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Abstract

Tissue engineering and regenerative medicine offer promising solutions for the
treatment of oesophageal disorders including cancer treatments and Barrett's
oesophagus, which often require oesophagectomy followed by replacement of the lost
tissue. Due to ongoing donor tissue shortages, there is a need for a tissue engineered
solution, yet the development of suitable biomaterial scaffolds remains a critical aspect
of this field.

This thesis presents the development of an electrospun polycaprolactone material
tailored for oesophageal tissue engineering applications, with the novel step of adding
microscale topography to the inherent nanoscale topography of an electrospun
material.

The optimisation of the electrospinning process prioritised the reduction of the fibre
diameter and enhancement of fibre alignment, key factors known to influence cell
migration and tissue organisation. Parameters including applied voltage, solvent
system, needle tip-collector distance and collector speed were optimised. The
optimisation process determined that a 10 % w/v solution in a 50:50 chloroform:
dimethylformamide solvent system using a mandrel collector rotating at 2000 RPM
produced highly aligned fibres with small diameters and free from beading.

Tensile testing revealed highly anisotropic mechanical properties of the fibre sheets,
with an elastic modulus comparable to porcine oesophageal tissue perpendicular to
the fibre direction. The fibre sheets exhibited superior strength parallel to fibre
orientation, crucial for implantable materials, while maintaining high elasticity, albeit
lower than native tissue, prompting considerations for in vivo applications.

In vitro degradation experiments in pH 4 and pH 7 environments were carried out, and
various characterisation techniques were used to assess the degradation kinetics over
a 12-week period. There was significant degradation at both pH conditions, with a
more pronounced and prolonged degradation observed under acidic conditions.
Successful fibronectin functionalisation of the fibres significantly augmented their
bioactivity, evidenced by cell viability compared to their non-functionalised
counterparts, without affecting fibre diameter or alignment. Moreover, functionalisation
increased wettability, potentially increasing bioactivity further.

Various sterilisation and disinfection methods; ethanol, ethylene oxide, UV, and

gamma radiation, were assessed for their effects on fibre properties. Ethanol and



ethylene oxide treatments negatively impacted fibre topography. Conversely, UV and
gamma radiation showed minimal effects on fibre morphology, suggesting their
suitability for sterilisation.

Investigations into fibroblast response suggested that aligned fibres had an elongation
effect on fibroblasts, and that the addition of microgrooves could amplify this effect,
but that fibre alignment was the main influencing factor.

This work contributes to the development of an electrospun PCL material with
promising characteristics for use in oesophageal tissue engineering, offering insights

into its optimisation, functionalisation, sterilisation and degradation behaviours.
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1.0 Introduction

1.1 Tissue Engineering

Tissue engineering is an interdisciplinary field that combines principles from
engineering, material science and biological sciences in order to develop systems that
restore, maintain or improve tissue function®. Tissue engineering has garnered
significant attention in modern medicine and medical research due to the persistent
shortage of organ donations. This shortage leads to lengthy waiting lists for all organ
transplants, demonstrated by the 6,959 person waiting list in the UK in March 2023 2.
The gap between organ availability and the demand for transplants emphasises the

critical need for alternative solutions.

In addition to the shortage of donor organs, allotransplants- the transplantation of
tissues or organs from another individual- present challenges. Common complications
include organ or tissue rejection, requiring the use of immunosuppressant drugs. While
these drugs are essential in preventing rejection, they are associated with significant

side effects, including de novo carcinoma and post-transplant diabetes mellitus®4.

Autotransplantation, which is where suitable tissue that can functionally replicate the
desired tissue is harvested from elsewhere in a patient’s body, offers an alternative to
allotransplantation that avoids the risk of immune rejection and therefore does not
require immunosuppression®’. However, there are issues with this approach;
mismatches in the biomechanical properties of the tissues can prevent full functionality
from being restored to the area, inadequate vascularisation and innervation can lead
to transplant failure, and the procedure of harvesting donor tissue can itself cause

further trauma and adverse effects on the donor site8-11,



A solution employing tissue engineering principles can address many of the
challenges associated with standard approaches. Tissue-engineered systems are
custom-designed for specific tissues, significantly reducing the likelihood of implant
failure, while eliminating the need for immunosuppression, which is a major advantage

over traditional transplantation methods.

The “tissue engineering triad” consists of scaffolds, cells, and signalling components.
These elements are used in combination or individually to facilitate the regeneration

of specific tissues (see Figure 1.1) 1213,

Scaffolds for tissue engineering are composed of biomaterials which are engineered
to interact with biological systems for either diagnostic or therapeutic purposes. In
tissue engineering, scaffolds made from biomaterials provide a structural support that
supports cell attachment, proliferation and differentiation, ultimately aiding in the

formation of new tissues415,

The specific properties required of a scaffold can vary significantly between different
types of tissues, depending on the functional demands of each tissue type. For
example, scaffolds designed for bone regeneration must exhibit high compressive
strength and stiffness to withstand forces experienced in vivo, while cardiac scaffolds
need to be elastic and have high tensile strength to accommodate the contractions of

the heart.

Despite these differences, there are certain universal requirements that all scaffolds
must meet to be effective. A crucial feature is porosity. Scaffolds must have an
interconnected porous structure to allow for the vascularisation. Vascularisation is
essential for tissue survival and integration, as it ensures the delivery of oxygen and

nutrients to the cells within the scaffold and the removal of waste products. A lack of



sufficient vascularisation can lead to cell death and tissue necrosis, undermining the

success of the engineered tissue!®1’,

In addition to porosity, the mechanical properties of scaffolds must be carefully tailored
to mimic the ECM of the target tissue. The ECM provides both structural support and
biochemical cues that influence cell behaviour in vivo. By closely replicating the
mechanical properties of a specific tissue’s ECM, engineered scaffolds can create a
more conducive environment for cell growth and tissue development. This biomimetic
approach helps in promoting proper cell alignment, differentiation, and the formation
of tissue-specific structures, which are crucial for the functionality of the regenerated

tissue?418.19,



Cells

Tissue
Engineering

Figure 1.1 The tissue engineering triad. The tissue engineering triad consists of
three key components; biomaterial scaffolds, cells and signals. Biomedical scaffolds
offer structural support to cells during tissue regeneration, eventually being replaced
with new tissue. Signals can take the form of bioactive molecules, such as
hormones, peptides and growth factors, or physical cues, including mechanical
forces or topographical features. The cellular component can consist of autologous,
heterologous or stem cells, which interact with both the scaffold and signalling

components to regenerate the desired tissue.



There are various sources of cells that are suitable for use in tissue engineering.
Autologous cells, which can be harvested directly from a patient, can be expanded in
vitro in combination with a biomaterial scaffold or cell signalling element. Although
autologous cells avoid the issue of possible adverse immune responses, there is often
a limited number of suitable cells available for harvesting, and doing so may result in
significant donor-site morbidity. Allogenic donors are other possible sources of cells,
but require immunosuppression, similar to traditional transplant methods. Several
studies have investigated the use of allogenic cells for tissue engineering, with some
promising results. However, the same issues with donor shortages relevant to organ
donation are also relevant to allogenic cells. In addition, allogenic cells can induce an
immunogenetic response, which may delay or halt tissue regeneration when implanted

in vivo20-22,

In response to the challenges associated with donor scarcity and immune rejection,
stem cells have emerged as a promising potential cell source for tissue engineering
applications. Stem cells are undifferentiated cells that have immense capacity for self-
renewal and multipotent differentiation, allowing them to develop into various cell types
Stem cells have the added advantage of being able to recruit endothelial lineage cells
and coordinate tissue repair responses via increasing macrophage infiltration to a
tissue?3.. This versatility makes them ideal candidates for tissue engineering

applications.

One significant advantage of using stem cells harvested from the patient (autologous
stem cells), is that there is no risk of immune rejection, negating the need for
immunosuppression. Allogenic stem cells are taken from donors other than the
recipient, offering an alternative to autologous stem cells, albeit with a potential

immunogenic effect.



Stem cells can be sourced from several tissue niches, each with unique potential
applications. Bone marrow is commonly used as a source of hematopoietic stem cells
(HSCs) and mesenchymal stem cells (MSCs), but MSCs can also be harvested from
adipose tissue using a much less invasive procedure?*. MSCs are of particular interest
in tissue engineering, as they are multipotent, and can develop into several tissue

types including oesophageal tissue?526.

However, the use of stem cells is not without challenges. Their capacity for
differentiation is largely influenced by their environment, making it challenging to
predict their expansion and behaviour once implanted. Their exposure to a broad
range of signalling factors in vivo, can lead to unexpected or undesired outcomes,
such as immunogenicity, or teratoma formation, which has been observed once
human embryonic stem cells have been implanted in vivo?’28, As a result, a major
area of research is now focused on developing methods to control the differentiation
and behaviour of stems post-implantation, through the use of various chemical and

physical signals®28,

The signalling component is a crucial element of the tissue engineering triad, and
encompasses a wide range of biological, physical and chemical cues that can be used

to direct cell behaviour in order to regenerate functional tissue

One approach to incorporating signalling into biomaterial scaffolds involves designing
specific topographical features. These features can include patterns in the form of
grooves, ridges or pores that provide mechanical cues to cells'?2°-34, The physical
architecture of a scaffold can mimic the natural ECM, encouraging cells to align, which
is particularly useful in tissues that have are anisotropic®38. Such mechanical

guidance can lead to more organised and functional tissue formation, as cells can



respond to these cues by reorienting their cytoskeleton, expressing focal adhesions,
and depositing aligned ECM components?%:3233.39 Gene and protein expression has
also been shown to be affected by topographical cues, which could be harnessed to

mediate ECM deposition and ultimately tissue regeneration30:33:40-42,

Scaffold surfaces can also be functionalised with various biochemical signals, such as
growth factors, cytokines and cell adhesion proteins. This method directly influences
cellular activities such as attachment, migration, proliferation and differentiation6:43.44,
Growth factors, for example, can be incorporated into scaffolds to promote specific
lineage differentiation of stem cells or to accelerate tissue healing processes. Pro-
angiogenic and vascular growth factors including VEGF and FGF2 incorporated into
polymeric biomaterials have been shown to increase cell adhesion, improve
regenerated tissue functionality, and have a positive immunomodulatory affect at a
wound site, in addition to enhancing angiogenesis, a critical step in the formation of

granulation tissue*4,

The advent of “smart” biomaterials has further expanded the scope of what can be
achieved with biomaterial design by introducing materials that can respond
dynamically to environmental changes or external stimuli. These materials can deliver
controlled does of growth factor or drugs, release bioactive compounds in response to
specific triggers such as pH or temperature, and provide electrical or mechanical
stimuli to cells*’-52, For example, conductive polymers can be used to deliver electrical
signals that promote the differentiation of bone, cartilage and cardiac cells, enhancing

the functional integration of engineered tissues*’4,

In many advanced tissue engineering strategies, multiple types of signals are

integrated into a single scaffold to create a synergistic effect. For example, a scaffold



may employ mechanical cues from its structure and biochemical signals from surface
functionalisation to direct the differentiation and behaviours of MSCs®°¢, This
approach aims to mimic the complex signalling environment of the natural tissue,
hopefully improving the functionality and integration of engineered tissue. These
integrated systems are particularly promising for applications in complex tissue
regeneration, where the coordinated development of multiple cell types and formation

of intricate tissue architectures are required.

1.1.1 Biomaterial Scaffold Design

There are many factors that must be considered when designing a biomaterial scaffold
in order to ensure it is suitable for a specific function. An ideal scaffold must not only
be biocompatible and biodegradable, but also precisely engineered to mimic the ECM
of a specific tissue. Its mechanical properties, such as elasticity and strength, are
crucial, and influence cell behaviours like adhesion, migration and differentiation, so
can play a crucial role in dictating the regeneration process*’:%%5%57, |n addition, these
properties are critical, to ensure that the material is able to
withstand any forces that a tissue experiences in vitro, allowing the scaffold to support
the tissue until regeneration is complete. Porosity is also a critical attribute of a scaffold
for several reasons; allowing for cell migration in order to populate the scaffold entirely,
allowing for transport of nutrients and waste during regeneration, and ensuring that
sufficient vascularisation can be achieved in order for regenerated tissue to be
functional and sustainable®®-61, Once a biomaterial scaffold is implanted, it must
degrade appropriately. There should be no cytotoxic degradation by-products, and the
rate of degradation should be suitable to allow for the gradual transfer of the
mechanical load onto the regenerated tissue, while simultaneously maintaining its

ECM-like structure.



Tissue engineering and biomaterial scaffolds hold great promise in addressing the
challenges currently faced in many current medical approaches to replacement of lost
or diseased tissues. By combining principles from engineering, materials science and
biology, tissue engineering offers solutions that overcome the limitations of standard

medical approaches.

1.2 The Oesophagus

The oesophagus is a muscular tubular organ that transports food and liquids from the
mouth to the stomach. The oesophagus extends distally from the pharynx to the
stomach, typically measuring 25-28 cm in adults, and can be divided into three distinct
sections; the cervical oesophagus, including the upper oesophageal sphincter (UES),
the thoracic oesophagus, which includes the oesophagogastric junction (OGJ) and the
abdominal oesophagus (see Figure 1.2). While typically collapsed, the oesophageal

lumen can expand to up to 2 cm to allow passage of a swallowed bolus®%-64,

The oesophageal wall comprises distinct concentric layers; an outer longitudinal
muscular propria, a submucosal layer, and an inner mucosal layer lining the lumen
(see Figure 1.3). Unlike the rest of the gastrointestinal (Gl) tract , the oesophagus
lacks a serosal layer, and instead has an adventitial layer which is composed of loose

connective tissue, which connects the oesophagus to surrounding structures.

The oesophagus mucosa can be further divided into three sublayers; the epithelium,
the lamina propria and the muscularis mucosae. The epithelium is the innermost layer
and is lined with a non-keratinised stratified squamous epithelium which provides a
protective barrier against mechanical damage and pathogens. Beneath the epithelial
layer is the lamina propria, which is a connective tissue layer consisting of fibroblasts,

myofibroblasts, pericytes, smooth muscle cells and MSCs®-%7, Mucosal fibroblasts



play a crucial role in maintaining the structural integrity of the tissue ,producing ECM
components including collagen and elastin. Finally, the muscularis mucosa is a thin
layer of irregularly arranged smooth muscle beneath the lamina propria which extends
through the entire Gl tract®®. The muscularis mucosa helps in local movement of the

mucosa, aiding in the transport of mucus and contents of the lumen®2:69,

The submucosal layer is a dense connective tissue layer containing larger blood
vessels, nerves and glands. These glands secrete mucus, which lubricated the lumen
and protects the epithelium from abrasive food particles and gastric contents. The
submucosal layer supports the overlaying mucosa and muscularis propria, providing
a scaffold for blood and lymphatic vessels which are essential for nutrient delivery and

immune responses’®.

The muscularis propria of the oesophagus consists of two distinct layers; an inner
circular layer and an outer longitudinal layer, which function together to produce
peristaltic contractions. The composition of the muscle in the cervical oesophagus is
mainly striated (voluntary), and mainly smooth (involuntary) in the thoracic
oesophagus®3%4. Voluntary swallowing occurs in the cervical section, followed by
involuntary peristalsis in the thoracic and abdominal regions actuated by the smooth

muscle’?.

Fibroblasts are a pivotal cell type within the lamina propria of the oesophageal
mucosa. These cells are responsible for synthesising and remodelling the ECM as
well as having a key role in tissue repair and homeostasis’>"3. Fibroblasts secrete
ECM components such as collagen, elastin and proteoglycans which contribute to the

mechanical properties of the mucosal layer. This is particularly important in the
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oesophagus, where flexibility and resilience are needed to accommodate the passage

of food.

Furthermore, these mucosal fibroblasts are involved in wound healing and tissue
regeneration. In response to injury, fibroblasts can proliferate and differentiate into
myofibroblasts, a more contractile form that aids in wound closure®”-74, They also
produce cytokines and growth factors that regulate immune responses and recruit

other cell types needed for tissue repair, such as macrophages?37576,

In the context of tissue engineering, replicating the complex cellular composition and
layered structure of the oesophagus is essential for developing functional tissue
replacements. Scaffolds must support the growth and function of key cell types,
including epithelial cells and mucosal fibroblasts. The inclusion of fibroblasts in
engineered constructs can enhance ECM production and remodelling, facilitating the
integration and functionality of an implanted scaffold. Additionally, understanding the
specific roles of different cell types, such as mucosal fibroblasts in ECM production
and wound healing, helps in designing scaffolds that mimic the native tissue

environment more closely, improving the outcomes of tissue engineering efforts.

By addressing these cellular and structural considerations we can create biomaterials
that not only restore the physical structure of the oesophagus but also support its
dynamic biological functions. This approach is crucial for successful tissue

regeneration and the long-term success of engineered oesophageal tissues.
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1.2.1 The Need for Oesophageal Repair Strategies

Oesophageal cancer is the eighth most prevalent cancer globally, sixth leading cause
of cancer-related deaths, posing significant treatment challenges due to the limited
regenerative capacity of oesophageal tissue’’~"°. This lack of regenerative capacity is
one factor that leads to a five-year survival rate as low as 12.4 %281, Poor diet,
tobacco use, Barrett’'s oesophagus and low socioeconomic status have all been linked
to a higher risk of certain oesophageal cancers, with global cases rising from 31,000
in 1990 to 473,000 in 20178283, The standard treatment for oesophageal cancers
typically involves oesophagectomy, often with concurrent radiotherapy’. Post-
oesophagectomy, further surgery is required in order to restore the function of the
tissue. Current restorative surgeries are highly invasive and have a major impact on
the quality of life of a patient. There are several other conditions which can lead to
oesophageal dysfunction which also require surgical repair, such as oesophagitis,

refractory chronic strictures, burns, perforations and other injuries.

Oesophageal tissue is non-redundant, if a significant portion of it is lost there is no
other mechanism for its function to be performed, and does not have the ability to
regenerate, meaning that post oesophagectomy, or if there is significant structural
damage to the tissue, surgical repair or replacement must be carried out in order to
restore function to the organ. Typically, donor tissue is taken from somewhere along
the Gl tract. The most commonly used replacement method is gastric conduit, in which
the stomach is pulled up and connected to the remaining oesophagus in order to close
the gap®-8’. However, if the stomach is not suitable, the colon or duodenum will be
used to harvest donor tissue®-9°, Additional methods for oesophageal reconstruction
include; omental wrapping®°!, deltopectoral and pectoralis major myocutaneous

flaps®2:93,
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All methods of oesophagostomy and conduit reconstruction are associated with not-
insignificant risks including; anastomotic leakage, pneumonia, arrhythmia, delayed
gastric emptying, dysphagia and vomiting®*—7. The introduction of intestinal flora into
the cervical region following duodenal or colonic conduit installation can also lead to
severe infection®2. In addition to the complications and patient morbidity associated
with these procedures, the harvesting of donor tissue is, in essence, a second surgical
procedure that comes with its own set of risks and potential complications, as well as

the loss of tissue affecting function of that area®8.

1.2.2 Replacement Materials for the Oesophagus

1.2.2.1 Synthetic Materials
Several synthetic materials have been explored as replacements for lost oesophageal
tissue. Polytetrafluoroethylene ((PTFE)-Teflon) patches have been used to replace
oesophageal wall in Wistar rats and dogs successfully, but these have not been used
in clinical practice®19, Polyethylene terephthalate ((PET)-Dacron) and silicone
replacement materials have also been investigated, but similarly have not made it to
clinical use due to issues with biocompatibility, high infection rates, anastomotic
leakage and stricturest®-193, While these materials are able to restore structural
continuity, they do not exhibit bioactivity, and so do not encourage cellular migration,
differentiation, proliferation and vascularisation, so do not lead to native tissue

regeneration in the site.

1.2.2.2 Natural Scaffolds
Decellularised ECM (dECM) has been established as an excellent candidate for
biomaterial scaffolds due to the fact that it excellently mimics the cell’s native
environment including mechanical and biological cues'®. ECM properties differ

between different tissues, and so different dECM are suitable for different tissue
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engineering scaffolds. Several dECM materials have been investigated for

oesophageal tissue engineering with varying degrees of success04-106,

Small intestinal submucosa ECM (SIS) has been successfully used as a replacement
material for oesophageal tissue, but was not able to lead to complete epithelialization
after 35 days, and there was a limit to the size of defect that could be regenerated

using this scaffold to result in functional tissue® 7197,

Urinary bladder ECM (UBM) combined with host skeletal muscle cells, with have also
been investigated with moderate success!%>1%, However, these scaffolds were only
successful when combined with muscle cells, and alone do not trigger cell

reorganisation to generate new tissue.

In general, ECM as a biomaterial scaffold has many advantages; it provides excellent
physical and biological cues to cells, exhibits superior biocompatibility and does not
trigger an immune response. However, ECM scaffolds are widely variable, have poor
mechanical strength once they are decellularized, and cannot be tailored to a specific
application. In addition, while some tissues’ ECM have an organised and aligned
structure, these are difficult to maintain during processing and implantation. Many
tissues do not require ECM alignment during normal function, this can be highly
beneficial during tissue repair, as it can enhance the migratory capacity of the cells

repopulating the scaffold, speeding up revascularisation and tissue regeneration?®.

1.2.2.3 Synthetic Biomaterial Scaffolds
Biomaterial scaffolds are materials that are specifically engineered to enhance tissue
regeneration41>. These materials are distinct from the synthetic materials used to
restore structural integrity after tissue loss or injury. These scaffolds are designed with

the aim of restoring not only anatomical form, but also to actively encourage cellular

16



migration, differentiation and proliferation as well as vascularisation, which can lead to
the deposition of native ECM and tissue to restore function as well as form to the area.
One advantage of synthetic scaffolds over natural scaffolds is that they can be tailored
to specific applications so that their mechanical properties, surface chemistry and
degradation behaviours can be engineered to maximise their suitability for a specific

application.

Examples of synthetic scaffolds that have been investigated for use in oesophageal
tissue engineering include; poly(L-lactide-co-caprolactone) (PLLC) nanofibrous
membranes functionalised with fibronectin or collagen, which supports fibroblast,
epithelial cell and smooth muscle cell adhesion and proliferation®®-11  poly(3-
hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) nanofibres functionalised with gelatin
supported oesophageal epithelial cell growth, but the gelatin impacted the long term
properties of the scaffold unfavourably®®. Aligned poly(lactic-co-glycolic acid) (PLGA)
was combined with decellularised ECM to improve its material properties and induce
directional cell growth, but when implanted in vivo, the PLGA fibres caused a foreign

body reaction*'?.

A successful tissue engineered solution to oesophageal repair could overcome many
of the problems associated with current surgical methods; there would be no need for
donor tissue to be harvested, they could be tailored to the exact size requirements for
each reconstruction, and would remove the risk of an adverse immune response.
Some of the most successful biomaterial scaffolds that have previously been

investigated have been synthetic electrospun scaffolds with highly aligned

fibre5109,112,113.
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1.3 Electrospinning

Electrospinning is a versatile material production technique used to produce non-
woven fibrous sheets using a strong electric field to draw ultrathin fibres from a
viscoelastic fluid. Traditional spinning methods, which typically use mechanical
drawing or shearing, are limited in their ability to produce nano-scale fibres. However,
modern electrospinning can produce fibred with diameters below 1 nm1%4, although

they more commonly produced in the range of 10 - 300 nm.

The highly tailorable nature of electrospun materials and suitability for use with a wide
range of synthetic, natural, biodegradable and non-degradable polymer and blend
melts and solutions means that electrospun materials are useful in a wide range of
applications including; filtration membranes!®>117  protective clothing!®11% UV
shielding??®, proton exchange membrane (PEM) fuel cells'?! and drug delivery

systems!22123,

The versatility of electrospinning and its adaptability to various materials have led to a
growing interest in the field. Between 2019 and 2022, the number of research papers
and reviews on electrospinning published more than doubled '?*. Electrospun fibres
have garnered significant interest in the field of tissue engineering and regenerative
medicine (TERM), as they can be tailored to produce biomaterial scaffolds that closely
mimic the fibrous 3D structure of the ECM, which can be used to influence cellular

behaviour and direct tissue regeneration'25126,

1.3.1 The Process of Electrospinning
Electrospinning was demonstrated as early as 1887 by Charles V Boys, who reported
a method for spinning a viscous liquid by connecting it to an electrical supply and

collecting a sheet of fibres on a conducting surface nearby*?”’.
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To produce electrospun fibres, the primary components required include a pump, a
spinneret (such as a needle) and a grounded conductive collector (illustrated in Figure
1.4). During the process, a high voltage is applied to the spinneret, and a polymer
solution is fed through it. This causes a charge to accumulate in a droplet of the
solution, creating a potential difference between the charged droplet and the grounded
collector. Initially, the droplet maintains a spherical shape due to surface tension. Upon
reaching a critical voltage, the surface tension is overcome by the localised charges
within he droplet, causing it to deform into a conical shape known as the Taylor cone
(see Figure 1.5). This phenomenon is named after Sir Geoffrey Taylor, who modelled
its mechanics in 196428, When the critical voltage is surpassed, the localised charges
overcome the surface tension and a charged polymer jet is expelled from the tip of the
cone'?4129 |nitially, the jet travels linearly towards the grounded collector for a short
distance before bending instability causes the jet to whip and stretch resulting in a
decreasing diameter until the solvent evaporates, leaving behind a solid fibre

deposited on the grounded collector (see Figure 1.5D)30-132,

The electrospinning process allows for a high level of control over fibre properties such
as fibre diameter, porosity, elasticity and fibre alignment. For tissue engineering
applications, fibre properties can be optimised to mimic the native ECM of specific

tissues, to promote cell attachment, proliferation and differentiation.
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Figure 1.4 Schematic of an electrospinning setup with a rotating mandrel
collector. The essential equipment for electrospinning includes a power supply,
which applies a high voltage to a spinneret-typically a blunt-tip needle- and a
grounded collector for fibre collection. A syringe pump is commonly used to control
the flow of the solution. Various stationary and rotating collectors can be used, which

influence fibre orientation.
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Figure 1.5 Taylor cone formation and jet path. When a droplet of solution forms at the tip of a blunt needle it will naturally form
in a spherical shape due to surface tension (A). When a voltage is applied to the needle, a charge will accumulate in the droplet.
Once a critical voltage is reached, the charge built up in the droplet and the potential difference between the droplet and the
grounded collector will cause it to form a Taylor cone (B). When the applied voltage surpasses the critical voltage, the charges in
the droplet will overcome the surface tension, and a jet of solution emerges from the cone, travelling towards the grounded collector
(C). This phenomenon was described by Sir Geoffrey Taylor in 1964, and is the basis of electrospinning. Once a jet has left the
Taylor cone it travels towards a grounded collector. During its journey, the jet undergoes whipping and stretching, causing its

diameter to decrease gradually (D). Finally, the liquid evaporates, leaving behind a solid fibre.
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1.3.1 Variables Affecting Electrospun Fibre Morphology

The electrospinning process is affected by a wide range of variables. An
understanding of these factors is essential for producing fibres with the desired
properties and characteristics for a specific application. Some of the factors affecting
fibore formation are under the control of the operator, such as the polymer
concentration, flow rate, applied voltage and collector, while others are dictated by
environmental factors or inherent properties of the spinning solution, such as ambient

temperature and humidity*33,

The flow rate of the spinning solution is crucial for maintaining the stability of the Taylor
cone. An optimal flow rate ensures continuous fibre production. An excessively high
flow rate can lead to defects such as beading and flattened fibres, as there may not
be sufficient time for the solvent to evaporate before the jet reaches the collector.
However, the flow rate needs to be sufficient to replace the solution being ejected.
Within the optimal range, higher flow rate results in thicker fibres with higher porosity,

and reduced flow rates can produce thinner fibres34,

The voltage applied during the spinning process directly influences the electrostatic
forces involved in fibre formation. Higher voltages can produce a wider jet and larger
fibres due to increased electrostatic repulsion and mass flow rate within the jet33.135,
The voltage also determines the position of the Taylor cone, with excessively high
voltages leading to beading defects as the fibre is ejected from within the needle tip,

which leads to beading defects in the resulting fibres133.135136,

The distance between the spinneret and collector affects the available time for the jet

to stretch and solidify. Increasing this distance generally leads to fibres with smaller
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diameters, but only up to a critical point, beyond which the jet may solidify before

reaching the collector!37.138,

Higher polymer concentration, and consequently viscosity, typically results in larger
fibre diameters due to increased cohesion and entanglement between polymer chains,
which opposes jet elongation!3413513%  pPolymer concentration also affects fibre
morphology. For any polymer solution there is a critical concentration where there is
sufficient chain overlap to produce uniform fibres3’:13°,_ |f the concentration is too low
or too high, it is difficult to form a stable Taylor cone and jet, and excessive beading

defects may occur, or fibres will not form at all.

Fibre diameter can also be affected by adjusting the solution conductivity. This can be
achieved by the addition of salts, such as KCL or NaCl, which can increase the droplet

surface charge and result in a thinner jet and fibres with smaller diameter'38.140,

Ambient temperature and humidity can also affect the electrospinning process. These
primarily affect the solvent evaporation rate'41:142, High humidity leads to thinner, more
variable fibres due to slower solvent evaporation, which allows time for more stretching
of the jet, while low humidity results in thicker fibres, as the jet solidifies more quickly.
The interaction between humidity and the hydrophilicity of the polymer also plays a
significant role in the process, where hydrophobic polymers with develop highly porous
structures in humid environments!#3. High temperatures affect the solution’s viscosity,
while simultaneously influencing the solvent evaporation rate, both of which affect the
resulting fibre diameter. These ambient factors are much more difficult to control, so

must be understood in order to ensure they do not interfere with the process.

There are a range of collector designs for electrospinning which can determine fibre

morphology and orientation. For example, a stationary collector typically results in a
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non-aligned mesh of fibres, whereas a rotating collector can be used to produce
aligned fibres and simultaneously reduce fibre diameter through mechanical

stretching®#4.

Controlling these variables allows for the production of highly tailored fibre
morphologies, enabling the creation of highly specialised materials suited for specific

applications.

1.4 Polycaprolactone for Biomaterial Scaffolds
Polycaprolactone (PCL) is a linear aliphatic thermostatic polymer, with high
biocompatibility, hydrophobicity and a semi-crystalline structure. PCL is prepared by

ring opening polymerisation of e-caprolactone (see Figure 1.6).
@
O
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n

Figure 1.6 Ring-opening polymerisation of e-caprolactone to form
polycaprolactone

The U.S food and drug administration (FDA) approval of several surgical implants and
drug delivery devices made from PCL highlights its significant role in tissue
engineering and regenerative medicine'#>-147, Electrospun PCL has been investigated
as an implantable biomaterial for several applications due to its favourable mechanical
properties and degradation kinetics including; tissue engineering of tendons“®,
vasculature#%-153  nerve tissue'® and retina'®%  wound healing®>"1%9,

dentistry6%.161 and drug delivery12,
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PCL degrades over a period ranging from several months to several years, depending
on environmental conditions and production processing. Its degradation involves
hydrolysis on both aerobic and anaerobic conditions by lipolytic enzymes such as
lipase and esterase, found in various microorganisms like Firmicutes, Proteobacteria,
Penicillium, Aspergillus and Clostridium?'83, The crystallinity of the polymer significantly
affects the rate of biodegradation, with polymers with high crystallinities degrading at
a significantly lower rate!®4. This rate can be tailored by blending PCL with other
synthetic polymers and carbohydrates, allowing for controlled degradation process

suitable for various medical applications6>166,

In addition to being biocompatible and biodegradable, PCL has highly tailorable
mechanical properties depending on processing parameters, making it very useful in

the field of tissue engineering and biomaterials.

1.4.1 Electrospinning Polycaprolactone
There are a wide range of parameters that have been successfully used to produce

electrospun fibres from PCL. Some recent examples are summarised in Table 1.

The concentration of PCL is a critical factor in determining the fibre diameter, lower
concentrations typically lead to thinner fibres. Higher PCL concentrations increase
solution viscosity, impacting jet stability and fibre diameter. While typically leading to
thicker fibres, with the right solvent and processing conditions, thinner fibres are also

possible.

The choice of solvent system impacts the solubility of PCL and evaporation rate.
Solvents can be mixed to achieve a balance between solubility and volatility and to
control fibre morphology. Highly volatile solvents like chloroform and acetone

evaporate rapidly, leading to faster solidification of the jet and thicker fibres. However,
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lower volatility solvents like DMF evaporate at a slower rate, which can result in fibres
that are not fully solidified before they reach the grounded collector, potentially causing

flattened fibre morphologies'33.167,

Higher applied voltages can stretch the jet more, potentially producing thinner
fibres'>0.168  However, excessively high voltages can affect the fibre uniformity and

cause excessive beading, due to affecting the Taylor cone formation?!35136.169,

The desired properties of PCL fibres (mechanical properties, porosity, fibre diameter
etc.) depend on their end-use. Optimisation of each production parameter is crucial to
tailor the properties of the fibres for specific applications. It is important to note that
these parameters are often interdependent, and their combined effects on fibre
properties can be complex. The production parameters need to be optimised based
on the specific application and desired properties. For tissue engineering scaffolds,
parameters can be optimised for enhanced cell attachment and migration and
differentiation, with smaller fibre diameters, fibre alignment and elasticity being key

considerations.
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Table 1.1 Parameters used for PCL electrospinning in published literature

Reference Concentration/ (% | Solvent System (v:v) Voltage Tip- Charge Flow Needle | Speed of Average
W:v) (kV) Collector Density Rate/ Gauge mandrel Fibre

Distance (kVicm) (mL/h) rotation Diameter
(cm) (rpm) (nm)*

Li et al.170 14 DMF/ THF 1:1 12 20 0.6 0.4 18 - 700

Nottelet et al.’%3 [ 15 Chloroform/Ethanol 7:3 20 20 1 12 21 4500 200

Piskin et al.171 15 Chloroform/DMF 1:1 13 10 1.3 - - - 250

Wu et al.152 10 Chloroform/DMF 10:1 18 15 1.2 0.4 21 300 300

Zhu et al. 151 20 Chloroform/DMF 2:1 20 10 2 1 20 700 100

Ma et al.172 10 Chloroform/ DMF 70:30 15 15 1 0.5 27 1000 200

Liverani etal.l’® [ 10 DMF/ Methanol 70:30 15 11 1.4 0.4 23 500 1600

Kim et al.35 8 Methylene Chloride/ DMF | 18 20 0.9 2 - - 760

80:20

Gumusderelioglu | 12 DMF/DCM 1:1 225 35 0.6 1 20 - 284

et al.158

Wang et al.174 14 Chloroform/ DMF 70:30 20 20 1 - - - 300
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Metwally et al. 12 Chloroform/DMSO 90:10 | 12 15 0.8 0.5 - - 1900
175

Seddighian et 12 Chloroform/DMF 3:1 17 17 1 1 21 350 320
a|_176

Valerini et al. 177 | 12 DMF/Chloroform 2:8 25 17 1.5 4 13 - 1830
Karakucuk 178 - HFIP 13 15 0.866 3 - 100 1340
Augustine etal. | 15 Acetone 18 15 1.2 1 21 - 1672
179

Rabionet et al.180 | 7.5 Acetone 7 15 0.466 6 18 - 295.12
Yao et al. 181 8 DCM/DMF 60:40 13 15 0.866 3 18 100 200
Hanas et al. 182 8 Chloroform/Methanol 3:1 | - 12 - 0.2 - - 400
Basar et al. 183 8 Chloroform/Methanol 4:1 | 20-25 18 1.1-1.4 1.08 - - 150
Singh et al. 184 15 Acetic Acid/Formic Acid 15 11 1.4 0.4 21 500 122

1:1

*Some studies reported a range of parameters used. In these cases, the parameters that resulted in the smallest fibre diameters

are reported here. If a range of fibre diameters were reported, the smallest diameter is included
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1.4.2 Post-production processing of Electrospun PCL Fibres

Electrospun PCL fibres are biocompatible, biodegradable and have excellent
mechanical properties. However, their low bioactivity and hydrophobicity has
previously limited their usage. These qualities are not ideal for tissue engineering
applications, as they prevent adequate cell adhesion and do not actively encourage
tissue regeneration. To address this, a range of post-production modifications have
been investigated to modify the fibres making them more suitable for tissue

engineering applications.

Functionalising the surface of the PCL with ECM proteins and bioactive molecules can
be used to increase the bioactivity of the biomaterial. A variety of molecules, including
fibronectin, collagen, laminin, bovine serum albumin (BSA), hydroxyapatite and RGD
peptides have been successfully utilised to increase cell attachment to PCL
biomaterial scaffolds!”3185-19, Various methods of chemically grafting these bioactive
materials onto the surface of various PCL scaffolds including; thiol-halogen and
carbodiimide “click” chemistry, glutaraldehyde aminolysis, NaOH hydrolysis, and

EDC/NHS catalysed coupling.

Coaxial electrospinning has also been investigated as a method of incorporating
bioactive substances such as collagen and silk fibroin into PCL fibres!56.187.191,192 Thjg
can produce fibres with a core of collagen or fibroin, which are gradually released as
the PCL degrades, or an outer shell which promotes initial cell attachment. This
method offers a controlled release mechanism, which can present different bioactive

molecules as the scaffold degrades and interacts with the in vivo environment.

A more direct approach involves blending bioactive molecules with the polymer

solution before electrospinning. While this method is straightforward, this technique
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poses significant challenges; it results in a limited number of molecules being
presented on the fibre surface and requires that the bioactivity is not affected by the
electrospinning process, which can be difficult given the nature of the solvents typically

used for electrospinning®:.

Alternatively, or in addition to, the addition of bioactive molecules, treatments such as
plasma treatment, alkaline hydrolysis and the introduction of micro — scale topography
have been explored. These methods can be used to introduce functional groups or
increase surface wettability and roughness, which can play a crucial role in increasing
cell adhesion and directing cell migration and alignment, further improving the

electrospun PCL fibres suitability for tissue engineering applications155172,188,194-196

1.5 Fibroblasts in Tissue Engineering

Fibroblasts are cells derived from the mesenchymal lineage and are present in nearly
all bodily tissues which play a vital role in tissue homeostasis and repair’2197.19,
During normal tissue homeostasis, they maintain the ECM and are critical in
supporting the stem cell niche in several tissues®®74. Fibroblasts also secrete
regulatory molecules and crosstalk with other cell populations involved in tissue

healing and regulation mechanisms19°:200,

Fibroblasts are among the first cells to migrate to a wound site through contact
guidance?®!, They migrate along ECM fibres, particularly fibrin, along fibronectin
binding sites through integrin mediated binding sites, which mediate cell-ECM
interactions36:72202_ Once at a wound site, fibroblasts secrete key ECM components-
including collagen and fibronectin- to form a provisional ECM. This provisional
structure forms a scaffold for cell adhesion, migration and differentiation, which are

essential for tissue regeneration’%293,
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Fibroblasts secrete a variety of growth factors and cytokines- including vascular
endothelial growth factor (VEGF), fibroblast growth factor (FGF), angiopoietin 1 (Ang-
1) and thrombospondin (TSP)- which promote angiogenesis and vascularisation and

contribute to the formation of granular tissue*6:197,

Fibroblasts are also mechanosensitive and can respond and adapt to mechanical
stimuli. This allows them to modulate the ECM in response to mechanical cues,

ensuring the integrity and functionality of tissues in dynamic environments204-207,

Understanding how fibroblasts interact with biomaterial scaffolds is pivotal for
designing tissue engineering strategies. An optimal scaffold not only promotes
fibroblast adhesion and accelerates ECM deposition but also enhances their role in
initiating angiogenesis and vascularization394546.203 " Fibroblasts are central to the
development of effective tissue engineering strategies, influencing the scaffold's

performance and the overall success of tissue regeneration efforts.

By harnessing the properties and capabilities of fibroblasts, tissue engineering can
advance towards creating more effective and functional regenerative solutions,
aligning the goals of biomaterial design with the natural processes of tissue repair and

regeneration.

1.6 Conclusion

The literature consistently identifies PCL as an excellent candidate for electrospun
scaffolds in oesophageal tissue applications?6:35109.147.208  PCL’s biocompatibility,
biodegradability, and mechanical properties make it particularly suitable for creating
scaffolds that can mimic the ECM of soft tissues such as the oesophageal
mucosas3®14%209  Stydies have shown that PCL can be electrospun into fibres with

controlled diameters and alignments, providing topographical signals that can guide
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cell growth and promote tissue regeneration. In addition, PCL scaffolds that have been

functionalised with biochemical signals such as fibronectin, support the adhesion and

growth of cells essential to tissue regeneration, including fibroblasts, which are crucial

for ECM production and tissue repair#>173210-212_ Gjven these qualities, the aims and

objectives of this thesis focus on optimising and characterising electrospun PCL fibres

and evaluating their potential for oesophageal tissue engineering.

1.6.1 Aims

The aim of this study is to develop an optimised electrospun material tailored for tissue

engineering of the oesophagus mucosal layer.

1.6.2 Objectives

1.

To refine electrospinning parameters to produce aligned, uniform, non-beaded
PCL fibres with small diameters.

To perform comprehensive characterisation of the electrospun PCL fibres,
including describing their mechanical properties, morphology and wettability,
and compare them with porcine oesophagus mucosa tissue.

To assess changes to the fibre morphology, wettability and mechanical
properties after incubation in vitro under neutral (pH 7) and acidic (pH 4)
conditions.

To functionalise the electrospun PCL with fibronectin and investigate the effect
of the functionalisation on the mechanical properties, wettability and
morphology of the fibres.

To investigate the effect of ethanol, ethylene oxide, UV radiation and gamma
radiation on the mechanical properties, wettability and morphology of the PCL

fibres.
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6. To investigate morphological changes of primary oesophageal fibroblasts
cultured on the surface of electrospun PCL sheets.

7. To add microgrooves to the surface of electrospun PCL sheets, and determine
the effect of these grooves, if any, on the morphology of fibroblasts cultured on

the fibre sheets.

1.6.3 Chapter summaries
The following “General Materials and Methods” chapter lays out methods that are used
in more than one of the experimental chapters of the thesis. Any technique that is only

used in one experimental chapter is detailed in that chapter.

This thesis includes 4 experimental chapters, which each address specific objectives
that have been laid out above. The first experimental chapter (Chapter 3) describes a
design of experiments (DoE) approach to optimising the concentration, solvent
system, applied voltage and needle tip-collector distance used to electrospun PCL to
produce smooth fibres with small diameters, as fibres with these qualities can be used
to direct cell behaviour and encourage tissue regeneration. The speed of the rotating
mandrel collector and the volume of polymer solution spun is also investigated. This
chapter also describes the characterisation of the optimised electrospun PCL, and
compares the biomaterial’s properties to oesophageal mucosa, to determine whether

the material is suitable for in vivo implantation into the oesophagus.

Chapter 4 of this thesis describes the effect of incubating electrospun PCL fibres in
vitro in PBS at pH 4 and pH 7 for 12 weeks in order to investigate the degradation

behaviour of the biomaterial under conditions similar to the oesophageal environment.

The functionalisation of electrospun PCL fibres with fibronectin with the aim of

increasing the fibres’ bioactivity, and the effect of this process on the material’s
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properties is described in chapter 5. This chapter also investigates the effect of several
sterilisation and disinfection treatments on the material properties of the electrospun
PCL, in order to identify a suitable method of sterilisation that does not adversely affect

the fibres.

The final experimental chapter (chapter 6) describes the observation of morphological
changes to primary oesophageal fibroblasts after culture on electrospun PCL fibres,
as changes in fibroblast morphology can indicate a change in behaviour, which may
indicate a pro-regenerative phenotype. This chapter also describes the process of
adding microgrooves to the surface of electrospun PCL sheets, and investigates
whether these grooves have a different effect on the fibroblast morphology than the

fibres alone.

The final chapter in this thesis discusses the key findings in the experimental chapters

and lays out potential future work that could investigate these findings further.
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2.0 General Materials and Methods

2.1 Materials

Table 2.1 Materials and suppliers

Material Product Code | Supplier
Actin/focal adhesion staining kit FAK100 Merck Life Science UK Ltd
AlamarBlue cell viability reagent BUF012B BIO-RAD laboratories Ltd
Anti-human  fibronectin  Alexa | 15322090

Fisher Scientific UK Ltd
Fluor®488 antibody
Bovine Serum Albumin A7030 Sigma Aldrich Ltd
Chloroform 10607602 Fisher Scientific UK Ltd
D-Chloroform 87153 VWR International Ltd
Dulbecco’s Modified Eagle Medium | 11965092 Fisher Scientific UK Ltd
Fetal Bovine Serum 10082147 Fisher Scientific UK Ltd

354008 Scientific Laboratory

Human Fibronectin

Supplies Ltd
Human Primary Oesophageal | H-6272

Generon Ltd
Fibroblasts

AP504F Scientific Laboratory

IgG-FITC

Supplies Ltd
Live/Dead staining kit 15519340 Invitrogen, UK
MES Hydrate M8250 Merck Life Science UK Ltd
N-(3-dimethylaminopropyl)-N-ethyl | 39391 Scientific Laboratory
carbodiimide hydrochloride Supplies Ltd
N,N-Dimethylformamide 11420034 Fisher Scientific UK Ltd
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N-Hydroxy succinimide 804518 Merck Life Science UK Ltd
Paraformaldehyde 10342243 Fisher Scientific UK Ltd
Phosphate Buffered Saline 10091403 Fisher Scientific UK Ltd
Penicillin/Streptomycin 15140122 Fisher Scientific UK Ltd
Polycaprolactone 440744 Merck Life Science UK Ltd
Porcine oesophagus _ MedMeat Ltd
Triton X-100 A16046 Fisher Scientific UK Ltd
Trypan blue T8154 Sigma Aldrich Ltd
Trypsin-EDTA T4049 Sigma Aldrich Ltd
Tween 20 Technical 817072 VWR International Ltd

2.2 Methods

This chapter describes general methods that are used in several of the subsequent
chapters. Any methods used only in one chapter are described in the appropriate

chapter.

2.2.2 Electrospinning

Post-optimisation, a 10% w/v solution of PCL was prepared in a 50:50 chloroform,
dimethylformamide (DMF) solvent system. The solution was stirred for 24 hours at
room temperature to ensure complete dissolution and produce a homogenous
solution. 5 mL of solution was placed into two syringes, which were fitted with blunt-
tip 21-gauge needles (Tong Li Tec., China). The syringes were then loaded into a TL-
OMNI electrospinning machine (Tong Li Tec., China) fitted with a grounded rotating
mandrel collector (@ 9.8 cm, 18 cm wide). The needle tip of each syringe was
positioned 20 cm above the surface of the collector. The solution was fed through the
syringe at a rate of 1 mL/hr, and a voltage of 20 kV was applied to the needle.
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Electrospinning was carried out for 8 hours to produce an adequate amount of sample
for handling. The fibre sheets were then removed from the mandrel and placed in a

vacuum chamber overnight to ensure there was no solvent remaining.

2.2.3 Scanning Electron Microscopy

Samples from each fibre sheet were taken from the centre of the collector where there
was the thickest deposition of fibres. Samples were gold sputter coated at 20 mA for
2 minutes to produce a 15 nm thick coat using a sputter Emitech K550X sputter coater
(Quorum Technologies, UK). Samples were then imaged using a Hitachi TM3030
desktop scanning electron microscope (SEM) (Hitachi Ltd., Japan), or a Zeiss EVO
MA10 SEM (Carl Zeiss AG, Germany). At least 3 images at 10,000 magnification were

taken of each sample.

2.2.3.1 SEM Image Analysis
Image J image processing software (National Institute of Health, USA) was used to

analyse the SEM images.

Fibre diameters were measured using the Image J measure tool. At least 100

individual measurements were taken from each sample.

Fibre alignment was analysed using the OrientationJ plugin (Biomedical Imaging
Group, EPFL, Switzerland). A visual representation of the fibre alignment was
generated from an SEM image in the form of a colour survey, where the hue of each

fibre corresponded to its degree of alignment with the dominant fibre direction.

OrientationJ was further utilised to produce a histogram depicting the distribution of
fibre orientations, which showed the proportion of the fibres that were aligned with the
dominant direction. This data was then plotted on a polar histogram using Python in

Visual Studio (see Appendix A and Appendix B).
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2.2.4 Mechanical Testing
A Bose ElectroForce 5500 (TA Instruments, USA) was used to conduct tensile testing

of electrospun PCL fibres and porcine oesophagus.

For the fibres, 10 x 50 mm specimens were fixed to a cardboard jig to aid sample
loading into the instrument grips (see Figure 2.1). The tensile grips were aligned with
the inside edge of the jig, resulting in a test area of 10 x 30 mm. Initially, the grips were
closed directly onto the jig, which lead to a high failure rate at the point where they
made contact with the fibres. To avoid this, foam mounting tape was applied to the

grips to distribute the force.

The porcine oesophagus mucosal layer was separated from the muscular and
submucosal layers, and cut into 10 x 50 mm strips. These strips were then placed

directly into the grips of the instrument.

Each sample was measured using digital callipers, and a preload of 0.5 N was applied.
The crosshead moved at 0.1 mm/second until sample failure. Stress/strain graphs
were produced for each test from the load and displacement data, and these were
used to calculate the elastic modulus, ultimate tensile stress (UTS) and maximum

extension (%) for each sample.
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Sample

Jig cut prior
to testing

Figure 2.1 Electrospun PCL mounted for tensile testing.

2.2.5 Water Contact Angle

The contact angle of the fibre sheets and decellularised ECM (dECM) of porcine
oesophagus mucosa was determined using an Attension Theta Lite (Biolin Scientific
AB, Sweden). A 4pL droplet of deionised water was deposited onto the surface of
each sample and the contact angle was calculated using OneAttension software. The
reported contact angle was taken from six measurements of advancing and receding

values measured from three samples of each material.

2.2.6 Raman Spectroscopy

Raman spectra were obtained of the PCL as obtained from the supplier, the
electrospun PCL fibres, and fibronectin using a WITec alpha 300R Raman imaging
microscope spectrophotometer (Oxford Instruments, UK). Raman spectra were used
to determine the crystallinity of materials. This was achieved by deconvoluting the
band in the 1710-1750 cm™ region of the spectra, which corresponds to C=0

stretching, into to peaks centred at 1724 cm™ and 1732 cm*, which correspond to the

39



crystalline and amorphous domains?'3214, The crystalline fraction could then be

calculated using the integrated intensities of the crystalline and amorphous peaks.

2.2.7 Cell Culture

Tissue culture was conducted in a Safe 2020 class Il biological safety cabinet (Thermo
Fisher Scientific Inc., USA). The hoods were sterilised using 70% industrial methylated
spirit (IMS) and inbuilt UV lamps. Human primary oesophageal fibroblasts were
procured from Generon limited and cultured in T-175 flasks in high glucose (4500
mg/mL) Dulbecco’s modified eagle medium (DMEM) supplemented with L-glutamine,
10% fetal bovine serum (FBS) and 1% penicillin/streptomycin. Fibroblasts were
cultured at 37°C and 5% COz2 until they reached 78-80% confluence. After reaching
confluency, cells were detached from the flasks using Trypsin-EDTA, centrifuged, and
resuspended in DMEM. Cell counting was performed using a Countess Il automated
cell counter (Thermo Fisher Ltd, USA). Cells were then seeded onto 6 well plates at a
density of 0.5x108 cells/mL. For experiments involving electrospun PCL fibres, cells

were seeded onto 40 x 40 mm sections of fibre sheets lining the plates.

2.2.7.1 Live/Dead Staining
Cell viability on aligned PCL fibres after 5 days of incubation was assessed using a
calcein AM/ethidium homodimer-1 (EthD-1) live/dead assay (Invitrogen, UK). The
stain includes green fluorescent calcein-AM, which indicates intracellular esterase
activity- indicating live cells- and ethidium homodimer-1 (EthD-1), which is a
membrane impermeable nucleic acid stain and is only able to penetrate plasma
membranes of dead cells. Cells were stained with a 2 uM calcein AM and 4 uM EthD-
1 PBS solution and incubated at 37°C for 20 minutes After staining, the fibre sheets
were carefully transferred into fresh well plates to ensure that only cells on the fibres
were imaged, and any cells that had migrated onto the tissue culture plastic were not
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included on the analysis. The stained cells were imaged using an FV1000 (Olympus,
Germany). Image analysis was performed using ImageJ software (NIH, USA) to
guantify the number of live (green) and dead (red) cells. The cell viability was then

calculated as the percentage of the total cells that were live.

2.2.8 Statistical Analysis

Statistical analysis of data was performed using Prism version 10.1.2 (GraphPad
Software, USA). Statistical evaluations were performed using one-way ANOVA (for
three or more groups) or unpaired t-tests (for two groups). Tests were carried out in
triplicate (n=3) unless otherwise reported, and all data is reported as mean + standard

deviation (SD) unless otherwise stated.
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3.0 Optimisation and Characterisation of Electrospun PCL
Fibres

3.1 Introduction

The goal when optimising PCL electrospinning was to minimise the fibre diameter,
increase fibre alignment, and find the maximum thickness at which the sheets could
be produced without affecting fibre diameter or alignment, in order to improve

handleability.
3.1.1 PCL Electrospinning Parameters

Table 3.1 The range of PCL electrospinning parameters found in published
literature

Variable Range in literature

Min Max
Concentration (%w/v) 7.5 20
Voltage (kV) 7 25
Distance (cm) 10 35
Flow rate (mL/h) 0.2 12
Needle gauge 18 27
Rotation (RPM) 0 6000

Literature review revealed a broad spectrum of parameters used by various research
groups to produce electrospun PCL fibres as summarized in Table 2.1175176.178-
181,183,186,191,192,208,215-217  The variation between electrospinning set ups, combined
with environmental sensitivity means that optimal conditions may vary across different
laboratories. Many published studies on PCL electrospinning lack detailed

documentation on the optimisation process, or do not employ a systematic approach
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to parameter tuning. A significant gap in the literature is the lack of detailed

optimisation processes or systematic methodologies used in many of these studies.

3.1.2 Design of Experiments

Design of experiments (DoE) provides a systematic method for studying a response
that varies as a function of one or more independent variables?8. By observing the
response produced using a planned matrix of variable settings, a mathematical model
can be developed to describe the effect of the variables on the response, identify the
main factors and interactions that affect the response, and predict the optimal variable

settings in order to produce the desired response.

The traditional method for investigating the effect of several variables on a process
response is to study the effect of one variable at a time (OVAT). Unlike traditional
methods, DoE assesses multiple variables simultaneously, enabling analysis of
interactions and main effects that affect the response?®. DoE is a more efficient
method than OVAT, particularly when investigating complex processes with several

variables that may interact with each other, such as electrospinning?2°-222,

There are several types of designs that are commonly used in DoE. Designs can be
broadly categorised into full factorial designs and partial factorial designs including
Taguchi, Placket Burman, Box-Behnken and central composite designs??3. Each
design has unique features and applicability depending on the number of variables
and the nature of the experiment. Hybrid designs, which combine elements of these
standard approaches, can be tailored to specific experimental needs. The goal is to
develop a mathematical model that accurately describes the relationship between
variables and the response, which can then be used to predict optimal variable settings

for a designed outcome.
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This chapter will describe the selection of variables for the optimisation of
electrospinning PCL fibres using DoE, and the interpretation of the results that lead to
the selection of the optimised parameters. The process of characterising the optimised
material will be described, and compared to the properties of porcine oesophageal

tissue.
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3.2 Methods

3.2.1 Design of Experiments

A fractional factorial design was selected to generate a set of experiments that could
be used to produce a model to determine the effect of the applied voltage, solvent
system, solvent-collector distance and PCL concentration on the diameter of the
electrospun fibres. Minitab statistical software (Minitab LLC, USA) DoE statistical
analysis was used to model the effect of individual factors, as well as the interactions
of several factors on the fibre diameter. The minimum and maximum for each variable
was selected based on literature review, and 6 factor levels were set for each factor
(except needle tip-collector distance, which had 3 levels). The order that the
experiments were run in was randomised, to eliminate the effect of any unobserved
changes e.g. in ambient conditions. The average fibre diameter was then recorded for
each experiment and used to construct the mathematical model. The variable settings

for each experiment are shown in Table 3.2.
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Table 3.2 PCL electrospinning optimisation experiments

Experiment #

Solvent  system
(Chloroform:DMF)

PCL
Concentration
(%w/v)

Applied voltage
(kV)

Needle tip-

collector
distance (cm)

1 60:40 125 17 17.5
2 60:40 22 17 17.5
3 80:20 125 17 20

4 80:20 22 17 17.5
5 60:40 12.5 22.5 17.5
6 60:40 22 22.5 20

7 80:20 12.5 22.5 17.5
8 80:20 22 22.5 10

9 70:30 10 20 17.5
10 70:30 25 20 17.5
11 50:50 17.5 20 17.5
12 90:10 17.5 20 17.5
13 70:30 17.5 15 17.5
14 70:30 17.5 25 17.5
15 70:30 17.5 22.5 17.5
16 40:60 17.5 22.5 17.5
17 80:20 5 10 10

18 40:60 5 10 25

19 80:20 20 25 25

20 60:40 12.5 17.5 17.5
21 60:40 12.5 10 17.5
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3.2.2 Rheometry

Solution viscosity was investigated using a rotational rheometer (Kinexus Ultra+,
Netzsch GmbH, Germany) at 25 °C. Shear viscosity profiles were obtained using a
double gap geometry (25mm diameter) between a shear rate of 10 and 0.1 s over 5

minutes.

3.2.3 Electrospinning Optimisation Experiments

During the optimisation process, 13 different PCL solutions were prepared with
concentrations and solvent systems according to the DoE (see Table 3.2). PCL was
weighed and placed into the corresponding solvent system in a glass reagent bottle.
The solutions were stirred for 24 hours at room temperature to ensure complete
dissolution and solution homogeneity. 5 mL of solution was placed into a syringe,
which was fitted with a blunt tip needle. The syringe was then fitted into TL-OMNI
electrospinning apparatus (Tong Li Tec., China) fitted with a grounded rotating
mandrel (& 9.8cm, 18cm wide) and the solution was fed through the syringe at a rate
of 1 mL/hour. The needle was positioned at a specific distance from the collector
according to the experiment design, and the required voltage was applied.
Electrospinning was carried out for 5 hours to produce an adequate amount of sample
for characterisation. The fibre sheets were then removed from the mandrel and placed

in a vacuum chamber overnight to ensure there was no solvent remaining.

3.2.4 Porcine Oesophagus Characterisation
Adult porcine oesophagi were acquired from MedMeat Ltd (Manchester, UK). The

mucosal layer was separated from the muscle layer and stored at -20°C until tested.

For mechanical testing, the mucosal layer was separated from the submucosal and

muscle layers, which were disposed of. The mucosal layer was then cut to produce
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rings, which were then sliced open to produce strips of tissue. These strips were then

cut down to 3 cm x 1 cm sections for testing.

For SEM analysis, tissue was decellularised using a solution containing 1% Triton X-
100 and 1% SDS. Tissue sections were placed in falcon tubes, covered with the
solution and placed on a tube roller for 24 hours until a colour change to white was
observed, then washed with PBS, frozen to -80°C and placed in a Lablyo Mini freeze
dryer (Wolflabs. UK) for 24 hours. Samples were then gold sputter coated for SEM

imaging.

3.3 Results

3.3.1 Optimisation
3.3.1.1 DoE Optimisation of Solvent System, PCL Concentration, Applied
Voltage and Needle Tip-Collector Distance
21 electrospinning experiments with variable settings determined by the fractional
factorial design were used to produce PCL fibres. Each fibre sheet was imaged using

SEM and the average fibre diameter was determined using Image J (see Figure 3.1).

The average fibre diameter from each experiment was used to develop a model to
describe the relationship between the variables and the fibre diameter (see Equation
1). A Pareto chart was created showing the standardised effect of each variable and
interaction of pairs of variables on the fibre diameter (see Figure 3.2) and response
surfaces were predicted by the model (see Figure 3.3). The response surfaces show
that for each pair of factors there is not necessarily a linear relationship between the

inputs and the fibre diameter.

PCL concentration (B) had the greatest influence on the fibre diameter, with a

standardised effect of 9.98. Lower concentrations generally resulted in thinner fibres.
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However, concentrations below 10% w/v did not reliably spin successfully (see
Experiment 17 and 18 in Figure 3.1). 10% w/v was determined to be the optimal PCL

concentration for producing the thinnest fibres.

The ratio of chloroform to DMF used in the solvent (A) had the next greatest effect on
fibre diameter with a standardised effect of 8.88. Lowering the amount of chloroform
on the solution lead to thinner fibres until a critical point of 50%. Therefore, a 50:50

chloroform: DMF solvent system was selected.

The applied voltage (C) and needle tip-collector distance (D) had a standardised effect
on the fibre diameter of 4.25 and 3.73 respectively, and their interaction (CD) had an
effect of 3.74. In addition, the effect of the interaction between the solvent system and
needle tip-collector distance (AD) was 5.95. The applied voltage and needle tip-
collector distance selected were 20 kV and 20 cm respectively, as this produced the

thinnest fibres with the least variation.

The effects of the PCL concentration, solvent system, applied voltage, needle tip-
collector distance, and the interactions of needle tip-collector distance, with the solvent

system and the applied voltage explained 92.1 % of the variation in fibre diameter.
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Experiment 1‘ J . L2 Jf Experiment 2 2.1£0.07 pm Experiment 4 355%2.2um
60:40 Chloroform:DMF 60:40 Chloroform:DMF :| 3 80:20 Chloroform:DMF
22% wiv PCL 22% wiv PCL
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17.5¢cm 17.5 cm

Experiment 6 247£0.8um Experiment 7 {470 Experiment 8
60:40 Chloroform:DMF 80:20 Chiorofort ) 80:20 Chloroform:DMF
12.5% wiv PCL ' 22% wiv PCL
22.5kV
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Expegiment 11 : Experiment 12
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17.5% wiv PCL

20kV

17.5 cm

467 £0.5 um

Experiment 17

80:20 Chloroform:DMF
5% wiv PCL

10 kV

10cm

Figure 3.1 SEM Images of DoE experiments. SEM images of
electrospun PCL fibres produced using different solvent systems, PCL
concentrations, applied voltages and needle tip-collector distances.

The mandrel collector speed was kept constant at 2000 RPM. The

conditions, along with the average fibre diameter + SD are displayed

for each experiment (N=3, n=100).
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A Solvent System

!
!
BC : B PCL Concentration
BD : C Applied Voltage
AC ' D Needle-Collector Distance
]
1 . ] 1
0 177 5 10

Standardised Effect

Figure 3.2 Standardised effects of variables on electrospun PCL fibre
diameter. Pareto chart showing the standardised effect of each variable and
interaction of pairs of variables on the fibre diameter. The reference line at 1.77
represents the point at which p=0.05. Bars that exceed the reference line represent
variables which had a significant effect on the fibre diameter. (N=21, n=100).

Equation 1
Fibre diameter (um) =-9.97 + 0.2586A + 0.2111B — 0.3946C + 0.378D —

0.01273AD + 0.01940CD
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Figure 3.3 Response surface plots showing the effects of PCL concentration, solvent system, applied voltage and needle-
collector distance on fibre diameter

For each surface plot there were two factors not varied. The hold value for each factor when they were not included in the response
surface was as follows: voltage- 17.5 kV, distance- 17.5 cm, PCL concentration- 15 % wi/v, solvent- 65 % chloroform.
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3.3.1.2 Solution Viscosity
The solution parameters (PCL concentration and solvent system) had the greatest
effect on the fibre diameters. Given that this was likely due to the solution viscosity,
the viscosity of each solution used for the DoE optimisation was determined via
rheometry (see Figure 3.4). The main factor affecting solution viscosity was PCL
concentration, with higher concentrations resulting in higher viscosities. However, the
ratio of chloroform to DMF used in the solvent system also affected the solution

viscosity, with higher proportions of chloroform leading to more viscous solutions.

While chloroform has a slightly lower viscosity at 25°C than DMF, it is also much more
volatile (see Table 3.3), meaning that the solution is more unstable at higher
chloroform concentrations, and the solvent volatility will affect the true concentration
of the solution??4226, However, this is much less apparent at lower PCL

concentrations.

Table 3.3 Solvent properties

Viscosity at 25°C (Pas) | Boiling Point (°C)

Chloroform 0.536 61

DMF 0.796 153
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Figure 3.4 The effect of solution parameters on viscosity. The viscosity of each

of the solutions used in the DoE optimisation experiments was determined using

rheometry (n=3).
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With each increase in PCL concentration, there was a stepwise increase in solution
viscosity with the exception of 25 % w/v PCL solution in 70:30 chloroform:DMF, which
had a viscosity between that of the two 22 % w/v solutions in 60:40 and 80:20 solvent
systems. At concentrations of 12.5 % w/v and below, changing the solvent system did
not affect the viscosity. However, once the solution concentration exceeded 12.5 %
w/v, there was a marked increase in solution viscosity when the amount of chloroform

in the solvent system was increased.

The Hansen Solubility parameters (HSP) can explain the solubility of PCL in
chloroform, DMF and mixtures of these solvents. HSP can also provide insights into
the solution viscosity. HSP are composed of three components, dispersion forces (dd),
polar forces (&p) and hydrogen bonding (&n), and the HSP approach predicts solubility
based on “like dissolves in like”, meaning that a solute is likely to dissolve in a solvent

with similar properties

Chloroform has a relatively close match in HSP with PCL, suggesting good solubility
driven mainly by dispersion forces (see Table 3.4)?27-22°, However, chloroform is
highly volatile, which can lead to rapid changes in concentration, which will affect the
electrospinning process. DMF has more dissimilar HSPs to PCL, suggesting lower
solubility, although PCL can still dissolve effectively in DMF. DMF is much less volatile
than chloroform, which is beneficial in maintaining a stable solution during

electrospinning, which is crucial for producing consistent fibres.
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Table 3.4 Hansen solubility parameters of PCL, chloroform and DMF

Hansen solubility parameters 84 (MPa)Y2 | &p (MPa)Y2 | &n (MPa)/2
Chloroform 17.8 3.1 5.7

DMF 17.4 13.7 11.3
50:50 Chloroform DMF 17.6 8.4 8.5

PCL 17.7 5 8.4

A 50:50 mixture of chloroform and DMF offers a balance between the higher PCL
solubility of chloroform, but the lower volatility of DMF resulting in a more stable, less
volatile solution. The characteristics of this mixture result in a more controlled and
consistent electrospinning process, leading to more uniform fibres. In order to confirm
this, the viscosity of each solution was compared to the resulting fibre diameter when

it was used to produce electrospun fibres (see Figure 3.4).

There was a correlation between higher viscosities and larger fibre diameters.
However, there was also a critical point, below which electrospinning failed to produce
fibres at all, or produced thicker fibres with large variability. This is likely due to
destabilisation of the Taylor Cone, which is dependent on surface tension to form?2%,
The result of using PCL solutions below the critical viscosity can be seen clearly in

experiments 17 and 18 which used 5 % w/v PCL solutions (see Figure 3.1).

In addition to producing fibres with the smallest diameters, the optimised solution (10
% wi/v, 50:50 Chloroform:DMF) suggested by the previously described DoE process

also had much less variability than any of the other solutions used.
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Figure 3.5 The effect of solution viscosity on electrospun PCL fibre diameter.

The viscosity of each solution used in the DoE optimisation determined using

rheometry plotted against the resulting fibre diameters (N=3, n=100).
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3.3.1.3 Mandrel Speed
To investigate the effect of the rotating mandrel collector speed on the fibres, the
mandrel speed was varied in isolation from the other factors. SEM images of the
resulting fibres show an increase in alignment as the speed of the mandrel is increased

(see Figure 3.6).

At mandrel speeds of 0 RPM (stationary) and 500 RPM, the fibres showed no visible
alignment. The 1000 RPM and 2000 RPM mandrel speeds produced highly aligned
fibres. The higher mandrel speeds also resulted in thinner fibres, which was analysed
using Image J (see Figure 3.7). There was no other visible difference between the

fibres, which were all smooth and showed no beading.

The distribution of fibre alignment produced using the different mandrel speeds was
analysed using the Orientation J plugin for Image J. Colour surveys confirmed that the
fibre alignment increased with mandrel speed (see Figure 3.8). The Orientation J plug-
in for Image J was used to analyse the alignment of fibres in each SEM image. This
data was plotted on polar histograms (see Figure 3.9). One-way ANOVA performed
using GraphPad Prism showed that the proportion of fibres aligned with the dominant
fibre direction increased significantly with mandrel speed from 6.1 £ 0.7 % (0 RPM) to
40 £ 3 % (2000 RPM). Increased mandrel speeds produced more highly aligned fibres,

therefore the highest mandrel speed was chosen as the optimal setting.
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Figure 3.6 SEM images of fibres produced using different mandrel speeds. To

investigate the effect of the rotating mandrel collector speed on the electrospun
fibres, 10% w/v PCL solution in a 50:50 chloroform:DMF solvent system was
electrospun with an applied voltage of 20 kV, a needle tip-collector distance of 20
cm, with the mandrel speed set at A 0 RPM (stationary), B 500 RPM, C 1000 RPM
and D 2000 RPM.
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Figure 3.7 The effect of mandrel speed on electrospun PCL fibre diameter.
There was not a significant difference in the fibre diameter when the mandrel speed
was increased from 0 to 500 RPM. When the mandrel speed was increased to 1000
RPM there was a significant decrease in the fibre diameter, but when the speed was
increased further to 2000 RPM there was no further decrease in fibre diameter. Graph
shows mean = SE (N=3, n=100), with one-way ANOVA statistical test (***p<0.001).
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Figure 3.8 The effect of mandrel speed on fibre alignment. Colour surveys
produced using Image J showing fibre alignment when using different rotating
mandrel collector speeds: A 0 RPM (stationary) B 500RPM, C 1000 RPM and D
2000 RPM. Scale bars: 100 um. The hue changes with the orientation, with the
dominant direction being represented by cyan (rgb (0,255,255)) and perpendicular
fibres being shown in red (rgb (255,0,0)).
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Figure 3.9 The effect of mandrel speed on electrospun PCL fibre alignment.
Polar histograms produced using Python showing the distribution of alignment of
fibres produced using a rotating mandrel speed of A 0 RPM (stationary), B 500 RPM,
C 1000 RPM and D 2000 RPM. The Orientation J plug-in for Image J was used to
analyse the alignment of fibres in each SEM image. This data was plotted on a polar
histogram. Each bar represents a 5° slice of the SEM image, with 0° representing
the dominant fibre direction. The length of the bar represents the proportion of the
image (%) that is aligned with the dominant fibre direction. Darker coloured bars are
longer. Graph (E) shows the mean % alignment = SD (n=5), with one-way ANOVA
statistical t-test (*** p <0.001).
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3.3.1.4 Electrospinning Time
To assess how the total volume of electrospun solution affects the fibres, two
conditions were examined. Initially the minimum volume was used that could produce
fibre sheets which could be completely removed from the collector, which was
achieved by running the electrospinning process for 5 hours with a single syringe
loaded into the apparatus resulting in 5 mL of electrospun solution. For the other
extreme, the longest feasible operation time was determined to be 8 hours, during
which two syringes were loaded into the apparatus, allowing for 16 mL of electrospun
PCL solution. This allowed the investigation of the effects of operating at both the

minimum and maximum capacity.

The minimum and maximum sheet thicknesses were 42 £ 13 pm and 70 + 10 ym
respectively (see Figure 3.11). The 16 mL sheet was significantly thicker than the 5

mL sheet, and was sufficiently robust to handle.

To ensure that the increased electrospinning time did not adversely affect the fibres,
the fibre diameters were compared (see Figure 3.10). The 5 mL and 16 mL sheets
had average fibre diameters of 0.23 £0.09 um and 0.21 +0.07 um respectively, which
were not significantly different from each other. This confirmed that electrospinning the
maximum volume of 16 mL produced robust, thicker fibre sheets without

compromising fibre diameter.
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Figure 3.10 The effect of electrospinning volume on sheet thickness. SEM
images of fibre sheets produced by electrospinning A 5 mL and B 16 mL of 10 %
w/v PCL solution in a 50:50 chloroform:DMF solvent system with an applied voltage
of 20 kV, a needle tip-collector distance of 20 cm, and a mandrel collector speed of
2000 RPM show that electrospinning larger volumes of solution lead to thicker fibre
sheets. C Comparison of sheet thickness after electrospinning 5 mL and 16 mL of
PCL solution. Graph shows the mean + SE N=3, (n=10), with unpaired t-test (*** p
<0.001).
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Figure 3.31 The effect of electrospinning time on fibre diameter. SEM images
of fibres produced by electrospinning A 5 mL and B 16 mL of 10 % w/v PCL solution
in a 50:50 chloroform:DMF solvent system with an applied voltage of 20 kV, a needle
tip-collector distance of 20 cm, and a mandrel collector speed of 2000 RPM show
that the fibre diameter is not affected by the volume of solution electrospun. C
Comparison of the average fibre diameter after electrospinning 5 mL and 16 mL of
PCL solution. Graph shows the mean + SE (N=3, n=100), with unpaired t-test (ns p
> 0.05).
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3.3.2 Electrospun PCL Fibre Characterisation

3.3.2.1 Fibre Morphology
Once the electrospinning process had been optimised, the resulting PCL fibres were

extensively characterised.

SEM images of fibres produced using the optimised conditions showed highly aligned,
smooth fibres free from beading with an average fibre diameter of 0.22 + 0.06 pum (see

Figure 3.12).

10% wiv PCLLF
20 kV/

Figure 3.42 Optimised electrospun PCL fibres. Representative SEM image of
electrospun PCL fibres produced using the optimised conditions; a 50:50
chloroform: DMF solvent system, 10% PCL w/v, an applied voltage of 20kV, a
needle tip- collector distance of 20cm, a mandrel collector speed of 2000 RPM and
16 mL of solution.
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3.3.2.2 Mechanical Properties
Mechanical testing of the electrospun PCL fibre sheets revealed that they exhibited
anisotropy. The elastic modulus parallel and perpendicular to the fibres was 33.0 + 13
MPa and 1.1 £ 0.5 MPa respectively, which were significantly different to each other
(see Figure 3.13A). The sheets also had a significantly higher modulus than the tissue
parallel to the fibre direction, but were not significantly different in the perpendicular

direction.

The UTS parallel and perpendicular to the fibre direction was 6.0 £ 0.6 um and 0.4 +
0.3 um respectively. These were significantly different from both each other and the
tissue (see Figure 3.13B). The maximum extension parallel to the fibres was 40 = 20
pm, and 100 + 20 um perpendicular to the fibre direction (Figure 3.13C). These were

also significantly different form both each other and the tissue.

Anisotropy is an important aspect of creating a biomaterial scaffold that mimics the
natural ECM3’. By mimicking tissue anisotropy, biomaterials can recreate one facet of
the mechanical signal transduction facilitated by the ECM. Mimicking tissue anisotropy
allows a biomaterial to recreate the directional mechanical cues present in native
tissues, thereby promoting cell alignment, tissue organisation and ultimately

enhancing the biomimicry of the engineered scaffold?31.232,
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Figure 3.13 Mechanical properties of electrospun PCL fibre sheets parallel and
perpendicular to fibre alignment. Graphs comparing A the elastic modulus, B the
UTS and C the maximum extension of electrospun PCL fibre sheets parallel and
perpendicular to the fibre direction, compared to porcine oesophagus tissue. Graphs
show mean + SD (n=5), with one-way ANOVA statistical test (*** p < 0.001, ns p
>0.05).
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3.3.2.3 Wettability

The water contact angle (0) for the fibre sheets was determined in order to investigate
the hydrophilicity of the material (Figure 3.14). The water contact angle of the
decellularised porcine oesophagus ECM (dECM) was 67 £ 5°. The 6 of the electrospun

PCL fibre sheets was 142 + 12°, which was significantly higher than that of the ECM,

indicating hydrophobicity.
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Figure 3.14 Electrospun PCL fibre water contact angle. Comparison of the water
contact angle of porcine dECM and electrospun PCL fibres. Graph shows the mean
+ SD (N=3, n=6), with unpaired t-test (*** p < 0.001).
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3.3.2.4 Raman Spectra
Raman spectra of the PCL before and after electrospinning showed peaks
characteristic of PCL233-235, These characteristic peaks remained after electrospinning

(see Figure 3.15). Raman shift peak assignments are shown in Table 3.5.

In order to determine the crystallinity of the electrospun PCL fibres, the band in the
region 1710-1750 cm, which corresponds to C=0 stretching) was deconvoluted into
two gaussian peaks centred at 1724 cm (corresponding to the crystalline phase) and
at 1732 cm™? (which corresponds to the amorphous phase). These peaks were
integrated, and these values were used to calculate the fraction of crystalline phase
(see Figure 3.16). The crystalline phase of the PCL before and after electrospinning
was found to be 61 £ 2 % and 60 + 3 % respectively. An unpaired t-test (n=3) showed
that these values were not significantly different from each other, indicating that the

electrospinning process did not affect the crystallinity of the PCL.

Table 3.5 Raman shift peaks of the PCL spectrum

Peak shift (cm?) Assignment
1110 v(COC)
1306 w(CH2)
1442 0(CH2)
1725 v(C=0)
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Figure 3.55 PCL Raman spectra. Raman spectra of PCL before and after
electrospinning between 500 and 2000 cmt, 785nm laser line. Peaks were identified
at 110, 1306, 1442 and 1725 on both spectra, indicating that the electrospinning

process did not change the chemical structure of the PCL.
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Figure 3.16 The effect of electrospinning on PCL crystallinity. Representative
Raman spectral region 1710-1750 cm™ of PCL A before and B after electrospinning,

showing the contribution of the crystalline and amorphous fractions.
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3.3.3 Porcine Oesophagus Characterisation

Porcine oesophagus was chosen as a comparison to evaluate the suitability of
electrospun PCL fibres for oesophageal tissue engineering, as it shares morphological
and histological similarities to human oesophageal tissue and has been established

as an excellent model for human oesophagus?36.237,

SEM imaging shows the ECM of decellularised porcine oesophagus tissue (see

Figure 3.17). Individual ECM fibres can be seen, along with clusters of fibres.

Porcine oesophagus was mechanically tested in the longitudinal (parallel to the
direction of bolus travel) and transverse (perpendicular to bolus travel) directions (see
Figure 3.18). The average thickness of the porcine oesophagus mucosal layer was
1.2 + 0.4 cm. Mechanical testing revealed that the elastic modulus of the transverse
and longitudinal samples was 0.1 £ 0.1 MPa and 0.3 £ 0.3 MPa respectively. The UTS
of the transverse samples was 0.08 £ 0.1 MPa and of the longitudinal samples was

1.3+ 0.6 MPa.

Both the elastic modulus and tensile strength were significantly greater in the
longitudinal direction, indicating that the tissue is highly anisotropic. For comparison
with electrospun PCL fibres, the transverse elastic modulus and the longitudinal UTS

were used, as they indicated the highest elasticity and strength respectively.

153 + 16 % and 87 = 17 % were the maximum extensions reached in the transverse
and longitudinal directions respectively. The transverse extension was used for

comparison with PCL fibres.

The tissue exhibited significant anisotropy, characterised by greater elasticity in the
transverse direction, a trait which has been previously reported of the oesophagus

mucosal layer?3823  The elasticity in the transverse direction is crucial in
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accommodating bolus passage during swallowing. The anisotropy of the tissue also

suggests a higher degree of alignment of the ECM fibres in the transverse direction?%°,

Given that the mucosal layer typically exhibits greater mechanical properties
compared to the muscular layer?®®, the mucosal layer was chosen for comparison to
the electrospun PCL fibres to ensure that the material had sufficient mechanical

properties to withstand the physiological forces experienced by the tissue in vivo.

Figure 3.67 SEM images of decellularised porcine oesophagus. Porcine

oesophagus was decellularised using a 1% Triton-X and 1% SDS solution. SEM
imaging was used to visualise the decellularised tissue. Individual ECM fibres can

be seen, with an average fibre diameter of 0.4 + 0.2 um.
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Figure 3.18 Mechanical properties of porcine oesophageal tissue. Graphs
comparing A the elastic modulus, B the UTS and C the maximum extension of
porcine oesophagus tissue tested in the longitudinal (parallel to the direction of bolus
travel) and transverse (perpendicular to bolus travel) directions. Graph shows the
mean + SD (n=5), with unpaired t-test (*** p < 0.001).
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3.4 Discussion

This chapter describes the determination of the optimal parameters for producing
highly aligned electrospun PCL fibres with small diameters and minimal beading. The
optimised process used a 10 % w/v PCL solution in a 50:50 chloroform: DMF solvent
system. The process used an applied voltage of 20 kV, a needle tip-collector distance
of 20 cm, a rotating mandrel collector speed of 2000 RPM and 16 mL of solution in
two syringes spun for 8 hours to produce a 70 £ 10 um thick sheet of 0.22 + 0.06 um

diameter fibres that were highly aligned and exhibited minimal beading (Figure 3.11).

The diameter of electrospun PCL fibres found in literature ranged from 0.1 to 2.5 pym
(see Table 1.1) 1175184 The fibres described here are within this range and are
among the thinnest reported electrospun PCL fibres. While fibre alignment is often
unreported in published studies, this optimised method achieves consistent alignment,
which produces an anisotropic material that replicates the anisotropy of the
oesophageal mucosa. This replication is crucial for replicating the in vivo environment,

which is essential for successful tissue engineering applications 240.241,

It was determined that the solution parameters, namely PCL concentration and solvent
system, had the greatest impact on the electrospinning process and the resulting fibre
diameter. Previous studies have shown that viscosity is an important factor
determining smooth unbeaded fibres, with lower viscosities being shown to produce
fibres with smaller diameters 133132141 The optimised PCL solution had a viscosity of
0.304 + 0.008 Pa s. Lower viscosities led to reduced fibre diameters, however, it was
noted that if the viscosity fell below a critical point, electrospinning would not succeed.
This is due to the disruptive effects of surface tension on the jet during the
electrospinning process, which attempts to reduce the surface area: volume ratio by
forming solution droplets 133242243 By using solutions with higher viscosities, the
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viscoelastic forces counter the effects of surface tension, allowing smooth, continuous

jet formation.

Tensile testing revealed the mechanical properties of the fibre sheets and enabled a
comparative analysis with porcine oesophageal mucosa. The fibre sheets were highly
anisotropic, with an elastic modulus of 33.0 £ 13 MPa parallel to the fibre direction,
which was significantly stiffer than the porcine oesophageal tissue. However, when
tested in the direction perpendicular to the fibre alignment, the fibre sheets had an

elastic modulus of 1.1 + 0.5 MPa, which was similar in elasticity to the tissue.

The PCL fibre sheets displayed higher strength compared to the oesophageal tissue
when tested parallel to the fibre orientation, meaning that the material had sufficient
strength to withstand the forces experienced by the tissue, a crucial consideration for

implantable biomaterials?44.245,

The maximum extension of both the fibres and the tissue is a critical factor, especially
in dynamic biological environments. While the fibre sheets have a lower maximum
extension than the tissue in both directions, it is notable that the native tissue exhibits
more elasticity than required in vivo. This "biorelevant stretch" is a key consideration;
the tissue's natural elasticity far exceeds typical physiological demands, suggesting
that the fibre sheets, while less extensible, may still be sufficient for practical

applications.

For in vivo implantation, the layering and fibre orientation must be carefully considered,
in order to maximise the mechanical properties of the fibre sheets. Combining layers
of fibre sheets in various orientations could combine the favourable strength of the
fibres in parallel with the elasticity of the perpendicular fibre sheets, and control the

degree of anisotropy to match that of specific tissues?*6.
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Raman spectroscopy of unprocessed PCL and electrospun PCL fibres both showed
characteristic peaks of PCL, and the crystalline fraction was not significantly different
after electrospinning. This confirms that the electrospinning process does not affect
the structure or crystallinity of the PCL. This preservation of PCL crystallinity indicates
long-term stability in vivo, a crucial aspect for biomedical applications where polymer

degradation rate plays a significant role 247248,

In conclusion, the electrospinning optimisation for PCL fibres, through careful
consideration of solvent properties and process variables, has led to the production of
fibres with desirable mechanical properties. While there are differences in elasticity,
strength, and maximum extension between the PCL sheets compared to natural
tissue, the electrospun PCL fibre sheets show promising characteristics for biomedical
applications, particularly in replicating the directional mechanical properties of native

tissues.
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4.0 Degradation of Electrospun PCL Fibres In Vitro

4.1 Introduction

Understanding the degradation behaviour of implantable biomaterials is crucial in
determining their suitability for in vivo applications. A key requirement of biomaterial
scaffolds for tissue engineering is the ability to retain mechanical integrity long enough
to support new tissue formation, but eventually degrade to facilitate complete tissue
regeneration. The balance between degradation rate and mechanical properties is
critical in scaffold design, and must be tailored to ensure the implant maintains

strength until the newly formed tissue can assume the mechanical support

4.1.1 Factors in PCL Degradation

The degradation rate of PCL is influenced by several factors, including the accessibility
of water to the ester bond. This accessibility is determined by various properties of the
polymer including; hydrophobicity, crystallinity, molecular weight, glass transition

temperature and bulk sample dimensions?4%-251,

Polycaprolactone (PCL) is a semi crystalline, aliphatic polyester, with a low melting
point of approximately 60°C. PCL is a bioresorbable thermoplastic, which can be
degraded by both microbial action and hydrolytic mechanisms under physiological
conditions?52:253, However, the degradation of PCL in vivo is very slow, generally taking
between 1 and 2 years, which is attributed to its high -crystallinity and
hydrophobicity?*/?%4. For up to six months, PCL retains its mechanical properties
before gradually losing stiffness and strength until it is completely metabolised over a

two-year period.

The initial stages of PCL degradation involve non-enzymatic random hydrolysis, a
process catalysed by the polymer’s carbonyl end groups. This stage continues until
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the molecular weight decreases to approximately 5-10 kDa Mn. At this point, hydrolytic
activity diminishes, and bulk weight loss begins, primarily through oligomeric
diffusion?®°. Once this begins, the polymer becomes susceptible to fragmentation due
to compromised mechanical stability, with enzymatic surface erosion and
phagocytosis contributing to the absorption process. Complete fragmentation occurs
in phagosomes, macrophages and fibroblasts?¢, All PCL products have been
demonstrated to be absorbable, with hydrolysis being the rate-limiting stage of the

degradation process?®’.

A major factor that influences the degradation rate of PCL is pH, with extreme acidic
(below 3) or basic (above 11) conditions accelerating degradation through catalysis of
ester hydrolysis?®®. The physical characteristics of a PCL construct, such as porosity
and fibre diameter, can also affect its degradation rate. For instance, thinner fibres
lead to an increased rate of degradation, due to increased water infiltration?>°. This
suggests that a controlled degradation rate can be achieved through manipulating the

biomaterial topography.

4.1.2 Characterising Electrospun Fibre Degradation

PCL degradation can be characterised in several ways; changes in molecular weight,
bulk weight loss and the deterioration of mechanical properties. Typically, changes in
molecular weight and mechanical properties are apparent before bulk weight loss, as

only the monomer degradation products are soluble?%°.

4.1.3 Oesophageal conditions affecting degradation
The normal pH in the oesophagus is around 7.0. However, this level fluctuates over a
24-hour period due to the oesophagus’ proximity to the stomach and exposure to

external factors such as food, which can cause temporary pH changes. The generally
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accepted threshold for oesophageal reflux is a pH of 4.0. The duration of acidic pH
exposure in the tissue varies depending on its position within the oesophagus, with
the distal portion (5 cm above the OGJ) experiencing pH levels below 4.0 for up to 6.3
% of the time, but the distal portion (20cm above the OGJ) experiencing decreased

pH for less than 0.9 %26,

This chapter will outline an experimental approach to investigating the degradation
behaviour of the electrospun PCL fibres that were developed in the previous chapters.
Degradation was characterised through investigating changes in molecular weight,

mechanical properties and fibre morphology at pH levels of 4.0 and 7.0.
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4.2 Methods

4.2.1 In Vitro Degradation

0.1M Phosphate buffered saline (PBS) was prepared at pH 4 and pH 7. The
components, namely sodium chloride (NacCl), potassium chloride (KCI), sodium
phosphate dibasic (Na2HPO4) and potassium phosphate monobasic (KH2POa4), were
dissolved in diH20 to achieve the concentrations outlined in Table 4.1. The pH was
adjusted using 0.1 M HCI or 0.1 M NaOH to obtain the desired pH levels (4 or 7).
Sodium azide was added to a final concentration of 0.05% w/v to inhibit bacterial

growth during incubation.

Table 4.1 Concentrations of components in PBS solutions at pH 4 and pH 7

pH 4 pH7
3 NaCl 0.137 0.137
_\g KCI 0.0027 0.0027
% NazHPOa4 0.0005851 0.01
EC; KH2PO4 0.01141 0.0018

Samples of electrospun PCL fibres were immersed in phosphate buffered saline (PBS)
atpH 4 and pH 7, and incubated at 37°C for 4, 8 and 12 weeks. For mechanical testing,
due to batch-to-batch variability, samples and controls for each condition were taken

from a single sheet of electrospun fibres.

4.2.2 Accelerated Degradation
300 mg of PCL fibres were placed in 100 mL of 1M NaOH. The reaction was

terminated after 72 hours when the fibres were no longer visible. The solution was
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neutralised with 100 mL of 1M HCL. The degraded PCL was extracted into deuterated

chloroform (CDCLs), for nuclear magnetic resonance (NMR) analysis.

4.2.3 Nuclear Magnetic Resonance Spectroscopy

Nuclear magnetic resonance (NMR) analysis was performed to determine changes in
the molecular weight of PCL fibres following in vitro degradation (see Figure 4.1B).
'H-NMR spectra were recorded at 25°C using a Bruker AVIII-300 MHz instrument in
CDClIs. The data was processed with MestreNova software (Mestrelab Research,
Spain). Chemical shifts (8) were reported in parts per million (ppm), referenced to the

solvent resonance (CDCls *H 8= 7.26ppm)?%2.

The degree of polymerisation (DP) was estimated by analysing the peaks
corresponding to the a and e protons, as assigned in Figure 4.1A. The a proton peak
is unaffected by the DP due to its location furthest from the chain end, whereas the e
proton peak depends on the DP. The e proton peak diminishes with decreasing DP,
being replaced by e’ protons that exhibit a different & due to their position at the
polymer end. (see Figure 4.1). Equation 2 was be used to estimate the DP from the

integrated peaks.

Equation 2

4.1
DP = f3.9 a

4.1 2.4
f3.9 a-— fz.z €

The calculated DP, along with the molecular weight of the PCL monomer (114 g/mol)

was then used to estimate the molecular weight of the polymer.
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Figure 4.1 PCL NMR Peaks A Polycaprolactone with proteins denoted a-e B ‘H-
NMR spectrum of PCL in CDCIs (300 MHz, 25°C), with peaks corresponding to PCL

protons a-e identified.
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4.2.4 Bulk Weight Loss

Prior to the in vitro incubation, each individual sample was weighed using a Sartorius
Quintx semi-micro balance (Sartorius Lab Instruments GmbH, Germany). After the
samples were removed at each time point, they were rinsed thoroughly in deionised
water (DI) to remove any residual salts and dried in a vacuum oven overnight. Once
completely dry, the samples were then weighed again on the same balance. The %

weight difference was then calculated for each sample.
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4.3 Results

4.3.1 Topographical Changes

SEM images were obtained of PCL fibres after incubation in PBS at pH 4 and pH 7 for
4, 8 and 12 weeks, as shown in Figure 4.2. Fibre diameters were visibly smaller at

weeks 8 and 12 in both pH 4 and pH 7.

Fibre diameters were measured using ImageJ (see Figure 4.3). The fibres had an
average diameter of 0.37 £ 0.13 um prior to incubation. When incubated in pH 4 PBS,
decreased significantly at each time point, and by week 12 had decreased to 0.14 *
0.17 um. In pH 7 PBS, the fibre diameter decreased until week 8, and did not continue
to decrease after this point. The final fibre diameter of the samples incubated at pH 7
was 0.17 = 0.05 um. The fibre diameters in both pH conditions decreased at a similar

rate until week 8, after which the fibres in the pH 4 environment continued to degrade.

This result suggests that the rate of degradation of the PCL fibres in both pH 4 and pH

7 is similar for 8 weeks, after which the fibres in pH 4 degrade more quickly.
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Figure 4.2 SEM imag bre degradation. SEM images of

A control electrospun PCL fibres, and fibres after incubation at 37°C for B-C 4
weeks, D-E 8 weeks and F-G 12 weeks in B, D, FpH 4 PBS and C, E, G pH 7 PBS.
Scale bar: 2 ym
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Figure 4.3 Degradation of electrospun PCL fibre diameter during in vitro
degradation. Graphs comparing average diameters of electrospun PCL fibres after
incubation at 37°C in PBS at A pH 4 and B pH 7 for 4, 8 and 12 weeks. Data
presented as mean + SE (N=3, n=100) with one-way ANOVA statistical test (** p <
0.002, *** p < 0.001).
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4.3.2 Wettability
The wettability of the PCL fibres was determined via water contact angle testing after

4, 8 and 12 weeks of incubation in pH 4 and pH 7 PBS (see Figure 4.4).

Initially, the water contact angle (0) of the control PCL fibres was 89 + 9°. Following 4
weeks of incubation in pH 4 PBS, 6 reduced significantly to 62.9 £ 3.1° and did not
significantly change further. Incubation in pH 7 PBS for 4 weeks did not significantly
alter the contact angle, but by week 8, a significant reduction 70 £+ 4° was observed,

with no further significant changes recorded thereafter.

After 8 weeks of in vitro degradation, neither the pH 4 or pH 7 exhibited significantly
different wettability compared to the dECM, although the pH 4 fibres exhibited a more

rapid decrease in contact angle.

After incubation in PBS, the water contact angle had reduced significantly, and the
material exhibited hydrophilicity (6 < 90°). These findings align with the known
acceleration of hydrolysis under acidic conditions, which results in an increase in

wettability?10.

Overall, these findings demonstrate the transition of the initially hydrophobic PCL
material to a hydrophilic state upon incubation in PBS, with the rate of wettability
alteration influenced by the pH of the medium due to its impact on the rate of

hydrolysis.
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Figure 4.4 Changes in electrospun PCL fibre wettability during in vitro
degradation. Graphs comparing the contact angle (0) of PCL fibres after incubation
at 37°C in PBS at A pH 4 and B pH 7 for 4, 8 and 12 weeks. Data presented as
mean £ SD (N=6) with one-way ANOVA statistical test (*** p < 0.001).
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4.3.3 Mechanical characterisation
The mechanical characteristics of electrospun PCL fibre sheets after in vitro

degradation in both pH 4 and pH 7 PBS were assessed using tensile testing.

The elastic modulus of the tissue was previously found to be 0.3 £ 0.3 MPa. The
control sample for the pH 4 condition had an elastic modulus of 42 £+ 7 MPa (see
Figure 4.5A). After 4 weeks this had significantly decreased to 30 + 4 MPa.
Subsequent to week 8, the elastic modulus had significantly decreased further to 8 +
2 MPa, and did not significantly decrease any further. However, by 12 weeks the
elastic modulus was 4 + 3 MPa, which was not statistically significantly different to the

tissue.

The control sample for the pH 7 condition had an elastic modulus of 26 + 10 MPa (see
Figure 4.5B). At week 4 this had significantly dropped to 8 + 2 MPa and did not
significantly decrease any further. However, the elastic moduli after 8 and 12 weeks
were 6.5 + 0.9 MPa and 7 £ 1 MPa respectively which, while still greater, were not

statistically significantly different from the tissue.

The UTS of the tissue was previously found to be 1.4 £ 0.5 MPa. The control sample
for the pH 4 condition had a UTS of 2.7 + 0.7%, which was significantly greater than
that of the tissue (see Figure 4.6A). After 4 and 8 weeks this had not significantly
changed. However, after 12 weeks of incubation the UTS had significantly dropped to
0.67 = 0.2, which was also significantly different from the week 4 sample. The samples
incubated for 4, 8 and 12 weeks had a UTS that was not significantly different from

that of the tissue.

For the pH 7 condition, the control sample had a UTS of 2 + 1 MPa (see Figure 4.6B).

This had dropped after 4 and 8 weeks, although not significantly. After 12 weeks of
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incubation the UTS had dropped to 0.84 + 0.4 MPa. The UTS of the samples incubated

for 4, 8 and 12 weeks was not significantly different from that of the tissue.

Changes in the maximum extension of the electrospun PCL fibres during in vitro
degradation were also investigated (see Figure 4.7). The maximum extension of the

tissue was 140 + 10 %.

For the pH 4 condition, the control sample had a maximum extension of 53 + 9 %.
Over 4 and 8 weeks, there was a reduction in maximum extension, although this
change was not statistically significant. However, after 12 weeks of incubation, the

maximum extension had significantly decreased to 20 + 10%.

For the pH 7 condition, the control sample had a maximum extension of 20 + 10%.
After 4, 8 and 12 weeks there were no significant changes in maximum extension
observed. The control samples and therefore those at each timepoint had a

significantly lower maximum extension than the porcine oesophageal tissue.

These findings underscore the previous observation that the degradation of the PCL
fibores was accelerated in the pH 4 condition, attributable to the increased rate of

hydrolysis.
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Figure 4.5 Changes in elasticity of electrospun PCL fibres during in vitro
degradation. Graphs comparing the elastic modulus (E) of PCL fibres after
incubation at 37°C in PBS at A pH 4 and B pH 7 for 4, 8 and 12 weeks. Data
presented as mean + SD (n=5) with one-way ANOVA statistical test (* p< 0.003, ***
p < 0.001).
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Figure 4.6 Changes in UTS of electrospun PCL fibres during in vitro
degradation. Graphs comparing the UTS of PCL fibres after incubation at 37°C in
PBS at A pH 4 and B pH 7 for 4, 8 and 12 weeks. Data presented as mean + SD
(n=5) with one-way ANOVA statistical test (* p< 0.003, *** p < 0.001).
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Figure 4.7 Changes in maximum extension of electrospun PCL fibres during
in vitro degradation. Graphs comparing the maximum extension of PCL fibres after
incubation at 37°C in PBS at A pH 4 and B pH 7 for 4, 8 and 12 weeks. Data

presented as mean + SD (n=5) with one-way ANOVA statistical test (* p< 0.003, ***
p < 0.001).
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4.3.4 Weight loss

Before in vitro degradation, each PCL fibre sample was weighed. After the samples
were removed for each time point they were rinsed, dried and weighed again. The %
weight difference was calculated for each individual sample (see Figure 4.8).
There was no observable bulk weight loss at either the pH 4 or pH 7 condition, and

there was no significant difference between the two conditions.

However, to determine if there was any change in the molecular weight of the fibres
during the degradation, NMR spectroscopy was carried out. The degree of
polymerisation was estimated for each sample by analysing the NMR spectra, which

could be used to estimate the molecular weight of the PCL.

The control fibres had a molecular weight of 277 + 9 kg/mol. After forced degradation

via hydrolysis in 1M NaOH the molecular weight was 10 + 1 kg/mol.

After incubation in PBS at pH 4 for 4 and 8 weeks the molecular weight had
significantly reduced to 150 + 8 kg/mol and 77 £ 11 kg/mol, respectively. Both the week
4 and 8 molecular weights were significantly different from the hydrolysed sample. By
week 12, the pH 4 sample had degraded further to 30 + 3 kg/mol, which was no longer

significantly different from the hydrolysed PCL.

In contrast, after incubation at pH 7 for 4 weeks, the molecular weight of the PCL was
256 + 6 kg/mol, which had not significantly changed from the control sample. However,
after 4 and 8 weeks, the molecular weight was 235 = 5 kg/mol and 88 + 3 kg/mol
respectively, both of which had significantly reduced from the control sample. All the

pH 7 time points were significantly larger than the hydrolysed PCL.
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In addition to the differences from the controls, the time points all had significantly

different molecular weights from each other.
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Figure 4.8 Bulk weight loss of electrospun PCL fibres during in vitro
degradation. Graphs comparing the % weight loss of PCL fibre sheets after

incubation at 37°C in PBS at A pH 4 and B pH 7 for 4, 8 and 12 weeks. Data
presented as mean = SD (n=6).
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Figure 4.9 Molecular weight loss of PCL fibres during in vitro degradation.
Graphs comparing the molecular weight of PCL fibres after incubation at 37°C in

PBS at A pH 4 and B pH 7 for 4, 8 and 12 weeks. Data presented as mean + SD
(n=3), with one-way ANOVA statistical test (*** p < 0.001).
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4.4 Discussion
This study of the electrospun PCL fibres’ degradation under different pH conditions
has revealed crucial insights relevant to their application in biomedical environments

where there is a fluctuation in pH, such as the oesophagus.

There was an observed decrease in fibre diameter over time in both pH 4 and pH 7,
with a more dramatic and prolonged degradation in pH 4. This aligns with previous
findings that acidic conditions will accelerate the hydrolysis stage of PCL

degradation?%8,

The change from hydrophobic to hydrophilic of the PCL fibre sheets is also notable.
Initially, the PCL material was hydrophobic (6 = 90°), but after incubation in PBS this
had reduced significantly and the material exhibited hydrophilicity (6 < 90°). After 4
weeks of incubation at both pH 4 and pH 7, the contact angle of the PCL fibres was
similar to that of decellularised porcine oesophagus ECM. This shift is beneficial for
biomaterial scaffolds, as hydrophilic surfaces enhance cell attachment and
proliferation, while hydrophobic surfaces can prevent cell attachment?63-265, This effect
could potentially improve the PCL fibres’ suitability for use as tissue engineering
scaffolds, especially considering the similarity of the resulting contact angle to that of

oesophageal dECM.

The decrease in the elastic modulus of PCL fibre sheets, which approach that of the
natural tissue over the incubation period is another point of interest. Pre-incubation,
the fibres were much stiffer than the oesophageal tissue, as indicated by the elastic
modulus of the fibres. After incubation in PBS, the fibres became less stiff. This effect

was more dramatic, and continued for a longer period at pH 4 than at pH 7.
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The increase in elasticity is likely due to increased porosity of the bulk material, which
is evident through the decrease in fibre diameter?®8. This is promising as it brings the
stiffness of the fibres in the parallel direction more in line with that of the oesophageal
tissue, which represents the potential for the material to become increasingly
biomimetic of the native tissue over time, which could help its suitability for

implantation.

However, it is important to note the decrease in the ultimate tensile strength (UTS)

and maximum extension, particularly in the pH 4 environment.

The UTS of the PCL fibres prior to incubation was significantly higher than the tissue.
During in vitro incubation, the UTS decreased, but after 12 weeks was not lower than

the tissue in either pH 4 or pH 7.

The maximum extension of the PCL fibres was significantly lower than the tissue,
however the tissue is redundantly elastic, meaning that it never stretches to its
maximum capacity in situ. The maximum extension changed very slowly over time,
only significantly decreasing from the control sample after 12 weeks of incubation in

pH 4 PBS.

While the UTS aligns with that of the tissue after 12 weeks, the significant reduction in
maximum extension in both environments may raise concerns about the mechanical
suitability of the fibres in long-term conditions. Determining the rate of tissue
regeneration, and determining if there is enough ECM deposition to replace the
structural support lost by this degradation would be important next steps to

determining appropriate use of the material.
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The degradation of the PCL is most apparent at the molecular scale, with significant

degradation being apparent from week 4 in pH 4 PBS.

The observed degradation patterns of PCL fibres in different pH environments
highlight the impact of pH on PCL stability and degradation rate, which is crucial for
biomedical applications. The faster degradation in acidic conditions (pH 4) aligns with
the general understanding that acidic environments accelerate hydrolysis. This has
implications for their use in environments where the pH may vary, such as the

oesophagus.

While this study provides valuable insights into the degradation behaviour of PCL
fibres under different pH conditions, it is important to acknowledge that it does not
completely model all in vivo conditions that an oesophageal implant would experience.
One significant factor is the mechanical forces that are present in the oesophageal
environment. Mechanical stretching due to the peristaltic action of the surrounding
tissue, as well as the movement of food boluses, could contribute to implant erosion
and impact the mechanical integrity of the scaffold. These dynamic mechanical forces
are a critical aspect of the in vivo environment that were not replicated in this in vitro
study, and they could significantly affect the long-term performance and degradation

behaviour of the PCL fibres.

Studies of other stromal cell-seeded oesophageal regeneration biomaterials provide
valuable insights into the tissue regeneration timeline. Neo-tissue has been observed
as early as 30 days post-implantation in some studies, with complete epithelialisation
achieved by 90 days?%6. Interestingly, the regenerated tissue appeared almost
identical to normal oesophagus at 365 days, indicating a prolonged remodelling phase,

However, the complete regeneration of muscle layers had not been achieved even at
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this stage. This prolonged remodelling period extending to at least a year, underscores
the importance of understanding the long-term behaviour of biomaterials for

oesophageal regeneration.

Given these considerations, future research should focus on in vivo studies that can
replicate these mechanical and biological aspects of the oesophageal environment.
This could provide a more comprehensive understanding of the performance of PCL
fibores as scaffolding materials in oesophageal tissue engineering. Additionally,
investigating the interaction of these fibres with various cellular components under
dynamic, mechanical conditions akin to those in the human oesophagus would offer

further insights into their suitability for clinical applications.

In conclusion, this study sheds light on the in vitro degradation behaviour of
electrospun PCL fibres, revealing important insights into their suitability for biomedical
applications, particularly in oesophageal tissue engineering. These findings
demonstrate that observable effects of degradation can appear as early as 4 weeks
into the degradation process. Analysis of the molecular weight of PCL fibres indicates
that while bulk properties such as strength, fibre diameter and weight degrade slowly
over a 12-week period, molecular weight degradation occurs significantly earlier,
especially in acidic conditions, suggesting a critical stage in the degradation process

that precedes macroscopic changes.

Furthermore, this study highlights the influence of environmental pH conditions on the
degradation kinetics of PCL fibres. We observed that acidic conditions mimicking the
oesophageal environment accelerate the degradation of PCL fibres over the first 12

weeks of in vitro degradation. This underscores the importance of considering pH
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variations in biomedical applications where PCL scaffolds may be exposed to

fluctuating pH levels.

While this study provides valuable insights into the degradation behaviour of PCL
fibres, it is essential to acknowledge its limitations. The in vitro model used in this study
may not fully replicate the complex in vivo conditions of the oesophageal environment,
particularly regarding mechanical forces and dynamic cellular interactions. Future
research should focus on in vivo studies to validate these findings and explore the

long-term performance of PCL fibres in realistic physiological conditions.
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5.0 Functionalisation and Sterilisation

5.1 Introduction

Polycaprolactone (PCL) has excellent mechanical properties, biodegradation
behaviour and processability, making it an excellent material for biomedical
engineering. However, the inherent lack of bioactivity of PCL presents a significant
limitation, particularly in the context of tissue engineering, where directing cell
responses can be pivotal for successful integration and regeneration?672¢8, An ideal
bioactive scaffold provides a microenvironment that mimics the extracellular matrix
(ECM), which not only ensures cell attachment and proliferation, but can also influence
cell differentiation, ultimately contributing to the functional restoration of the tissue?%°,
PCL is very stable and durable, however, in tissue engineering, where the ultimate
goal is the integration of biomaterial scaffolds with the host tissue, physical support is
not sufficient!#”270, This lack of bioactivity exhibited by PCL restricts its ability to
actively engage with host cells, limiting its influence on cell adhesion, migration and

proliferation.

To address the lack of bioactivity of PCL, functionalisation with biomolecules has
become a promising strategy. Among these molecules, fibronectin, which is a key
ECM protein, plays a crucial role in cell adhesion and migration. By introducing
fibronectin to PCL surfaces, a scaffold can become more bioactive, encouraging cell-
material interactions*3111.271.272 Fibronectin is an adhesive glycoprotein with multiple
binding sites that several cell types, including fibroblasts, interact with?7%.273,
Fibronectin has been shown to promote fibroblast adhesion and migration into artificial
ECM, and is also thought to play a role in cell-cell adhesion by serving as a bridge for
integrin-integrin interactions2°%274, Therefore, fibronectin has been explored as a

suitable candidate for functionalisation of biomaterials lacking in bioactivity, and
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several studies have shown that incorporating fibronectin onto polymer surfaces can

have favourable effects on the responses of several cell types to the

materia|43,110,173,272,275.

Sterilisation is a pivotal step in developing an implantable biomaterial. Sterilisation is
defined as the complete eradication of all microorganisms including bacteria, viruses
and yeasts. This is distinct from disinfection, which is the elimination of all
microorganisms with the exception of bacterial spores?’6-2’8, During preliminary
research and development, disinfection is often adequate to prepare a biomaterial for
use in cell culture. However, once an implantable biomaterial reaches the clinic,
sterilisation is essential. Given that the material properties of these biomaterials have
usually been finely tuned to be optimal for their purpose, it is important to determine
what effects, if any, the sterilisation or disinfection methods used have on a material’s

properties.

There is a wide range of sterilisation and disinfection methods used in biomaterial
research?’9-282, Gamma radiation and ethylene oxide are both widely used to sterilise
implantable medical devices?®3. However, these methods are often unsuccessful when
used to sterilise biomaterial scaffolds due to their effects on the highly tailored material
properties. By exploring these effects early in the biomaterial development process, it
may be possible to incorporate them into the design of the material. Prior to in vitro
testing, disinfection methods including 70% ethanol and UV radiation are commonly
used, but their effects on material properties are often overlooked or
unreported?’7.282.284 Gjven that PCL has a relatively low melting point of around 60°C,
low temperature sterilisation is essential. Therefore, autoclaving, which is another
commonly used sterilisation technique was deemed not suitable for use with the

material?81.285,
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Gamma radiation is an ionising radiation technique, that usually uses a cobalt-60
(5°Co) source to produce a dose of radiation in the range of 10-30 kGy/h?8¢, The high
energy gamma rays emitted by the source pass through a material and directly
damage DNA and RNA strands, while generating reactive oxygen species (ROS). This
radiation is able to eliminate bacteria, yeasts, viruses and bacterial spores, and results
in sterilisation?®3287, Gamma radiation has been shown to affect PCL properties in
various ways including; decreasing molecular weight?®® and increased maximum

stress?89,

Ethylene Oxide is a gas that causes permanent alkylation of molecules that contain
amino, carboxyl thiol, hydroxyl and amide groups, which inactivates cell metabolism
and division and is often used to sterilise medical devices?®3. This sterilisation method
is advantageous as it is suitable for heat-sensitive materials. However, the gas itself
is highly toxic, which introduces a problem if any residual gas remains after
sterilisation, which is likely in highly porous materials?’®. Ethylene oxide is known to
have significant effects on polymer properties including; decreased yield strength and

an increase in degradation rate?,

Ultraviolet-C (UV-C) radiation in the range of 200-300 nm inactivates cells by
destroying DNA, making it an effective technique for eliminating viruses, bacteria and
fungi. UV is a widely available and cheap disinfection method, and has been shown to
have very little effect on the mechanical properties of PCL?%. Ethanol is also a
commonly used and cost-effective method for disinfection in in vitro testing. Ethanol
disinfection has previously been reported to have very little effect on the mechanical
properties of bulk PCL. There is less published data on the effects of UV and ethanol
treatments on PCL properties, which is likely due to the fact that they are not suitable
for terminal sterilisation. It is also important to consider that the reported changes in
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properties after post-production processing are highly varied and often contradictory,
seemingly due to variation in PCL molecular weight and processing parameters. It is
also likely that the surface area to volume ratio of a material will impact how

susceptible it is to the effects of these treatments.

This chapter will describe the functionalisation of electrospun PCL fibres with
fibronectin, and investigate the effects of ethanol, ethylene oxide, UV and gamma

treatment on the material’s properties.
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5.2 Methods

5.2.1 Functionalisation

The fibronectin functionalisation was based on two previously published protocols*3173
Bovine fibronectin was diluted to 10 pg/mL in 1M (2-(N-Morpholino) ethane sulfonic
acid hemisodium salt) MES buffer. Electrospun PCL fibres were immersed in 0.01M
NaOH for 20 minutes at room temperature to hydrolyse the surface of the fibres. The
fibres were then rinsed twice in MES and immersed in 0.01M HCI for 30 minutes at

room temperature, followed by 2 further rinses in MES.

N-hydroxy succinimide (NHS) was attached via an N-(3-dimethylaminopropyl)-N’-ethyl
carbodiimide hydrochloride (EDC) coupling through submersion in a 75 mg/mL NHS,
1.15 mg/mL NHS solution 0.1M MES buffer solution. An NHS ester is formed by a
reaction between the PCL carboxylate and the NHS to form an unstable reactive O-
acylisourea ester which has an activated leaving group. This unstable ester then

reacts with the EDC, to form a semi-stable NHS ester, with an NHS leaving group.

The PCL fibres were then immersed in 3 mL of the fibronectin solution for 24 hours at
37°C. The NHS ester is highly reactive with amine nucleophiles (-NH2z groups) and so
the NHS leaving group is replaced by the fibronectin, forming a stable amide bond
(see Figure 5.1). The fibres were rinsed and stored in 0.1M MES buffer at 4°C until

required.
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Figure 5.1 Mechanism of amine nucleophilic substitution for PCL
functionalisation with fibronectin

5.2.2 Fluorescent Microscopy

To confirm the fibronectin functionalisation, pre- and post-functionalisation samples
were immersed in a 1% BSA blocking buffer for 30 minutes at 37°C, followed by rinsing
twice in PBS for 5 minutes. An Alexa Fluor® 488 tagged mouse anti-human fibronectin
antibody was diluted to 2% v/v in the blocking buffer. Blocked samples were immersed
in the antibody solution for 2 hours at room temperature on a rocking shaker. The
stained samples were then rinsed twice in PBS for 5 minutes and imaged using an

EVOS M500 fluorescent microscope.
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5.2.2.1 Fluorescent Image Analysis
To quantify the fluorescence of the stained fibres, the fluorescent intensity of each
image was determined using Image J. Each image was split into RGB channels, and
the green channel was selected for analysis as it corresponded to the fluorescence of
the tagged antibody. The Intensity of the image was determined using Image J. To
account for background fluorescence, images of unstained fibres were captured under
the same conditions. The green intensity of these unstained fibres was subtracted from

the stained fibre images.

5.2.3 BCA Assay

A bicinchoninic acid (BCA) assay was used to detect changes in protein concentration
in the fibronectin solution after it was used for electrospun fibre functionalisation. Once
the functionalisation was complete, the fibronectin solution was removed and diluted
to 3 mL (the original volume that was used) and two 3 mL PBS washes were retained.
The BCA working reagent was added to triplicates of the fibronectin solutions and a
set of BSA standards, and incubated at 37 °C for 30 minutes according to the supplier’s
recommendation. The colourimetric change of each replicate was determined by
measuring the absorbance at 562 nm after the samples had cooled to room
temperature. A Tecan Spark® microplate reader (Tecan Trading AG, Switzerland) was
used to take these measurements. A standard curve was plotted using the
absorbances of the BSA standards, which was then used to determine the protein

concentration of each unknown sample.

5.2.4 Ethanol Treatment

Samples were placed in 70 % ethanol for 20 minutes at room temperature, and then
washed in sterile PBS twice for 5 minutes, Samples were then placed in a desiccator
cabinet overnight.
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5.2.5 Ethylene Oxide Treatment
Samples were exposed to at least 450 mg/L of ethylene oxide at 37°C for at least 1

hour under vacuum.

5.2.6 UV Treatment

Samples were placed in the centre of a Thermo Scientific Safe 2020 Class Il Biological
Safety Cabinet (Thermo Scientific, USA), which was fitted with two lamp housing fitted
with two UV lamps each. Samples were exposed to UV radiation for 30 minutes on
each side, at a distance of 1m from each set of UV lamps, which had a wavelength of

253 nm.

5.2.7 Gamma Irradiation Treatment
Samples were sealed in sterilisation pouches and sent to Gargrave Sterilisation
Services and irradiated at 30.9-33.0 kGy at 34.4 °C. This is above the minimum

amount required to ensure appropriate sterility2°?.
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5.3 Results
5.3.1 Functionalisation

5.3.1.1 Topographical Characterisation of Functionalised Fibres
Electrospun PCL fibres were functionalised with fibronectin, as described above, in
order to improve the material bioactivity and enhance cell-biomaterial interactions.
Changes in fibre morphology after functionalisation were determined using SEM. No
visual differences in fibre morphology were observed between non-functionalised and

fibronectin-functionalised fibres (see Figure 5.2).

The average fibre diameter of the non-functionalised fibres was 0.4 £ 0.2 um, and after
functionalisation was not significantly different from the control fibres (see Figure 5.3).
The functionalisation process did not affect the average diameter of the electrospun

PCL fibres.

The functionalisation process did not visually affect the alignment of the fibres. This
was investigated using the ImageJ plug-in OrientationJ, which generated data
describing the alignment of fibres in each SEM image (see Figure 5.4). The image
analysis showed that the initial fibre alignment was 42 + 6 % and post-functionalisation
the alignment was 39 + 8 %, which was determined to not be significantly different

from the control by an unpaired t-test.
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Figure 5.2 The effect of fibronectin functionalisation on electrospun PCL fibre
morphology. SEM images of A non-functionalised electrospun PCL fibres and B
fibronectin-functionalised electrospun fibres. Scale bar: 10 um
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Figure 5.3 The effect of fibronectin functionalisation on electrospun PCL fibre
diameter. Graph comparing the fibre diameters of electrospun PCL fibres pre- and
post-functionalisation. Data presented as mean + SE (N=3, n=100), with unpaired t-
test test (ns p 20.05). The average fibre diameter of the non-functionalised fibres
was 0.4 £ 0.2 um. Post functionalisation, the average fibre diameter was 0.4 + 0.2

pm.
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% Alignment, 5° slices

Figure 5.4 The effect of fibronectin functionalisation on electrospun PCL fibre
alignment. Colour surveys produced using Image J showing fibre alignment of A
non-functionalised and B fibronectin-functionalised electrospun PCL fibres Scale
bars: 10 um. The hue changes with the orientation, with the dominant direction being
represented by cyan (rgb (0,255,255)) and perpendicular fibres being shown in red
(rgb (255,0,0)).

The Orientation J plug-in for Image J was used to analyse the alignment of fibres in
each SEM image. This data was plotted on a polar histogram C non-functionalised
fibres and D fibronectin-functionalised fibres. Each bar represents a 5° slice of the
SEM image, with 0° representing the dominant fibre direction. The length of the bar
represents the proportion of the image (%) that is aligned with the dominant fibre
direction. Darker coloured bars are longer.

One-way ANOVA performed using GraphPad Prism showed that the proportion of
fibres aligned with the dominant fibre direction did not change significantly after

functionalisation (n=3).
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5.3.1.2 Mechanical Characterisation of Functionalised PCL Fibres
The mechanical properties of the electrospun PCL fibres were determined via tensile
testing parallel to the direction of the fibre alignment, and compared to the properties
of porcine oesophageal mucosa. The tissue had an elastic modulus (E) of 0.3 + 0.3
MPa, while that of the non-functionalised fibres was 33 + 4 MPa, which was
significantly higher. After functionalisation, E was 35 + 8 MPa, which was not
significantly different from the non-functionalised fibres, and remained significantly

higher than the tissue (see Figure 5.5 A).

The tissue had a UTS of 1.4 + 0.5 MPa. The non-functionalised fibres had a UTS of
5.4 + 0.5 MPa, which was significantly higher than the tissue (see Figure 5.5 B). After
functionalisation, the UTS increased to 9 + 2 MPa, which was significantly increased

from the control fibres and the tissue.

The maximum extension of the tissue was 153 + 27 %, which was significantly higher
than that of the non-functionalised fibres (39 + 18 %) (see Figure 5.5C). After
functionalisation, the maximum extension was 51 + 11 %, which was not significantly

different from the control fibres, and remained significantly lower than the tissue.
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Figure 5.5 The effect of fibronectin functionalisation on the mechanical
properties of electrospun PCL fibres. Graphs comparing A elastic modulus (E),
B UTS and C of PCL fibres pre- and post- fibronectin functionalisation with porcine
oesophageal tissue. Data is presented as mean + SD (n=5) with one-way ANOVA

statistical test (*** p <0.001).
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5.3.1.3 Wettability of Functionalised PCL Fibres
Contact angle can be used as an indicator of the hydrophilicity of a material surface.
PCL is known to be a hydrophobic material which hinders cell attachment, whereas
fibronectin has been shown to increase hydrophilicity. The contact angle () of the
PCL fibres, functionalised fibres and porcine oesophageal dECM was determined (see
Figure 5.6). The 6 of the dECM was 67 £ 5°. The control PCL fibres had a 6 of 141
26°, which was significantly higher than that of the dECM. After functionalisation, 6

dropped significantly to 89 + 9°, which was not statistically significantly different than

that of the dECM.
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Figure 5.6 The effect of fibronectin functionalisation on the water contact
angle of electrospun PCL fibres. Graph comparing the contact angle (8) of control
(non-functionalised) PCL fibres, fibronectin-functionalised fibres and porcine
oesophageal dECM. Data is presented as mean + SD (n=6) with one-way ANOVA
statistical test (*** p <0.001).
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5.3.1.3 Confirmation of Fibronectin Functionalisation

The fibronectin functionalisation was confirmed using fluorescent microscopy. After
the functionalisation protocol was complete, the fibres were stained using a fluorescent
tagged anti-fibronectin antibody to visualise the fibronectin. Non-functionalised
samples were also stained and used as controls. When visualised using fluorescent
microscopy, the control fibres showed a degree of fluorescence. However, the

fluorescence was visually increased post-functionalisation (see Figure 5.7 A-B).

The fluorescent intensity of the functionalised fibres (8.1 x 107 + 0.9 x 107 a.u.) was
significantly higher than that of the non-functionalised fibres (0.3 x 107 + 0.3 x 107 a.u.)

(see Figure 5.7 C).

A BCA protein assay was used to determine the concentration of the fibronectin
solutions at various points throughout the functionalisation process (see Figure 5.8).
Before carrying out the functionalisation, the protein concentration in the fibronectin
solution was 11.7 = 0.2 pug/mL. Once the PCL fibres had been incubated in the
fibronectin solution for 24 hours, the solution was removed and it was determined that
it had a concentration of 3.5 + 0.4 ug/mL, which was significantly less concentrated
that the original solution. Subsequently, the fibres were washed twice in PBS to
remove any unbound fibronectin. Each of these washes were determined to have a
protein concentration of 1.4 + 0.2 ug/mL and 0.4 + 0.05 pug/mL respectively. The total
fibronectin remaining on each PCL fibre sample post-functionalisation was around

18.6 pg per sample. \
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Figure 5.7 Fluorescent intensity of fibronectin-functionalised electrospun PCL
fibres stained with a fluorescent-tagged anti-fibronectin antibody. Graph
comparing the fluorescent intensity of control and functionalised fibres. Data
presented as mean = SD (n=3), with unpaired t-test test (*** p <0.001).
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Figure 5.8 Graph comparing the protein concentration of the fibronectin
solution used for functionalisation of electrospun PCL fibres. A BCA protein
assay was carried out to determine the concentration of the fibronectin solution at
various points throughout the functionalisation process. The protein concentration
of the solution prior to functionalisation (pre-) was 11.7 £ 0.2 pug/mL. After incubation
on the electrospun PCL fibres (post-), the concentration of the solution was to 3.5 +
0.4 pg/mL. Two PBS washes (PBS1 and PBS2) were then used to remove any
unbound fibronectin. These washes had concentrations of 1.4 + 0.2 ug/mL and 0.4
+ 0.05 pg/mL respectively. Data is presented as mean + SD (n=3), with one-way
ANOVA statistical test (* p <0.033, *** p <0.001).
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Raman spectra were obtained of the fibronectin, the PCL prior to electrospinning and
the electrospun PCL fibres (see Figure 5.9). In the PCL spectrum, there are defined
peaks at 2914cm-1 (CH stretching), 1723cm-1, (C=0 stretching), 1441cm-1 (CH2
bending), 1304cm-1 (CH2 twisting), 913cm-1 (C-COO stretching) and a set of peaks

between 1003 and 1110 cm-1 (C-C stretching). This spectrum is characteristic of

PC [_233,234,292

In the fibronectin spectrum, there were defined peaks at 2914 cm-1 (C-H stretching)
and 790 cm-1, which was identified as Si-O-Si stretching, and was explained by the
glass coverslip which the fibronectin had been isolated on. In the fibronectin spectrum
there were also peaks between 1003 and 1110cm-1 (C-C stretching), which showed

a slightly different pattern from the peaks in the same range in the PCL spectrum.

The functionalised PCL spectrum included all of the characteristic peaks of PCL, but
the 2914 cm-1 peak, which represents the vCH bond stretching, was higher in the

functionalised PCL than either of the other two spectra.

Given that the fibronectin and PCL spectra have characteristic peaks in similar areas,
they could not be used to confirm the presence of fibronectin on the functionalised
fibres, as the fibronectin peaks could be masked by the stronger PCL shifts in the
same regions. However, this is useful as it shows that the PCL retains it characteristic

peaks after the functionalisation process.

In order to determine the crystallinity of the electrospun PCL fibres, the band in the
region 1710-1750 cm, which corresponds to C=0 stretching) was deconvoluted into
two gaussian peaks centred at 1724 cm (corresponding to the crystalline phase) and
at 1732 cm™ (which corresponds to the amorphous phase)?'32%3. These peaks were

integrated, and these values were used to calculate the fraction of crystalline phase
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(see Figure 5.10). The crystalline phase of the non-functionalised and fibronectin-
functionalised fibres were found to be 61 + 2 % and 60.4 £ 0.6 % respectively. These
values were not significantly different from each other, which confirms that the

functionalisation did not affect the crystalline fraction of the electrospun PCL fibres.
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Figure 5.9 Raman spectra of fibronectin-functionalised PCL fibres. Raman
spectra analysis of fibronectin, non-functionalised PCL and functionalised PCL in

the spectral range of 0-4000 cm, 532nm laser line. Inset: PCL structure.
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Figure 5.10 The effect of fibronectin functionalisation on electrospun PCL fibre
crystallinity. Raman spectral region 1710-1750 cm™ of A non-functionalised and B
fibronectin-functionalised electrospun PCL fibres, showing the contribution of the
crystalline and amorphous fractions. C Graph showing the crystalline fractions of

electrospun PCL fibres. Data presented as mean + SD (n=3), with unpaired t-test

test (ns p 2 0.05).
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5.3.1.4 Cell Viability on Functionalised PCL Fibres
Primary oesophageal fibroblasts were cultured on electrospun PCL fibres
functionalised with fibronectin to investigate their viability compared to cells cultured
on tissue culture plastic and non-functionalised fibres. Cells were cultured on each
material for five days at 37°C, at which point the fibre samples were moved into new

wells.

Fluorescent microscopy images were generated of the stained cells (see Figure 5.11).
ImageJ software was used to determine the number of live and dead cells in each
image. The cell viability was calculated as a percentage of live cells of the total number
of cells in each image. The viability of the fibroblasts cultured on tissue culture plastic
was 85 + 6 % after 5 days. On the non-functionalised PCL fibres, the viability dropped
significantly to 34 £ 12 %, but when cultured on the fibronectin-functionalised fibres,
the cell viability was 78 + 10 % after 5 days, which was not significantly different than
the fibroblasts cultured on the tissue culture plastic. This demonstrates that the
addition of fibronectin to the electrospun PCL fibres enhances cell viability. The
significant drop in cell viability observed on the non-functionalised fibres suggests that
the surface properties of the material alone do not support optimal cell attachment and
survival. The presence of fibronectin, known for its role in cell adhesion and
proliferation, promotes enhanced cell-material interactions, thereby fostering a more

favourable microenvironment for cell growth and viability.
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Figure 5.11 Live/Dead staining of fibroblasts cultured on electrospun PCL
fibres after 5 days. Representative images of primary oesophageal fibroblasts
cultured on A tissue culture plastic (control), B non-functionalised electrospun PCL
fibres and C fibronectin-functionalised PCL fibres for 5 days, stained with calcein
AM and EthD-1. Live cells are stained green, dead cells are stained red. D Graph
comparing the % cell viability of fibroblasts cultured on tissue culture plastic, non-
functionalised and functionalised electrospun PCL fibres. Data presented as mean

+ SEM (n=6), with one-way ANOVA statistical test (*** p <0.001).
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5.3.2 Sterilisation
5.3.2.1 Effects of Sterilisation Treatments on PCL Fibre Topography
Electrospun PCL fibres were treated with four disinfection and sterilisation methods;

ethanol, ethylene oxide, gamma irradiation and UV radiation.

SEM images revealed the effects of these treatments on non-functionalised fibre
morphology (see Figure 5.12). Untreated non-functionalised fibres displayed smooth,
aligned morphology and were free from beading. Non-functionalised fibres treated with
ethanol and ethylene oxide exhibited a slightly melted appearance and disrupted fibre
alignment. Non-functionalised fibres treated with gamma and UV radiation retained a
smooth surface morphology comparable to the untreated fibres, with no observable

melting effects.

SEM was also used to investigate the effects of the treatments on fibronectin-
functionalised fibres (see Figure 5.13). The treatments had a very similar effect on the
visible morphology as the non-functionalised fibres. The ethanol and ethylene oxide
treated fibres had a melted appearance, with beads of PCL appearing where fibres

had fused together.
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Figure 5.12 The effect of sterilisation on non-functionalised PCL fibre morphology. SEM images showing sterilisation
effects on non-functionalised electrospun PCL fibres; A untreated non-functionalised fibres, B fibres treated with ethanol C
fibres treated with ethylene oxide, D fibres treated with UV radiation, and E fibres treated with gamma radiation. Scale bars: 10

um.
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Figure 5.13 The effect of sterilisation on fibronectin-functionalised electrospun PCL fibre morphology. SEM images
showing sterilisation effects on fibronectin-functionalised electrospun PCL fibres; A untreated fibronectin-functionalised fibres, B

fibres treated with ethanol C fibres treated with ethylene oxide, D fibres treated with UV radiation, and E fibres treated with gamma

radiation. Scale bars: 10 um.
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ImageJ was used to determine the average fibre diameter of the fibres after each

treatment (see Figure 5.14).

The untreated non-functionalised control had a fibre diameter of 0.38 £0.12 um. After
ethanol, UV and ethylene oxide treatments the fibre diameters were not significantly
different from the control. After gamma radiation treatment, the fibre diameter was 0.28

+0.11 um, which was significantly reduced from the control fibres.

The functionalised control fibres had a diameter of 0.4 £0.2 um, which was significantly
decreased after ethanol and ethylene oxide treatment to 0.26 £ 0.06 um and 0.3 £ 0.2
pum respectively, both of which were significantly less than the functionalised control.

UV and gamma treatments did not affect the fibre diameters.

The effect of the treatments on the fibre alignment was investigated using the
Orientationd plug-in for ImageJ, which was used to produce data describing the
alignment of fibres in each SEM image. This data was then plotted on a polar

histogram to visualise the distribution of fibre alignments (see Figure 5.15).

The total alignment was also calculated by OrientationJ, which showed that for both
the non-functionalised and fibronectin-functionalised fibres, the ethanol and ethylene
oxide treatments led to a significant reduction in the fibre alignment, but the UV and

gamma treatments did not have a significant effect (see Figure 5.16).

The significant alterations in the topography of both functionalised and non-
functionalised fibres following treatment with ethanol and ethylene oxide can be
attributed to mechanical disruption induced by these sterilisation methods. During
these sterilisation processes, the porous structure of the fibre sheets allows ethanol

liquid and ethylene oxide gas to infiltrate, leading to the suspension of individual fibres
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within either the liquid or gas phase. Upon drying, the fibres lose their alignment,

resulting in the observed disruption of the fibre arrangement.

Furthermore, the slight melted appearance of the fibres may arise from the partial
dissolution of the fibre surface in ethanol. Ethanol, being a polar solvent, can interact
with the polymer chains of the fibres, causing them to partially dissolve and lose their
structural integrity. Additionally, the alkylation of hydroxyl and amide groups within the
fibres by ethylene oxide may have a similar effect. Notably, the functionalised fibres,
containing both hydroxyl and amide groups due to the presence of fibronectin, exhibit
a greater susceptibility to the effects of ethylene oxide compared to non-functionalised

fibres, which only contain the hydroxyl groups present in PCL.

The observed minimal impact of UV and gamma treatments on the fibre topography
implies that these sterilisation methods hold promise as suitable candidates for
sterilising electrospun PCL fibres. Unlike ethanol and ethylene oxide treatments, which
induced significant alterations in fibre topography, UV and gamma treatments
maintained the structural integrity of the fibres. This preservation of fibre topography
suggests that UV and gamma radiation effectively sterilise the fibres without causing
substantial physical changes, making them potentially favourable options for

sterilisation of electrospun PCL biomaterials.
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Figure 5.14 The effect of sterilisation treatments on electrospun PCL fibre
diameters. Graphs showing the average fibre diameters of A non-functionalised
and B fibronectin-functionalised electrospun PCL fibres following treatment with
ethanol (EtOH), ethylene oxide (EthylOx), UV radiation (UV) and Gamma radiation
(v). Data is presented as mean + SE (N=3, n=100) with one-way ANOVA statistical
test (*** p < 0.001).
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Figure 5.15 The effect of sterilisation treatments on electrospun PCL fibre
alignment. Polar histograms produced using Python showing the distribution of
alignment of A control electrospun PCL fibres, and fibres after treatment with B
ethanol, C ethylene oxide, D UV and E gamma irradiation. The Orientation J plug-
in for Image J was used to analyse the alignment of fibres in each SEM image. This
data was plotted on a polar histogram. Each bar represents a 5° slice of the SEM
image, with 0° representing the dominant fibre direction. The length of the bar
represents the proportion of the image (%) that is aligned with the dominant fibre

direction. Darker coloured bars are longer.
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Figure 5.16 The effect of sterilisation treatments on alignment of non-
functionalised and fibronectin-functionalised electrospun PCL fibres. Graphs
comparing the alignment of A non-functionalised and B fibronectin-functionalised
electrospun PCL fibres. Data presented as mean + SD (n=5). with one-way ANOVA
statistical t-test (*** p < 0.001, ** p <0.002, * p< 0.003).
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5.3.2.2 Effects of Sterilisation Treatments on PCL Fibre Mechanical
Properties
The mechanical properties of the electrospun PCL fibres treated using various
sterilisation methods were determined via tensile testing, and compared to the

properties of porcine oesophageal tissue.

The tissue had an elastic modulus (E) of 0.3 + 0.3 MPa. The non-functionalised control
fibres had an elastic modulus of 33 £ 4 MPa, which was significantly larger than the
tissue. After all of the treatments the elastic modulus of the non-functionalised fibres
remained significantly higher than the tissue, and all were significantly larger than the

non-treated fibres (see Figure 5.17A).

The fibronectin-functionalised control fibres had an elastic modulus of 35 + 8 MPa,
which was also significantly larger than the tissue. After ethanol and gamma irradiation
treatment the elastic modulus increased to 65 + 14 MPa and 76 £ 11 MPa respectively.
Both of these were significantly higher than the non-treated functionalised fibres. After
UV and ethylene oxide treatment, the elastic modulus of the functionalised fibres was
22 + 1 MPa and 36 = 8 MPa, which were not significantly different from the
functionalised controls, but remained significantly higher than the tissue (see Figure

5.17B).

The tissue had a UTS of 1.4 £ 0.5 MPa. The non-functionalised control fibres had a
UTS of 5.4 + 0.3 MPa, which was significantly larger than the tissue. After each of the
treatments the UTS of the non-functionalised fibres remained significantly higher than
the tissue (see Figure 5.18A). The ethylene oxide and gamma treatments caused
significant increases in the UTS of the fibres, raising the UTS to 14 + 1 MPa and 15 *

2 MPa respectively.
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The fibronectin-functionalised control fibres had a UTS of 10 + 2 MPa, which was also
significantly larger than the tissue. The UTS of the fibres remined significantly larger
than the tissue after all of the treatments see (Figure 5.18B). The ethylene oxide
treatment did not change the UTS of the fibres to any level of statistical significance.
After ethanol and gamma treatment, the UTS had significantly increased to 10 + 2
MPa and 15 + 2 MPa respectively. The UV treatment led to a decrease in the UTS to

5 £ 2 MPa, but it remained significantly larger than that of the tissue.

The tissue had a maximum extension of 153 + 27%. The non-functionalised control
had a maximum extension of 39 + 18%, which was significantly lower than the tissue.
After each of the treatments the maximum extension remained significantly lower than
that of the tissue, and did not change to a significant level from the non-treated control

(see Figure 5.19A).

The fibronectin-functionalised control had a maximum extension of 51 + 11%, which
was significantly lower than the tissue. After ethylene oxide, UV and gamma
treatments, the maximum extension remined significantly less than the tissue, but was
not significantly different that the control fibres. The maximum extension of the ethanol
treated fibres was decreased compared to the untreated fibres to 23 + 11% (see

Figure 5.19B).
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Figure 5.17 The effects of sterilisation treatments on PCL fibre elasticity.
Graphs comparing the elastic modulus (E) of A non-functionalised and B fibronectin-
functionalised electrospun PCL fibres after treatment with 70% ethanol (EtOH), UV
radiation (UV), Ethylene Oxide (EthylOx) and gamma radiation (y) with porcine
oesophageal tissue. Data presented as mean + SD (n=5). with one-way ANOVA
statistical t-test (*** p < 0.001, ** p <0.002, * p< 0.003).
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Figure 5.18 The effect of sterilisation methods on PCL fibre UTS. Graphs

comparing the UTS of A non-functionalised and B fibronectin-functionalised

electrospun PCL fibres after treatment with 70% ethanol (EtOH), UV radiation (UV),
Ethylene Oxide (EthylOx) and gamma radiation (y) with porcine oesophageal tissue.
Data presented as mean + SD (n=5). with one-way ANOVA statistical t-test (*** p <

0.001, ** p <0.002, * p< 0.003).
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Figure 5.19 The effect of sterilisation methods on PCL fibre extension. Graphs
comparing the maximum extension of A non-functionalised and B fibronectin-
functionalised PCL fibres after treatment with 70% ethanol (EtOH), UV radiation
(UV), Ethylene Oxide (EthylOx) and gamma radiation (y) with porcine oesophageal
tissue. Data presented as mean £ SD (n=5). with one-way ANOVA statistical t-test
(*** p <0.001, * p< 0.003).
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5.3.2.3 Effects of Sterilisation Treatments on PCL Fibre Wettability
The water contact angle was determined for each type of the treated PCL fibres, and
compared to the contact angle of decellularised ECM (dECM) from porcine

oesophagus (see Figure 5.20). The dECM had a 6 of 67 £ 5°.

The non-functionalised and untreated PCL fibres had a 6 of 141 £ 26°, which was
significantly higher than the dECM. After treatment with ethylene oxide and gamma
radiation, the 8 of the fibres were 124 + 17° and 124 £ 12° respectively. These were
significantly lower from the untreated fibres, but were both significantly higher than the
dECM. The ethanol and UV treatments resulted in a 6 of 74 + 12° and 81 + 15°
respectively, which were both significantly lower than the untreated fibres, and were
not significantly different to the dECM. In addition, the ethanol and UV treatments

reduced the O of the fibres to below 90°, which is considered hydrophilic.

The fibronectin-functionalised, but untreated, fibres had a 6 of 88 + 9°, which was
significantly higher than that of the dECM. The ethanol and gamma radiation
treatments produced a 6 of 93 + 17° and 90 * 14° respectively. These were not
significantly changed from the control fibres, and remained significantly higher than

the dECM.

The functionalised fibres treated with ethylene oxide and UV had a 0 of 77 + 16° and
67 + 23° respectively, which were significantly lower than the control fibres, and were

not significantly different from the dECM.

The relatively reduced impact of the sterilisation methods on the contact angle of the
functionalised fibres is due to the fact that the functionalisation process itself
decreases the contact angle significantly. The UV is the only method that reduces both

the non-functionalised and fibronectin-functionalised fibres enough to be similar to that
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of the dECM. This highlights UV sterilisation as a good candidate for PCL fibre
sterilisation, as a reduced contact angle can indicate an increase in bioactivity, as it is

known to increase cell adhesion1°5.188.194,195
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Figure 5.20 The effect of sterilisation treatments on the water contact angle of

PCL fibres. Graphs comparing the water contact angle (0) of porcine dECM with A

non-functionalised and B fibronectin-functionalised electrospun PCL fibres after
treatment with 70% ethanol (EtOH), UV radiation (UV), Ethylene Oxide (EthylOx)

and gamma radiation (y) with porcine oesophageal tissue. Data is presented as

mean = SD (n=6) with one-way ANOVA statistical t-test (*** p < 0.001).
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5.4 Discussion

The aim of this chapter was to successfully functionalise electrospun PCL fibres with
fibronectin, to increase the fibre bioactivity for tissue engineering applications.
Fibronectin was selected as it plays a crucial role in cell adhesion and migration, and

has been shown to enhance tissue regeneration when grafted onto several polymer

types4l,111,186,271,272,275

The presence of fibronectin on the functionalised fibres was confirmed by fluorescent
microscopy and BCA assay. The functionalisation did not have any effect the fibre
diameter or degree of alignment. Given that the characteristic peaks of the fibronectin
and PCL appear at similar Raman shifts, the spectra of the fibronectin-functionalised
PCL fibres was not different enough to be distinctive from the two materials. Therefore,
this method could not be used to confirm the presence of the fibronectin on the PCL
fibres. However, the Raman spectra showed that the functionalisation process did not

alter the chemical structure or crystallinity of the PCL fibres.

Live/dead staining revealed high cell viability, with 78 £ 10% of human oesophageal
fibroblasts cultured on aligned PCL fibres functionalised with fibronectin remaining
viable after 5 days. This result confirms the biocompatibility of the fibres and their

suitability as a biomaterial scaffold for oesophageal tissue engineering.

The functionalisation did, however, affect the physical properties of the material. The
water contact angle of the fibre sheets was significantly reduced after the process, not
statistically different from that of decellularised ECM, showing that the material had
become hydrophilic. This is due to the hydrolysis step of the functionalisation process,
which is known to enhance PCL wettability through increased surface are and the

creation of functional surface groups (-OH, -COOH, -NH2)?10.294.295 Thjs is a welcome
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side effect of the functionalisation process, as hydrophilicity promotes cell adhesion
through enhanced protein adsorption, which in turn increases the bioactivity of a

biomaterial?83.296,

In terms of mechanical properties, the elasticity and maximum extension of the
material both remained significantly lower to that of porcine oesophageal tissue, with
no additional changes post-functionalisation. However, the UTS of the material at

break did increase further after the functionalisation.

These findings underscore the successful integration of fibronectin onto PCL fibres
without compromising their structural integrity. In addition, the enhanced hydrophilicity
highlights the potential of this approach to improve the bioactivity of the material
beyond that introduced by the fibronectin alone. This not only promotes better cell-
material interactions but also creates a microenvironment more conducive to cellular

attachment, proliferation, and ultimately tissue regeneration.

In addition to the physical and mechanical properties discussed, it's crucial to consider
the biocompatibility of the functionalised PCL fibres. The investigation of cell viability
revealed that fibroblasts cultured on fibronectin-functionalised PCL fibres exhibited
significantly higher viability compared to those cultured on non-functionalised fibres,
with viability levels comparable to cells cultured on tissue culture plastic. This
underscores the importance of surface modification with fibronectin in promoting
favourable cell-material interactions, ultimately enhancing the potential of these fibres

for tissue engineering applications.

The sterilisation of electrospun PCL fibres, both non-functionalised and fibronectin-
functionalised, using various methods revealed distinct effects on their physical

properties. These findings provide insights for the application of electrospun PCL
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fibres in tissue engineering and regenerative medicine, where sterilisation is essential

for clinical applications. These effects are summarised in Table 5.1.

Table 5.1 Summary of the effects of sterilisation treatments on PCL fibres

The effects of ethanol (EtOH), UV radiation (UV), Ethylene Oxide (EthylOx) and
gamma radiation (y) treatments on non-functionalised (purple) and fibronectin-
functionalised (green) PCL fibres.

EtOH EthylOx uv Y

x v

Topography

Fibre Diameter
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The fibre diameter measurements post-sterilisation revealed significant reduction after
ethanol treatment of both non-functionalised and fibronectin-functionalised fibres, with
the effect being greater on the functionalised fibres. This could be related to the partial
dissolution of the fibre surface, leading to fibre thinning. This effect may be greater on
the functionalised fibres due to the hydrolysis during the functionalisation process,
which creates more polar groups on the fibre surface. While PCL is not soluble in
ethanol at high concentrations due to their very different solubility parameters (see
Table 5.2), itis possible that very small amounts of polymer from the fibre surface may

dissolve in the solvent.
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Table 5.2 Hansen solubility parameters of chloroform, ethanol and PCL 227-229,

Hansen solubility parameters 84 (MPa)Y2 | &p (MPa)Y2 | &h (MPa)/?
Chloroform 17.8 3.1 5.7
Ethanol 15.8 8.8 19.4

PCL 17.7 5 8.4

The mechanism behind ethylene oxide-induced fibre thinning could be due to cross-
linking of polymer chains, leading to shrinkage of the fibres, an effect which has been
observed previously in electrospun PLLA, PEG and PLCL sheets and explained by
esterification of carboxyl groups and an increase in polymer crystallinity?79297:298, This
effect could also explain the slight loss of fibre alignment after ethylene oxide

treatment.

The contact angle measurements indicated an increase in hydrophilicity following all
treatments for the non-functionalised fibres, and following the ethylene oxide and UV
treatments for the functionalised fibres. This is likely due to increased surface
roughness and surface energy of the fibres?892%93%0 The increase is less on the
functionalised fibres as they are more hydrophobic initially. The increase in wettability
suggests an increase in bioactivity, as it could improve cell attachment and

proliferation?3:263.264,

The sterilisation treatments variably affected the mechanical properties of the fibres.
Notably, the stiffness and UTS of the fibronectin-functionalised fibres increased
significantly after ethanol and gamma treatments. This improvement in mechanical
properties could be attributed to cross-linking induced by the radiation, which could

enhance the load-bearing capacity of the fibres286.288.289,
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In conclusion, the choice of sterilisation technique could significantly impact the
physical and mechanical properties and the bioactivity of the PCL fibres. UV and
gamma radiation emerge as favourable methods for preserving fibre morphology and
alignment, and enhancing hydrophilicity and mechanical properties. UV radiation was

selected for use in in vitro testing in the next stage of this project.
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6.0 Cell response to Electrospun PCL Fibres

6.1 Introduction

In tissue engineering and regenerative medicine, understanding the cues influencing
cellular responses to biomaterial is fundamental for optimising their properties.
Biological and chemical cues, such as hormones, growth factors and proteins, are
typically used to fulfil the “signals” component of the tissue engineering triad, and are
often incorporated into biomaterials to enhance bioactivity and influence cell adhesion,
migration and differentiation. In addition, physical cues in the form of topographical
features can play a significant role in affecting cell responses to a material. In natural
tissue, cells experience physical cues from the 3D structure of the ECM, which exhibits
differing micro- and nanoscale topographies and stiffnesses, varying between tissue
types, developmental stages and depending on tissue health as well during stages of

regeneration34,

Engineered topographies have been successfully used to direct cell alignment and the
orientation of secreted ECM components, which can enhance the organisation and
mechanical properties of regenerated tissue while reducing scarring 3°. While it has
been demonstrated that the size, shape and alignment of topographical features can
have significant effects on cell adhesion, migration and differentiation, these

responses are not yet fully understood.

Aligned electrospun fibres introduce nanoscale topography (~100 nm) that closely
mimics the ECM of natural tissues. This nanoscale environment has been shown to
significantly affect cell alignment, elongation, proliferation and motility, and
differentiation8113.142,151,159,188,301,302 " gpecifically, aligned fibres can direct the

organisation of cells along the fibres, promoting a more organised tissue architecture.
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For instance, the degree of fibre alignment has been shown to influence the integrin
B1 signalling pathway in fibroblasts®®. This pathway is crucial for cell adhesion,
migration and differentiation, suggesting that electrospun fibre alignment can enhance
fibroblast functionality and contribute to the differentiation process. This directed

differentiation is effective in promoting effective tissue repair.

On the microscale (~100 um), topographical features such as grooves, pillars and pits
can significantly enhance cell spreading, proliferation and alignment 32:33.303-305 These
features can be engineered to influence cell behaviour to promote tissue-specific
outcomes. For example, induced pluripotent stem cell (iPSC) gene expression is
notably altered when cultured on micropatterned surfaces3%, indicating that
microscale topographies can direct stem cell fate and potentially guide the formation
of specific tissue types. Similarly, microgrooved surfaces (~100 um) have been
observed to significantly affect osteoblast gene and protein expression, highlighting
the potential for microscale topographies to enhance bone tissue engineering by

directing osteogenic differentiation3°7.

The effects of nano- and microscale topographies offers a powerful tool for tissue
engineering and regenerative medicine, enabling several levels of control over the
guidance of cell behaviour by a biomaterial. These topographical cues can accelerate
the rate at which biomaterial scaffolds become populated with cells, which is crucial
for the early stages of tissue regeneration, as it leads to the effective deposition of
ECM and the subsequent growth of new tissue. Cells experience multiple types of
topographical cues simultaneously in vivo, ranging from nanoscale (~100 nm) to
microscale (~100 um). By incorporating topographical cues at different scales in one
biomaterial, this complexity could be mimicked, and the interaction of several types of
cues could be examined.
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Fibroblasts are an important cell type in tissue engineering and regenerative medicine
due to their crucial role in tissue repair and regeneration process. These cells are not
only fundamental in the production of new ECM, providing structural support to tissues,
but also for coordinating the repair process through the production of various
regulatory molecules and interactions with other cell populations necessary for tissue
repair and regeneration’33%, Furthermore, fibroblasts exhibit proliferative capacities
and contribute to angiogenesis and the development of granulation tissue, which

serves as a scaffold for tissue regeneration®’,

In the context of biomaterials and tissue engineering, fibroblast interactions can
significantly influence the outcome of tissue repair’273197.198203210  The surface
properties of biomaterials, including their chemistry, topography, and mechanical
stiffness, can affect fibroblast adhesion, proliferation, and differentiation2°6-231, For
instance, biomaterials designed to mimic the natural ECM in terms of biochemical
composition and physical structure can enhance fibroblast functionality, promoting
more effective tissue regeneration. Moreover, fibroblast elongation and alignment in
response to biomaterial cues, such as those provided by electrospun fibres or

microgrooved surfaces, is critical for the directional growth of tissues32:39:40,207.231,

Assessing fibroblast behaviour on biomaterials, through measures of cell morphology,
metabolic activity and viability, provides crucial insights into the material’s bioactivity
and its potential to enhance tissue regeneration. Morphological changes, such as
elongation and alignment, offer insights about the material’s ability to guide cell
migration and tissue organisation, while evaluating the cell metabolic rate and viability

can provide insights into its support for sustained cell growth32:33:40,207,309-312,
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This chapter will describe the evaluation of fibroblast responses to electrospun PCL
fibres functionalised with fibronectin, as previously described. The impact of adding
microgrooves to the fibre sheets on the fibroblast response to the material will also be

investigated.
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6.2 Methods

6.2.1 AlamarBlue Assay

AlamarBlue assays were conducted on cells cultured on PCL fibre sheets for 1, 3 and
7 days. Following incubation, cells were washed with PBS and incubated with
AlamarBlue and DMEM for 4 hours at 37°C. Absorbance was measured at 570 nm

using a Tecan Spark microplate reader (Tecan Life Sciences, Switzerland).

6.2.2 Immunostaining

Cell-seeded fibre sheets incubated for 5 days were fixed with 4% PFA, permeabilised
with 0.1% Triton X-100 and blocked in 1% bovine serum albumin (BSA). Vinculin
staining was carried out using a vinculin monoclonal antibody (1:400), followed by a
secondary antibody (FITC conjugated IgG, 1:200, green) and TRITC conjugated
phalloidin (1:200, red). Nuclei were counterstained with DAPI (1:1000, blue) for 5
minutes. Between each step of the staining, samples were washed twice with a wash
buffer (0.05% Tween-20 in PBS). Fluorescence microscopy of fluorescently labelled
samples was carried out using an FV1000 (Olympus, Germany). Image analysis was
performed using ImageJ (NIH, USA). The length and width of each visible cell was

measured, and used to determine its aspect ratio (AR).

6.2.3 Microgroove Imprinting

Computer aided drawing (CAD) models were created using Fusion 360 software
(Autodesk, Inc., USA) to design stamps for imprinting microgrooves into electrospun
PCL fibre sheets. Three types of stamps were designed; a stamp with 250 um grooves,
a stamp with 50 um grooves and a stamp with angled grooves (see Figure 6.1). The
stamps were fabricated using water-soluble UV-cured 3D printer resin with a Mars 3

3D printer (Elegoo, China). Once printed, stamps were cured under an Elegoo Mercury
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Plus curing lamp (Elegoo, China) and used to imprint grooves onto sheets of PCL

fibres, either parallel or perpendicular to the direction of the fibre alignment.

A B

Figure 6.1 3D drawings used to produce stamps for imprinting of A 250um, B 50um
and C angled grooves
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6.3 Results

6.3.1 Topography of PCL Fibre Sheets Imprinted with Microgrooves
To imprint microgrooves onto electrospun PCL fibre sheets, 3D printed stamps with
250 um, 50 um and angled grooves were used. Microgrooves were stamped parallel

to the direction of the fibre alignment.

SEM images of the imprinted sheets were obtained to investigate the microgroove
topography and the effect of the imprinting on fibre morphology as illustrated in Figure
6.2. The analysis revealed that the average diameter of the grooves produced with the
250 pm stamp was 241 + 25 pym, while those from the 50 um stamp measured 75 + 8
pm and the angled stamp produced grooves with an average diameter of 156 + 24

um.

Notably, the grooves produced by the 50 pum stamp appeared larger than the
dimensions of the stamp itself. This discrepancy was attributed to material relaxation
post-stamping. Despite this, the resulting grooves still fell within the range of
topographical scale known to influence fibroblast behaviour. To produce 50 pum
grooves, a stamp could be produced with smaller groove diameters to account for the
material relaxation. However, the 50 um stamp is the smallest that could be achieved
with the available equipment. While the groove diameters were not precisely aligned

with the stamp dimensions, they were categorised as “250 ym”, “60 um” and “angled”

for reference and consistency.

Additionally, the average fibre diameter of each stamped sheet was determined using
ImageJ. Results indicated that the fibre diameter of the control sheet was 0.25 + 0.06
pm, with the sheets stamped with 250 um, 50 um and angled grooves had average

fibre diameters of 0.23 + 0.06 pum, 0.24 + 0.06 um and 0.22 + 0.05 um respectively.
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Statistical analysis through one-way ANOVA testing (N=3, n=100) showed that none
of the fibre sheets had significantly different fibre diameters, indicating that the
imprinting of microgrooves did not have a notable effect on fibre morphology. These
findings show the success of the imprinting procedure on introducing microscale

features onto electrospun PCL fibre sheets while preserving the fibre morphology.
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Figure 6.2 SEM of PCL fibre sheets with microgrooves. SEM images of A, E control PCL fibre sheets, and fibre sheets imprinted

with B, F 250 um, C, G 50 um and D, H angled microgrooves. B and C show 250 um and 50 pm microgrooves with well-defined
edges, while D shows that the angled grooved have less well-defined edges. E-H show higher magnification images allowing

individual fibre morphology to be examined. There was no visible difference in fibre morphology or alignment.
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6.3.2 Mechanical Characterisation of Imprinted PCL Fibre Sheets

Tensile testing was conducted to investigate the impact of microgroove imprinting on
the mechanical properties of the electrospun PCL fibre sheets (see Figure 6.3).
Microgrooves were imprinted both parallel and perpendicular to the direction of the

fibre alignment and compared to a control without microgrooves.

Initially, the control had an elastic modulus of 46 + 9 MPa. After microgroove imprinting
both parallel and perpendicular to the fibre alignment, the elastic moduli of the fibre
sheets were 40.27 + 15 MPa and 40 + 21 MPa respectively. These were not

significantly different from the control.

The control fibre sheets had a UTS of 4 + 1 MPa. Once the parallel and perpendicular
microgrooves had been imprinted, the fibre sheets had a UTS of 2.9 = 0.5 MPa and

3.2 + 1 MPa respectively, neither of which were significantly different from the control.

The maximum extension of the control fibre sheets was 29 + 11 %. The maximum
extension after imprinting microgrooves parallel and perpendicular to the fibre direction
was 26 + 3 % and 29 + 3 % respectively. There was no significant difference between

the maximum extension of the control and imprinted fibre sheets.

These finding collectively show that the imprinting of microgrooves onto electrospun
PCL fibre sheets did not significantly alter their mechanical properties. Therefore, the
addition of microgrooves, both parallel and perpendicular to the fibres, did not

compromise the mechanical stability of the fibres.
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Figure 6.3 The effect of imprinting microgrooves on the mechanical properties
of PCL fibre sheets. Graphs comparing the A elastic modulus (E), B UTS and C
maximum extension of unstamped PCL sheets with sheets imprinted with
microgrooves parallel and perpendicular to the direction of PCL fibre alignment.
Data presented as mean + SD (n=6) with one-way ANOVA statistical t-test (ns p =
0.05).
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6.3.3 Metabolic Rate of Fibroblasts Cultured on Imprinted PCL Fibre Sheets

The metabolic rate of fibroblasts cultured on electrospun PCL fibres was assessed
using an AlamarBlue assay at 1, 3 and 7 days (see Figure 6.4). To provide context,
tissue culture plastic was used as a control surface, while fibronectin-functionalised,
non-aligned electrospun PCL fibres were included to investigate the effect of fibre
alignment. A one-way ANOVA statistical test was used to compare the metabolic

activity of each group at day 7 (see Figure 6.5).

The metabolic assay indicated that by day 3 cells cultured on the non-aligned fibres
had increased metabolic activity compared to those cultured on tissue culture plastic.

However, by day 7 this difference was not statistically significant.

The cells cultured on the aligned PCL fibres had increased metabolic activity
compared to the tissue culture plastic by day 3, and by day 7 this difference was

statistically significant relative to the activity observed on tissue culture plastic.

The metabolic activity of the fibroblasts cultured on the 250 pm microgrooved fibres
was higher than the tissue culture plastic, non-aligned fibres and aligned fibres. At day
7 the difference in metabolic activity between the 250 um group and the tissue culture
plastic, as well as the non-aligned fibres was statistically different. However, no

statistical difference was observed between the 250 um group and aligned fibres.

The 50 um and angled grooves showed very similar metabolic activity to each other.
By day 7, fibroblasts cultured on both groups displayed significantly higher metabolic
activity compared to those cultured on tissue culture plastic, non-aligned fibres and
aligned fibres. This suggests that the 50 um and angled grooves had a greater impact

on cell metabolism than the 250 um grooves.
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Figure 6.4 Metabolic rate of fibroblasts cultured on imprinted PCL fibre sheets.
Graph comparing the metabolism of human oesophageal fibroblasts cultured on
tissue culture plastic, non-aligned PCL fibres, aligned PCL fibres, and PCL fibres
imprinted with microgrooves after 1, 3 and 7 days. Metabolic rate was determined
by absorbance of cell culture media at 570 nm after cells were incubated with

AlamarBlue. Data are presented as mean £ SEM (n=6).
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Figure 6.5 The effect of microgrooves on fibroblast metabolism after 7 days.
Graph comparing the metabolic activity of fibroblasts cultured on microgrooved
electrospun PCL fibre sheets to fibroblasts cultured on tissue culture plastic and
non-aligned fibres. Data is presented as mean = SD (n=6) with one-way ANOVA
statistical test (* p <0.033, ** p < 0.002, ** p < 0.001, ** p < 0.002).
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6.3.4 Morphology of Fibroblasts Cultured on PCL Fibre Sheets with

Microgrooves Parallel to Fibre Alignment

To investigate the effects of electrospun PCL fibre alignment and microgrooves,
human oesophageal fibroblasts were cultured on various surfaces, including tissue
culture (TC) plastic, as well as fibronectin-functionalised electrospun PCL fibres of
several categories; non-aligned fibres, aligned fibres, and aligned fibres with 250 pm,

50 um and angled microgrooves imprinted parallel to the fibre direction.

Following a 5-day incubation period, cells were stained with TRITC-conjugated
phalloidin to stain the F-actin cytoskeleton red, and a vinculin antibody followed by
FITC-conjugated immunoglobin G (IgG), which stained focal adhesions green. Nuclei

were counterstained blue with DAPI as shown in Figure 6.6.

Cells cultured on TC plastic were randomly aligned with various levels of elongation.
Cells cultured on the non-aligned fibres were clustered but showed no clear alignment
or change in elongation compared to the TC plastic. Meanwhile, fibroblasts cultured
on aligned fibres displayed slightly elongated morphologies but lacked significant
alignment. Notably, fibroblasts cultured on the 250 pm, 50 pm and angled
microgrooved fibre sheets exhibited alignment along the fibres and microgrooves, and

displayed clear elongation.

Using ImageJ, the width and length of each fibroblast was measured, allowing the
aspect ratio (width:length) to be calculated for each cell (see Figure 6.7). A perfectly
round cell would have an aspect ratio of 1, with increasing elongation resulting in a

decreased aspect ratio.

Analysis revealed that the aspect ratio of fibroblasts cultured on non-aligned fibres did
not significantly differ from those cultured on TC plastic. However, cells cultured on
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aligned fibres exhibited significantly greater elongation than both the TC plastic and
the non-aligned fibres. This demonstrates the elongating effect of electrospun fibre

alignment on fibroblasts.

Interestingly, fibroblasts cultured on angled microgrooves exhibited significantly
greater elongation than those on TC plastic and non-aligned fibres, but did not display

increased elongation compared to samples cultured on aligned fibres.

Fibroblasts cultured on the 250 um and 50 pum microgrooved fibres exhibited
significantly greater elongation than those on the TC plastic and non-aligned fibres, as
well as compared to the aligned fibres, with the 50 um microgrooves inducing the

highest degree of cell elongation among all groups.

The pronounced elongation observed on the microgrooved fibres compared to the
aligned fibres underscores the combined effect of the microgrooves and fibre
alignment. Interestingly, the angled microgrooves had a less significant elongation
effect compared to the 50 um and 250 pum grooves, despite having a groove diameter
between the other two. This discrepancy can likely be attributed to the less defined

topography of these grooves, as observed in SEM imaging (Figure 6.2).

To investigate the effect of electrospun fibre alignment and microgrooves on fibroblast
focal adhesions, cells were stained with an anti-vinculin monoclonal antibody and a
FITC conjugated IgG (see Figure 6.8). While fluorescent microscopy of fibroblasts
cultured on TC plastic showed well-defined focal adhesions, images obtained of
fibroblasts cultured on PCL fibres were not clear enough to draw any conclusions
about the focal adhesions. This is due to the autofluorescence of PCL, which is most
significant when using green fluorescence®!3. Additionally, PCL autofluorescence can

affect image contrast when using red fluorescence, as evidenced in Figure 6.6.
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Because of this autofluorescence, the image contrast was lowered, making it difficult

to distinguish subcellular structures.

In future, this could be addressed by using a different fluorescent conjugated
secondary antibody, or treating the PCL to reduce autofluorescence, which could
improve image quality and increase the image contrast, allowing for more detailed

analysis of focal adhesions when cultured on PCL313,
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Figure 6.6 Representative fluorescent microscopy images of human oesophageal fibroblasts with phalloidin, DAPI and

anti-vinculin after culture on microgrooves parallel to PCL fibre alignment. Cells were stained for F-actin (red), vinculin (green)

and cell nuclei (blue) after culture for 5 days on A tissue culture plastic, B non-aligned PCL fibres, C aligned PCL fibres and fibres
stamped with microgrooves parallel to the fibre alignment D 250um grooves E 50um grooves and F angled grooves. Arrows show
dominant fibre direction; imprinted grooves are aligned with the dominant fibre direction. Scale bars: 100um.
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Figure 6.7 Effect of parallel microgrooves on fibroblast elongation. Graph
comparing the aspect ratio (width/length) of human oesophageal fibroblasts cultured
on microgrooved electrospun PCL fibre sheets to fibroblasts cultured on tissue
culture plastic and non-aligned fibres. Data is presented as mean + SD (n=6) with

one-way ANOVA statistical test (* p <0.033, ** p < 0.002, *** p < 0.001).
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Figure 6.8 Vinculin staining of fibroblasts cultured on electrospun PCL fibres
for 5 days. Representative fluorescent microscopy images of fibroblasts stained
with an anti-vinculin antibody (green), after culture for 5 days on A tissue culture
plastic, B non-aligned electrospun PCL fibres, C aligned PCL fibres, and fibres
stamped with microgrooves parallel to the fibre alignment; D 250um grooves E 50um
grooves and F angled grooves. Scale bars: 100pum.
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6.3.5 Morphology of Fibroblasts Cultured on PCL Fibre Sheets with
Microgrooves Perpendicular to Fibre Alignment

To further explore the impact of combining aligned electrospun PCL fibres with
microgrooves on fibroblast elongation, 250 um, 50 um and angled microgrooves were

added to fibre sheets perpendicular to the fibre direction.

Following a 5-day incubation period, cells were stained with TRITC-conjugated
phalloidin and a vinculin antibody followed by FITC-conjugated IgG and DAPI, and
fluorescent microscopy was used to obtain images of the cells cultured on each

material, as shown in Figure 6.9.

In contrast to what was observed with the parallel microgrooves, where fibroblasts
displayed more alignment on the microgrooved surfaces, placing the grooves
perpendicularly to the fibre alignment did not result in noticeable alignment of the
fibroblasts. This suggests that the organisational effect of the grooves was not as

pronounced.

While the fibroblasts appeared to be more elongated on the microgrooved surface
than the aligned fibres, the effect was not as distinct as that observed with parallel
microgrooves. In addition, the observed elongation was aligned with the direction of

the fibre alignment, rather than the microgrooves.

Analysis of fibroblast aspect ratio using ImageJ revealed some interesting effects

(see Figure 6.10).

Cells cultured on 250 um and angled microgrooves had similar levels of elongation
compared to those on aligned fibres, but remained significantly more elongated than

those on non-aligned fibres.
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However, fibroblasts cultured on 50 pm microgrooved fibres displayed significantly
less elongation than those on aligned fibres and did not significantly differ from those

on non-aligned fibres.

These results suggest that while microgrooves in combination with aligned fibres
promote greater fibroblast elongation than aligned fibres alone, fibre alignment
remains the primary factor influencing elongation. Additionally, these findings confirm
that the smallest microgrooves (50 um) exert the most significant effect on fibroblast
elongation and orientation, and when they are positioned perpendicular to the fibre

alignment, they nearly counteract the elongation effects of the fibres.
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Figure 6.9 Representative fluorescent microscopy images of human oesophageal fibroblasts with phalloidin, DAPI and

anti-vinculin after culture on microgrooves perpendicular to PCL fibre alignment. Cells were stained for F-actin (red), vinculin
(green) and cell nuclei (blue) on A tissue culture plastic, B non-aligned PCL fibres, C aligned PCL fibres and fibres stamped with

microgrooves perpendicular to the fibre alignment D 250um grooves E 50um grooves and F angled grooves. White arrow shows

dominant fibre direction; red arrow shows microgroove direction. Scale bars: 100um.




* %k

% %k %k
3
%k %k
1.0+ %k %k %k
3
0.8-
S
S 0.6- I
©
L 0.4+
(7))
<
0.2-
0.0- T 1
N D D &
E c,\q \q %QQ(QQQ&
SRS v
S
C P
N e
O Fn

Figure 6.10 Effect of perpendicular microgrooves on fibroblast elongation.
Graph comparing the aspect ratio (width/length) of human oesophageal fibroblasts
cultured on electrospun PCL fibre sheets with microgrooves perpendicular to fibre
direction, to fibroblasts cultured on tissue culture plastic and non-aligned fibres. Data
is presented as mean £ SD (n=6) with one-way ANOVA statistical test (* p <0.033,

** p < 0.002, *** p < 0.001).
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To further illustrate these findings, the fibroblast elongation on each microgroove type
when parallel and perpendicular to the fibre alignment was directly compared (Figure

6.11).

In each instance, fibroblasts cultured on perpendicular grooves exhibited significantly
less elongation compared to those on parallel grooves. However, fibroblasts on 250
pm and angled perpendicular grooves remained significantly more elongated than
those on randomly aligned fibres and TC plastic, showing that the elongating effect of

the fibres remained significant.

However, fibroblasts on the 50 um perpendicular grooves showed significantly less
elongation compared to those on aligned fibres without microgrooves. Additionally,
they were not significantly more elongated than fibroblasts on TC plastic or non-
aligned fibres. This underscores the impact of the smallest microgrooves on fibroblast

elongation, to the extent of counteracting the effect of electrospun fibre alignment.

170



%k %k %k

kR -
_ kX *rk
A * %Kk B -
* %k
- % % %
0.8 — %k k
S o 0.8
= * k% =
E 0.6 —_ & 0.6
O —
3 0.4 o
0.2 <
0.2
0.0- 0.0
S & '
O & Q) O O D !
o & &S @QQ@ &
RO & AR N
c}"\\ v @ \\Q eOQ %QQ
+ve oy
Fn Entve
*
C * %k %
* % %
* %
* % %
1.0 * %k %k
0.8
i
g 0.64 % % %
3]
L 0.4+
(%]
<
0.2
0.0-
‘_o\\(’\ (\Q;é (\sz Q‘\Q;é Q}Q\
&O X &Q'
&\\ < &
@)
Fn*ve

Figure 6.11 The effect of parallel and perpendicular microgrooves on
fibroblast elongation. Graphs comparing the elongation of fibroblasts cultured on
electrospun PCL fibre sheets with microgrooves imprinted parallel and
perpendicular to the fibre alignment. A 250 um, B 50 um and C angled grooves.
Data presented as mean £+ SD (n=6), with one-way ANOVA statistical test (* p

<0.033, ** p < 0.002, *** p < 0.001).
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6.4 Discussion

This chapter described the addition of microgrooves with diameters between 50 um
and 250 um to sheets of aligned electrospun PCL fibres, and investigation of their
effect on primary human oesophageal fibroblast elongation. SEM images of fibre
sheets imprinted with microgrooves (250 um, 50 um and angled) provided insights into
the introduced topographical features. Despite slight deviations from the intended
groove dimensions, likely due to post-imprinting relaxation, the resulting microgrooves
fell within the range that has been shown to illicit cellular responses®3%7, as evidenced

by the clear fibroblast elongation observed along the microgrooves.

The results of the AlamarBlue assay indicate that human oesophageal fibroblasts
exhibit a higher metabolic rate when cultured on electrospun PCL fibres compared to
traditional tissue culture plastic. This suggests that the fibres may provide a more
favourable environment for cellular activity and metabolism. Moreover, the fibroblast
metabolic rate was further increased when cultured on electrospun fibre sheets
imprinted with microgrooves, suggesting that microgrooves provide topographical
cues that positively influence cell metabolism. These differences in metabolic activity
became more pronounced over time, suggesting that the effects of substrate
topography on cell metabolism may be cumulative, with longer incubation periods
leading to more significant differences in metabolic rate. Actively proliferating cells
have much higher metabolic requirements, in order to replicate the cell contents, and
ECM protein deposition requires high metabolic activity3'4. The ability of the fibres to
support and enhance cellular metabolism may promote cell proliferation, migration and

ultimately tissue regeneration31°.

Aligned fibres play a significant role in influencing fibroblast elongation, a crucial
aspect of cellular behaviour relevant to tissue engineering and regenerative medicine,
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as it can indicate their migration capacity®6. Cell migration is an important indicator in
biomaterial scaffold success, as it increases the speed at which a scaffold becomes
populated and granular tissue formation can begin3'7:318, In this study it was observed
that fibroblasts cultured on aligned electrospun PCL fibres displayed a significantly
higher degree of elongation compared to those on both TC plastic and non-aligned
fibres. This underscores the importance of fibre alignment in modulating fibroblast

behaviours.

The alignment of fibres provides physical cues that guide fibroblast morphology and
behaviour3341.207  Fibroblasts can sense and respond to the surrounding
microenvironment, including substrate topography?°%.207.231 \When cultured on aligned
fibres, fibroblasts align themselves along the direction of fibre orientation, leading to
elongated morphologies, characterised by pronounced dendritic extensions. This
alignment is reminiscent of the orientation observed in native tissues, where fibroblasts

align themselves along the predominant axis of mechanical stress316:319.320,

The enhanced elongation of fibroblasts on aligned fibres can be attributed to several
factors. The topographical cues provided by the fibres promote cell-substrate
interactions, facilitating cell adhesion and spreading. Additionally, the physical
guidance provided by the fibre alignment directs cytoskeletal organisation, leading to
the alignment of cellular components along the fibre axis?°’3!1, This cytoskeletal
alignment contributes to the elongated morphology observed in fibroblasts cultured on

aligned fibres.

Furthermore, the elongation of fibroblasts on aligned fibres may also be influenced by

biochemical cues present in the microenvironment?’. The fibronectin-functionalised
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PCL fibres used in this study provided bioactivity that promoted cell adhesion and

migration, further enhancing the elongation response of the cells.

Comparisons of the cell aspect ratio on non-aligned fibres, aligned fibres and fibres
with imprinted grooves provide valuable insights into the influence of groove
dimensions on fibroblast elongation. While aligned fibres alone resulted in significant
fibroblast elongation, the addition of microgrooves parallel to the fibre direction
significantly amplified this effect, particularly with the smallest groove dimensions (50
pum). Notably, the smallest grooves demonstrated the greatest effect on fibroblast
elongation, underscoring the importance of groove dimensions in modulating fibroblast

behaviour.

Previous studies have reported that aligned and elongated grooves on grooved
topographies secrete higher levels of ECM components, potentially accelerating tissue
repair®®4, This finding suggests that the observed increase in fibroblast elongation on
microgrooved fibres could translate into enhanced tissue regeneration outcomes. By
promoting the elongation and alignment of fibroblasts, microgrooves and aligned fibres
may facilitate the deposition and organisation of ECM components, which are crucial

steps in the tissue regeneration process.

The impact of topographical cues on fibroblast behaviour extends beyond elongation
and alignment. These cues have been shown to influence fibroblast migration,
proliferation, and overall functionality#1:2°0.312321 " |n the context of tissue engineering
and regenerative medicine, understanding and leveraging these effects are essential
for the design of biomimetic scaffolds that recapitulate the native tissue

microenvironment and support tissue regeneration.
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This study demonstrates that combining nanoscale and microscale topographies can
have a synergistic effect on fibroblast behaviour. While the nanoscale topographies
provided by aligned fibres promote cell alignment and elongation to some extent, the
incorporation of microgrooves further enhances these effects. The interaction between
nanoscale and microscale features creates a multiscale topographical substrate that
more closely mimics the complexity of the native tissue microenvironment, potentially

leading to more favourable tissue regeneration outcomes3%4,

To further explore the influence of combining aligned electrospun PCL fibres with
microgrooves on fibroblast elongation, the grooves were introduced perpendicular to
the fibre orientation. Unlike the alignment observed with parallel microgrooves
perpendicular grooves did not induce noticeable alignment of fibroblasts. This
suggests that the organisational effect of the grooves was not present when positioned

perpendicular to the fibre alignment.

In addition, the fibroblasts were not any more elongated on perpendicular 250 pm and
angled microgrooves than aligned fibres alone, but remained more elongated than the
non-aligned fibres. This indicates that the aligned fibres are the main driving force in
the fibroblast elongation. However, there appears to be a cumulative effect when the

grooves and fibres are orientated in the same direction.

However, fibroblasts cultured on the perpendicular 50 pm were significantly less
elongated than aligned fibres, and were not any more elongated than the non-aligned
fibres. This suggests that the 50 um grooves exert a similarly strong effect on the
fibroblast elongation. When the elongating effects of the 50 um grooves and the

aligned fibres act in perpendicular directions, they effectively neutralise each other.
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Comparing fibroblast elongation on electrospun fibre sheets with microgrooves
parallel and perpendicular to the fibre alignment sheds light on the role of
topographical cues. Fibroblasts on perpendicular microgrooves exhibited significantly
less elongation and noticeably less alignment, suggesting that the orientation of the
microgrooves relative to the fibre alignment plays a crucial role in modulating cellular
responses. The disruption of guidance by perpendicular grooves, especially the 50 um

grooves, underscores the importance of groove orientation.

These findings have important implications for tissue engineering applications,
particularly in scaffold design. Previous research investigating the role of microscale
topographies on cell morphologies has shown that aligned grooves can increase
elongation and alignment of several cell types3233:39.207.311 These findings suggest that
combining the effects of microscale topography with aligned electrospun fibres, which
provide topography similar to that of the smallest grooves that have been previously
explored, presents an opportunity to develop a multiscale topographical material, with

highly tailorable effects for tissue engineering applications.

While much attention has been paid to smaller diameter grooves in the range of 1-10
um33:39.207.311 "these are comparable to the diameter of the electrospun fibres, making
it impractical to combine them for multiscale topography; to combine grooves with
electrospun fibres, the grooves must have a diameter distinguishable from the fibre
topography in order to have a noticeable effect. Grooves with diameters in the range
of 25-100 um have been explored in relation to their effects on cell adhesion and
elongation, and been shown to have a favourable effect on cytoskeletal

organisation?01.322,
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Future work should concentrate on characterising changes in gene and protein
expression in fibroblasts cultured on aligned electrospun fibres and microgrooves to
further investigate the mechanism of their effect on call morphology. In addition,
mechanical stretching has been shown to increase ECM deposition and viability in
cardiac fibroblasts®?. This effect could be harnessed for oesophageal tissue
engineering by applying tension to cell seeded fibres pre-implantation, an effect which

has also been shown to increase the speed and distance travelled by fibroblasts326.

In conclusion, this study has shown that combining aligned electrospun fibres and
microgrooves in the range of 50-100 um has a greater effect on cell elongation than
the aligned fibres alone. Aligned fibres with microgrooves offer a promising strategy
for engineering biomimetic scaffolds that mimic the structural and mechanical
properties of native tissue and the hierarchal structure of the native ECM, facilitating
cell alignment and tissue organisation. However, careful consideration of microgroove
dimensions and orientation relative to fibre alignment is necessary to optimise cellular

responses and enhance tissue regeneration outcomes.
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7.0 Conclusions and Future Work

7.1 Summary of Key Findings

The primary goal of this thesis was to produce an electrospun PCL material suitable
for tissue engineering and regenerative medicine, with a specific focus on
oesophageal applications. The optimisation of the electrospinning process
concentrated on reducing the diameter of electrospun PCL fibres, and increasing their
alignment, as these two factors are critical in increasing cell migration and organisation

in tissue engineering and regenerative medicine.

Key optimisations included the use of a 10 % w/v PCL solution in a 50:50 chloroform:
DMF solvent system, an applied voltage of 20 kV, and a needle tip-collector distance
of 20 cm, with a grounded mandrel rotating at 2000 RPM. This optimised process
produced highly aligned electrospun PCL fibres with an average diameter of 0.22 +
0.6 um which are among the thinnest and most aligned fibred reported in the literature.
Mechanical characterisation of the fibre sheets showed that they were highly
anisotropic, with a higher elastic modulus and UTS when tested parallel to the fibre
direction. The thickness of one fibre sheet is 70 + 10 um when electrospun for 8 hours
with dual syringes. Additionally, fibronectin functionalisation successfully increased
the bioactivity of the fibres, as demonstrated by the increased cell viability when

cultured on functionalised fibres compared to non-functionalised fibres.

The mechanical properties of the electrospun PCL fibres require careful consideration
for oesophageal tissue engineering applications. Successful scaffolds must integrate
seamlessly with surrounding tissues, and large discrepancies in mechanical properties
can cause damage and malfunction. In addition, cells in soft tissues are influenced by

mechanical forces that they are exposed to from the extracellular environment, and
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ECM elasticity can illicit various cellular responses including cell spreading,
differentiation and signal transduction?44:323-327_ Given that these cellular responses
are critical to tissue regeneration, achieving an elasticity that closely mimics the natural
ECM should be carefully considered in biomaterial design, while the tensile strength
and maximum extension should be sufficient to withstand the physical forces that the

tissue experiences naturally.

Given that the relaxed oesophagus has a diameter of approximately 2 cm, and 3.5 cm
is the approximate bolus size swallowing can accommodate without discomfort
occurring, the normal extension required of the human oesophagus is around 75
9063.328329 The maximum extension of the oesophageal tissue tested was 153 + 16 %,
which is well in excess of what is required during normal tissue function. In addition,
the maximum extension of the PCL fibres was found to be 100 = 20 %, which was
significantly less than that of the tissue, but still in excess of what would be required
during normal swallowing. The UTS of the PCL fibres was higher than the tissue

parallel to the fibre direction, but was significantly lower perpendicular to the fibres.

The PCL fibres were significantly stiffer than the tissue when tested in parallel to the
fibre direction, which poses a potential issue in grafting the material to the oesophagus
in vivo. Given the role of ECM elasticity in cell behaviours, obtaining the closest
possible elasticity to that of the natural ECM is paramount. However, given that the
tissue tested in this study was not ECM, but complete mucosal tissue, including

cellular material, direct comparisons cannot truly be made.

The investigation into the in vitro degradation behaviour of electrospun PCL fibres
under different pH conditions, mimicking the fluctuating pH levels of the oesophageal

environment, influenced by proximity to the stomach and exposure to swallowed
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foods, has provided valuable insights into their suitability for oesophageal tissue
engineering. The study used various metrics, including mechanical properties, fibre
diameter and molecular weight, to assess the degradation kinetics over a 12-week
period. The findings revealed noticeable signs of degradation within the experimental

timeframe, with a higher rate of degradation observed in weakly acidic conditions.

This thesis also introduced novel findings regarding the effects of sterilisation and
disinfection methods on electrospun PCL fibres. Ethanol and ethylene oxide
treatments adversely affected fibre morphology and alignment, whereas radiation
treatments (UV and gamma radiation) had much less detrimental effects. This is likely
due to the fact that ethanol and ethylene oxide treatments involve physical interactions
with the fibres, causing mechanical disruption of fibre alignment and chemical
reactions that result in a melted fibre morphology and beading. Conversely, the
radiation sterilisation methods, UV and gamma radiation, exhibited much less
detrimental effects on the fibre morphology. These methods appear to be more
chemically inert and, since they do not involve the suspension of fibres (either in liquid

or gas phases), they do not affect fibre alignment.

While UV treatment is not suitable for terminal sterilisation, it was selected for use in
in vitro studies due to its cost-effectiveness, rapidity and widespread availability.
Gamma radiation emerged as the most suitable terminal sterilisation method,
potentially applicable for implantable biomaterials. Nonetheless, further investigation
is warranted to confirm its effectiveness and asses its long-term impact on material

properties.

Overall, this research highlights the significant influence of sterilisation and disinfection

processes on electrospun PCL properties, emphasising the importance of considering
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these effects early in the development process of implantable biomaterials, enabling
their incorporation into design considerations and facilitating necessary concessions
if required. By comprehensively evaluating the impact of sterilisation methods,
research can advance the development of biomaterials to meet the strict safety
requirements for clinical applications. In addition, this study did not examine the effect
on each sterilisation method on cell response to the material. Given that these
treatments can affect the bioactivity of polymeric biomaterials differently, this should

be specifically investigated!94330,

The investigation of fibroblast response to the electrospun PCL fibres revealed that
the cells will significantly elongate along the direction of fibre alignment, indicating a
clear morphological response to the material. One of the most innovative aspects of
this research is the addition of microgrooves to electrospun PCL fibre sheets. While
there has been significant work published previously describing the effects of aligned
nanoscale fibres and microscale topographies individually, very little work has been
published describing the effects of combining the two. This thesis has shown that the
addition of microgrooves parallel to the aligned fibres further amplified the elongation
effect that the fibres had on fibroblasts, while the fibres remained the primary driver of
elongation. Additionally, microgrooves visually enhanced the cell alignment and
organisation compared to aligned fibres alone, suggesting promising implications for
tissue engineering and regeneration applications, where fibroblast alignment and
elongation can enhance the functionality of formed tissues33L. This finding could have
significant implications for biomaterials research in the field of tissue engineering, as
it suggests that the influence of aligned electrospun fibres on cell behaviour, which is
already significant, could become more powerful with the addition of microscale

topographies.
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In conclusion, the electrospun PCL fibre material developed shows promising
characteristics for oesophageal tissue engineering, and future work could develop the

material further for clinical use in tissue engineering and regenerative medicine.

7.2 Future Work

While this thesis describes the development of an electrospun PCL fibre biomaterial
that shows promising characteristics making it potentially applicable for oesophageal
tissue engineering applications, significant further work is required to develop the

material and further characterise cellular responses to it before clinical use is possible.

A potential solution to the discrepancy in PCL fibre elasticity, is to combine layers of
aligned fibres in several directions to produce a modular material with customisable
properties. Given the average thickness of the porcine oesophagus mucosal layer (1.2
+ 0.4 mm), and the thickness of the optimised electrospun sheet (70 £ 10 um), at least
17 layers of electrospun fibres would be needed to match the tissue thickness.
Optimising layer orientation to mimic oesophageal ECM elasticity, combining the
superior strength of the parallel fibres with the more favourable elasticity of the
perpendicular fibres, could significantly enhance the material’s suitability for clinical
applications. In addition, using several fibre orientations in the final material could
allow for cell infiltration into the scaffold from several directions surrounding the

implant.

To ensure the safety and efficacy of the material, further extensive research into the
cellular responses is needed. Specifically, investigating the effect on gene expression
and protein expression is essential to mitigate potential negative outcomes. For
example, fibroblast overexpression of ECM proteins can lead to misfunctioning

tissues, such as those found in fibrosis’4332, Further research is required to determine
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the underlying mechanism driving the effects observed on fibroblast elongation, and it
is essential to determine whether or not this elongation translates into enhanced
migration capacity. Quantitative analysis of fibroblast migration speed using time-
lapse microscopy or wound healing assays can provide valuable information on the

functional implications of fibroblast elongation332,

Additionally, exploring changes in gene expression and protein secretion of fibroblasts
cultured on electrospun PCL fibres with and without microgrooves could elucidate the
molecular pathways responsible for mediating the cellular responses to nano- and
microscale topographies. Pathways involved in cell adhesion, cytoskeletal
reorganisation and mechanotransduction are likely to play a pivotal role in this
process38200.203  Assessing expression levels of ECM-related genes and proteins such
as collagen, fibronectin and elastin, will provide insights into how aligned fibres and

microgrooves modulate ECM deposition and the tissue regeneration process?31:333.334,

Long-term assessments of tissue integration and host immune response are critical to
evaluate the material suitability and safety for clinical use. Comprehensive studies
focusing on these aspects are necessary to ensure the successful translation of PCL
fibores with microgrooves into clinical applications in tissue engineering and

regenerative medicine.

While the study sheds light on the degradation behaviour of PCL fibres in in vitro
conditions, it is crucial to acknowledge the limitations regarding the accuracy of
simulating the complexity of the oesophageal environment. One significant limitation
is the absence of mechanical stresses experienced in vivo, such as those induced by

peristaltic contractions and food bolus passage. These dynamic mechanical forces
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play a vital role in influencing scaffold integrity and degradation rates, which were not

fully replicated in the in vitro study.

Future work should aim to bridge the gap between the in vitro findings and in vivo
conditions by incorporating more comprehensive simulation models that mimic the
mechanical stresses and dynamic pH fluctuations of the oesophageal environment.
Advanced bioreactor systems capable of replicating peristaltic movements and food
bolus passage could provide a more accurate representation of these conditions,

allowing for a thorough evaluation of scaffold performance.
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Appendix A

Input Excel template for creating polar plots

After generating an orientation distribution table using the OrientationJ plugin in ImageJ, the “distribution of orientation” was used to

populate column B of the following excel sheet:

A B C D E F
1 ratio to total
Orientation_in_Degre | Distribution_of_orientatio orientation Range5de
es n sum per 5deg per 5deg g Fraction5deg

2 =OFFSET($D$6,ROW(D6)-
-89.5 -85 6)*5,0)

3 =OFFSET($D$6,ROW(D7)-
-88.5 -80 6)*5,0)

4 =OFFSET($D$6,ROW(D8)-
-87.5 -75 6)*5,0)

5 =OFFSET($D$6,ROW(D9)-
-86.5 -70 6)*5,0)

6 =OFFSET($D$6,ROW(D10
-85.5 =SUM(B2:B6) | =C6/$B$183 -65 )-6)*5,0)

7 =OFFSET($D$6,ROW(D11

-60 )-6)*5,0)

8 =OFFSET($D$6,ROW(D12
-83.5 -55 )-6)*5,0)

9 =OFFSET($D$6,ROW(D13
-82.5 -50 )-6)*5,0)
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10 —OFFSET($D$6,ROW(D14
81.5 45 )-6)*5,0)

11 —OFFSET($D$6,ROW(D15
-80.5 =SUM(B7:B11) | =C11/$B$183 -40 )-6)*5,0)

18 =SUM(B177:B181 | =C181/$B$18

1 89.5 ) 3

18

2

18

3 =SUM(B2:B181)
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Appendix B

Python code used to produce polar plots

The following python code was opened in Visual Studio. When the code was run, the
excel file populated with the orientation distribution data generated using OrientationJ
(see Appendix A) was selected. A polar histogram was then generated by the

software, which could be saved as an image file.
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root.update()

file_path = askopenfilename(initialdir="c:/")
refdata = pd.read excel(file_path)

data = refdata

fig = plt.figure(figsize=(10, 4))

font = {'size': 13, 'weight': 'bold'}
plt.rc('font', **font)

# Adjust the gridspec to move the polar plot and colorbar closer together

gs = fig.add_gridspec(1l, 6, width_ratios=[1, 1, 0.1, 5, 1, 1], wspace=0.001)
fc = data[ "Range5deg' |.tolist()

fw = data[ "Fraction5deg'].tolist()

fc = [1 for 1 in fc if str(i) != 'nan']

fw = [1 for 1 in fw if str(i) != 'nan']

fw2 = [float(x) * float(1e0) for x in fw]

fc corrected = [float(x) - float(2.5) for x in fc]

fc_corrected radian = [float(x) * float((np.pi / 2) / 90) for x in fc_corrected]
theta = fc_corrected radian

radii fw2

min_length = min(len(theta), len(radii))

theta = theta[:min_length]
radii = radii[:min_length]
width = 5 * (np.pi / 2) / 90

# Create the first subplot on the left side for colorbar
ax_colorbar = fig.add_subplot(gs[@])
ax_colorbar.axis('off")

# Create the second subplot on the right side for the custom polar-like plot
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ax_polar = fig.add subplot(gs[3], projection="'polar')
# Update theta values to show from -90 to 90 degrees

theta = np.flip(theta)

radii = np.flip(radii)

# Manually adjust the plot to resemble a polar plot

ax_polar.set theta zero location('E"') # Rotate the plot by setting the zero

location to East

ax_polar.set_theta direction(-1)

# Set the start and end angle for the polar plot

start angle = np.deg2rad(9e) # Start at 90 degrees (East)
end angle = np.deg2rad(-90) # End at -90 degrees (West)
ax_polar.set_thetamin(np.rad2deg(start_angle))
ax_polar.set_thetamax(np.rad2deg(end_angle))

bars = ax_polar.bar(theta, radii, edgecolor="'black', linewidth=0.25, width=0.95
* width, bottom=0.0, zorder=2) # Set higher zorder

minColor 0.00

maxColor 0.90

viridis = truncate_colormap(plt.get_cmap("viridis_r"), minColor, maxColor)
norm = mpl.colors.Normalize(vmin=0, vmax=15)
for r, bar in zip(radii, bars):
bar.set_facecolor(viridis(norm(r)))
bar.set_alpha(0.5)
# Create a separate axis for the custom-sized colorbar
cb axes = fig.add subplot(gs[2]) # [left, bottom, width, height]

cb = fig.colorbar(mpl.cm.ScalarMappable(norm=norm, cmap=viridis), cax=cb_axes,

label="% Alignment, 5° slices', aspect=50)

cb.set _label('% Alignment, 5¢ slices"', size=12, color="black",
fontweight="bold")
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# Remove the frame around the colorbar

"top' False

"bottom’ False

"left' False

'right’ False
# Adjust the tick parameters

y!
plt # Ensures that the plots don't overlap
plt "none’
plt
plt "#insert directory/#insert file name.png'
True

plt
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