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Abstract

Recent studies and clinical trials have shown the potential of cell-based
therapies for the treatment of a number of diseases and organ/ tissue
damages. However, limited availability of some therapeutically important
cells (i.e. adult stem cells) still remain as main challenges in the
development of tissue engineering through to the clinic. Healthy cells are
required in large numbers to form a tissue-engineered construct and
primary cells must therefore be expanded in vitro for both scientific and
clinical applications.

Various strategies have been developed to expand cells in vitro with
increasing emphasis on 3D matrices because it can provide
microenvironments which more closely mimic in vivo systems. In this
way the inherent difficulties associated with 2D culture such as loss of
phenotype could be overcome. Moreover, 3D matrices provide higher
surface areas to support expansion of larger cell numbers compared to
monolayer culture. Although each 3D method has certain advantages,
there is no single technique that can be used to produce material
assemblies that address all the fundamental problems linked to 3D cell
seeding (penetration into the scaffold), passaging (use of enzymes), and
harvesting (cell yield).

Recently, thermally reversibly-associating particles have been studied for
the growth and support of multiple cell types and for delivery of
therapeutic cells. But coupling of thermoresponsive properties to

magnetic microspheres would enhance the 3D culture and expansion of



multiple cell types, and facilitate rapid recovery of the expanded cell
population by simple magnetic separation. In this study, it was proposed
that the thermoresponsive properties would allow simple cell seeding at
temperatures below the LCST of polymer stabiliser when the suspension
is flowing and upon heating to above the LCST cells would be
encapsulated and cultured within the particle gels (every cells
surrounded by a number of particles, as the size of the particles are
much smaller than the cells). The magnetic responsive property would
allow efficient and scaffold free cell recovery after expansion without the
need for using trypsin or enzymatic treatment.

The ‘switchable’ component of reversibly associating colloidal
microparticles were prepared via two different strategies. In the first
strategy, thermoresponsive PDEGMA was physically adsorbed onto the
surface of PS microspheres, whereas, in the second strategy, PDEGMA
was chemically grafted from functionalised PCMS microspheres via SI-
ATRP. The most simple method i.e. physical adsorption is rapid and can
be adapted to many microparticle surfaces but has the drawback of
possible desorption of polymer chains during extended use. The chemical
grafting method i.e. the formation of covalent bonds between the
polymer corona and the microparticle core provides robust and well
defined materials but is more complex and time-consuming. In both
cases, particle aggregation in their suspensions occurred on increasing
the temperature to above the LCST of PDEGMA, but could be reversed by
cooling the suspensions back to below the LCST. This confirmed the
presence of the thermoresponsive polymer on the surface of the

microspheres using both methods (adsorption and grafting). Rheological

IT



measurements demonstrated that the viscoelasticity of the prepared
particle gels can be tuned, enabling these gels to have the mechanical
properties that should facilitate their applications as 3D cell scaffolds for
in vitro expansion of cells.

Cell culture studies showed that these microparticle based scaffolds can
support expansion of clinically relevant cell types (human MSC) and
allowed efficient cell recovery after proliferation without the need for
using trypsin or enzymatic treatment.

Overall, those results suggest that the designed scaffolds had great
potential for 3D in vitro cell expansion. The new developed materials
have excellent biocompatibility, allow simple and rapid cell seeding and
cell recovery after expansion, and possess mechanical strength and
stability to support cell growth and proliferation. The materials developed
and studied in this thesis may represent a significant contribution to the
fields of biomaterials, tissue engineering, 3D cell culture and even bio-

separation.
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1. Introduction

1.1. Tissue engineering and regenerative medicine

Tissue and organ damage is a serious clinical issue which accounts for
millions of health problems worldwide every year. Despite continuous
development, current surgical transplantation strategies for treating
organ failure retain some limitations such as shortage of donor organs,
difficulty to control cell functions after transplantation, and undesirable
immunological response (Tabata, 2001, Zhang and Kohn, 2012). During
the last three decades tissue engineering (TE) and regenerative medicine
(RM) have become a focus for scientists aiming to construct biological
substitutes to regenerate or replace diseased or damaged tissues or
organs (Berthiaume et al., 2011). These strategies avoid complicated
surgical interference and allow different cell manipulations before
injection to restore the functions of tissues or organs (Hou et al., 2004,
Melero-Martin et al., 2007). Accordingly, such procedures may become a
promising alternative to traditional homologous organ transplantation.
Also, these strategies may offer solutions for clinical problems which are
currently untreatable by drug therapy such as spinal cord injury and liver
failure (Langer, 2009). Tissue engineering, has been defined by Langer
and Vacanti as: “An interdisciplinary field that applies the principles of
engineering and life sciences toward the development of biological
substitutes that restore, maintain or improve tissue function or a whole
organ” (Langer and Vacanti, 1993).

Cells, scaffolds and growth factors are the main required components for

tissue engineering. These are necessary to achieve neo-tissue
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construction and restoration. Figure 1.1 shows the principles of tissue
engineering. Cells can be obtained either from the patient (autologous)
or from a donor (allogeneic), and then they can be expanded in vitro to
achieve sufficient cell numbers. Various primary cells and stem cells have
been explored by tissue engineers to define the best cell source for
constructing a particular tissue (Polak and Bishop, 2006).

(=~ o
= 2

=l L

A. Cell isolation
SLR B. Cell expansion \

Growth
Factors & jy;&

f’;i‘,f ‘-\\._.
(1| Mechanical

stimulus
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Figure 1.1: Schematic diagram shows tissue engineering principles. (A)
Cells isolated from donor (autologous or allogeneic). (B) Cells are
expanded in vitro. (C) Expanded cells added to scaffold to support cell
growth in the presence of specific growth factors and mechanical
stimuli. (D) Recreates a functional microenvironment that stimulates
tissue organization into an engineered graft, which is then transplanted
into a patient (Serbo and Gerecht, 2013).

An adult stem cell is an undifferentiated cell found in various tissue
niches throughout the body, including bone marrow, kidney, pancreas,
skeletal muscle, adipose tissue, brain, and liver (Chen and Tuan, 2008,
Nombela-Arrieta et al., 2011). For example, mesenchymal stem cells
(MSCs) have the ability to differentiate into mesoderm, ectoderm and

2



endoderm cell lineages (Uccelli et al., 2008). Commercialised human
MSCs are now available and there are attempts to industrialize these
cells for medical therapy. The use of autologous MSCs obtained from
the same patient receiving the implanatation can reduce the risk of
immunological rejection problems and need for a second surgical step.
Therefore, they are considered good candidates for cell transplantation
and regenerative medicine. The capability to expand these cells in vitro
with the maintenance of their full biological properties is the key
requirement for tissue engineering and regenerative medicine (Ng et al.,
2014). The expanded cells can be seeded onto three dimensional
scaffolds that provide a biomechanical environment to form a tissue
engineered construct which can be used for in vitro research or as
implants (Shimizu et al., 2007). The implanted tissue engineered
construct has to be able to survive, restore normal function, and
integrate with the surrounding tissue. Accordingly, suitable growth
factors which can regulate cell functions are necessary to promote tissue
regeneration (Lee et al., 2011).

The challenges facing tissue engineers working on stem cells are to
optimise cell isolation, proliferation and differentiation, besides the
design of scaffolds and/or delivery systems that promote the coordinated
growth of three-dimensional tissues. To maximise their chances of
success, with regards to scaffold design, tissue engineers attempt to
replicate as far as possible the natural microenvironment in which the
cell/tissue would normally grow and function within the body (Polak and
Bishop, 2006). The strategies attempted to reproduce the natural cell

microenvironment include the controlled delivery of growth factors, three



dimensionality, bio-functionalisation of synthetic materials, and
controlling the scaffold elasticity in addition to the development of cell
co-culture protocols (Lutolf and Blau, 2009).

Researchers have attempted to grow skin and cartilage (Eaglstein and
Falanga, 1998), bone and cartilage(Boyan et al., 1999), liver (Mayer et
al., 2000), heart valves and arteries (Sodian et al., 1999), bladder
(Oberpenning et al., 1999), pancreas (Tziampazis and Sambanis, 1995),
nerves (Mohammad et al., 2000), corneas (Germain et al., 1999), and
various other soft tissues (DiEdwardo et al., 1999).

Despite the tremendous advancement in tissue engineering, there are
many challenges. Research into the large scale production of these tissue
or organs or improvement of the cell culture environment is still

necessary.

1.2. In vitro cell culture models for tissue engineering

applications

1.2.1. Monolayer cell culture system
The majority of cell culture studies have been performed on monolayer
surfaces (e.g. tissue culture flasks, micro well plates and petri dishes)
due to ease of preparation, convenience, good cell viability and
biocompatibility (Kim, 2005). These monolayer cell culture systems have
have improved our understanding of basic cell biology (Lee et al., 2008,
Jaiswal et al., 1997), tissue morphogenesis (Schnaper et al., 1993) and
the dynamic relationship between cell function and interactions with the

cellular environment (Tibbitt and Anseth, 2009).



However, two-dimensional (2D) cell cultures systems do not closely
mimic the in vivo environment. These cultures overlook the
dimensionality and microenvironmental signalling, cell-cell interactions
are limited and cell functions may change (Huh et al., 2011). Cells
cultured in 2D are often elongated, unnatural in shape, with less capacity
to grow and to behave as they would in vivo. Furthermore, altered cell
metabolism and reduced functionality may result from dramatic
adaptation by surviving cells cultured on 2D rigid substrate due to the
lack of the unique extracellular matrix (ECM) environment of each cell
type. (Zhang, 2004, Abbott, 2003, Cukierman et al., 2001). Therefore,
two dimensional culture substrates are likely to misrepresent findings to
some degree by forcing cells to adjust to an artificial flat, rigid surface
(Lee et al., 2008). Therefore, traditional monolayer cell culture methods
might not be sufficient for new challenges in tissue regeneration,
pharmaceutical assays, cell biology and biochemistry.

Recently, tissue engineers have begun to develop new three dimensional
cell culturing systems to overcome the limitations and challenges
inherent with 2D cell culture (Tibbitt and Anseth, 2009, Zhang et al.,
2005a). Various recent studies have emphasised the importance of 3D
culture environments, especially with regards to stem cells (Lutolf and

Blau, 2009).

1.2.2. Three dimensional (3D) cell culture systems
In 3D cell cultures, cell morphology and function are much closer to
those of cells grown in vivo (Lee et al., 2008, Nisbet et al., 2007)
(Levenberg et al., 2003). Also, three dimensional cell cultures are

important for phenotype presentation, cell proliferation and cell migration
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(Guillame-Gentil et al., 2010). Moreover, the three dimensional
microenvironment influences the diffusion and adhesion of the key
proteins, growth factors, and enzymes which ensure cell viability and
which influence function (Griffith and Swartz, 2006). These 3D
environments are crucial for the engineering of tissue models for drug
testing or further biological studies and the generation of tissue
substitutes (Fischbach et al., 2007, Griffith and Swartz, 2006, McGuigan
and Sefton, 2006, Albrecht et al., 2006, Khademhosseini and Langer,
2007, Yang et al., 2009, Lutolf and Hubbell, 2005b).

One of the challenges in the use of human mesenchymal stem cells
(hMSC) in tissue engineering is the availability of in vitro conditions
which retain the cells’ native characteristics and improve their capability
to treat diseased and damaged organs or tissues (Derubeis and
Cancedda, 2004). Three-dimensional (3D) cell-biology methods possess
fundamental advantages over traditional culture techniques for providing
insight into the native characteristics of cells. Figure 1.2 shows
Comparison of natural cell and tissue morphology cultured on 2D and 3D
substrates.

3D culture can be performed either by using scaffolds to support cell
growth, for example hydrogels, inert matrix and other materials such as
fibres, or by scaffold-free techniques such as low adhesion plates,
micropatterned surfaces, hanging drops, suspension using methyl
cellulose, rolling vessels or by magnetic levitation. The choice of
experimental model system, the goals of experiment, and the number of
samples are key factors in determining which 3D model system is the

most preferable for use (Haycock, 2011).



All three dimensional cell culture systems produce a microenvironments
which better mimics in vivo compared to monolayer methods. However,
there are some limitations with most existing 3D methods such as
scalability, reproducibility, sensitivity, and compatibility with high-
throughput screening (HTS) instruments in the drug

development process.

Thymus (Immune cells)

Natural
ECM/Tissue

3

2D Flat Biology

3D Matrix Biology

Figure 1.2: Comparison of natural cell and tissue morphology cultured
on 2D and 3D substrates. Natural tissues and cells have distinct 3D
organized morphological features: histological images of (A) bone (D)
liver, and (G) scanning electron microscope image of the thymus. When
tissue cells are cultured on 2D substrate, they show a similar
morphological pattern (stretched). Optical microscope images of (B)
osteoblasts, (E) hepatocytes, and (H) co-culture of lymphocytes and
stromal cells. Cellular morphology becomes closer to that of natural
tissue when cultured on 3D matrices; different appearance of (C)
osteoblasts, (F) hepatocytes, and (I) mononuclear cells in a 3D matrix
(Lee et al., 2008).
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1.3. Polymeric scaffolds in tissue engineering

Three dimensional cell culture scaffolds consist of porous substrates that
support cell growth, differentiation and organization (Lee et al., 2008).
The roles of the scaffold is to provide the supporting architecture for the
cells to guide tissue formation into the desired shape, while allowing
transportation of nutrients and growth factors to promote tissue growth
(Langer and Vacanti, 1993, Spector, 2006, Dhandayuthapani et al.,
2011b). Design of scaffolds is the most investigated area of biomaterial
research and one of the most important subjects in TE and RM
(Dhandayuthapani et al., 2011b, Armentano et al., 2010). One of the
most critical issues in TE is the design of scaffolds with specific biological,
mechanical, and physical properties (Vasita and Katti, 2006). Therefore,
there are many efforts to design different scaffolds with different surface
morphology, porosity and mechanical characteristics (Guillame-Gentil et
al., 2010).

Polymers are widely regarded as the most attractive and useful
biomaterials for scaffold fabrication (Ji et al., 2006) due to their desirable
and configurable chemical, mechanical and physical properties. Many
kinds of biocompatible polymers have been prepared for scaffold
fabrication (Wang et al., 2011), including fibres, (Dhandayuthapani et al.,
2011a), microspheres (Dhandayuthapani et al., 2011b), hydrogels
(Sasaki et al., 2010, Macaya and Spector, 2012, Burdick, 2012, Amini

and Nair, 2012), solid foams (Chung and Park, 2007) and many more.



Figure 1.3 shows different polymeric scaffold forms for tissue
engineering.

Soft materials engineering and fabrication processes allows the design of
3D matrices with complex functionalities such as the ability to release
potent bioactive molecules (e.g. growth factors, DNA, or drugs) in a
sustained manner to facilitate tissue regeneration (Hench and Polak,
2002, Langer and Tirrell, 2004, Salvay and Shea, 2006, Chung and Park,
2007) to promote cell adhesion (Lutolf and Hubbell, 2005b), and as a cell
delivery carrier (Hoffman, 2002, Drury and Mooney, 2003, Chung and
Park, 2007).

The scaffold fabrication technique is influenced by the surface and bulk
properties of the polymer and the required proposed functionality of the
scaffold (Dhandayuthapani et al., 2011b). Different scaffold fabrication
methodologies/techniques can utilise several synthetic and natural
polymers, each technique has its inherent merits and demerits, such
techniques including solvent casting, particulate leaching, gas foaming,
phase separation, electrospinning, fibre mesh formation, self-assembly,
and freeze drying (Ifkovits and Burdick, 2007).

3D scaffolds can be applied either for clinical or in vitro 3D modelling
approaches. The first applications mainly including of tissue engineering
or regenerative medicine, with the purpose of functional replacement
within the body (Langer and Vacanti, 1993, Vacanti and Langer, 1999).
Therefore, these material has to be biodegradable and metabolized in the
body without causing serious systemic or immunogenic problems (Griffith

and Naughton, 2002).
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Figure 1.3: Different polymeric scaffold forms for tissue engineering: (a)
3-D porous matrix, (B) a thermosensitive sol-gel transition hydrogel,
(C) a Nano fibrous matrix, and (D) porous microsphere (Chung and
Park, 2007).

Polymeric biomaterials used as scaffolds can be classified into natural
and synthetic biomaterials (Dhandayuthapani et al., 2011b). Natural
polymers include proteins (collagen, fibrinogen, silk, elastin, gelatine,
and keratin,), polysaccharides (cellulose, amylose, dextran, chitin, and
glycosaminoglycans), or polynucleotides (DNA, RNA) (Dhandayuthapani
et al., 2011b). Naturally derived polymers have the potential advantage
of biological recognition, excellent biocompatibility and high cell viability.
However, natural materials also have some disadvantages, such as
limited physical and mechanical properties, immunogenicity and
pathogen transfer (Ratner and Bryant, 2004), supply/availability and
complexities associated with cost, processing and purification
(Armentano et al., 2010). Synthetic polymeric scaffolds are more
favoured due to possessing some superior properties such as

susceptibility to modification, controlled degradation, easy processability
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(Peter et al.,, 1998), adaptable chemistries, reproducibility and
elimination of infection transmission risk (Dhandayuthapani et al.,
2011b). Their processability allow polymers to be fabricated into highly
porous 3-dimensional scaffolds, fibres, sheets, blocks and microspheres
(Reinout, 2008). There are also possibilities to modify the physico-
mechanical properties of these polymers to match the intended
application by controlling their molecular weight, molecular weight
distribution, composition and molecular architecture (Jagur-Grodzinski,
2006). However, scaffolds made from some synthetic polymers can be
limited by a lack of bio-functionality and relatively high hydrophobicity
which impact on the ability of cells to adhere to them (Lutolf and Hubbell,
2005a). Various methods have been utilised to fabricate synthetic
polymeric scaffolds including solvent casting, particulate leaching, phase
separation, and electrospinning (Dhandayuthapani et al., 2011b, Mikos et
al., 1994, Nam et al., 2000, Ma et al., 2005, Lutolf and Hubbell, 2005b,
Chung and Park, 2007). Biodegradable polyesters are the most widely
used of the synthetic polymers in tissue engineering. They are approved
by the Food and Drug Administration (FDA) for human use and they can
be easily processed into porous scaffolds. Poly(glycolic acid) (PGA),
poly(lactic acid) (PLA) and their copolymer poly(lactic-co-glycolic acid)
(PLGA) have been extensively applied in bone and cartilage repair.

The combination of the synthetic and natural polymers, appears to be a
promising strategy for TE, both in terms of structural/mechanical and
biological properties (Borzacchiello et al., 2011). Composite scaffolds are
most likely to overcome the above mentioned drawbacks of natural and

synthetic scaffolds. The essential requirements of the biomaterials that
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can be used for scaffold design are favourable mechanical properties
(Armentano et al., 2010), suitable surface chemistry for cell attachment
and proliferation (Hutmacher, 2000, Ifkovits and Burdick, 2007),
wettability, and sometimes biodegradability (Jagur-Grodzinski, 2006, Lee
et al., 2008). Despite continuous developments in scaffold design,
significant issues and restrictions continue to exist such as reproducibility
of the microstructure and properties of the fabricated scaffolds, cost, and
scalability to scale-up fabrication processes. These challenges bring the

need for developing alternative biomaterials and fabrication methods.

1.4. Temperature responsive polymers in tissue
engineering

Thermoresponsive polymers that have the ability to respond to a change
in temperature are of interest for many biomedical applications (Ward
and Georgiou, 2011, Gil and Hudson, 2004). This response may be in the
form of alternation between hydrophobic and hydrophilic states,
precipitation, gelation, and reversible adsorption onto a surface. Such
properties can be harnessed in applications ranging from producing
thermos swithcable surfaces, biosensors, drug delivery and tissue
engineering (Stuart et al., 2010), and selective bioseparation (Galaev
and Mattiasson, 1999, Hoffman and Stayton, 2004, Lutz, 2006).
In tissue engineering, thermoresponsive polymers are mainly used either
as injectable gels to encapsulate cells in 3D structures in the body (Ward
and Georgiou, 2010) or as substrates that support cell growth and
proliferation (Kumashiro et al., 2010, Reed et al., 2010, Nitschke et al.,

2007).
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Many natural and synthetic thermoresponsive polymers have been
prepared for tissue engineering applications. Considerable research has
been directed toward endowing natural products, alone or in combination
with synthetic polymers, with enhanced mechanical properties and
altered phase transition temperatures, usually Lower Critical Solution
Temperatures (LCST)s under physiological conditions. Natural polymers
such as methylcellulose, chitosan and xyloglucan exhibit
thermosensitivity and biocompatibility. Methylcellulose is a derivative of
the naturally occurring polysaccharide cellulose and becomes
hydrophobic and water-insoluble at 60-80 °C. However considerable
extra functionalisation is necessary to reduce the phase transition
temperature to be useful for tissue engineering applications (Li et al.,
2002, Takahashi et al., 2001, Tate et al., 2001). Chitosan is another
naturally derived polymer that has a number of advantages for tissue-
engineering applications, such as biocompatibility, biodegradation,
antimicrobial activity, and haemostasis. However, it lacks intrinsic
thermosensitive properties; thus, other thermosensitive materials need
to be introduced into chitosan to make it applicable for thermosensitive
hydrogels (Prabaharan and Mano, 2006, Jiang et al., 2008). Xyloglucan,
obtained from tamarind seed, is a biocompatible and biodegradable
polysaccharide consisting of glucopyranosyl, xylopyranose, and
galactose. It is known to show thermosensitive gelation at approximately
20 °C (Shirakawa et al., 1998, Miyazaki et al., 1998, Nisbet et al., 2006)
Xyloglucan-based thermosensitive hydrogels have recently been
evaluated as possible cell and drug delivery vehicles (Nisbet et al.,

2010).
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Thermoresponsive synthetic polymers can be divided into two main
types; polymers that possessing a lower critical solution temperature
(LCST) (Jonas et al., 2007, Ishida and Biggs, 2010) and polymers that
possess an upper critical solution temperature (UCST) (Cheng et al.,
2008). LCST and UCST are the respective critical temperature points
below and above which the polymer and solvent are completely miscible.
Above an LCST, chain solvation cannot compete with interchain
interactions, resulting in a collapse (reduction of swelling) of the polymer
conformation. Above a UCST, the opposite phenomenon occurs and
chains open up. (Krishnamoorthy et al., 2014). It is noteworthy that
“LCST is an entropically driven effect while UCST is an enthalpically
driven effect” (Ward and Georgiou, 2011). The characteristic of polymer
chain conformation in both types are shown in figure 1.4.

The reasons for the entropic dominance of the LCST can be understood
by free energy from the Gibbs equation AG = AH — TAS (G: Gibbs free
energy, H: enthalpy and S: entropy). The water is less ordered and has
higher entropy when the polymer is not in solution, so the enthalpic
contribution of the water becomes less than the entropic gain of the
system as a whole, making hydration unfavourable and leading to
polymer chain dehydration and the formation of precipitates or physical
gels (Dimitrov et al., 2007, Schild, 1992). Synthetic polymers with LCST
behaviour are the most widely used in tissue engineering. A solution of
polymers with LCST becomes clear below this temperature because
polymer is dissolved, however it becomes cloudy above this temperature
due to the aggregation of polymer (sometimes LCST is referred to as

cloud temperature, although the two are not the same).
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Figure 1.4: (a) Schematic shows the polymer chain conformation (coil -
globule) below and above LCST. (b) Demonstration of the phase
transition associated with the LCST (left) and UCST (right) (Phillips and
Gibson, 2015).

Among thermosensitive polymers with LCST, poly(N-
isopropylmethacrylamide) (polyNIPAm) is the most used polymer (Tauer
et al., 2009) and shows a sharp coil-to-globule transition in water at 32
°C (Schild, 1992, Feil et al., 1993, Zhang et al., 2001, Stile and Healy,
2002). PolyNIPAmM-based materials have been used as surface modifiers
for cell-sheet tissue engineering to provide an enzyme and shear free cell
harvesting system. Surfaces coated with this polymer promote cell
attachment and growth at 37 °C when the polymer is chain-collapsed
and hydrophobic. However by lowering the temperature to below the
LCST of polymer allows cell detachment because of chain extension and
hydration of the polymer brush layer (Yamato et al., 2001, Shimizu et

al., 2003, Tang et al., 2014, Matsuda et al., 2007). PolyNIPAM polymers
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have also been used as injectable hydrogel scaffolds in tissue engineering
(Na et al., 2006, Vernon et al., 1999), as controlled drug and gene
delivery systems, and as new forms of chromatographic matrices for the
separation of bioactive compounds (Hoffman, 2013). Despite the above
roles and interest that polyNIPAM have in biomedicine, there remain
concerns about polymer biocompatibility. This polymer has secondary
amide groups (figure 1.5) which may be involved in cooperative
hydrogen-bonding interactions with proteins present on the cell. These
groups can induce cellular cytotoxicity when switched from hydrophilic to

hydrophobic state at its LCST (Vihola et al., 2005).

Hydrophobic

Hydrophilic
amide groups

Hydrophobic

Figure 1.5: Chemical Structure of PNIPAm

Thermoresponsive polyethylene glycol methacrylate (PEGMA) derivatives
have been suggested as alternatives to polyNIPAM (Lutz et al., 2006).
The side-chain PEGMA polymers are composed of up to 85% in weight of
PEG and are therefore water soluble and biocompatible (Ederle et al.,
2010). Their LCST in water and their hydrophilicity was found to increase
with the length of the polyethylene glycol side chain (figure 1.6). Lutz et

al showed that the copolymerization of different EGMA macromonomers
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with different chain-lengths can result in thermosensitive copolymers
with a tuneable LCST (Lutz et al., 2006). For instance, di(ethylene
glycol) methacrylate (DEGMA, Mn=188 g/mol) and oligo(ethylene glycol)
methacrylate (OEGMA, Mn = 475 g/mol) exhibit LCST values between 26
and 90 °C, which can be precisely adjusted by varying the comonomer
composition. For example, copolymers that contain 5, 8, or 10% of
OEGMA units per chain exhibit an LCST of 32, 37, or 39 °C in pure water,
respectively. These PDEGMA polymers are very promising for biomedical
applications since they are principally composed of biocompatible
oligo(ethylene glycol) segments which is an uncharged, water-soluble,
nontoxic, and nonimmunogenic polymer (Lutz et al., 2006). Recently,
PEGMA copolymers have been widely used in tissue engineering

(Wischerhoff et al., 2008a, Al Ghanami et al., 2010).

e
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Figure 1.6: Molecular structures of various oligo(ethylene glycol)
methacrylates. Hydrophobic and hydrophilic molecular regions are
indicated in red and blue, respectively (Lutz, 2008).
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Triblock copolymers of poly (ethylene oxide)-poly (propylene oxide)-poly
(ethylene oxide) (PEO-PPO-PEQ), also known as Pluronic or Poloxamers
can form reversible gels. Gelation temperature depends on polymer
composition, with Poloxamer 407 (Pluronic F-127) forming gels at 37°C
in solutions containing 20wt% or more of polymer (Gutowska et al.,
2001). Pluronics have been applied in tissue engineering applications
(Alexandridis et al., 1997), in drug and gene delivery systems (Kabanov
et al., 2002), for the inhibition of tissue adhesion (Steinleitner et al.,
1991, Ahmed et al., 2001), and in burn wound dressings (Schmolka,
1972, Nalbandian et al., 1987), exploiting their thermosensitivity and low
cell and protein adhesion (Kim et al., 2011). The main limitation that
faces the widespread application of Pluronics in tissue engineering is
their limited mechanical integrity and stability, with rapid dilution and
dissolution at physiological conditions, just within few hours (He et al.,
2008).

Another group of synthetic thermoresponsive polymers are block
copolymers of PEG with polyester (Jeong et al., 1999, Jeong et al.,
1997). Examples include triblock copolymers of PLGA-PEG-PLGA and
PEG-PLGA-PEG which both exhibit thermoreversible gelation properties.
The sol-to-gel transition temperature of these triblock copolymers in
aqueous solution could be controlled over the temperature range from
15°C to 45°C by changing some parameters such as change the ratio of
lactic acid/glycolic acid (LA/ GA) and the length of PLGA or PEG chains
(Jeong and Gutowska, 2002). PEG-PLGA-PEG has been used as a
dressing and a stem cell scaffold for diabetic wounds, and was found to

significantly enhance healing (Lee et al., 2007). Low molecular weight
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PLGA-PEG-PLGA (1500-1000-1500) has been commercialised under the
trade name ReGel which can be used as a drug delivery depot (Zentner
et al., 2001, Elstad and Fowers, 2009). Block copolymers of PEG and
other biodegradable aliphatic polyesters (e.g. poly(e-caprolactone) have
also shown thermoreversible (sol-gel) transition in aqueous solutions
which supported adipose derived stem cell myogenic differentiation for
muscle regeneration (Kim et al., 2010).

Thermoresponsive peptides have also been used in tissue engineering.
Engineered elastin-like polypeptides (ELPs) are a class of artificial
repetitive polypeptides which are deemed biocompatible, biodegradable,
and non-immunogenic (Nettles et al., 2010). ELPs have been extensively
investigated as drug delivery systems and for applications as matrices in
tissue engineering including cartilage and intervertebral disks, vascular
grafts, ocular, and liver as well as cell-sheet engineering (Nettles et al.,
2010). However, these polymers have limited mechanical strength when
the temperature is elevated.

Suitably substituted poly(organophosphazene)s can show sol-gel
transition behaviour in response to a change in temperature. The LCST
(25-98 °C) and degradation rate of poly(organophosphazene) can be
modulated by altering the ratio of methoxy polyethylene and amino acid
ester chains (Lee et al., 1999, Lee et al., 2002). Research has been
undertaken to develop poly (organophosphazene)-based thermosensitive
hydrogels by modulating the LCST, degradation rate, and
biocompatibility (Lee and Song, 2004). This polymer has been used for
the controlled delivery of human growth hormone and albumin (Park et

al., 2010a, Park et al., 2010b, Kim et al., 2011)
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1.5. Particulate suspensions and colloidal gels
Particulate colloidal suspension systems consist of a dispersed phase of
particles of size ranges between a few nanometres and a few
micrometres, and a continuous liquid phase (Qin and Zaman, 2003,
Mewis et al., 1989, Genovese, 2012). For these particulate suspension
systems, surface interactions dominate the stability of suspensions
through various interaction forces that contribute to the particle
interaction potential (Tadros, 1996). Colloidal interactions can be divided
into attractive forces and repulsive forces. Attractive forces include van
der Waals, hydrophobic, electrostatic attractive, depletion, and bridging,
while repulsive forces include hydration, steric, electrostatic repulsive,

and structural (Zhou et al., 2001).

1.5.1. Colloidal stabilisation methods
The stability of colloids is controlled by the interparticle interaction in the
suspension; these interactions can be either attractive or repulsive. When
attractive forces control the interactions, the particles will adhere with
each other and finally aggregation occurs, whilst when repulsion forces
controls the interactions, the particles remain apart from each other and
the suspension remain in a liquid state. Van der Waals attraction forces,
which are present between particles of similar properties, are the primary
source of attraction between colloidal particles. In a suspension when
repulsive forces are sufficiently strong to counteract the van der Waals
attractions, particles remained in stabilised state. The magnitude of
interparticle force is influenced by the particle radius and the distance
between particles (Genovese, 2012). A long range repulsion between the

similar particles is necessary to impart stability because strong long-
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range attractive forces are always present between these particles. The
provided repulsion has to be at least strong enough to counteract the
attractive force. As demonstrated in figure 1.7, particle stabilisation can
be obtained by providing an electrical double layer (electrostatic
stabilization) or by attaching a polymeric stabiliser onto the particles
surfaces (steric stabilization) or by addition of free polymer in the
suspension (depletion stabilization). Combination of the first two
stabilization mechanisms leads to electrosteric stabilization (Liu et al.,
2014).

In electrostatic stabilisation, the electrical double layer (EDL) results
from arrangement of charges present on the particle surface in
electrolyte charged particles. This EDL produces long-range repulsive
forces between the neighbour particles. The strength of this repulsion is
influenced by the concentration of electrolyte and ionic strength
(Genovese, 2012).

Steric stabilisation, through the presence of a polymer brush stabiliser
on the surface of particles is an effective and a robust technique to
provide colloidal stabilisation (Crowl and Malati, 1966, Smith and Bruce,
1979, Wong et al., 1988, Croucher et al., 1985, Napper, 1977). The
stabilised polymers can be attached onto the surface of particles either
by physical adsorption or grafting techniques (Das et al., 2002, Guo et
al., 1999, Guo and Ballauff, 2001, Guo and Ballauff, 2000). The
stabilizing moieties in the polymer has to produce repulsive forces which
are able to keep the particles at a distance from each other and balance
the van der Waals force (Napper, 1983). Amphiphilic molecules which

contain both lyophilic and lyophobic groups are most effective to impart
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steric stabilisation and have been extensively used for this purpose
(Miano et al., 1992a, Miano et al., 1992b, Ito et al., 1986, Dawkins et al.,
1994, Choi and Krieger, 1986, Dawkins et al., 1986). The lyophobic
backbone allows the polymer to be strongly adsorbed to the particle,
while the lyophilic side chain extends into the dispersion medium (Corner
and Gerrard, 1982). Many amphiphilic polymers have been synthesized
for use as steric stabilizers and the effects of polymer components on
suspension properties have been stidied (Bonaccorsi et al., 1993, Garti et
al., 1993, Cardenasvalera et al., 1995, Wesslen and Wesslen, 1989).
Chemical grafting produces more effective stabilization compared to
physical adsorption due to the lack of possible desorption of stabiliser in
grafting under changing environment. Purely steric stabilization of
particles can be obtained by chemically bonding amphiphilic polymers to
the particle (Fox et al., 1987). However, a limited number of functional
polymers and functional particles are available to produce this brush and
the grafting process is a complex reaction (Bromley, 1986, Ottewill and
Satgurunathan, 1988, Prestidge and Tadros, 1988, Liang et al., 1992).
The polymer molecular weight and side chain length have been found to
influence the subsequent dispersion stabilization properties.

Steric stabilization is mostly more desirable than electrostatic
stabilization because it doesn’t require the to control of ion concentration
(Fritz et al., 2002). Therefore, both aqueous and nonaqueous dispersion
media can be used, the reversibility of flocculation and freeze-thaw
stability results and this allows steric stabilizers to be in a more

concentrated stable dispersion. In steric stabilization a less thick layer is
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needed and a higher particle density is permitted to provide effective
stabilization (Araki et al., 2001).

Electrosteric stabilization can be obtained by polyelectrolyte polymer
brushes. In this system, both electrostatic stabilisation and steric
stabilisation are imparted by the polymer on the particle surfaces. The
stabilisation is influenced by the amount of polymer stabiliser, ionic
strength, pH, and dielectric properties of the solvent (Ortega-Vinuesa
and Bastos-Gonzalez, 2001, Ortega-Vinuesa et al., 1998, Molina-Bolivar
and Ortega-Vinuesa, 1999, Fritz et al., 2002).

Depletion stabilization is further imparted by free polymer in the
solution. This stabilization can be combined with steric and/or
electrostatic stabilization. The combination of depletion and steric
stabilization is very common when high concentrations of free polymer
are present in the suspension medium (Feigin and Napper, 1980, Kim et

al., 2015).
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Figure 1.7: colloidal stabilization methods in aqueous solution. (a) steric
stabilization, (b) electrostatic stabilization (c) electrosteric
stabilization: (d) depletion stabilization.

C

23



1.5.2. Colloidal aggregation and gel formation

The ability to control interparticle interactions through the prudent
variation of certain solution conditions can lead to innovative biomedical
applications (Franks, 2005). Aggregation of suspended particles
destabilises the system. If the particle concentration and strength of
attraction between the particles are sufficiently high, the aggregating
particles can form a percolating space-filling three dimensional network,
leading to gelation. The obtained gels constitute a unique class of
materials termed colloidal or particle gels (Gibaud et al., 2010).

Generally, particle aggregation can be induced by changes in the particle
interaction potential, as a result of changes in characteristics of the
stabilising polymer, pH, or ionic strength. In electrostatically stabilised
suspensions, neutralisation of the surface charge abolishes the repulsive
forces, leading to particle aggregation (Fritz et al., 2002). In sterically
stabilised suspensions, the stabilisation fails when the solvent quality for
the stabilising moieties deteriorates leading to particle flocculation. This
can occur on addition of a non-solvent or by changing the temperature to
near the LCST when the polymer becomes insoluble in the solvent; this is
referred to as incipient flocculation (Al Ghanami et al., 2010). In both
cases, gels are obtained if the particle concentration and strength of
interaction are sufficiently high. Gelation tends to be irreversible in
electrostatically stabilised systems, while it is reversible in sterically
stabilised systems when the continuous phase become a good solvent

quality for the stabilising moieties (Franks et al., 2004).
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The change in temperature can be used to induce thermoreversible
particle aggregation and gel formation if a temperature sensitive polymer
is used (Franks, 2005). A stable suspension can be made with an
appropriate quantity of a temperature sensitive free polymer in its
soluble state (below LCST of polymer). Changing the temperature to that
at which the polymer becomes insoluble (above its LCST) makes the
polymer adsorb on the particles and aggregate with other polymer
molecules, particle aggregation will rapidly follow. If the temperature is
altered back to the temperature at which the polymer is soluble,
repulsion is re-established. Thermoresponsive dispersions which are
enable the formation of gels when heated are attracting increased
research attention (Alava and Saunders, 2004, Alava and Saunders,
2006, Saunders et al., 2007, Alava and Saunders, 2005, Liu et al.,
2009a, Liu et al., 2008, Liu et al., 2009b, Liu et al., 2009c, Liu et al.,
2010, Dickinson, 2000, Durand et al., 2002, Fraylich et al., 2010b, Choi
et al., 2006, Vihola et al., 2007b, Elaissari, 2006a). Several kinds of
amphiphilic polymers with controlled design have been prepared to
provide thermoresponsive triggered gelation to emulsions (Alava and
Saunders, 2004, Koh and Saunders, 2005, Alava and Saunders, 2005),
latexes (Alava and Saunders, 2005) and inorganic particle dispersions
(Uhrich et al., 1999). Particle gels tend to be more brittle and exhibit
structure breakdown at lower strains compared to macromolecular gels
(Dickinson, 1995). The application of mouldable colloidal gels towards
regenerating tissues has been used in tissue engineering (Xie et al.,
2006, Dellinger et al., 2007, Lee et al., 2005, Wang et al., 2008, Pek et

al., 2008).
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1.6. Magnetic bioseparation based on magnetite
nanoparticles

Magnetic iron oxide nanoparticles (MIONP) are amongst the most studied
magnetic particles for biomedical applications (Kaaki et al., 2012) due to
a combination of  favourable superparamagnetic properties,
biocompatibility, biodegradability, and surface functionality (Stephen et
al., 2011, Stanciu et al., 2009, Mascolo et al., 2013). Paramagnetic
materials (e.g. magnetite nanoparticles) are more biocompatible
compared to ferromagnetic materials (e.g. cobalt and nickel
nanoparticles) because ferromagnetic materials are oversensitive to
oxidation (Akbarzadeh et al., 2012). Magnetite nanoparticles have a
strong magnetic response in the presence of an external field but no
magnetic memory in the absence of field (Faraji et al., 2010). The
magnetite can be synthesized by several methods, including chemical co-
precipitation (Wang et al., 2012a, Mascolo et al., 2013), laser pyrolysis
(Wan et al., 2007), and thermal decomposition (Guardia et al., 2011,
Robinson et al., 2007).
Recently, the use of magnetic particles in biotechnology and biomedicine
applications has dramatically increased for in vitro and in vivo use. In
vitro, magnetic nanoparticles have been mainly used in diagnostic and
separation/labelling of biomolecules (e.g. such as protein, cell, DNA/RNA,
microorganism) while in vivo they have been investigated for therapeutic
(drug delivery and hyperthermia) and diagnostic applications (magnetic
resonance imaging) (Ma and Liu, 2007). ‘Combination” nanoparticles
have been prepared for both MRI and drug delivery together (Kedziorek

and Kraitchman, 2010, Hu et al.,, 2012, Kievit and Zhang, 2011), and
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even for all of these applications (drug delivery, hyperthermia and MRI)
combined (Yallapu et al., 2011).

For biomedical applications, MIONP must be coated with biocompatible
polymers to prevent aggregation. The most common stabilizing and
surface coating materials are PEG (Hao et al., 2010), oleic acid (Hofmann
et al., 2010), silica (Prijic et al., 2010), sodium oleate (Kim et al., 2001),
folic acid (Kaaki et al., 2012) and chitosan (Gregorio-Jauregui et al.,
2012, Osuna et al., 2012). Both core size (initial size of magnetic
nanoparticles) and hydrodynamic size (final size of coated magnetic
particle) are important for biomedical applications.

Magnetic microspheres have certain advantages over magnetic
nanoparticles such as higher magnetophoretic mobility (due to higher
magnetic content), higher drug loading capacity, and they can be
designed for greater retention time in the body and potential for
controlled release (Filipcsei, 2008).

Magnetic separation is a promising technology, successfully used in lab-
scale and industrial small-scale applications, particularly for analytics and
diagnostics (Kappler et al., 2008). Commercially available magnetic
particles that are suited for bioseparation can be obtained from a variety
of companies. Mostly, the matrices are based on polystyrene, silica,
porous glass, cellulose, and agarose (Berensmeier, 2006).

Magnetic polystyrene (MPS) microspheres are the most used for
bioseparation. They have been commercialised in various size ranges,
and can be prepared by three major strategies including in situ synthesis,
direct mixing, and embedding (Yuan and Williams, 2007, Yu and Yang,

2010). There are some required properties of MPS microspheres for
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biomedical application such as stability under working environment (no
iron leakage), biocompatibility, superparamagnetic behaviour and high
magnetization value, and a narrow size distribution (Hai et al., 2009).

Many published works report the synthesis of micrometre-sized polymer
beads containing magnetic particles and the applicability of these beads
for bioseparation has been reported (Peng et al., 2004, Stanciu et al.,
2009). Magnetic polymer microspheres have been widely used for
isolation and purification of proteins, antibodies, nucleic acid and
enzymes or for immunomagnetic cell separation (Karumanchi et al.,
2002). The immunomagnetic cell separation includs tagging or labelling
the desired cells with a magnetic marker and then separating
magnetically labelled cells from unlabelled cells (figure 1.8). Separation
can be done in a batch or continuous process, depending on the specific
application. One challenge in magnetic separation is nonspecific binding
of magnetic nano/micro particles to non-targeted cells (Chalmers et al.,

2010).
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Figure 1.8: Basic principle of direct magnetic separation (positive
isolation).

1.7. Thesis aims and objectives
A variety of techniques have been developed to fabricate 3D scaffolds for
proliferation of therapeutically important cells in vitro. Although each
technique has definite advantages, none of the methods to date have
been able to solve all the essential challenges linked to cell seeding,
passaging, and harvesting. The fundamental requirements of an ideal
scaffold for in vitro expansion are simplicity of the cell seeding system,
mechanical strength and stability to support cell proliferation, and
efficient and maximum cell recovery after expansion. Cell harvesting
remains the main technical challenge for most 3D cell culture methods.
The use of proteolytic enzymes such as trypsin to detach cells from
support materials during passaging or after cell expansion may affect the
long term quality of cells (Umegaki et al., 2004, Garg et al., 2014,

Steinber.Ms et al., 1973, Huang et al., 2010). Accordingly, there is a
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necessity for new biomaterials that would be able to support expansion
of clinically relevant cell types and allow easy recovery of the cells after
proliferation.

The overall aim of the work described in this thesis was to develop a new
3D scaffold suitable to expand therapeutically important cells in vitro and
to allow efficient and enzyme free cell harvesting. To achieve this aim,
the following hypotheses were proposed:

A cell support material was proposed which would have the properties of
high cell attachment under one set of conditions and rapid detachment of
cells under another set of conditions. The underlying hypothesis for this
was that thermoresponsive polymers, which bind water and solubilise
reversibly dependent on temperature, could provide a surface which
would exhibit varying affinity for a range of cell types. The second
hypothesis centred on whether magnetioc nanoparticles could be
encapsulated within microparticles which had thermoresponsiove
surfaces, such that a dual magnetic/thermal process might be used to
control cell attachment and allow separation of particles away from cells.
Accordingly, the overall objective was to evaluate if thermo and magnetic
responsive colloidal gels could be prepared which would be suitable for
growth and support of cells, and also allow efficient and enzyme free cell
harvesting once sufficient populations of cells had grown on the supports.
More specific aims were that the ‘switchable’ components of the
reversibly associating colloidal microparticles would be generated by
attaching thermoresponsive poly(polyethyleneglycolmethacrylate)s to the

particle surfaces either by physical adsorption (chapter 3) or chemical
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grafting (chapter 4). The subsequent cell work to evaluate the overall
success of these procedures is given in subsequent chapters.

We also aimed to assess ‘practical’ hypotheses, i.e. whether it was
possible to make these responsive microparticles in ways that might
allow simple translation to a commercial product. Therefore the sub-
hypotheses were that the most simple method i.e. physical adsorption of
polymers to micripartiles would be rapid and might be adapted to many
microparticle surfaces, but might also suffer from the drawback of
possible desorption of polymer chains during extended use. The second
sub-aim was to test if a chemical grafting method i.e. the formation of
covalent bonds between the polymer corona and the microparticle core,
could provide robust and well-defined materials without being too

complex and time-consuming.
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2. General materials and methods
The materials and methods used for the experimental work throughout
the thesis are described in this chapter. More detailed experimental

procedures are given in the relevant chapters that follow

2.1. Materials

2.1.1. General Chemicals
2,2-Azobisisobutyronitrile (AIBN) was recrystallized from methanol, 1-
dodecanethiol, ferric chloride hexahydrate (FeCl;.6H,0), ferrous chloride
tetrahydrate (FeCl,.4H,0), sodium oleate, and diethylene glycol methyl
ether methacrylate (DEGMA, Mw =188) were purchased from Sigma-
Aldrich Company Ltd. UK and used as received. Ethanol, chloroform, 2-
butanone, hexane and all other solvents were of analytical grade and
used as received. Water was purified by distillation followed by

deionization using ion exchange resins.

2.1.2, Cell culture reagents
Complete Medium which consisted of Dulbecco's Modified Eagle Medium
(DMEM) supplemented with 10% foetal bovine serum (FBS), 1%
antibiotic/antimycotic solution (contains 10,000 units/mL of penicillin,
10,000 pg/mL of streptomycin, and 25 ug/mL of amphotericin B), 1% L-
glutamine (2 mM) and 1% non-essential amino acids (Sigma-Aldrich,
UK), was supplied by Invitrogen, UK. Trypsin, phosphate buffered
saline (PBS), and industrial methylated spirits (IMS) were purchased

from Fisher Scientific UK.
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2.2. Methods

2.2.1. Scanning Electron Microscopy (SEM)

SEM was used to measure the average size, particle size distribution and
surface morphology of microparticles. Samples were prepared by
spreading a suspension of particles on an aluminium stub coated with
carbon tape. The samples were dried and then coated with a thin layer of
gold (Blazer SCD030 Sputter coater, Blazer Union Ltd, Liechtenstein) for
180 second. The samples were viewed using a JEOL 6060V scanning
electron microscope at 30 kV program (JEOL Ltd., Welwyn Garden City,
Hertfordshire, UK). Particle size measurements were performed using
associated Smile View program the associated Smile View program (JEOL
Ltd., Welwyn Garden City, Hertfordshire, UK). The number average
diameter (D,), standard deviation (SD) and coefficient of variation CV
(%) were calculated by measuring at least 100 particles from different
areas of three images of the sample Transmission Electron Microscopy
(TEM)

The morphologies and sizes of synthesized particles were examined by
using transmission electron microscopy (TEM - FEI Tecnai) at an
acceleration voltage of 100 kV. Samples were prepared by placing drops
of diluted particle suspensions in water on the surface of a copper mesh
grid, and then drying the particles in air at room temperature prior to

examination.

2.2.2. ATR- FTIR characterization
FTIR spectra of the poly(chloromethyl styrene) PCMS and surface-grafted

particles were recorded in the range of 4000-400 cm™ on a BioRad FTS
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6000 FTIR Spectrometer, equipped with an attenuated total reflectance
(ATR) accessory providing an analysis of the sample surface. Particle
powders were loaded directly onto the ATR surface for analysis: DTGS

optics at 5 kHz and 4 cm™ resolution were used.

2.2.3. Rheometry characterizations
The rheological measurements were performed using an Anton Paar
Physica Rheometer, equipped with parallel plate geometry (25 mm
diameter) and the gap distance between two plates was set as 0.5 mm.

Rheoplus Software (Version: 3.6x) was used for analysing data.

2.2.3.i. Strain sweep
Strain sweep tests were performed by using a fresh aliquot of sample.
The sample was left in between the plates for 5 min at 37°C before
running the strain sweep test. Strain sweeps were carried out between
0.01% and 100% strain at an angular frequency of 1 rad s* and at a

temperature of 37°C.

2.2.3.ii. Temperature sweep
Temperature ramp experiments were recorded at 0.05% strain at a
frequency of 1 rad s with a heating rate of 1°C/min from 10°C to 40°C.
Before running the experiment, the lower plate and the upper parallel
plate 25 mm (PP25) were left in contact for 5 min at 10°C. Afterwards,
300 pl of sample was applied on the lower plate. The sample was
equilibrated at the desired temperature (10°C) for 4 min before starting

the run. The tests were all performed using fresh aliquots of sample.
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2.2.3.iii. Frequency sweep
Frequency Sweeps were performed at 37°C between 0.1 and 100 rad s
at a strain value of 0.05%. Before running the experiment, the PP25 and
the lower plate were left in contact at 37°C for 5 min. Then, 300 pl of
sample was applied on the lower plate. The sample was equilibrated at

the 37°C for 5 min before starting the run.

2.2.4. Water contact angle (WCA)
Discs were prepared from particles (PS, PCMS, and PDEGMA-PCMS) by
compressing the particles under pressure (10 kbar) for 3 minutes,
following the same common protocol as KBr pellet making procedure for
FT-IR characterizations. The static water contact angle of the particles
discs was measured by using CAM 200 Optical Contact Angle Meter (KSV
instruments LTD, Finland). A drop (~5 ul) of water was gently placed on
to the surface of discs using a micro-syringe. Three repeated

measuements were made for each sample.

2.2.5. Thermogravimetric analyses (TGA)
TGA analyses were carried out with a TGA Q5000 Thermogravimetric
Analyzer (TA instruments, USA). All analyses were performed with a 5
mg sample in aluminium pans under a dynamic nitrogen atmosphere
between 20 and 900 °C. The experiments were run at a scanning rate of

20 K/min.

2.2.6. '*H NMR spectroscopy
A Bruker 400 spectrometer at 399.8 MHz (*H) was used to record 'H NMR
spectra in CDCl;. The chemical shifts were reported in ppm relative to

tetramethylsilane (TMS).
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2.2.7. Gel permeation chromatography (GPC)
Gel permeation chromatography using an instrument (PL-50 Polymer
Labs, UK) fitted with a refractive index (RI) detector was used to
determine the weight average molecular weight (M,,), number average
molecular weight (M,), and polydispersity (D) of the synthesized
PDEGMA. The columns (30 cm PLgel Mixed-C, two in series) were eluted
with chloroform and calibrated with polystyrene standards (Polymer
Labs, UK). The sample was dissolved in chloroform for chromatography
and was filtered (0.2 um filter) before injection. The calibration and

analyses were performed at 40°C and at a flow rate of 1mL/min.

2.2.8. General procedure for synthesis of magnetite
nanoparticles

Magnetite (FesO,) nanoparticles were obtained by a chemical co-
precipitation method as described elsewhere (Maity and Agrawal, 2007,
Mascolo et al., 2013) with some modifications. FeCl;-6H,0 (3.65 g, 13.5
mmol) and FeCl,-4H,0 (1.34 g, 6.75 mmol) were dissolved in water (10
mL) which had been deoxygenated by bubbling with nitrogen gas. The
temperature of the solution was elevated to 80 °C and heating continued
for 0.5 h. To this solution, 12.5 mL of 25% ammonia solution was added
at 80 °C with continuous stirring. After 30 min sodium oleate (1.5 g, 5
mmol) was added to stabilise the resultant magnetite nanoparticles. The
solution was cooled to room temp and the precipitate was isolated by
magnetic separation (decantation) and washed several times with
distilled water. The sizes and morphologies of the obtained nanoparticles

were determined by transmission electron microscopy.
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2.2.9. Synthesis of linear thermoresponsive ‘control’
polymer

Poly(diethyleneglycolmethacrylate) @ (PDEGMA) was prepared by
conventional free radical polymerisation in accordance with previous
protocols (Saeed et al., 2015). Diethyleneglycolmethacrylate (11 g, 59
mmol) was weighed into a round bottom flask and 1-dodecanethiol (0.08
g, 0.4 mmol) and 20 mL of 2-butanone were added. AIBN (0.07 g, 0.4
mmol) was added and the mixture was degassed with nitrogen for 25
minutes. The solution temperature was elevated to 70 °C and
polymerization was performed at that temperature for 1 h. The reaction
was then stopped by cooling the reaction vessel to 0 °C and opening the
contents to air. The polymer was precipitated and excess monomers
were removed by cycles of precipitation of polymer from 2-butanone into
hexane (polymer solution to hexane 1:10). Polymer properties (M,, M,),
and polydispersity (D) were determined by GPC compared to polystyrene
standards: M, = 50.3 kDa,, M,= 28 kDa, b = 1.8. NMR data matched
those of prior preparations of this material (Saeed et al., 2015).
'H NMR (CDCIs) &: 0.7-1.2 ppm (-CH3 of methacrylate), 1.65-2.1 ppm (-
CH2- of methacrylate), 3.4 ppm (-OCH3), 3.5-3.8 ppm (-OCH2-CH2-),

4.2 ppm (-CH2 protons of the PEG next to the -OC=0 group).
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3. Synthesis and characterisation of thermoresponsive
magnetic PS/ PDEGMA colloidal suspensions/ gels via
physical adsorption of polymer stabiliser onto

microspheres

3.1. Introduction
Concentrated particulate dispersions or suspensions have been widely
used in applications ranging from ceramics, paints, printing inks and
cosmetics through to pharmaceutical formulations (Tadros, 2011). These
dispersions or suspensions can be considered as biphasic systems where
the particles or droplets are dispersed in a continuous fluid. In particulate
suspensions the nature of interparticle interactions determines the
microstructure of the system and its rheological properties. According to
interparticle interactions, particulate suspensions can be classified into
hard-spheres, stabilized particles, or aggregates. Hard sphere
microstructures result when inert, rigid spherical particles are suspended
at low shear rate, and no interparticle forces are present in this system
except infinite particle-particle repulsion at contact. Stabilized colloidal
suspensions occur when long range repulsions between particles are able
to keep particles separated from each other (Genovese, 2012). The mean
sizes of particles in stabilized colloidal systems range usually from the
nanometre scale to several micrometres (Qin and Zaman, 2003).
Flocculated or aggregated suspensions result when attractive forces
between particles are dominant, causing the formation of fractal clusters
(Genovese, 2012). These clusters are not interconnected at low particle

concentrations and the suspension remains in the fluid or in a weakly
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elastic state with no yield stress (Channell and Zukoski, 1997). However,
at high particle concentrations in suspension (i.e. above the gelation
concentration) these clusters are further interconnected into a network
and form a space filling particulate gel (Quemada and Berli, 2002).
Dependent on the strength of the attractive forces between particles in
the suspension, this may lead to the formation of reversible weak gels
(flocculation) or irreversible strong gels (coagulation), respectively
(Genovese, 2012, Dickinson, 2000, Fritz et al., 2002, Rueb and Zukoski,
1998, Rueb and Zukoski, 1992, Zaccarelli, 2007).

The magnitude of interparticle forces and the dynamic rheology
properties are in proportional change with the volume fraction of particles
and size of the particles (Tadros, 2011). For particles in the size range
from submicrons up to 10 uym, the combination of hydrodynamic forces
and interparticle forces determine the flow behaviour of a suspension
made from these particles (Qin and Zaman, 2003, Russel, 1980). In
particulate suspensions the overall viscosity of suspensions is influenced
by the properties of the fluid and the particles too. The suspension
viscosity and overall interparticle governing forces are also proportional
to the viscosity of the continuous (liquid) phase; for example, for very
viscous liquids the interparticle interaction forces might be negligibly
small compared to the solution phase viscous forces (Genovese, 2012).
Moreover, external driving forces such as shear are able to play a role in
determining the structural and rheological properties of the
suspension/gel (Brady and Vicic, 1995).

Particle aggregation is particularly interesting from a materials point of

view as it can lead to gelation in concentrated suspensions. The
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properties of concentrated suspensions and their tendency to form
aggregates or remain stabilized can be controlled by variation of the
interparticle interactions (Tadros, 1996). The most effective way to
overcome the flocculation resulting from van der Waals attraction is by
steric stabilization. For example by forming a brush-like amphiphilic block
copolymer on the particles’ surfaces either through physical adsorption or
chemical grafting (Zhou et al., 2001). In sterically stabilized dispersions,
flocculation can still occur when the stabilizing chains become poorly
solvated. Suspension aggregation in sterically stabilised systems can thus
be induced by decreasing the solvency of the dispersion medium for the
stabilising moieties, a phenomenon referred to as incipient flocculation
(Tadros, 1996). One way of achieving this in aqueous systems is by
altering the temperature and / or pressure to reduce the solvent power
of water to the stabilising moieties. Spontaneous re-dispersion occurs on
making the dispersion medium a better solvent for the stabilising chains
(Napper, 1970). Based on the above, aqueous suspensions can be
prepared where a thermoresponsive polymer is used to address the issue
of stability by acting as a steric stabilizer, while at the same time offering
a way to control the properties of the suspension by acting as a
temperature-induced flocculent. This can accordingly yield suspensions
that can be reversibly transformed into particle gels with a temperature
stimulus.

Polymer brushes are assemblies of polymer chains which are attached by
one end to a surface (Boyes et al., 2004). Polymer brushes which have
LCST properties and thus exhibit different solubility properties above and

below this temperature are promising for a number of applications and
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have been extensively investigated as chemical switches and gates (Zhao
and Brittain, 2000). In a good solvent, these types of polymer chains
extend to maximize contact with solvent molecules. However, in poor
solvent conditions these chains collapse to avoid contact with solvent
(Zhao and Brittain, 2000). The history of using polymer brushes as steric
stabilisers of particles can be traced back to the 1950s, when polymers
were first reported as an effective way to prevent particle flocculation
(Mackor, 1951, Mackor and Vanderwaals, 1952, Clayfiel.Ej and Lumb,
1966). Attachment of polymer chains on colloidal particle surfaces in the
presence of a good solvent produces repulsion forces between particles,
which resist overlap and consequently invoke colloidal stabilization (Zhao

and Brittain, 2000).

3.2. Aims and Objectives
The aim of the work described in this chapter was the synthesis of
thermo and magnetic responsive colloidal gels via physical adsorption of
thermoresponsive polymer onto the surface of magnetic microsphere. To
achieve this aim, the following hypotheses were proposed:
Monodisperse polystyrene microspheres with the size range between 1-5
Mm can be prepared via dispersion polymerisation.
These microspheres can be magnetized by loading magnetite
nanoparticles via swelling/deswelling techynique.
If successeful, thermoreversible magnertic colloidal suspensions/gels can
be prepared via mixing different percentages of magnetic polystyrene

particles (MPS) with different concentrations of PDEGMA (Pre-
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synthesised by conventional free radical polymerization) in cell culture

medium (DMEM).

3.3. Materials and Methods
Styrene and divinylbenzene (DVB) were washed three times with sodium
hydroxide (5% w/w) to remove inhibitors then washed with distilled
water until the washings were neutral and stored in a refrigerator until
use. 2,2-Azobisisobutyronitrile (AIBN) and polyvinylpyrrolidone (PVP K-
30, Mw=40 000) were used as initiator and stabilizer, respectively. Ferric
chloride hexahydrate (FeCl;.6H,0), ferrous chloride tetrahydrate
(FeCl,.4H,0), sodium oleate, and the macromeres, di(ethylene glycol)
methyl ether methacrylate (DEGMA, Mw =188) were purchased from
Sigma-Aldrich. Hexane, ethanol, chloroform, and all other solvents were

of analytical grade and used as received. Water was of HPLC grade.

3.3.1. Synthesis of polystyrene microspheres
Polystyrene microspheres were synthesized by dispersion polymerization
in a sealed round-bottom flask. The flask was equipped with a magnetic
stirrer and a reflux condenser. Next, ethanol (160 g), water (18 g) , and
polyvinylpyrrolidone (PVP) (3 g ) were added and stirred until the
polymer completely dissolved. Then, styrene (10 g ,96 mmoles) and DVB
(0.5 g, 3.9 mmoles) were added onto the above solution. The final
mixture was degassed with nitrogen for 30 minutes and the temperature
was increased to 74°C. At this temperature AIBN (0.4 g, 2.4 mmoles)
was addedandthe polymerization allowed to continue for 24 hours at 120

rom. The obtained polystyrene microspheres were separated by
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centrifugation (3000x g for 10 minutes) and repeatedly washed by re-
suspension and centrifugation steps with distilled water. The resulting
microspheres were dried in a freeze dryer. The percentage of yield were
calculated by dividing the weight of polymer were obtained after freeze

drying on the total weight of monomers were used.

3.3.2. Preparation of magnetic PS microspheres
Magnetic polymer microspheres were prepared by a swelling and solvent
evaporation process. Polymer microspheres (1.0 g) were swollen by
immersion in chloroform, and then dispersed magnetic nanoparticles
(150 mg) in chloroform were added to the above suspension. The used
magnetite nanoparticles had been prepared previously by chemical co-
precipitations, details described in chapter 2 and section 2.2.6. The final
mixture was shaken for 24 hours to allow the magnetite nanoparticles to
enter the swollen polymer microspheres. After this time, the temperature
of the solution was increased and the chloroform was evaporated slowly
under reduced pressure, enabling the magnetite nanoparticles to be
retained inside the microspheres. The resulting magnetite-impregnated
microspheres were precipitated by addition of petroleum ether and
separated by centrifugation (2000x g for 5 minutes). The final
microparticles were washed with ethanol then with distilled water before

being lyophilised.

3.3.3. Preparation of thermoresponsive suspensions
All suspensions studied were obtained by mixing different concentrations
(% w/v) of PS microspheres (10%, 15%, 20%, 25% and 30%) with

PDEGMA polymer (1%, 2%, 3% and 4%) dissolved in cell culture
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medium (DMEM) or in distilled water. The suspensions were subjected to
frequent vortex mixing for 1 minute each time and cooling to 0 °C in an

ice bath.

3.3.4. Electronic Microscopy characterizations
Scanning electron microscopy (SEM) and transmission electron
microscopy (TEM) characterizations were performed. The details of SEM
and TEM procedures have been described in chapter two sections 2.2.1
and 2.2.2, respectively. Microparticle size measurements were made
from three repeatable batches and these measurements were performed

three times for each batch.

3.3.5. 'H NMR spectroscopy
A Bruker 400 spectrometer at 399.8 MHz (*H) was used to record *H NMR
spectra in CDCl;. The chemical shifts were reported in ppm relative to

tetramethylsilane (TMS).

3.3.6. ATR- FTIR characterization
The details of ATR-FTIR characterization procedure has been provided in

chapter two, section 2.2.3.

3.3.7. SQUID Magnetometer
The magnetic properties of the magnetic polymer microspheres were
tested by using a Superconducting Quantum Interference Device
(SQUID) magnetometer (Quantum design, mpms xl) at a temperature

range from 5 to 320 K under different applied magnetic fields.
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3.3.8. Gel permeation chromatography (GPC)
Gel permeation chromatography using an instrument (PL-50 Polymer
Labs, UK) fitted with a refractive index (RI) detector was used to
determine the weight average molecular weight (M,,), number average
molecular weight (M,), and polydispersity (D) of the synthesized
PDEGMA. The columns (30 cm PLgel Mixed-C, two in series) were eluted
with chloroform and calibrated with polystyrene standards (Polymer
Labs, UK). The sample was dissolved in chloroform for chromatography
and was filtered (0.2 um filter) before injection. The calibration and

analyses were performed at 40°C and at a flow rate of 1mL/min.

3.3.9. Measurement of cloud point temperatures of
thermoresponsive polymers

A Beckman Coulter DU 800 UV-vis spectrophotometer with a thermostat

was used for measuring the cloud point temperature of dilute solution of

PDEGMA over a temperature range of 10-40 °C. The temperature was

controlled and measured using a Peltier plate heating system (Beckman)

and was increased at a rate of 1 °C min™. Absorbances of the samples

were measured at a wavelength of 550 nm.

3.3.10. Tube Inversion test
Typically 1 mL of aqueous PDEGMA/PS suspension was added to a 5 mL
glass vial. The sample was adjusted to the desired temperature (37 °C)
for 2 minutes in a thermostat water bath. The mobility of the dispersions
was assessed by inverting the vial. If the suspension had not flowed after

10 seconds it was considered to be gelled.
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3.3.11. Rheometry characterization
The details of rheometry characterization procedures have been provided

in chapter 2, section 2.2.4.

3.4. Results and discussion
Magnetothermally responsive PS/PDEGMA suspensions/gels were
prepared through physical adsorption of PDEGMA on PS microspheres.
These microspheres were chosen as a core substrate because
polystyrene surfaces have been widely used for in vitro cell culture
applications and are accepted by the FDA for certain biomedical
applications. The thermoresponsive component, PDEGMA, was chosen as
it is well-tolerated by cells, displays a lower critical solution temperature
(LCST ~ 26 °C) just above ambient temperature but below human body
temperature (Lutz et al., 2006, Lutz, 2008) and exhibits resistance to
absorption of proteins (Hu et al., 2010) which would support weak,
reversible cell attachment (Zhu et al., 2001). Moreover, this protein
resistance property is importance for various surface-engineering
applications including biomaterials, drug delivery, or biosensors
(Heuberger et al., 2005). The thermoresponsive polymer was adsorbed
on PS microspheres to generate thermo-switchable particle surfaces and

subsequently produce thermoresponsive colloidal gels (figure 3.1).
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Figure 3.1: Schematic to show formation of reversibly gelling magnetic
microspheres through physical adsorption of thermoresponsive
polymer.

3.4.1. Synthesis and characterisations of polystyrene
microspheres

Polystyrene microspheres were synthesised by dispersion polymerisation
of styrene and divinylbenzene in ethanol/water. This method has been
previously shown to be an effective route for producing micron-size
monodisperse microspheres (Paine et al., 1990, Cho et al., 2016, Ha et
al., 2010). The targeted particle size was from 1.5 to 3.5 ym to prevent
potential internalisation of the particles when used with mammalian cells
(Jiang et al., 2011, Rejman et al., 2004), while still keeping the
microparticles in the colloidal range (Qin and Zaman, 2003).
Dispersion polymerization is a sensitive heterogeneous polymerization to
the reaction conditions, such as the existence of oxygen during reaction
or changing the ratios of the ingredients . Especially, a slight change in
the concentration of an ingredient led to an obvious change in the
particle size and properties. The effects of the concentration of monomer,
stabiliser and cross-linker on the particle size and characteristics are

summarized in table 3.1.
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First, the concentration of DVB (crosslinker) were varied to obtain
microspheres with suitable swelling properties, in chloroform. It can be
seen that particles prepared without DVB or with high DVB content (> 5
g) couldn’t be used for the next step application which is magnetic
loading. The non-crosslinked particles were dissolved in chloroform
instead of swelling but highly crosslinked particles were unable to swell at
all.

Next,the concentration of PVP is reduced from 4 g to 3 g with stabilising
the concentration of monomers. Consequently, the number average
diameter of PS microspheres is increased from 1.3 to 1.5 pym. Higher
stabilizer concentrations produced smaller PS particles. Because
polymerization was initiated in the stabilizer micelles, more stabilizer
allowed the formation of more micelles and thus, more particles.
Subsequently, the monomer was distributed between more particles and
thus, smaller latex particles were obtained. Considering that dispersion
polymerization is sensitive to the reaction conditions, and monodisperse
micron-sized polymer particles are usually obtained in a small window of
the stabilizer concentration.

Finally, the concentration of styrene was increased from 5 g to 25 g with
stabilising the concentration of PVP and DVB. Consequently, the humber
average diameter of PS microspheres is dramatically increased from 1.5
to 4.7 um. Increasing monomer concentration produced larger particles.
This was due to the fact that more monomer was available for
polymerization and the critical chain length was greatly affected by the
presence of Styrene monomer in the dispersion mixture. Styrene is a

good solvent for PS. High concentrations of Styrene allowed the PS
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chains to precipitate at higher chain lengths and induced the precipitation
of fewer nuclei, thus forming larger particles.

Table 3.1: Experimental conditions and results for dispersion
polymerisation of Styrene and DVB to produce PS microspheres.
Different ratios of stabiliser : monomer composition were used.

Run | PVP K-30 | Styrene | DVB Yield Average CV% Swelling in
no. (9) (9) (9) (%) diameter CHCI,
D, (um)
1 4 5 L] 61 1.3+0.01 <5 Dissolved
2 4 5 10 58 3.1+0.03 <11 Not swell
3 4 5 5 60 2.7+0.02 <9 Not swell
4 4 5 0.5 65 1.310.01 <5 Swell
5 3 5 0.5 65 1.51+0.01 <6 Swell
6 3 10 0.5 63 2.510.02 <6 Swell
7 3 15 0.5 63 3.3+0.03 <8 Swell
8 3 25 0.5 57 4.71+0.06 <9 Swell

The particle size, size distribution and morphology of produced
polystyrene microspheres were investigated using SEM (figure 3.2). It
can be seen from SEM images, the shape and surface morphologies of
produced microparticles were changed from smooth spherical shapes
(figure 3.2 a) to ‘chickpea’ like (figure 3.2 b) then to ‘cauliflower’-like
(figure 3.2 c¢) shapes as the size of microparticles increased. However,
irrespective of the morphologies, all these size ranges of microspheres
were suitable for making responsive particulate suspension/gels. From
this point onwards, PS microsphres which have average diameter 2.5 pm

were used for all other characterisations and making magnetic
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polystsyrene microspheres. This size was selected because microspheres
still have spherical shapes, can be stabilised without too much efforts (as
bigger particles needed), and reduced the risk of cells uptake by smaller
particles.

ATR-FTIR (figure 3.3 b) and TGA analysis (figure 3.3 c¢) confirmed the
structural composition and the purity of resultant particles. Water contact
angle (WCA) measurements were performed to confirm that the
hydrophobicity of the polystyrene particle surfaces was suitable to
promote adsorption of the amphiphilic thermoresponsive PDEGMA. The
results showed (figure 3.3 d) that the prepared polystyrene

microparticles had a WCA value of 120° + 3.
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Figure 3.2: Scanning electron micrographs at Ilow and high
magnification of PS microspheres that shows (a) smooth spherical
shapes (1.5 pm) and then particle morphology changes to (b)
‘chickpea’-like at 2.5 pm and (c) ‘cauliflower’-like at 3.3 pm. Scale bars
5 pum.
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Figure 3.3: (a) reaction of styrene and divinylbenzene to produce lightly
crosslinked polystyrene microspheres. (b) ATR-FTIR spectrum of PS
microspheres. (c) TGA thermogram of polystyrene microspheres shows
one step weight loss, thus confirming the purity of the particles. (d)
WCA of PS particle film indicating hydrophobic surface.
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3.4.2. Synthesis and characterization of magnetite
nanoparticles

Magnetite (Fesz04) nanoparticles were obtained by a chemical co-
precipitation method as described elsewhere (Maity and Agrawal, 2007,
Mascolo et al., 2013) with some modifications. Ferrous and ferric chloride
were reacted in an alkaline medium under nitrogen purging. In order to
avoid particle agglomeration, the magnetite particles were prepared in
the presence of sodium oleate, which forms a stabilizing hydrophobic
shell around the iron oxide nanoparticles. The prepared magnetite
nanoparticles were of a black or dark brown colour, indicating the
successful preparation of stable magnetite.
The size, size distribution and morphologies of prepared magnetite
nanoparticles were determined by transmission electron microscopy.
Figure 3.4 a shows TEM images of the prepared particles, confirming that
the produced particles were of regular shape and acceptable particle size
distribution, with an average particle size of ~10 nm. Previous research
showed that particles in this size range exhibited superparamagnetic
properties (Namanga et al., 2013, Wahajuddin and Arora, 2012).
Furthermore, when external magnetic fields were applied to suspension
of these particles (figure 3.4 b), they were strongly attracted by the
magnetic field, but also easily re-dispersed by gentle shaking after
removal of the applied field. ATR-FTIR (figure 3.5 a) and TGA analysis
(figure 3.5 b) confirmed the presence of the stabilising oleate surface of
the magnetite nanoparticles. ATR-FTIR showed absorption bands
corresponding to the long chain alkyl carboxylate which covered the

particles. TGA thermogram showed 50% weight loss from the particles

53



upon heating from 20-800 °C, corresponding to the decomposition of the

oleate stabiliser that surrounded the magnetite nanoparticles.

d

Apply external magnetic field

<€

Remove magnet
and gentle shaking

Figure 3.4: (a) TEM images of magnetite nanoparticles prepared by a
modified chemical co-precipitation method, showing individual particles
with average diameters of ~10 nm, scale bar 100 nm. (b) Photographic
images of suspended magnetite nanoparticles, in the absence and
presence of magnet. The strong magnetic response can be seen by the
solution becoming clear upon application of the magnetic field, while
upon removal of the field the particles were easily redispersed by gently
shaking the vial.
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Figure 3.5: (a) ATR-FTIR spectrum of sodium oleate stabilised
magnetite nanoparticles, showing peaks for aliphatic hydrocarbon
corresponding to the oleate, confirming particle surface coverage by
stabiliser. (b) TGA thermogram of stabilised magnetite nanoparticles,
shows 50% weigh loss during heating from 20-800 °C, corresponding to
the decomposition of oleate stabiliser that covered magnetite
nanoparticles.
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3.4.3. Loading magnetite nanoparticles to the microspheres
Magnetic polystyrene (MPS) microspheres were prepared by a
swelling/de-swelling  technique, through embedding magnetite
nanoparticles into the lightly-cross-linked polystyrene microparticles (2.5
Mm) suspended in chloroform (figure 3.6a). Magnetic polystyrene
microspheres with 15% of magnetite content were prepared. TGA
analysis (figure 3.6 b) of magnetic polystyrene microparticles showed
that about 15% of the orgional weight remained at > 400 °C, this was
attributed to the Fe;0, content.Also, the SEM images (figure 3.6 c) of
synthesised MPS microspheres shows no obvious change in particle size
after magnetic loading (average diameter 2.5 ym) due to the high
density and the small volume occupied by magnetite nanoparticles
compared to PS microspheres.

The magnetic responsive properties were observed by applying an
external magnetic field at room temperature (Figure 3.7 b). Typically
magnetite-loaded microspheres showed strong magnetic responsive
behaviour and most of the particles could be separated from the aqueous
suspension under an externally applied magnetic field within 2 minutes,
but were then easily redispersed by gentle shaking after removed of the
external magnet.

SQUID magnetometry was used to confirm the paramagnetic properties
of the prepared magnetic polystyrene particles. Figure 3.7 a a shows the
temperature dependence of magnetization for the microspheres. Zero
field cooling (ZFC) magnetization measurements showed the typical
superparamagnetic behaviour of magnetite-based systems. The blocking

temperature (TB), which is the critical temperature that magnetic

56



systems transfer from paramagnetic to ferromagnetic behaviour, can be
seen in the magnetization curve as the ZFC trace exhibits a cusp. At
room temperature, the microspheres displayed superparamagnetic
behaviour, whereas with decreasing temperature they turned to the

ferromagnetic state at the TB (around 170 K).
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Figure 3.6: (a) Schematic of the preparation of magnetic polystyrene
microspheres through loading magnetite into PS microspheres. (b) TGA
thermogram of magnetic polystyrene microparticles showed that about
15% of the orgional weight remained at > 400 °C. (c) SEM images of
magnetic polystyrene microspheres at low and high magnifications.
Scale bars are 10 pm .
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Figure 3.7: (a) Temperature dependence of the magnetization for

magnetic polystyrene microspheres; zero field cooling shows a blocking
temperature typical of paramagnetic behaviour. (b) Photographs of an
aqueous dispersion of magnetic polystyrene microspheres in the
absence and presence of magnet. It was observed that the particles
were strongly attracted by external magnetic field and easily re-
dispersed by removing this magnetic field and gentle shaking.
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3.4.4. Synthesis and characterization of PDEGMA linear
polymer

PDEGMA thermoresponsive polymers were synthesised by the
conventional free radical polymerisation method using a thiol as a chain
transfer agent to control molar mass (figure 3.8). Thiols have been
effectively used for this purpose due to the weak S-H bond and the high
reactivity of the thiyl radicals (Henriquez et al., 2003). 1-Dodecanethiol
(DDT) was chosen to further enhance the overall amphiphilicity of the
polymer and boost the hydrophobic adsorption onto the particles. The
synthesized polymer was purified three times by solvent/ anti solvent
techniques. The purity of the produced polymer and complete removal of
monomer was confirmed by 'H NMR spectra (figure 3.9); note the

absence of peaks corresponding to the double bonds of monomer in the
range between 5.5 - 6.5 ppm.
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Figure 3.8: Synthesis of thermoresponsive polymer (PDEGMA-DDT) by
conventional free radical polymerization.

59



///A\f\v/%/CHs 1500
S 10

r1400
r1300

c L1200
e 1100
1000

d L900

5 1800

700

d L600

d d 500

L400

C b a 300

\ / 200

¢ e | “ 100

_ : . lo

— T =}
n Q o
- — -

r-100

6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5
f1 (ppm)

Figure 3.9: NMR spectrum of prepared PDEGMA which was used in the
adsorption isotherm studies. The absence of monomer peaks (the range
between 5.5 and 6.5) confirms the complete removal of monomer.

Moreover, number average molecular weight (M,), weight average
molecular weight (M,), and polydispersity index (P) were determined
using GPC , i.e. M,= 50838, M,,= 28012, and b= 1.81487 were obtained.
The synthesised polymers were polydisperse, as expected for polymers
prepared by conventional free radical methods. Controlled free radical
routes were not deemed necessary for these polymerisations owing
to potential problems removing transition metal catalysts which may
have been a source of toxicity when working with cells (Chen et al.,
2006, Chang et al., 2009).

UV/visible spectroscopy was used to confirm the thermoresponsive
properties of PDEGMA. Cloud point temperatures were measured as an
approximation of the Lower Critical Solution Temperature (LCST) of the

linear polymer (Alava and Saunders, 2006). The cloud point of PDEGMA
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was measured in deionised water (Magnusson et al., 2008, Zhang et
al., 2005b, Cho et al., 2008), using dilute solutions of PDEGMA (1%
w/v), which were heated over a temperature range from 10 to 40°C.
Thermoresponsive polymers undergo a coil-to-globule transition at
the LCST and become water insoluble (Liu et al., 2009d). When the
polymers are in the collapsed state their solutions becomes turbid as
a result of polymer chain aggregation. The solution turbidity starts at
the cloud point temperature (CPT). The PDEGMA solution showed a
marked increase in absorbance at 24 °C (Figure 3.10 a) indicating the
cloud point (as an approximation of LCST) of the free polymer, resulting
from pronounced chain collapse and aggregation of polymer chains.

The synthesized polymer was further characterized using thermal
gravimetric analysis to further confirm the structural component
compound and the purity of results. The PDEGMA thermogram showed a
single step weight loss of 100% between 200 and 380 °C corresponding
to decomposition of PDEGMA linear polymer. This indicated the high
purity and lack of contamination such that the targeted compound had

been synthesized (figure 3.10 b).
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Figure 3.10: (a) Absorbance as a function of temperature for 1 % w/v
PDEGMA solutions in deionized water, measured by UV-Visible
spectroscopy. LCST behaviour observed at 24 °C. Absorbance of the
samples was measured at a wavelength of 550 nm. (b) TGA thermogram
shows one step of decomposition for PDEGMA polymer, indicating the
high purity of results.

62



3.4.5. Colloidal gel evaluations

Thermoresponsive suspensions were obtained by mixing different
percentage (weight/volume) of PS microspheres with PDEGMA solution,
dissolved in complete DMEM medium or in deionised water.

The key requirements for effective steric stabilisation at the particle
surface are strong adsorption of polymer chains to ensure high surface
coverage, good solvency for the stabilising chains for effective repulsions,
and low free polymer concentration to prevent depletion attraction
through bombarding mciroparticles by the surrounding collapsed chain
free polymer in the solution above the LCST (Marenduzzo et al., 2006).
Thus, when the thermoresponsive polymer was adsorbed on
microspheres below its LCST, it was able to act as a steric stabiliser and
prevent interparticle association. However, above the LCST, particle
destabilisation and flocculation can occur as the adsorbed polymer chains
collapse. Particle interaction is important for gelation, aggregation of
particles can lead to suspension gelation if a sufficiently high volume
fractions of particles and strong inter-particle attractions are present.
Space-filling networks of particle flocs, if present in sufficient strength
and number, can give rise to space filling particle gels (Yanez et al.,
1999).

Below its LCST, PDEGMA behaves as an amphiphile, due to its
hydrophobic methacrylate backbone and hydrophilic ethylene glycol
side chains. Consequently, the methacrylate backbone (as well as
the dodecanethioether chain terminus) is adsorbed onto the surface
of the PS microparticles in the suspension. Since the solvent quality

for the steric stabiliser PDEGMA is largely dependent on temperature,
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altering the temperature to above the LCST of PDEGMA causes marked
changes in the associative behaviour of the coated particles in
suspension. When water is a good solvent for PDEGMA (i.e. below the
LCST) contacts with solvent molecules are enthalpically favoured which
causes the polymer chains to swell and repel each other. However, these
polymeric segments undergo a dimensional collapse, or a coil-to-globule
transition, when water becomes a poor solvent (i.e. above the LCST) and
these become mutually attractive. These mutual intermolecular
attractions lead to intermolecular aggregation and the build-up of
polymeric associations between the particles, giving rise to large 3D
particle clusters.

The sterically stabilised PS particles with PDEGMA in a suspension were
non-interacting below the LCST. Above the LCST, both the viscosity and
the degree of shear thinning increased significantly as a result of
structural build up from the aggregating particle networks. This suggests
that the higher the temperature (above the LCST) the stronger the inter-
particle attractions. On increasing the temperature to above the LCST,
the PDEGMA chains shrunk into a globular conformation and their
hydrophobic nature dominated the inter-particle interactions. The strong
hydrophobic attractions between the collapsed layers drove the system
into a gelled state.

Temperature-mediated colloidal fluid-gel transitions were investigated
initially by simple tube inversion tests (figure 3.11 a). Several tube
inversion assay experiments were performed using different weight
combinations of PDEGMA and PS particles to determine the

concentrations of PS and PDEGMA required to obtaining space-filling gels
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at 37°C, since the gels would ultimately be used at this temperature.
PDEGMA solutions were prepared in deionised water and cell culture
medium (DMEM). The concentration of PDEGMA in the suspensions
tested was varied between 1-4% to determine the relative lowest
(critical) concentration of PS particles required to obtain gels at 37 °C.
Gels were considered space-filling if they maintained their weight without
syneresis upon tube inversion. Gels were only obtained above 10%
(w/Vv)PS concentration combined with 4% w/v PDEGMA at 37 °C, while at
PS concentrations below 10% w/v only particle aggregates were formed.
When the PDEGMA content was reduced to below 3%, the amount of PS
particles required for gelation increased to 15%.

The results presented in figure 3.11 b and table 3.2, confirm that the
suspensions start to become gels when the minimum particle
concentration was 10% PS with 3% or 4% PDEGMA. However, for
suspensions containing 1% or 2% PDEGMA the gelation started only at
15% particle fraction. It was also observed that the maximum
concentration of particles which could be loaded was 25%, as above this
concentration the suspension became a paste and did not flow at any
temperature.

Overall tube inversion results showed that the thermoreversible gelation
in water and culture medium were compared and no obvious difference
was found, so all experiments were subsequently carried out in culture
medium. Also, it can be seen from the table 3.2 that the gelation is
particle dependent because no thermoreversible gelation was found for

the suspensions that were made from only PDEGMA without particles.
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Table 3.2: Tube inversion test results of PS/ PDEGMA particulate
suspensions in deionised water and/ or DMEM. The results show the
reversible gelation (+) and flow (-) of suspensions at 37°C for different
particle and PDEGMA concentrations. Suspensions made with either water or
DMEM medium were compared and no difference was found.
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Figure 3.11: (a) Images of tube inversion test of suspension contain
259% of particles and 4% of PDEGMA. (b) Gel-fluid phase diagram for PS
/ PDEGMA suspensions at 37 °C, as determined by the tube inversion
assay.
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3.4.6. Rheological studies
Particle gels are viscoelastic materials because they show both viscous
(flow) and elastic responses to an applied force (Tadros, 1996).
Therefore, rheological measurements were performed to investigate the
viscoelastic and mechanical properties of the thermoresponsive colloidal
suspensions/ gels (Hsiao et al., 2014). MPS microspheres (2.5 um) were
used for all suspension/gels were used in rheological measurements.
Although, the tube inversion results previously showed that there were
no differences in thermoreversible gelation between suspensions made in
DW and complete cell culture medium, but all the rheological
experiments were performed with suspensions made in DMEM. This is
because this medium had to be used during cell culture applications
(chapter 5), not water.Temperature ramp tests were performed to
investigate the temperature dependent viscoelastic properties of aqueous
PS/PDEGMA suspensions/gels. Tests were performed for suspensions
which contained varying concentrations of thermoresponsive polymer
and/or no polymer, while maintaining the concentration of the PS
particles at 25%. As can be seen from figure 3.12 a, all suspensions
containing PDEGMA polymer displayed a temperature dependence of the
storage modulus (G’) above 20 °C and the order of this increase in G’
values was proportional to the amount of PDEGMA in the suspension. In
contrast, suspensions made from PS particles alone without any PDEGMA
did not show any temperature dependent elastic modulus within the
entire temperature range. At temperatures below 22 °C, both G’
remained low and approximately constant, indicating that suspensions

remained in the fluid (aggregated) state. At temperatures above 22 °C,
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with increasing temperature there was a non-linear increase of G’ values
(by 2-3 orders of magnitude). The increase in G’ with temperature
indicates that inter-particle attraction also increased with temperature.
Increased dehydration of the adsorbed PDEGMA layers with increasing
temperatures resulted in stronger hydrophobic interactions, and hence
increased interparticle associations.

Moreover, to show the influence of the particle concentration on the
thermogelation behaviour of suspensions/gels, several temperature ramp
tests for suspensions which contained different concentrations of MPS
particles were performed, while the concentration of PDEGMA was
maintained constant for all suspensions at 4% w/v. Figure 3.12 b shows
that all suspensions displayed a temperature dependence of the storage
modulus. However, suspensions which contained the higher particle
concentrations showed higher G’  values. Irrespective of
thermoresponsive  polymer concentration, increasing the MPS
concentration yielded more elastic gels and increase of G’ values, this
feature widely reported for particle gels (Yanez et al., 1999). From figure
3.13 a, it is clearly seen that the tan & values for all samples remained
below 1, this is a critical behaviour of the gel state.

Thus in summation, by increasing the concentration of either
thermoresponsive polymers and/or particles, the thermogelation
behaviour and mechanical properties of the chosen suspensions were
changed. The higher the temperature the lower the particle concentration
required for gelation. The stronger inter-particle attractions at higher
temperatures led to the formation of stronger particle networks, which

formed more elastic gels that sustained their weights in a tube inversion
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assay. However, when the inter-particle attraction was weaker at
temperatures just above the LCST, more particles were required to form
dense networks of sufficient elastic strength (Yanez et al., 1999, Shay et
al., 2001).

Consecutive heating/cooling cycles of a suspension containing 20%
particles (figure 3.13 b) confirmed the reversibility of their temperature
response behaviour through multiple increase and decrease of G’ values

with raising and lowering the temperature, respectively.
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Strain sweep experiments were also conducted to investigate the
mechanical properties and determine the linear viscoelastic region (LVR)
of the prepared gel, which is the range where G’ is independent of strain.
Beyond this region the breakdown of the gel structure was apparent from
the rapid decline of G’ at larger deformations. The gels transformed into
liquid-like materials at the critical strain point (tan 6=1). It was observed
that the LVR was dependent on the particle concentration. In a strain
sweep test the elastic (G’) moduli are plotted against the deformation,
the critical strain is usually taken as the strain at which tan 6=1 or a G’
and G’’ crossover occurs. Strain sweep for MPS/PDEGMA suspensions
gelled at 37°C are shown in figure 3.14. All gels showed a small LVE,
with critical strain values of around 1%. Since particles are less
deformable than single chain polymer molecules and the strands of
aggregated particles are much less flexible, particle gels tend to be more
brittle than macromolecular gels and critical strain values less than 1%
are common (Fraylich et al., 2010b). For all concentrations at low strains
(less than 0.5%), G’ was independent of the applied strain, suggesting
the gels remained in the linear viscoelastic regime. It can be seen that
the LVE region decreased (shortened) proportionally with increased
particle concentrations, most likely due to increases in the solid particle
content that made the gel more fragile and less viscous. Particle gels
containing higher concentrations of MPS particles were found to be more
elastic but also slightly more brittle. These networks of flocculated
particles are not flexible and hence affected the overall flexibility of the

gels (Yanez et al., 1999).
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The frequency sweep analyses were also performed to investigate the
mechanical properties of the prepared colloidal gels. The dynamic
modulus measured as a function of frequency is a direct reflection of the
interparticle forces because dynamic measurements do not disrupt the
gel microstructure (Tadros, 1996). Particle gel elasticity depends on how
strong the particle interconnections are (Fraylich et al., 2010b).
Frequency sweep results indicated that the G’ values were independent
of frequency over the entire range for all particle concentrations that
were studied (figure 3.15 a). The tan & values of all examined samples
were much lower than 1, meaning that storage modulus G’ > loss
modulus G”, typical of a gel state (figure 3.15 b). Increases in the
particle concentration resulted in higher values of G’. Accordingly, each
particle could be considered as a macro-crosslinker with weak chain-
chain associative interactions via the collapsed PDEGMA layer above the
polymer LCST. Attractive van der Waals interactions between the
particles would also have been contributors to particle aggregation. As a
consequence, the particle gel modulus increased as the number and
density of linkages between the particles increased.

Overall rheometry results showed that the elasticity of the colloidal gel
prepared here is much higher than previously reported (Al Ghanami et
al., 2010, Fraylich et al., 2010b, Borzacchiello et al., 2011, Lapworth et
al., 2012) including other hydrogels have been used for cell culture
applications (Knapp et al., 1997, Arevalo et al., 2010, Yang et al., 2010).
A possible explanation for this higher elasticity gel compared to other
hydrogels may be due to the high solid (particles) content in the

prepared colloidal gel that caused to increase the overall elasticity of the
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gel. Since this high elasticity has not been found in previous colloidal gels
it is probably due to the nature of the crosslinked and magnetic loaded
particles that were used in this study, as well as the presence of high
amount of aggregated polymer chain in the suspension which results in

more elastic gels.
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Figure 3.15: Frequency sweep tests show variation of (a) G’ and (b) tan
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(same amount of PDEGMA 49%); strain 0.05% and temperature 37 °C
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3.5. Conclusion

Dual thermo and magnetic responsive colloidal gel have been synthesised
via physical adsorption of PDEGMA onto the surface of magnetic
polystyrene microspheres. The advantage of the colloidal gel prepared
here with previous thermally reversibly associated particles was coupling
of the thermoresponsive entity to the magnetic responsive property in
the same microspheres. This produced a system for the 3D culture and
expansion of mammalian cells, and facilitated rapid and enzyme free
recovery of the expanded cell population by simple magnetic separation.
PDEGMA/ MPS microparticle suspensions in complete medium exhibited
fast thermoreversible self-association combined with a simple magnetic
separation stage. In this chapter, the results demonstrated the potential
of these colloidal gels for use as a 3D scaffold in cell expansion. Finally,
rheometry analysis demonstrated that prepared colloidal gels have a
mechanical and viscoelastic properties suitable for use as scaffolds for
cell culture applicatiosns.

The strategy described in this chapter (synthesis of thermoresponsive
magnetic colloidal gel via physical adsorption) is rapid and can be
adapted to many microparticle surfaces but has the drawback of possible
desorption of polymer chains during extended or repeated use. The next
chapter will describe synthesis of the responsive magnetic colloidal gel
via a chemical grafting method, through the formation of covalent bonds
between the polymer corona and the microparticle core to provide robust
and better-defined materials despite being more complex and time-

consuming.
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4. Synthesis and characterisation of thermoresponsive
magnetic PCMS- PDEGMA colloidal suspensions/ gels via
surface-initiated polymerization from functional
microspheres

The previous chapter concentrated on the synthesis of thermoresponsive

magnetic colloidal gel via physical adsorption. This chapter now focused

on conducting surface initiated atomic transfer radical polymerisation

(SI-ATRP) to produce a novel magneto-thermally responsive colloidal

gel. The new materials in this chapter will have the advantage over

previous colloidal gel system in that the PDEGMA thermosensitive
polymeric stabilizer is covalently grafted to the surface. Also, the
synthetic method was easily adapted to incorporate magnetite
nanoparticles into the thermoresponsive microparticles with retention of
magnetic properties. This in turn will allows these materials to be used
repeatedly for successive rounds of cell culture, without loss of the

thermoresponsive polymer.

4.1. Introduction
Reversible gels which allow three dimensional cell proliferation and the
recovery of cells after expansion would have considerable value in tissue
engineering applications. Colloidal gels derived from reversibly
associating microparticles are of increased recent research interest
(Fraylich et al., 2008, Fraylich et al., 2010a, Vihola et al., 2007a, Pek et
al., 2008) and of potential value in regenerative medicine. Over the last
decade, temperature-responsive colloidal gels have been widely studied

as scaffolds in tissue engineering, for example as building blocks to
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support tissue growth (Al Ghanami et al., 2010, Wang et al., 2008), as
microcarriers for delivery of therapeutic cells (Fraylich et al., 2010b,
Wang et al., 2009), and for the 3D culture and expansion of stem cells
and chondrocytes (Saeed et al., 2015, Lapworth et al., 2012, Pek et al.,
2008). A desirable feature of these colloidal gels intended for cell culture
applications is an ability to be dispersed into a mobile suspension below
body temperature but also the capacity to form a supportive and stable
gel at = 37 °C.

Thermoresponsive polymers have been widely used as surface-modifiers
of micro- and nano-particles to provide such reversibly-associative
properties (Rimmer et al., 1996, Li and Ngai, 2010, Ramakrishnan and
Zukoski, 2006, Elaissari, 2006b). At temperatures below their phase
transition, thermoresponsive polymers attached to the surface of
microparticles can provide steric stabilization, overcoming the tendency
for interparticle aggregation. This enables the modified microparticles to
be used in free-flowing suspensions with cells. Above the phase transition
temperature of the attached thermoresponsive polymer, the outer
‘corona’ of the microparticles collapses, colloidal stability is lost and
interparticle association occurs to form a heterogeneous gel. In addition,
coupling of thermoresponsive polymers to magnetite-containing
microspheres has recently been shown to enhance the culture and
expansion of stem cells, and facilitate rapid recovery of the expanded cell
population by simple magnetic separation (Saeed et al., 2015).

The ‘switchable’” component of reversibly associating colloidal
microparticles can be generated by attaching the thermoresponsive

polymer either by physical adsorption (Shahidan et al., 2013, Shakesheff
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et al., 1997) or chemical grafting (Shay et al., 2001, Breed et al., 2009).
The most simple method i.e. physical adsorption is rapid and can be
adapted to many microparticle surfaces but has the drawback of possible
desorption of polymer chains during extended application. The chemical
grafting method i.e. the formation of covalent bonds between the
polymer corona and the microparticle core, provides robust and better-
defined materials but is more complex and time-consuming. Covalent
links between surfaces and polymer can be generated either by growing
polymers from initiator sites pre-attached at the surface (“grafting from”)
or by conjugating pre-formed polymers to reactive groups at the particle
surface (“grafting to”)(Seeber et al., 2011). While these approaches
provide permanent attachment of responsive polymer to the
microparticle surface, the “grafting from” technique generally provides
denser surface polymer layers. This is because monomers have lower
steric demands than polymers and can easily diffuse to initiator and
propagation sites during polymerization reactions, thus producing a
higher grafting density (Karagoz et al., 2010).

A number of controlled polymerization techniques have been used to
graft polymer chains on the surface of particles. These include atom
transfer radical polymerization (ATRP) (Zhao et al., 2014, Bicak et al.,
2006, Mizutani et al., 2010b, Mizutani et al., 2010a), reversible addition
fragmentation transfer (RAFT) (Kaupp et al., 2013) and nitroxide
mediated polymerization (NMP) (Chevigny et al., 2009). Amongst these
methods ATRP is of particular interest for grafting acrylic and methacrylic
monomers. Surface-initiated atomic transfer radical polymerization (SI-

ATRP) is one of the more useful techniques used to produce polymer
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brushes on solid surfaces (Jhaveri et al., 2007) and good control over
grafting density has been obtained when applied in dispersed media
(Pyun et al., 2003).

SI-ATRP has been widely used to produce polymer brushes on the
surfaces for many biomedical applications. It has been used to impart
controlled cell adhesion and detachment (Dey et al., 2011, Xu et al.,
2006, Chen et al., 2008, Xu et al., 2004, Mizutani et al., 2008, Zhang et
al., 2006, Singh et al., 2008), biocompatibility (Jhaveri et al., 2007),
antifouling (Ma et al., 2004, Xiao et al., 2004, Cringus-Fundeanu et al.,
2007, Mei et al., 2005, Yoshikawa et al., 2006, Xu et al., 2007, Singh et
al., 2007, Iwata et al., 2004, Gao et al., 2008), and antibacterial
properties (Yao et al., 2008, Huang et al., 2007, Murata et al., 2007) to
the surfaces. Moreover, it has been used to produce nanopatterns (Carter
et al., 2003, Zhao et al., 2000) and stimuli-responsive surfaces (Boyes et
al., 2002, Kong et al., 2001, Pyun et al., 2002, Zhao, 2003) and also for

controlled drug delivery (Bai et al., 2006, Zhou et al., 2008).

4.2, Aims and Objectives

The aim of the work described in this chapter was the synthesis of
thermo and magnetic responsive colloidal gels via chemical grafting of
thermoresponsive polymer onto the surface of magnetic microsphere. To
achieve this aim, the following hypotheses were proposed:

Monodisperse PCMS microspheres with the size range between 1-5 pm
can be prepared via dispersion polymerisation.

PDEGMA can be grafted from the surface of PCMS microsparticles via SI-

ATRP to produce thermoresponsive PCMS-PDEGMA microparticles.
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These thermoresponsive microspheres can be magnetized by loading
magnetite nanoparticles via swelling/deswelling techynique.
Thermoreversible magnertic colloidal suspensions/gels can be prepared
via dispersing different concentration of magnetic PCMS-PDEGMA
microspheres in cell culture medium (DMEM).

If successeful, the prepared colloidal gels would expected to have the
viscoelastic properties suitable for use as a scaffold for in vitro 3D cell
expansion. Colloidal gels with an elastic modulus ranging from 0.004 to
100 kPa were previously used for making 3D scaffolds, for mammalian
cell culture (Al Ghanami et al., 2010, Fraylich et al., 2010b, Borzacchiello

et al., 2011, Lapworth et al., 2012).

4.3. Materials and Methods
Chloromethylstyrene (CMS) and divinylbenzene (DVB) monomers were
washed with 5% sodium hydroxide solution to remove inhibitors before
being used. 2,2-Azobisisobutyronitrile (AIBN) was recrystallized from
methanol. 2-Methoxyethanol, ethanol, polyacrylic acid (PAA-average
molecular weight 3000 kDa), copper bromide (CuBr) N,N,N’,N’’,N’’-
pentamethyldiethylenetriamine (PMDETA), diethyleneglycol methyl ether
methacrylate and all other chemicals were bought from Sigma-Aldrich

Company Ltd. UK and used as received.

4.3.1. Synthesis of poly(chloromethylstyrene) microspheres
Poly(chloromethylstyrene) microspheres were synthesised by dispersion
polymerization. In a typical procedure, poly(acrylic acid) (0.30 g, 0. 1

pmol, MW= 3000 kDa ) was dissolved in a mixture of ethanol (13 mL)
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and 2-methoxyethanol (1 mL) and were placed in a polymerization
reactor. Next, AIBN (0.02 g, 0.12 mmol), CMS monomer (1.52 g, 10
mmol), and DVB (0.076 g, 0.5 mmol) were added to the above solution.
The resulting solution was sonicated for 1 minute within an ultrasonic
water bath for the complete dissolution of AIBN in the polymerization
medium. The solution was then degassed with nitrogen for 5 minutes.
The reactor was sealed and placed into a shaking water bath (120 cycles
per minute) at 70 °C and maintained at this temperature for 24 h to
complete the polymerization. The reactor contents were cooled to room
temperature and the obtained PCMS microspheres were separated by
centrifugation (3000x g for 10 minutes) and repeatedly washed by re-
suspension and centrifugation steps with with ethanol (3 x 100 mL) and

water (2 x 100 mL). The resulting microspheres were dried in a freeze dryer

4.3.2. Preparation of magnetic PCMS-PDEGMA microspheres
Magnetic polymer microspheres were prepared by a swelling and solvent
evaporation process. Polymer microspheres (1.0 g) were swollen by
immersion in chloroform, and then dispersed magnetic nanoparticles
(150 mg) in chloroform were added to the above suspension. The final
mixture was shaken for 24 hours to allow the magnetite nanoparticles to
enter the swollen polymer microspheres. After this time, the temperature
of the solution was increased and the chloroform was evaporated slowly
under reduced pressure, enabling the magnetite nanoparticles to be
retained inside the microspheres. The resulting magnetite-impregnated
microspheres were precipitated by addition of petroleum ether and

separated by centrifugation (2000x g for 5 minutes). The final
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microparticles were washed with ethanol then with distilled water before

being lyophilised.

4.3.3. Surface initiated atomic transfer radical
polymerization (SI-ATRP) for grafting of PDEGMA on

PCMS microspheres.
A round-bottom flask was charged with poly(chloromethylstyrene)
microparticles (1.2 g, 1.45 mmol), and DEGMA (13.6 g, 72.5 mmol, 27.3
g, 145 mmol or 41g, 217.5 mmol), dependent on the desired monomer:
initiator ratio, CuBr (0.2 g, 1.45 mmol), PMDETA (0.25 g, 1.45 mmol)
and cyclohexanone (5 mL). The flask was then degassed with argon for
30 minutes. The mmol ratios of initiator: CuBr: PMDETA: monomer were
1: 1: 1: 50 or 100 or 150, respectively. The solution was stirred as the
temperature was increased to 80 °C and maintained at this temperature
for 24 h to run the polymerisation. The produced PCMS-PDEGMA particles
were separated by centrifugation and washed three times with THF to
remove any nhon-surface-bound polymers produced during the
polymerization reaction. The surface-grafted particles were washed
repeatedly with EDTA solution to remove any residual copper. After two
further water washes, the microparticles were lyophilised, pu it into a

sealed plastic tube and stored in the fridge until further use.

4.3.4. Preparation of thermoresponsive suspensions
All suspensions studied were obtained by dispersing different
concentrations (% w/v) of microspheres in cell culture medium (DMEM)
or in distilled water, then the suspension were subjected to frequent

vortex mixing.
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4.3.5. Electronic Microscopy characterizations
Scanning electron microscopy (SEM) and transmission electron
microscopy (TEM) characterizations were performed. The details of SEM
and TEM procedures have been described in chapter two sections 2.2.1
and 2.2.2, respectively. Microparticle size measurements were made
from three repeatable batches and these measurements were performed

three times for each batch.

4.3.6. ATR- FTIR characterization
The details of ATR-FTIR characterization procedure are provided in

chapter two, section 2.2.3.

4.3.7. Time-of-Flight Secondary Ion Mass Spectrometry
(ToF-SIMS)

Analyses were performed using a ToF-SIMS IV instrument (ION-TOF
GmbH, Minster, Germany) equipped with a bismuth liquid metal ion gun
and a single-stage reflection analyser. Dry powder samples were adhered
to double-sided tape to produce an immobile surface suitable for the
instrument.  Typical operating conditions utilized a Bi** primary ion
energy of 25 kV and a pulsed target current of approximately 1.0 pA.
Data in the negative and positive secondary ion polarities were collected

and analysed using Surface Lab 6 (ION-TOF Gmbh, Miunster, Germany).

4.3.8. X-Ray Photoelectron Spectroscopy
X-ray photoelectron spectroscopy analysis was performed using a Kratos
Axis Ultra spectrometer (Kratos Analytic Ltd, UK) equipped with a
monochromated X-ray source (1486.6 eV), at 15mA emission current

and 10 kV anode potential. Dry powder samples were adhered to double
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side tape. The instrument was operated at fixed transmission mode. Data
analyses were carried out using CASAXPS software (version 2.3.16)
(Casa software Itd, Teignmouth, United Kingdom). All scans were charge

corrected to C 1s at 284 eV.

4.3.9. Temperature dependent turbidity measurement
A Beckman Coulter DU 800 UV spectrophotometer with a thermostat was
used for measuring the change of absorption of dilute suspensions of
particles over a temperature range of 10-50 °C. The temperature was
controlled and measured using a Peltier plate heating system (Beckman)
and was increased at a rate of 1 °C min™. Absorbances of the samples

were measured at a wavelength of 550 nm.

4.3.10. Tube Inversion test
Typically 1 mL of aqueous polymer microparticle suspension was added
to a 7mL glass vial. The sample was adjusted to the desired temperature
(37 °C) for 2 minutes in a thermostat water bath. The mobility of the
dispersions was assessed by inverting the vial. If the suspension had not

flowed after 10 seconds it was considered to be a self-supporting gel.

4.3.11. Rheometry characterizations
The details of Rheometry characterization procedures have been provided

in chapter 2, section 2.2.4.

4.4, Results and discussion
ATRP has been the most widely employed technique for the formation of
polymer brushes onto the surfaces of microparticles via surface initiated
polymerization (Zhang et al., 2006, Zhou et al., 2015). One particularly
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interesting aspect of such surface-grown brushes is the possibility to
achieve a high grafting density of polymer chains owing to the high
curvature of the particle surfaces. SI-ATRP has been used to produce
polymer brushes from functionalized particles serving as colloidal
initiators (Pyun et al., 2003). Different kinds of brushes were grown by
surface-initiated ATRP from organic latex particles/colloids (Pyun et al.,
2003, Guerrini et al., 2000, Bontempo et al., 2002, Jayachandran et al.,
2002, Senkal and Bicak, 2003, Zheng and Stover, 2002a, Zheng and
Stover, 2002b). There have been previous literature reports on the
surface functionalization of polymer-based latex particles with ATRP
initiator groups, mainly alkyl halide, followed by SI-ATRP of polymer
brushes (Bicak et al., 2006, Min et al., 2002, Hu et al., 2006, Sonmez et
al., 2003, Jhaveri et al., 2007).

Here in this study, thermoresponsive PCMS-PDEGMA microparticles were
synthesised by grafting of PDEGMA chains from the surface of PCMS
microspheres using surface-initiated ATRP, as shown in figure 4.1. The
reason was to generate thermo-switchable particle surfaces and
subsequently to produce thermoresponsive colloidal gels for tissue
engineering applications. PCMS microspheres were chosen as a core
substrate because the chloromethyl groups on their surface are useful
initiator sites for ATRP polymerization (Min et al., 2002) and they are
well-established as supports for solid-phase chemistry (Bayraktar et al.,
2012). The thermoresponsive component, PDEGMA, was chosen as it is
well-tolerated by cells, displays a lower critical solution temperature
(LCST ~ 26 °C) just above ambient temperature but below human body

temperature (Lutz et al., 2006, Lutz, 2008) and displays resistance to
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absorption of proteins which is importance for various surface-
engineering applications including biomaterials, drug delivery, or
biosensors (Heuberger et al., 2005, Hu et al., 2010). In addition, the
applications properties of the microparticles were further enhanced by
taking advantage of the swellable properties of the lightly-cross-linked
polystyrene core to embed stabilized magnetite nanoparticles. This in
turn allowed the preparation of a dual magneto-thermally responsive
material. The reversible thermogelling behaviour allows formation of
particulate gels, which have potential for 3D support structures for tissue
culture, while the magnetic nanoparticle components enable simple and

rapid separation of the colloidal particles following application.

Thermoresponsive |

poly(diethyleneglycol

-methacrylate) |
surface layer

Figure 4.1: Schematic diagram shows synthesis of thermoresponsive
magnetic microspheres.

88



4.4.1. Microscopy analysis
Dispersion polymerisation synthesis generated PCMS microspheres of
uniform size (CV < 5%) and morphology as shown by Scanning Electron
Microscopy (SEM) and Transmission Electron Microscopy (TEM). As
apparent from the micrographs, PCMS microspheres (Figure 4.2, top
row) were smooth and spherical, with a diameter of ~ 1.3 um
(Coefficient of Variance CV 5.4%). The surface ATRP procedure
generated PCMS-PDEGMA microparticles with increasing size and surface
roughness (Figure 4.2 rows 2-4). The average particle diameter of PCMS
increased after grafting the PDEGMA from accessible chloromethyl
residues. These diameters were 1.6 pm (CV < 7%), 1.8 um (CV < 7%)
and 2.1 ym (CV < 8%) for 1:50, 1:100 and 1:150 initiator:monomer
ratios used during grafting process, respectively. Statistical analysis
showed the significant increase (P < 0.05) in particle diameter after
conducting polymerisation for all the above samples and P values are
0.0158, 0.007, and 0.001 for 1:50, 1:100 and 1:150 initiator:monomer
ratios used, respectively. Also, there are asignificant differences between
average diameters of grafted particles made from different concentration
of initiator/monomer except in case of 1:50 and 1:110 comparison. Thus,
the average particle diameters and surface roughness of the
microspheres were increased as the initiator: monomer ratios were
increased due to increase of the amount of grafted polymer from the
surface via conduction SI-ATRP. Transmission electron microscopy (TEM)
enabled visualisation of the grafted PDEGMA regions on the surface of

microparticles, observed as lighter layer in the micrographs because the
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brush layer was likely to be less compact compared to the core PCMS

(Figure 4.3 rows 2-4).

GR 1:50

GR 1:100

GR 1:150

Figure 4.2: Representative scanning electron micrographs at low (a) and
high (b) magnification of PCMS microparticles that shows smooth
spherical shape and PCMS-PDEGMA microparticles produced with
different initiator: monomer loading during grafting reaction (1:50,
1:100, and 1:150). After grafting, the particle diameter and surface
roughness increased in line with monomer concentration during the
surface ATRP reaction.

90



PCMS

GR 1:50

GR 1:100

GR 1:150

Figure 4.3: Representative Transmission electron micrographs at low
(a) and high (b) magnification of the same samples. Images
demonstrate that the grafted PDEGMA regions on and in the surface of
microparticles, observed as diffuse regions because the brush layer was
likely to be less compact compared to the core PCMS.
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4.4.2. Surface characterisation

A number of surface sensitive characterization experiments (ATR-FTIR,
XPS, ToF-SIMS) were performed to identify chloromethyl groups on the
surface of PCMS, necessary for initiating ATRP reactions, and to confirm
the presence of grafted PDEGMA. PDEGMA-PCMS microparticles which
have been prepred from 1:150 initiator;monomer ratio were used in all
of these charcaterisations and for subsequent applications. This is
because these particles have highest amount of PDEGMA on ther
surfaces, compared to other samples (1:50 and 1:100).

ATR-FTIR spectrum of PCMS (Figure 4.4 a) showed two characteristic
absorption bands at 672 and 1263 cm™, attributed to the C-H bending
vibrations in chloromethyl groups and stretching vibrations of C-Cl,
respectively. However, the spectrum of PCMS-PDEGMA (Figure 4.4 b)
showed two new distinct absorptions at 1105 cm™ and 1725 cm™ which
could be attributed to C=0 and C-O stretching vibrations from carboxylic
groups of PDEGMA, respectively. It was also observed that the absorption
bands for the chloromethyl group were reduced in intensity for the
PCMS-PDEGMA beads.

Moreover, XPS spectra of PCMS (Figure 4.5 a) displayed emission peaks
at 535, 284, and 200 eV, assigned to transitions of Ol1s, Cls, and CI2p
electrons, respectively. However, after grafting PDEGMA (Figure 4.5 b)
the percentage of oxygen increased and percentage of Cls decreased
and Cl2p disappeared. High resolution carbon spectra (Figure 4.5 ¢ and
d) showed a sharp increase in the proportion of methoxy groups
corresponding to PDEGMA side-chain termini after grafting. However, it

can be seen that the sample has adventitious carbonaceous over layers
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and Cl1s spectrum for contamination typically has C-C, C-O-C and O-C=0
components. Previous researches showed that most samples that have
been exposed to the atmosphere when prepared in air or samples
examined in less than optimal vacuum conditions will have a detectable
quantity of adventitious carbon contamination (Evans, 1997, Mangolini et
al., 2014, Castle and Baker, 1999, Miller et al., 2002).

Furthermore, Time-of-flight secondary ion mass spectroscopy (ToF-SIMS)
was performed as a complementary characterisation technique to the
XPS and ATR-FTIR analyses. ToF-SIMS overlaid spectra (Figure 4.6)
indicated the presence of initiator groups in PCMS via the mass peaks at
35 m/z corresponding to the characteristic negative fragment ions of
chlorine atoms. However, in the surface-grafted particles, the intensities
of chlorine bands were decreased with increasing intensity of CHsO"

(methoxy group in PDEGMA) components.
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Figure 4.4: ATR-FTIR spectra of (a) PCMS and (b) PCMS- PDEGMA
microspheres (2.1 pm) which have been prepared from 1:150
initiator;monomer ratio.
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Figure 4.5: XPS survey spectra of (a) PCMS and (b) PCMS- PDEGMA
microspheres (2.1 pm) which have been prepared from 1:150
initiator;monomer ratio. (c) and (d) are high resolution carbon spectra
of PCMS and PCMS- PDEGMA (2.1 pym), respectively. The latter spectra
show an increase in the proportion of methoxy groups corresponding to
PDEGMA after grafting. Data analyses and curve fitting were carried out
using CASAXPS software (version 2.3.16) (Casa software Itd,
Teignmouth, United Kingdom). For high resolution carbon spectra all
scans were charge corrected to C 1s at 284 eV.
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Figure 4.6: ToF-SIMS mass spectra of CI' and CH;O  present on the
surface of PCMS and PCMS- PDEGMA (with different initiator: monomer
ratio during grafting reactions). The spectra were obtained in the
negative ion mode.

4.4.3. Thermal analysis
The extent of surface modification was quantified by thermo- gravimetric
analysis (TGA) of linear PDEGMA polymer, PCMS particles and PCMS-
PDEGMA particles (Figure 4.7). The PDEGMA thermogram showed a
single step weight loss of 100% between 200 and 380°C. By comparison.
PCMS particles exhibited two stages of decomposition, with the bulk of
the polymer degraded between 400 and 500°C, with a second lower loss
stage from ~800 to 1000°C. However, the PCMS-PDEGMA particles
exhibited at least three transitions with temperature. A small weight loss

occurring at ~ 100 °C was attributable to evaporation of water from the
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partly hydrated PDEGMA chains, and a second loss stage between 200°C
and 380°C which corresponded to decomposition of PDEGMA grafted on
the surface of microspheres. The extent of weight loss for the second
stage was ~ 15%, indicating the likely maximum of PDEGMA composition
relative to the PCMS core. Further decomposition followed the same
pattern observed for the PCMS microparticles, indicating also that the
microparticles were composed of two distinct polymer types. However, at
temperatures above 800°C no more weight loss occurred in the case of
PCMS-PDEGMA and around 15wt% residue remained, which may be
attributed to the mass of Fe;O, nanoparticles loaded into the

microspheres.
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Figure 4.7: TGA thermogram showing the decomposition of PCMS
microparticles, magnetic PCMS-PDEGMA microspheres (15% magnetite
was loaded), and linear PDEGMA with temperature.

It was predicted that PDEGMA would grow from all accessible sites in the
PCMS beads, as the microparticles were expected to be macroporous
owing to their low degree of cross-linking and synthesis in polar solvents.

The increase in overall size and roughness following grafting (Figure 24)

97



appeared to confirm this prediction. However, a surface layer of PDEGMA
was also expected to be present, which would endow the microparticles
with thermoresponsive properties in aqueous suspensions. Thus it was
predicted that PCMS-PDEGMA microparticles would reversibly aggregate
from water-based suspensions dependent on temperature whereas PCMS
beads would not disperse irrespective of temperature. UV/ visible
spectroscopy was used to confirm thermorespose particle aggregation by
measuring the temperature dependent turbidity of dilute suspensions of
PCMS and grafted particles over the temperature range from 10 to 60°C.
Suspensions of PDEGMA-grafted particles showed a marked decrease in
turbidity from 20-40°C whereas the ungrafted PCMS microsphere
suspensions did not change in turbidity over this temperature range
(Figure 4.8). A decrease in the absorbance with increase of temperature
above the cloud point (as an approximation of the Lower Critical Solution
temperature or LCST) of the free polymer is indicative of pronounced
aggregation. The critical flocculation temperature (CFT) was taken as the
onset of the decrease in absorbance as the temperature were increased,
this was found to be ~ 22 °C for grafted particles which is very close to
the cloud point of free PDEGMA polymer solution. Beyond this
temperature the dispersions revealed intrinsic aggregation upon heating
which was observed by a rapid decrease in absorbance. Below the phase
transition temperature the PDEGMA brushes were chain extended on the
surface of particles, thus stabilizing the particles but above the critical
temperature the PDEGMA chains were collapsed leading to particle

aggregation. These data indicated that growth of PDEGMA polymers from
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the chloromethylstyrene residues was successful and resulted in an outer

layer of thermoresponsive polymer on the microparticles.
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Figure 4.8: Temperature dependent turbidity measurements, showing
the variation of absorbance as temperature increase of dilute
suspensions of PCMS- PDEGMA and PCMS microspheres. Absorbances of
the samples were measured at a wavelength of 550 nm.

Swelling of the microparticles in a good solvent for polystyrene (CHCI3)
enabled encapsulation of magnetite nanoparticles. The average sizes of
the prepared magnetite nanoparticles were ~ 10 nm (Figure 4.9 a)
Loading of the oleate coated magnetite nanoparticles was confirmed by
TGA analysis (Figure 4.7) and magnetic response (Figure 4.9 c). Typically
magnetite-loaded microspheres could be separated from suspensions
within 2 minutes. Further TEM characterization (Figure 4.9 b) confirmed

the penetration of magnetite nanoparticles into the microspheres.
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Figure 4.9: TEM images of (a) magnetite nanoparticles prepared by a co-
precipitation method, showing individual particles with average
diameters of ~10 nm. (b) Magnetic loaded microsphere showing the
distribution of magnetite nanoparticles within the microsphere. (c)
Photographic images of an aqueous suspension of magnetic
magnetothermally responsive microspheres (magnetic PDEGMA-g-
PCMS). It was observed that the particles were strongly attracted by an
external magnetic field and easily re-dispersed by removing this
magnetic field and with gentle shaking.
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4.4.4. Colloidal gel evaluations

Temperature-mediated colloidal fluid-gel transitions were investigated
initially by simple tube inversion tests. Images for these assays are
presented in Figure 4.10 and a summary of the data are appended in
Table 2. The suspensions showed thermoreversible association when the
concentrations of particles were between 20-35% (weight/volume) for
PCMS-PDEGMA, but magnetic PCMS-PDEGMA particles formed gels when
the concentrations of particles were between 25-35%. It can be seen
that magnetic PCMS-PDEGMA particles don’t gel at 20, the reason should
return to the higher density of magnetic microspheres and less volume
occupied by these particles compared to the same weight of non
magnetic ones. In contrast, suspensions prepared from PCMS particles
did not show thermoreversible self-association over any range of
concentrations. The suspensions made from 40% of magnetic and non
magnetic PCMS-PDEGMA particles were like a paste at room temperature
and were unable to due tube inversion tests for them.

Table 4.1: Tube inversion test results of particulate suspensions at
different particle concentrations in DDW and/ or DMEM.

Microspheres%
10 15 20 | 25 30 | 35 40
PCMS-PDEGMA - - + + + + paste
in DW
PCMS-PDEGMA - - + + + + paste
in DMEM
Magnetic PCMS-PDEGMA - - - + + + paste
in DMEM
PCMS - - - - - - -
in DMEM
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Figure 4.10: Images of tube inversion tests for different concentrations
of particles. In (a) and (b) are shown PCMS-PDEGMA in cell culture
medium and distilled water, respectively. In (c) magnetic PCMS-
PDEGMA microparticles are shown in cell culture medium. Glass vial
capacity 7 mL (Height 4.2 cm, Diameter 2 cm).

Overall tube inversion results showed that here (in this chapter) higher
particle concentration were required to form thermoreversible colloidal
gel Compared to the colloidal gels prepred via physical adsorption
(chapter 3). This may return to the contribution of free chain collapsed
polymers above their LCST to particle aggregation and gelation by

depletion destabilisation and hydrophobic attraction.

4.4.5. Rheological studies
The mechanical and viscoelastic properties of magnetothermally
responsive particulate suspensions/gels at different concentrations were
investigated by rheometry. Magnetic PCMS-PDEGMA microspheres (2.1

MmM) were have been used for making all suspensions/gels were used in
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rheological measurments. Also, all the rheological measurements were
have been performed for suspensions made in DMEDM because this
medium has to be used in the future cell culture applications, not water.

Temperature ramp tests were performed to study the temperature
dependent viscoelastic properties of aqueous suspensions made from
PCMS and PCMS-PDEGMA. All the suspensions of the PCMS-PDEGMA
particles displayed a temperature dependence of the storage modulus
(G’) above 20 °C. In contrast, suspensions prepared from PCMS particles
did not show any temperature dependent elastic modulus within the
same temperature range (figure 4.11 a). The elastic modulus was
temperature-independent up to around 20 °C for suspensions prepared
with a particle concentration of 25%, but a rapid increase in G’ was
observed above this temperature. This increase of G’ appeared to shift to
slightly higher temperatures as particle concentrations increased. The
overall increase of G’ for 35% particle suspensions was much lower than
that of the sample at a concentration of 30%. This suggested that, at the
higher concentration (35%), the network was formed of a larger number
of elastically active links that resulted in larger maximum values. The
gel-like structure thus became more persistent as the temperature
increased, likely a consequence of increased (and stronger) contacts
between ‘crowded’ microspheres, providing enhanced opportunity for
attractive inter-particle associations. The PEGDMA-PEGDMA interactions
at the surface changed from repulsive to attractive above the LCST which
provided additional attraction to the interparticle bonds that were
present. Also, temperature sweep tests (figure 4.11 c) showed reversible

gelation and flow, as demonstrated through increased G’ values upon
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heating, and reduced G’ upon cooling. Furthermore, consecutive
heating/cooling cycles of a suspension containing 30% particles (figure
4.11 d) confirmed their temperature responsive behaviour through
multiple increases and decreases of G’ values with raising and lowering

the temperature, respectively.
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Figure 4.11: (a) and (b) Temperature ramp test showing variation of G’
and tan o with temperature for magnetic PCMS-PDEGMA (filled marks)
and magnetic PCMS particles (open marks) at different particle
concentration, frequency 1 rad sec™ and strain 0.05% were used. In (c)
temperature sweep test shows reversible gelation and flow, and
increased G’ values upon heating and reduced G’ upon cooling. In (d) is
depicted multiple heating-cooling cycles of a suspension containing
30% particles which shows temperature driven Fluid-Gel-Fluid
behaviour.

Temperature sweep test showed that the colloidal gel prepared via
chemical grafting has lower elasticity moduli and the order of increase of

G’ realtive to increase of temperature were lower too compared to the
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colloidal gels prepred via physical adsorption (chapter 3). This may
return to the contribution of free chain collapsed polymers above their
LCST to increase overall elasticity of the gel.

Strain sweep tests were performed in order to identify the linear
viscoelastic region (LVR), which is the range where G’ is independent of
strain. Beyond this region the breakdown of the gel structure was
apparent from the rapid decline of G’ at larger deformations. The gels
transformed into liquid-like materials at the critical strain point (tan
0=1). It was observed that the LVR was dependent on the particle
concentration. For all concentrations at low strains (less than 0.5%), G’
was independent of the applied strain, suggesting the gels remained in
the linear viscoelastic regime. For 25%, the linear viscoelastic region
extended up to strain values around 1%. This value decreased
proportionally with increased particle concentrations, most likely due to
increases in the solid particle content that made the gel more fragile and
less viscous (Figure 4.12 a). These results showed that chemical grafting
produced more stable colloidal gel under strain compared to the colloidal
gels prepred via physical adsorption (chapter 3). This may return to the
permanent nature of attaching the thermoresponsive polymer to the
surface of microspheres in this chapter.

The frequency sweep analysis indicated that the G’ values were
independent of frequency over the entire range for all particle
concentrations that were studied (Figure 4.12 c). The tan & values of all
examined samples were much lower than 1 (i.e. storage modulus G’ >
loss modulus G”, typical of gel state). It was also observed that G’ values

increased, denoting a higher elasticity gel, at higher sweep frequencies.
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Increases in the particle concentration resulted in higher values of G’
while the value of tan 0 did not show any marked change. The fact that
the tan d values were less than 1.0 at room temperature (Figure 4.12 d)
shows that the dispersions were gels at this point but there were weak
inter-particle bonds present and these become strengthened at higher
temperature. The low G’ values accounted for the flow observed in the
tube inversion tests at room temperatures. Under these conditions the
microparticle suspensions were weak gels, which became fluid particle
suspensions on the application of shear. The low overall magnitude of the
G’ values, for these systems were postulated to arise from the particle
network consisting of aggregated micrometre-sized particles. In effect,
each particle could be considered as a macro-crosslinker with weak
chain-chain associative interactions via the collapsed PDEGMA layer
above the polymer LCST. Attractive van der Waals interactions between
the particles would also have been contributors to particle aggregation.
Accordingly, the particle gel modulus increased as the number and
density of linkages between the particles increased, but for the
micrometre-sized particles in this study the number of interparticle
contacts was relatively low (compared to sub-micrometre particles) due
to the lower surface area-to-volume ratio. Hence, G’ values associated
with weak gels (~ 1000 Pa) were not unexpected for these colloidal
systems due to the lower number of (physical) crosslinks per unit
volume, and were in agreement with prior reports of related colloidal gels
(Shahidan et al., 2013). Overall rheological data revealed that the
colloidal gels prepared in this chapter have elastic modulud much less

than the ones Synthesised in previous chapter. The reason should return
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to the contribution of chain collapsed free polymer in the solution to
increase gel elasticity. The colloidal gels prepred here has softer
mechanical properties and may be more interesting for making scaffolds
for soft tissue construction.

The frequency sweep results showed that the produced gels here has
lower elasticity compared to the gel prepared from physical adsorption.
This may also return to the strong contribution of aggregated free

polymer to increase overall gel elasticity.
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Figure 4.12: (a) and (b) strain sweep tests show the variation of G’
and tan & with strain% for different magnetic PCMS-PDEGMA particle
concentration, measured at frequency 1 rad sec and 37°C . In (c)
and (d) frequency sweep tests show variation of G’ and tan 8 with
frequency for different concentration of magnetic PCMS-PDEGMA
particle suspension; strain 0.05% and temperature 37 °C were used
during measurements.
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Overall rheometric measurements showed that the produced gel in this
chapter has the elasticity match to the soft gels which have low to
moderate elasticities. These kind of colloidal gels have the potential in
regenerative medicine applications, especially for non-load-bearing soft

tissue repair (Shahidan et al., 2013).

4.5. Conclusions

Novel magnetothermally responsive core-shell microparticles have been
synthesised. The aqueous suspensions of these particles exhibit fast
thermoreversible fluid-to-gel transitions and retain good magnetic
responsive properties. Rheological measurements demonstrated that the
viscoelasticity of the prepared particle gels can be tuned, enabling these
gels to have the mechanical properties that should facilitate their
applications as 3D cell scaffolds for in vitro expansion of cells.

The new synthesised materials here in this chapter have the advantage
over previous colloidal gel system in that the PDEGMA thermosensitive
polymeric stabilizer is covalently grafted to the surface. This in turn will
allows these materials to be used repeatedly for successive rounds of cell
culture, without loss of the thermoresponsive polymer.

The next chapter will describe the applicability of the new developed
thermoresponsive colloidal gels in this chaptes as scaffolds for in vitro

cell expansion.
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5. Study of the applicability of synthesised
thermoresponsive magnetic colloidal gels for in vitro cell

expansion

5.1. Introduction

Despite continuous development in tissue engineering and regenerative
medicine, the exploitation of stem cells as therapeutic products remains
challenging (Celiz et al., 2014). Recent studies and clinical trials have
demonstrated the potential of these cells for the treatment of a range of
conditions (Wei et al., 2013, Kim and Cho, 2013, Rodriguez et al., 2012,
Farini et al., 2014, De Schauwer et al., 2013, Shekkeris et al., 2012).
However, most stem cells are available only in rather limited numbers
which are currently insufficient for widespread commercial or clinical use.
Accordingly, primary cells must therefore be increased in number in a
process termed ‘expansion’. A variety of techniques have been used to
help cells proliferate in vitro by either 2D or 3D cell culture models. There
is now an increasing emphasis on 3D matrices due to significant
problems associated with 2D culture (e.g. loss of phenotype) (Page et
al., 2013) . In comparison to the traditional monolayer cell culture
systems, 3D matrices provide higher surface areas to support growth to
larger cell volumes and produce microenvironments which better mimic
in vivo environments (Pampaloni et al., 2007, He et al., 2014).

Recently, several techniques have been developed to fabricate 3D
scaffolds, consequently various kinds of polymeric scaffolds have been
prepared for this purpose (Weigel et al., 2006, Li et al., 2014, Boffito et

al., 2014). Although each method has certain advantages, none of the
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existing techniques are able to solve all the fundamental problems linked
to cell seeding, passaging, and harvesting. The essential requirements of
an ideal scaffold for in vitro expansion are simplicity of cell seeding,
mechanical stability and strength to support cell proliferation, and easy
cell recovery after expansion.

Cell harvesting is still the main technical difficulty for most of the 3D cell
culture methods. A particular problem is the requirement to use
proteolytic enzymes such as trypsin to detach cells from support
materials during passaging or after cell expansion. These enzymes can
cause cleavage of membrane proteins and growth factor receptors thus
altering the proteomic profile in mammalian cells (Umegaki et al., 2004,
Garg et al., 2014, Steinber.Ms et al., 1973, Huang et al., 2010), which in
turn might affect the ability of cells to adhere to further substrates
and compromise their long term quality. Accordingly, there is a necessity
for new materials that can support expansion of clinically relevant cell
types and allow easy recovery of the cells after proliferation.
Stimuli-responsive polymers offer a means by which material properties
can be switched (Liao et al., 2010, Nash et al., 2013, Rayatpisheh et al.,
2012). Thermoresponsive polymers have been widely used as surface-
modifiers to control cell adhesion and detachment (Dey et al., 2011, Xu
et al., 2006, Chen et al., 2008, Xu et al., 2004, Mizutani et al., 2008,
Zhang et al., 2006, Singh et al., 2008). Moreover, functionalised
magnetic responsive microspheres have been widely used in
biomedical separations (Bradbury et al., 2008, Widder et al., 1979,
Zhang et al., 2016, Chung et al., 2009, Chen et al., 2010, Haik and

Kanuri, 2008, Brandao et al., 2015).
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Over the last decade, thermally reversibly-associating particles have
been studied for growth and support of multiple cell types and for
delivery of therapeutic cells (Al Ghanami et al., 2010, Wang et al., 2008,
Fraylich et al., 2010b, Wang et al., 2009). In addition, coupling of
thermoresponsive polymers to magnetite-containing microspheres has
recently been shown to enhance the culture and expansion of stem cells,
and facilitate rapid recovery of the expanded cell population by simple
magnetic separation (Saeed et al., 2015).

In chapter 4 the preparation of reversible particulate suspension/gels
that combine both thermo and magnetic responsive properties was
shown. These materials might have considerable value in the expansion
of therapeutically important cells for tissue engineering applications and
have the advantage over previous colloidal gel systems (Al Ghanami et
al., 2010, Wang et al., 2008, Fraylich et al., 2010b, Wang et al., 2009,
Saeed et al., 2015) in that the PDEGMA thermosensitive polymeric

stabilizer is covalently grafted to the surface.

5.2. Aims and objectives
The aim of the work described in this chapter was to investigate the
applicability of prepared thermoresponsive magnetic colloidal gel from
chapter 4, for in vitro expansion of mamalian cells. To achieve this aim,
the following hypotheses were proposed:
Prepared dual responsive colloidal gels via chemical grafting can induce

positive cellular response and good cytocompatibility to mammalian cells.
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The new developed particle gel can be used as 3D cell scaffolds for in
vitro expansion of mamalian cells. It can allow encapsulated cells to
remain viable, adhere to the scaffold, and proliferate within the gel.

Magnetic separation process can allow efficient and enzyme free cell

recovery.

5.3. Materials and Methods
Mouse fibroblasts 3T3 and MSC cell lines were used in the following
experiments. Cells were used within n+31 passages for 3T3 and n+4
passages for MSCs (from the initial passage at the cryopreservation). The
particle gels used in the cell culture experiments were formulated to

contain 30% w/v microparticles (see chapter 4).

5.3.1. Material sterilisation
All materials were sterilised before contact with cells through exposure to
UV light at 280 nm for 60 minutes in a class II microbiology safety

cabinet.

5.3.2. Cell culture and maintenance
All cell culture manipulations were performed using aseptic procedures in
a Class II microbiology safety cabinet. 3T3 fibroblast cells and
immortalised human mesenchymal stem cells (ihMSCs) were cultured in
Complete Medium which consisted of Dulbecco's Modified Eagle Medium
(DMEM)(Gibco, UK) supplemented with 10% foetal bovine serum (FBS),
1% antibiotic/antimycotic solution (contains 10,000 units/mL of
penicillin, 10,000 pg/mL of streptomycin, and 25 ug/mL of amphotericin

B), 1% L-glutamine (2 mM) and 1% non-essential amino acids (Sigma-
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Aldrich, UK). Red fluorescent protein 3T3 cells (RFP-3T3) were derived
and cultured as described elsewhere (Dixon et al., 2011).

All cells were maintained in T75 Nunc Flasks, in a humidified incubator at
37°C and with 5% CO,. When they reached 70-90% confluence, they
were passaged by rinsing once with PBS and incubation with 4 mL
trypsin/EDTA solution (0.25%w/v trypsin, 2mM EDTA in PBS) for 5
minutes followed by addition of 6 mL of growth media to stop the activity
of trypsin. The cells were collected by centrifugation at 180xg using a
Sigma Laboratory centrifuge 3K15 (Scientific Laboratory Supplies, UK)
for 5 minutes. The cell pellet was re-dispersed in fresh medium, and the
cells were transferred to fresh tissue culture flasks.

Cell number standard curves were generated by measuring the
fluorescence intensity of a seriouse of known numbers of both MSCs and
3T3 cells. The fluorescence intensity vs. the number of cells for each
standard were plotted, and a regression line through the data points
were determined using linear regression analysis. Cells were seeded and
incubated for 4 hours to allow cell attachment prior to PrestoBlue

conducted.

5.3.3. Cell culture on top of particle gels
The particle gels used in the cell experiments consisted of 30% w/v
Magnetic PCMS-PDEGMA microspheres (2.1 um) prepared as described in
chapter 4. Typically, 300 ul of the particle suspension was added to each
well in a 24 well-plate, and transformed into gels by incubating at 37 °C
for 5 minutes. Unlabelled 3T3 and RFP-3T3 cells (1x10°) dispersed in

300ul of media were seeded on top of the gels and maintained in
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humidified incubator at 37°C. The cell nutrient medium (300ul Complete
Medium) was changed every other day. The PrestoBlue viability assay
was carried out on day 1, 3 and 6, following the manufacturer’s
instructions (Invitrogen, UK) with some modification to correct the
background fluorescence. Individual samples were taken at each time
point. The measurements were carried out in nine replicates. A standard
calibration curve for 3T3 fibroblasts was used to determine the total

number of viable cells.

5.3.4. Cell encapsulation and three dimensional
cell cultures within the Colloidal Gels

The particle gels used in the cell culture experiments were formulated to
contain 30% w/v microparticles. Aliquots of microparticle suspensions
(300 ul) in Complete Medium were added to 24-well culture plates.
While still fluid, Complete Medium (20 ul) containing approximately 1 x
10° 3T3 or MSC cells was added with mixing. The plates were then placed
in an incubator at 37 °C for 10 minutes to obtain individual particulate
gels within which the cells were encapsulated. Further Complete Medium
(300 ul) was added on top of the gelled suspensions and the plates were
incubated at 37 °C until further experiments, imaging or viability assays
were carried out. The cell nutrient medium was changed every 48 hr. The
PrestoBlue assay was used to assess cell viability and proliferation.
PrestoBlue viability assay was carried out on day 1, 3 and 6 for 3T3 cells
and on day 1, 5 and 10 for MSCs, following the manufacturer’s
instructions (Invitrogen, UK) with some modification to correct the
background fluorescence. Individual samples were taken for each time

point. The measurements were carried out in nine replicates. The
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standard calibration curve for 3T3 cells and MSCs were used to

determine the total number of viable cells.

5.3.5. Trypsin-free cell recovery via magnetic cell
separation and cell passages

Firstly, the cell-seeded colloidal gels were liquefied by cooling to 10 °C to
release the cells, and the obtained suspensions were diluted in medium.
Next, the mixtures were transferred to a glass tube and the colloidal
particles were separated using a magnetic bar while the cells remained
suspended in media. The cell suspension was mixed and the magnetic
separation step was repeated three times in order to remove the
magnetic particles. The separated suspension was then centrifuged
(2000x g for 5 minutes), and the pellet was resuspended and seeded into
tissue culture flasks. The cells were incubated at 37 °C for 3 hours in
tissue culture flasks to permit cells to adhere. Finally, a PrestoBlue

viability assay was performed to quantify the cell recovery.

5.3.6. Cell count and viability assessment for routine 2D cell
culture

Cell counts and viability estimates were performed using a Trypan blue
exclusion assay and a haemocytometer. Equal volumes of cell suspension
and the Trypan blue solution (Invitrogen, UK) were mixed in an
Eppendorf tube and left for 5 minutes at room temperature. The mixture
was then placed in a Neubauer haemocytometer chamber viewed under a
light microscope (10x objective). Dead cells, which lost membrane
integrity, stained blue due to uptake of the dye, while live cells remained

colourless. Cell nhumber was calculated as follows: number of cells in 1
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mm?® x 10* multiplied by 2 to correct from 1:2 dlution from the trypan

blue.

5.3.7. Statistical analysis
GraphPad Prism analysis software (Version 6) was used for statistical
analysis. Differences among groups were determined by One-way ANOVA
Multiple Comparisons Test and the differences were considered to be

significant if p < 0.05.

5.3.8. Live/Dead cell viability assay
A Live/Dead cell viability/cytotoxicity assay (Molecular Probes) was used
for evaluating the viability of encapsulated cells within the colloidal gels.
The double colour fluorescent staining assay was performed following the
manufacturer's instructions on days 5 and 10. Stained cells were imaged
using a confocal laser scanning microscope (Leica TCS SPE Macro-
Confocal) with appropriate filter sets. Live cells displayed bright green
fluorescence (calcein AM), whereas dead cells fluoresced red (ethidium

homodimer-1).

5.3.9. Confocal microscopy cell imaging
RFP -3T3 cells cultured within particle gels were imaged using Confocal
Laser Scanning Microscopy (CLSM). A Zeiss LSM 510 Meta laser scanning
confocal microscope, equipped with a 543 nm HeNe laser was used.
Images were taken at 10x and 40x magnification. Also confocal laser
scanning microscopy (Leica TCS SPE Macro-Confocal) with appropriate
additional filters was used to perform Live/Dead cell viability/cytotoxicity

assays.
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5.3.10. Fluorescence microscopy
RFP-3T3 cells cultured on top and within the colloidal gels were
imaged by fluorescence microscopy using a Nikon Eclipse TS 100

inverted microscope configured with an Epi-fluorescence attachment.

5.4. Results and discussion
This chapter comprises the investigations of prepared colloidal gels to
promote positive cellular responses with regards to cell adhesion,
viability and proliferation. The standard calibration curves for 3T3 cells
and MSCs were used to quantify the total cell numbers throughout this
chapter (figure 5.1) which show the linear response of PrestoBlue

fluorescence to cell number between 0.1 x 10° and 1 x 10° cells.
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Figure 5.1: (a) 3T3 and (b) MSCs cell number standard curve
determined using the PrestoBlue assay, cells were harvested from
conventional 2D T75  culture flasks and counted using a
haemocytometer and Trypan Blue dye exclusion. Serial dilutions were
made to give appropriate cell, seeding numbers. (n = 3, average of
three readings).

In the first stage, 3T3 fibroblasts cells were used as a model cell for
investigating any possible cytotoxicity of newly developed materials
because 3T3 cells are easily cultivated, are adhesion dependent, and

widely used as a model cell in biocompatibility studies of polymeric
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scaffolds (Bashur et al., 2006, Zhu et al., 2006). In the next stage, both
3T3 and human MSCs were used for investigation of the applicability of
the developed material as 3D cell constructs for expansion and recovery
of cells after proliferation. MSCs are the most widely investigated stem
cells for therapy and have offered promise in the treatment of many
diseases (Wei et al., 2013, Kim and Cho, 2013, Rodriguez et al., 2012,
Larsen and Lewis, 2011, Chanda et al., 2010, Myers et al., 2010, Wang
et al., 2012b, De Schauwer et al., 2013, Farini et al., 2014, Hanson et
al., 2010a, Hanson et al., 2010b, Mariani and Facchini, 2012, Meirelles

and Nardi, 2009, Shekkeris et al., 2012).

5.4.1. Evaluation of cell compatibility on the top of colloidal
gels

Cytocompatibility was initially assessed with respect to two main criteria:
cytotoxicity and cell adhesion, followed by prolonged culture of cells on
colloidal gels surface while observing the adopted cellular morphology
and cell proliferation patterns. A 3T3 fibroblastic cell line was selected for
these studies, and in vitro methods were used. PCMS-PDEGMA particle
gels were investigated initially by culturing cells on their surface. The
gels selected consisted of 30% magnetic PCMS-PDEGMA particles
suspended in complete medium. At this composition, the gels had
sufficient mechanical strength to sustain the manipulations during cell
culture. For any biomaterial, the surface structure in addition to
composition can influence cell adhesion and proliferation (Jiao and Cui,
2007). Previous research has shown that the nano- and micro-structure
of the surface affect various aspects of cell behaviours such as cell

adhesion, cell spreading, cell orientation, mechanotransduction and gene
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expression (Curtis and Dalby, 2009). This was taken into consideration
when studying the cellular response to the particle gels.

One of the main advantages of prepared reversibly assembling colloidal
gel is the ability to passage cells without using a trypsinization process or
other biochemical cell detachment method, a required step to detach
cells from most substrates including current 2D and 3D matrices. The
surface properties of the microparticles were likely to be dominated by
the presence of the PDEGMA corona, which exhibited temperature-
induced changes in bound water. Consequently, above its coil-to-globule
transition temperature the microparticle surfaces lost steric stabilisation
from extended hydrated polymer chains and became more hydrophobic.
In turn this reduced barriers to cell-particle attachment, allowing cells to
adhere to the gel and proliferate. On reduction of the suspension
temperature to below the expected lower critical solution temperature of
PDEGMA (<25°C), the polymer chains became hydrated and chain-
extended, resulting in cell detachment from the microparticle surfaces.
This phenomenon of thermoreversible bioadhesion has been observed
previously with grafted PEGMA polymers on various substrates (Dworak
et al., 2013, Dey et al., 2011, Mertoglu et al., 2005, Brown et al., 2005,
Wischerhoff et al., 2008b, Kessel et al., 2010).

The viability and proliferation of 3T3 cells cultured on the particle gels
surface were quantified using the PrestoBlue viability assay (figure 5.2
a). The increase in cell metabolic activity with longer culture suggested
that the cells were viable and proliferating. However, cell proliferation
was slower on the particle gels than it was on conventional tissue

culture plates used as a control (figure 5.2 b). This can be attributed
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to the large differences in the surface properties between these two
substrates. Previous research has shown that an increase of surface
roughness and disorder can lead to increase of cell differentiation and
synthesis of extracellular matrix with a corresponding decrease in cell
proliferation (Wilson et al., 2005). It is possible that this is a plausible
explanation for the slower cell proliferation on the colloidal gels.
Statistical analysis showed significant increase of cell number (P value <
0.0001) over extended culture time, when they cultured either in 3D and
2D systems. However, the difference between these systems were not
significant.

The opacity of the colloidal gels limited the range of imaging techniques
that could be used to visualise the cells. RFP-3T3 cells were visualised by
fluorescence microscopy to assess cell adhesion and growth on the top of
the colloidal gels. Fluorescence microscopy images of RFP-3T3 cells
cultured on the particle gels are shown in figure 5.3 a-d. After 1 day
of seeding, single cells adhered to the gel surface, but with little
increase in numbers. By day 3, the cells were well spread, and
appeared to have proliferated in distinct cellular zones or islands.
Cells were much more numerous and covered most of the sample
surface on day 6 post seeding. However, more cell proliferation and
spread single cells were seen on the tissue culture plate (figure 5.3
e-h), while the cells on the surface of PCMS-PDEGMA particle gels
were mainly distributed in clusters/aggregates that became larger on
longer culture. This could be attributed to the surface topography of
the gels. Overall, fluorescence microscopy images indicated cell

proliferation over longer culture times. This was also confirmed
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using the PrestoBlue assay as described previously. (how does this
assay confirming spreading of cell? Not evident from theseimages!

Insufficient details)
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Figure 5.2: Proliferation of 3T3 cells cultured on the (a) colloidal gels
and (b) tissue culture plates over 6 days, respectively. Cell numbers
were measured by the PrestoBlue viability assay on day 1, 3 and 6. Error
bars are * standard deviations. (**** represent P value < 0.0001). n=
9 (nine measurmentswere performed at each time point).
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Figure 5.3: Fluorescence microscopy images of RFP-3T3 cells cultured
over 6 days. (a) (b) (c) and (d) cells cultured on PCMS- PDEGMA
magnetic colloidal gels on day O, 1, 3 and 6, respectively. (e)(f)(g) and

(h) cells cultured on tissue culture plate on day 0, 1, 3 and 6,
respectively. Scale bars - 100 um.
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5.4.2. Application of thermoresponsive magnetic colloidal
gels to 3D cell culture

The particle gels used as 3D scaffolds in this study contained 30%
PCMS-PDEGMA particle suspensions. The temperature dependent fluid-
to-gel transition of the particulate suspensions allowed for cell seeding
by mixing the cells with the suspensions in their fluid state. Upon
warming to 37°C, the rapid gelation locked the cells within the gel
matrix, providing them with a 3D culture environment. A scaffold must
maintain the viability of the encapsulated cells and support their
proliferation and interaction to allow for neo-tissue formation. Cells at
high density were seeded within the particle gels, to maintain
sufficient cell interactions and communication. Figure 5.4 demonstrates
the process of synthesis and application of thermoreversible PCMS-

PDEGMA particle gel as 3D scaffolds for in vitro cell expansion.
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Figure 5.4: Schematic representation of the synthesis and application of
thermoreversible PCMS-PDEGMA particle gel as 3D scaffolds for in vitro
cell expansion. Reversible thermogelling behaviour allows easy cell
seeding and encapsulation and the magnetic core allows cell harvesting
after expansion.
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A number of assays were carried out to evaluate the potential of the
colloidal gels to be used in cell culture. Previous data had shown that
PDEGMA adsorbed onto polystyrene-DVB microparticles with magnetic
cores did not lead to any cytotoxicity in fibroblasts or stem cells (Saeed
et al., 2015). Cell adhesion, distribution, viability and proliferation were
thus evaluated. The thermoreversible fluid-to-gel transition of the
colloidal gels allowed easy cell seeding when the gels were in their fluid
state and good cell encapsulation within the colloidal gel matrix upon
heating to 37°C. Incubation of cells within the colloidal gels proceeded
without disruption of the gel structure. The surface properties of the
microparticles were likely to be dominated by the presence of the
PDEGMA corona, which exhibited temperature-induced changes in bound
water. Consequently, above its coil-to-globule transition temperature the
microparticle surfaces lost steric stabilisation from extended hydrated
polymer chains and became more hydrophobic. In turn this reduced
barriers to cell-particle attachment, allowing cells to adhere to the gel
and proliferate. On reduction of the suspension temperature to below the
expected lower critical solution temperature of PDEGMA (<25°C), the
polymer chains became hydrated and chain-extended, resulting in cell
detachment from the microparticle surfaces. This phenomenon of
thermoreversible bioadhesion has been observed previously with grafted
thermoresponsive polymers on various substrates (Dworak et al., 2013,
Dey et al., 2011, Mertoglu et al., 2005, Brown et al., 2005, Wischerhoff

et al., 2008b, Kessel et al., 2010).
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PrestoBlue viability assays with 3T3 fibroblasts cultured within the
prepared colloidal gel showed that the cells proliferated and remained
viable with significant increases in cell number over time from
1.07 x 10° cells on day 1 to 2.9x 10° on day 3 and 4.16 x 10° on day 6
of culture (figure 5.5 a). Significantly, mesenchymal stem cells (MSCs)
also increased in number in the gels from 1.05x 10 cells on day 1 to
2.5x 10°on day 5 and 3.85x 10°on day 10 (figure 5.5 b). From
comparison of cells grown within the colloidal gel (3D) with cells grown in
tissue culture plastic (2D), it was apparent (Figure 5.5 ¢ and d) that the
proliferation capacity on the 2D surface was lower than in the 3D gel. The
total number of cells from the 3D matrices was higher compared to that
for cells grown on the 2D wall plate surfaces. For instance, for the same
cell seeding density on the 2D culture wall plate, the total numbers of
3T3 cells were 2.4x 10° and 3.75 x 10° at day 3 and day 6, respectively,
compared to 2.9x 10°on day 3 and 4.16 x 10° for the 3D matrices.
Similarly, the total MSC numbers were 2.1x 10 ° and 3.41 x 10 ° at day
5 and day 10, respectively, again lower than those in the colloidal gels.
Statistical analysis showed significant increase of cell number (P value <
0.0001) over extended culture time, when they cultured either in 3D and
2D systems. However, the difference between these systems were not
significant. Overall, The encapsulated cells were viable over 6 days for

3T3 and 10 days for MSCs of culture, with evidence of proliferation from
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the PrestoBlue quantification assays.
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Figure 5.5: Proliferation of 3T3 cells cultured (a) within colloidal gel and
(b) in tissue culture flask. (c) and (d) show proliferation of MSCs
cultured within the particle gels and in tissue culture flasks,
respectively. Cell nhumbers were measured by the PrestoBlue viability
assay on day 1, 3 and 6 for 3T3 cells and on day 1, 5 and 10 for MSCs.
Error bars are * standard deviations. (**** represent P value <
0.0001). n= 9 (nine measurmentswere performed at each time point).

The assays described in the previous section are quantitative, but do
not provide information on cell distribution within the gels. The
opacity of the particle gels limited the range of imaging techniques
that can be used to image the encapsulated cells. The common
methods for imaging cells within 3D scaffolds include fluorescence or
confocal microscopy. Fluorescence and confocal microscopy images
(Figure 5.6 and 5.7, respectively) of 3T3 cells genetically modified to

express red fluorescent protein (RFP-3T3) demonstrated that cells
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adhered, remained viable, proliferated and retained normal similar
morphology after repeat culture and release cycles, as seen in other
studied (Cukierman et al., 2001, Ranella et al., 2010, Bhardwaj and
Webster, 2015, Wang et al., 2014, Xie et al., 2012).

Live/Dead cell assays of MSC grown within the colloidal gel scaffold
(Figure 5.8) in which viable and dead cells were stained with calcein AM
(green) and ethidium homodimer-1 (red), respectively confirmed that
cells grown within the colloidal gel were viable (green), with the number

of dead cells (red).

Figure 5.6: Fluorescence Microscopy Images of RFP-3T3 cells in 3D
scaffold on day 0, 1, 3, and 6 post-seeding. Scale bars - 100 um.
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Figure 5.7: Confocal Microscopy Images of RFP-3T3 cells in 3D scaffold
on day 0, 3, and 6 post-seeding. Images were taken at low (10X) and
high (40X) magnification for the same samples. Scale bars - 100 pm.
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Figure 5.8: Confocal microscopic images represent Live/Dead assay of
MSC grown within the colloidal gel scaffold at (a) 5 day and (b) 10 day.
Green denotes cells staining positive for calcein AM (live) and red shows
staining with ethidium homodimer (dead). Scale bars - 100 um

5.4.3. Cell recovery and passaging via Magnetic
particle separation

Proof of principle experiments were performed to demonstrate the
feasibility of cell recovery after expansion from magnetothermally
responsive particulate suspension/gel. The cytocompatibility and
applicability of the colloidal gels for in vitro cell proliferation were further
explored in terms of the efficiency of cell recovery after expansion and to
examine the possibility for multiple sequential cell passaging experiments
without using trypsin.
Following three cycles of separation, the efficiency of cell recovery was
quantified using the PrestoBlue viability assay and the total cell
recoveries were recorded at days 3 and 6 for 3T3 cells and day 5 and 10
for MSC. The results showed a high recovery of 3T3 cells from the

colloidal gel of 93.5% and 95.2% total cell content at day 3 and 6,
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respectively. The recovery efficiencies for MSCs were 94.4% and 92.8%
of cells at day 5 and 10, respectively as quantified by PrestoBlue assay
(Figure 5.9 a and b).

The ability to support continuous cell proliferation and to carry out repeat
passaging of cells with single batches of colloidal gel particles was also
tested. Cells were grown in the gel matrices and magnetic separations
were used as before to separate cells from the particles. The separated
particles were then re-used to culture new batches of cells. The relevant
data are shown in Figure 5.9 c and d; these results indicate that single
batches of colloidal gel were suitable for multiple cycles of cell growth
and separation. These experiments were performed with cooling cycles at
10 °C to effect the most rapid separations (typically 4 minutes per cycle).
However, the same experiments could be performed with cooling cycles
at room temperature with no loss in numbers of cells recovered. It
should be noted that the overall numbers of separated and reloaded cells
were less than when cells were continuously proliferated without
separation. This was most likely due to incomplete separation of all cells
at day 3 and 6 for 3T3 cells and at day 5 and 10 for MSC. The loss in
number of cells was no more than 10 % after the third cycle, and it is
likely that cell yields could be improved if slower processes of separation
are performed or/and more diluted cell/particle suspension used. These
steps would reduce the flow rates in the magnetic separation step and
this might reduce co-aggregation of cells and particles. In addition,
certain stages during the cell recovery procedure, specifically the
heating/cooling or the wash/centrifugation steps, are likely to have

contributed to the reduced efficiency of cell recovery from magnetic
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thermoresponsive particle gels but the magnetic particles separation step
did not appear to cause cell damage.

After performing the first separation cycle, a number of magnetic
microparticles were found with the cells but after performing the second
separation the numbers of these particles were reduced. After conducting

the third separation cycle it was observed that no particles remained with

the cells.
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Figure 5.9: (a) and (b) the efficiency of the recovery of proliferated 3T3
and MSC within the colloidal gel by magnetic separation, respectively.
The black region represent the number of unrecovered cells, after
performed magnetic separation. (c) and (d) are 3T3 and MSC cell
proliferation within the colloidal gel over time, respectively. Straight
lines represent continuous cell proliferation without passage and
dashed lines represent cell proliferation when passaged two times (on
day 3 and 6 for 3T3 and on day 5 and 10 for MSC). Error bars are *
standard deviations, n= 9.
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Figure 5.10: (a) Photographic images of aqueous suspension of
magnetic and thermally responsive microspheres (magnetic PCMS-
PDEGMA). It is observed that the particles are strongly attracted by
external magnetic field and easily re-dispersed by removing this
magnetic field and gentle shaking. In (b) images show magnetic
separations over three separation cycles.
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Figure 5.11: Representative light microscopy images of 3T3 cells
recovered from the cell/particles mixture after successive magnetic
separation process. The recovered cells were then cultured in TCP for 3
hours, then imaged. (a) without performing magnetic separation, many
magnetic particles can be seen, (b) after performing first cycle
separation, less particle are remaining, (c) after performing two
susbsequent magnetic separation steps, few particle remaining with the
cells, and (d) after three susbsequent magnetic separation steps, no
further particles reman with the cells. Scale bar 100um
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5.5. Conclusions
The overall results presented in this chapter revealed that the newly
synthesised thermo and magnetic responsive colloidal gel were suitable
for growth and support of cells for tissue culture applications. 3T3 cells
adhered to the colloidal gel surface and were actively proliferating on the
gel surface as confirmed by PrestoBlue assays and microscopy. These
results confirm that the newly developed colloidal gels studied were
biocompatible and didn't induce significant cell toxicity.
Moreover, PrestoBlue viability assays of 3T3 fibroblasts and MSCs
cultured within the colloidal gel showed that the cells remained viable
and proliferated, with significant increases in cell numbers over extended
culture times. Furthermore, confocal microscopy images of 3T3 cells
cultured within the colloidal gel demonstrated that cells adhered, spread
and retained their normal morphologies during proliferation.
Finally, magnetic separation allowed efficient recovery of cells after their
expansion in vitro without need for enzyme-mediated release steps.
Trypsin-free cell passages were performed allowing multiple growths,
separation and reloading of cells within the colloidal gels.
Overall, the results suggest this colloidal gel has potential as a 3D
scaffold for in vitro expansion of a variety of cell types and for enzyme

free cell harvesting.
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6. Conclusions and future work

Over the last decade, thermally reversibly-associating particles have
been studied for growth and support of multiple cell types and for
delivery of therapeutic cells. Coupling of thermoresponsive properties to
magnetic responsive properties in the same microspheres here in this
thesis, would enhance the culture and expansion of stem cells, and
facilitate rapid recovery of the expanded cell population by simple
magnetic separation.

The work presented in this thesis describes the development of new
types of colloidal gels that have dual thermo and magnetic responsive
properties and their applicability as scaffolds for tissue engineering
applications have been investigated. The newly developed materials can
support expansion of clinically relevant cell types and allow enzyme free
recovery of the cells after proliferation. The designed scaffolds possess
most of the essential requirements of an ideal scaffold for in vitro cell
expansion such as biocompatibility, simple cell seeding technique,
mechanical strength and stability to support cell proliferation, and easy
cell recovery after expansion. The superiority of these materials lies in
the achievable level of control over their properties using mild stimuli
such as temperature and/or magnetism, which opens up various avenues
for applying these materials.

The designed colloidal gels have quick reversible thermogelling behaviour
through using attached amphiphilic thermoresponsive polymer onto
particle surfaces but also have strong magnetic responsive properties
through embedding magnetite nanoparticles into the microsphere.

Thermoresponsive properties allow easy cell seeding at temperatures
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below the LCST of the polymer stabiliser and upon heating to above the
LCST, cells were encapsulated and could be grown within the particle
gels. The magnetic responsive property allowed easy and scaffold free
cell recovery after expansion without the need for using trypsin or
enzymatic treatment that can impact on the long term quality of the
cultured cells.

The ‘switchable’ component of reversibly associating colloidal
microparticles have been prepared either by physical adsorption of the
thermoresponsive polymer which has been described in chapter 3 or by
chemical grafting from particles which has been described in chapter 4.
The most simple method i.e. physical adsorption is rapid and can be
adapted to many microparticle surfaces but has the drawback of possible
desorption of polymer chains during extended application. The chemical
grafting method i.e. the formation of covalent bonds between the
polymer corona and the microparticle core, provides robust and better-
defined materials but is more complex and time-consuming. In both
cases, particle aggregation in their suspensions occurred on increasing
the temperature to above the LCST of PDEGMA, but could be reversed by
cooling the suspensions back to below the LCST.

In chapter 3 thermoresponsive colloidal gel has been prepared by
physical adsorption of PDEGMA onto PS microspheres. Polystyrene has
been chosen to fabricate the microparticles, as this polymer is already
widely used in cell culture assays. The thermoresponsive polymer
selected was the biocompatible amphiphilic homopolymer PDEGMA, with
its hydrophobic methacrylate backbone and hydrophilic PEG pendant side

chains. This polymer previously has been used in tissue engineering to
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control cell attachment/ detachment above and below its LCST
temperature substrates (Dworak et al., 2013, Dey et al., 2011, Mertoglu
et al., 2005, Brown et al., 2005, Wischerhoff et al., 2008b, Kessel et al.,
2010). In addition, adsorbed thermoresponsive polymer has the ability to
acts as a steric stabiliser below its LCST, and as flocculent above its
LCST. PDEGMA could be synthesised by conventional FRP and its LCST
was around 24 °C in deionised water.

Aqueous suspensions of magnetic PS/PDEGMA exhibited fast
thermoreversible self-association behaviour combined with a simple
magnetic separation stage. Rheological measurements to investigate the
viscoelastic properties of PS/PDEGMA suspensions/ gels were observed
that the gel elasticity and microstructure could be tuned by varying the
temperature and the suspension compositions. The higher the
temperature the higher the gel elasticity above the LCST due to the
stronger interparticle attraction obtained. Also, increasing the
concentration of both PDEGMA and/or PS microparticles in a range of
concentration lead to increased gel elasticity. However, the effect of
concentration of PS microspheres more obvious and were the most
influential factor.

In chapter 4, a novel thermoresponsive magnetic colloidal gel has been
prepared by chemical grafting from of PDEGMA onto functional PCMS
microspheres. The newly developed colloidal gels have a key advantage
over previous colloidal gel systems prepared by physical adsorption, in
that the PDEGMA thermosensitive polymeric stabilizer is covalently
grafted to the surface. This in turn allows these materials to be used

repeatedly for successive rounds of cell culture without loss of the
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thermoresponsive nature. The synthetic method was easily adaptable to
incorporate  magnetite nanoparticles into the thermoresponsive
microparticles with retention of magnetic properties.

From comparison of colloidal suspensions/gels prepared by physical
adsorption of PDEGMA (in chapter 3) with the one made by chemical
grafting of PDEGMA (in chapter 4) it was observed that the first system
showed gelation at lower concentration of particles and produced higher
elasticity gels but less stable gels under applied strain. For example, in
chapter 3 space filling gels were obtained when PS particle concentration
was 10% w/v or higher for suspensions contain 4% of PDEGMA, while for
grafted particles the gelation started at 25% particle concentration. This
may return to the contribution of free chain collapsed polymers above
their LCST to particle aggregation and gelation by depletion
destabilisation and hydrophobic attraction. Moreover, the produced gels
from physical adsorption have higher elasticity than those from chemical
grafting. This may also return to the strong contribution of aggregated
free polymer to increase gel elasticity. For example MPS/PDEGMA particle
gels elasticity at 37 °C ranged between 3-700 kPa for gels containing 10-
25% PS microparticles and 4% PDEGMA, while for grafted particles,
colloidal gels elasticity at 37°C ranged between 0.1-1.5 kPa for gels
containing 25-35% PCMS-PDEGMA microparticles.

In Chapter 5 the applicability of new developed particle gels (from
chapter 4) as scaffolds for in vitro expansion of two types of mamalian
cells has been studied. First the cytocompatibilty of this colloidal gel has
been investigated by culturing 3T3 cells on the top of the prepared

colloidal gels. PrestoBlue and microscopic imaging analysis results

138



showed that the gels supported the adhesion and proliferation of mouse
NIH3T3 fibroblasts cultured on their surface over 9 days. In the next
step, the ability to seed and culture cells within a 3D matrix formed by
the self-assembling colloidal gel was evaluated. PrestoBlue viability
assays of 3T3 fibroblasts and human mesenchymal stem cells cultured
within the colloidal gel showed that the cells remained viable and
proliferated, with significant increases in cell nhumbers over extended
culture times. Confocal microscopy images of 3T3 cells cultured within
the colloidal gel demonstrated that cells adhered, spread and retained
their normal morphologies during proliferation. Furthermore, magnetic
separation allowed efficient recovery of cells after their expansion in vitro
without need for enzyme-mediated release steps. Trypsin-free cell
passages were performed allowing multiple growth, separation and
reloading of cells within the colloidal gels. Overall, the results suggest
this colloidal gel has potential as a 3D scaffold for in vitro expansion of a
variety of cell types and for enzyme free cell harvesting.

The uncertainty about homogeneous distribution of cells within the

colloidal gels during extended culture time needs further investigations.

Future work

The materials developed and studied in this thesis may represent a
significant contribution to the fields of biomaterials, tissue engineering,
bio-separation and even drug delivery.

Although basic cellular responses such as cell adhesion, viability and

proliferation have been investigated for the new developed colloidal
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gelss. However, study of gene expression is still necessary to confirm the
stemness maintenance in case of cultured MSCs.

The elasticity of the particle gels can be tuned over a wide range through
changing the concentration of compositions. This property shows the
importance of these colloidal gels for use in in vitro 3D differentiation of
stem cells, as previous studies have shown that an obvious change in the
adult stem cells niche can cause cell differentiation.

The colloidal gels can also be used for the in vitro construction of tissue
models, as they offer an easily built three dimensional environment for
cell culture. These tissues can be used in drug screening studies.

The developed particle gels would also have the potential in scalable cell
culture for large scale production of therapeutic cells, thanks to their low
cost, simple design, their 3D structure and physical associations,
elasticity matching that of soft tissues, and combination of both thermo
and magnetic responsive properties, which allow three dimensional cell
proliferation and the scaffold free recovery of cells after expansion
without the need for using enzymatic treatment, i.e. trypsin. This is a

challenging area of research particularly with regards to stem cells.
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