].

(i) Coupling
Coupling occurs when two growing radicals at the chain terminals simply

join to form a single chain, as depicted by Figure 2.18.
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Figure 2.18 The coupling mechanism for polyNIPAm chain formation

(ii) Disproportionation

Disproportionation occurs when a free radical at the end of one chain
attacks a hydrogen atom attached to the penultimate carbon atom of the
second chain, associated with the formation of a carbon-carbon double

bond and two inactive polymer chains, as depicted by Figure 2.19.
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Figure 2.19 The disproportionation mechanism for the NIPAm radical

The mechanism of free radical polymerisation of polyNIPAmM is summarised
by Figure 2.20.

. HC=GH ——CHy CH—CH,CH—CH,~CH—
o=
? HN/ C\EO R c=0 R
{ C‘\\\o | AIBN NH
R HIN + CHy - . o
— 70°C
HsC CI;H HN \C//O P
CHs ‘ NH
H,C=CH R ¢=o0 R
NIPAM monomer 7CH2_CH_CH2_CH*CH2*CH

MBAmM cross-linker
Cross-linked polyNIPAmM

Figure 2.20 The mechanism of free radical polymerisation of polyNIPAmM
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2.4 Polymerisation Techniques

Three polymerisation techniques may be used to produce spherical
particles, i.e. precipitation, emulsion and suspension polymerisation. The

differences between these polymerisation techniques are now described.

Precipitation polymerisation is a single phase, homogeneous radical
polymerisation process, with no stabilizer or surfactant required. It begins
with a homogeneous mixture of monomer, initiator and solvent, but the
formed polymer is insoluble in the solvent [84,85]. The propagating chains
grow beyond their solubility limit in the solvent and precipitate out as
particles, as depicted by Figure 2.21. Typically, the resultant nuclei
aggregate into larger, polydispersed particles that continue to grow by
capturing other particles, either by newly formed polymer chains or by

absorption and polymerisation of the monomer.

J —> B —p @ >
Precursor Growing
Particle Particle

Oligoradical

Microgel

Figure 2.21 Polymer particle formation via precipitation polymerisation

Emulsion polymerisation is a type of heterogeneous radical
polymerisation process whereby two different phases (usually oil and
water) are involved. Droplets of monomer (oil) are emulsified with
surfactants in a continuous phase of water. The initiator is not located in
the monomer phase, and the polymerisation reaction is not initiated in the
monomer phase. Instead, polymerisation takes place within the particles
that spontaneously form during the first few minutes of processing. Figure
2.22 presents a depiction of emulsion polymerisation. An amphiphilic
surfactant is required to stabilise the thermodynamically unstable
emulsion. Micelles are formed as surfactant molecules adsorb onto small
amounts of monomer molecules. Free radicals generated from the initiator
in the aqueous phase diffuse into the micelles and react with the monomer
droplets [86]. The growing polymer chains continue to propagate until a

second radical diffuses into the micelle.
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Figure 2.22 Polymer particle formation via emulsion polymerisation

Suspension polymerisation is another type of heterogeneous radical
polymerisation process that utilises two different phases. In this case, the
initiator is located within the monomer phase in suspension, and the
polymerisation reaction occurs within the monomer droplets. The
monomer droplets are converted into spherical polymer particles once the
monomer has reacted with the radicals generated from the initiator,
followed by propagation of the polymer chains. Figure 2.23 illustrates the

formation of polymer particles via suspension polymerisation.
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Figure 2.23 Polymer particle formation via suspension polymerisation
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The key difference between emulsion and suspension polymerisation is
that: In emulsion polymerisation, the water-soluble radicals are more
likely to diffuse into micelles rather than monomer droplets. This is due to
the presence of large numbers of micelles having much higher surface
area (~ 1,000 times more) compared to monomer droplets. As a result,
the size of the polymer particles produced from emulsion polymerisation is
relatively small, i.e. between 0.05 and 2 ym [87]. Table 2.2 summarises

the key features of precipitation, emulsion and suspension polymerisation.

Table 2.2 Overview of precipitation, emulsion and suspension
polymerisation [87]

Precipitation Emulsion Suspension
polymerisation | polymerisation | polymerisation
T D 6 One Two Two
phases
Location of In monomer In monomer
L In solvent
initiator phase phase
Site of . In monomer
L In solvent In micelles
polymerisation droplets
Particle size
produced 0.1-10 um 0.05-0.2 pym 20 - 2000 pm

2.5 Surfactant Classification

A surfactant is a surface active agent which adsorbs at a surface or
both hydrophilic
hydrophobic groups, referred to as “head” and “tail”, respectively [88]
(Figure 2.24).

Hydrophilic head —»@\/\/\/\/\/4— Hydrophobic tail

grease-loving

interface. Surfactant molecules incorporate and

water-
lowing

Figure 2.24 Schematic representation of a surfactant
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The driving force for surfactant adsorption at an interface is the reduction
of free energy at the phase boundary. When surfactants dissolve in
aqueous media they orientate at the surface such that the hydrophobic
components emanate from the aqueous environment (Figure 2.25). When
the surfactant molecules replace some of the surface water molecules, the
force of attraction between surfactant and water molecules is less than

that between two water molecules, with consequent reduction in surface

R

Figure 2.25 Alignment of surfactant molecules at the water-air interface

Surfactants will adsorb also at the interface between two immiscible
liquids, such as oil and water. The surfactants orientate themselves with
their hydrophilic groups in water and their hydrophobic groups in the oil
phase (Figure 2.26). The interfacial tension arising because of a similar
imbalance of attractive forces as at the water surface, will be reduced by

the adsorption of surfactants [90].

S,
K7y

Figure 2.26 Orientation of surfactant molecules at an oil-water interface

Generally, surfactants can be classified into four categories, depending on
the charge on the polar head group. Table 2.3 lists some examples of

anionic, cationic, nonionic, and zwitterionic surfactants.
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Table 2.3 Classification of surfactants [91]

Class Examples

Anionic Sodium stearate
Sodium dodecyl sulfate
Sodium dodecyl benzene sulfonate

Cationic Laurylamine hydrochloride
Trimethyl dedecylammonium
chloride
Cetyl trimethylammonium bromide

Nonionic Polyoxyethylene alcohol
Alkylphenol ethocylate
Polysorbate 80

Zwitterionic Dodecyl betaine
Lauramidopropyl betaine

2.5.1 Anionic Surfactants

Negatively charged polar head groups in anionic surfactants normally
originate from carboxylate, sulphate, sulfonate or phosphate groups.
Typically, the counterions used are sodium, potassium, ammonium,
calcium or various protonated alkyl amines. Sodium and potassium impart
water solubility, whereas calcium and magnesium promote oil solubility.
Amine or alkanol amine salts give products with both water and oil
solubility [91]. Anionic surfactants are the most commonly used class of
surfactant because of the ease and low cost of manufacture, but they are
sensitive to water hardness. Sodium laureth sulfate is one of the most
commonly used anionic surfactants in cleaning applications. It lowers the
surface tension of liquids and promotes particles and impurities in
suspension to bind together. Some examples of anionic surfactants are

presented in Figure 2.27.
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Figure 2.27 Chemical structures of example anionic surfactants [91]

2.5.2 Cationic Surfactants

The charge of cationic surfactants arises from the presence of nitrogen
atoms from either amine or quaternary ammonium compounds. The
quaternary ammonium compounds retain their charge over the whole pH
range, whilst amine-based compounds are pH sensitive and only function
as surfactants in the protonated state, and hence cannot be used at high
pH. Cationic surfactants are generally not compatible with anionic
surfactants. The majority of surfaces, which include metals, minerals,
plastics, fibres and cell membranes are negatively charged [88]. The
applications of cationic surfactants relate to their tendency to adsorb at
these surfaces (Table 2.4). The chemical structures of some cationic

surfactants are presented in Figure 2.28.

34



Table 2.4 Applications of cationic surfactants [88]

Surface Application
Steel Anticorrosion agent
Mineral ores Flotation collector
Inorganic pigments Dispersant
Plastics Antistatic agent
Fibres Fabric softener
Hair Conditioner
Fertilizers Anticaking agent
Bacterial cell walls Bactericide

//ﬂ“M//ﬂ“w//ﬂxngr“xg/ﬁ“x¢/f“x¢//Rﬂvf/R\V//H“NH;

Fatty amine salt

//ﬂ“&//Axxx/fxxf//K“v/fx“u//ﬂ“m//ﬂxxx/fxxv//hhNHE’/RRV//H“NHE
Fatty diamine salt

Alkyl ‘quat’ |

Figure 2.28 Chemical structures of example cationic surfactants [91]

2.5.3 Nonionic Surfactants

Nonionic surfactants incorporate a non-charged polar head group, such as
polyether or polyhydroxyl chains. They are not sensitive to water hardness
and are compatible normally with other types of surfactants. Contrary to
ionic surfactants, their physicochemical properties are not influenced
significantly by electrolytes [91]. For example, sorbitan ester is a
polyhydroxyl-based non-ionic surfactant, commonly found in food and
used in drug applications. Figure 2.29 presents the chemical structures of

some non-ionic surfactants.
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Figure 2.29 Chemical structures of example nonionic surfactants [91]

2.5.4 Zwitterionic Surfactants

Zwitterionic surfactants possess two differently charged polar head
groups. The positive charge is carried normally by an ammonium group
whilst the negative charge is often carried by a carboxylate. If the
ammonium group is quaternary, the molecule will exist as a zwitterion
over a wide pH range, being permanently charged. If not, the molecule
will behave as an amphoteric surfactant, i.e. the molecule will change from
net cationic to zwitterionic to net anionic as pH is increased. Such
surfactants will only be zwitterionic over a certain pH range, depending on
the pKa value, i.e. the acidity constant which corresponds to the strength
of an acid in a solution [92]. At the isoelectric point, both charged groups
will be fully ionised and the molecule will show properties similar to those
of a non-ionic surfactant. As the pH shifts away from the isoelectric point,
the molecule will gradually assume the properties of either a cationic or
anionic surfactant [88]. In a similar fashion to nonionic surfactants,
zwitterionic surfactants are compatible with other types of surfactants and
are not sensitive to water hardness. Zwitterionic surfactants exhibit
excellent dermatological properties, low eye irritation and are used

frequently in shampoos and other cosmetic products [89]. N-alkyl
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derivatives of simple amino acids such as glycine (NH2CH2COOH), amino
propionic acid (NH2CH2CH2COOH) and the alkyl betaines are common
examples of zwitterionic surfactants. Chemical structures for some

zwitterionic surfactants are presented in Figure 2.30.
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Amine oxide !

Figure 2.30 Chemical structures of example zwitterionic surfactants [91]

2.6 The Hydrophile-Lipophile Concept

The hydrophile-lipophile balance (HLB) concept was introduced by William
C. Griffin in 1949 [88]. The HLB number represents the ratio of the
hydrophilic to the hydrophobic part of the surfactant. The HLB number for

a normal nonionic surfactant can be determined by simple calculation:

For alcohol ethoxylates and alkylphenolethoxylates:

Weight % of ethylene oxide

HLB =
5

For polyolethoxylates:

_ Weight % of ethylene oxide + Weight % polyol

HLB
5
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For polyolethoxylates:

Saponification number of ester
HLB = 20 (1 — ponif f )

Acid number of the fatty acid

The HLB number gives an indication of the solubility of a surfactant in
liquids. Table 2.5 presents some surfactant applications based on Griffin’s
HLB concept. In general, a surfactant having low HLB number (0 to 10)
tends to be oil-soluble, whereas a surfactant having high HLB number
(greater than 10) tends to be water-soluble [89].

Table 2.5 Surfactant applications based on Griffin’s HLB number concept

[88]
HLB number Application
3-6 Emulsifier for water-in-oil (W/O) emulsion
7-9 Wetting agent
8-18 Emulsifier for oil-in-water (O/W) emulsion
13-15 Detergent
15-18 Solubiliser

Griffin’s HLB number concept is restricted to nonionic surfactants.
However, the concept was extended by Davies [93] with the introduction
of a scheme to assign HLB group numbers to chemical groups comprising
a surfactant (Table 2.6).

Table 2.6 HLB numbers according to the concept of Davies [88]

Hydrophilic group HLB number
-S0O4Na 35.7
-CO2K 21.1
-CO2Na 19.1

-N (tertiary amine) 9.4
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Table 2.6 (Continued)

Hydrophilic group HLB number
Ester (sorbitan ring) 6.3
Ester (free) 2.4
-COz2H 2.1
-OH (free) 1.9
-O- 1.3
-OH (sorbitan ring) 0.5
Lipophilic group HLB number
0 -0.87
-CFa- -0.87
0 -0.475
-CHz- -0.475
-CH- -0.475

HLB = 7 + >(hydrophilic group numbers)
+> (lipophilic group numbers)

It is recognised that the combination of a more hydrophilic and a more
hydrophobic surfactant is often superior to a single surfactant when
making a stable emulsion. This is attributed to better packing at the oil-
water interface provided by the two surfactants, having different critical
packing parameters. The newly created oil-water interface can be
furnished with water-soluble and oil-soluble stabilising surfactants from

both sides simultaneously [88].
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2.7 Surfactant Adsorption

The surface charge of a solid material can be modified by the adsorption of
a surfactant [94]. Adsorption is a partitioning of the adsorbate species
between the interface and the liquid media, and can occur if the interface
is favoured by the surfactant in comparison to the liquid media. The
driving force for surfactant adsorption is influenced by a number of forces
such as electrostatic interaction, hydrogen bonding, covalent bonding, and
hydrophobic interaction. [95]. The standard free energy of adsorption,

AG%uds can be written as:
-AGPds = AG%lec + AGH + AGchem + AGCc-s

where AGC%iec is the free energy due to electrostatic interaction; AG% is the
free energy due to hydrogen bonding; AG%hem is the free energy due to
chemical bonding; and AG%-s is the free energy due to hydrophobic
interaction. The negative sign convention for AG%ds indicates that the

reaction occurs spontaneously.

Electrostatic interaction is the major driving force for adsorption in
systems involving ionic surfactants and charged solid particles. The
adsorption of the cationic surfactant cetyltrimethyl ammonium bromide on
negatively charged silica is an example of adsorption due to electrostatic
interaction [96]. Conversely, hydrogen bonding plays an important role in
systems containing nonionic surfactants. For example, the adsorption of
ethoxylated alcohol onto oxides is attributed to hydrogen bonding between
surfactant functional groups and the mineral surface [49]. Otherwise,
chemical bonding is system specific, with covalent bonding between
surfactant and solid. The adsorption of fatty acids on fluorite and hematite
is an example of adsorption due to covalent bonding between surfactant
and mineral surface [97]. Finally, the major driving force for adsorption
onto a hydrophobic solid surface is the hydrophobic interaction between a

surfactant alkyl chain and hydrophobic sites on the solid.

The interaction between different surfactants can produce significant
interfacial effects, due to charge density and adsorption changes at the
surface. The addition of small amount of one surfactant type to another
can improve the adsorption process. For example, the adsorption of both
anionic and cationic surfactants onto silica can be promoted by the co-

adsorption of cationic surfactants [98]. For the case of nonionic-anionic
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surfactant mixtures, they do not adsorb themselves but can co-adsorb in
the presence of another component. In a study of the adsorption of
tetradecyl-trimethyl-ammonium  chloride (TTAC) and pentadecyl-
ethoxylated-nonyl-phenol (NP-15) on alumina, TTAC adsorbed onto the
negatively charged alumina (pH = 10), but NP-15 did not. However, the
adsorption of NP-15 was improved significantly with increasing TTAC
concentration in the surfactant mixture [98]. The mechanism for co-
adsorption of nonionic-cationic surfactant mixtures is similar to that for
nonionic-anionic surfactant mixtures. Xu et al. [99] reported that
adsorption of the nonionic surfactant polyoxyethylene glycol onto
hydrophilic surfaces was enhanced by the presence of the -cationic
surfactant dodecyltrimethylammonium chloride, due to hydrophobic
interaction and a reduction of electrostatic repulsion between cationic head

groups by the nonionic surfactant.

2.8 Mechanism of Protein Adsorption on Culture Substrate

Attachment of cells to a substrate is specifically promoted by a family of
adhesive matrix proteins such as fibronectin, laminin, vitronectin and
fibrinogen (Figure 2.31). The initial attachment of cells to a substrate is
followed by a reorganisation of cytoskeletal components resulting in a
flattening and spreading of the cell body. Subsequently, specialised

adhesive structures like focal adhesions are formed [100].
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Figure 2.31 Schematic representation of a cell-substrate interaction
[101]

In this context, initial protein adsorption plays an important role in cell
adhesion and cell proliferation. Protein adsorption is defined as the
partitioning of a protein between a bulk phase and an interface [102]. It
was reported that cellular attachment increases with increasing protein

adsorption [103]. According to Bollag et al. [104], the mechanism of
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protein adsorption is based primarily on hydrophobic interactions between
the hydrophobic portions of the adsorbed proteins and the substrate
surface. Several studies on the effect of surface hydrophilicity on protein
adsorption have been conducted. For example, protein adsorption on PEG-
modified silicon surfaces was studied by Jeon et al. [105]. It was found
that the amount of protein adsorbed on a PEG-modified silicon surface was
lower than that on a unmodified silicon surface. This was due to steric
repulsion exerted by the nonionic water soluble PEG film, which
suppressed the direct contact of protein with the substrate. On the other
hand, the O groups from the unmodified silicon surface allowed direct
interaction between protein and the substrate surface through ionic and
hydrogen bonding [106,107]. Similar findings were reported by Sawhney
and Hubbell (1992) [108], in which the PEG chains hindered cellular
attachment to the silicon substrate, leading to poor proliferation of cells.
Further, Vogler (2006) [109] reported a decrease in protein adsorption
with an increase in hydrophilicity of silanised glass. No protein adsorption
was found on substrates having a water contact angle less than 65°. This
is in agreement with the study of the effect of surface hydrophilicity on
protein adsorption by Cha et al. (2008) [110].

2.9 Overview of Work on Surface Modification for Improved Cell
Attachment

In general, membrane proteins can be classified as transporter, receptor
or adhesion molecules, or as enzymes. These proteins play an important
role in substrate transfer through cell membranes, connection and
recognition amongst cells, interaction with the extracellular matrix (ECM),
immune response to foreign objects, and matrix formation for cell
embedding. These proteins are categorized into three domains, i.e the
extracellular, transmembrane and cytoplasmic domain [111]. Amongst
these three domains, the transmembrane proteins such as the adhesion
integrin, selectin and cadherin molecules are essential for cell survival and
growth [112].

Extensive studies have been performed to render the bio-adhesion of
materials via functionalisation with molecules that are able to interact with
transmembrane adhesion proteins. For example, Arg-Gly-Asp (RGD),

tripeptide sequence, has been used to modify the surface chemistry of
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culture substrates. Table 2.7 presents an overview of previous studies on

the modification of materials using ECM proteins or RGD peptides.

According to their findings, cell attachment and cell growth were improved

after ECM or RGD functionalisation. However, there is a major drawback of

using ECM or RGD peptides, i.e. a large amount of long chain peptides is

required for functionalisation.

In addition,

peptides tend to diffuse

undesirably from the interface [113]. Further, it is costly due to the

complex synthesis procedure involved.

Table 2.7 Overview of previous studies on the functionalisation of
materials with peptides

Reference Substr.::lte Conjuga_tion Findings
material material
oo Grester smount of
oly(N- endothelial cells
[114] . poly . Fibronectin spread on the
isopropylacrylamide fib .
)-co-N- _ IC r_‘onectln
. immobilised substrate
acryloylalanine
In vitro studies
showed that the
adhesion of human
Xyloglucan- endothelial cells was
[115] Cellulose GRGDS enhanced after
cellulose modification
with xyloglucan-
GRGDS
The laminin-
Methylcellulose functionalized MC
[116] Laminin exhibited enhanced
(MC) . .
adhesion of primary
rat cortical neurons
The peptides-
Poly(N- Gly-Arg-Gly- | conjugated copolymer
[117] isopropylacrylamide Asp-Ser enhanced osteoblasts
-co-polyethylene (GRGDS) spreading by 600% as
glycol) peptides compared to the non-
conjugated copolymer
Poly(ethylene The endothelial cells
[118] oxide) and Extracellular | were found to adhere

poly(propylene
oxide) copolymer

matrix (ECM)

and grow on protein-
coated surfaces

43




Table 2.7 (continued)

The RGD-grafted
PET membrane
promoted cellular

[119] Poly(ethylene Arg-Gly-Asp adhesion while the
terephthalate) (RGD) peptides | original membrane
showed poor
adhesion of human
epithelial cells
Poly(N- Greater spreading
isopropylacrylamide- of human umbilical
[120] carbox Cigt-)z-ro lacr | Arg-Gly-Asp-Ser (\I/-|elIJr\]/§)m<j::;cI:e\:\llgls
yIam?éIe)[)gjraaZed (RGDS) peptides found for the
onto polystyrene RGDS-immobilised
dish surfaces
Cell adhesion and
spreading on the
Tissue culture modified TCPS dish
[121] polystyrene (TCPS) RGD peptide increased
dish significantly after
the incorporation of
RGD peptide
The GRGDY-
modified pNIPAM
hydrogels
o presented
[122] PoPIOI()IIVI\g?:\iTOZSh | Cell-adhesion improved cell
nzethacr late) Y peptides GRGDY attachment and
Y temperature-
dependent
detachment of
chondrocytes
The rat calvarial
Poly(NIPAM-co- Cell-adhesion osteoblasts spread
[123] acrylic acid) eptides GRGDY more on the
Y pep peptide-modified
substrate
The cell attachment
[124] Poly-L-lactides Arg-Gly-Asp improved with

(RGD) peptides

increasing amount
of immobilised RGD
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The formation of covalent bonds between peptides and the functional
groups of the substrate materials is required for stable linkages [125].
There are several conjugation strategies available for the binding of
peptides and materials (Table 2.8). However, each conjugation strategy
consumes a lot of chemical substances, most of which are harmful to the
environment and aquatic lives. Further, if no functional groups are present
in the material, a suitable functional group has to be incorporated to the
material via chemical reaction [126]. This in turn will increase the

complexity of the fabrication process and overall production cost.

Although RGD modification improved cell adhesion and growth, the
preparation procedure was very complicated. For example, since
polyNIPAm has no suitable functional group for RGD joining, the
polyNIPAm must be modified with acrylic acid (AAc) and 2-
carboxyisopropylacrylamide (CIPAm) to introduce a functional carboxylic
group in order to form covalent bonds with RGD peptides. Hence, these
RGD modification approaches were not used in the present study. This
literature review only serves as a reference to show the pros and cons of

work done by other research groups on improving cell attachment.

Table 2.8 Conjugation strategies with respect to reactant functional
groups [125]

Strategy Peptide and material's functional groups

Carbodiimide-conjugation Amine and carboxylate

Reductive amination Aldehyde and amine
Isothiocyanate reaction Amine and amine
Maleimides reaction Thiol and amine

2.10 Liquid/Liquid Dispersions

Dispersing two immiscible liquids in a turbulent system is a common
process in the food, drug and cosmetic industry. The immiscible phases
are separate from each other before stirring. The organic phase is
dispersed into the aqueous phase when the liquid/liquid system is stirred
[127]. Figure 2.32 illustrates the behaviour of a liquid/liquid system before

and during stirring.
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Figure 2.32 Depiction of a liquid/liquid system before and during stirring
[127]

The drop size distribution (DSD) of the dispersed phase results from drop
breakage and coalescence phenomena. Drop breakage occurs as the
external forces and stresses exerted on the drops by the continuous phase
exceed the internal forces and stresses that hold them together [128]. On
the other hand, coalescence is a process of collision between two or more
drops which depends on the collision frequency and coalescence efficiency
between drops. According to the Kolmogorov’s theory of turbulence [129],
the maximum stable drop diameter results from dynamic pressure forces
due to changes in velocity around the particles. It is essential to control

the DSD as it determines the final properties of the product.

It was established that stirring rate has a significant impact on the drop
size of a liquid/liquid dispersion [130]. In this context, the Sauter mean
diameter, ds32, defined as the ratio of the third and second moments of a
drop size distribution, is commonly used in describing the emulsion drop
size because it is directly related to the volume fraction of the dispersed

phase, @4, and the interfacial area per unit volume, av [131]:
d32=6@d/ a e, Eq. (2.1)

In a low viscosity dispersed phase liquid-liquid system, the stability of the
emulsion drops is influenced only by the interfacial tension between the
two immiscible liquids. The correlation between the mean energy
dissipation rate, & and the Sauter mean diameter, ds2, can be expressed

as [132]:
d32/D = K1 €77% e, Eq. (2.2)
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and g = Nppcw>D> o, Eq. (2.3)

where Ki is a constant that depends on the tank geometry, and a is a
constant that depends on the tendency of a system to coalesce, Np is the
power number of impeller, pc is the density of continuous phase, w is the

angular speed, and D is the diameter of the impeller.

According to the Kolmogorov’s theory of isotropic turbulence, the Sauter
mean diameter of emulsion drops is dependent on the Weber number, We,
which represents the ratio between the kinetic energy Ekin and surface
energy Ey. In other words, We represents the ratio of the external
deforming forces to the stabilising surface forces.

Egin pcw’D?

We =TT Eq. (2.4)
Ey Y

where vy is the interfacial tension between the two liquids.

The correlation between the Sauter mean diameter and Weber number is
described as [133]:

% =K, We™ Eq. (2.5)

where Kz is a constant that depends on the impeller type.

Numerous researches on two-phase liquid/liquid dispersions have been
performed over the last decade. Table 2.9 summarises the correlations
proposed by other research groups on the basis of the Kolmogorov’s

theory of turbulence to predict drop diameter.
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Table 2.9 Correlations proposed by various research groups for the prediction of drop diameter

Reference Stirrer type System Empirical correlation
Toluene-acetone-water d32/D = 0.197(1+3.04®)We ™6 (ua/uc) 27
Pilot scale Hanson
[134] mixer-settler
extraction column } } _
n-butyl acetate-acetone- | /5 _ §.23(142.240)We 06 (ya/pc) 1
water
. . Kerosene as the dispersed
[135] D'Sg t:r:bi:,]:e;[]ecl an phase; Distilled water as ds2a N¢
P P the continuous phase
[136] Disk turbine impeller Kerosene-distilled water ds2a N¢
Pitched blade upflow NiCl2 as the dispersed
[137] turbine (PBTU) phase; TBP-Sobesso 150 ds2/D = 0.28(1+0.92@)We ™06

impeller

as the continuous phase

48



Table 2.9 (Continued)

Straight blade paddles

Sulfuric acid-diisobutylene

= -0.6
[138] with four blades diluted with benzene ds2/D = 0.0336(1+13.76@)We
Vaseline oil as the
[139] HEV impeller dispersed phase; Water as ds2/D = 0.57 We™0-6
the continuous phase
Salicylaldoxime and
Pump-mix double ketoxime mixture as the
[140] . dispersed phase; Sodium ds2/D = 0.353 We?0-6
shrouded impeller )
sulfonate solution as the
continuous phase
. Sunflower oil as the
[133] ngh shear (RT) dispersed phase; Water as ds2a g°
impeller .
the continuous phase
High shear (RT) and Silicone oil as the
[131] high flow (HE3) dispersed phase; Water as d32 = 118.6 (€max ND?)0:270

impeller

the continuous phase
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As seen in Table 2.9, the correlation for each system is different. This
suggests that the correlations are influenced by the relevant parameters
such as stirrer type, stirring speed and the liquid/liquid dispersion system
used. Amongst these processing parameters, stirring speed had the
strongest effect on Sauter mean diameter [131]. The whole distribution
shifted to smaller droplet sizes with increasing stirring speed. This trend in
droplet size reduction was consistent with the findings of Desnoyer et al.
(2003) [137] and Giapos et al. (2005) [136]. Further, the characteristics
and physical properties of the liquid-liquid dispersions are different. For
example, Torab-Mostaedi et al. (2012) obtained two different correlations
for two different dispersion systems, i.e. toluene-acetone-water and n-
butyl acetate-acetone-water, respectively [134]. Hence, it is not surprising

that different correlations were developed by research groups.

Since Sauter mean diameter of the droplet is dependent mainly by stirring
speed, the stirring speed applied in the polyNIPAmM microcarrier synthesis
was varied, in order to obtain a desirable size range of microcarrier for

optimal cell yields in the present study.
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2.11 Summary

In this Chapter, the development of cell culturing has been outlined.
Mechanical scrapping and trypsinisation are the commonly used methods
to harvest confluent cells from the growing surface. However, these
harvesting methods cause cell damage and cell death, which subsequently
reduce cell yield. Hence, the present research work is aimed at developing
an alternative microcarrier that enables cell detachment without the use of
trypsin. Based on the literature, polyNIPam is identified as a promising
candidate material for use as microcarrier for non-invasive harvesting of
cells without the use of trypsin, attributable to its reversible phase
transition around physiological temperature. In particular, suspension
polymerisation is selected for the production of polyNIPAm microspheres
with diameters between 100 and 300 um, i.e. the ideal size range for cell
culturing. The polyNIPAm microcarrier synthesis in the presence of
different initiators will be presented. In addition, the effect of surfactant
composition on cell attachment to the microcarrier will be discussed.
Further, a study on the incorporation of a hydrophobic comonomer into
polyNIPAm microcarrier for the purpose of improving cell attachment will
be documented. Finally, the effects of stirring rate and cross-linker content
on the physical and mechanical properties of the polyNIPAm microcarrier

are discussed.
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CHAPTER 3

MATERIALS AND METHODOLOGY

3.0 Introduction

This Chapter presents the specifications of all the materials used to
synthesise polyNIPAm microspheres investigated in this study. The
experimental procedures for the synthesis of polyNIPAm microspheres and
the cell seeding process are described. In addition, the basis of each

characterisation technique used is outlined.

3.1 Materials

The starting materials used for the synthesis of polyNIPAm microspheres
were N-iso-propylacrylamide (NIPAm), N,N’-methylenebisacrylamide
(MBAmM), azobis-isobutyronitrile (AIBN), ammonium persulfate (APS),
N,N,N’,N’-tetramethylethylene-diamine (TEMED), cyclohexane, poly(vinyl
alcohol) (PVA), Span 80® and cetrylmethylammonium bromide (CTAB). All
the reagents were analytical grade and used as received. A Merck Millipore
water system was used to produce ultrapure water. The specifications of

each starting material are presented in the following sections.

3.1.1 N-isopropylacrylamide

The N-isopropylacrylamide (NIPAm) monomer was purchased from Nacalai
Tesque Incorporated, Japan. PolyNIPAmM microspheres were synthesized
via the polymerisation of NIPAm monomer in the presence of a cross-
linker. The chemical structure of the NIPAmMm monomer is depicted by
Figure 3.1, whilst the specifications of the NIPAmM monomer are

summarised in Table 3.1.
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Figure 3.1 Chemical structure of N-isopropylacrylamide

Table 3.1 Specifications of N-isopropylacrylamide provided by Nacalai
Tesque Incorporated, Japan

Property Value
Molecular formula CeH11NO
Molar mass 113.16 g/mol
Purity 99%
Appearance White powder
Density 1.10 g/cm?3
Melting point 60-63°C
Boiling point 89-92°C
Solubility in water 69 g/L (at 20°C)

3.1.2 N,N’-methylenebisacrylamide

N,N’-methylenebisacrylamide (MBAm) is a commonly used cross-linker in
the polymerization of polymers such as polyacrylamide. The MBAm used
was purchased from Sigma-Aldrich (M) Sdn Bhd, Malaysia. Figure 3.2
depicts the chemical structure of MBAm, whilst Table 3.2 presents the

specifications of MBAm.

s~ s

H H

Figure 3.2 Chemical structure of N,N’-Methylenebisacrylamide
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Table 3.2 Specifications of N,N’-Methylenebisacrylamide provided by
Sigma-Aldrich (M) Sdn Bhd, Malaysia

Property Value
Molecular formula C7H10N202
Molar mass 154.17 g/mol
Purity 99%
Appearance White powder
Density 1.24 g/cm3
Melting point > 300°C
Solubility in water 0.02 g/L (at 20°C)

3.1.3 Azobis-isobutyronitrile

Azobis-isobutyronitrile (AIBN) is a common radical initiator for
polymerisation reactions. In the present study, the AIBN initiates the
polymerisation reaction of NIPAm via the formation of free radicals at
temperature above its decomposition temperatures, i.e. 65°C. The AIBN
was purchased from Sigma-Aldrich (M) Sdn Bhd, Malaysia. The chemical
structure of azobis-isobutyronitrile is depicted by Figure 3.3, whilst the

specifications of azobis-isobutyronitrile are presented in Table 3.3.

N H,C. CH;
~Cc. _N
e,

HiC CHj

Figure 3.3 Chemical structure of azobis-isobutyronitrile

Table 3.3 Specifications of azobis-isobutyronitrile provided by Sigma-
Aldrich (M) Sdn Bhd, Malaysia

Property Value
Molecular formula CsH12N4
Molar mass 164.21 g/mol
Purity 98%
Appearance White powder
Density 1.10 g/cm3
Melting point 102-104°C




3.1.4 Ammonium Persulfate

Ammonium persulfate (APS) is a redox initiator used in the synthesis of
polymers. It produces persulfate (SO4) radicals spontaneously when it
reacts with N,N,N’,N’-tetramethylethylene-diamine (TEMED). The APS was
purchased from Sigma-Aldrich (M) Sdn Bhd, Malaysia. Figure 3.4 presents
the chemical structure of ammonium persulfate, whilst Table 3.4 lists the

specifications of ammonium persulfate.

4 2-
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Figure 3.4 Chemical structure of ammonium persulfate

Table 3.4 Specifications of ammonium persulfate provided by Sigma-
Aldrich (M) Sdn Bhd, Malaysia

Property Value
Molecular formula HsN20sS>
Molar mass 228.20 g/mol
Appearance White powder
Density 1.98 g/cm?3
Melting point 120°C
Solubility in water 228 g/L (at 20°C)

3.1.5 N,N,N’,N’-tetramethylethylene-diamine

N,N,N’,N’-tetramethylethylene-diamine (TEMED) was purchased from
Sigma-Aldrich (M) Sdn Bhd, Malaysia. It acts as an accelerator in the
production of persulfate (SO47) radicals. The chemical structure of TEMED
is depicted by Figure 3.5, whilst its specifications are summarised in Table
3.5.
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Figure 3.5 Chemical structure of N,N,N’,N’-tetramethylethylene-diamine

Table 3.5 Specifications of N,N,N’,N’-tetramethylethylene-diamine
provided by Sigma-Aldrich (M) Sdn Bhd, Malaysia

Property Value
Molecular formula CeH1eN2
Molar mass 116.20 g/mol
Appearance Colorless liquid
Density 0.78 g/cm3
Melting point -55°C
Boiling point 122°C
Solubility in water Soluble

3.1.6 Cyclohexane

Cyclohexane was used as a solvent in the suspension polymerisation of

NIPAm. It was purchased from Merck Sdn Bhd, Malaysia. Figure 3

.6

presents the chemical structure of cyclohexane, whilst Table 3.6 lists the

specifications of cyclohexane.

Figure 3.6 Chemical structure of cyclohexane
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Table 3.6 Specifications of cyclohexane provided by Merck Sdn Bhd,

Malaysia
Property Value
Molecular formula CeH12
Molar mass 84.16 g/mol
Appearance Colorless liquid
Density 0.78 g/cm3
Melting point 4°C
Boiling point 81°C
Solubility in water 0.003 g/L (at 20°C)

3.1.7 Poly(Vinyl Alcohol)

Poly(vinyl alcohol) (PVA) was used to stabilize the O/W emulsion. It was
purchased from Sigma-Aldrich (M) Sdn Bhd, Malaysia. The chemical
structure of PVA is depicted by Figure 3.7, whilst its specifications are

listed in Table 3.7.

Figure 3.7 Chemical structure of poly(vinyl alcohol)

Table 3.7 Specifications of poly(vinyl alcohol) provided by Sigma-Aldrich
(M) Sdn Bhd, Malaysia

Solubility in water

Property Value
Molecular formula (CH2CHOH)n
Appearance Colorless powder
Density 1.27 g/cm?3
Melting point 258°C
Glass transition temperature 99°C
Soluble
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3.1.8 Span 80°

Span 80® is a commonly used nonionic surfactant for stabilising W/O
emulsions. The Span 80® used in the present study was purchased from
Sigma-Aldrich (M) Sdn Bhd, Malaysia. Figure 3.8 presents the chemical
structure of Span 80®, whilst Table 3.8 lists the specifications of Span 80°®.

0
|
(IZHZO—C—CHz(CHz)SCHZCH=CHCH2(CH2)5CH3
H )3
HO “OH

Figure 3.8 Chemical structure of Span 80®

Table 3.8 Specifications of Span 80® provided by Sigma-Aldrich (M) Sdn
Bhd, Malaysia

Property Value
Molecular formula C24H4406
Molar mass 428.62 g/mol
Appearance Brown liquid
Density 0.99 g/cm3
Flash point 186°C
Boiling point 579°C

3.1.9 Cetrylmethylammonium Bromide (CTAB)

Cetrylmethylammonium bromide (CTAB) is a cationic surfactant used to
stabilise the dispersed droplets in the W/O emulsion. The CTAB was
purchased from Sigma-Aldrich (M) Sdn Bhd, Malaysia. The chemical
structure of CTAB is depicted by Figure 3.9, whilst its specifications are

summarised in Table 3.9.
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Figure 3.9 Chemical structure of cetrylmethylammonium bromide

Table 3.9 Specifications of cetrylmethylammonium bromide provided by
Sigma-Aldrich (M) Sdn Bhd, Malaysia

Property Value
Molecular formula Ci9H42BrN
Molar mass 364.45 g/mol
Appearance White powder
Density 0.97 g/cm3
Melting point 250°C
Flash point 244°C
Solubility in water 36.4 g/L at 20°C

The main purpose of using a cationic surfactant was to modify the surface
charge of the polyNIPAm microspheres. According to Troy and Beringer,
there are two types of cationic surfactants available in the market, namely
cetyl trimethyl ammonium bromide (CTAB) and cetyl pyridinium chloride
(CPC) [89], as listed in Table 3.10. CTAB was selected to be used in the
present study because CTAB possesses a HLB value of 10, which is more
suitable for W/O emulsions. On the other hand, CPC is suitable for O/W

emulsions.

Table 3.10 HLB values and molecular formulae of the cationic surfactants

Cationic surfactant Molecular formula HLB value
Cetyl trimethyl ammonium
bromide (CTAB) (C16H33)N(CH3)3Br 10.0
Cetyl pyridinium chloride Co1H3sCIN 26.0

(CPC)
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3.2 Methodology

3.2.1 Suspension Polymerisation of NIPAm Using a Thermal
Initiator

PolyNIPAmM particles were synthesised via suspension polymerisation using
a methodology modified from Ma and Zhang [141]. Firstly, 1 g of NIPAm
monomer, 0.15 g of MBAm cross-linker, and 0.01 g of AIBN initiator were
mixed in 10 ml of cyclohexane using magnetic stirring. The continuous
aqueous phase was prepared by mixing a predetermined amount (0.01 g,
0.02 g, 0.03 g, and 0.04 g, respectively) of PVA stabiliser with 100 ml of
ultrapure water. The monomer phase was poured slowly into the PVA
aqueous solution and mixed under constant stirring rate of 200 rpm for
1 h. The mixture was then heated up to 70°C to initiate the polymerisation
reaction. The system was purged with N2 gas to remove any remaining
oxygen that might inhibit polymerisation. The resultant polyNIPAmM
microspheres were washed with excess ultrapure water and centrifuged at
7,000 rpm for 15 minutes, followed by decantation of the supernatant and
resuspension within fresh water. The centrifugation process was repeated
five times to ensure complete removal of unreacted monomer. The
particles were filtered and dried in an oven at 40°C for 24 h and then
stored in a desiccator in advance of characterisation. Four sets of
polyNIPAm microspheres were produced using different concentrations of
PVA stabiliser.

3.2.2 Suspension Polymerisation of NIPAm Using a Pair of Redox

Initiators

Suspension polymerisation using a pair of redox initiators was performed
at room temperature, ji.e. ~ 25°C. Firstly, 1 g of NIPAm monomer, 0.15 g
of MBAm cross-linker and 0.03 g of APS initiator were dissolved in 10 ml of
ultrapure water and mixed using magnetic stirring. The oil phase was
prepared by mixing 2 g of Span 80® with 100 ml of cyclohexane. The
water phase was poured slowly into the oil phase under constant stirring
rate of 200 rpm, and the system purged with N2 gas for 1 h to remove
unwanted oxygen that might inhibit polymerisation reaction. Next, 0.15 ml
of TEMED was added to the suspension to initiate polymerisation. The
resultant polyNIPAm microspheres were washed with excess ultrapure

water and centrifuged at 7,000 rpm for 15 min, followed by decantation of
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the supernatant and resuspension within fresh water. The centrifugation
process was repeated five times to ensure complete removal of unreacted
monomer. The microspheres were filtered and dried in an oven at 40°C for
24 h and then stored in a desiccator in advance of characterisation. The
preparation of the polyNIPAm microspheres is depicted schematically by
Figure 3.10.

Mixing W & O | Addition of | Formation of
phases initiator microspheres

Filtration & |
washing

Figure 3.10 Process for the preparation of polyNIPAm microspheres via
suspension polymerisation

3.2.3 Seeding of HEK Cells on PolyNIPAm Microspheres

Human embryonic kidney (HEK 293) cells were seeded onto polyNIPAmM
microspheres prepared from thermal and redox initiators. The objective
was to appraise the level of HEK cell attachment to the polyNIPAmM. The
procedure for cell seeding was adopted from Tamura et al. [142]. HEK 293
cells were cultured in Dulbecco’s modified Eagle medium (DMEM) with
10% fetal bovine serum (FBS), 4mM L-glutamine, 1% penicillin and
streptomycin on a well-plate. Prior to cell seeding, the polyNIPAmM
microspheres were hydrated in phosphate-buffered saline (PBS) solution
for at least 24 h. The hydrated microspheres were then sterilised by
autoclaving at 121°C for 15 minutes and then washed with culture
medium. Initial inoculations of 10° cells/ml were cultured with 3 mg/ml of
the polyNIPAm microspheres. Cell culturing was performed at 37°C under

a humidified atmosphere of 5% CO:2. Initial cell behaviour was monitored
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using optical microscopy. The culture medium was changed every day to

ensure sufficient supply of nutrient to the cells.

3.3 Characterisation techniques

Several complementary analytical techniques were used to characterise
the prepared polyNIPAm microspheres, J.e. interfacial tension
measurement using the pendant drop method, fourier transform infrared
(FTIR) spectroscopy, scanning electron microscopy (SEM), energy
dispersive X-ray spectroscopy (EDX), optical microscopy, zeta potential
analysis, differential scanning calorimetry (DSC), thermogravimetric
analysis (TGA), Trypan blue exclusion method, water drop contact angle
measurement and compression testing. Brief descriptions of these

characterisation techniques are presented in the following sections.

3.3.1 Interfacial Tension Measurement

Interfacial tension is defined as the amount of energy required to increase
the interfacial area between two immiscible liquids. In the present study,
the pendant drop method was used to measure the interfacial tension
between cyclohexane and the PVA aqueous solution used for the synthesis
of polyNIPAm microspheres. Figure 3.11 depicts the configuration for
pendant drop method which consists of an experimental chamber, an

illuminating system and a camera connected to a computer [143].

Experimental chamber Syringe

s e, Pendant Drop
£ Muminating

Camera Lenses |_| svstem
]

Computer

Vibration-proof table

Figure 3.11 Configuration for the pendant Figure 3.12 Schematic
drop method of a pendant drop
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The shape profile of a pendant drop of PVA agueous solution in
cyclohexane was captured and analysed using a Ramé-hart Model 250 F1
Series standard goniometer with Ramé-hart DROPimage Advanced v2.4
software. Interfacial tension was calculated using the Young-Laplace

equation (Equation 3.1):

where y is the interfacial tension; g is the gravity constant; De is the
equatorial diameter of the drop; Ap is the density difference between the
oil and water phases; and H is a correction factor which is inversely
proportional to the shape factor of the pendant drop, S, as expressed by

Equation 3.2:

Ds
De

S = s .(Eq 3.2)

where Ds is the minimum drop diameter measured horizontally at a
distance De away from the apex of the drop, and is the maximum drop
diameter measured horizontally at the centre of the drop, as depicted by
Figure 3.12.

3.3.2 Fourier Transform Infrared Spectroscopy

Fourier transform infrared (FTIR) spectroscopy is a very useful analytical
technique for identifying the types of chemical bonds or functional groups
present in a molecule by producing an infrared absorption spectrum that is
like a molecular "fingerprint" [144]. FTIR spectroscopy offers rapid and
sensitive analysis of organic compounds, as well as the chemical
structures of many inorganics. It can be applied to the analysis of solids,
liquids, and gasses. FTIR spectroscopy deals with the infrared region of
the electromagnetic spectrum that exhibits longer wavelength and lower

frequency as compared to visible light (Figure 3.13).
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Figure 3.13 Wavelength and frequency of electromagnetic spectrum
[145]

The mid-IR region (4000 - 400 cm™)