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Summary

Engineered tissue arrives from applying both life sciences and engineering. Polymers
which illustrate both biocompatibility and resorbability, such as polycaprolactone (PCL),
are particularly attractive. The aim was to assess cytocompatibilty on both two-
dimensional (2D) PCL disks and three-dimensional (3D) PCL solid and PCL hollow
microspheres using human uterine mixed leiomyosarcoma (SKUT-1) and hamster ductus
deferens leiomyosarcoma (CRL-1701) cell lines. The possibility of PCL cytotoxicity, and
whether pre-conditioning the samples with DMEM + 10% FCS would improve cell
attachment were investigated. Cellular morphology and changes in cell cycle progression
were analysed during time intervals of 24 h, 72 h and 5 days. A metabolic assay assessed
cytotoxicity of the following extracts: i) control medium, ii) PCL disk medium extract
and iii) PCL microsphere extracts during the time frames of 24 h, 72 h, 5 day, 1 month
and 1 year. SKUT cells cultured in disk and microsphere extracts between the 24 h and 5
day time periods displayed statistically increased metabolic activity, though this activity
decreased significantly on the 1 month and 1 year extracts. The CRL-1701 cells displayed
metabolic activities comparable to the controls when cultured on the 24 h to 5 day
extracts, activity increased significantly on the 1 month extracts and decreased
significantly on the 1 year extracts. Scanning electron microscopy illustrated an increase
in cell density when cells were allowed to attach on the pre-conditioned disks. After 5
days, cells showed spindle-shaped morphologies, closely following the contours of the
microspheres, indicative of high focal adhesion. Both cell lines migrated inside the
hollow microspheres, indicating that they may benefit from the sheltered environment.
SKUT cell cycle on the microspheres illustrated a G,/0 block at 72 h and recovered after
5 days. The CRL-1701 cells remained in G,/0 block throughout the 5 day culture period.
This block could indicate a senescent phenotype, which could elude towards cellular
migration and potential contractile abilities. This in vitro study suggests that hollow
microspheres allow for further cell expansion with a sheltered environment to protect

cells from sheer stress experienced in vivo.

Keywords: Polymers, polycaprolactone, cytotoxicity, microspheres, morphologies,
phenotype
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Chapter 1

Literature Review

1.1 Tissue engineering

Every year, over 8 million surgical procedures are performed annually in the United
States to treat the millions of Americans who experience organ failure or tissue loss.

During 1996, only 20,000 donor organs were available for 50,000 patients in need [1].

The Tissue Engineering Society was founded by Drs. Charles and Joseph Vacanti in
Boston Massachusetts in 1994. Dr. Charles Vacanti defined tissue engineering as ‘a
science devoted to the generation of new tissue by employing the principles of
engineering in combination with the application of certain biologic principles’ [2]. It is
the science of replacing or bulking of damaged or diseased tissue and requires the use of
cells, growth factors, and biomaterials individually or in combination to regenerate or
replace lost tissue [3]. This science affords great potential for providing living tissue
replacement and promises to minimize reliance on the appropriate donor constituents [4].
In other words, tissue engineering ultimately aims to produce functional tissue substitutes

by combining biologically active cells with suitable artificial materials [5].

Human tissue from human donors cannot meet the increasing demands for repair and
renewal of worn out or injured tissue. Alternatives exist in using related living and trans-
species transplantation. However, problems such as disease transfer and ethical dilemmas
accompany these options. Tissue engineering provides a new option that aims to meet
these increasing demands by utilizing novel cell culture methods in vitro to ultimately

provide tissue replacements in vivo [6].

1.1.1 Roles of cells in tissue engineering

When aiming to produce tissue, the cell type one chooses becomes crucial as they need to
be effective when cultured in vitro and must be able to withstand an initially hypoxic

environment when implanted [2]. The cells used in tissue engineering may be one of the



following: autologous, allogeneic, or xenogeneic. Autologous cells are obtained from the
specific individual into whom they will later be reimplanted. This approach avoids the
issues of immunogenicity/rejection and transmission of disease. Such autologous cells
however pose the limitation of harvest or donation in advance of need, together with
following in vitro culture expansion, imparting both technical and time constraints [6].
Allogeneic cells originate from an individual of the same species but are other than the
recipient, such as cadaveric organ transplantation and human blood transfusions [6].
Xenogeneic cells are derived from a species different to that of the recipient. Both
allogeneic and xenogeneic cells preserve the potential advantage of being cultured and
constructed in advance of need, their use however raise important issues of disease

transmission, immunogenicity and ethical concerns [6].

Most mature cells have a limited capacity to multiply in vitro. Some adult stem cells may
be pluripotent or ‘committed’ to following a predetermined cellular heritage, whilst all
embryonic stem cells however retain the potential to develop into different cell types
under the correct conditions [6]. Embryonic stem cells by definition are pluripotent and
thus have a greater potential to generate healthier tissue as their potential to differentiate
into any cell type is possible when exposed to appropriate growth factors, although this

has not been proven conclusively [2].
1.1.2 Role of growth factors in tissue engineering

With the use of various growth factors it is possible to increase the viability and rate of
cell growth [7]. The factors are also able to attract specific types of cells to be recruited to
the area in the body exposed to the appropriate growth factors. Most phenomenally,
growth factors are able to transform one cell type into another [7]. Growth factors have
been successfully delivered to specific sites in vivo by incorporating them into scaffolds.
When using these scaffolds as growth factor delivery systems, growth factors can be
incorporated and released in a sustained manner [7]. Growth factors can significantly

enhance the chances of new tissue formation.



1.1.3 Role of scaffolds in tissue engineering

Non-load bearing scaffolds are required when replacing or bulking tissue in the body
which do not support the body structure. Examples include epithelia, muscle and facial

bone and cartilage such as the cheek, nose, and ears.

Load-bearing scaffolds are required when replacing support structures such as vertebrae
and all bone tissue. Poly (DL-lactide)/bioglass composite left in phosphate-buffer saline
(PBS) for 14 and 28 days formed visible hydroxyapatite domains, the main component of
bone. Kazarian et al., have speculated that poly (DL-lactide)/bioglass could be developed
for bone tissue engineering scaffolds [8]. Cells derived from rabbit skeletal muscle have
been found to differentiate into osteoblast-like cells when exposed to the Bone
Morphogenetic Protein-7 (BMP-7) [9]. This was delivered via a poly (lactide-co-
glycolide) (PLAGA) matrix [9].

1.1.4 Scaffolds, cells and growth factors in tissue engineering for in vivo

transplantation

Scaffolds are often used in order to deliver various growth factors and, thereby becoming
protein matrices [9]. The delivery of vascular endothelial growyh factor (VEGF) from a
biodegradable poly (DL-lactic-co-glycolic acid) (PLGA) which is a copolymer of d,l-
lactide and glycolide scaffold was found to enhance neovascularization and bone
regeneration in irradiated osseous defects in the calvarium of Fisher rats [7]. Bone formed
within VEGF included scaffolds was significantly higher than that within PLGA
scaffolds. VEGF was incorporated into these scaffolds using a variation of the gas-

foaming fabrication process [7].

The process of tissue engineering involves obtaining a biopsy (if possible) of the relevant
tissue from the patient. This tissue is then processed in the lab in order to expand/increase
cell number in vitro. The cells are either grown statically, as is the norm, or in dynamic
rotating vessels. Once cell number is sufficient, the cells are seeded onto an appropriate
scaffold where growth factors can be added in order to enhance cell attachment,

proliferation, and differentiation. This cell/scaffold complex can either be re-implanted



into the patient immediately or be allowed to proliferate in vitro before re-implantation

takes place (fig. 1).

Remove cells from donor site

Expand number in culture (statically or dynamically)

Seed onto an appropriate scaffold - with or without suitable growth factors

Grow cells in vitro on scaffold (statically or dynamically)

Re-implant cell/scaffold
complex to differentiate in

vivo

Re-implant engineered tissue to repair/replace

damaged ir vivo site or dynamically

Figure 1: Schematic diagram illustrating the process of tissue engineering. The first step involves ideally
harvesting a small number of cells from the patient by means of a biopsy. The cells are then cultured and
expanded in numbers in vitro. These cells can then be grown within a three-dimensional natural or
synthetic scaffold in the presence of appropriate growth (and differentiation) factors either within a static or
dynamic environment. If the scaffold, growth factors, and growth conditions are ideal the cells create an
actual living tissue that can be used as a replacement tissue to be implanted back into the defective/missing
site in the patient. Scaffolds which in due course degrade help to prevent certain risks which can occur in
the body with the long-term presence of any foreign material. Autologous cells would be the most suitable

to use as this will prevent an immune rejection response to the implanted tissue.



1.2 Polymers in tissue engineering

Polymers used in tissue engineering require that they are biocompatible or evade the
body’s immune reaction. These polymers are called biomaterials and can act as three-
dimensional (3D) scaffolds that enable cells to attach and configure into the required
anatomical shape of the tissue [10]. The use of polymer scaffolds can greatly assist in
providing a supportive environment for cellular attachment and proliferation and hence
aid the regeneration of tissue or restore lost tissue function [10]. Synthetic biodegradable
polymers generally offer several advantages over natural materials. These advantages
include the ability to change the mechanical properties and degradation kinetics of the
material to suit various applications [11]. The type of polymer chosen and its structural

compositions play a key role in cellular invasion [4].

1.2.1 Non-degradable and non-resorbable polymers

These polymers are applied mainly when replacing structural tissues in the body that
mimic those of cartilage and load-bearing bone. Regardless of the application, a scaffold
becomes essential in cell growth, attachment, and tissue formation [10]. The scaffold

provides support and a structural framework.

Hydrogels can both be used both within tissue engineering applications as well as
growing cells in vitro within a 3D organization [12]. This is a widely used application in
tissue engineering as natural hydrogels are easily obtainable. Examples include collagen,
gelatine, fibrin, agarose and chitosan. However, there remains risk of infection in clinical

applications along with batch variation [12].

1.2.2 Biodegradable and resorbable polymers

When a polymer breaks down into its monomeric constituents, it may be absorbed by the
body. Such degradable polymers are called biodegradable or resorbable polymers [8].
The development of biodegradable and resorbable polymers is an attractive proposition
as they provide a polymer scaffold that degrades with time. They break down into smaller
fragments and as a result loose their structural strength [13]. The body’s own cells are

able to replace the polymer as it degrades. Whereby, the scaffolds assist and enhance the



body’s natural healing process, and once a polymer has degraded, the degradation
products that are resorbed into the body should optimally not result in harmful or toxic
effects. Toxicity occurs when the solvents used to manufacture the polymers leach out as
the polymer degrades. These solvents may alter the pH out of the physiological range.
Examples of non-toxic polymers that resorb are poly (DL-lactide) [8], polyglycolic acid
(PGA), poly- L-lactide acid (PLLA) [14], poly (3-hydroxybutyrate) [15], poly (glycolic
acid) [11] and poly (L-lactide-co-caprolactone) (PCL) [16]. The resorbed polymer are
non-toxic as the degradation products may be natural products normally found in the

body such as lactic acid, as is the case of PLLA [14] and PCL [16] degradation.

1.2.2.1a: PCL

PCL is widely used as biodegradable polyester for medical applications because of its
known biocompatibility and degradability [17]. The degradation product, lactic acid, can
be metabolized by the body via the tricarboxylic acid (TCA) cycle [18]. Some reports
suggest that this degradation product could cause an unsuitable microenvironment and
may not be ideal for tissue growth due to the decrease in pH elicited by lactic acid levels
rising [10]. However, as PCL’s degradation rate spans over more than a year, it becomes
ideal for applications where a long-term scaffold or support is needed [19]. The slow
degradation rate may cause relatively small local pH changes; however, even a small

decrease in pH can have a detrimental effect on the cells [14].

1.2.2.1b: PCL applications

PCL is widely used in orthopaedic applications and in dentistry as it exhibits structural
capabilities compared to that of bone tissue [20]. Ideally, the scaffold should degrade as
new bone matrix is formed and should exhibit the same mechanical and biological

properties of its’ natural counterpart [4].

Zhu et al. (2003) found the biodegradable membrane of PCL modified with fibronectin
and collagen was able to support both epithelial and smooth muscle cells from porcine
esophageal cultures [16]. This provides an example of how crucial a matrix is initially
available to support cellular attachment, the shape of the tissue formed as well as how

degradability enhances the chances of vascular formation to the new tissue. The ability to



form tissue consisting of both the smooth muscle and epithelial layers can ultimately be

used in esophageal tissue applications [20].

Studies have shown implants of PCL microspheres to induce low neutrophil activation
and inflammation during the early days after implantation. These negative effects
disappeared after 3 months [21]. This suggests that PCL elicits only a low grade immune
response and implicates PCL as a highly biocompatible long-term polymer implant.
Hutmacher et al. (2003) found 4.5 month-old PCL implants within pig and rabbit models
formed thin capsules of fibrous tissue. There was however only a minimal fibrotic
reaction with promising vascular network formation. Along with these findings it was
also discovered that the PCL scaffold in a rabbit model was also able to withstand wound
contraction forces for over an 8-week period [22]. This suggests that the PCL polymer
may be able to withstand the shear stress experienced in vivo without the risk of the

polymer collapsing.

1.2.2.2 Other polymers

The biodegradable mesh of PGA was seeded with myoblasts. Over a 6-week period, well
vascularized neo-muscle-like tissue had begun to form [23]. Other examples of the use of
biodegradable microspheres include the use of PLLA microspheres for human
chondrocyte expansion [24]. A PCL microparticle-dispersed PLGA was investigated as a
possible injectable urethral bulking agent [25]. The latter achieved much success when
injected subcutaneously into a hairless mouse and was found to elicit surrounding tissue
blood vessel formation, good biocompatibility, injectability and volume retention
potential [25]. The microspheres have an increased surface area for cells to proliferate
without having to create bulky polymers which run the risk for fibrous encapsulation and

rejection when explanted in vivo.

1.2.3 Cytotoxicity assessment of these polymers

Cytotoxic effects of polymers can be assessed by means of how prevalent apoptosis is in
a culture of cells when grown on these surfaces. Apoptosis, whether it occurs
physiologically or is a materialization of a pathological condition, is an active and

regulated mode of cell death [26]. The regulation consists of several check-points at



which a variety of interacting molecules either serves to promote or prevents the offset of

apoptosis [27].

The term homo-phase apoptosis has been used to define apoptosis which occurs in the
same phase of the cycle in which the cells were initially exposed to the apoptosis
triggering agent [28]. During homo-phase apoptosis, the cells remain arrested at a
particular phase, or pass through it slowly and die without progressing into the next phase
of the cell cycle. Because homo-phase apoptosis is difficult to determine, the term homo-
cycle apoptosis, was proposed by Halicka et al., (1997) in order to indicate apoptosis
which occurs in the same cell cycle in which the cells were initially exposed to the
cytotoxic agent, though without specifying the cell cycle phase [28]. This means that the
cells die either before or during the first mitosis after induction of the damage. The term
post-mitotic apoptosis was put forward to define apoptosis which occurs in the cell
cycle(s) following the one in which the cells were initially exposed to the harmful agent

[28].

A cell metabolic assay performed on chondrocytes loaded on PGA/PLLA composites and
PLLA revealed that at concentrations above 2mg/ml, the glycolic degradation product
exerted a more cytotoxic effect than that of the lactic acid [14]. These cytotoxic effects

however were not attributed to acidity alone, as was revealed by pH equilibration [20].

1.2.4 Viability of cells on polymer scaffolds

When using biomaterials, adhesion of cells is an important consideration. In studying the
cells’ contact with the material surface, one is able to establish whether the contacts
formed are general or confined to concentrated regions of the cell. Close contacts could
allude to strong adhesion, as opposed to those where the cell is not closely associated
with the surface alluding to weak adhesion [29]. It has been accepted that cells respond to
physicochemical stimuli such as chemical and topographical changes [30]. It is important
to combine the appropriate biomaterial and cytokine growth factors for tissue
regeneration. In order to improve cell attachment and bring forth a higher seeding
effectiveness, polymer surface engineering may be performed. This usually involves
enriching the polymer surface with extracellular matrix (ECM) components. These
components build a structural network of proteins on the polymer surface which assist in

the strength of attachment and viability of the cells when initially seeded on to the



surface. When explanted in vivo the healing process causes many changes to occur in
cellular and ECM composition, as well as in the morphology of the cells involved [31].
Smooth muscle cell (SMC) response to growth factors is influenced to a large extent by

their local environment along with the composition of the ECM [32].

1.3 The ECM

Major components of the ECM of collagen and fibronectin. These proteins contain the
arginine-glycine-aspartate (RGD) motif [16]. Anchorage-dependent cells bind to the
RGD motif ensuring correct spatial conformation and survival of the anchorage
dependent cells [33]. At the end of the cells’ cytoskeletal actin fibres, concentrated
integrin receptors of the ECM are recruited from a series of reactions. The integrin sites
found at the ends of the actin fibres are forceful structures and are referred to as “focal
adhesions” (FAs) [33], [34]. FAs concentrated along the perimeter of the cell assist
greatly in cell attachment [35]. Vinculin, paxillin and talin are examples of membrane
associated cytoskeletal proteins which when mature, are 2 - 5 um? and are “dash” shaped
[35]. These cytoskeletal proteins act as linkers between the integrin receptors and the
cytoplasmic actin cytoskeleton (fig. 2). The integrin receptors then form a link between
the membranes of the nucleus and cell organelles, as well as various cell enzymes. These
links influence both structural and signaling molecules involved in cell proliferation,
apoptosis, cell migration, and other important functions such as cell contraction [35].
Studies have postulated that the forces encouraged on the cell cytoskeleton by the process
of cellular alignment are conveyed to the nucleus. This in turn causes a rearrangement of

the centromeres, which may even affect gene expression [29].
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Figure 2: Survival of the anchorage dependent cells relies on a high degree of focal adhesion to a substrate.
At the end of the cells’ cytoskeletal actin fibres, concentrated integrin receptors of the ECM are recruited.
Vinculin, paxillin and talin are examples of membrane associated cytoskeletal proteins which act as linkers

between the integrin receptors and the cytoplasmic actin cytoskeleton.

The size, shape, number, and distribution of FAS, as well as the shape of the cell
cytoplasm for example, the spreading area, predict the ability of anchorage dependant
cells to migrate, proliferate, and differentiate [35]. Small, round cells with no FAs have a
low survival and proliferation rate. These small cells also lack the ability to migrate and
differentiate [35]. Cells which have an intermediate amount of adhesions and are spread
out on the substrate surface display high viability, migration, and proliferation properties,
but do not have the ability to differentiate [35]. High and long FAs allow cells to become
flattened and spread out on the substrate surface. This in turn allows high FA cells the
ability to differentiate and remain highly viable, however their ability to migrate and

proliferate are compromised (table 1) [35].
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Table 1: Small cells with no FAs have a low survival rate. Those cells with an intermediate amount of FAs
and spreading display high viability, migration and proliferation ability, though not much differentiation.
High FAs allow cells to differentiate and remain highly viable but to sacrifice on migration and

proliferation [Adapted from 35].

Slight/None Intermediate High
Cell is Cell is flattened
Cell is round, | flattened in the | and spread out
small and has | substrate with | with many, long
Cell spreading
no FAs a few FAs FAs
Viability l T T
Migration l T
Proliferation l T l
Differentiation l l T

Cell cycle progression is prompted due to the organization of the cell cytoskeleton and
the formation of focal adhesions [34]. Cells which are migrating and differentiating will
not undergo active mitosis, but rather remain senescent within the Gy, phase. Whereas
those cells which are proliferating, i.e. mitosis, will illustrate a cell cycle mainly within
the S and Go/M phases. This can be explained molecularly as the adhesion of cells to the
ECM is a direct stimulant for the expression of cyclin D1 or the cyclin-dependant kinase
(CDK) inhibitor (CKI) p27"?' proteins [35]. The localization of CKI within the cell
nucleus plays a key role in the control of cell cycle progression [36]. The presence of
CKI p27kjpl has been noted to have an inhibitory effect on cell motility [37]. This has
been illustrated particularly in smooth muscle cells [38] which have altered phenotypes

according to their state within the cell cycle progression.
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1.4 Smooth muscle cell (SMC) regeneration

1.4.1 The function of SMCs

Smooth muscle is present in a vast array of human tissues and assists in the maintenance
of normal function of the cardiovascular, gastrointestinal, reproductive, and urinary
systems [39]. They are mainly located within the walls of blood vessels, lining the organs
of the GI tract (the stomach wall, surrounding the intestine, in the various sphincters) and
in the uterus [40]. Their presence within these organs is vital for normal bodily functions
and helps separate the different bodily compartments from each other. Their cellular
flexibility is important both for regular differentiation and maturation of gastrointestinal
smooth muscle, and also plays a significant role in a variety of gastrointestinal diseases
[40]. SMCs and -actin filaments are oriented in the circumferential direction and have the
physiological function of contracting and dilating the circumference of blood vessels,
suggesting that the SMCs are more sensitive to changes in circumferential than axial

strain [39].

1.4.2 The structure of SMCs

Smooth muscle cells are non-striated and elongated cells that range between 20 and
500um in length [40]. They have noticeable sarcomeres and stain positively for a-smooth
muscle actin [41]. It has been illustrated, however, that the elastic properties of SMCs is
not only attributed to the amount of actin filaments present, but rather also due to the
cell’s distribution and organisation [42]. The primary function of the highly specialised
smooth muscle cell is to contract and relax [43]; this involuntary movement takes place
within the walls of the organs within which they are present [44]. Although based on a
sliding-filament mechanism similar to that of striated muscles, contraction of smooth
muscle is regulated by pharmacomechanical, as well as by electromechanical coupling

mechanisms [45].

Growth factors involved in smooth muscle proliferation and angiogenesis consist of the
following: hepatocyte growth factor (HGF), platelet-derived growth factor-BB (PDGF-
BB), vascular endothelial growth factor (VEGF), insulin like growth factor-1 (IGF-1) and
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heparin binding epidermal growth factor like growth factor (HB-EGF) [46], [47].
Fibroblast growth factor (FGF)-2 is a potent mitogen for SMCs and endothelial cells
(ECs) [48].

In adults, SMCs are terminally differentiated cells which express cytoskeletal marker
proteins like smooth muscle o-actin and smooth muscle myosin heavy chains, and
contract in response to chemical and mechanical stimuli [49]. SMCs are able to alternate
between two morphologically separate phenotypes, namely synthetic and mature. This
phenomena is also exhibited in vitro [46]. The synthetic SMC phenotype produces a wide
range of ECM proteins and growth factors making it highly proliferative, migratory and
spindle shaped, though is non-contractile. In contrast, mature SMCs proliferate less, are
non-migratory and do not have the classic spindle shape. They are however, highly

contractile [46].

It has been illustrated that arterial smooth muscle cells can convert from a mature
(contractile) to a synthetic (non-contractile) phenotype when grown in primary culture on
a substrate of fibronectin in serum-free medium [50]. This process was found to rely on
integrin signaling as well as major structural reorganization, including the loss of
myofilaments and formation of a large secretory apparatus (an extensive rough
endoplasmic reticulum and a large Golgi complex) [50], [51]. Herein, the cells lose their
contractility function and instead are able to migrate, secrete ECM components, and
proliferate in response to growth factor stimulation [51]. Evidence suggests pressure-
induced actin polymerization in vascular smooth muscle (VSM) as a mechanism
underlying myogenic behaviour [52]. VSM contains a significant amount of
unpolymerized globular (G) actin which becomes significantly reduced by an elevation in
intravascular pressure. This implies a dynamic nature of actin within VSM and a shift in
the filamentous (F) actin: G equilibrium towards F-actin [52]. This actin filament
formation in VSM may therefore trigger mechanotransduction. It may also provide
additional sites for myosin-actin interaction, enhancing the force production in response

to pressure [52].
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1.4.3 The need for SMC regeneration

Bulking of SMC:s for tissue regeneration is needed particularly in the gastrointestinal (GI)
[44] and urinary tracts where defects are commonly found. These include various
gastrointestinal diseases, bladder dysfunction, and urinary incontinence [43]. Smooth
muscle sphincters include the lower esophageal sphincter (LES), pyloric sphincter,
ileocecocolic sphincter, internal anal sphincter [44] and urinary sphincter. These
sphincters act as one-way valves regulating the flow of gastrointestinal contents. At rest,
they remain in a state of tonic contraction and closure [53]. This contractile function
diminishes along with the aging process. The incidence of physiological problems of
dysphagia, constipation, and incontinence also increase significantly with age. This
aging-related dysfunction mostly affects the upper GI tract (particularly the oropharynx
and esophagus) and the distal GI tract consisting of the colon and rectum [53]. Being able
to restore the lost function would impact greatly on the quality of life of the many
patients affected by problems associated with loss of activity of these sphincter muscles.
For example, chronic heartburn is symptomatic of gastroesophageal reflux disease

(GERD) which is a condition caused by a malfunctioning LES [54].
1.5 The pathogenesis of GERD

GERD is a disease which involves both brief LES relaxations and various abnormalities
in the LES [54]. Maintenance of the normal LES tone is crucial to prevent gastric acid

reflux [54].

Badkova et al. (2004) have found the enzyme phospholipase A, present within the
circular muscle layer of the LES converts phospholipids in the cell membrane to
arachidonic acid. Metabolites of arachidonic acid (prostaglandin F,, and thromboxane
A,) bind to selective receptors on the cell membrane to maintain the LES tone [54].
However, in a patient suffering from GERD an inflammation response is triggered, which

alters the normal signal transduction pathway [54].
1.5.1 Causes of GERD

Complete pressure of LES needs to be less than 6 mmHg for the reflux to occur [55].

Transient relaxations and loss in pressure becomes exasperated with the ingestion of fatty
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foods, drinking, smoking, various medications, and most importantly, obesity. Most
patients with complicated GERD have the impediment of a hiatal hernia [55], [56] (table
2).

Table 2: List of physiological and lifestyle practices resulting in symptoms of GERD. The physiological
causes and lifestyle practices which result in or aggravate GERD symptoms [Adapted from 57].

Physiological causes Lifestyle practices
Obesity Smoking
Aging Excessive alcohol consumption
Hiatal hernia Various medications (anticholinergic agents)
Pregnancy Fatty, spicy foods

During infancy and early childhood | Peppermint flavourings

(present as asymptomatic)

Caffeine

1.5.2 Symptoms of GERD

The most common symptom of GERD in adults is that of chronic heartburn experienced
as a burning sensation in the lower part of the mid-chest, located behind the breast bone,
as well as in the mid-abdomen [57]. However, children under the age of 12 (and some
adults) do not present with a burning sensation but rather extra-esophageal symptoms
which involve the pulmonary system, noncardiac chest pains, as well as ear, nose and
throat infections with difficulty in swallowing [57], [58]. Because these children appear
happy and healthy, it becomes particularly difficult to diagnose. In young children signs
include irritability and arching of the back during or directly after feedings [57]. They
also may experience poor growth due to a refusal to feed [57]. It is important to note that
occasional reflux i.e. gastroesophageal reflux (GER), is not necessarily GERD, and is
only classified as a chronic condition if symptoms occur at least twice a week [57]. If
GERD persists and is not well controlled, complications such as erosive esophagitis and
stricture occur [58]. More importantly, a person runs the risk of developing Barrett’s

esophagus (BE).
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1.5.3 Barrett’s esophagus (BE)

This long-term complication of GER (D) has long been established as the premalignant
phase for developing the majority of esophageal and gastroesophageal junction
adenocarcinomas [60]. The esophagus is normally lined with squamous epithelial cells
(fig 3). There exists a rapid rate of epithethial cell turnover within the gastrointestinal
tract, attributed to the gastrointestinal stem cell [57]. Frequent exposure of these cells to
the stomach acids result in the cells converting into specialised columnar cells (fig. 3).
These cells are similar to those found within the stomach lining and are therefore an
adaptation of the cells to be able to withstand the low pH of the refluxed acids. These
columnar cells are pre-malignant and remain permanently fixed within this phenotype
regardless if the GERD condition becomes resolved [58]. Over-exposure of the epithelial
esophageal lining by refluxed stomach acid, bile, pepsin and pancreatic enzymes
eventually causes BE to develop [52], [59], [60]. BE presents itself as patches of red,
irritated, abnormal cells lining the lower esophagus. This process is referred to as
intestinal metaplasia [60]. Patches of these transformed cells are present within the lower
esophageal region, which strikingly increase the risk of developing esophageal

adenocarcinoma [60] (fig. 3).
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Figure 3: The aetiology of BE: Illustration compiled using Word shapes depicting normal squamous cell
epithelium which line the lower esophageal region and become permanently transformed into specialized

columnar cell epithelium.

There are no real statistics for how prevalent GERD is in South Africa, though it is
thought that sub-Saharan Africa has less people suffering from GERD than in the
Western world [60]. Possible reasons for this lower statistic has been attributed to the
following factors: the patients may not go to hospitals, endoscopic services are not
adequate, and that the average life expectancy of a sub-Saharan is less than that found in
industrialized countries [61]. Approximately 10% of Americans experience severe GERD
symptoms. From this 10%, if left untreated for five or more years, 5-10% will develop
BE. In turn, BE increases the risk of developing esophageal cancer by 30-125-fold [57].
As few as 10% of the people who progress from BE to adenocarcinoma survive past five

years [57].
1.5.4 Current treatments of GERD
1.5.4.1 Complimentary lifestyle modifications

e Raising the head of one’s bed by about 10 cm. This assists in preventing the stomach

acid from rising into the esophagus
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e Stop smoking and excessive alcohol intake

e FEating more frequent smaller meals. This reduces the amount of stomach acid
produced at a time

e Not consuming food for at least 3 hours before going to bed. Thereby digestion is not
taking place while in the supine position

¢ Eliminating acidic and spicy foods, along with caffeine [57].
1.5.4.2 First line treatment

The first line treatment of GERD is aimed at stopping the stomach acid entering into the
esophagus. This is achieved by various drugs which either stop the production of acid or
assist the muscles which empty your stomach. These medications are usually very costly

and remain as a lifetime therapy [57], [62].
1.5.4.2a Antacids as a first line treatment of GERD

These drugs are available over the counter and are relatively inexpensive; examples
include Maalox, Tums and Rennies [57]. These serve to relieve mild symptoms
associated with heartburn and GERD and usually use the combination of magnesium,
calcium, and aluminium salts, along with the stomach acid neutralizing agents: hydroxide
or bicarbonate salts [57]. Side effects include diarrhea (from the magnesium salts) or

constipation from the aluminium and calcium salts [63].
1.5.4.2b Foaming agents as a first line treatment of GERD

The over the counter medication, Gaviscon is such a foaming agent. It works by forming
a layer above the stomach contents, thereby protecting the esophageal lining from the
acid reflux [57]. An advantage of this product is that it is not absorbed by the body and is

therefore safe to use during pregnancy [65].
1.5.4.2¢ Histamine, (H,) blockers as a first line treatment of GERD

These agents work by decreasing the production of acid in the stomach by blocking the
H; receptors responsible for the release of hydrochloric acid. The drugs include Axid AR,

Pepcid AC, and Zantac 75 [57], [62].
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Though these drugs are available both in prescription strength and over-the-counter
strength, they are only effective in approximately half of the population which suffers

from GERD symptoms [57].
1.5.4.2d Proton pump inhibitors (PPIs) as a first line treatment of GERD

Symptomatic treatment includes PPIs which suppress the production of acid in the
stomach [62]. Examples include Protonix, Prevacid and Nexium [57]. PPI treatment
forms the basis of the primary care of GER (D) and Barrett’s esophagus patients. They
are more effective than the H, blockers and serve not only to relieve the symptoms of
everyone who suffers from GERD, but also assist in healing the esophageal lining [57].
However, the treatment is costly and requires a lifetime prescription. Also, most
symptomatic GERD patients do not have erosive reflux disease (ERD); this group has

been referred to as non-erosive or negative-endoscopy reflux disease (NERD) [65].
1.5.4.3 Surgical interventions

Surgery is only recommended if drug treatment remains ineffective or if the patient is
unwilling or unable to continue the therapy. Once the patient has progressed towards high
grade dysplasia, the most effective yet controversial treatment is to remove the entire

esophagous, known as esophagectomy [62].

Clinicians need to be made aware of these differences in the presentation of this disease
[63] and determine whether the patient may be a candidate for surgical intervention.
NERD patients have been found to be resistant towards proton pump inhibitors and do

not make good candidates for surgery [63].

Many of the surgeries have been standard practice for a few decades; however surgery
does not resolve remaining Barrett metaplasia which in turn can lead towards high-grade
dysplasia and even cancer [62]. Frequently, surgery results in a high rate of symptom

recurrence and also the need for repeat surgeries [62].
1.5.4.3a Endoscopic suturing

Suturing of the gastroesophageal junction has been found to reduce the transient LES

reflux along with basal LES pressure. Three methods exist: the Endocinch and NDO
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Plicator systems involve creating pleats with stitches in order to strengthen the LES
muscle [57]. The Stretta system involves burning tiny incisions with electrodes around
the LES; scar tissue forms as the burns heal, thereby strengthening the muscle [57]. This
however only results in an insignificant drop in gastroesophageal reflux and the long-

term effects are yet to be determined [64].

1.5.4.3b Fundoplication

Fundoplication has been proven to improve symptoms and is the standard surgical
intervention for patients of all ages with GERD; however this procedure is extremely
invasive and costly along with the risks associated with surgery [65]. Nissan
fundoplication involves wrapping the upper part of the stomach around the LES. This
method helps strengthen the sphincter, prevent acid reflux and is effective in repairing
hiatal hernias [57]. Nissan fundoplication can also be performed laproscopically using a
laproscope to make small incisions in the abdomen resulting in a less invasive type of
surgery [57]. However, surgical intervention still results in recurrence of symptoms,

abnormal pH values and often a need for additional surgery [65].

The trend has moved towards a less invasive approach with the use of injectable gels to

bulk up the LES and microstimulator implants which enhance the regeneration of SMCs.

1.5.4.4 Implantation procedures as intervention in GERD
1.5.4.4a Hydrogels

There is promising research into reversible, expandable polyacrylonitrile-based hydrogel
prosthesis to augment the LES [12]. These hydrogels, however, will remain as a

permanent fixture in the body lending the risk of immunogenic resistance.

1.5.4.4b Microstimulator implants

Implantable microstimulators (IMS) have been used in a variety of medical conditions.
The microstimulator can selectively increase the LES pressure and thereby may be useful
in the control of GERD [66]. Experiments were performed in three 30 kg dogs where the
LES manometry, a 3.3 mm x 28 mm microstimulator (the Bion) was implanted into the

LES [66]. After stimulation the resultant LES pressures were 62.1 mm Hg, 35.1 mm Hg
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and 26 mm Hg respectively. These recordings were higher than post-implantation

baseline levels [66].

1.6 The investigative route for tissue engineering applications

1.6.1 2D models and 3D models for in vitro analysis of tissue engineering

applications

Until recent years, growing cells in vitro has been performed predominantly on tissue
culture plastic. Since this limits the cells to only grow in a monolayer, it is known as a 2D
model. Limitations of growing cells this way is that many cell types alter their natural
phenotypes, morphologies, motilities and differentiated functions [12], [67]. This
manifests in the cells’ natural morphology and actions being different to how the cells
would be when grown in vitro. 3D scaffolds however have been found to promote an
environment wherein cells can proliferate and produce their own ECM [22]. These 3D

constructs also provide a guide for tissue development into the desired structure/organ.
1.6.1.1 Hydrogels as 3D models for cell growth

Hutmacher et al. (2003) [22] made use of a 3D bioresorbable synthetic PCL polymer in
combination with a fibrin hydrogel. Sufficient chondrocyte cell attachment and
morphology was not observed in vitro, however, once the seeded constructs were
implanted within both pig and rabbit models, islets of cartilage and mineralized tissue
formation was observed via phase contrast microscopy and the GIEMSA histological
stain  [22]. When culturing human osteogenic cells in a silated
hydroxypropylmethylcellulose (Si-HPMC)-based hydrogel. The human osteogenic cells
within this 3D hydrogel displayed more mature differentiation status than when the same

cells where cultured in the plastic two dimentional (2D) model [12].
1.6.1.2 3D polymer models

3D models assist in creating an environment into which cells can migrate, proliferate, and
form the basis of 3D tissue. Often the constructs are prepared in the shape of the eventual

tissue the researches wish to form.

21



1.6.2 Cell culturing methods to emulate tissue formation

The problems associated with using normal 2D models are that it is difficult to determine

the cells’ true behavior as cells do not grow in a monolayer in vivo.

Cells and organ structures obtain suitable characteristics in order to withstand the
environment they are placed within in vivo. Do the cells need to develop into structures
that need strength, such as load-bearing bone? Are they subjected to highly acidic
environments such as the stomach lining? Mechanical stressors/stimulation also plays a
major role in the characteristics the cells will exhibit. These many environmental factors
become vitally important when culturing tissue in vitro later to be explanted in vivo.
Therefore, both the operating and environmental conditions need to be optimal and

specific for the type of tissue being generated.

1.6.2.1 Static versus dynamic cell culturing techniques

Static and dynamic seeding can be performed on 2D as well as 3D models. The
difference comes in the movement of the vessel or medium the culture is maintained in.
Static seeding and cultivation would involve seeding cells within a static environment
where neither the vessel containing the cells nor the medium surrounding the cells rotates
or flows about. Dynamic seeding can take place in many forms, the principle of which is
that either the vessels rotates, shakes, moves and/or the medium flows around the vessel,
thus mimicking more closely what would occur in vivo [70]. Three different
combinations of these techniques can be explored: static seeding followed by static
cultivation, dynamic seeding followed by static cultivation, and dynamic seeding
followed by dynamic cultivation [68]. When growing human dermal fibroblasts, Xiao et
al. found the dynamic seeding followed by static cultivation to yield higher seeding
efficiency/cell number (cells were trypsinized and counted under a haemocytometer) as
well as ECM formation (stained with methylene blue and viewed via SEM) compared to
the other two seeding/cultivation techniques as mentioned above [71]. Dynamic
seeding/cultivation took place by using a spinner flask with a non-heated magnetic stirrer
at 40 r.p.m (this speed was found to be optimal and did not result in cell damage). The
static seeding yielded low seeding efficiency, whereas the dynamic culturing caused the
fibroblasts to form aggregates [68]. Dynamic cultivation allows for significant cell

expansion. This becomes particularly important when culturing cells where only meager
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amounts of donor tissue are available (such as skin grafts from severely burnt patients)
[69], [72]. It has been suggested that by imitating the forces experienced by cells in vivo,
known as shear stress, may enhance not only cell proliferation and ECM synthesis, but
also improve the quality of engineered tissue [68]. In particular, SMCs have been
observed to benefit from dynamic seeding. Kim et al. noted that dynamically seeded
SMCs, when compared to statically seeded SMCs, displayed the formation of new tissue
which had higher cellularity, a more uniform cell distribution, along with greater

deposition of elastin [69].

Though it has been proven that dynamic culturing is superior to that of static culturing
with regard to a more natural phenotype and behavioural characteristics of the cells, it
was decided to maintain both static culturing and static seeding methods. This will ensure
that we are observing and recording the cells’ response to 2D and 3D surfaces without the

interference of additional factors.

1.6.3 In vitro investigation of cancerous SMCs cultured on 2D and 3D PCL

polymers

1.6.3.1 Cell line selection

Unfortunately, no cell lines are available for investigating the LES, and there is no animal
model to represent GERD. Due to the variation in cell behaviour of primary cell lines, it
was decided that the study would utilize cancerous smooth muscle cell lines. The SKUT-
1, mixed leiomyosarcoma (human uterine) cell line provided for SMCs originating from
the human uterus, an organ which undergoes regular contraction and relaxation as would

the LES.

The CRL-1701, leiomyosarcoma (syrian hamster ductus deferens) cell line provided for a
pure SMC culture which would undergo shear stress and contractions/relaxations in vivo.

The cell lines were chosen to explore the influence of the PCL polymer effects in vitro
which resemble our envisioned application of smooth muscle bulking in vivo as closely

as possible.
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1.6.3.2 Investigation of the effect of PCL polymers on the cell lines

This study therefore chose two smooth muscle carcinoma cell lines (SKUT-1and CRL-
1701). The focus of the investigation is to assess the impact of altering the architecture of
the PCL polymer (i.e. from a flat disk, to a solid microsphere as well as a hollow ported

microsphere) on the cellular response.

The above mentioned usual route of 2D in vitro investigations of the PCL polymer in the
form of a flat PCL disk is inconclusive as the spatial organization of the cells cannot be
investigated as discussed previously (section 1.6.1). Therefore (i) 3D solid PCL
microspheres and (ii) hollow/ported PCL microspheres (both being 100-200 pm in
diameter) were implemented. Microspheres aim to provide for a larger surface area of
growth and also allow for significant cell expansion. Growth of the cells on the 3D
surface will also better represent the motile behavior of the cells as they would in vivo
since many cell types are known to have altered motility on 3D matrices compared to 2D
surfaces [70]. These microspheres (100-200 um) are small enough to be injected in a
surgical environment: this creates potential for tissue regeneration in vivo where the
filling of irregularly shaped defects is needed [71]. It also ensures a minimally invasive
surgical procedure for the patient. In utilizing biodegradable microspheres, side effects
such as granuloma formation, embolization and chronic inflammation may be avoided

[25].

(1) Solid microspheres: Due to cells in vivo never being further than a few
hundred microns from a blood supply, even conservative volumes of
engineered tissue has been found to exhibit a central necrosis attributed to the
diffusional limit of nutrients and waste products [72]. However, the cells due
to its growth only on the surface of the microsphere, lack of nutrient diffusion
will not pose a problem.

(ii) Hollow/ported microspheres: The benefit of the hollow microspheres is that
cells are protected within the structure from frictional forces exerted once
implanted. Ports also allow for the invasion of a blood supply, thereby
preventing cell starvation. In effect, these microspheres will become cell
microcarriers which could be implanted in the body and provide a bulking,

functional effect [73], [74].
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1.6.4 Rationale for in vitro investigation

The in vitro study has been initiated to determine cytocompatability, cytotoxicity and
cellular morphology on PCL models. Once the study has confirmed the above, animal
trials will follow, providing a correlation as to how the application relates to a live model.

If these studies are successful, human clinical trials are intended.

SMC-seeded scaffolds were implanted subcutaneously in athymic nude mice to confirm
the biocompatibility [74]. Such a high elastic property and proper biocompatibility to
SMCs of PLCL scaffolds prepared in this study will be very useful to engineer SM-
containing tissues such as blood vessels under mechanically dynamic environments

(mechano-active tissue engineering)[74].

1.7 Aim

The aim of this study was to characterise the cellular physiology of two cancerous
smooth muscle cell lines (human and hamster) in vitro in the presence of a bioresorbable
PCL polymer in order to establish its biocompatibility and observe the differences in cell-

polymer interactions when cells are cultured on a 2D surface and a 3D surfaces.

We investigated the following:

1.7.1 suitability of PCL polymers as an environment for smooth muscle cell attachment
and proliferation;

1.7.2 cytocompatibility and biocompatibility of the PCL polymer with the smooth muscle
cells;

1.7.3 nature of the interactions of the cells and the polymer with respect to cell/tissue
viability and growth responses when the polymer undergoes degradation with time;
and

1.7.4 differences of 2D and 3D polymer-cell interactions with regard to cell attachment,

growth, viability and degradation responses.
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1.8 Risks/problems associated with the intended investigative route

1.8.1 Cell line related problems

There is no animal model or commercially available sphincter smooth muscle cell line for
the physiological problem GERD. However, because our main focus was to develop the
techniques for investigating smooth muscle cell interactions with PCL polymers, the

following cell lines were utilised:

1.8.1.1. SKUT-1, mixed leiomyosarcoma (human uterine)

1.8.1.2 CRL-1701, leiomyosarcoma (syrian hamster ductus deferens)

Leiomyosarcomas are malignant mesenchymal tissue tumours whose histologic

characteristics are consistent to those cells of smooth muscle differentiation [75].

1.8.2 Risks of predicting the in vitro investigation effects to in vivo tissue

engineering

The mechanical properties of tissues engineered from cells and polymer scaffolds are
significantly lower than the native tissues they replace. In order for the engineered SM
tissue to express the contractile phenotype characteristic genes, it becomes crucial to
provide both the chemical and mechanical morphogenetic inputs in a realistic three-

dimensional environment which mimics that which would be experienced in vivo [68].

The engineering tissue would preferably involve obtaining a biopsy from the host
(autologous cells), expanding the cells in vitro and then seeding them onto a
matrix/polymer scaffold and implanting the cell-matrix composite back into the host [76].
Currently it is not known whether non-contractile LES SMCs may be engineered into
contractile tissue. Although another study found that there were no phenotypic or
functional differences between muscle cells obtained from urodynamically normal or

pathological bladders seeded on polyglycolic acid scaffolds [76]. Regardless of the cell
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origin (functional or non-functional bladder tissue) they retained their phenotype after

implantation in vivo [76].
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Chapter 2

Materials and Methods
2.1 Materials

2.1.1 Cell lines

2.1.1.1 The SKUT-1 cell line: characterized as mixed leiomyosarcoma derived from the
human uterus.
2.1.1.2 The CRL-1701 cell line: characterized as a leiomyosarcoma derived from the

syrian hamster ductus deferens.

Both cell lines were obtained from the American Tissue Culture Collection (ATCC)

(Maryland, USA).

2.1.2 PCL polymers:

PCL polymer (Caprolactone (CAPA®) Thermoplastics) material was obtained from
collaborators in Materials Science and Manufacturing (MSM) Division of the Council for

Scientific and Industrial Research (CSIR) (Pretoria, South Africa).

2.1.2.a: 2D model: PCL was prepared as flat sheets by placing PCL beads (as originally
obtained) into a mould which then were hydraulically pressed at 80°C
for 15 min. The sheet was allowed to cool, after which it was pressed
for 15 min with a weight above it. The mould was removed and
allowed to cool with a 10 kg weight on it. The sheet was then cut into

the correct size to fit into 24-well plates.

2.1.2.b: 3D model: Solid PCL microspheres were prepared by dissolving the original
PCL beads in dichloromethane (DCM) at 25°C. This was added to 1%
w/v poly vinyl alcohol (PVA) in deionised water while magnetically

stirring the mixture. The solvent was allowed to evaporate for 3 hrs,
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then filtered and rinsed several times. The microspheres were sieved in

order to obtain the desired size range between 100 and 200um.

Both the PCL disks and solid microspheres were gamma-sterilized at 25 kGy at Isotron
(Pty) Ltd. (Kempton Park, Johannesburg, SA), followed by 70% ethanol for 30 min, and

rinsed thrice in phosphate buffered saline (PBS) prior to testing.

2.1.3 Other reagents:

All chemicals were supplied by Sigma-Aldrich (St. Louis, United States of America)
unless specified otherwise. Dulbecco’s Modified Eagles Medium (DMEM) with glucose,
sodium pyruvate, L-glutamine and heat-inactivated fetal calf serum (FCS) was purchased
from The Scientific Group (Johannesburg, South Africa). Penicillin, streptomycin and
fungizone were supplied by Sigma-Aldrich (St. Louis, United States of America) and
trypsin/versene was obtained from Highveld Biological (Pty) Ltd (Sandringham, South
Africa). Sterile cell culture flasks and plates were obtained through Laboratory
Equipment Supplies (Germiston, South Africa) and 0.22 pm syringe filters from
Aqualytic CC (Irene, South Africa).

2.2 Methods

2.2.1 General cell culture maintenance

Cells were grown in both 25 cm® and 75 cm? tissue culture flasks in a Forma Scientific
water-jacketed incubator (Ohio, United States of America) and maintained in a
humidified atmosphere at 37°C in 5% CO; air. Fresh medium was replaced every 72 hr.
The maintenance of both the SKUT-1 and CRL-1701 cell lines consisted of DMEM
supplemented with 10% heat-inactivated FCS, penicillin (100 pg/l), streptomycin (100
pg/l), and fungizone (250 pg/l). This is the standard operating procedure for the growth
of these cells as stipulated by the ATCC.

Phosphate buffered saline (PBS) consisting of 80 g/l NaCl, 2 g/l KH,PO4 and 11.5 g/

Na,HPO,.2H,0 was prepared at a ten times concentrated stock solution and stored in 50

29



ml aliquots at 4°C. When utilized, the PBS was diluted ten times with the pH adjusted to
7.4 with 1 M NaOH and then autoclaved (20 min, 120°C, 15 psi).

The cell culture medium of the cells was replaced with fresh medium every three days or
when a drop in pH was observed, as indicated by the phenol red present in the DMEM.
When confluent, cells were washed with PBS and subsequently incubated with
trypsin/versene (37°C, 5 min). Cells were gently detached from the surface of the cell
culture flasks by means of a gentle tap against the palm. The detached cells were
resuspended in fresh medium, to be divided into subcultures or used in experiments.
Stock suspensions of cells were frozen away at regular intervals in cryovials at -70°C.
Cells were frozen in freeze medium which consists of 10% cell culture media, 10%

dimethyl sulphoxide (DMSO) and 80% FCS.

Sterile conditions for cell culture maintenance and experiments were maintained at all
times. Procedures were carried out in a laminar flow cabinet from Labotec (Midrand,
South Africa). All solutions were filter sterilized (0.22 pm pore size) with all glassware
and non-sterile equipment being sterilized by autoclaving (20 min, 120°C, 15 psi) before

use.

2.2.2 General experimental setup

Tissue culture plate (TCP) surfaces are considered optimal for cell attachment and hence
this surface was used as a 100% control [77]. Depending on the type of study 6-, 24-, and
96-well plates were used. PCL disks were synthesised by MSM (CSIR, South Africa) and
cut to fit into the wells of 24-well plates. Cells were seeded onto these disks to serve as a
2D experimental setup. For the 3D experiments, 3.237 ug of solid PCL microspheres
were weighed off in order to correspond with the surface area of one 24-well size and
were placed in individually sterilized glass vials into which the cells were seeded. Cells
were harvested for experiments as described previously (section 2.2.1, par. 3) by means
of the trypsinization procedure. A 1 ml aliquot of cells was resuspended in medium and
counted with the use of a haemocytometer. 20 ul of trypan blue was added to 20 ul of the
cell suspension in order to identify viable cells during the cell counting procedure. Viable
cells do not take up the trypan blue stain as their cell membranes are intact, whereas dead

cells stain dark blue. The dead cells were excluded from the count [78].
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Concentration of cells was determined as follows:

Cells/ml = Average count per four squares in haemocytometer chamber (depth = 0.001
m?) x dilution factor x 10*. The 1 ml cell suspension was then appropriately diluted with

medium in order to obtain the required cell number per experiment.

2.3 Analytical experimental protocols

In the studies using the polymer construct DegraPol®, a biodegradable block-
copolyesterurethane, the following time frames were used to evaluate SMC growth on

this polymer: 24 hr, 48 hr, 72 hr and 96 hr [79].

2.3.1 Cytotoxicity studies

The effects of the solvent DMSO present in the PCL solid microspheres was analyzed for
cellular cytotoxicity. Since the PCL disks did not undergo the same solvent preparation
procedure, it was considered a positive control. 0.1 g PCL disks, solid and ported
microspheres were weighed off each and sterilized as described previously (section 2.1.2,

par. 4).

2.3.1.1 Pre-incubation of polymer:

The PCL polymers were incubated in 10 ml cell culture medium for the following time
periods: 24 hr, 72 hr, 5 day, 1 month and 1 year, to allow for any residual solvent

leaching.
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2.1.2.2 Extraction of pre-incubated medium:

The medium was subsequently separated from the polymer and used as the experimental
medium to conduct a 24 hr metabolic analysis. Medium that did not undergo polymer

incubation served as the 100% control.

2.3.2 Cell viability assessment of cells grown on degradation extracts

3-[4, 5 dimethylthiazol-2-yl]-2, 5-diphenyl tetrazolium bromide (MTT) and propidium
iodide/ Hoechst 33342 (PI/HO) stains was utilized in order to quantify and qualify cell

viability respectively.

2.3.2.1 Cell viability assessment by assessing metabolic activity using the MTT

assay

2.3.2.1a Principle of the assay

The MTT assay determines the amount of viable and metabolically active cells by
monitoring formazan formation. Changes in cell proliferative activity caused by trophic
factors, growth inhibitors, or inducers and inhibitors of apoptosis, may be quantified
using the MTT. MTT is reduced to insoluble formazan crystals associated with metabolic
activity. Live cells have active mitochondria and therefore the mitochondrial
dehydrogenase enzyme would cleave the MTT to form dark purple formazan crystals
[80]. The reduction of MTT is primarily due to enzymatic activity within the cell
dependent upon the presence of NADH and NADPH [81]. The colour intensity is a direct
correlation to the amount of formazan and therefore an indirect correlation to the
metabolically active (alive) cells. The colour was spectrophotometrically measured at an

absorbance of 570nm (ref. 630nm) [81].
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2.3.2.1b Materials

3-[4, 5 dimethylthiazol-2-yl]-2, 5-diphenyl tetrazolium bromide (MTT) and DMSO were
purchased from Sigma-Aldrich (St. Louis, United States of America).

2.3.2.1c Methods

SKUT-1 and CRL-1701 cells were trypsinized and seeded at 50 000 cells per well in 96-
well plates. Cells seeded in medium that was pre-incubated with the PCL disks or
microspheres were compared against medium that was not exposed to PCL disks or
microspheres. The fresh medium that was not pre-incubated was considered the optimal
and therefore the control. The cells were allowed to attach for 24 hr at 37°C. 20 Wl MTT
(5 mg/ml in PBS) was added to 200 pl medium in each well and left to incubate at 37°C
for 3.5 hr. The supernatant was removed without disturbing the attached cells. Cells were
gently washed with 200 ul PBS, after which 200 ul DMSO was added per well and
shaken for 1 hr. 100 pl of the supernatant was then removed and transferred to a new 96-
well plate to be measured at absorbance 570 nm (reference 630 nm), using an EL,800
Universal Microplate Reader from Bio-Tek Instruments Inc. (Vermont, United States of

America). (All experiments were conducted thrice with n=10) [81].

2.3.2.2 Cell viability assessment using the PI/HO assay

2.3.2.2a Principle of the assay

In order for cells to maintain a steady-state, cell division must be compensated by cell
death. This important active process of cell death is known as apoptosis or programmed
cell death [82]. A series of molecular and biochemical events are activated as a cell
undergoes apoptosis. This leads to its total physical disintegration. Cell dehydration is
one of the early events which lead towards cytoplasmic condensation, results in a change
in cell shape and size [83]. However, the most characteristic feature of apoptosis is

condensation of nuclear chromatin [84]. DNA in condensed, i.e pycnotic, chromatin
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show signs of hyperchromasia, which stains strongly with fluorescent dyes.
Disintegration of the nuclear envelope follows, with lamin proteins undergoing

proteolytic degradation. Finally, nuclear fragmentation (karyorrhexis) takes place [85].

The fluorescent stain PI is impermeable to the intact cell membrane whilst HO is
permeable to the intact cell membrane [86]. These properties of the two stains were used
to analyze the cells’ integrity and therefore conclude its viability or apoptosis. When the
cells are stained with PI, the cells that are intact would not stain and the damaged and/or
apoptotic cells would stain. The fluorescence in the red visible range is then measured.
On the other hand, as HO is permeable, it is able to stain the chromosome of the cells and
emits a blue fluorescence. Due to the chromosomes being stained, it is possible to
distinguish the different mitotic stages of the cell, which allows the specific cell cycle

phase to be distinguished.

2.3.2.2b Materials

Propidium Iodide (PI) and Hoechst 33342 (HO) were purchased from Sigma-Aldrich (St.

Louis, United States of America).

2.3.2.2¢ Methods

SKUT-1 and CRL-1701 cells were trypsinized and seeded at 500 000 cells per well in 6-
well plates onto heat-sterilized glass cover slips. Cells incubated with non-PCL exposed
medium were used as the100% control as they would grow within optimal conditions.
The experimental setup included cells incubated with the experimental medium extracts
obtained from PCL disks or PCL microspheres. The cells were allowed to attach for 24 hr
at 37°C. The growth medium was discarded and replaced with PBS in order to rinse the
cells. Once the PBS was removed, the cells were stained with 2 ml HO (0.5 pg/ml in
PBS) and incubate for 30 min at 37°C. 0.5 ml PI (40 pg/ml in PBS) was added to the HO
solution and left for a further 5 min at 37°C. The coverslips were removed and mounted
on glass slides in mounting fluid (90% glycerol, 4% N-propyl-gallate, 6% PBS). This
assay was visualised under a Zeiss Axiovert200, inverted fluorescence microscope
(Miinchen, Germany). Photos were taken with a Zeiss Axiocam MRc5 (Miinchen,

Germany). (All experiments were conducted thrice with n=3) [86].
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2.3.3 Cell attachment studies

PCL preconditioning with medium for 24 h was shown to improve cell adhesion [33].
This study demonstrated that it enhances ECM like factors from the medium to deposit

on the PCL prior to cell seeding and could therefore improve cell adhesion [33].

Cells cultured on the 2D PCL polymer disk that was treated in DMEM + 10% FCS (now
referred to as ‘complete medium’) for 24 hr prior to cell seeding was compared to those
cells seeded on PCL disks that did not undergo the pre-incubation. Cells cultured on disks
that were treated with DMEM without 10% FCS (now referred to as ‘partial medium’)

served as a control in order to rule out the effects of the proteins found in FCS.

2.3.3.1 Cell attachment density assessment using Scanning Electron Microscopy

(SEM)

2.3.3.1a Principle of method

Observation of cells by SEM allows visualization of cells and their morphology. SEM

allows for the qualitative observation of cellular attachment density [87].

2.3.3.1b Materials

Gluteraldehyde, osmium tetroxide and hexamethyldisilazane were purchased from

Sigma-Aldrich (St. Louis, United States of America).

2.3.3.1c Methods

SKUT-1 and CRL-1701 cells were trypsinized and seeded at 100 000 cells per 24-well in
24-well plate. The experimental groups included polymer disks incubated at 37°C in, 1)
complete medium (experiment) and 2) partial medium (positive control) for 24 h prior to
cell seeding. The negative control was 3) incubated in PBS for 24 h. The cells were
allowed to attach for 24 hr at 37°C. Experiments were terminated by rinsing the samples
in PBS, to remove non-adherent cells. Cells were then fixed by placing the samples in 2.5

gluteraldehyde in 1.15 M Na/K buffer for 1 hr. The samples were rinsed thrice in 0.15 M
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Na/K buffer and immersed in osmium tetroxide for 30 min. Once again the samples were
rinsed thrice in 0.15 M Na/K buffer, followed by a graded dehydration in ethanol from
30% through to 100%. The samples were covered in hexamethyldisilazane and left to dry
in a desiccator overnight. Samples were then sputter coated in gold and viewed under a
JSM 840 Scanning Electron Microscope (JEOUL, Tokyo, Japan). (All experiments were

conducted thrice with n=3).

2.3.4 Cell cycle analysis

Cell cycle was analyzed when the cells were grown on the 2D models (TCP and PCL
disk) and 3D models (PCL solid microsphere and PCL ported microsphere). All
experiments were conducted on polymers which had been incubated in complete DMEM
for 24 hr prior to seeding. The experiments consisted of the following time periods: 24 hr,
72 hr, and 5 day. 100 000 cells were seeded for 24 hr experiments, 50 000 cells for 72 hr
and 25 000 cells for 5 day experiments.

2.3.4.1 Cell cycle analysis using flow cytometry

2.3.4.1a Principle of method

Flow cytometry uses a laser light beam which is projected through a liquid stream that
contains cells and when struck by the focused light, emitted signals are detected [88].
These emitted signals are then converted for computational data analysis which provides
information about biological/biochemical properties (i.e. cell senescence, cell replication)
of cellular DNA [88]. Therefore analysis of cells using the flow cytometry technique is a
useful technique in determining the progress of cells through the cell cycle (G; - S - G; -
M), and allows for a quantitative ratio of cells actively proliferating versus senescent cells

[89].

Changes in morphology of cells undergoing cell death can be detected by analyzing the
light scatter signal given during flow cytometry [89]. The manner in which the light is
scattered provides information about the cell size and structure [89]. During cell death a

cell's ability to scatter light is altered and reflects definite morphological changes such as
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cell swelling or shrinkage, breakage of plasma membrane and also signs of apoptosis
such as: chromatin condensation, nuclear fragmentation and detaching of apoptotic

bodies [89].

2.3.4.1b Materials

RNase A was purchased from Roche Diagnostics, GmbH (Mannheim, Germany) and

99.9% ethanol was from Merck Co. (Munich, Germany).

2.3.4.1c Method

After the appropriate incubation periods of 1) 24 hr, 2) 72 hr and 3) 5 day, the SKUT and
CRL-1701 cells attached on the TCP plates, PCL disks, solid microspheres, as well as
ported microspheres were washed in ice-cold PBS. Cells were trypsinized from the PCL
polymers and resuspended in 200 pl of PBS/0.1% FCS. While vortexing, 4 ml of ice-cold
ethanol was added one drop at a time in order to fixate the cells, and then incubated at
4°C for 1 h. The cell suspension was centrifuged and the cell pellet was obtained. The
cell pellet was resuspended in 1 ml PI solution (40 pg/ml PI and 100 pg/ml RNaseA).
The cells were incubated at 37°C for 1 h and filtered through a 40 — 70 m mesh prior to
analysis. PI fluorescence which is relative to DNA content per cell was measured with a
fluorescence activated cell sorting (FACS) FC500 System flow cytometer (Beckman
Coulter South Africa (Pty) Ltd) equipped with an air-cooled argon laser excited at
488nm. Cell debris, particles smaller than apoptotic bodies and cell clumps was removed
from further analysis. Data from at least 30 000 cells were analyzed with CXP software
(Beckman Coulter South Africa (Pty) Ltd). (All experiments were conducted thrice with
n=30) [89].

2.3.4.2 Determination of cells in S-phase using Click-iT™ EdU flow cytometry kit

2.3.4.2a Principle of method

The number of cells within the S phase was quantified and confirmed with further assays
involving the Click-iT™ EdU flow cytometry kit. This kit tags cells specifically in the S
phase during DNA synthesis by inserting the nucleoside analog, 5-ethyl-2'-deoxyuridine
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(EdU) to thymidine. This occurs during active DNA synthesis and is referred to as a
“click” reaction due to the copper catalyzed reaction between an azide and an alkyne

[90].

2.3.4.2b Materials

Click-iT™ EdU flow cytometry kit obtained from Invitrogen, Molecular Probes (Eugene,

Oregon, United States of America).

2.3.4.2¢c Methods

EdU was added at a final concentration of 10 mM to the SKUT and CRL-1701 cells
grown for 5 days on the TCP, PCL disks, solid microspheres and ported microspheres.
The incorporation of the EAU was allowed for 2 V2 hrs, after which cells were harvested
by trypsinization, washed with 1% bovine serum albumin (BSA) in PBS centrifuged at
10 000rpm to pellet cells. The supernatant was discarded and the cells were resuspended
at 1 x 107 cells/ml in 100 ul 1% BSA in PBS. To this cell suspension, 100 ul of Click-iT
fixative was added and incubated at room temperature for 15 min in the dark. The cells
were once again washed with 3 ml 1% BSA in PBS, centrifuged at 10 000 rpm, the
supernatant was removed. The cell pellet was dislodged by resuspending in 100 pl Triton
X-100 and incubated for 30 min at room temperature, protected from light. After this,
cells were washed in 3 ml 1% BSA in PBS, centrifuged at 10 000rpm, the supernatant
was removed. The cell pellet was then resuspended in 500 pl of the Click-iT reaction
cocktail consisting of 13.2 ml 1x Click-iT reaction buffer, 300 ul CuSO4 75 pl
fluorescent dye azide and 1.5 ml of reaction buffer additive. The reaction cocktail was
allowed to incubate at room temperature for a further 30 min in the dark. The cells were
then washed with 3 ml 1% BSA in PBS, centrifuged at 10 000rpm, the supernatant was
removed. The cell pellet was further resuspended in 500 ul 1% BSA in PBS to which 5 pl
Ribonuclease A and 2 ul CellCycle 633-red was added and left for a further 15 min at
room temp. Flow Cytometric analysis was performed using a Coulter Epic Altra
(Beckman Coulter, Miami, FL) flow cytometer, equipped with a water-cooled enterprise
laser, as well as an air cooled Red Helium Neon (HeNe) laser. It also has a UV and

Argon laser. The Argon laser has an excitation wavelength of 488nm, while the HeNe
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laser has an excitation wavelength of 633nm. The CellCycle 633-red has an excitation

wavelength of 633/635nm and was detected with a red emission filter at 670/14nm [90].

2.3.5 Assessment of cell attachment characteristics

Cell attachment characteristics were analyzed when the cells were grown directly on the
PCL disks, solid microspheres and ported microspheres. All experiments were conducted
on polymers which had been incubated in complete medium for 24 hr prior to seeding
and cells were incubated for 24 hr, 72 hr and 5 days respectively. 100 000 cells were
seeded for 24 hr experiments, 50 000 cells for 72 hr and 25 000 cells for 5 day

experiments.

2.3.5.1 Assessment of cell morphology using SEM

2.3.5.1a Principle of the method

Observation of cells by SEM allows for assessment of cellular morphology of cells
cultured on the PCL polymer disk (2D model) to be compared to those cells cultured on
the PCL microspheres (3D models). Observation of the manner in which these cells
attach onto the PCL surfaces allowed the comparison of whether the SMCs retain their
characteristic spindle-shaped attachment formation on either of the models. The shapes
and distribution of attached cells will also elude as to how the cells differ in attachment
on flat and curved surfaces. Morphologically flattened cells are characteristic of adherent
cells as opposed to rounded cells, and is an indication of cells attaching well to a
particular surface [91]. Cells that attach well have an intact cytoskeleton and filopodia
that branch out from the cell body. This is indicative of cells that are migrating, spreading
out and proliferating well on the polymer surface [92]. SEM allows for the qualitative

observation of cellular attachment and patterns of growth.

2.3.5.1b Materials
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All experiments were conducted on polymers which had been pre-incubated in complete
medium for 24 h prior to seeding. SKUT-1 and CRL-1701 cells were trypsinized and
seeded in 24-well plate on PCL disks, and in glass vials on 0.003237g solid
microspheres. The cells were allowed to attach for 1) 24 h, 2) 72 h and 3) 5days at 37°C.
The method as described in section 2.3.2.2c was used. Samples were sputter coated in
gold and viewed under a JSM 840 Scanning Electron Microscope (JEOUL, Tokyo,

Japan). (All experiments were conducted thrice with n=3).

2.3.5.2 Assessment of the cell cytoskeleton using the phalloidin staining

technique

2.3.5.2a Principle of the staining technique

Phalloidin is a green fluorescent agent which stains the cells’ actin filaments responsible
for cell shape and attachment. Distribution of the actin filaments around the perimeter of
the cell membrane is indicative of high focal adhesions of the cell to the substrate [94].
The amount of actin filaments present gives an indication that the SMCs have retained

the correct phenotype [94].

2.3.5.2b Materials

Paraformaldehyde and BSA were supplied by Sigma-Aldrich (St. Louis, United States of
America). Triton X-100 was purchased from Merk (Darmstadt, Germany). Alexa Fluor
488 phalloidin was purchased from Invitrogen, Molecular Probes (Eugene, Oregon,

United States of America).

2.3.5.2¢c Method

SKUT-1 and CRL-1701 cells were trypsinized and seeded in glass vials on 0.003237g
solid microspheres and 0.003237 ported microspheres. Cells seeded on heat-sterilized
glass cover slips served as a 100% control. The cells were allowed to proliferate for 5

days at 37°C. Experiments were terminated by rinsing twice in PBS, this removed any
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non-adherent cells. The cells were fixed in 3.7% paraformaldehyde in PBS for 5 min at
room temperature and subsequently rinsed thrice in PBS. The cell membranes were
permeabilised with 0.1% Triton X-100 in PBS for 5 min and subsequently rinsed thrice in
PBS. The cells were then incubated at room temperature for 30 min in 1% BSA in PBS.
The BSA was removed and the cells were overlayed with 5 pl Alexa Fluor 488 phalloidin
in 200 ul PBS and left to incubate at room temperature for 20 - 30 min. The PCL disks,
solid microspheres, the glass cover slips were removed and mounted on glass slides in
mounting fluid (90% glycerol, 4% N-propyl-gallate, 6% PBS). This assay was visualised
under a Zeiss Axiovert200, inverted fluorescence microscope (Miinchen, Germany).

Photos were taken with a Zeiss Axiocam MRc5 (Miinchen, Germany).

2.3.6 Assessment of cells grown on PCL models in 3D format using confocal

microscopy

The optical imaging technique of confocal microscopy allows an increase in contrast of
micrographs along with the ability to reconstruct 3D images [93]. The confocal
microscope uses a spatial pinhole and point illumination in front of the fluorescent
detector which eliminates out-of-focus information [93]. 2D and 3D images are compiled
by scanning the specimen over a regular raster, which is the compilation of parallel

scanning lines into a rectangular shape [93].

2.3.6.1a Principle of the method

As explained in 2.3.5.2a, cells were stained with phalloidin in order to view the entirety

of the cell cytoskeleton.

2.3.6.1b Microscope and materials

The Zeiss confocal laser scanning microscope (LSM) 510 (Jena, Germany) was utilized
along with the Zeiss LSM Image Browser software. Paraformaldehyde and BSA were

supplied by Sigma-Aldrich (St. Louis, United States of America). Triton X-100 was
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purchased from Merk (Darmstadt, Germany). Alexa Fluor 488 phalloidin was purchased

from Invitrogen, Molecular Probes (Eugene, Oregon, United States of America).

2.3.6.1c Method

SKUT-1 and CRL-1701 cells were trypsinized and seeded in 24-well plates on glass
cover slip controls, PCL disks, and in glass vials on 0.003237g PCL solid microspheres
and 0.003237 PCL ported microspheres. Cells were incubated for 5 days on the glass
cover slips and PCL disks (2D models), and on the PCL solid microsphere and PCL
ported microspheres (3D models). The cells were stained with phalloidin (see section
2.3.4.2¢ for method). 2D model images were photographed using the Zeiss LSM 510
camera. 3D model images were scanned with the xyz-stack with the Zeiss LSM 510
microscope in order to obtain complete 3D images. These images were compiled into a

3D animation using the Projection option of the Zeiss LSM Image Browser software.

2.3.7 Statistics

Analysis of the data was conducted in consultation with Prof. Becker of the Medical
Research Council (MRC), an expert in the field of Biostatistics. All experiments were
conducted as a factorial design with treatment at four levels (tissue culture plate, 2D PCL
polymer disk, 3D PCL polymer solid microsphere and 3D PCL polymer ported
microsphere), time at three levels (24 hours, 72 hours, 5 days) and cells at two levels
(SKUT-1, CRL-1701). Data was analysed using appropriate number of variance for this
4x3x2 factorial design with three replicates. A difference was considered statistically

significant at P < 0.05.
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Chapter 3

Results

3.1 Determination of the effect of PCL degradation extracts by assessing cell

viabiltiy

3.1.1 Assessment of cell viability by the determination of metabolic activity

using the quantitative MTT assay

Viability of both the SKUT (fig. 3.1.1) and CRL-1701 (fig. 3.1.2) cell lines remained
above 80% during the 24 hr, 72 hr and 5 day exposures to PCL disk and PCL

microspheres extracts.

In figure 3.1.1 the SKUT cells displayed a statistically significant increase in metabolic
activity, between 120-130% when allowed to proliferate in the PCL medium extracts than
what they did on the control medium (medium without PCL exposure). This illustrated
that the initial degradation products and any chemical leaching from the PCL remained
unharmful towards the cells’ viability and therefore did not prove to be cytotoxic. The
metabolic activity of the SKUT cell line dropped with statistical significance (80% on the
PCL microsphere extract and 65% on the PCL disk extract) when cultured within the 1

month PCL disk and microsphere extracts when compared to the control.

In figure 3.1.2 the CRL-1701 cells cultured within the PCL extracts illustrated the
lowered metabolic activities between 80% and 98% when compared to the control
medium. This was however only statistically lower when the cells were cultured on the
24 hr PCL disk extract and 5 day PCL microsphere extract.The CRL-1701 cell line
displayed the opposite effect seen with the SKUT-1 cells, with an increase in metabolic
activity over the control, statistically significant at 120% when cultured in the PCL disk

extract and 102% when cultured on the PCL microsphere extract.
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Both cell lines displayed similar statistically lower metabolic activities when compared to
the control when cultured within the 1 year PCL disk and PCL microsphere extracts

(between 40% and 50%).
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Figure 3.1.1: SKUT cell metabolic activities when cultured for 24 h on PCL degradation extracts.
Metabolic activity expressed as a percentage of the control after 24 hr in PCL solid microspheres (dark
blue) and PCL disks (pink) extracts. Extracts were prepared for 24 hr, 72 hr, 5 day, 1 month and 1 year time
intervals. Cells were cultured for 24 hrs on the PCL-conditioned medium. All experiments were conducted
thrice with n=12, the results indicate the overall average. *P<0.05 illustrate statistical significance when

comparing PCL disk and PCL microsphere extracts to the control medium.
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Figure 3.1.2: CRL-1701 cell metabolic activities when cultured for 24 h on PCL degradation extracts. The
metabolic activity is expressed as a percentage of the control after 24 hr in PCL solid microspheres (dark
blue) and PCL disks (pink) extracts. Extracts were prepared for 24 hr, 72 hr, 5 day, 1 month and 1 year time
intervals. Cells were cultured for 24 hrs on the PCL-conditioned medium. All experiments were conducted
thrice with n=12, the results indicate the overall average. *P<0.05 illustrate statistical significance when

comparing PCL disk and PCL microsphere extracts to the control medium.

3.1.2 pH assessment of degradation extracts

As seen in table 3.1.2 the control medium remained at a constant neutral pH of 7.7 from
the 24 hr extract right through to the 1 year long extract. The pH of the PCL microsphere
extract declined sooner that the disks’ extract, being at 7.6 after 72 hr and 7.5 at 5 days;
compared to 7.7 at 72 hr and 7.6 at 5 days. Both the PCL disk and PCL microsphere
extracts revealed the same pH at 1 month and 1 year degradation time periods at pH 7.5

and 7.4 respectively.
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Table 3.1.2: pH determinations of control medium and PCL disk and microsphere extracts. The control
medium remained at a constant pH of 7.7 from 24 hr through to 1 year. The PCL disk and PCL
microsphere extracts revealed a similar decline in pH, with both of the extracts resulting in a drop of pH

from 7.7 at 24 hr to 7.4 after 1 year.
24 hr 72 hr S days 1 month 1 year

Control
7.7 7.7 7.7 7.7 7.7
medium
PCL disk

extract 7.7 7.7 7.6 7.5 7.4

medium

PCL

sphere
7.7 7.6 7.5 7.5 7.4
extract

medium

3.1.3 Assessment of cell viability by the determination of membrane integrity

using the qualitative PI/HO assay

The fluorescent stains PI and HO are impermeable and permeable respectively to the
intact cell membrane [80]. Since cell membranes are impermeable to PI, in areas where a
red fluorescence is emitted, the cells are damaged and/or apoptotic. HO is permeable to
the cell membrane and stains the chromosome of the cells with a blue fluorescence.
Chromosomal staining allows the distinguishing of the different mitotic stages of the cell

[80].

Metabolic activity determination revealed similar values with both the SKUT and CRL-
1701 cell lines across the time frames. However, the cells revealed opposite trends in
metabolic activity when cultured on the 1 month extracts: the SKUT cells’ metabolic
activity significantly declined with both the PCL disk and PCL microsphere extracts
compared to the control, whereas the metabolic activity of the CRL-1701 cell line was

observed to increase with both the PCL disk (statistically significant) and PCL
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microsphere extracts when compared to the control. Therefore the effect of the 1 month

degradation extracts was further investigated by means of PI/HO.

The SMC nucleus appears as a long rod-like structure with the staining of the
chromosome. The SKUT and CRL-1071 cells grown for 24 hr on the 1 month TCP
control medium extractions were exposed to PI/HO and the stained cells are illustrated in
figures 3.1.3.1 (a) and 3.1.3.2 (d) respectively. The SKUT cells demonstrated excellent
cell viability as no apoptotic or necrotic cells were detected. The cells were observed to
be in a uniform distribution of the cell phases, with most of the cells within metaphase,
illustrating cell division, and proliferation at 24 hrs post seeding. However, at 24 hrs the
CRL-1701 cells displayed only viable cells which were mainly seen to be within interface

and prophase, indicative of cellular senescence.

The SKUT and CRL-1071 cells grown for 24 hr on the extracts obtained from the PCL
disk in medium are illustrated in figures 3.1.3.1 (b) and 3.1.3.2 (e) respectively. These
cells were stained with PI/HO and viewed under a fluorescent microscope. The SKUT
and CRL-1701 cells demonstrated excellent cell viability where, again, the cells were
observed to be in a uniform distribution of the cell phases, though most of the cells were

within interphase and prophase, indicative of cellular senescence.

The SKUT and CRL-1071 cells grown for 24 hr on the 1 month PCL microsphere
medium extractions were exposed to PI/HO and the stained cells are illustrated in figures
3.1.3.1 (¢) and 3.1.3.2 (f) respectively. The SKUT cells demonstrated excellent cell
viability and were observed to be in a uniform distribution of the cell phases, with most
of the cells within metaphase and anaphase, illustrating cell division and proliferation. In
contrast, the CRL-1701 cells displayed only viable cells which were mainly seen to be

within interphase and prophase, indicative of cellular senescence.
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Figure 3.1.3.1 SKUT cell membrane integrity and chromosomal staining when cultured for 24 hr in 1
month TCP (a), PCL disk (b) and PCL microsphere (c) extracts: PI/HO fluorescent staining illustrating cell
viability and phases in the cell cycle of SKUT cells. Pink arrows indicate metaphase. Micrographs taken at

100x magnification.
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Figure 3.1.3.2 CRL-1701 cell membrane integrity and chromosomal staining when cultured for 24 hr in 1
month TCP (a), PCL disk (b) and PCL microsphere (c) extracts: PI/HO fluorescent staining illustrating cell
viability and phase in the cell cycle of the CRL-1701 cells. Pink arrows indicate metaphase. Micrographs

taken at 100x magnification.
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3.2 The benefits of pre-conditioning PCL polymers for 24 hrs in complete

medium

3.2.1 Qualitative SEM data of SKUT and CL-1701 cells grown on PCL disks

which were pre-conditioned in PBS, partial medium and complete medium

SKUT cells grown on PCL disks, where the PCL disks were pre-conditioned in the PBS
control for 24 hrs, was viewed under SEM. Micrographs were taken at 100x and 500x
magnification as seen in figure 3.2.1.1 a and b respectively. SEM views at 100x and 500x
magnification respectively of SKUT cells grown on PCL disks, where the PCL disks
were pre-conditioned to partial medium and complete medium respectively, are
illustrated in figure 3.2.1.1 ¢ & d and figure 3.2.1.1 e & f respectively. Partial medium
pre-conditioning was seen to improve cellular attachment density when compared to the
PBS control. When the PCL disks were pre-conditioned in complete medium, a notable

difference was observed where the SKUT cells attached with a packed cell density.

The SEM micrographs taken at 100x and 500x magnification respectively of CRL-1701
cells grown on PCL disks, where the PCL disks were pre-conditioned for 24 hrs in the
PBS control are illustrated respectively in figure 3.2.1.2 g and h. CRL-1701 cells grown
on PCL disks viewed under SEM at 100x and 500x magnifications, where the PCL disks
were pre-conditioned to partial medium and complete medium respectively are illustrated
in figure 3.2.1.2 1 & j and figure 3.2.1.2 k & 1 respectively. The attachment density of the
CRL-1701 cells was sparse on PCL disks pre-conditioned in PBS. However, an increased
cell attachment density was observed on PCL disks treated partial medium and complete
medium. Once again, the PCL disks pre-conditioned in complete medium supported the

greater amount of initial cell attachment as qualitatively observed in the cell density.
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Figure 3.2.1.1: Qualitative SEM micrographs illustrating SKUT cells attached for 24 hrs on PCL disk
surface: a and b: Cells grown on PCL disks treated with the PBS control at 100x and 500x magnification
respectively. ¢ and d are micrographs of cells attached on PCL disks pre-conditioned with partial medium
at 100x and 500x magnifications respectively. e and f : cells attached on PCL disks pre-conditioned in

complete medium at 100 and 500x magnifications.
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Figure 3.2.1.2: Qualitative SEM micrographs illustrating CRL-1701 cells attached for 24 hrs on PCL disk
surface: figures g and h illustrate cells grown on PCL disks treated with the PBS control at 100x and 500x
magnification respectively. i and j are micrographs of cells attached on PCL disks pre-conditioned with
partial medium at 100x and 500x magnifications respectively. k and 1 : cells attached on PCL disks pre-

conditioned in complete medium at 100 and 500x magnifications.
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3.3 Analysis of the cell cycle

3.3.1 Determination of the cell cycle characteristics of SKUT and CRL-1701
cell lines when grown in a time dependant manner on the PCL polymer using

flow cytometry

Analysis of cells proliferating using the flow cytometry technique is valuable for
determining the progress of cells through the cell cycle (G; - S - G, - M), and therefore

allow for a quantitative ratio amount of cells actively proliferating.

Percentage of SKUT and CRL-1701 cells in the G¢/;, S and Go/M phases on the TCP
control, PCL disks (2D model) and PCL solid and ported microspheres (3D models)
when allowed to proliferate for 24 hrs, 72 hrs and 5 days are illustrated in figures 3.3.1.1

—3.3.1.6. The data is reported as the averages of three independent experiments.

3.3.1a SKUT cell cycle progression

When grown on the control TCP, the Gy/; phase remained constant at 50% at 24 hrs, 48%
at 72 hrs followed by 52% after 5 days. The S phase was observed to remain stable
varying from 24 hrs, 72, hrs and 5 days at 22, 20 and 17% respectively. The cycling cells
within the G»/M phase remained steady from 26% at 24 hrs, followed by 31% at 72 hrs,
and finally 27% after 5 days.

When grown on the PCL disk, little variation in cell cycle distribution was observed. The
Gy/; phase varied between 58% and 55% at hrs 24 and 72, but rose to 62% on day 5
which was significantly higher that the TCP control. The percentage cells S phase was
significantly lower at 17% after 24 hrs which was similar to the control at 72 hrs at 15%,
but significantly lower than the control at 10% after 5 days. The G,/M phase varied
between 23% at 24 hrs, 25% after 5 days. This was significantly lower that the control
after 72 hrs at 24%.

However, cells grown on the PCL microspheres illustrated a very different trend from
those grown on the TCP and PCL disks. The cell cycle distribution was also observed to

alter dramatically over the time periods.
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When grown on the PCL solid microspheres, cells within the Gy/; phase were seen to
progressively decrease from 61% at 24 hrs (significantly higher than the control),
followed by 45% at 72 hrs and 34% (significantly lower than the control and the cells
grown on the PCL disk) after 5 days. This was accompanied by a progressive increase in
the Go/M phase from 18% at 24 hrs (significantly lower than the control), followed by
34% at 72 hrs (significantly higher than the PCL disk) and 36% after 5 days, being
significantly higher than both the control and the cells grown on the PCL disk). The S
phase remained basically the same throughout, ranging from 20%, 19% and 23%
(significantly higher than the control) after 24 hrs, 72 hrs and 5 days respectively.

When grown on the PCL ported microspheres, cells within the Gy/; phase within the first
72 hrs were seen to be significantly elevated when compared to the cells grown on the
control as well as the PCL solid microspheres: 71% after 24 hrs and 77% after 72 hrs.
This was accompanied by significantly lower S and G,/M phases once again when
compared to the cells grown on the control as well as the PCL solid microspheres. S
phase: 12% followed by 10%, G»/M phase: 14% followed by 12% after 24 hrs and 72 hrs
respectively. After 5 days in culture, the cells within the Gy/; phase reduced to 58%
(significantly higher than the cells grown on the PCL solid microspheres, though within
the same range as the control), the cells within the S phase increased to 18% and the cell
cycling within the G»/M phase increased to 20%, though this remained significantly

lower than both the control and the cells grown on the PCL solid microspheres.

3.3.1b CRL-1701 cell cycle progression

When grown on the TCP control, the Gy/; phase of the cell cycle remained stable. It
ranged between 54% at 24 hrs, 49% at 72 hrs and 56% at 5 days. The S phase continued
to drop as culture time progressed from 24 hrs, 72 hrs and 5 days; 22%, 13% and
eventually 9% respectively. The G»/M phase remained relatively high throughout the
time periods cultured. The cycling cells ranged from 21% after 24 hrs, 37% after 72 hrs
and 34% after 5 days.

Analysis of the CRL-1701 cells grown on the TCP illustrated a highly proliferative rate,

as is characterized by this cell line.

54



As the cells proliferated on the PCL disks, the Gy/; phase remained steady for 24 and 72
hrs at 75% and 72% respectively, both values being significantly higher than the control.
This, however, dropped to 59% on day 5; within the same range as the control. The cell
percentage was observed to drop from 15% to 3% (both values being significantly lower
than the control) during 24 hrs and 72 hrs respectively during the S phase. The phase
rose, however, on day 5 to 10% (significantly higher than the control). The G,/M
proliferative phase increased steadily to 9% at 24 hrs, 23% at 72 hrs (both significantly
lower than the control) and 29% at 5 days.

When cultured on the PCL solid microspheres, the Go/; ranged between 78% at 24 hrs,
67% at 72 hrs and 77% at 5 days, all values were significantly higher than the control.
The S phase went from 11% (significantly lower than the control) and 10% (significantly
higher than the cells grown on the PCL disk) at 24 and 72 hrs respectively. A sharp
decline of S phase cells at day 5 took them to 3%, being significantly lower than the
control and the PCL disk. G»/M cells varied from 10% at 24 hrs, 23% at 72 hrs and 19%
at 5 days, all values being significantly lower than the control in addition with the 19%
after 5 days being significantly lower than the cells grown on the PCL disk. The steep
decline of cells in the S phase at 72 hrs (3%) may be suggestive of a Gy/; block.

When cultured on the PCL ported microspheres, the Go/; phase remained significantly
higher than the control throughout all three time frames. It was also significantly higher
to the PCL solid microspheres after 72 hrs. However, this significance dropped to below
the PCL solid microspheres after 5 days. The values were as follows: 66% after 24 hrs,
77% after 72 hrs and 72% after 5 days. The cells cycling through the S phase remained
significantly lower than the control throughout in addition to being significantly lower
than the PCL solid microsphere at the 72 hr time frame: 9% after 24 hrs, 4% after 72 hrs
and 3% after 5 days in culture. The Go/M ranged between 24% at 24 hrs (significantly
higher than those on the PCL solid microspheres), 18% at 72 hrs (significantly lower than
both the control as well as the PCL solid microspheres) and 22% after 5 days which

remained significantly lower than the control.
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Figure 3.3.1.1: Flow cytometric analysis illustrating percentage of SKUT cells cycling through the Gy/,, S
and G,/M phases of the cell cycle after 24 hrs proliferation. Cells were allowed to attach for 24 hrs on the
TCP (purple bars), PCL disk (maroon bars), PCL solid microspheres (yellow bars) and PCL ported
microspheres (blue bars). All experiments were conducted thrice with n=3, the results indicate the overall
average. *P<0.05, comparing PCL disk, solid microspheres and ported microspheres to TCP control,
*P<0.05 comparing PCL solid microspheres to PCL disk, ®P<0.05 comparing PCL ported microspheres to

PCL solid microspheres. Error bars indicate standard deviation.
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Figure 3.3.1.2: Flow cytometric analysis illustrating percentage of SKUT cells cycling through the Go/y, S
and G,/M phases of the cell cycle after 72 hrs proliferation: Cells were allowed to grow for 72 hrs on the
TCP (purple bars), PCL disk (maroon bars), PCL solid microspheres (yellow bars) and PCL ported
microspheres (blue bars). All experiments were conducted thrice with n=3, the results indicate the overall
average. *P<0.05, comparing PCL disk, solid microspheres and ported microspheres to TCP control,
#P<0.05 comparing PCL solid microspheres to PCL disk, ©P<0.05 comparing PCL ported microspheres to

PCL solid microspheres. Error bars indicate standard deviation.

57



a
o
\
*
*

% cycling cells
£
o
* 8

GO0/1 Phase S Phase G2/M Phase

O TCP m PCL Disk
O PCL Solid Microspheres @ PCL Ported Microspheres

Figure 3.3.1.3: Flow cytometric analysis illustrating percentage of SKUT cells cycling through the Gy/,, S
and G,/M phases of the cell cycle after 5 days proliferation: Cells were allowed to grow for 5 days on the
TCP (purple bars), PCL disk (maroon bars), PCL solid microspheres (yellow bars) and PCL ported
microspheres (blue bars). All experiments were conducted thrice with n=3, the results indicate the overall
average. *P<0.05, comparing PCL disk, solid microspheres and ported microspheres to TCP control,
#P<0.05 comparing PCL solid microspheres to PCL disk, ©P<0.05 comparing PCL ported microspheres to

PCL solid microspheres. Error bars indicate standard deviation.
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Figure 3.3.1.4.: Flow cytometric analysis illustrating percentage of CRL-1701 cells after 24 hrs cycling
through the Go/;, S and G,/M phases of the cell cycle. Cells were allowed to attach for 24 hrs on the TCP
(purple bars), PCL disk (maroon bars) PCL solid microspheres (yellow bars) and PCL ported microspheres
(blue bars). All experiments were conducted thrice with n=3, the results indicate the overall average.
#P<0.05, comparing PCL disk, solid microspheres and ported microspheres to TCP control, ¥ P<0.05
comparing PCL solid microspheres to PCL disk, «P<0.05 comparing PCL ported microspheres to PCL

solid microspheres. Error bars indicate standard deviation.

59



100 - 00
90 - * *
80 - *
l’ 70 N
o 60 -
; 50 -
£ 40 - * % @
° 30 - *
> 20 - L, o
< 10 - | ] *
0 _
GO0/1 Phase S Phase G2/M Phase
O TCP B PCL Disk
O PCL Solid Microspheres @ PCL Ported Microspheres

Figure 3.3.1.5: Flow cytometric analysis illustrating percentage of CRL-1701 cells after 72 hrs cycling
through the Gy/;, S and G,/M phases of the cell cycle. Cells were allowed to grow for 72 hrs on the TCP
(purple bars), PCL disk (maroon bars), PCL solid microspheres (yellow bars) and PCL ported microspheres
(blue bars). All experiments were conducted thrice with n=3, the results indicate the overall average.
*P<0.05, comparing PCL disk, solid microspheres and ported microspheres to TCP control, *P<0.05
comparing PCL solid microspheres to PCL disk, ©P<0.05 comparing PCL ported microspheres to PCL

solid microspheres. Error bars indicate standard deviation.
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Figure 3.3.1.6: Flow cytometric analysis illustrating percentage of CRL-1701 cells cycling for 5 days
through the Gy/;, S and G,/M phases of the cell cycle. Cells were allowed to grow for 5 days on the TCP
(purple bars), PCL disk (maroon bars), PCL solid microspheres (yellow bars) and PCL ported microspheres
(blue bars). All experiments were conducted thrice with n=3, the results indicate the overall average.
*P<0.05, comparing PCL disk, solid microspheres and ported microspheres to TCP control, *P<0.05
comparing PCL solid microspheres to PCL disk, «P<0.05 comparing PCL ported microspheres to PCL

solid microspheres. Error bars indicate standard deviation.

3.3.2 Quantitative analysis of SKUT and CRL-1701 cells within the S phase of
the cell cycle after 5 days in culture on the PCL polymer

The incorporation of BrdU into the S phase of the of the SKUT and CRL-1701 cell lines
was analyzed using Flow cytometry as illustrated in figures 3.3.2.1 and 3.3.2.2
respectively. Cells were allowed to grow for 5 days on the TCP surface (a and e), PCL
disk (b and f), PCL solid microspheres (c and g) and PCL ported microspheres (d and h).

The SKUT cells grown on the TCP control (a) were concentrated within the Gg phase,
whereas those cells grown on the PCL disk (b) were concentrated within G, but also

cycling through S and G; and mitosis (M). When grown on the PCL solid (c) and PCL

61



ported (d) microspheres, cells were observed to remain within the G, phase, with some

cells cycling through to the S phase when grown on the PCL solid microspheres.

The CRL-1701 cells grown on both the TCP control (e) and PCL disk (f) were in late
mitosis, proceeding through to Ggy. The cells grown on the PCL solid microspheres (g)
remained within Gy, whereas those cells grown on the PCL ported microspheres (h) were

found to be within the G, phase and cycling through mitosis.
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Figure 3.3.2.1: Flow cytometric analysis illustrating the incorporation of BrdU into the S phase of the
SKUT cells after 5 days of proliferation: The cycling cells were stained with CellCycle 633-red in order to
observe the cells through the Go/, S and G, and mitosis (M) phases of the cell cycle. Cells were allowed to
grow for 5 days on the TCP (a), PCL disk (b), PCL solid microspheres (c) and PCL ported microspheres

(d). All experiments were conducted in duplicate.
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Figure 3.3.2.2: Flow cytometric analysis illustrating the incorporation of BrdU into the S phase of the
CRL-1701 cells after 5 days proliferation: The cycling cells were stained with CellCycle 633-red in order
to observe the cells through the Gy/;, S and G, and mitosis (M) phases of the cell cycle. Cells were analyzed
when grown on the TCP (e), PCL disk (f), PCL solid microspheres (g) and PCL ported microspheres (h).

All experiments were conducted in duplicate.
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3.4 Studies to assess the cell morphology of SKUT and CRL-1701 cells grown
on 2D and 3D models of the PCL polymer

3.4.1 Cell morphology, attachment, and growth characteristics using SEM

The SKUT and CRL-1701 cells were grown on the PCL polymers for the following time

frames: 24 hrs, 72 hrs and 5 days. All micrographs were taken at 100x magnification.

Figure 3.4.1.1 depicts the SKUT cells grown on both the 2D (PCL disk: a, b and c) and
3D (PCL solid microspheres: d, e and f; and PCL ported microspheres: g, h and i) PCL
models. Cells which have attached for 24 hrs on the PCL disk, PCL solid microspheres
and PCL ported microspheres are illustrated in a, d and g respectively. Cells which have
been allowed to proliferate for 72 hrs on the PCL disk, PCL solid microspheres and PCL
ported microspheres are seen in b, e and f respectively; followed by the micrographs
where the cells proliferated for a 5 day time period on the PCL disk, PCL solid
microspheres and PCL ported microspheres are shown in c, f and i respectively. SEM
illustrated the density of the SKUT cells grown on the PCL disk increased over the 5 day
time period. Cells displayed spindle-like morphology and were evenly distributed
throughout the entire surface. When grown on the PCL solid microspheres, once again
the density of the cells increased over time, though were never as populated as they were
on the disk. The morphology remained spindle-shaped with many cells undergoing
mitosis. The cells were observed to wrap around the entire solid microsphere surface. The
SKUT cells illustrated both mitotic, rounded cells as well as spindle-shaped, spread out
when grown on the PCL ported microspheres. The cells were observed to populate
around the ports of the microspheres and were noted to be migrating inside the
microspheres by 72 hrs and 5 days, illustrating that they preferred the protected

environment.

CRL-1701 cells depicted in figure 3.4.1.2 illustrate the cells grown on both the 2D (PCL
disk: j, k and 1) and 3D (PCL solid microspheres: m, n and o; and PCL ported
microspheres: p, q and r) PCL models. Cells which have attached for 24 hrs on the PCL

disk, PCL solid microspheres and PCL ported microspheres are illustrated in j, m and p
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respectively. Cells which have been allowed to proliferate for 72 hrs on the PCL disk,
PCL solid microspheres and PCL ported microspheres are seen in k, n and q respectively;
followed by the micrographs where the cells proliferated for a 5 day time period on the
PCL disk, PCL solid microspheres and PCL ported microspheres are shown in 1, o and r
respectively. The CRL-1701 cells proliferated at a faster rate than the SKUT cells and
were observed to populate the entire surface of the PCL disk. The cells displayed a more
fibroblast-like morphology which is characteristic of this particular cell line. Most cells
were undergoing mitosis as indicated by a big, round or ovoid shaped cell. When grown
on the PCL solid microsphere, the density of the cell population on the surface increased
over time. The cells maintained a mainly mitotic state. Many cytoplasmic extensions
were illustrated; this allowed the cells to fuse the microspheres to each other, forming
larger cell/microsphere connections (micrographs not shown). Cells were well spread out
on the ported PCL microspheres. It was noted that a larger population of cells seemed to
occupy the inside of the microspheres as compared to the outside surface. This would be

confirmed via confocal microscopy.
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Figure 3.4.1.1: SEM micrographs illustrating SKUT cells attached for 24 hr, 72 hr, and 5 days on the 2D
and 3D PCL models. PCL disk (a, b and c), the 3D PCL solid microspheres (d, e and f) and the 3D PCL

ported microspheres (g, h and i) respectively. All views were taken at 100X magnification.
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Figure 3.4.1.2: SEM micrographs illustrating the CRL-1701 cells attached for 24 hr, 72 hr, and 5 days on
the 2D and 3D PCL models. PCL disk (j, k and 1), the 3D PCL solid microspheres (m, n and o) and the 3D

PCL ported microspheres (p, q and r) respectively. All views were taken at 100X magnification.
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3.4.2 Studies to determine the morphology of the cells grown on 2D and 3D
PCL models using Phalloidin staining

When viewing the cells under the fluorescent microscope, it was not possible to see the
individual a-actin fibres even at a high magnification. This was attributed to the PCL

background staining which could not be prevented.

Figure 3.4.2.1 illustrates the SKUT cells stained with phalloidin specific for the a-actin
cytoskeleton. Cells attached for the following time periods: 24 hrs, 72 hrs and 5 days on
the PCL solid microspheres (a, b and c respectively) and on the PCL ported microspheres
(d, e and f respectively). Photographs were taken at 100X magnification. The SKUT cells
were proliferating over the time period of 24 hrs, 72 hrs and 5 days. When focusing on
different depths with the microscope, it was clear that by day 5 the SKUT cells had

migrated inside the ported microspheres.

The CRL-1701 cells are seen in figure 3.4.2.2. Cells were left to attach and proliferate for
the following time periods: 24 hrs, 72 hrs and 5 days on the PCL solid microspheres (h, i
and j respectively) and on the PCL ported microspheres (k, 1 and m respectively), taken at

100X magnification.

The CRL-1701 cells increased in cell number over the time periods from 24 hrs through
to 5 days. Interestingly, it was noted that the CRL-1701 cells proliferated to a greater
extent when grown on the PCL ported microspheres than what they did on the PCL solid
microspheres. It became evident that the cells had migrated into the ported microspheres
by day 5 and that a denser population of cells existed inside these ports compared to the

outside surface area.
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Figure 3.4.2.1: Fluorescent micrographs illustrating SKUT cells stained with phalloidin specific for the o-
actin component of the SMC cytoskeleton. Cells were allowed to attach for 24 hrs, 72 hrs and 5 days on the
PCL solid microspheres (a, b and c respectively) and on the PCL ported microspheres (d, e and f

respectively). Photographs were taken at 100X magnification.

Figure 3.4.2.2: Fluorescent micrographs illustrating CRL-1701 cells stained with phalloidin specific for
the a-actin component of the SMC cytoskeleton. Cells were allowed to attach for 24 hrs, 72 hrs and 5 days
on the PCL solid microspheres (h, i and j respectively) and on the PCL ported microspheres (k, 1 and m

respectively). Photographs were taken at 100X magnification.
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3.5 The assessment of SKUT and CRL-1701 grown for 5 days on the 2D 3D

PCL models using confocal microscopy

3.5.1 lustration of the SKUT and CRL-1701 cells grown for 5 days on the

control and PCL disk surfaces

Confocal microscopy afforded sharper images than the fluorescent microscope did. Cells
were stained with phalloidin in order to view a full representation of the cell

cytoskeleton.

Figures 3.5.1.1a and b illustrate the SKUT cells after 5 days of proliferation on the glass
cover slip control and the PCL disk respectively. The actin cytoskeleton was visible on
the control surface at 4000X magnification. When viewing the cell on the PCL disk
surface, it was only possible to take pictures at a 200X magnification in order to avoid
viewing the background stain of the polymer. The micrographs of the cells on the control
illustrated a concentration of fibres along the perimeter of the cell cytoplasm and dense
concentrations within the cytoplasmic arms. The cells grown on the PCL disk were

observed to stain positively for a-actin and were stellate and polygonal in shape [94].

The CRL-1701 cells after 5 days of proliferation on the glass cover slip control and the
PCL disk are illustrated in figures 3.5.1.2a and b respectively. The cells on the control
and PCL disk surfaces were viewed at 4000X and 200x magnification respectively.
Many of the cells allowed to proliferate on the control surface appeared spindle-shaped,
with some undergoing mitosis. Once again the cells proliferating on the control surface
illustrated a concentration of actin fibres along the border of the cell and within the
cytoplasmic arms. The cells growing on the PCL disk surface illustrated a range of
cytoplasmic shapes, from spindle to polygonal and once again stained positively for a-

actin [94].
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Figure 3.5.1.1a: Confocal image of SKUT cells after being allowed to proliferate on the TCP control for 5
days. Cells were stained with the a-actin fibre fluorescent stain, phalloidin. Micrograph was viewed at a

4000x magnification.
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Figure 3.5.1.1b: Confocal image of SKUT cells after being allowed to proliferate on the PCL disk for 5
days. The cells were stained with phalloidin which is specific for the a-actin fibres of the cytoskeleton.

Micrograph was taken at 200x magnification.
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Figure 3.5.1.2a: Confocal image of CRL-1701 after being allowed to proliferate on the TCP control for 5
days. The cells were stained with the cytoskeleton fluorescent marker phalloidin, which is specific for SMC

a-actin. The micrograph was taken at 4000x magnification.
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Figure 3.5.1.2b: Confocal image of CRL-1701 after being allowed to proliferate on the PCL disk for 5
days. Cells were stained with the a-actin fibre fluorescent stain, phalloidin. The micrograph taken at a 200x

magnification.

3.5.2 3D video images of the SKUT and CRL-1701 cells grown for 5 days on
the PCL solid microspheres and the PCL ported microspheres

The 5 day time period was the focus of this part of the study as it was wished to confirm
as to whether the cells did indeed migrate inside the ported microspheres. Once again the

cells were stained with the fluorescent a-actin stain, phalloidin.

The videos illustrating the SKUT (fig. 3.5.2.1a) and CRL-1701 (fig. 3.5.2.2a) cells grown
for 5 days on the PCL solid microspheres confirmed that the cells did indeed attach
across the entire diameter of the solid spheres. The cells were well spread out with many

cells undergoing mitosis. Both cell lines illustrated long, thin cytoplasmic arms on both
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sides of the cell body, illustrating a radiate, and spindle formation. Once culture time had
reached the 5 day period, the cells were seen to become triangular and polygonal in

shape. This was accompanied by a thickening of the cytoplasmic arms.

Confocal microscopy allowed the viewing of the cells attached inside the PCL ported
microspheres. Once one orientates oneself during the rotation of the ported microspheres,
it becomes evident that both the SKUT cells (fig. 3.5.2.1b) and the CRL-1701 cells
(fig.3.5.2.2b) are concentrated within the ports. Long cytoplasmic arms were observed
which assisted in cellular migration and invasion into the ported microspheres. Many
more cells were observed on the inside surface area than the outside surface area. This
confirmed that the SMCs preferred and benefited from the sheltered environment

afforded by the ports.

Figure 3.5.2.1a 3D confocal image video of the SKUT cells grown for 5 days on PCL solid microspheres:
Cells were stained with phalloidin and viewed under a confocal microscope with a xyz-stack which was
compiled into a 3D animation using Zeiss LSM Image Browser software. Video image taken at a 200x

magnification.

Figure 3.5.2.1b 3D confocal image video of the SKUT cells grown for 5 days on PCL ported
microspheres: The cell cytoskeleton was stained with phalloidin and viewed under a confocal microscope
with a xyz-stack which was compiled into a 3D animation using Zeiss LSM Image Browser software.

Video image taken at a 200x magnification.

Figure 3.5.2.2a 3D confocal image video of the CRL-1701 cells grown for 5 days on PCL solid
microspheres: Cells a-actin cytoskeleton was stained with phalloidin and viewed under a confocal
microscope with a xyz-stack which was compiled into a 3D animation using Zeiss LSM Image Browser

software. Video image taken at a 200x magnification.

Figure 3.5.2.2b 3D confocal image video of the CRL-170lcells grown for 5 days on PCL ported
microspheres: Cells were stained with phalloidin and viewed under a confocal microscope with a xyz-stack
which was compiled into a 3D animation using Zeiss LSM Image Browser software. Video image taken at

a 200x magnification.
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Chapter 4

Discussion

This study was performed to evaluate the characteristics of PCL (disks, solid

microspheres, and ported microspheres) and its biocompatibility for smooth muscle cells.

Metabolic activity of both the SKUT and CRL-1701 cell lines remained above 70% of
the control when cultured in the 24 hr medium extracts through to 1 month old extracts.
This illustrated that initial degradation products and any chemical leaching from the PCL
remained non-toxic towards the cells’ viability and therefore proved not to be cytotoxic.
However, when both the SKUT and CRL-1701 cell lines were cultured in the 1 year PCL
disk and PCL microsphere extracts. They displayed between 40% and 50% in metabolic

activity, which was significantly lower than the metabolic activity of the control.

The MTT assay showed that the cell metabolism fluctuations corresponded with the pH
fluctuations of the medium extracts over time. The CRL-1701 cell line appeared to be
more resistant to a decrease in pH. This is illustrated by the even higher metabolic
activity on both the disk and microsphere extracts compared to the control. This could be
due to it being a deep ductus deferens leiomyosarcoma. Whereas, SKUT cell line is a
mixed uterine leiomyosarcoma of smooth muscle and epithelial cells, thereby a surface
orientated tumour, which could explain its sensitivity to a pH decrease when compared to
the CRL-1701 cell line. The decline in metabolic activity may be attributed to the drop in
pH caused by the degradation products of PCL. PCL degradation products are carboxylic
acids (predominantly e-hydroxycaproic acid or similar compounds) and alcohol groups
which form when ester cleavage occurs [95]. The exact combination of degradation
products will depend on the state of the sample in the PCL degradation pathway. Studies
using PLLA have indicated that the metabolic activity of SMC’s grown on the polymer
decreased after a 1 month period. This was attributed to the release of lactic acid from the
polymer as it degraded, along with the production of cellular lactic acid which occurs as
cells proliferate [95]. Deep tissue sarcomas, such as the CRL-1071 cell line are more

resistant to a low pH, illustrating that the hypoxic environment favors the survival of cells
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which have a diminished potential to undergo apoptosis. This can be attributed to the

relative lack of wild type (wt) p53 [96].

The success of tissue engineering relies mostly on the adhesion of the relevant cells onto
the scaffold. Synthetic biodegradable polymers lack the presence of proteins from the
ECM and therefore of cell adhesion signals. The polymer scaffold chemistry can be
modified with the addition of serum proteins. Since the PCL surface is hydrophobic, it is
not suited for cell attachment [98]. The simple method of immersing the PCL polymer in
sodium hydroxide (NaOH) improves the hydrophillicity of the surface [98]. This
markedly improved adhesion and the proliferation rate of both primary vascular
endothelial and smooth muscle cells isolated from a porcine inferior cava vein. This study
was qualified by immunofluorescence and confocal microscopy of endothelial nitric
oxide synthase and a-smooth muscle actin and quantified with cell counts and metabolic
MTT assay [98]. Instead of radical chemical or surface modification treatments, pre-
conditioning of the PCL surface with complete cell culture media has been previously

illustrated to improve cell attachment density [100].

Pre-conditioning the polymers with complete cell culture medium (containing 10% FCS)
has been demonstrated to coat the surface with molecules from the ECM, particularly
collagen, fibronectin and laminin [99]. This pre-conditioning has been illustrated to result
in a more hydrophilic surface for optimal cell adhesion [97]. The FCS specifically
prepares the surface from between 5-24 hr and allows for covalent attachment of the cells
[98]. The first interaction between cells and the polymer surface is cell adhesion; the
surface properties of the scaffold become a key factor in governing the adhesion and
subsequent growth on these polymers. Therefore pre-conditioned polymers in complete
media should improve cell adhesion, thereby assisting in cell seeding efficiency, and
spreading [102]. The ECM proteins in the FCS, such as fibrinogen and albumin which
normally assists in cell attachment [101], could contribute to the increased attachment of
cells to polymers pre-conditioned with FCS. The presence of such a protein layer also
plays an important role in the subsequent growth and differentiation of cells [5]. Previous
studies have illustrated polymer, polyethylene (PE), treatment with cell culture medium

containing 10% FCS results in adsorption of these serum proteins on the PE surface [99].
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Both the SKUT and the CRL-1701 cell lines attached with minimal density when the
PCL disk was conditioned in the PBS. Density of both the cell lines, SKUT cells and the
CRL-1701 cells increased when allowed to attach on the partial medium only conditioned
disks. This could be due to the sugars in the partial medium increasing the hydrophilicity
of the surface [100]. An increase in density of cell attachment was illustrated when cells
were allowed to attach on the complete medium-treated disks, indicating that the protein
present in the FCS [101] assists in initial cell density attachment. SEM micrographs
illustrated that SKUT cells attach with a packed density on the PCL disk surface which
had been treated with complete medium. A similar trend was observed with the CRL-

1701 cell line.

Preferably the polymers should allow for cell attachment and proliferation followed by a
quiescent, differentiated functional state. Studies have found where VSMC which
colonize on various implanted biomaterials proliferate excessively leading to restenosis
of the vascular graft [S]. Inhibition of cellular proliferation can be observed within the
cell cycle as it results from inhibition of the initiation of DNA synthesis, consistent with a
G;-S transition block. Thus, cells are assumed to accumulate within the G; phase. This
can be considered encouraging, because proliferation of the SMCs exceeds demand of

regeneration it may lead to stenosis or destruction of the ported environment.

Dynamics of cell proliferation was analyzed with flow cytometry and morphological
changes were analyzed under electron microscopy. When compared to the TCP control,
the SKUT cells cultured on the PCL ported microspheres demonstrated significantly
higher numbers of Gy/; phase cells and significantly lower S and G»/M phase cycling
cells when grown for 24 and 72 hr periods. However, after 5 days in culture the
distribution of cycling cells throughout the cell cycle was comparable to that of the
control cells (though with a significantly reduced G,/M phase). Up to 72 hrs, this could
indicate a Gy/; block resulting in an accumulation of cells in G| phase with a subsequent
decrease of cells progressing through to S and G,/M phases [100, 101,100]. If no DNA
damage has caused this block cells should mostly be quiescent as no apoptotic cells were

observed (results not shown).
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After 5 days in culture, the ratio of cells on the ported microspheres was observed to
recover to a Gy/; and S phase range comparable to the cells grown on the TCP control.
This was accompanied with a recovering G,/M range, illustrative of the cells regaining

their proliferative phenotype.

The CRL-1701 cells proliferating on the PCL ported microspheres were consistently seen
to have high percentage of Go/; cycling cell numbers when compared to the control. This
was accompanied by significantly low percentage of cells in S and G»/M phase which
were not observed to recover after the 5 day culture period. An unusually low percentage
of cells in S phase were observed after the 5 day period. The declines of percentage of

cells in the S phase after 5 days may be suggestive once again of a Gy, block.

Available evidence, mostly derived from human tumors, has revealed frequent alterations
in genes involved in the control of the G, restriction point and the progression from G; to
S phase [101]. Another factor, cyclic stress, has been shown to arrest cells within the G,
phase. This was not attributed to either apoptosis or necrosis, but rather an upregulation
of p21, which in turn inhibits the phophorylation of retinoblastoma (Rb) protein. This
lack of hyperphosphorylation of Rb prevents the cell from progressing into the S phase
[102]. Thus, cyclic stretch inhibits SMC proliferation due to a stretch-induced inhibition

of Rb phosphorylation.

SMCs cultured in vitro lose their specific cell alignment which is vitally important for
contractile functions [109]. Emulating the in vivo situation with dynamic culturing
wherein cells were seeded onto very elastic three-dimensional scaffolds and subjected to
a pulsatile perfusion system, Jeong et al. (2005) found that VSMCs aligned as they would
in vivo [103]. Those cells cultured on the same polymer but under static conditions

illustrated no particular alignment patterns [104].

SEM analysis at different time periods demonstrated that the cells were in both a state of
attachment and migration along with mitotic division when grown on any of the three
PCL surfaces investigated. When CRL-1701 and SKUT cells were grown on PCL disks
(2D), PCL solid microspheres (3D-1) and PCL ported microspheres (3D-2) the SEM
analysis indicated that both cell lines adhered and proliferated on the various PCL
surfaces. Morphologically flattened adherent characteristic cells (as opposed to rounded

cells) are indicative of cells attaching well to a particular surface [91]. The SKUT cells
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were observed after 24 hr. These cells had adhered well and were mainly spread out and
spindle-shaped (with a few cells in mitosis) when seeded on the PCL disks, solid
microspheres and ported microspheres. Upon observation of these cells after 72 hr and 5
days were seen to proliferate and become more densely populated on the three surfaces.
By day 5, however, cells grown on the solid PCL microspheres were flattened and seen to
closely follow the contours of the spheres, suggesting high focal adhesion. These
adhesions are also indicative that the cells proliferate and adhere strongly to the surface.
The cells encompassed most of the surface of the spheres. We did not test for longer
periods to see if they would cover the entire surface. After 72 hr and 5 days, the cells
were seen to populate around the mouth of the ports on the ported microspheres with
cytoplasmic arms extending into the inner surface of the spheres. The images seem to
suggest that large populations of cells occupied the inner surface of the ported
microspheres than the outer surface. In the study by Williamson et al. (2006) it was
concluded that once a cell has attached and effective focal contacts are made with the
substrate; this enabled forces to be transferred to the cell cytoskeleton and thereby, cell

flattening [4].

The CRL-1701 cells were mainly observed to be in a cell proliferation state, i.e. mitosis,
characterized by the rounded shape of the cells. This predominance of mitotic cells was
noted after 24 hr and after 5 days of seeding of cells on the PCL disks. However, those
cells on the solid microspheres and those on the ported microspheres were well flattened
with many cytoplasmic extensions, indicating that the cells were migrating and spreading
across the surface of both the solid and ported microspheres. Once again, the cells
extended their cytoplasmic bodies into the ported microsperes’ inner surface. An intact
cytoskeleton as well as filopodia branching out from the cell body is considered
indicative of cells that have migrated, spread, and proliferated well on the polymer

surface [92].

It is primarily due to the cytoskeleton that cells are able to transport vesicles, change their
shape, migrate, and contract [105]. Cell proliferation in osteoblastic and fibroblastic cells
has been demonstrated to be at its’ fastest not at the maximum, but only at the
intermediate degree of cell adhesion [110]. Thereby, if cell spreading, adhesion strength
along with the initial number adhering cells are too high, the cells usually avoid the

proliferation phase and directly enter the mode of differentiation [106].
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Positive immunostaining with alpha smooth muscle actin indicated the preservation of
the specific cell phenotype. SMCs cultured in vitro dedifferentiate from a contractile
phenotype to a synthetic phenotype. This results in the loss of SM-actin. Jeong et.al
found that when VSMCs when cultured under mechanically active conditions, they
retained a differentiated contractile phenotype, while VMSCs cultured statically lost their
differentiated phenotype. This was quantified with the a-actin antibody via Western
Blotting [104]. After the cells proliferated for 5 days, both the SKUT and CRL-1701 cell
lines grown on the TCP control, PCL disk, and PCL solid microspheres, and PCL ported
microspheres consistently stained positively for a-actin, illustrating that their contractile

phenotype was maintained.

Confocal video imaging viewed on day 5 illustrated that the SKUT and CRL-1701 cells
encompassed the entire perimeter of the solid microspheres. Confocal imaging confirmed
the SKUT and CRL-1701 cell lines were able to infiltrate into the ported microspheres
and proliferate inside the pores. The ported microspheres provided for a cell “haven” in
which the cells could proliferate and form strong adhesions without the shear stress
which was experienced by the cells on the surface of the solid and ported microspheres.
This may explain why a higher population of cells was seen inside the ported

microsphere surface when compared to the outside perimeter.

3D microspheres have several advantages over thicker cell/scaffold constructs: 1) there
are fewer restrictions on diffusional flow 2) they can be injected into the patient
endoscopically and 3) the operation is faster, more comfortable to the patient and is more
affordable. The bioresorbability of the scaffold results in resorption within a year along
with the transplanted cells having proliferated and fully intergrated the scaffold to

become functional tissue [72].

Danielsson et al. (2006) found the pore size of DegraPol® being 100 to 300 um, allowed
bladder SMCs to adhere and penetrate the scaffold [79] while Kim ef al. (1999) found the
pore sizes from 50 to 200 pum of a polyglycolic acid and a type 1 collagen scaffold
allowed infiltration of SMCs encouraged development of smooth muscle-like tissue
[107]. Both studies indicated that the cells attained normal morphology and expressed a-

smooth muscle actin protein. However, after 6 days in culture, the proliferation had
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stopped [79]. This could be attributed to the cells undergoing contact inhibition once the

cultures were confluent.

In order for engineered SM tissues to exhibit the functions of the native SM tissues, it
becomes necessary to emulate the microenvironments experienced by SMCs in vivo
during the in vitro tissue engineering process [104]. Dynamic culturing conditions would
be optimal for SMC growth on polymer constructs, as SMC are extremely sensitive to
environmental conditions [83]. The dynamic culture method increases the availability of
nutrients and oxygen, allowing the cells to grow as in the in vivo environment [83]. It has
come into view that bladder SMCs assume a dedifferentiated or proliferative phenotype
when in culture. It remains unknown whether a cell can re-differentiate when placed back
into the in vivo environment [108]. Therefore, if tissue engineering techniques with
cultured SMC are to be used for human and clinical applications, one would need to

know the characteristics of the cells that are to be placed back in the host.

The PCL microspheres (100 - 200um) are small enough to be injected laproscopically,
which makes the implantation procedure minimally invasive and represents a novel
therapeutic approach to gastroesophageal reflux disease. This may also have therapeutic

potential for other gastrointestinal motility disorders [109].
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Chapter 5

Conclusion

In conclusion, the PCL polymers proved suitable as an environment for both smooth
muscle cell lines: SKUT-1 and CRL-1701 in terms of attachment and proliferation; thus
illustrating both cytocompatibility and biocompatibility of the PCL polymer with these
cells. Differences of 2D and 3D polymer-cell interactions with regard to cell viability,
attachment and growth indicate that the 3D polymers are favourable above the 2D
polymers. Both cell lines showed spindle-shaped morphologies, closely following the
contours of the microspheres, indicative of high focal adhesion after 5 days in culture.
However, the ported microspheres allowed both cell lines to migrate inside the
microspheres, indicating that they may benefit from the sheltered environment. This is a

further indication that the cells favour a 3D environment over the 2D polymer scaffold.

Although the nature of the interactions of the cells and the polymer with respect to
cell/tissue viability and growth responses when the polymer undergoes complete
degradation (1 year) remains unclear, this in vitro study suggests that hollow
microspheres allow for further cell expansion with a sheltered environment to protect

cells from sheer stress experienced in vivo.
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