UNIVERSITY OF STRATHCLYDE

FACULTY OF ENGINEERING
DEPARTMENT OF BIOMEDICAL ENGINEERING

APPLICATION OF ADVANCED
MATERIAL ANALYSES FOR THE
INVESTIGATION OF THE ROLE
OF NANO-MECHANICAL
PROPERTIES IN
CELL - SCAFFOLD INTERACTIONS

by
MiLOVAN JOE CARDONA

A thesis presented in fulfilment for the requirements of the

degree of Doctor of Philosophy

2016



Declaration of Authenticity

This thesis is the result of the author’s original research. It has been composed by
the author and has not been previously submitted for examination which has led to

the award of a degree.

The copyright of this thesis belongs to the author under the terms of the United
Kingdom Copyright Acts as qualified by University of Strathclyde Regulation 3.50.
Due acknowledgement must always be made of the use of any material contained

in, or derived from,

Signed: ../ L LA A Date: .20./ ..6../ 2016



Abstract

The fate of cells seeded onto a scaffold is determined by a number of factors

including chemical, topographical and mechanical stimuli. The combination of
these factors regulates a number of cellular functions and ultimately determines the
performance of the engineered tissue. In recent years, focus has shifted from
investigating bulk scaffold properties to nano-scale properties that are more
relevant on the cellular scale. This trend has been partially fuelled by a significant
increase in the availability of nano-scale analysis techniques and a general
development in scientific investigations on such scales. Standard Euler’s principles
do not apply on the nano-scale, and a number of previous publications have
examined and modelled various strain dependent nano-mechanical properties. Size
effect theories predict that the effective modulus of elasticity increases as the length
scale of measurement decreases. These changes occur at the length scales of the
order of the cell and their effects on cellular mechanotransduction have not yet been
investigated. This body of work attempts to lay the foundations and develop
techniques that can eventually be used to investigate the influence of nano-

mechanical properties on cell mechanotransduction in fibrous scaffolds.

Medical grade polyurethanes (Biomer Technology Limited, Runcorn, UK) were
chosen for this study because of their wide range of mechanical properties while
maintaining similar chemistry. Solvent-cast films fabricated from various grades of
these materials were first characterised on both the nano- and macro- scale in order
to inform the fabrication of three-dimensional electrospun fibrous scaffolds. Such
scaffolds were then fabricated with a variety of nano-mechanical properties by
altering fibre diameter distributions. Dual spinning was also used in order to

fabricate a scaffold with mixed nano-mechanical properties.

The stability of such polymers when stored under physiological conditions over a
period of 90 days was then investigated. Thereafter, samples were prepared for use
in an initial assessment of cell attachment in order to investigate the extent to which

three different cell types were able to adhere and proliferate on both scaffold forms



fabricated from two grades of polyurethane with distinct macro- and nano-
mechanical properties. The implications that such changes in nano-mechanical
properties could have on cell mechanotransduction are discussed. Further
experiments are suggested in order to develop a better understanding of these

interactions.
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Chapter 1

Introduction

1.1. Overview of Research

Over the past few decades, tissue engineering has developed into a major discipline
in the field of regenerative medicine, and presents potential solutions to problems
associated with current therapies in the treatment of tissue defects caused by
diseases, age related conditions and trauma. The basic principles of tissue
engineering are illustrated in Figure 1.1. Healthy cells are first isolated from a biopsy
obtained from a target organ and then expanded in culture to acquire an extensive
supply of healthy cells. Simultaneously, a scaffold that mimics the original
extracellular structure of the target organ is fabricated using one of a wide range of
manufacturing techniques. Scaffolds are constructed using a biocompatible material
and must not only provide the bulk mechanical properties required for the tissue to
carry out its function but must also provide adequate stimuli to cells for successful
growth and proliferation [1]. Cells are then seeded onto the scaffold and cultured in a
bioreactor where appropriate chemical and mechanical stimuli are applied in order to
promote cell organisation and further proliferation. This artificial tissue can then be

implanted into the patient to help recover the function of the original organ.

There are a large number of potential applications for tissue engineering products
with a significant number of studies focusing on the numerous variables involved in
the production of a successful engineered tissue. Wound care is one of the leading
sectors in which artificial tissues are used. By mimicking the extracellular matrix,
fibrous scaffolds facilitate tissue morphogenesis and the healing process of damaged
tissue [2]. Around 16,000 patients are admitted to NHS hospitals each year requiring
medical treatment on burn wounds [3]. Fibrous scaffolds have been shown to provide

an alternative to autografting and traditional wound dressings for patients with larger



burn areas [4]. The number of patients that can take advantage of these technologies
can be further expanded by considering patients with chronic wounds such as

diabetic ulcers, pressure ulcers and venous ulcers [5].
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Figure 1.1 — Schematic illustration of the tissue engineering approach

A natural development from wound care was in the use of artificial tissue as drug-
delivery systems. Fibrous scaffolds can be modified to alter drug delivery profiles by
varying factors such as mesh porosity and drug binding mechanisms to ensure
optimal results [6]. Drug-loaded fibrous meshes are also used as site-specific drug
delivery systems where drugs are placed directly into, or adjacent to, the target area.
These have numerous advantages over drugs that are carried through the blood
system as they only target affected areas and therefore reduce side-effects that can be
severe [7].

Tissue engineering has also found its place in the regeneration of articular cartilage
with joint pain, usually resulting from the degradation of the joint cartilage, which is
one of the major causes of disability in the middle-aged and older demographic.

Since cartilage does not usually repair itself, tissue engineering solutions are being



used in an attempt to recover its functions in damaged tissue [8, 9]. Similarly, self-
regeneration in the nervous system is very limited and usually has a larger burden on
the patient’s quality of life. Autologous nerve grafting is the current gold standard
and has a number of inherent disadvantages including the limited supply of donor
nerves, the need for multiple surgeries, and mismatch between the donor nerve and
the recipient site. In an attempt to supplement or even substitute current techniques,
research into tissue engineered nerve grafts has increased significantly in recent years
[10].

It is evident that cellular function is particularly important in the production of
successful engineered tissues. However, without the appropriate stimuli, these cannot
proliferate or survive. Such stimuli originate from multiple sources and literature has
pointed out that a combination of chemical and mechanical cues are key for the

viability of cells cultured on such scaffolds.

1.2. Thesis Outline

In fibrous tissues, cells interact with individual fibres on the nano-micro scale rather
than with the scaffold as a whole. Size effects have been demonstrated to possess a
significant influence on the scale at which cells mechanosense. In fibrous scaffolds,
the nano-mechanical properties of individual fibres are not only dependant on the
material used but also on the mode of loading as well as the fibre diameter. It is
therefore important to explore these nano-mechanical properties as changes on this
scale might result in changes in cell motility, viability and differentiation. The

remaining chapters of this thesis are organised as follows:

Chapter 2 encompasses a literature review on the manufacture of artificial cell
substrates and the influence of size effects at different scales. It also introduces
cell - scaffold interactions and the influence of different surface cues on cell

behaviour.



Chapter 3 outlines the experimental theory and techniques used. It also describes the

exact methodologies described in this thesis.

Chapter 4 reports on the investigation of mechanical, topographical and thermal
properties in specific medical grade polyurethanes of similar composition but
different stiffness, both in solvent-cast films as well as in fibrous scaffolds. Analysis
is performed on both the macro and nano-scale in order to obtain a better

understanding of the scale on which cells interact within the scaffold.

Chapter 5 reports on the manufacture and the investigation of electrospun mats with

different nano-mechanical properties from a range of polyurethane grades.

Chapter 6 reports on an investigation into whether exposure to a physiological
environment could alter the surface properties of the polyurethanes over an extended

period of time.

Chapter 7 reports on an initial assessment of cell attachment and whether or not it is
possible to culture cells on this polyurethane range in both solvent-cast and

electrospun forms.

Chapter 8 concludes with a general discussion of the findings of this research and

discusses possible future research and experiments in this field.



Chapter 2

Literature Review

2.1. Scaffolds in Tissue Engineering

Scaffolds represent a major component in tissue engineering as they have to provide
structural support for cell attachment and subsequent tissue development. The vast
majority of cell types found in human tissues have to adhere to a solid matrix called
the extracellular matrix (ECM) and each cell type typically attaches preferentially to
a tissue-specific ECM with multiple components. Even though the complexities of
native ECM are difficult to replicate, the main aim in tissue engineering is to
synthesise artificial scaffolds that can host cells and encourage cell proliferation

while maintaining the overall architecture required for tissue regeneration.

The closest replications of ECM use tissue engineering are sometimes obtained by
decellularising allogeneic or xenogeneic tissues as shown by Weber et al. and
Badylak et al. respectively [11, 12]. This process involves specialised techniques that
completely remove the cellular component of a tissue while preserving the ECM
components in order to minimise the immune response when the tissue is implanted
into the patient. These decellularisation techniques typically vary depending on the
tissue being processed but usually involve a combination of physical, chemical and
enzymatic methods to completely remove each component of the cellular structure.
Since aggressive detergents are sometimes used, the process parameters have to be
optimised to minimise the influence on the mechanical, topographical and
biochemical properties of the ECM [13, 14]. These decellulariased ECM are then
seeded with cells, cultured in a bioreactor and implanted in the patient. This
technique has been proven to be successful with a number of tissues including
tendons [15], heart valves [16], blood vessels [17] and nerves [18]. The possibility of



incomplete decellularisation is the main risk of this technique as this could elicit a

potentially life-threatening immune response upon implantation [19].

Another technique used in the formation of ECM for tissue engineering is by the
production of cell sheets in which cells are encouraged to manufacture their own
ECM. In a technique enhanced by Okano et al., cells were cultured to confluency on
a specialised surface and then detached in a complete sheet by altering the
hydrophobicity of the substrate [20, 21]. This was then repeated a number of times to
create a matrix with multiple layers of cells. This process is mainly used in cell-rich
tissues as confluency has to be reached before the sheet can be harvested. ECM-rich
tissues used for load-bearing such as bone and cartilage are unlikely to be created
using this technique as the amount of ECM produced is very limited. Literature
shows that cell sheets with self-secreted ECM have demonstrated potential in tissues
such as corneas and in the myocardium but the clinical challenges of producing a
tissue from cell layers of about 30 um thick is proving to be one of the main

disadvantages of this technique [22, 23].

Cell encapsulation is another form of tissue engineering in which living cells are
entrapped within a semi-permeable mass [24, 25]. The materials usually used in this
application are hydrogels made from a number of both natural and synthetic
materials such as sodium alginate and poly(ethylene glycol) (PEG). These materials
have to be permeable to nutrients and cell secreted therapeutic biomolecules while
being impermeable to antibodies or cellular antigens that might harm the
encapsulated cells [26]. This technique has been reported to be highly successful in
the treatment of diabetes by the encapsulation of xenogeneic pancreatic cells in a
hydrogel to secrete insulin in patients without triggering an immune response. Even
though this technique is very versatile, hydrogels usually have poor mechanical

properties meaning they are rarely used in tissues with load bearing functions [24].

The fabrication of scaffolds using industrial manufacturing techniques has always
been the focus of the majority of research in this field leading to significant

developments in novel biomaterials and fabrication techniques. Scaffolds can be



manufactured from a variety of bio-compatible materials and these processes are not
limited to natural materials such as proteins and polysaccharides. Synthetic materials
such as synthetic polymers as well as metals and ceramics can be used to tailor the
mechanical, chemical and topographical properties of the manufactured substrates.
These scaffolds can then be further processed to modify the surface and bulk

mechanical properties to improve their biocompatibility and cell affinity [27].

Numerous processing techniques have been developed and adapted for the
manufacture of cell substrates. The most basic techniques involve processes that
manufacture three-dimensional structures using porogens in biomaterials. These
include solvent-casting, freeze drying, phase separation and particulate leaching [28].
Rapid prototyping is another widely used class of manufacturing processes and has
seen a large increase in interest in recent years with hierarchical porous structures
being manufactured by the various free-form fabrication techniques [29]. Amongst
other variables, Valerie and Sangeeta used cell-laden pastes which are sometimes
used to manufacture scaffolds that have already been seeded with the right cell
density and phenotype [30, 31]. A third category utilises woven or non-woven
fibrous structures that imitate the fibrous components found in native ECM. The
large surface area to volume ratio that these scaffolds present makes them ideal for
three-dimensional cell culture [32, 33]. These approaches carry a number of
limitations. Cell seeding after the substrate is manufactured is usually very time
consuming and can lead to heterogeneities of cell densities across the scaffold.
Rose et al. emphasise that this is highly dependent on the porosity of the substrate as
the ability of cells to penetrate the scaffold can be limited [34]. Although the ability
of using synthetic materials is advantageous in the manufacture of scaffolds with
tailored chemical and mechanical properties, improving cell affinity to the required
specifications usually necessitates a substantial amount of time and research. Even
though these limitations play a considerable role in the selection of scaffold
manufacture technique used, the use of artificially fabricated scaffolds still remain
the most varied and versatile cell substrate manufacturing techniques in tissue

engineering.



2.1.1. The role of polymers in tissue engineering

Polymers are considered to be the largest and most promising class of biomaterials
owing to their wide range of mechanical and chemical properties [35]. A vast range
of chemically different polymers can be easily synthesised and formed into a wide
variety of shapes and forms, as well as being economically feasible to mass-produce.
A wide variety of polymers has also been successfully produced and tested
rigorously to ensure their biostability and biocompatibility [36]. This combination
has led to copious research being conducted on the various aspects of polymeric

biomaterials.

A considerable number of polymers have also been used for tissue engineering in the
formation of cell scaffolds. These include degradable and non-degradable polymers
which can originate from a natural source or be completely synthetic [37, 38].
Degradable polymers allow cells to build their own extracellular matrix and slowly
degrade to leave behind an organ made entirely of natural materials. Non-degradable
polymers influence tissue turnover while having the advantage that their chemical

and mechanical properties remain, to a certain extent, unaffected by time [39].

Biocompatible polyurethanes have a proven track record in the manufacture of
medical implants as they show excellent biocompatibility and tuneable mechanical
properties [40]. They have been used in medical devices such as cardiac pacemakers,
vascular grafts and in the production of artificial scaffolds [41]. A study by
Carlberg et al. [42] investigated the proliferation and differentiation of human
embryonic stem cells on polyurethane scaffolds. They confirm that polyurethane is a
suitable material for the manufacture of cell scaffolds, displaying favourable
interaction between the cells and the substrate. They also indicate that the physical
cues provided by their scaffolds directed stem cells towards a neuronal cell fate.
Another study by Grenier et al. [43] investigated the interactions between
polyurethane scaffolds and coronary artery smooth muscle cells. They, amongst
others, also concluded that polyurethane is a suitable substrate material for scaffold

manufacture [44].



2.1.2. Manufacture of fibrous cell scaffolds

Various techniques have been developed to manufacture nano-fibrous scaffolds. For
the purpose of this study, only techniques used in polymer processing will be
described. These include: drawing, template synthesis, self-assembly and

electrospinning.

In drawing, a micro-manipulator is used to bring a pipette into contact with a
polymer solution droplet. The micropipette is then slowly withdrawn from the
droplet at a fixed speed resulting in the production of a nanofibre. The equipment
required is minimal, but the process is not continuous, producing fibres no more than

millimetres long [45, 46].

In template synthesis, a metal oxide membrane with pores of a set diameter is used as
an extrusion dye to create nanofibres from a polymer solution under the application
of pressure. The fibre diameter produced depends on pore diameter of the membrane
and can easily be varied by using a different membrane. The main disadvantage of
this process is that it cannot be scaled up and usually only produces fibres of around
10 microns in length [47].

Self-assembly of nanofibres is a process in which molecules are used as basic
building blocks for nanoscale fibres. Molecules are arranged such that bonds are
formed concentrically resulting in an individual nanofibre with diameters ranging
from 7 nm to 100 nm. Even though this technique was used on a wide range of
polymers, the process involved is complex and the nanofibres produced are no longer

than several microns [46, 48, 49].

Electrospinning is a technique in which a high voltage potential is used to draw out a
nanofibre from a polymer solution droplet. The first documented technique that
manufactured nanofibres from a polymer solution dates back to 1902 in a patent filed
by Cooley and Morton. This patent describes a method that deposits a viscous
polymer solution onto a positively charged electrode when it is held close to an



electrode of opposite charge. The principal ideas set by these century-old patents are
still being used in today’s electrospinning processes [46]. A substantial number of
patents that build up on the original idea of electrospinning were later filed by
various individuals, each contributing to laying down an enhanced overall technique
for the electrospinning process. In the past two decades, with recent advancements in
the understanding of fluid dynamics and electrostatics as well as the availability of
newer technologies such as electron microscopy, this technique was rediscovered,
refined and expanded into numerous new applications [50]. Various parameters, such
as the polymer solution properties, the voltages applied and the distance between the
polymer solution and the collector can be manipulated to obtain different fibre
diameters and morphologies [51]. Fibrous mats have been successfully produced
from a wide range of polymers and diameters ranging from 3 nm to 2 um have been
reported. Electrospinning is also very cost-effective and the process can, to a certain
extent, be scaled up if needed. The major drawback of this technique is polymer jet
instability that causes intermittent electrospinning. However, continuous fibres up to
several metres in length can still be produced making electrospinning the most
attractive manufacturing technique for the purpose of tissue engineering [46, 52].

2.2. Mechanical Analysis of Fibrous Scaffolds

Fibrous scaffolds are required to retain their structural integrity and maintain the
desired shape before new tissue is completely regenerated. Bulk mechanical
characterisation is therefore beneficial for understanding how an implant will act
under external loading. With cell size being on the scale of a few tens of
micro-meters, individual cells cultured on electrospun scaffolds only interact with
individual fibres rather than the electrospun mesh as a whole [53]. It is therefore also
important to understand the nano-mechanical properties of electrospun scaffolds as
these may possibly vary from the bulk [54]. This section will focus on some of the
techniques available to measure the mechanical properties of fibrous scaffolds and

those of individual fibres.
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2.2.1. Mechanical properties of fibrous scaffolds

The techniques used to measure the mechanical properties of fibrous scaffolds have
mostly been adapted from the textile industry. The most widely used and straight-
forward technique involves cutting specimens of randomly-aligned fibres into
rectangular or typical dumbbell-shaped test samples and tested using a tensile test
machine to obtain the tensile properties. This technique is reported in various
publications in the testing of fibrous cell scaffolds manufactured from both artificial
and natural materials [55 — 57]. A number of authors have also attempted to
investigate the influence of alignment and pore size in such substrates as well as
model such substrates in silico [58 — 61]. This method of analysis however only
investigates bulk mechanical properties of the scaffold which, even though have an
essential role in the success of the implant, are not representative of mechanical

properties that individual cells respond to.
2.2.2. Single fibre characterisation

Despite its various challenges, characterisation of individual fibres is critical as
invariably, the mechanical properties of a fibrous scaffold are governed by the
mechanical properties of the individual nanofibres. Cells also interact with single
fibres rather than the mesh as a whole while tensile forces applied by the cells on the
scaffold during motion are on the nano-newton scale. It is therefore important to
characterise scaffolds on the nano-scale for a better understanding of the forces
encountered by cells. The main challenges associated with characterisation of fibres
include manipulation, suitable modes of observation, sourcing accurate force
transducers and the preparation of samples with single nanofibre strands [50, 62, 63].
Atomic force microscopy (AFM) is a technique that uses cantilevers with a wide
range of spring constants (0.01 N/m to 100 N/m) which in turn have tips with radii of
tens to a few hundred nanometres [64]. This technique has therefore been widely
used for nano-mechanical testing as it allows for manipulation, imaging and loading
on the nano-scale. A number of different methods have also been developed that use
AFM cantilevers that investigate different modes of loading. Three-point bending as

illustrated in Figure 2.1(a), is the most widely used technique and involves applying
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a force at the midpoint of a suspended fibre [65]. Tensile testing is also been
performed using a functionalised tip as illustrated in Figure 2.1(b) [66]. Lateral force
microscopy monitors torsional movement of the AFM tip and has also been used to
determine  the elastic modulus on the nano-scale as shown in
Figure 2.1(c) [67]. Nano-indentation is another technique that can be used to
investigate the compressive modulus on the nanoscale and is widely used as sample
preparation is considered to be more straightforward when compared to other

techniques.

Figure 2.1 - Fibre loading using AFM:. a) three-point bending, b) tensile testing,

c) lateral bending
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2.2.3. Size effects

A large body of literature has demonstrated size effects whereby a change in the size
of the object being tested produces a change in the mechanical response. This has
been observed in nano-indentation where shallower indents demonstrate an increased
hardness, torsion loaded wires displaying greater strengths when the radii are
reduced and in bending of fibres where smaller radii demonstrated an increased
modulus [68]. Conventional plasticity theories do not take into consideration these
size effects and only work when the length scale associated with the deformation is
small when compared to the size of the object being investigated [68]. Fleck et al.
[69] explain that this elevated stiffness only arises when a large strain gradient is
present. These strain gradients appear either because of the geometry of loading or

because of heterogeneities within the material itself [70].

In a beam, strain is zero along the axis of twist or bending i.e. the neutral axis, but a
finite value at the surface as shown in Figure 2.2. For a given strain, as the radius of
the beam decreases, the gradient of strain from the axis to the surface increases. This
increase in strain gradient due to geometry of loading can also be seen in nano-
indentation. Here, the maximum strain is observed just below indenter tip and is zero
far away from it. As indents become shallower, this distance is decreased thus
increasing the strain gradient [69]. Heterogeneities within the material structure such
as hard, non-deforming particles within a soft lattice generate strain gradients
between particles. This is similar to polycrystalline materials that have a mismatch in

the slip at grain boundaries causing a localised increase in strain gradient [69].

When objects deform, dislocations are generated, translated and stored. Storage of
dislocations will in turn cause the material to work-harden. These dislocations
become stored by two mechanisms: by a random trapping process (also called
statistically-stored dislocations) or appear as they are required to permit deformation
in different parts of the crystal. The latter are known as “geometrically-necessary
dislocations” (GNDs) and are caused primarily by gradients in strain [71]. GNDs
were first introduced by Nye in 1953 [72] and further investigated in a number of

13



publications by Kroner [73] and Ashby [71]. They have since been regarded as the
physical basis for theories regarding strain gradient dependent material behaviour.
These theories have been mostly concerned with defining mathematical relationships
between the properties of strain gradients and the resulting mechanical behaviour in

an attempt to develop continuum theories that are valid on these scales [74].

Figure 2.2 - lllustration of large strain gradients observed during bending and
indentation. Reproduced from Fleck et al. [70].

The consensus between these publications is that on the micro- and nano-scales,
conventional plasticity theories do not suffice as they lack an intrinsic length scale
and therefore cannot predict the size effects described above. An increase in the
stiffness of beams when loaded radially or in torsion is observed when beam radii are
reduced. This phenomenon is, however, not observed when beams are loaded axially
as strain gradients are not created in this mode of loading. Indentation is also well
described with GNDs being created at the indentation location as material originally
occupying the deformed region has to be pushed into the substrate material and
stored as geometrically necessary dislocations. These defects are more predominant
when the characteristic length of deformation is reduced sufficiently to create a large

strain gradient.

While the concepts of strain gradient plasticity and geometrically necessary
dislocations have been successful in providing a physical explanation for size effects
observed during plastic deformation in metals, size effects are also apparent in elastic
deformation of polymers. In the case of polymers, such notions are not applicable

and different explanations have been suggested in literature. Nikolov et al. consider
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size-dependent elastic deformation in polymers and develop a micro-mechanical
model for strain gradient elasticity for polymers based on Frank elasticity [54]. Frank
elasticity assumes a material has a nematic (no positional order but tendency toward
the same direction) molecular structure [75]. It is well established that deformation of
nematic liquid crystals can be described by the Frank energy originating from
molecular interaction forces and described by crystal rotational gradients during
deformation [76].

Fmax -------------------------

Force

s il B i

Depth hs

Figure 2.3 - Typical indentation force curve illustrating both a plastic and an

elastic region.

Frank elasticity has also been demonstrated in polymers by a number of authors
[77 - 79] and is attributed to the small, but non-negligible bending stiffness of the
polymer chains and their interactions. Size dependence in polymers is therefore
accounted for by Frank elasticity as rotational gradients vary depending on the strain
applied [80]. Similar to strain gradient plasticity theory, an increase in rotation
gradient is described with decreasing indentation depths and beam diameter during
three-point bending. For indentation size effects in polymers, Han et al. take this
further and develop a model that includes elastic size effects due to rotational
gradients in elastic-plastic materials [80]. They highlight that in the absence of

indentation size effects, the total work W under an indentation loading curve shown
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in Figure 2.3 is commonly divided into the elastic work component W, and plastic

work component W4, as shown in equation 2.1.
W= W,+ W, [2.1]

They then go on to stipulate that Frank elasticity is usually applied to liquid crystals

where W, and W, are usually neglected [80]. The same cannot be done in solids and

highlight that Frank energy is independent of the classical notation of elastic and

plastic deformation. They therefore suggest adding Frank energy W to the total

work W as shown in equation 2.2.

W= W,+ W,+ W [2.2]
Since an additional term is added to the work W, the area below the
load-displacement curve in Figure 2.3 will increase yielding higher indentation

forces for the same indentation depth.

Based on this suggestion, a depth-dependent hardness model was deduced as shown

in equation 2.3.

_ cry” [2.3]
H=H(1+ h)
Where: H : Depth dependent hardness
H,: Macroscopic hardness
c; . Length scale parameter
h : Indentation depth
y : Fitting parameter that should be in the interval y € [0,2]
When y = 1, the hardness model is shown in equation 2.4
_ . 2.4
H=Ho(1+ h) [2.4]

A further discussion of the size dependency in polymers is provided by Han et al.

who, after experimental investigation, conclude that these are strongly dependent on
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the bending rigidity of the molecular chains of the polymers [81]. The authors
highlight that polymers such as ultra-high molecular weight polyethylene
(UHMWPE) and polytetrafluoroethylene (PTFE) have a homogeneous and highly
flexible molecular structure and do not contain any rigid components. As Frank
elasticity assumes the existence of such components, it does not apply in these
polymers. They then demonstrate that when UHMWPE and PTFE were indented on
a range of 20 nm to several micrometres, no indentation size effects were observed.
Tjernlund et al. also observe a relationship with polymer molecular weight while
Lam et al. demonstrate a relationship with crosslink density [82, 83]. These
observations are predicted by Frank elasticity and therefore corroborate the link

between Frank elasticity and size effects in polymers.

Various groups attempt to provide different rationales for size effects in polymers.
Lim et al. hypothesise that friction and adhesion between an indenter and the
polymer during nano-indentation cause size effects but this does not explain size
effects observed in beam bending [84]. A further hypothesis states that variations in
material properties at different thickness caused the indentation size effects [85, 86].
Lam et al. test micro-beams in tension and no variation in tensile stiffness was
observed disproving a variation in mechanical properties at different thickness [87].
Zhang et al. attribute size effects to changes in surface roughness, but the lack of
indentation size effects on UHMWPE and PTFE could not be explained by this
hypothesis [88, 89]. Indentations were also carried out on silicone samples with very
low surface roughness and, contrary to their hypothesis, size effects were observed at

indentation depths shallower than 100 pum.
Size effects have been widely reported and described in the literature both in metals

and in polymers. These effects are observed on the sub-micrometre range and could

have a considerable influence at the cellular scale.
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2.3. Cell - Scaffold Interactions

The primary intention of artificial scaffolds is to mimic the complex functions of the
extracellular matrix. This does not only include the structural support required for
cells to attach and proliferate but must also take into consideration the bulk
mechanical properties required by the tissue to carry out its function. As cells are in
direct continuous contact with the extracellular matrix (ECM), the latter also
provides bioactive signals to the residing cells to mediate their functions. These
signals consist of chemical (with the ECM acting as a reservoir for growth factors),
as well as topographical and mechanical cues. Understanding the interactions
between cells and scaffolds is therefore crucial as these have been shown to possess
considerable impact on the survival of the cells and ultimately, the effectiveness of

the engineered tissue [90].

2.3.1. Cell adhesion

The overall cell structure involves a cytoplasm which is surrounded by a lipid bilayer
known as the plasma membrane [91]. A number of organelles, each having a
different responsibility, are found within the cytoplasm with the largest intracellular
organelle being the nucleus which contains genomic DNA and governs cell
activities. Apart from maintaining cell shape, the plasma membrane is responsible for
monitoring external signals through receptors that communicate with other proteins
within the cell. Throughout the cytoplasm is the cytoskeleton which is a
three-dimensional protein network and provides a number of functions [92].
Amongst others it acts as a structural scaffold to give the cell its shape, it provides a
transport system between the various organelles within the cell, mediates cell
division and permits cell motility. The constituents of the cytoskeleton are usually
divided into three elements: actin microfilaments, tubulin microtubules and other
intermediate filaments made up of various other proteins. Intermediate filaments vary
depending on cell type and generally support the nucleus and nuclear membrane.
They maintain cell shape, provide structural support and promote barrier formation.
Unlike intermediate filaments, both microfilaments and microtubules serve as an

intra cellular transport system and play an important role in mitosis. Microtubules
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extend throughout the cell and provide passage to proteins and organelles. They are
also responsible for building cilia and flagella in certain cell types. Actin
microfilaments are responsible for organising the plasma membrane by an actin rich
layer just below the membrane. They also play a role in muscle fibre contraction and
link certain cell types together in adherence junctions. Actin microfilaments also
form structures critical for cell motility: lamellipodia and filopodia. Lamellipodia are
at the leading edge of the cell and are formed by a mesh like network of actin
filaments in the cytoplasm. Filopodia are interspersed on the edge of these
lamellipodia and are rod-like structures which are thought to act as sensors as the cell
migrates [93]. These filopodia are usually composed of between 20 and 30 filaments
of actin producing a diameter of about 200 nm and can protrude to between 1 um and
5 um as illustrated in Figure 2.4 [94]. Focal adhesions form on both lamellipodia and
filopodia and are required for cell migration. This is not an aimless process and it is

clear that cell migration is directed by both chemical and mechanical cues.

The cell plasma membrane contains integrins that are essential in cell-scaffold and
cell-cell adhesions. Integrins adopt a shape that resembles a globular head and two
legs on the outside of the cell but subunits traverse the plasma membrane and
terminate in the cytoplasm [95]. These are then responsible for large signalling
complexes within the cell that allow it to respond to the extracellular environment
[96, 97]. Integrins have been shown to interact with cellular proteins such as talin
and vinculin which in-turn, connect to the actin microfilament network as illustrated
in Figure 2.4 [98, 99].

When materials are implanted, they are immediately coated with proteins present in
blood and interstitial fluid. Cells will therefore only sense the implanted materials
through this absorbed protein layer. Amongst this array of proteins are proteins
capable of mediating cell attachment and spreading including: fibronectin, laminin,
concanavalin A, chondronectin and vitronectin [100]. Cell integrins bind to certain
specific motifs present on these proteins such as the arginyl-glycyl-aspartic (RGD)
tripeptide motif via their globular heads as illustrated in Figure 2.4. As part of the

cellular response, this binding also triggers changes in the integrin conformation,
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affinity and clustering causing an increase in integrin recruitment. This leads to the
formation of anchoring complexes on the filopodia and lamellipodia and forms larger
focal adhesion plaques with increased intracellular activity [101]. The strength of the
adhesions in-turn contribute to the larger processes such as cell pulling which is an
integral part of cell migration and survival. Cell adhesion is a complex process
involving several adhesion molecules and loss of cell anchorage is usually followed

by anoikis (adhesion-mediated apoptosis) [102].
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Figure 2.4 - A simplified illustration of size scales (cell down to cell - substrate

interactions). Image not to scale.
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Cell-scaffold interactions are primarily governed by binding of these integrin
receptors on cells to RGD motif sequences present on surface proteins such as
collagen, fibronectin and fibrinogen on the scaffold [103 — 105]. These interactions,
in turn produce cell type-specific responses that influence adhesion, motility,
differentiation and ultimately apoptosis. Arnold et al. use gold nano-dots, each
having a diameter of less than 8 nm, coated with a cyclic RGDfk peptide [106]. Since
integrins are about 19 nm in length, this meant that only one integrin could bind to
each nano-dot. These dots were then positioned on PEG substrates at different
spacing intervals. The authors demonstrate that spacing higher than 73 nm between
each nano-dot reduced the formation of focal adhesion complexes and actin fibres.
This phenomenon was attributed to the restriction of integrin clustering which is
necessary for the formation and maintenance of focal adhesion complexes and
consequently, cell attachment and migration. Apart from surface proteins, chemical
signals, also known as chemotaxis, have been shown to steer embryonic
differentiation and development [107]. These signals continue to play a crucial role
in tissue development, wound healing, axonal guidance and other instances involving
cellular migration and differentiation [108]. Our understanding of chemotaxis in
tissue engineering is continuously growing with a number of bioactive factors known
to induce cell type-specific responses together with a number of molecules whose

functions are less understood.

The physicochemical characteristics of the biomaterials used in the fabrication of
artificial scaffold such as the surface roughness [109], surface charge [110],
crystallinity [111] and hydrophobicity [112] have also been shown to influence cell
behaviour. These characteristics occasionally influence cell-scaffold interactions
directly or, indirectly affect them by varying the affinity of proteins to the scaffold
[113 —114].
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2.3.2. Topographical cues

Even though cells are typically tens of micro-metres in diameter, sub-cellular
features used in cell adhesion and motility such as filopodia and focal adhesion sites
are usually on the nano-scale. Cells therefore make contact with both nano- and
micro- scale extracellular topographical features, including pits, protrusions and
grooves when in-vivo [115]. When investigating the topographical features of
endothelial vascular basement membranes, Liliensiek et al. describe a complex
meshwork consisting of pores and fibres in the sub-micrometre and nanometre scale
which varied depending on the location and the physical property of the vessel [116].
These and numerous other topographical features in the ECM may be implicated in
the regulation of cell behaviour [117 — 120].

Numerous studies using fabricated topographical features have been carried out to
obtain a better understanding of how these influence cell behaviour and in an attempt
to control cell behaviour. Selhuber-Unke et al. demonstrated that cellular adhesion
was reinforced if the distance between integrin molecules was less than 70 nm [121].
It was therefore inferred that nano-feature spacing should not exceed 70 nm if focal
adhesions were to be maintained. When nano-protrusions are investigated, a number
of authors report an increase in cell adhesion when protrusion height was below
70 nm [122 — 125] When protrusion height is increased further, a decreased focal
adhesion formation was observed. Dalby et al. demonstrate that on polystyrene
surfaces with protrusions of 95 nm, immortalised human fibroblasts initially
produced a larger number of filopodia [126]. After 1 week in culture, cells grown on
a flat, control surface were confluent while fibroblasts on protrusions were still

isolated and were stellate in appearance.

Cellular response to nano-pits has also been investigated by culturing cells on
substrates with pits of differing diameter and spacing. Biggs et al. demonstrate that
nano-pits with highly ordered symmetry reduced cell adhesion while introducing a
deliberate disordering increased cellular adhesion size [127]. Park et al. used hollow,

vertically oriented, titanium dioxide nanotubes with diameters between 15 nm and
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100 nm [128]. They demonstrated that nanotubes with diameters larger than 70 nm
did not support focal adhesion formation leading to anoikis while reducing fibre
diameters enhanced cellular activity as illustrated in Figure 2.5.
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Figure 2.5 - Model showing different spacing of focal adhesion complexes on

nanotubes with different diameters. Reproduced from Park et al. [128].

The effect of nano-scale grooves has also been demonstrated in a number of
publications. Unlike nano- protrusions or pits, nano-grooves have been shown to
cause cellular alignment through contact guidance [129]. This is caused by
simultaneously providing ledges which disrupt integral binding and planar areas
which allow integral binding and hence focal adhesions. Such groves are also present
in extracellular matrices and enhance tissue organisation. Alignment to grooved
substrates has been observed in a number of cell types including fibroblasts,
osteoblasts, nerve cells and MSCs. Apart from promoting cell alignment, Chou et al.
[130] demonstrate that such surface topography doubled the secretion of fibronectin
in human fibroblasts while Dalby et al. [131] demonstrate an over-expression in a
multifunctional signal adaptor protein (RACK 1) which positively regulates cell
adhesions. Crouch et al. investigate the behaviour of human dermal fibroblasts on
grooved surfaces with regards to aspect ratio between groove depth and width [132].
They conclude that even aspects ratios as shallow as 0.05 were sufficient to induce
80 % cell alignment while an aspect ratio of 0.16 was sufficient to produce 95 %

alignment.
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When materials are processed for use as a cell scaffold, topographical features can be
left over from the fabrication process. When roughness is varied on the nano-scale,
the effective surface area available for protein attachment can be drastically altered
[133, 134]. Due to the inherent difficulties of characterising scaffolds on these scales,
nano-scale topographical features and physiochemical properties are sometimes
omitted and research is focused on their micro- to milli- scale equivalents. Even
though these micro- and nano- scale topographies have been shown to influence cell
functions, these features are sometimes left uncharacterised to the detriment of

scaffold efficacy.

2.3.3. Mechanical cues

Apart from blood cells, most cell types are anchorage-dependent and cannot survive
in a fluid suspension even if soluble proteins and other growth hormones are added
to the solution to engage cell adhesion molecules [135, 136]. The distinct difference
between fluids and solids is that solids have the ability to resist sustained forces
applied upon them [137]. Even though this is a rudimentary observation, it
emphasises the importance of substrate mechanical properties in tissues.

Numerous reports in the literature have demonstrated that cells apply traction forces
on the scale of a few tens of nano-newtons [138 — 140]. Tan et al. described a
technique in which cells were cultured on arrays of elastomeric, microneedle-like
posts with controllable geometry and therefore compliance [139]. Cells were shown
to attach and spread across the posts and the deflection of posts was measured using
standard microscopy techniques. This deflection was then interpreted as traction
force applied by the cells and varied depending on the size of the focal adhesions.
Yang et al. describe another technique to measure cell traction fields using a thin
polyacrylamide gel embedded with fluorescent beads [140]. The bead displacement
was computed between ‘“null-force” and “force-loaded” images from which cell
traction forces were calculated based on the theory of elasticity. Curtis et al.
described another method for measuring cell forces in which cells were grown on a
photoelastic substrate [138]. Forces applied by cells caused changes in birefringence,

which were measured and recorded by a polarizing microscope. All the techniques
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mentioned above require prior knowledge of the mechanical properties of the
substrates as cell traction forces were calculated indirectly by measuring substrate

displacements.

As cells have been shown to apply forces on the underlying substrate, deformations
that are inversely proportional to the substrate stiffness will also occur, as shown by
Wen et al. in Figure 2.6 [141]. The degree of substrate deformation on application of
force (compliance) has been shown to influence cellular activity. Cellular
mechanotransduction, the mechanism by which cells convert mechanical signals into
biochemical responses was also investigated by Wang et al. They applied mechanical
stress directly to various cell membrane receptors using a magnetic twisting device
[142]. When magnetic beads were coated with a synthetic peptide containing the
RGD sequence to bind directly to integrin receptors on cells, a stiffening response
was observed. In contrast, when magnetic beads were coated with non-specific cell
attachment ligands, the cell membrane stiffening observed was much lower. They
then go on to conclude that integrin B1 might act as a mechanoreceptor and transfers
mechanical signals to the cytoskeleton through a specific molecular pathway. Hughes
et al. take this further and use magnetic particles to apply highly localised forces to
distinct regions of the TREK-1 ion channel structure [143]. Amongst sensitivity to a
diverse range of stimuli, TREK-1 channels have been shown to be mechanosensitive
channels and have been implicated in mechanotransduction pathways in a number of
tissues. The authors conclude that direct force application to the extracellular loop
region of the TREK-1 channel structure resulted in changes to the whole-cell current
and thus implicating this region in mechano-gating. They hypothesise that this region
may regulate sensitivity to mechanical forces by acting as a “tension spring” which

sets the level of mechano-sensitivity of the channel.

In an attempt to obtain a better understanding of the cellular pathways involved in
cell-substrate sensing, researchers have also used a combination of inhibition and
knockout cell lines. Jiang et al. demonstrate that knocking out elements of integrin
adhesion such as talinl and integrin B1 did not affect spreading of fibroblast cell

lines [144]. Focal adhesion kinase (FAK) is a protein activated by both growth
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factors and integrins during migration and functions as a receptor and regulator in
cell motility [145]. It is involved in downstream signalling and can promote changes
in actin and microtubule structures. When Jiang et al. cultured FAK knockout
fibroblasts, they observed that cells had a significantly smaller spread area [144].
Such complex force-sensing mechanisms within the cell have been shown to
influence a number of cellular responses including spread area [146], migration
speed [147], focal adhesion formation [148], proliferation [147], apoptosis [149] and
cell modulus [150]. Ingber also highlights that mediators of mechanotransduction
involve a number of cellular components, molecules and extracellular structures
[151]. These include the proteins present on the extracellular matrix, cell — substrate
adhesion complexes involving integrins focal adhesions, cytoskeleton filaments and

nuclear structures.
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Figure 2.6 - Schematic of a cell deforming a stiff and soft substrate by pulling
through actin - myosin contractions. Based on Wen et al. [141].
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Lo et al. demonstrate that extracellular matrix mechanical properties have a clear
influence on cell proliferation by demonstrating 3T3 fibroblasts migrating
preferentially towards stiffer substrates and term the mechanism of rigidity-guided
cell movement as “duro-taxis” [152]. In another study by Engler et al., the effects of
matrix elasticity on stem cell lineage are investigated [153]. Amongst other
conclusions, they show how cell lineage is clearly dependent on matrix stiffness with
stem cells differentiating into neuronal cells on soft scaffolds and into osteoblasts

when the scaffold stiffness is increased as illustrated in Figure 2.7.

@® P-NFH (Neuro)| — MSC fits
MyoD (Myo) c2C12 fit
CBFal (Osteo) hFOB fit

¢ + Blebbistatin

7%
o
P
1

Differentiation Marker Fluorescnce
Normalized to Differentiated Cells

4 5 \ 4
0.0 o 25 F‘—w‘m‘* -

1 10 100
Substrate Elasticity, £ (kPa)

Figure 2.7 - Differentiation marker expression on various substrate elasticities
indicating a maximal lineage specification at the elasticity of the respective tissue

type. Reproduced from Engler et al.[153].

A number of authors have also investigated cell migration speed with changes in the
substrate modulus. Bangasser et al. argue that cell speed may be biphasic with
respect to substrate stiffness as a number of publications have shown an increase in
speed with substrate stiffness while others have shown the converse [154]. ECM
stiffness has not only been shown to modulate proliferation and survival but in a
study by Ulrich et al., it was shown that rigid ECMs increase the spread of tumour
cells in tissues [135]. When the scaffold stiffness was lowered to mimic that of
healthy matrices, the viability of tumour cells appeared to be significantly reduced.
In a further study, Paszek et al. state that tissue stiffness can be used to predict the

presence of a cancerous growth [155]. They demonstrate that a slight increase in
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ECM rigidity changes tissue architecture promoting the growth of cancerous cells
[155]. These findings therefore emphasise the need for closer analysis of mechanical
properties in artificial scaffolds to mimic the mechanical properties of the cell’s

native extracellular matrices.

In a study by Trappmann et al., the influence that various extracellular matrix
properties have on stem-cell fate is discussed [156]. They note that by simply
varying bulk mechanical properties of polydimethylsiloxane (PDMS) substrates, the
spreading of cells on collagen or fibronectin was not altered. On the other hand,
similar to observations made in previous publications, when cells were cultured on
polyacrylamide (PAAm) hydrogels with varying stiffness, their shape was highly
dependent on substrate stiffness [153, 157]. Keratinocytes were observed to adhere
but not spread on gels with moduli of around 1 kPa. When cells were cultured on
stiffer gels, they adopted spindle-shape morphology and were able to spread more as
the modulus was further increased. However, time-lapse imaging demonstrated that
these cells sent out protrusions indicating dynamic interaction even on the softest
gels investigated. Trappmann et al. observe that the change in bulk mechanical
properties in these gels is brought around by a decrease in pore size within the
structure. They later conclude that changes observed in cell behaviour are caused by
a change in the density of anchorage points available for collagen as shown in the
Figure 2.8 [156].

When traction forces originating in the cell cytoskeleton were applied onto attached
collagen, feedback consisted of movement of the collagen segment coupled with the
movement of PAAmM gel segments. The authors continued to alter the anchorage
points and thus reduced the effective length of the collagen resulting in an effect that
mimics the stiffening of the substrate. They concluded that the interfaces between
cells and ECM are different on different substrates and must be taken into account
for optimal cell control. Wen et al. take this further and investigate similar hydrogels
with varying porosity and stiffness [141]. They conclude that stem cell
differentiation was regulated by substrate stiffness and was independent of protein

tethering and substrate porosity. It is however noted that authors in both these
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publications had to go to great lengths to confirm this observation as altering
substrate stiffness was indirectly achieved by altering the hydrogel porosity (and
therefore topography).
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Figure 2.8 - Schematic diagram showing anchorage of collagen fibres on PAAm
gel and a cell attached to the collagen fibre. The stiff gel allows for less movement
and triggers activation of cell receptors (left). Differences in porosity observed in
gels of different substrate stiffness (left). Reproduced from Trappmann et al.
[156]

2.3.4. Cells cultured on electrospun scaffolds

Electrospinning is widely used in the manufacture of cellular scaffolds and can
produce scaffolds comprising of fibres with a wide range of fibre diameters (from
less than 100 nm up to a few microns) and with varying degrees of alignment. Cell
function, proliferation and orientation can therefore be altered as discussed in

Section 2.3.2 by varying topographical cues such as fibre diameter and alignment.
Chen et al. investigate the role of fibre diameter in electrospun polycaprolactone

(PCL) scaoffolds on the adhesion and proliferation of 3T3 fibroblasts [158]. The

lowest cell attachment was observed on the smallest electrospun fibres with a fibre
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diameter of 117 nm. These scaffolds were however the only scaffolds to contain a
large number of bead defects on the fibres and the authors conclude that beaded
scaffolds considerably reduced growth kinetics. When fibroblasts were cultured on a
range of scaffolds with fibre diameters ranging from 428 nm to 1,051 nm, cell
attachment and proliferation was higher on scaffolds with smaller diameters. In a
further scaffold having an average fibre diameter of 1,647 nm, a bimodal fibre
distribution was reported. Cell proliferation was observed to increase when compared
to scaffolds with smaller fibre diameters. The converse was also observed by
Sisson et al. when osteoblastic MG63 cells were cultured on electrospun gelatin [53].
The authors demonstrated that cell viability was initially (3 days) similar on
electrospun substrates of 110 nm + 40 nm and 600 nm = 110 nm. At later time points
(day 5 and day 7), cell proliferation appeared to increase on scaffolds with larger
fibre diameters. Noriega et al. suggested that there exists an interrelationship
between scaffold fibre diameter and gene expression activation [159]. They
demonstrated that when chondrocytes were cultured on electrospun chitosan matrices
with a mean fibre diameter of 300 nm, a higher ratio of collagen-1l/collagen-1 was
noted when compared to cells cultured on scaffolds with a mean fibre diameter of
1,000 nm. This ratio is often considered to be a marker for chondrocytes phenotype
and their observations suggested that cells preserved a more differentiated phenotype
on scaffolds with a lower mean fibre diameter [160]. Li et al. demonstrated that
chondrocyte proliferation was supported on both micro- and nano- fibres with a
higher rate seen in cultures on nano-fibrous scaffolds [161]. This observation was
made despite the fact that chondrocytes had a rounded morphology on nano-fibrous
scaffolds compared to an organised actin cytoskeleton and well-spread morphology
when cultured on micro-fibrous scaffolds. Chondrocytes cultured on nano-fibrous
scaffolds also demonstrated a higher expression of collagen type Il and 1X, aggrecan
and cartilage proteoglycan link protein when compared to cells cultured on
micro-fibrous scaffolds indicating a strong influence of fibre diameter on cellular

gene expression.

Apart from fibre diameter, a number of researchers have also investigated the

influence of fibre alignment on cell behaviour. Whited et al. cultured endothelial
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cells on electrospun scaffolds with varying degrees of alignment [162]. They
demonstrate that cell alignment increased as the degree of fibre alignment was
increased leading to a fully aligned endothelium on scaffolds with highest fibre
alignment. The authors also demonstrated that actin was oriented parallel to the
direction of electrospun fibre alignment mimicking actin organisation of native
endothelial cells. Wang et al. investigated neurite outgrowth and Schwann cell
migration while varying both fibre diameter and degree of fibre alignment [163].
They demonstrate that aligned electrospun fibres directed neurite outgrowth to
varying degrees depending on both fibre alignment and diameter. Neurite extensions
and Schwann cell migration was not promoted extensively on aligned scaffolds with
fibre diameters of 293 nm + 65 nm. The converse was observed on scaffolds with
larger fibre diameters (1325 nm + 383 nm) with long, directed neurite extension and
Schwann cell migration being observed. The authors conclude that fibre diameter is

an important parameter when constructing aligned fibres for neurite outgrowth.

Multiple authors have demonstrated that both fibre diameter and alignment are
associated with a change in cellular behaviour. The response is also cell type
dependent and cannot be translated between scaffolds of different materials as these

would display different topographical and chemical characteristics.

31



2.4. Objectives

A clear relationship between fibre diameter and cell behaviour has been reported in a
number of publications as reported in Section 2.3.4. This change in fibre diameter
has been associated with a change in contact area and other topographical cues. Size
effects, discussed in Section 2.2.3, have been shown to act on the micro — nano scale
and would therefore alter the effective modulus of the substrate on the cellular scale.
It was hypothesised that this could in turn influence cell behaviour through
mechanosensitive mechanisms described in Section 2.3.3. A review of the literature
reveals no clear reporting of this relationship. The aim of this work, therefore, was to
apply advanced material analyses techniques to investigate the influence of
nano-mechanical properties in cell-scaffold interactions. To this end, scaffolds that
demonstrated similar chemical properties and surface morphology while presenting
different nano-mechanical properties were manufactured. Scaffolds were
characterised on the cellular scale to ensure that the nano-mechanical properties were

the sole variable influencing cell behaviour.

Polyurethane was used for the manufacture of these scaffolds as intrinsic mechanical
properties could be altered while maintaining the same chemical intermediates.
Scaffolds were fabricated using solvent-casting and electrospinning from a range of
polyurethane grades with different intrinsic mechanical properties. The first aim,
therefore, was to analyse the mechanical properties of these scaffolds on the macro —
nano scale using bulk tensile testing, a dedicated nano-indentation system and AFM
indentation. Small changes in topographical features have been shown in
Section 2.3.2 to alter cell behaviour. The aim of the following section was therefore
to investigate whether changes in the fabrication parameters affected the resulting

scaffold topography, nano mechanical properties or chemical domain structure.

Nano-mechanical properties of electrospun fibres are shown to vary depending on
fibre diameter and on mode of loading. In order to fabricate scaffolds for the
investigation of the influence of nano-mechanical properties on cell behaviour, the
following section aimed to produce electrospun mats with diverse nano-mechanical

properties. Initially, defect free electrospun mats were manufactured with different
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fibre diameter distributions and hence nano-mechanical properties. This was
followed by the fabrication of electrospun mats from two different grades of
polyurethane with fibre diameters on the same range. Such scaffolds had similar
topography and chemistry but different mechanical properties. The final objective of
this section was to use dual spinning and fabricate an electrospun scaffold with
bi-modal nano-mechanical properties. Such scaffolds could be used in the

investigation of the influence of nano-mechanical properties on cell behaviour.

Similar to metals, polymeric biomaterials are susceptible to chemical reactions that
could lead to unintended degradation of the mechanical or topographical
characteristics of the original material. Such changes have been shown to varying
degrees in highly oxidative environments on a range of polyurethanes by Meijs et al.
[164]. Changes to surface roughness on the nano-scale have also been reported to
alter cell behaviour by various authors. In an investigation of the influence of
nano-mechanical properties on cell behaviour, it has to be ensured that
nano-mechanical cues are the only variables effecting cell behaviour. The objective
of the following section was therefore to investigate whether exposure to a
physiological environment could alter the surface properties of polyurethanes on the
nano-scale. Specimens were stored in a physiological solution and an oxidative
solution mimicking inflammation for an extended period of time. Topographical
changes were monitored by means of AFM over the period of immersion to
investigate whether physiological environments were sufficient to alter the surface

topography.

Cell adhesion is heavily influenced by the surface properties of the substrate and loss
of cell anchorage is usually followed by anoikis [102, 165]. The final objective was
to perform an initial assessment of cell attachment on the range of polyurethanes
being used. The activity of three distinct cell types on both solvent-cast and
electrospun forms was investigated. This study could therefore confirm the
possibility of culturing cells on the various forms of polyurethanes for use in an

investigation into the influence of nano-mechanical properties on cell behaviour.
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Chapter 3
Materials and Methods

3.1. Overview

This Chapter outlines experimental theory and describes the exact methodologies
used in this study.

3.2. Materials

3.2.1. Polyurethane chemistry

Polyurethanes were chosen as the materials to be investigated for their wide range of
macro-mechanical properties while maintaining similar chemistry [40]. Polyurethane
substrates could also be manufactured using both thermal and chemical process while
a double melting point could provide an insight into the resulting domain structure
[166]. Polyurethanes fall in two major categories: thermosetting polyurethanes do not
melt when heated, whereas thermoplastic polyurethanes are hard when cooled but

soft and malleable when heated.

Thermoplastic polyurethanes are block copolymers composed of two distinct
segments shown in Figure 3.1. The hard segment (HS) is composed of di-isocyanate
and a chain extender which is usually a low molecular weight diol or diamine [167].
Di-isocyanates are organic compounds that contain two isocyanate functional groups
with each having the formula R-N=C=0. These di-isocyanates can be either aromatic
or aliphatic which considerably affects the properties of the final polymer. Aliphatic
di-isocyanates have a greater resistance to degradation than aromatic di-isocyanates
but this usually results in lower mechanical properties [168]. The soft segment (SS)

is usually a polyol, which is an alcohol containing multiple hydroxyl functional
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groups. These can therefore be polyester, polyether, polycarbonate, polyolefin or
hydrocarbons.
Polyol Diisocyanate Chain Extender

HO—R—OH OCN—R—NCO HO—R—OH

——

9
g she g #

Soft Segment Hard Segment

Figure 3.1 - Schematic diagram of polyurethane showing both soft and hard

segments as well as their constituents.

The hard segments and soft segments are immiscible and tend to aggregate into soft
segment-rich domains and hard segment-rich domains. HS domains are rigid and act
as “virtual crosslinkers” to the relatively softer SS domains as shown in Figure 3.2
[167]. Modifying the ratio of HS to SS while keeping the same chemical
intermediates, causes a substantial change in mechanical properties of the resulting
polymer. The same intermediates with 15 -40 wt/wt% HS creates a rubbery
elastomer while a hard load bearing polymer can be formulated with a HS content of
over 65 wt/wt%. This suggests that materials with considerably different mechanical
properties but similar chemical biocompatibility can be manufactured since the same

intermediates are used when formulating the polymers [40].
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Figure 3.2 - Solidified thermoplastic polyurethane showing separation of hard and

soft segments into different phases.

The chemistry of the soft-segment also determines the stability of the resulting
polyurethane. When degradable polyethers such as poly(ethylene oxide) (PEO) or
poly(lactic acid) (PLA) are used in place of the soft segments, the overall structure of
polyurethane degrades rapidly. Rates of degradation can be determined by changing
the molecular weight of the soft segment or by altering the chemistry completely
[169]. The use of degradable polyurethanes and degradable polymers in general is on
the rise since these can degrade in vivo and give way for cells to rebuild their own
extracellular matrix and thus eventually restoring function without the involvement
of an artificial polymer. The main disadvantage of degradable polyurethanes is that
even though the majority of soft segments materials used are known to be
biocompatible, degradation of such polymers also releases the components of both
the di-isocyanate and the chain extenders. The biocompatibility of the materials used
in these components is not completely understood and research is still being
conducted to determine which of these are safe for use in vivo [170]. This has not
halted a number of biomedical products from being manufactured from degradable
polyurethane in numerous applications including cardiovascular [171 — 175],
musculoskeletal [173, 176 — 178] and nerve regeneration [179, 180].
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Table 3.1 demonstrates some of the chemical intermediates used in the manufacture

of thermoplastic polyurethane. With this wide range of possible combinations,

specific polyurethane makeups have to be investigated individually in order to ensure

that the characteristics are representative of the polymer in question.

Component | Type Chemical compound

Poly(ethylene oxide) (PEO) [181]
poly(ether ester) [182]
Poly(propylene oxide) (PPO) [183]
Poly(tetramethylene oxide) (PTMO) [184]
= Poly(caprolactone) (PCL) [185]
£l = Poly(lactic acid) (PLA) [186]
f,?)) E‘ Poly(epsiIon-cap_rolactone) [187]
E Poly(ethylene adipate) (PEA) [188]
n Diamer acid (DA) [189]
Poly(carbonate) (PCU) [190]
Polyisobutylene (PI1B) [191]
Hydroxyl Terminated Polybutadiene (HTPBD) [192]
Poly(dimethylsiloxane) (PDMS) [193]
.| Methylene diphenyl diisocyanate (MDI) [194]
o Aromatic 2,4-toluene diisocyanate (TDI) [194]

I 4,4'-methylene bis(cyclohexyl isocyanate)
5 (HMDI) [192]
§ ) | 1,6- hexamethylene diisocyanate (HDI) [195]
IDI Aliphatic 1,4-butane diisocyanate (BDI) [190]
- Isophorone diisocyanate (IPDI) [187]
é L-lysine ethyl ester diisocyanate (LDI) [196]
5,‘)’ DL-lactic acid and Ethylene glycol (EG) [197]
© 1,2-ethanediol (EG) [198]
£ 8 | pios | LAbutanediol (BD) [199]
g 2-amino-1-butanol (2AB) [185]
w 1,6-hexanediol (HD) [198]
§ Diurea diol [200]
&) Aliphatic diamines [201]
Others | Aromatic diamines [201]
Amino acids [202]

Table 3.1 - Table showing the wide variety of monomers commonly used in the

manufacture of thermoplastic polyurethane adapted from Juan et al. [203].
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3.2.2. Polyurethanes used in this work

A series of medical-grade thermoplastic polyether-urethane — bs™ series (Biomer
Technology Ltd., Runcorn, UK) was provided for use in this project. The polymers
being investigated were a class of chemically-inert, medical-grade
poly(ether) urethanes. The manufacturer states that these polymers are
biocompatible, show low temperature flexibility, a wide dynamic range of hardness

and can be processed in a variety of manufacturing methods.

More specifically, the polyurethane range provided was made up of 6 grades of an
aromatic medical-grade poly(ether) urethanes termed Z1A1, Z3Al1 (Mn - 143,566
Mw - 272,857), Z4Al, Z6Al, Z9Al1 and Z9A1l (Mn - 100KD Mw - 197KD),
composed of 4,40 -diphenylmethane diisocyanate, 1,4 butane diol and polyether diol.
The intermediates used in the formulation of each polymer grade were all the same.
The differences between each grade arise from a change in the hard segment length.
Polymers with lower grade numbers had shorter HS chain lengths and thus create a
difference in the ratio of HS to SS within the polymer. This was established as the
molecular weight was lower in polymers with higher grade numbers. This change in
the ratio of soft to hard segments within the polymers caused a substantial shift of
mechanical properties while maintaining a similar chemistry. Z9A1 was therefore the

hardest material while Z1A1 was the softest material in the range.
3.2.3. Solvents

The solvents used in these experiments were as follows: dimethylformamide (DMF)
(>=99.8 %), dimethylacetamide (DMAC) (99.8%), tetrahydrofuran (THF)
(>=99.9 %) all supplied by Sigma-Aldrich, Poole, UK. These solvents were used
since they are the solvents that are most commonly reported for electrospinning of
polyurethane [204 - 208].
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3.2.4. Preparation of polymer dispersions

Melt-processed polymer beads provided by Biomer Technology Ltd. were weighed
and dried in a vacuum oven at 70 °C for 2 hours in a clean 100 ml glass bottle.
Solvent was then measured and added to the beads in an exhaust fume cabinet, sealed
and agitated over rollers for up to 3 days at room temperature. Solution
concentrations were always calculated as a percentage of weight of polymer per

weight of solvent.

3.3. Solvent-Cast Films

3.3.1. Process overview

Polymers can be processed using a wide variety of techniques that exploit their
chemical, thermal or mechanical behaviours [209]. Solvent-casting is a standard
technique that exploits chemical properties of polymers to produce thin, homogenous

films.

The main prerequisite for the production of solvent-cast films is identifying a volatile
solvent or solvent system that can dissolve the polymer. Once this has been
established, polymer is mixed at a set ratio to the solvent system in a non-reactive,
sealed container and allowed to dissolve over a set period of time. The resulting
solution is then transferred into a non-reactive open container and the solvent
removed by evaporation using an elevated temperature and vacuum. This technique
therefore creates two distinct surfaces, the air interface and the glass interface as
shown in Figure 3.3. These two surfaces have previously been shown to exhibit
different topographical and chemical properties and in turn influence cell adhesion
and proliferation [210]. The solvent-casting process is similar to electrospinning, in
which an initial solution of polymer and solvent is drawn out into a long fibre and the

solvent evolved by a process of evaporation.
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Air Interface Solvent - cast film

' |

v

Glass Interface Petri dish

Figure 3.3 - Schematic diagram of solvent-cast film production highlighting the

two different surfaces.
3.3.2. Vacuum oven

A vacuum oven (Cole Parmer, StableTemp, London, UK) was used in the
manufacture of solvent-cast films. The oven could reach a temperature of 280 °C and
was connected to a vacuum pump that could produce a vacuum of -100 KPa. Fumes
produced during the manufacture of solvent-cast films were safely sealed within the
oven chamber for the duration of the solvent-casting process. Once this was
completed, the air inside the chamber could be pumped out through an exhaust fume

cabinet and circulated with clean air.
3.3.3. Preparation of solvent-cast films

Glass petri dishes with 10 cm diameter were washed in distilled water followed by a
solution of sodium dodecyl sulphate (SDS) (Sigma-Aldrich - UK) in distilled water,
rinsed in ethanol and then wiped dry using a lint-free cloth. At least 15 ml of polymer
solutions was then transferred into the glass petri dishes in an exhaust fume cabinet
to produce films of at least 0.2 mm. Petri dishes were then moved into a vacuum
oven at 65 °C, -80 kPa for a further 2 days in order to ensure that the solvent was

completely evolved as vapour from the sample.
To ensure that solvents dispersed in the vacuum oven were completely removed,

clean air was pumped through a 50 um filter into the chamber and out through an

exhaust fume cabinet. Clean air was then allowed to circulate for at least 2 hours
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before opening the oven door to remove the samples. Thereafter, they were removed
from the petri dish and rinsed in distilled water. The solvent-cast films were then
rinsed in distilled water and cleaned using an ultrasonic cleaner in distilled water for
15 minutes. Samples were then dried using clean compressed air and stored for

subsequent characterisation.

3.4. Electrospinning

Electrospinning is a highly versatile technique used in the manufacture of fibrous
scaffolds for tissue engineering. As outlined in Section 2.2.3, size effects are
predominant on the nano-scale and strain gradient theory suggests that a reduction in
fibre diameter causes an increase in the fibre modulus. Fibrous scaffolds were
therefore investigated as these manifest strain gradient plasticity which could have an

impact on cell mechanotransduction.
3.4.1. Electrospinning principles

One of the most attractive attributes of electrospinning is that it can be set up using
only a few pieces of standard equipment. A syringe is used as a reservoir of the
polymer solution while a high potential DC generator supplies a potential difference
between the polymer solution and a surface used to collect the resulting fibres as
shown in Figure 3.4. Some standard additions to this setup include a separate motor
that rotates the collector and a syringe actuated by a linear motor to maintain a fixed

polymer feed rate [211].

The fibrous mat created on the collector is generally composed of a continuous
nano-fibre arranged in a random manner brought around by the high electrical
instability in the electrospun fibre [212]. A substantial number of variables that
determine the quality of fibres produced can immediately be seen, making the

process highly unpredictable.
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Needle
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Polymer Solution

= High voltage
power supply

Figure 3.4 - lllustration of a basic electrospinning setup
3.4.2. Process description

Electrospinning is initiated by a solution droplet being slowly pumped out of a
needle at a set feed rate. An electric field that is high enough to counteract the
surface tension of the solution is applied causing the droplet to elongate and assume
a cone-like shape. From this “Taylor cone”, a narrow jet of liquid is ejected in the
direction of the electric field potential [213]. The surface area of the jet is then
increased to accommodate the large build-up in charge by producing a thin, long
fibre travelling towards the collector [211, 214]. This jet can then split into two or
more fibres as the radial forces from the charge applied become large enough to
overcome cohesive forces. Due to their similar charge, these resulting smaller jets
repel each other contributing to lateral velocities and chaotic trajectories. Fibres are
also accelerated towards the collector causing them to become thinner and speed up
solvent evaporation [215]. Electrostatic interactions between the externally applied
electric field and the surface charges on the jet cause it to bend rapidly to increase the

surface area, producing a whipping instability region [50, 216, 217].
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3.4.3. Process variables

The morphological properties of the final fibrous mats produced by electrospinning
are highly dependent on a number of variables [218]. Solution-dependent variables
are governed by the solvent system used and the concentration of polymer in the
solution. These two variables influence solution conductivity, viscosity and volatility
of the solvent system used. Process-dependent variables include the solution feed
rate, electric field applied, distance of tip from collector and the rotational speed of
the collector amongst others. Environmental factors are another set of variables that
affect the resulting structure. An increased environmental temperature leads to faster
evaporation of the solvent while a change in atmospheric humidity will make the
resulting fibres thicker or thinner, depending on the chemical nature of the polymer
[219]. Because of this large number of variables, it is very challenging to create a
predictive model that would factor in all these variables and foretell the final
properties of the fibrous mat produced [212, 220].

The general trends resulting from altering certain parameters on the final product are
discussed in the following section. Since no quantitative data is available to help
predict these results, electrospinning is sometimes considered as much an art as it is a

science [50].
3.4.3.1. Polymer concentration

Polymer concentration is typically the dominant factor in electrospinning due to its
direct relationship with solution viscosity. This factor not only determines fibre
diameter but also the stability of the Taylor cone which in turn determines whether
any fibres are produced from the solution. Polymer concentration is considered as the
most important factor affecting fibre diameter, where an increased concentration
generally increases diameter. It is important to note that this relationship is not linear
and that a threshold value of viscosity has to be exceeded for electrospinning to be
possible [50, 221].
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3.4.3.2. Solvent system

Since solvent usually encompasses around 80 % of the solution, the solvent system
used also has a substantial impact on the resulting solution viscosity, conductivity,
surface tension and rate of solidification due to the solvent’s volatility. Changing the
solvent therefore impacts multiple factors that would in turn affect the product’s fibre
diameter [212, 222]. Changing the solvent system usually means that other
parameters, such as the applied potential and polymer concentration, would have to
be changed in order to facilitate electrospinning. This therefore means that it is very
difficult to extrapolate the direct effect the solvent would have on the final
electrospun mesh by formulating experiments where the only variable is the solvent
used [50]. A blend of solvents is sometimes also used in order to take advantage of

certain aspects of each solvent.

Solvent volatility is a very important parameter since solid nanofibres are only
formed when the solvent has completely evaporated from solution. The boiling point
of the solvent together with the tip-to-collector distance determines whether the
solvent is completely evaporated when the fibre reaches the collector. If the solvent
does not evaporate before reaching the collector, wet fibres may fuse and form a
reticular mat as shown in Figure 3.5. On the other hand, if the solvent is too volatile,
the fibres produced usually appear to be wrinkled and instability of the Taylor cone

could cause needle blockages [50].
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3.4.3.3. Collector

The collector geometry does not only affect the general shape of the final fibrous mat
but can also help control fibre diameter and fibre alignment [223]. Stationary metal
plates are the simplest collectors and are also very commonly used. Apart from being
inexpensive and easier to operate, this method is also used when a completely
random and unaligned mesh is required. When a tubular rotating drum is used, the
angular velocity and direction of rotation are another two variables that can be
modified. The direction of rotation together with the height of the needle relative to
the drum can change the resulting morphology of the fibres while rotating the drum
at an angular velocity above a certain threshold results in aligned fibres. A rotating
collector would also increase the rate of evaporation of the solvent and thus changing
the morphology of the fibres [211]. Aligned fibres can also be produced by altering
the shape of the collector. When electrospinning is carried out on two parallel plates,
charged to the same voltage, fibres have been shown to align perpendicularly
between the two plates [224]. As the electrospun fibres approach the plates, fibres

form across the gap due to electrostatic interactions [225].

The collector material is another variable that influences the resulting fibre mesh
with the electrical conductivity of material used being the most important property. If
the material used is not sufficiently conductive, the process could be interrupted with

nanofibres being redirected onto a more conductive surface [212].

3.4.3.4. Applied voltage

The high potential difference between the polymer solution and the collector is the
driving force in electrospinning. The applied voltage has to be high enough to
overcome the surface tension of the solution to form a Taylor cone and initiate the
electrospinning process. In general, increasing the electric field accelerates the fibres
further and leads to smaller diameters as well as encouraging faster solvent
evaporation, yielding drier fibres [226 — 228]. The polarity between the polymer
solution and the collector has also been shown to influence the resulting electrospun

mat. A number of publications have shown the effect of changing electrospinning
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polarity on the resulting fibre morphology [229, 230]. These differences have been
shown to vary depending on the polymer and solvent system used. Ali et al. have
shown substantial changes in fibre diameter, deposition area as well as critical
voltage when electrospinning polyacrylonitrile (PAN) [229]. They demonstrate that a
positively charged needle and a grounded collector produced fibres with smaller
diameters, had a lower critical voltage and an increased deposition area. Kilic et al.
demonstrate that when the needle had a higher voltage when compared to the
collector, thinner and more homogenously distributed fibres were produced when
electrospinning PVA [230]. Tong et al. take this further and investigate whether
changing the polarity used for electrospinning altered cell behaviour on the resulting
scaffolds [231]. They highlight that the different electrospinning polarities result in
either a negatively or a positively charged scaffold and that such charges have been
shown to influence cell behaviour [110, 223]. Tong et al. demonstrate that when the
electrospinning source is negatively charged with respect to the collector, the
response of MC3T3-E1 cells was enhanced in terms of proliferation, alkaline

phosphate activity and mineralization [231].

3.4.3.5. Polymer feed rate

For a stable nano-fibre to be produced, the rate at which solution is made available
for electrospinning should match the rate of removal of solution from the tip. This
means that for a given feed rate, a corresponding voltage needs to be applied.
Increasing the feed rate increases the fibre diameter to a certain extent, after which
wet fibres are formed if the feed rate is too high for a given voltage. When the
polymer feed rate is too low, an unstable Taylor cone is formed that results in a

variation in fibre diameters within the same electrospun mat [46, 227].

3.4.3.6. Tip to collector distance

The distance between the needle tip and the collector defines both the strength of the
electric field on the tip as well as the distance available for the solvent to evaporate
before it reaches the collector [233]. Increasing this distance generally reduces the
resulting fibre diameter, as literature indicates that fibres are continuously being

stretched until they reach the collector [46]. If the gap is too wide, the electric
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potential might not be sufficient to produce a Taylor cone, therefore halting
electrospinning completely. The converse usually leads to wet fibres being deposited
onto the collector producing a network of fused nanofibres [46, 221].

Since these parameters are all interlinked, modifying one parameter does not always
result in a linear response in fibre production. These variables must therefore be
considered collectively and not as separate entities making it difficult to produce a

table that demonstrates what changing one variable does to the resulting fibrous mat.
3.4.4. Electrospinning setup

The potential difference in the electrospinning setup used was provided by two high
voltage power supplies (Brandenburg, Alpha 111, Dudley, UK) that were capable of
producing up to 25,000 V each. One of the power supplies was connected to the
collector which could either be held stable or rotated at a fixed speed up to
3000 RPM. Another high voltage power supply was connected to a needle which was
in turn connected to an infusion pump (Harvard Apparatus, PHD 2000, Kent, UK)
that could deliver polymer at a fixed rate from 0.0001 pl/hr to 220 ml/min as shown
in Figure 3.6. This stationary infusion pump housed the syringe which acted as the
polymer reservoir. The position of the needle could be controlled using a linear
motor across the length of the collector to produce films of a specified length. The
distance between the needle and the collector could be set manually and could not be

altered during electrospinning.

Even though electrical current was highly limited, safety was still a key concern as
the system utilised high voltages and toxic solvents during use. Protective measures
included an insulating cage, an emergency stop button and various sensors that
ensure the safety of the user as described in previous work by Whitton [234]. The rig
itself was designed to slide into an exhaust fume cupboard and could not be operated

if the shutter of the fume cupboard was not completely closed.

The setup allowed two polymer solutions to be electrospun concurrently. This could

be used in a number of applications. The production of a thick scaffold could be sped
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up by electrospinning the same polymer solution via a manifold and multiple
nozzles. The same polymer grade with different solution concentration could be used
to produce scaffolds with two different fibre diameters. Two different grades of
polymer could be electrospun at the same time creating a scaffold with a mix of
nano-mechanical properties but one bulk mechanical property. A resorbable polymer
could be electrospun along alongside a bio-stable polymer allowing for variation in
scaffold porosity. Aligned fibres could also be produced using a parallel plate setup.
This consisted of two parallel plates with a variable distance from each other, both
connected to the same voltage. With all these systems in place, the electrospinning

rig was very versatile while being safe to operate.
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Figure 3.6 - Photograph of electrospinning rig: 1) Needle; 2) Collector;
3) Infusion pump; 4) Syringe; 5) Emergency stop button; 6) Security key;

7) Power supplies.
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3.4.5. Preparation of electrospun mats

3.4.5.1. Electrospinning of Z1A1l

The polymer with the lowest bulk modulus, Z1A1, was electrospun using an iterative
method to determine the range of electrospinning parameters that produced mats with
least defects. In order to investigate the reproducibility of the electrospinning
technique under similar conditions, five samples were produced consecutively using
the same parameters. Z1A1l samples were successfully produced from solutions of
8 wt/wt % Z1A1l in DMF. All five samples were produced at a fixed potential
difference of 15 kV and a tip to collector distance of 15 cm. The polymer feed rate
was kept constant at 0.38 ml/hr. The collector used was an 8 mm stainless steel rod
that was spun at 1000 RPM to manufacture a tubular scaffold that was later split
across its length to produce a rectangular scaffold allowing for easy removal of the
sample. Traverse movement was limited to 15 cm to reduce variations in the final

scaffold. Samples were imaged and stored at 20 °C +/- 5 °C in aluminium foil.

In order to produce electrospun mats with different nano-mechanical properties,
samples were produced from the same material (Z1A1) but with a different fibre
diameter distribution. To accomplish this, a new set of parameters that produced
homogenous electrospun mats with a low number of imperfections had to be
established. A solution of 7 wt/wt % Z1A1 in DMF was used with a fixed voltage
difference of 18 kV and a tip to collector distance of 15 cm. The polymer feed rate
was kept constant at 0.5 ml/hr. A further set of samples was manufactured with
smaller fibre diameter distributions from a 5 wt/wt% solution of Z1Al in DMF with
a fixed voltage difference of 18 kV and a tip to collector distance of 15 cm. The

polymer feed rate was kept constant at 0.5 ml/hr.

Electrospinning of polyurethane was carried out with high potential on the polymer
solution when compared to the collector. Publications reporting electrospinning of
polyurethane all describe using this polarity [205 — 207, 235 — 239]. When

attempted, electrospinning of defect free films with the opposite polarity was not
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successful. An investigation into this observation was not pursued as it was beyond

the scope of this study.
3.4.5.2. Electrospinning of Z6A1

Electrospun mats were then manufactured from Z6AL1 in an attempt to manufacture
scaffolds with different mechanical properties while maintaining a similar fibre
diameter distribution. After an iterative process to determine parameters that
produced a homogenous mat, a solution of 17 wt/wt % of Z6A1 in DMF was used in
order to obtain a solution with similar viscosity to Z1A1 solutions. A fixed voltage of
20 kV was used at a tip to collector distance of 18 cm and the polymer feed rate was

kept constant at 0.5 ml/hr,
3.4.5.3. Electrospinning of PCL

To manufacture electrospun mats from a resorbable material, polycaprolactone (PCL,
M, 80,000, Sigma-Aldrich) was used. After an iterative process, defect free mats
were manufactured from a 10 wt/wt % solution in DMF:chloroform 1:9. A distance

of 15 cm, a voltage of 20 kV and a constant polymer feed rate of 0.5 ml/hr was used.
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3.4.5.4. Summary

In summary, seven different sets of parameters were used to electrospin samples for

the purposes of these experiments as shown in Table 3.2.

. Potential . Flow
polymer Solvent Concentration difference Distance Rate
(wt/wt %) (kV) (cm) | (ml/hr)

a) Z1Al DMF 12 20 15 0.4
b) Z1A1 DMF 8 15 15 0.38
c) Z1A1 DMF 7 18 15 0.5
d) Z1A1 DMF 5 18 15 0.5
e) Z6Al DMF 17 20 18 0.5
f) Z6Al DMF 15 15 13 0.4
9) PCL Chl[;':g]fc;rm 10 20 15 0.5

Table 3.2 - Table showing different electrospinning parameters used to produce
both Z1A1 and Z6A1 samples.

3.4.5.5. Dual spinning of Z1A1 and Z6Al

In order to demonstrate the possibility of having a single electrospun mat
manufactured from the Biomer bg™ polyether-urethane range with two different
nano-mechanical properties, dual spinning was used. Since Z1A1 had a wider range
of parameters which successfully produced electrospun fibres, electrospinning of
both polymers simultaneously was performed by first electrospinning Z6A1 and
finding a solution of Z1A1 that electrospun at the same parameters while producing
fibres of similar size. After a number of iterations, it was concluded that it was not
possible to achieve this goal without adding THF to the Z6Al solution. THF
considerably increased the ease at which electrospun fibres were produced from
Z6A1 and a wider selection of fibre diameters was made available even when added

in small quantities.
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Polymer dispersions of both Z1A1l and Z6Al were made following standard
procedures described in Section 3.3.3. For Z1A1, a solution of 8 wt/wt% in DMF
was prepared while a solution of 15 wt/wt% in 70:30 DMF:THF was prepared for
Z6ALl. Initially, both polymers were processed alone. Z1A1l spun successfully at
15 kV and 20 kV with tip to collector distances between 12 cm and 17 cm and a feed
rate of around 0.5 ml/hr. Z6A1 spun at 12 kV — 20 kV, tip to collector distance
between 12 cm and 15 cm and feed rates of around 0.3 ml/hour. Both solutions spun
simultaneously with few imperfections at 22 kV, 14 cm tip to collector distance at a
feed rate of 0.2 ml/hr. The two nozzles were moved in traverse to the collector
producing areas with fibrous meshes consisting of the individual polymers and areas

that overlapped and consisted of a mix of Z1A1 and Z6A1 nano-fibres as shown in

Figure 3.7.
Collector
Z1A1 fibres Mixed fibres Z6A1 fibres
Traverse
Z1A1 polymer solution Z6A1 polymer solution

Figure 3.7 - lllustration of the dual spinning setup.
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3.5. Topographical Characterisation

3.5.1. Topographical characterisation by scanning electron

microscopy

In order to investigate topographical characteristics on the micro-scale, scanning
electron microscopy (SEM) was used as this provided relatively quick and reliable
characterisation on the scales of interest. The basic principles in SEM involve an
electron gun that produces an electron beam which is accelerated down a column
towards a specimen. When this focused beam reaches the specimen, amongst other
interactions, secondary electrons are knocked loose from the surface of the sample.
The electron beam is rastered across the surface and the intensity of these secondary
electrons is detected. To ensure that the electron beam interacts with the sample
rather than air, the process has to take place inside a partial vacuum. Samples must
also be conductive but since the electron beam only interacts with the surface of the
sample, a thin conductive layer can be deposited on the specimen by a process of

sputter coating.
3.5.1.1. Scanning electron microscope

A table-top scanning electron microscope (SEM, Hitachi TM1000, Krefeld,
Germany) was used to obtain surface images on the micro-scale and is shown in
Figure 3.8. Since electrospinning relies on a considerable number of variables, an
iterative process was used to produce films with low defects and to a required fibre
specification. The Hitachi TM1000 was suited for this process as very little sample
preparation was required and an image could be acquired within minutes, and thus
facilitating the acquisition of correct electrospinning parameters. This SEM had a
fixed accelerating voltage at 15 kV and allowed for magnifications from x100 up to
x10,000. The sample chamber could accommodate samples of up to 70 mm in

diameter while the movement range was set at 15 mm x 18 mm.
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A sputter coater was used to deposit a thin film of gold on the sample. This prevents
charge build-up on the sample as well as increasing the signal to noise ratio and thus

resulting in a sharper image with higher contrast.

Figure 3.8 - Photograph of the scanning electron microscope - Hitachi TM-1000

3.5.1.2. Fibre diameter distribution calculation

Electrospun samples were gold-coated using the sputter coater to increase their
conductivity. The equipment manual stipulated that the thickness of the coating can

be calculated using Equation 3.1.

d=1xV xt xk [3.1]

Where: d s the thickness of the film in Angstroms
I isthe reading in current in milliamps on the meter
is the voltage used in kilovolts

is the time of the discharge in minutes

~ 4 <L

is a constant which is 5 for argon and 2 for nitrogen and air.
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Samples from electrospun specimens were mounted onto an SEM sample holder
using conductive tape. Samples were sputter coated in argon five times in bursts of
15 second each at 20 mA and 1.2 kV to avoid overheating and melting the fibres.
Using this procedure a coating thickness of approximately 150 Angstroms was

deposited onto each specimen.

Samples were then mounted into the Hitatchi TM-1000 SEM for imaging.
Representative images were obtained at various magnifications and in various
locations across the sample. The standard procedure of measuring fibre diameter
distribution within an image has traditionally involved manual selection and
measurement from SEM micrographs by using line tools in image analysis software
such as ImageJ. This technique was however slow and open to operator bias. Fibres
with diameters smaller or larger than those expected might be avoided by the
operator and thus creating a fibre diameter distribution that was not representative of
the actual scaffold. To avoid this, images were loaded onto the image analysis
software ImageJ and a fibre diameter distribution from each image was obtained
using the extension DiameterJ. This tool was used as it was a validated nanofiber
diameter characterisation tool that was able to locate fibres as well as analyse their
diameters at every pixel along their length [240]. Images are first transformed into
binary black or white images by thresholding and a selection of eight images with
different thresholding parameters presented to the user. The user then selects the
most appropriate threshold image and the centreline of each fibre was determined
automatically as illustrated in Figure 3.9. The areas where fibres intersect are
removed to avoid artificially increasing fibre diameter measurements. This was then
followed by a calculation of the distance between the centrelines and the edges of
each fibre. A table showing fibre radii (in pixels) and their occurrence was then
automatically populated. This was then converted to fibre diameter (in um) using the
defined pixel size at the set magnification. When comparing to manual
measurements, Hotaling et al. conclude that Diameter] provides an efficient,

unbiased and accurate way to calculate fibre diameters in electrospun mats [240].
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Binary image Centreline calculation

x10k 10 um

Original Image

Figure 3.9 - Different steps involved in DiameterJ processing to obtain fibre
diameter distribution. The original image is transformed into a binary image
(black has been removed from this image for easier comparison). The centreline
of each fibre is then calculated and areas of intersection removed to avoid

artificially increasing fibre diameter measurements.

In order to obtain a representative fibre diameter distribution, samples were taken at
five different locations across each specimen and at three SEM micrographs obtained
at each location at x10,000. Fibre diameter distribution was then calculated using
DiameterJ for each micrograph individually. Fibre diameter occurrence from all
images per location was then pooled together to create an averaged fibre diameter
distribution for each location as shown in Figure 3.10. To avoid presentation of data
for each pixel length, fibre diameters were binned into 0.1 um bins across the whole
range of fibre diameter. As the number of points analysed was not limited, data was

then normalised for ease of presentation.
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Figure 3.10 - Representation of how fibre diameter distribution was calculated for
electrospun specimens. Five samples were taken from each specimen at different
locations. Three SEM micrographs were obtained for each sample and their fibre
diameter distribution. Data from each image was then pooled together to obtain a

final fibre diameter distribution representative of the sample location.
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The resulting mean fibre diameter was calculated using the standard mathematical

calculation:

2(fx) [3.2]
Xf

X =

Where X =mean
f = frequency

X = bin midpoint

Standard deviation o was then calculated using:

_ Fra-»? [3.3]
o= " 37

Fibre diameter was always presented as mean + standard deviation.

3.5.2. Topographical characterisation by AFM

3.5.2.1. Atomic force microscopy

The atomic force microscope (AFM) was developed in 1985 by Binning, Quate and
Gerber and was made commercially available in 1989 [241]. An accurate,
three-dimensional representation of the surface can be produced from a vast range of
surfaces including metals, polymers, composites and biological samples. Images can
also be obtained in air at standard temperature and pressure or while submerged in a

liquid, unlike electron microscopes which require a partial vacuum [64, 242].
3.5.2.2. Working principles

Atomic force microscopes generate images from a sample surface by moving a probe
over the surface in a raster manner. As the sample moves, the probe records the
height change in the surface and an image of the surface is slowly built up [64, 243].
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Figure 3.11 - Schematic diagram showing AFM basic operation principle.

Atomic force microscopes use a cantilever usually made out of silicon or silicon
nitride with a tip of only a few nanometers in diameters at the far end of the
cantilever. A laser is aimed onto the cantilever and a photodetector tracks any
movement brought around by a change in height of the sample surface [244, 245].
The operator can adjust feedback controls that attempt to maintain a constant force
between the cantilever and the surface by adjusting the height of the cantilever
relative to the sample. This is done in order to minimise the deflection of the tip and
to increase the accuracy of the final image. The data obtained from the photodetector
is manipulated by computer software to build up a three-dimensional image of the
surface [246].

3.5.2.3. Imaging methods

In an ideal environment, when the cantilever is relatively far away from the surface,
no force is detected (Figure 3.12 a). As the cantilever approaches the surfaces,
van der Walls forces attract the cantilever towards the surface when the distance is
on the scale of a few tens of angstroms (Figure 3.12 b). If the cantilever is brought
further towards the surface, repulsive forces take over and increase asymptotically as
distance between the cantilever and surface is reduced (Figure 3.12 c). AFM imaging
can be carried out in both repulsive and attractive regimes and is usually separated

into two major modes of operation: contact mode and tapping mode.
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Figure 3.12 — Ideal representation of tip-sample force curve.
Contact mode

This mode is the primary mode of operation in AFM as it requires less control when
compared to tapping mode. The tip is maintained in the repulsive region by moving
the cantilever close to the surface. A feedback loop is used to maintain a constant
force on the cantilever by adjusting the height of the sample while the sample is
moved in a raster manner [247]. The spring constant of the cantilever has to be
sufficiently lower than that of the surface to allow the cantilever to bend rather than
the surface. In very soft samples, the nano-scale forces applied between the surface
and the cantilever can sometimes be enough to alter the sample surface [243]. This
mode is also useful in surface analysis of samples submerged in a liquid as constant

“contact” is kept with the surface.
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Lateral force microscopy

When operating in contact mode, deflections in vertical direction are translated into
topographical information. The frictional coefficient of the surface causes deflections
in the horizontal direction and these are used in lateral force microscopy (LFM)
together with cantilever’s lateral spring constant to map the frictional coefficient of
the surface being investigated [248]. LFM is therefore useful for studying
heterogeneous compounds on the same surfaces. Unlike contact imaging, LFM
requires a four-quadrant photodetector since both the horizontal and vertical
deflections have to be monitored simultaneously as illustrated in Figure 3.13 [249].
This means that topographical images can be overlaid with frictional force data for
better analysis since topographical features will inevitably also produce changes in
the lateral signal.

Lateral Component

Vertical I

Component v..

Figure 3.13 - Illustration of LFM and four quadrant photodetector

Tapping mode

In tapping mode, the cantilever is oscillated at its natural frequency using a further
piezoelectric element. The cantilever is kept in intermittent contact with the surface
and a feedback loop works to maintain constant oscillation amplitude, and hence
force, between the surface and the sample. A system is also put in place that monitors
changes in the amplitude due to the van der Waals forces that the surface has on the
tip [243]. This method is therefore useful when imaging soft biological samples or
samples that are loosely held on the substrate as lateral forces are virtually eliminated
[246].
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Intermittent contact AFM therefore encompasses two distinct frequencies.
Piezoelectric components drive the cantilever to vibrate at a set frequency and
amplitude, while laser optics monitors the actual vibration characteristics adopted by

the cantilever as shown in Figure 3.14.
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Figure 3.14 - Schematic diagram showing differences in phase readings when
scanning surfaces of different surface properties even though there is no change in

topography.

Changes in the oscillation amplitude are used to measure topographic variation in the
sample and can build up a topographical image of the surface being scanned. The
difference in phase between the piezoelectric drive signal and the actual cantilever
oscillation is also monitored and is sensitive to variations in surface material
properties [250]. The difference in phase angle is known as the phase shift and the
images recording these phase shifts during tapping mode are called phase contrast
images. A number of publications link changes in phase to surface adhesion [251],
mechanical properties [252] and charge [253] but it was shown that phase shift alone
cannot be used to quantify these differences [254]. Phase changes can be considered
as a measure of the energy dissipation between the tip and the sample and therefore
depends on a number of factors including the surface properties mentioned earlier as

well as the contact area [64]. As the contact area is also dependant on topographical
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features, these can indirectly affect the phase reading and appear as a change in phase
when no changes in surface properties are present. Topographical data is therefore
sometimes “leaked” into the phase contrast image causing ambiguous interpretation.
This is usually avoided by overlaying phase images onto topographical images. The
phase image produced by AFM software has the same resolution as the topography
image. The former is usually used as a contrast enhancement as it highlights edges
and is usually not affected by relatively large height differences. Phase imaging is
useful when analysing bi-phasic materials as different domains that are usually
undetected by conventional topographical analysis can be revealed in the phase
image [250, 255].

3.5.2.4. AFM artefacts

All scientific measurement instruments are susceptible to undesirable artefacts that
are generated during one of the many stages of data collection and manipulation.
Since AFM involves a complex setup that comprises of both mechanical and
electronic components, it is important to understand the data that is produced so as
not to misinterpret the results obtained [243, 245].

Vibrations

A common source of artefact in AFM is vibration from an external source that causes
the cantilever in the microscope to vibrate at an undesired frequency. Acoustic
vibration is a common source of artefacts and is usually minimised by having the
equipment in a sound-proof chamber. Buildings usually vibrate a very low frequency
over a distance of several microns. To counteract this issue, AFMs are usually
installed on a lower floor towards the core of the building. Active vibration isolation
tables are also sometimes installed in order to reduce vibrations originating from

nearby sources [256].

Probe artefacts

One of the main causes of artefacts in atomic force microscopy is the cantilever tip

used. Since this is a physical object with a finite tip diameter and shape, the AFM
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image will not always reflect the true shape of the sample surface being scanned. A
convolution of the probe geometry and the shape of the features being imaged is
usually presented to the user caused by mechanisms shown in Figure 3.15. The size
of these artefacts is only important when the size of the feature being scanned has a
similar size to the cantilever tip diameter [257]. Typical probes have a tip diameter of
around 10 nm but probes with tips that are made of carbon nanotubes or tungsten

spikes with tips of 2 nm in diameter are commercially available [247].

Figure 3.15 - When the AFM tip moves over a fibre or sphere attached to the
surface, the data obtained would show broadening of the features in the final
image (left). When the probe moves into a pore, the width of the probe does not
allow for an accurate scan of the feature, resulting in a convoluted and narrower
image (right). [256]

Cantilevers are commonly made out of silicon nitride making them fragile and easily
chipped during normal use. This changes the convolution between the tip and the

surface since a new tip shape would be produced [256].
Other common artefacts

A common artefact in atomic force microscopes is the angle between the probe and
the surface. This angle is determined both by the angle at which the cantilever is
mounted in the holder as well as the angle of the sample. Electrostatic surface charge
can also build up on non-conductive surfaces altering the image obtained. This is
usually solved by grounding both conductive and non-conductive samples to
eliminate the build-up of charge [244, 257, 258].
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3.5.2.5. Atomic force microscope

A stand-alone AFM (Asylum Research, Bio-MFP-3D, Santa Barbara, CA, USA) was
used for analysis of various samples on a micro- to nano-meter scale. Imaging could
be done both in contact and in tapping mode, in air or submerged in liquid. An
inbuilt optical camera could also be used to locate desirable positions for the AFM to
scan while giving the option to image both from the top and bottom for translucent
samples. As well as surface imaging, this AFM could be used in Force Mode where
the sample’s nano-mechanical properties could be determined by means of
indentation. A Class | laser system was used to accurately monitor any movements of
the cantilever for precise measurements of the cantilever position. The system uses
accurate piezoelectrics to measure exact positions and automatically corrects for
hysteresis and creep. The AFM stage allowed for a 90 um x 90 um X-Y scan size
with an average deviation of 0.5 nm. The Z travel range was limited to 12 um with a
lower average deviation of 0.06 nm allowing for accurate measurement of forces.
The proprietary software provides complete control over the AFM and various
additional features that make the system highly versatile and adaptable. To avoid
unwanted noise while obtaining measurements, a vibration isolation table was used

along with an acoustic isolation enclosure as shown in Figure 3.16.

Figure 3.16 - Photograph of the AFM on a vibration isolation table inside an
acoustic chamber. 1) AFM head; 2) Movement table; 3) Light source and
camera controls; 4) Vibration isolation table; 5) Acoustic enclosure.
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3.5.2.6. Measurement of surface roughness

The surface morphology of solvent-cast films was investigated using the Asylum
Research MFP-3D AFM. Topographical images were obtained in contact mode
using AR-iDrive-NO1 L tips with low modulus for increased sensitivity. Unless
otherwise specified, all scans were 50 um x 50 um at 0.5 Hz with 256 points and
lines which allowed for a good compromise between scan time and image quality.
Images were then flattened in both X and Y axis in order to reduce alignment
artifacts and roughness Rrms was recorded from each image. Three images were

obtained per sample and a mean and standard deviation of roughness was calculated.

3.5.2.7. Phase imaging of solvent-cast films

In order to investigate whether the different polymer micro-phases can be resolved,
the Asylum Research MFP-3D AFM was used in intermittent contact mode using an
AC 160TS cantilever. Using this setup, a phase image that reveals changes in surface
properties was obtained. To better interpret the results obtained, the phase image was
overlaid onto height data resulting in an image where the three-dimensional height
indicates the changes in height of the surface whereas changes in phase are indicated
by colour mapping. Images of various sizes were obtained at a number of locations

but a minimum of 256 points and lines was maintained to preserve image quality.

3.5.2.8. AFM imaging of electrospun mats

The surface topography of the resulting electrospun mats was investigated using the
Asylum Research MFP-3D AFM. Topographical images were obtained both in
contact mode and in intermittent contact mode. Contact mode images were obtained
using BL-TR400PB — L tips with low modulus for increased sensitivity while
intermittent contact imaging was performed using AC 160TS cantilevers. These
cantilevers were stiffer than the former making them more suitable for intermittent
imaging. Images of various sizes were obtained at a number of locations but a

minimum of 256 points and lines was maintained for an increased image quality.
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3.6. Macro-mechanical Characterisation

3.6.1. Vertical load frame system

The load frame system (Bose, Electroforce 3200, Eden Prairie, MN, USA) was used
to evaluate the bulk mechanical properties of samples manufactured for use in this
project. This system was set up for testing of soft materials with force transducers
ranging from a maximum of 450 N to 22 N. A large selection of clamps was
available to perform a variety of tests on samples with different requirements. The
tests could be performed in dry conditions or submerged in a heated saline bath to
mimic the environment required. The included software allowed the user to define a

series of test conditions while recording the resulting forces.

Figure 3.17 - Photograph of the Bose Electroforce 3200 load frame system

3.6.2. Bulk mechanical characterisation

Three samples were obtained from each specimen to be tested. The nominal
dimensions of each sample were 5 mm x 30 mm whereas the actual dimensions were
later assessed individually. The actual width of each sample was measured using an

upright microscope with digital position readout. This was accomplished by
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obtaining three relative x- and y- coordinate readings from the two sides of the
sample followed by a simple trigonometric calculation to obtain the width of each
sample. This technique eliminated the possibility for the sample buckling under the
compression of Vernier callipers. The thickness of solvent-cast films was measured
directly using a micrometer screw gauge while the thickness of electrospun mats had
to be measured indirectly as these could easily be compressed if the same technique
was used. Each sample was mounted vertically in a scanning electron microscope
and the mean thickness was measured from four different positions using ImageJ.

The distance between the grips determined the sample gauge length and was
accurately measured using Vernier callipers. Each sample was tested using the Bose
Electroforce 3200 set up for tensile testing. Samples were subjected to 5 % strain to
ensure no plastic deformation. The tensile modulus was calculated from the gradient
of the stress-strain loading curve between 20 % and 80 % of the maximum stress.
The mean modulus for each sample was then calculated from three loading cycles

performed on each sample.

x1.0k 100 um

Figure 3.18 - SEM micrograph showing the cross-section of a fibrous scaffold

used to calculate sample thickness
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3.7. Nano-mechanical Characterisation

3.7.1. Nano-indentation

Mechanical indentation is a versatile technique used to investigate compressive
mechanical behaviour of materials by loading samples under investigation with a
known force and measuring the resulting deformation. Traditionally, indentation tests
investigated plastic behaviour and involved a single fixed load on an indenter with
defined geometry. This, then results in a permanent imprint on the surface which
could either be measured using conventional techniques or using microscopy,
depending on which scale was being investigated. Advances in this technology have
meant that indentation can now be carried out to specific forces or displacements
while being measured over the entire loading and unloading cycle. Nano-indentation
has been made possible with the development of transducers sensitive down to the
nano-scale, thus enabling the analysis of mechanical behaviour of materials micro-

and submicro-metre range.

Nano-indentation is considered as one of the most convenient methods of the
nano-mechanical characterisation techniques. Systems which control displacement
and forces applied from the sub-micron to the micron scale are readily available,

thereby allowing the surface compliance and stiffness to be measured [86].

Sample preparation is minimal; the main requirement being that the surfaces being
tested is flat on the corresponding scale [259]. Samples should also be mounted on a
relatively hard surface and the thickness of the sample has to be at least 10 times that
of the depths of indents performed. Nano-indentation can also be performed using

different loading conditions, dwell times and indenter tip shapes.

Indenter tips are usually made of materials such as fused silica or diamond as these
have a much greater stiffness than the sample being indented. The overall indenter
tip shape as well as the specific tip geometry has a substantial influence on the
resulting measurements. Spherical geometries generally have a radius of curvature on

the range of a few millimeters, making it difficult to investigate localised changes in
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nano-mechanical properties. Three-sided pyramidal tips are relatively easy to
manufacture, and are commonly used on metals, polymers and stiff biological
materials. The angle that the faces make relative to a normal plane can be customised
depending on the requirements of the experiment. Shallow angles result in sharp tips
that might tear nanostructures within the sample rather than deform them elastically
while giving rise to an elevated amount of stress concentrations. On the other hand,
larger angles might result in problems similar to those experienced with spherical
tips. Berkovich tips and cubed corner tips are two examples of three-sided pyramidal
tips with a defined open angle at 65.3° and 35.3° respectively. Berkovich is the most
common tip shape. Its steep angle minimises the influence of friction and makes it
difficult to damage [260, 261].

Nano-indentation is usually carried out using a dedicated system with force and
displacement transducers perpendicular to the surface, however, such calculations
can be carried out using atomic force microscopy. In AFM, the position of the probe
can be accurately controlled while the relative position of the cantilever is recorded
by means of a laser as explained in Section 3.5.2.1. The nominal mechanical
properties of the cantilever are usually provided by the manufacturer as the shape and
material used are known but, the actual values within a batch of probes usually varies
considerably. Actual values of cantilever spring constants can easily be calculated by
lowering the probe over a rigid surface such as fused silca and measuring the
displacement of the cantilever [262, 263].

With a priori knowledge of these variables, nano-indentation can be carried out
using AFM at specific locations after an image of the surface is obtained. The main
advantage of AFM nano-indentation is that the degree of indentations can be
controlled according to which cantilever probe is used. Stiff cantilevers can be used
to nano-indent stiffer materials successfully while the deflection for a given force
might not be enough if softer materials are indented. Soft cantilevers can be used for
relatively soft materials, whereas indenting harder materials would result in a large

cantilever deflection with very low indentation.
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Different cantilevers have different tip geometries thus preventing direct comparison
on data obtained from indentations performed from two different cantilevers.
Cantilever tips are also very susceptible to damage and wear during use in surface
imaging which changes the tip shape and the resonant frequency. This, together with
the fact that the original tip geometry of every cantilever cannot be accurately
characterised, makes AFM nano-indentation an unreliable technique to collect
absolute measurements of sample mechanical properties when compared to

Berkovich tip indentation.

Another factor affecting nano-indentation is the water condensation present on all
surfaces exposed to water vapour present in the atmosphere. Capillary action
between the AFM tip and the sample being tested causes adhesion which becomes
more significant as the forces being applied are reduced to the nano-newton scale.
Chambers with controlled atmospheres are sometimes used to counteract this
problem when extremely low force nano-indentation is being performed. As
previously explained in Section 2.2.3 the smaller the indentation depth, the more
predominant size effects become, making it more challenging to obtain reliable data.

3.7.1.1. Models of indentation

Conventional indentation of metal surfaces involves measuring the resulting plastic
deformation made by the indenter on the surface. Doerner and Nix (1986) [264]
developed the first method for interpreting data from depth-sensing indentation
instruments to calculate a value of Young’s modulus as well as a value for hardness

from indentations to depths less than a micron.

Oliver and Pharr (1992) [265] developed what has become the most cited analysis
technique through advancing Hertz’s [266] contact theory by linking Sneddon’s
relationship [267] which describes the relationship between unloading contact
stiffness, contact area and elastic modulus. The Oliver-Pharr model is used in
conjunction with sensitive displacement and force sensors that collect data
continuously while indentations are performed. The model is then applied to the

unloading curve as it assumes pure elastic recovery.
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Figure 3.19 - Schematic diagram showing original, loaded and unloaded surface
indicating that measurements made from unloading are purely elastic. Reproduced
from Oliver et al. [268].

Figure 3.20 illustrates a typical loading and unloading curve obtained from a single
indentation. The important parameters obtained from this curve are the maximum
load, maximum displacement, the elastic unloading stiffness dP/dH and the final
depth after the indenter is fully unloaded [268].

loading

Load, P

unloading

N
Displacement, h
Figure 3.20 - Loading and unloading curves in nano-indentation Reproduced
from Oliver et al. [268]
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The contact area relative to the depth of indent can be calculated since the
geometrical shape of the tip is well-defined. The Oliver-Pharr method calculates a

value for Young’s modulus using the gradient at the maximum contact depth:

_ar [2.1]
5= dh

The effective modulus E, ¢ was found by:

o Vm [2.2]
Ejr =S i

Where A is theoretical predicted the contact area at the contact depth for a fixed
indenter shape.

Ezr is the compound modulus of both the specimen and the indenter as both are
assumed to deform.

The Young’s modulus of the specimen E is found using:

1 _(a- vz)Jr (1- v) [2.3]
Eors E E,

Where: v is the Poisson’s ratio of the specimen
Vi is the Poisson’s ratio of the indenter

Eiis the Young’s Modulus of the indenter

One of the assumptions in nano-indentation is that the material deforms linearly
around the indentation tip. In some occasions, the material piles up thus considerably
increasing the actual contact area leading to an artificial increase in the Young’s

modulus calculated [265].

(b) IF

Sink-in (h,<h,,,)

Pile-up (h,>h,,.)

Figure 3.21 - lllustrations of the two modes of indentation: sink-in vs pile-up
Reproduced from Oliver et al [265].
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3.7.2. Apparatus - dedicated nano-indenter

The nano-mechanical properties of solvent-cast polyurethane films were investigated
using a nano-indentation system (Asylum Research, MFP Nanolndenter, Santa
Barbara, CA, USA). This system used the same vibration and acoustic isolation
systems as the AFM described in Section 3.5.2.5. A separate optical camera was used
to allow for imaging of the sample and indenter simultaneously. The system allowed
for a maximum load of 4 mN with a Z-travel range of 12 ym. The following
nano-indenter tip geometries were available: a Berkovich tip, a cube corner tip and a
diamond flat punch. The accompanying software facilitated analysis with tools such
as inbuilt options for Hertz and Oliver-Pharr calculations as outlined in
Section 3.7.1.1.

3.7.3. Indentation of solvent-cast films wusing the dedicated

nano-indenter

Standard calibration procedures were performed before testing was initiated to
confirm the accuracy of the data obtained subsequently. The thickness of each
sample was substantially higher than 10 times the maximum indentation depth in
order to avoid substrate effects during testing [269]. Samples were mounted onto a
glass slide using two-part epoxy resin in order to create a rigid bond and to avoid
movement during testing. Unless otherwise stated, indentations were carried out on

the glass interface.

Indentation was carried out using a dedicated nano-indenter with a fused silica
Berkovich tip to a specified depth. The rate of indentation was kept constant
throughout all the experiments performed. The surface approach speed, the
indentation rate and the rate of retraction chosen were 100 nm/second as this
produced a satisfactory compromise between indentation data resolution and
indentation time. The Oliver-Pharr method was used to determine the elastic moduli
of the samples by taking the first 40 % of the retraction curve and a standard

Berkovich contact area function was assumed.
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3.7.4. Nano-indentation of solvent-cast films using AFM

AFM nano-indentation was carried out using the MFP-3D AFM and
BL-TR400PG-L cantilevers for nano-indentation. Standard calibration techniques

were used and a real value for cantilever stiffness was obtained.

Samples were fixed onto a glass slide using epoxy resin to avoid sample movement
during testing. Indentations were then performed at a fixed rate of 100 nm/second to
specified depths. An area of 90 um x 90 um was indented 100 times in a raster
manner shown in Figure 3.22a. Moduli from each indent were calculated using
Oliver-Pharr from the first 40 % of the retraction curve and a conical tip shape with
nominal tip radius was used for contact area measurements. A graph of modulus and
location was plotted as shown in Figure 3.22b. Moduli were then split into 25 bins
across the whole range and Gaussian curve fitting was applied as shown in
Figure 3.22c. This process was performed automatically by the AFM software and
was only used when multiple indentations were performed in the same area using
AFM. The mean and standard deviation was then derived from the resulting

distributions.
3.7.5. Nano-indentation of electrospun fibres using AFM

Indenting specific fibres could only be performed using AFM nano-indentation.
Using AFM, the centre of an individual fibre could be located by imaging the surface
before indenting. Since the surface area of a Berkovich tip was large relative to the
morphology of the surface features, indenting such films using a Berkovich tip,
would also mean that more than one fibre would make contact with the tip surface at
the same time contributing to artefact. After electrospinning a thin film of polymer
onto aluminium foil, the AFM was used to locate individual fibres attached directly
on the aluminium foil. This was performed in an attempt to ensure that the derived
quantities (effective modulus) were based on the nano-indentation of a single fibre
rather than the compound effect of nano-indentation and the movement of the
electrospun mesh as a whole. Fibres were scanned in intermittent contact mode using

an AC 160TS cantilever to determine the precise point of indentation. These were
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then carried out using the AFM probe to a fixed cantilever displacement of 200 nm.
Oliver-Pharr was then used to calculate the modulus for each indent from the first

40 % of the retraction curve.
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Figure 3.22 - a) Graph obtained from one indent at 350 nm on Z6A1, b) Grid of
10 x 10 indents showing variation of modulus calculated of a 90 um square at
one indentation depth, c) Bar chart showing distribution of moduli overlaid by

a Gaussian distribution curve
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3.8. Thermal characterisation

3.8.1. Differential scanning calorimetry

Differential scanning calorimetry (DSC) is a technique used for direct measurement
of a sample’s specific heat capacity and how this varies with a change in
temperature. A sample of known mass is heated at a fixed rate and changes in heat
flow are tracked as changes in the material heat capacity. This therefore allows for
the detection of various thermal transitions such as phase changes, material curing

temperatures, glass transition temperatures and melting temperatures [270 — 272].

The working principal of this technique involves a closed feedback loop that tries to
maintain the sample at a set temperature while measuring the power needed to do
this against a reference sample with known thermal properties. The rate at which the
sample is heated can therefore be controlled precisely allowing for accurate enthalpy
and heat capacity measurements. Figure 3.23 shows a typical DSC graph with
temperature on the x-axis and heat flow on the y-axis. During testing, endothermic
peaks are formed when the test sample absorbs more heat, making it cooler than the
reference and thus causing a downward-facing peak. The converse is true when

exothermic events occur, leading to a positive-pointing peak [271].

exotherm
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Figure 3.23 - Typical DSC thermogram

77



DSC therefore has uses in a wide array of applications with polymer processing
being one of the major fields. The main observations to be made when polymers are
tested using DSC are glass transition and melting temperatures, both seen as

endothermic peaks and crystallisation temperatures seen as exothermic peaks.
3.8.2. Apparatus - differential scanning calorimeter

A DSC (Mettler DSC822¢, Columbus OH, USA) was used for thermal analysis. This
DSC had temperature range of -150 °C to 700 °C while maintaining high temperature
accuracy at +0.2°C. The operation of DSC involves measuring and recording
difference between heat flows to and from (endothermic vs exothermic reactions) a

given sample and to a reference crucible.
3.8.3. Methodology

The mass of each sample was recorded to + 0.01 mg and sealed in an individual DSC
pan. The accompanying DSC software was then used to setup the parameters for the
test. Each sample was heated at a fixed rate of 10 °C/min from 50 °C to 170 °C.
Samples were then allowed to cool down to room temperature independently. The
rate of heating was kept constant across all experiments to reduce errors owing to

equipment response time.
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Chapter 4
Polymer Processing and

Characterisation

4.1. Introduction

It is well known that cells apply loads on the nano-newton scale during movement
[138]. In order to better understand the forces that cells encounter while moving on a
scaffold, it is necessary to understand how substrates behave on such scales.
Literature outlined in Section 2.2.3 demonstrates that size effects have a strong
influence at the scale of interest. Whereas the characterisation of bulk mechanical
properties of an artificial implant may be helpful in understanding how the implant
will act under external loading, it does not give insight into what mechanical

properties the cells will encounter.

The range of polymers made available by Biomer Technology Limited has not been
previously investigated on the micro — nano scale. This Chapter reports the results of
a systematic investigation into the influence of a number of processing parameters on
the topographical and mechanical properties of the resulting specimens. The first
section focuses on the investigation of the mechanical properties on various scales of
the different grades of the Biomer by poly(ether) urethane range. Macro-scale, tensile
moduli will be investigated to observe differences in mechanical properties between
the different polymer grades. Indentation to a fixed depth of 1.5 um will then be
carried out to confirm whether the differences in bulk mechanical properties hold on

the micro-scale. Indentations will then be performed to various depths down to the
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nano-scale to investigate size-effects during nano-indentation on the various polymer
grades.

Small changes in surface topography or mechanical properties can produce different
cell stimuli which could in turn alter cell behaviour [156]. The subsequent section
will therefore investigate whether the solvent system used in the initial polymer
solution has any effect on the resulting scaffold topography, nano-mechanical
properties or domain structure. Such observations can be used to inform further
experiments into the investigation of the influence of nano-mechanical properties on

cell mechanotransduction.

Since polyurethane is a bi-phasic polymer, changes in the domain structure could
influence the resulting nano-mechanical properties. The final section focused on the
influence of the processing technique on the resulting microstructure. Differential
scanning calorimetry was used to investigate the degree of phase separation in melt-
processed, solvent-cast and electrospun mats. AFM phase imaging from was then
used in an attempt to visualise the different micro-domains found in both solvent-cast
films and electrospun fibres.

4.2. Results

4.2.1. Mechanical characterisation of polyurethane grades

Mechanical characterisation on the various grades of Biomer Technology
Limited bg™ polyether-urethane range was first carried out in both solvent-cast and
electrospun form. Manufacturer supplied mechanical specifications were performed
on melt-processed forms and to relatively high strains. In Section 4.2.1, the bulk,
tensile moduli of solvent-cast films and electrospun mats are investigated. This was
then followed by an investigation using indentation to the micro —nano scale.
Characterisation on such scales was essential to identify mechanical properties

encountered by cells during mechanotransduction.
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4.2.1.1. Bulk tensile moduli of solvent-cast films

Tensile macro-mechanical characterisation was first performed on the complete
range of solvent-cast films from various Biomer Technology Limited by polyurethane
grades. Solvent-cast films were produced from the complete range of polyurethane
grades available (Z1Al, Z2A1, Z3Al, Z4Al, Z6Al, Z9Al1l) from solutions of
15wt/wt% in DMF wusing the solvent-casting methodology described in
Section 3.3.3. Three samples from each polymer specimen were subjected to 5 %
strain using the Bose Electroforce 3200 as outlined in Section 3.6.2. The results
obtained from tensile testing of the complete range of polyurethane grades were
shown in Figure 4.1 as a mean and standard deviation from three discrete samples
for each polymer grade. A clear difference in tensile modulus can be observed

between the different polyurethane grades.
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Figure 4.1 - Graph showing mean and standard deviation of tensile modulus for

the range of polyurethane grades available (n = 3).
4.2.1.2. Bulk tensile moduli of electrospun mats

The bulk tensile mechanical properties of electrospun mats manufactured from two
grades of polyurethane were investigated in tension following the methodology
outlined in Section 3.6.2. Z1A1 and Z6A1 electrospun mats were manufactured using
parameters sets b) and e) outlined in Table 3.2 as these were later shown to have

fibre diameter distributions within the same range (0.45 um + 0.11 pum for Z1A1 and
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0.58 um = 0.27 um for Z6A1). Figure 4.2 illustrated a representative stress-strain
curve from both Z1A1 and Z6A1. It is important to note that stress was plotted on a
different axis for the different polymer grades. The signal to noise ratio in the
presented Z1A1 loading curve appears to be much lower as the force required to
strain Z1Al were much less than that in Z6Al. The resulting moduli were
0.895 MPa + 0.031 MPa (n =6) for Z1Al and 77.129 MPa + 5.142 MPa (n = 6) for
Z6Al.
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Figure 4.2 - Graph showing typical stress-strain curves obtained during tensile

testing of electrospun mats of Z1A1 and Z6Al

The surface of each sample was analysed by means of SEM in order to determine
whether or not the test specimens were subject to any permanent deformation
following these tests. A representative image before and after tensile testing of an

electrospun Z6A1 mat is shown in Figure 4.3.
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x1.0k 100 um x1.0k 100 um

Figure 4.3 - SEM micrographs of Z6AL1 electrospun mat before (a) and after
tensile testing (b). Both images were obtained at x1,000.

4.2.1.3. Indentation using a Berkovich tip nano-indenter

The mechanical properties of this family of polyurethanes under indentation load
were then investigated using a dedicated nano-indentation system. Solvent-cast films
were manufactured from the complete range of polyurethane grades available using
standard procedures described in Section 3.3.3 from a solution of 15 wt/wt% in
DMF. Samples were then indented using a dedicated nano-indentation system
following the methodology described in Section 3.7.3. Since applying a fixed
indentation force on the range of polymers would result in varying of indentation
depths, tests were performed to a fixed depth of 1.5um. As explained in
Section 2.2.3 if indentations were performed to a fixed force, and therefore different
depths, indentation size effects would influence the resulting moduli by producing
artificially higher results in stiffer samples as the indentation depth would have been
decreased. However, this approach meant that Z9A1 could not be tested as a 1.5 pum
indent would require a force larger than the 4 mN that the system could apply. Five
indentations were performed at different locations on each sample and a mean and
standard deviation of the modulus was calculated and shown in Figure 4.5 below.
Figure 4.4 demonstrates representative loading and unloading curves on Z1Al,
Z3Al and Z6Al.
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Figure 4.4 - A graph showing the indentation curves for three polymer
grades (Z1A1, Z3A1l and Z6A1) to a depth of 1.5 um

50 -
45 - 42.2
40 -

— 35 _

30 -

25 -

20 -

16.7
15 -
9.8
10 -
5 4.3 .
| | |

Z1A1 22A1 Z3A1 Z4A1 Z6A1
Polymer Grade

Modulus (MPa

Figure 4.5 - Graph of the resulting mean moduli and standard deviations

measured from nano-indentation of various polymers at a fixed depth of
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Force

The nano-mechanical properties of solvent-cast films were then investigated by
nano-indentation. To investigate indentation size effects, three polymer grades were
indented to varying depths between 100 nm and 2000 nm using the dedicated
indentation system following the protocol described in Section 3.7.3. Z1A1, Z3Al
and Z6A1 samples were each indented to 100nm, 150 nm, 200 nm, 300 nm, 400 nm,
500 nm, 750 nm, 1000 nm, 1500 nm and 2000 nm. Each indent was performed on a
different location and the mean modulus from three indents is represented in Figure
4.7. Figure 4.6 below illustrates indents performed to a different depth on the same
sample. The Oliver-Pharr method was used to obtain a value for indentation modulus

from the first 40 % of the unloading curves obtained.
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Figure 4.6 - Graph of force against indentation depth obtained when
indenting Z1A1. Each curve represents a complete indentation cycle

(loading and unloading) to varying depths.
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Figure 4.7 - Graph showing indentations in Z1A1, Z3A1 and Z6A1 at indentation
depths between 100 nm and 2000 nm showing mean and standard deviation
(n=3).

4.2.1.4. Nano-indentation of solvent-cast films using AFM

A similar experiment was carried out using an AFM in force acquisition mode
following the methodology described in Section 3.7.4. Solvent-cast films were
manufactured from Z1Al and Z6Al1 using standard procedures described in
Section 3.3.3 from a solution of 15 wt/wt% in DMF. These were indented then to
various depths to a range of between 30 nm and 300 nm (30 nm, 50 nm, 100 nm,
150 nm, 200 nm, 250 nm, 300 nm). This indentation depth range was considerably
lower than the range investigated using the dedicated nano-indenter since the former
was limited by indenter shape and stiffness. Graphs showing the calculated moduli at

a set indentation depth were then plotted from this data as shown in Figure 4.8. It is
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important to note that modulus scale in this figure is different for the polymers

investigated with indentations on Z6A1 resulting in much higher moduli.
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Figure 4.8 - Graph of nano-indentation at various depths on Z1Aland Z6Al

solvent-cast films using AFM showing mean and standard deviation (n = 100).
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4.2.2. Nano-indentation of electrospun fibres using AFM

Individual fibres of both Z1A1 and Z6A1 polyurethane grade were indented using an
AFM probe as outlined in Section 3.7.5. Figure 4.9 demonstrates AFM images of
both Z1A1 and Z6A1 fibres and the locations at which they were indented. To reduce
errors brought around by substrate movement, indentations performed in areas where
fibres overlap were omitted. Figure 4.9 also includes representative indentation
curves from nano-indentation on both Z1A1 and Z6A1 and the resulting mean and
standard deviation of modulus from six discrete indents on each polymer. Even
though an accurate comparison was not possible, a clear difference in moduli was

still observed when indenting electrospun fibres.

Z1A1 Fibres Z6A1 Fibres
a)
b)
c) 173 MPa +/- 55 MPA 10544 MPa +/- 6284 MPa

Figure 4.9 — a) AFM images of both Z1A1 and Z6A1 fibres (5 um x 5 um) with
indentation locations. b) Representative indentation curves from nano-indentation
on both Z1A1 and Z6Al. ¢) Mean and standard deviation of modulus calculated

using Oliver-Pharr (n = 6).
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4.2.3. Influence of solvent system used

Topographical and nano-mechanical changes on the scale at which cells
mechanosense can alter cell behaviour [90, 156]. An investigation was carried out to
determine whether the solvent system used in the initial polymer solution had any
effect on the resulting specimen. Analysis in this section was performed on
solvent-cast films as understanding nano-scale interaction in electrospun fibrous
meshes can be simplified by understanding interactions on solvent-cast films since
the variables in the manufacturing process are fewer and more manageable.
Solvent-cast films are also homogenous structures meaning that intra-sample
variability is likely to be much lower than in electrospun fibres. Only solvents used

in the electrospinning of polyurethane were therefore investigated.
4.2.3.1. Surface roughness

Z3Al solvent-cast films were produced from solutions of 15 wt/wt % of Z3A1l in
DMF, DMAC and 75:25 (V/V) of THF:DMF following the standard methodology
outlined in Section 3.3.3. The surface topography of the resulting solvent-cast films
was investigated using AFM. The images presented were 50 um x 50 um in length
and width with a Z-range of 1 um. This range was chosen over a more representative
Z-range as the former made differences in height more distinguishable as
demonstrated in Figure 4.10.
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Figure 4.10 - AFM image of air interface with 1 um Z-range (a) and the same
image with 1:1 Aspect ratio (b). Pseudo-colour representing height was added to

the images to increase contrast.
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The differences between the glass interface and the air interface were investigated
together with the influence of different solvent systems on the resulting surface
morphology. A representative image for each variable is shown in Figure 4.11

below.

DMF - Air Interface DMF - Glass Interface

50 ym
50 um 50 um 80 pm

DMAC - Air Interface DMAC - Glass Interface

\¢

50 um 50 ym

THF - Air Interface

1.00 um

50 pm 50 ym 50 um 50 um

Figure 4.11 - Representative AFM images at 50 pum x 50 um obtained from
various Z3A1 solvent-cast films. Pseudo-colour representing height was added to

increase contrast.
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The surface roughness was calculated following the methodology outlined in
Section 3.5.2.6. Two sets of three solvent-cast films were fabricated using the same
process variables in order to investigate inter-sample variability. The resulting mean

and standard deviation of roughness was plotted in Figure 4.12 below.
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Figure 4.12 - Chart showing the mean and standard deviation of roughness Rrus
calculated from a series of 50 um x 50 um images after two-dimensional

flattening (n = 6).

4.2.3.2. Nano-mechanical properties

Nano-indentations were carried out on Z3A1l solvent-cast films produced from
different solvent solutions, including DMF, DMAC and THF, to investigate whether
the solvent system used had an impact on the resulting nano-mechanical properties.
The methodology outlined in Section 3.7.3 was followed and Z3A1l samples were
indented four times each to depths of 2 um, 1.5 pm, 1 um, 0.75 pm, 0.5 um, 0.25 um
and 0.1 um. The mean and standard deviation on the resulting indentation modulus
was then plotted in Figure 4.13 below. Two-tailed, un-paired, student t-tests
performed at each indentation depth between both variable indicated no statistical
difference (p > 0.05).
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Figure 4.13 - Plot of mean and standard deviation of modulus against indentation
depth for nano-indentation of Z3A1 solvent-cast films from DMF, DMAC and
THF (n = 4).

A similar procedure was then carried out on both the air interface and the glass
interface to investigate any differences in nano-mechanical properties as
morphological analysis demonstrated that the two interfaces were distinctly different.
The methodology outlined in Section 3.7.3 was followed and Z3A1 samples were
indented four times each to depths of 2 um, 1.5 pm, 1 um, 0.75 pm, 0.5 um, 0.25 um
and 0.1 um. The mean and standard deviation of the resulting indentation modulus
was then plotted in Figure 4.14 below. Two-tailed, un-paired, student t-tests
performed at each indentation depth between all three variables indicated no

statistical difference (p > 0.05).
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Figure 4.14 - Plot of mean and standard deviation of modulus against indentation
depth for nano-indentation of Z3A1l on both the air interface and the glass

interface at a range of depth between 0.1 um to 2 um (n = 4).
4.2.3.3. Thermal characterisation

Z3A1 solvent-cast films from DMF, DMAC and solution of THF:DMF 75:25 (V/V)
(Figure 4.16) as well as Z6Al1 solvent-cast films from DMF and DMAC
(Figure 4.15) were manufactured using the methodology previously outlined in
Section 3.3.3. Samples were then prepared for DSC to investigate any differences in
the resulting microstructure using the methodology described in Section 3.8.3. When
DSC analysis was performed on solvent-cast films produced from various solvents,

no clear difference was observed on the resulting thermograms.
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Figure 4.15 - DSC thermograms showing melting endotherms obtained from
Z6ALl solvent-cast films manufactured from DMAC and DMF.
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Figure 4.16 - DSC thermograms obtained from Z3Al solvent-cast films
manufactured from DMAC, DMF and THF showing the meting points of the

polymer grade
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4.2.4. Influence of processing technique on resulting microstructure

Polyurethane is made up of two distinct segments that are immiscible and aggregate
into soft segment-rich domains and hard segment-rich domains. This domain
structure is highly dependent on the processing technique used and can influence the
resulting surface properties [273]. The influence that the processing technique has on
the resulting microstructure was investigated using both a thermal characterisation

technique (DSC) and phase imaging using AFM.
4.2.4.1. Thermal characterisation

Melt-processed, solvent-cast and electrospun forms of two polyurethane grades
(Z1A1 and Z6A1) were investigated by DSC using the methodology described in
Section 3.8.3. Thermographs in Figure 4.17 demonstrated changes in the
endothermal peaks obtained from the different forms of Z6A1. This indicated distinct
differences in micro-phase separations when the same polymer is processed using

different techniques.
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Figure 4.17 - DSC thermograms obtained from melt-processed, solvent-cast and

electrospun Z6A1 samples.
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Figure 4.18 - DSC thermograms obtained from melt-processed, solvent-cast and

electrospun Z1A1 samples

In Figure 4.18, Z1A1 demonstrates no clear disordering of HS crystallites which
indicated that the material was amorphous and contains untraceable amounts of hard
segment. Small peaks can be seen throughout the thermographs which were related

to disordering of micro-domains within the sample.

A sample of solvent-cast Z6A1 was heated at 10 °C/min to 240 °C, allowed to cool
down to 60 °C and heated one more time at the same rate to 240 °C. The resulting
thermographs were graphed in Figure 4.19 below and demonstrate distinct changes

in the microstructure.
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Figure 4.19 - DSC thermogram showing two heating runs of a solvent-cast Z6Al
sample. Sample was heated to 240 °C, allowed to cool down to 60 °C and heated

one more time at the same rate to 240 °C
4.2.4.2. Phase imaging
Phase imaging of solvent-cast films

In an attempt to investigate the different micro-phases present in polyurethane, AFM
was used in intermittent contact mode as outlined in Section 3.5.2.7. The size of
these phases could be used to inform mechanical behaviour of these polymers. An
image that plots the phase difference between the drive frequency and the actual
tapping frequency was obtained. These images indicate changes in surface properties
and should be analysed in conjunction with the cantilever height as changes in height
sometimes cause a shift in phase as outlined in Section 3.5.2.3. Both Z1A1 and Z6A1
solvent-cast films produced from 15 wt/wt % in DMF as outlined in Section 3.3.3.
Results presented show both the topographical height image alone as well as the

topographical height overlaid with phase difference.
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Z1A1

Figure 4.20 demonstrates a relatively large scale AFM image obtained from a Z1A1
solvent-cast film from 15 wt/wt % Z1A1 in DMF. When analysing such images it
was important to take into consideration the height data in conjunction with phase
data as edges usually show up as a difference in phase due to the change in
topographical gradient. In Z1A1, 20 um images only revealed a steep change in

phase on the edges of features meaning they can easily be discarded as artefact.

Z1Al — Height Z1Al — Height with phase overlay

30.00 nm

25.00

20.00

0.00 0.00 0.00 0.00

Figure 4.20 - Images obtained using AFM for both height and phase data from
Z1A1l solvent-cast films. Both images were 20 pm x 20 pm.

In an attempt to investigate the different scales of surface topography, Figure 4.21
represents images obtained from the same solvent-cast film at higher magnification.
In 5 um images shown in Figure 4.21, phase changes can be identified in phase only
images but when phase was overlaid onto height data, it was apparent that phase

changes correspond with edges in the topography.
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Figure 4.21 - Images at 5 um x 5 um obtained using AFM for both height and
phase data from Z1A1 solvent-cast films produced from a solution of 15 wt/wt %
Z1A1 in DMF.
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Further images were obtained at 1 um x 1 um from the same Z1A1 solvent-cast film
in intermittent contact mode and represented in Figure 4.22. Both images presented
in Figure 4.22 consisted of a topographical height image overlaid with a phase
image. At this higher magnification, it was not completely clear that the phase
changes observed are due to a change in surface gradient. 1 um images reveal certain
areas demonstrating a change in phase value while no clear change in surface

gradient was observed.

Z1A1 — Height with phase overlay

Z1Al — Height with phase overlay
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Figure 4.22 - Images at 1 um x 1 um obtained using AFM for phase data from
Z1Al solvent-cast films produced from a solution of 15 wt/wt % Z1A1 in DMF.
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Z6A1

AFM phase images were also obtained from a solvent-cast film produced from a
solution of 15 wt/wt % Z6Al in DMF. Figure 4.23 shows representative AFM
images from both the air interface and glass interface of this solvent-cast film on a
relatively large scale of 50 pm x 50 um. Phase imaging in Z6A1 revealed no distinct
difference in either the air interface or glass interface on the 50 pum scale. Changes in
phase readings traversing the image in straight lines are caused by changes in phase
while that specific line of the raster movement was being scanned and cannot be
considered as a change in surface properties.
Z6A1 — Height Z6A1 — Height with phase overlay

(Glass interface) (Glass Interface)

000 0.00

Z6A1 — Height Z6A1 — Height with phase overlay
(Air interface) (Air Interface)
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Figure 4.23 - AFM topography and phase images of Z6AL1 solvent-cast films on

both the glass and air interface. Each image was 50 pum x 50 pm.
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AFM images were then obtained at smaller scales in an attempt to distinguish
between the different chemical micro phases. Figure 4.24 represents AFM phase

images obtained at both 5 um x 5 um and 2 pum x 2 pm.
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Figure 4.24 - AFM topography and phase images of Z6Al solvent-cast films
produced from a solution of 15 wt/wt % Z6A1 in DMF on the glass interface at
S5umx5pumand 2 um X 2 um
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Further images were obtained at 1 um x 1 um and 0.5 pm x 0.5 um from the same
Z6ALl solvent-cast film in intermittent contact mode and represented in Figure 4.25.
Both images presented in Figure 4.25 consisted of a topographical height image
overlaid with a phase image. Images obtained from smaller areas, such as those in
Figure 4.24 and Figure 4.25 demonstrated relationships similar to those observed in

Z1Al; peaks had a lower phase, while troughs had a much higher phase value.

Z6A1 — Height with phase overlay

Z6A1 — Height with phase overlay

10.00 nm

500.00 nrrP-00
Figure 4.25 - AFM topography and phase images of Z6Al solvent-cast films

produced from a solution of 15 wt/wt % Z6A1 in DMF on the glass interface at
lumx 1 pumand 0.5 um x 0.5 um
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Phase imaging of electrospun mats

AFM imaging was then carried out in intermittent contact mode on electrospun
Z6Al fibres as outlined in Section 3.5.2.8. This was performed to investigate
whether the change in processing technique produced a change in resulting
micro-structure. Images were obtained at various locations and at increasing
magnifications. Representative images were shown below as height data only and

height data overlaid with phase to facilitate interpretation as previously outlined.

a) b)

3.0pm

Figure 4.26 - Representative AFM images of electrospun Z6A1 film. a) 30 um
Height image, b) 30 um Height image overlaid with phase, ¢) Image of two Z6A1l

fibres intersecting on aluminium foil substrate
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Figure 4.27 demonstrated representative AFM images of electrospun Z6A1 fibres.
Images shown consisted of a height image overlaid by a phase image as previously
described. Different magnifications are represented to demonstrate changes at
different scales. Figure 4.28 then shows images from a smaller scale to investigate

the changes in phase observed in previous images.

a)

200"

4 um

A0

-80

b)

135.0"

925

75

Figure 4.27 - Representative AFM height and phase images of electrospun Z6A1
fibres. a) 15 um x 15 um height image overlaid with phase, b) 5um x5 pum

height image overlaid with phase
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Imaging of Z6A1 electrospun fibres using AFM in intermittent contact mode
revealed areas with large changes in phase in Figure 4.27a. Some areas on the fibres
demonstrated changes in phase that were not immediately apparent to be related to
changes in topographical gradients. Figure 4.27b illustrates the same phenomenon in
greater detail (i.e. at higher magnification) and changes in phase of up to 100° were

observed on the same fibre.

The changes in phase observed in Figure 4.27 were further explored in Figure 4.28
which shows similar scans at increasing magnification. Figure 4.28a and
Figure 4.28b show height only images obtained over a 1.7 um x1.7 um area and a
250 nm x 250 nm area. These images reveal slight changes in topographical height
across the fibre. To further investigate these changes, a cross-sectional plot
demonstrating changes in topographical height was obtained and presented in
Figure 4.29 below. A 16 nm ridge was observed in topographical height with the

remaining areas being topographically flat.

600 nm

0o 00

Figure 4.28 - Representative AFM height images of electrospun Z6A1 fibres.
a)1.7 um x height image, b) 0.25 um height image
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Figure 4.29 - a) 250 nm x 250 nm image of topographical height. b) A
cross-sectional plot of changes in topographical height showing a ridge of about
16 nm

Figure 4.30 then demonstrated the same locations presented in Figure 4.28 with
phase overlaid on topographical height. It was clear that topographically high areas

were all linked to an increase in phase of up to 90°.

Figure 4.30 - Representative AFM height image overlaid with phase of
electrospun Z6ALl fibres. a) 1.7 um height image overlaid with phase, b) 0.25 pm

height image overlaid with phase
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An area that demonstrated high changes in phase was scanned twice with a different
scanning angle to investigate whether changes in phase were produced by
momentary cantilever artefacts. The two resulting images are shown in Figure 4.31

below and demonstrated no clear differences.

Deg

um

Figure 4.31 - Phase maps of repeated scan using similar imaging variables on
Z6ALl electrospun fibres confirming observed phase changes are not caused by

momentary artefacts. (2 um x 2 um)

4.3. Discussion

4.3.1. Mechanical characterisation of polyurethane grades

Bulk tensile moduli of solvent-cast films

Macro-mechanical moduli obtained from tensile testing of solvent-cast films on the
Bose Electroforce 3200 clearly indicate that the bulk mechanical properties of the
various grades increase as the grade number increases as shown in Figure 4.1. The
manufacturer provided nominal values of tensile moduli are shown in Table 4.1.
These values were considerably different than those calculated in this experiment and
this could be attributed to a number of reasons. The values provided by the
manufacturer were calculated from tests of at least 50 % strain when compared to
5 % strain in our experiments. The rate of loading was also different and this may
have substantial effect on the resulting tensile properties. A different thermal history

of the samples being tested would have resulted in a change in the polymer
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microstructure which could in turn also produce differences in tensile properties. The
main observation made from this experiment was that even though the chemical

intermediates were identical, by varying the ratio of soft to hard segment within each

polymer grade, a vast difference in bulk tensile modulus was observed.

Tensile Modulus (MPa) Z1A1 Z3A1 Z6A1
50% elongation 3.1 10.6 22.8
100% elongation 3.9 13 23.5
200% elongation 5.8 20.3 33.7
300% elongation 10.9 32.7 56.5
Ultimate Tensile Strength (MPa) 39.6 46.7 57.0
Ultimate Elongation % 555 410 305

Table 4.1 - Mechanical characteristics provided by the polymer manufacturer

Bulk tensile moduli of electrospun mats

The width of each sample was measured with the aid of an upright microscope while
the thickness of each film was estimated from scanning electron micrographs.
Samples were cut using a sharp scalpel and mounted perpendicular to the electron
beam in an attempt to obtain an accurate measurement of thickness. Even though this
was successful, only a few areas were truly perpendicular to the electron beam and a

measure for the thickness had to be obtained from estimation at these points.

Samples with fibre diameter distributions within the same range were loaded in
tension using a Bose Electroforce 3200 and a representative stress-strain curve was
demonstrated in Figure 4.2. Loading curves obtained from tensile testing of Z1A1l
demonstrated a purely elastic relationship and a modulus of 0.895 MPa + 0.031 MPa
(n=6). When Z6A1 was loaded in tension a degree of viscoelasticity was observed
even though the same strain was applied using the same loading rate. Since the
individual fibres were stiffer in Z6A1, movement of fibres relative to each other was
more predominant in Z6A1 films than in Z1A1 films. On unloading, this movement
was delayed due to the effects of friction between fibres. This therefore creates the
time-dependent response seen as viscoelasticity in loading curves obtained for Z6Al

electrospun mats. Full viscoelastic characterisation of such films was not performed
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as this was beyond the scope of the current experiments. The toe region observed
below 1% strain for Z6Al in Figure 4.2 was caused by alignment of the whole
sample to the direction of strain rather than movement in the electrospun fibres
themselves since the corresponding stress at this region is essentially zero. It is
however important to note that Z6A1 films were much stiffer than Z1A1 films with a
modulus of 77.129 MPa + 5.142 MPa (n = 6). No obvious changes in the overall
morphology of the electrospun mats at the scales investigated could be detected on
close inspection of SEM micrographs represented in Figure 4.3. In a published
research article by Tetteh et al, the mechanical properties of electrospun Z3A1 and
Z9A1 mats were also investigated [239]. The authors conclude that the mechanical
properties of these polymers are also dependant on the solvent system used to
manufacture the electrospun mats. This was however attributed to the fact that when
the solvent system used was altered, fibre morphology was completely different and
uncontrolled for in their experiments. The reported fibre dimeters in this publication
were 2.06 um = 3.09 um in Z9A1 electrospun mats produced from DMF only and
1.25pum = 1.56 um in Z3A1 electrospun mats produced from DMF only. The
resulting moduli were 60.09 MPa £ 10.1 MPa for Z9Al and 18.54 MPa + 2.31 MPa
for Z3A1. Comparing results between electrospun mats with completely different
fibre morphology is not ideal as these would have different pore sizes, fibre density
and consequently, different bulk mechanical properties. Even though an exact
comparison was not possible, the moduli reported by Tetteh et al. were on the same

range as those reported in these results.

Indentation to a fixed depth

The absolute values calculated from indentation were shown in Figure 4.5 and were
different to those obtained from the tensile testing in Figure 4.1. This can be
attributed to the different loading method used leading to a change in the material
volumes samples. Even though both set of results refer to an elastic modulus, since
the loading method used was different, the absolute values should not be compared.
This observation is universally accepted and has been reported in a number of
publications [274 - 276]. This meant that relative values of stiffness were more

representative than absolute values. Table 4.2 shows ratios of moduli calculated from

110



both tensile testing and indentation. The final table shows the ratio of the previous

two ratios and thus compares the relative values obtained from the two loading

techniques. Table 4.2 (c) demonstrates that the moduli of different polymer grades

increase at nearly the same ratio in tensile testing and indentation testing for

polymers between Z1A1 and Z4Al. In the case of Z6A1l, the relative increase in

modulus calculated in tensile testing was approximately twice that seen in the case of

indentation.
a)
Z1A1 Z2A1 Z3A1 ZaA1 Z6A1
MPa 16.7 42.1 81.7 137.8 340
Z1A1 16.7 1.0 2.5 4.9 8.3 20.4
Z2A1 42.1 1.0 1.9 3.3 8.1
Z3A1 81.7 1.0 1.7 4.2
Z4A1  137.8 1.0 2.5
Z6A1 340 1.0
b)
Z1A1 Z2A1 Z3A1 Z4A1 Z6A1
MPa 4.3 9.8 16.7 29.4 42.2
Z1A1 4.3 1.0 2.3 3.9 6.8 9.8
Z2A1 9.8 1.0 1.7 3.0 4.3
Z3A1 16.7 1.0 1.8 2.5
Z4A1 29.4 1.0 1.4
Z6A1 42.2 1.0
c)
Z1A1 Z2A1 Z3A1 ZaA1 Z6A1
Z1A1 1.0 1.1 1.3 1.2 2.1
Z2A1 1.0 1.1 1.1 1.9
Z3A1 1.0 1.0 1.6
Z4A1 1.0 1.7
Z6A1 1.0

Table 4.2 - Table showing the relative measurements of moduli obtained from

tensile testing and indentation testing. a) Ratios comparing moduli obtained from

tensile testing, b) Ratios comparing moduli obtained from indentation testing, c)

Table comparing the absolute values obtained from indentation to moduli

obtained from tensile testing
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Nano-indentation to varying depths

The relationship of indentation depth and modulus was examined by varying the
depth of indentation and calculating the effective modulus according to the
Oliver-Pharr model from the resulting force-indentation curves. Figure 4.6
demonstrates multiple force curves performed to different indentation depths. The
gradient of the retraction curve in indents performed to a larger depth appears to be
increasing, indicating an increase in modulus. This is the opposite of what is reported
in Figure 4.7 with indentation moduli decreasing when indentation depths were
increased. When calculations are made using the Oliver-Pharr method, the gradient
of the retraction curve is not the only parameter affecting the resulting modulus as
highlighted in Section 3.7.1.1. As the indentation depth is increased, the tip contact
area is increased which is taken into consideration by the Oliver-Pharr method and

leads to the resulting moduli calculated in Figure 4.7.

In Figure 4.7 nano-indentation shallower than 500 nm demonstrated an increase in
moduli measured for all the grades of polyurethane investigated. This phenomenon
was explained by size effects and has been reported in Section 2.2.3. It is important
to note that the apparent increase in elastic modulus with decreasing indentation is
observed universally, and is a phenomenon related to the mode of loading rather than
the material itself [69].

Similar to what was previously performed in Table 4.2, a table showing the ratios of
indentation modulus between the different polymer grades at different indentation
depths was populated in Table 4.3. Figure 4.32 then plots these ratios on a graph for
easier interpretation. An observation made from the calculations in Figure 4.32
below was that the ratio of moduli observed in shallow indents was similar to the
ratio observed in relatively deep indents where size effects do not play a substantial
role. This indicates that even in shallower indents on the scale of a few nanometres, a

change in intrinsic material modulus would still be observed.

112



Depth 01 015 | 02 | 03 | 04 |05 |075| 1 |15 2
(um)
_z| za 747 | 532| 385| 239| 183|153 |104| 83| 59| 5.1
S8| z3a1 |158.0]1040| 806 63.2| 50.4|41.0)329[ 259176158
T %| zea1 | 390.8|230.6 | 186.4 | 130.8 | 107.0 | 92.2 | 71.7 | 60.8 | 46.2 | 37.6
L |z1Atz3at| 21| 20| 21| 26| 28| 27| 32| 31| 30| 31
2 |ziarzear| 52| 43| 48| 55| s8] 60| 69| 74| 78] 74
73A1:26A1 | 25| 22| 23| 21| 21| 23| 22| 24| 26| 24

Table 4.3 - Table showing the apparent modulus (mean values — n = 3) as a
function of indentation depth for three different polymers along with the ratios of

moduli between the different polyurethane grades.
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x Z3A1:Z6A1 2.4 3 3 3 x x x x x x
O T T T T
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Indentation Depth (im)

Figure 4.32 - Plot showing the changes in moduli ratios at various indentation

depths from three grades of polyurethane.

Nano-indentation was then performed using an AFM cantilever to various depths
between 30 nm and 300 nm on both Z6A1 and Z1A1 (Figure 4.8). The resulting
nano-indentation data was similar to that obtained from the dedicated
nano-indentation system with Oliver-Pharr being used to obtain the indentation
modulus from each resulting curve. The main difference between the two systems
was the scale on which they operate. The dedicated nano-indentation system has a
maximum applied force of 4 mN over an indentation distance of 12 um. When
indenting using an AFM, the maximum forces that can be applied are determined by
the mechanical and morphological properties of the cantilever used. Cantilevers with

higher spring constants are able to apply a larger force when compared to softer
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cantilevers but the latter are more sensitive when performing shallower indents or on

softer tissue.

The main disadvantage of nano-indentation using AFM was that the geometry of the
indentation tip cannot be accurately estimated as cantilevers are considered as
disposable consumables and tip shapes may vary from the nominal shape defined by
the supplier. Tips are also subject to wear during use in surface imaging which can
change the contact area during indentation. This means that even if cantilevers are
imaged using SEM before or after indentation, the reliability of the calculated tip
shape would still be questionable. Since the estimation of contact area was important
in Oliver-Pharr calculations, absolute values of moduli cannot be relied upon when
indenting using AFM cantilever tips. The key advantage of AFM indentation was
that indentation depths can be performed to a much smaller scale when compared to
the dedicated indentation systems due to their increased sensitivity. At these smaller
scales, the influence of size effects was highlighted with moduli increasing rapidly as
indentation depths are reduced. Both the AFM and the dedicated indentation system
were used to indent Z1A1 and Z6A1 at a range of 300 nm to 100 nm. Indentation
moduli obtained from these two techniques cannot be directly compared but the ratio
at which the moduli increase for each polymer at the range where both techniques

were used can be investigated as shown in Table 4.4.

Indentation Depth (nm)
100 150 200 300
Berkovich | ZLAL(MPa) | 747 53.2 38.5 23.9
Z6Al1 (MPa) | 390.8| 2306| 1864 1308
47 32 23 14
AEM Z1A1 (MPa)
Z6AL (MPa) | 1200 674 489 310
Berkovich Z1A1 1.6 1.7 1.7 1.7
I AFM Z6A1 0.3 0.3 0.4 0.4

Table 4.4 - Table showing mechanical properties calculated by nano-indentation
using a Berkovich tip and an AFM tip and a table showing the ratios between the

two sets of values.
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The ratio of modulus calculated for AFM tip and Berkovich indentation appears to be
constant since the ratio between the two values obtained at a specific depth was
constant (1.7 for Z1Al and 0.4 for Z6A1). Since nano-indentation using a dedicated
Berkovich nano-indenter produces more reliable results, indentation moduli obtained
by AFM can be shifted by the magnification factor described above to create a

continuous curve with indentations ranging from 30 nm to 2 um.

When moduli obtained at various indentation depths are plotted on a log-log graph, a
linear relationship can be observed as shown in Figure 4.33. This indicates that the
relationship between indentation modulus and indentation depth for the range that
was investigated takes the form of y = ax® where log a was the y-intersect (on the
log y - axis) and k was the gradient. These two equations also indicate that if the
indentation depth was reduced further, the resulting modulus would still demonstrate

an intrinsic difference between the two polymer grades.

10000
N + Z6A1
1000 y = 35,631.84x0%4 x Z1Al
— x -
g R*=0.96 — Power (Z6A1)
=
- ——Power (Z1A1)
2 100
E
'g +
S
10
y = 15,038.45x1.09 X
R2=0.98
1
10 100 1000 10000

Indentation Depth (nm)

Figure 4.33 - Log-log graph of indentation depth plotted against modulus for both
Z6A1 and Z1A1 demonstrating a logarithmic (power) relationship.
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Another factor that has to be considered is the influence on surface roughness on
these measurements. Even though nano-indentation was always carried out on the
glass-interface, the radius of curvature of the indenter (AFM or dedicated indentation
system) might have altered the area of contact depending on the roughness of the
surface being investigated. In AFM, BL-TR400PG — L with a radius of curvature of
42 nm £ 12 nm cantilevers were used. This is considerably larger than the surface
roughness (9.2 nm + 4.8 nm RMS in Figure 4.13) and meant that these artefacts were

not predominant in the results.
4.3.1.1. Nano-indentation of electrospun fibres

Nano-indentation of electrospun fibres could only be performed by AFM since it was
not possible to scan the surface with the dedicated nano-indentation system. Using
AFM, an image of the area of interest could be obtained and specific locations could
be selected for nano-indentation. The resulting moduli from AFM nano-indentation
show a clear distinction between the two polymers. The values obtained for Z6A1
however could not be directly compared to those obtained for Z1Al as the
indentation depth was much shallower in Z6A1. The cantilever being used to make
the scan (AC-160 TS) was not stiff enough to indent Z6A1 to the same depth that
Z1A1 was indented. Conversely, the cantilever was not sensitive enough to obtain a
graph when Z1A1 was indented to the same depth as was allowed on Z6A1 fibres.
As previously described by size effects, indents at a shallower depth will produce
higher values of moduli meaning that comparing these two sets of data was not
possible. However, since the same cantilever displacement was applied using the
same cantilever resulting in a much deeper indent in Z1A1l than in Z6A1l, it could
easily be concluded that Z6A1 nano-fibres are still stiffer than Z1Al nano-fibres.
This meant that even though absolute values of nano-indentation are difficult to
obtain, it was still possible to observe changes in nano-mechanical properties if the

same cantilevers were used.
Finding a cantilever that has the stiffness needed to indent both polymers to a

reasonable depth while having enough sensitivity to produce reliable values of

moduli on both materials was challenging and as previously described, using
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different cantilevers for different materials produces unreliable results. Since the
same force was applied on both materials and this resulted in a different indentation
depth, we could conclude that one material was stiffer than the other but the amount

by which the stiffness varies could not be calculated reliably.

The cantilever used for intermittent mode imaging and nano-indentation of
electrospun fibres (AC 160TS) had a nominal spring constant of 42 N/m and a length
of 160 um while the much softer cantilever used for contact mode scanning and
solvent-cast film indentation (BL-TR400PB — L) had a nominal spring constant of
0.02 N/m and a length of 200 um. The indentation depths produced by these two
cantilevers when the same force was applied would therefore be on a different scale
when indenting the same material. As explained and demonstrated in previous
sections and by size effect theories, indentations at different depths cause a change in
the resulting modulus. This meant that moduli generated by indenting materials by
these two different cantilevers cannot be directly compared since the depth of indent

produced was on a different range.

Another factor that has to be considered was the difference in nominal cantilever tip
shape. The tip radius was very different in these two cantilevers with 9 nm £ 2 nm
for AC160TS and 42 nm = 12 nm for BL-TR400PG — L cantilevers. Polyurethane
consists of a pseudo-crystalline structure with hard and soft segments. Indenting
using a tip with a larger radius of curvature could mean that more crystals would

have to be recruited and deformed by nano-indentation.

4.3.2. Influence of solvent system used

4.3.2.1. Effect of solvent system on roughness
On the macro scale, the glass interface was reflective and looked polished when seen
with the naked eye. AFM topographical results in Figure 4.12 demonstrated a clear

difference between the air interface and glass interface for all solvent systems with

the glass interfaces demonstrating much lower surface roughness. AFM images
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shown in Figure 4.11 demonstrated that this surface was being generally smooth

with few imperfections caused by heterogeneities on the glass petri dish.

A marked difference between the air interfaces for all three solvent systems was also
seen as shown in Figure 4.12 with DMF leaving a rougher surface than DMAC. The
solvent-cast film manufactured from 75% THF and 25% DMF formed numerous
macro-scale imperfections on the surface unlike the other two cast films that were
macroscopically flat. This solvent-cast film however, demonstrated the lowest micro-
scale roughness with values comparable to those observed on the glass interface. It
was hypothesised that rapid evaporation of THF left behind a viscous solution of
polymer in a relatively small amount of DMF. Bubbles formed by the evaporation of
DMF solidified before enough pressure was present to deflate them resulting in the
surface observed.

Roughness measurements were calculated from two sets of different solvent-cast
films that were manufactured consecutively using the same process parameters. The
resulting solvent-cast films did not demonstrate substantial inter-sample differences
and the standard deviation plotted in Figure 4.12 rises from intra-sample variation.
This standard deviation was larger in DMF solvent-cast films. Since features in these
solvent-cast films are larger than those observed in solvent-cast films produced from
DMAC or THF, it was difficult to obtain a representative average surface roughness
without scanning a larger area. In such surfaces, at least 10 features should be visible
to obtain an accurate measure of roughness. This could not be achieved in DMF
solvent-cast films as the AFM system used in these experiments only allowed for
90 um x 90 um images. The purpose of this experiment was, however, still met since
the main intention was to determine whether different solvents influence the resulting

surface morphology.

A review of the literature confirms that little is known about the micrometre-sized
structures observed on the solvent-cast films. Xu et al. hypothesise that the structures
observed by atomic force microscopy originate with the nucleation of hard segment

domains within the polyurethane solution [277]. These segments grow with time and
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consist of both hard and soft segments. They emphasise that further work has to be
done to better test their hypothesis as it could not be confirmed by the techniques
they used. KoJoi et al. emphasise that the morphology of solvent-cast polyurethane
films depends on the ratio of hard and soft segments as well as the preparation
conditions [278]. Their results suggest that the structures seen under AFM are
composed of a hard segment-rich phase in a matrix of a soft segment-rich phase.
Another observation made in this journal was that in thin, 7 um films, these
structures are not observed even though they were prepared from the same solution.
This observation was attributed to the fact that as the film thickness decreased, there
was less space for the hard segment to crystallise and thus forming smaller features.

Even though a substantial difference in surface roughness was observed when a
different solvent system was used, the relationship between these two variables is not
discussed in literature. It was hypothesised that the difference in boiling point
between DMF (153 °C) and DMAC (163 °C) might have varied the amount of time
available for nucleation points to form before all the solvent was evaporated. This
would have permitted more time for nucleation points to form in DMAC solvent-cast
films and this resulting in more nano-features with a smaller size. Further work has
to be performed to confirm this hypothesis. Solvents with different boiling points
could be used in order to obtain a relationship between boiling point and surface
roughness. Pyridine (boiling point 115.2 °C), dimethyl sulfoxide (DMSO) (boiling
point 189 °C) and N-methyl-2-pyrrolidone (NMP) (boiling point 202 °C) are all
listed as solvents for polyurethane and could be used in such an experiment. These
solvents were not used in the current experiments as DMF, DMAC and THF are the
solvents that are most commonly used for electrospinning of
polyurethane [204 - 208]. Since the aim of this experiment was to investigate
whether the different solvents would produce a change in electrospun fibre
morphology, investigating further solvents would have been beyond the scope of this

experiment.
4.3.2.2. Effect of solvent system on indentation modulus

Nano-mechanical properties obtained by nano-indentation at different depths

appeared to be unaltered when studies were carried out on either the glass interface
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or the air interface as shown in Figure 4.14. Similarly when solvent-cast films
produced from different solvents were tested, nano-mechanical properties appeared
to be unchanged as shown in Figure 4.13. This indicates that the difference in
surface topographies outlined in Section 4.3.2.1 could not linked to a change in
nano-mechanical properties on the scale being investigated. Even though the
different solvents produced substantial changes in surface topography, AFM
nano-indentation did not demonstrate any changes in indentation modulus. This
therefore highlights the fact that this scale of the surface roughness did not influence
the AFM cantilever contact area during nano-indentation calculations using the

Oliver-Pharr method.

4.3.3. Influence of processing parameters on the resulting chemical

microstructure

4.3.3.1. Differential scanning calorimetry

Thermoplastic polyurethane elastomers are linear multi-block copolymers containing
two segments- a soft segment (SS) and a hard segment (HS) [166]. The HS domains
act as a cross-linker to SS domains that in turn produce flexibility in the elastomer.
The two segments are thermodynamically immiscible at low temperatures resulting
in phase separation. This phase separation is usually incomplete resulting in a
domain structure of soft segment-rich and hard segment-rich domains [167]. The
mechanical and topographical properties of polyurethanes are therefore not only
determined by the ratio of HS to SS. They are also influenced by the manufacturing
conditions and thermal history as these have been shown to influence micro-phase
structures [40, 166, 273, 279].

Using DSC, disordering of crystallites is observed as endothermic behaviour.
Seymour et al. suggests that two endothermic peaks are characteristic to
thermoplastic polyurethane and are termed as Type | and Type Il endotherms. The
low temperature endotherm (Type I) is caused by HS crystallites with relatively short
order and therefore indicating a higher degree of phase mixing. Type Il is caused by
HS crystallites with long range order and therefore a higher degree of phase
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separation [280]. Table 4.5 summarises the two endotherms that are observed during

melting of polyurethanes.

Type Endotherm Indication
Type | Lower temperature More phase mixing
Type 1l Higher temperature More phase separation

Table 4.5 - Summary of endotherms observed when polyurethanes are analysed
using DSC.

An increased degree of phase mixing results in a decrease in the mobility of phases
within the superstructure and therefore causes an increase in mechanical properties.
This highlights the fact that in polyurethanes, the resulting mechanical properties are
not only defined by the chemical composition but also rely heavily on the
manufacturing process used. Figure 4.17 illustrates DSC thermograms obtained from
various forms of Z6A1. The first endotherm (below 200 °C) indicates to disordering
of Type | crystals and the second (between 200 °C and 230 °C) indicates disordering
of Type Il crystals. The first two endotherms are termed as the multiple melting
points of the material [167]. As outlined in Table 4.5, Type | crystals indicate a
higher degree of phase mixing while Type Il crystals indicate a higher degree of

phase separation.

Figure 4.15 and Figure 4.16 demonstrated that the resulting microstructure was
unaffected by the solvent system used to manufacture the solvent-cast films in both
Z3A1 and Z6A1. Alternatively, as outlined in Section 4.3.2.1, the resulting surface
morphology was affected by the solvent system used. However, DSC micrographs
show no change in the degree of phase mixing or separation when a different solvent
system was used to manufacture these films. This indicated that the differences in
surface morphology were not caused by a change in the micro-structure and in turn
indicated that mechanical testing of these films would produce similar results. This
also echoed results outlined in Section4.3.2.2 where no change in the
nano-mechanical properties were observed when solvent-cast films produced from

different solvents were investigated. The lack of a relationship between surface
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topography and micro-domain structure indicates that the actual micro-domain size
was much smaller than the features observed and refutes the hypothesis claimed by
KoJoi et al. who hypothesise that each peak observed was a hard segment-rich area

while all troughs are soft segment-rich areas [278].

Frick et al. reported that when no endothermal peaks are observed, the crystallisation
in the material is very low and consequently, the material is relatively soft [166].
Similarly, Z1A1 was shown to behave as an amorphous thermoplastic in melt-
processed, solvent-cast and electrospun form in Figure 4.18 as no endothermal peaks
could be observed at the melting temperature of polyurethane indicating no

dissolution of HS crystallites.

When comparing different forms of Z6A1l in Figure 4.17, clear differences could be
observed at the multiple melting temperatures of the polymers investigated. In
melt-processed polymer samples provided by the manufacturer, two endothermal
peaks of approximately equal size were seen for Type | and Type Il HS crystallites
indicating an equal distribution. Solvent-cast films demonstrated a larger Type |
endotherm indicating increased HS phase mixing. On the other hand, electrospun
samples demonstrated a larger Type Il endotherm indicating that these samples
comprised of a higher degree of phase separation. Even though the initial solutions
used different polymer concentrations, it has been previously shown that a change in
the solvent system does not result in a change in the degree of phase mixing
signifying that this phenomenon can therefore only be attributed to the processing
parameters. This could indicate that when the polymer was in solution, the two
segments of the polyurethane are immiscible and the rapid evaporation of solvent
from solution created by electrospinning does not allow enough time for phase
mixing to occur. This would result in a decrease in modulus in electrospun fibres

when compared to solvent-cast films if the same morphology was used.
A Z6A1 solvent-cast film was heated up to 250 °C using the DSC, cooled down to

40 °C and reheated in order to observe any changes in phase separation. The resulting

thermographs were plotted in Figure 4.19 and the endotherms observed on reheating
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of the solvent-cast film were different to the initial heating. This highlighted once
again that the microstructure was highly dependent on the thermal history. An
increase in phase mixing would result in an increase in bulk mechanical properties of
the final substrate and confirms that the substrate mechanical properties are
dependent on the polymer chemistry as well as the manufacturing conditions. This
observation was also made by Pompe et al. who investigated the effects on the
resulting microstructure by varying the processing temperature [273]. They
demonstrate that by varying the processing temperature, the resulting micro-phase
separation was altered and consequently, a change in tensile strength of up to 18%

was reported.
4.3.3.2. AFM phase imaging

Phase imaging was used in a number of publications to identify between hard and
soft materials with the same sample. McLean et al. demonstrate the ability of
identifying differences in hard and soft segments using AFM phase imaging. They
demonstrate hard segment crystals of 5-10 nm in width with phase difference of 50°
between hard and soft segment areas [255]. Phase imaging was used to investigate
whether the different micro-phases of hard and soft segment could be identified in
the Biomer by polyurethane range. The size of these micro-domains could inform
mechanical behaviour of these polymers.

Results from both Z1A1 and Z6A1 solvent-cast films did not demonstrate any clear
indication of phase separation at any magnification and were open to interpretation.
The phase difference in images presented in Figure 4.21 and Figure 4.22 was of
about 5° which is much less than what was reported by McLean et al. (30°) [255].
The spindle-like patterns reported by these authors were also not observed in the
results reported here. These differences might be attributed to the different chemical
make-up of the polymers investigated. Polyurethanes can be fabricated from a wide
range of chemical intermediates as outlined in Table 3.1 and these will inevitably
alter the resulting crystalline structure.

In Z6AL1 solvent-cast films, while a superstructure with features of about 25 um were

observed in Figure 4.23, these structures themselves had a nano-structure with
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features of about 100 nm in size revealed in Figure 4.24. In Z1A1, even though no
superstructure was observed, a micro-structure with features of about 200 nm was
observed in Figure 4.22. Albeit, these micro-structures still did not correspond to HS
or SS rich phases. The final image presented in Figure 4.25 was a 500 nm x 500 nm
image with phase data overlaid on topographical data. Unlike observations made in
Z1A1, phase differences of up to 60° were observed on Z6A1 films in Figure 4.25.
However, these large changes in phase were still linked to a change in topographical
height. This therefore meant that it was difficult to conclude with certainty that the

changes in AFM phase were caused by changes in the chemical micro-phases.
4.3.3.3. Phase imaging of electrospun fibres

AFM imaging in intermittent contact mode on electrospun Z6Al fibres revealed
topographically high ridges linked to a change in phase of up to 90°. It was difficult
to explain with certainty why this change in phase occurred only on these
topographically high areas of the fibres and not others. Repeating the scan under the
same conditions and settings as shown in Figure 4.31 confirmed the consistency of
this observation and gives confidence that the observation was genuine and not
momentary artefact. A possible argument could be that topographically high areas
represented HS rich areas causing a shift in phase. It is however difficult to clarify
why these segments would only show up on certain locations and not in others.
Another argument is that high phase was only observed in suspended fibres that were
free to vibrate during imaging and could be backed up by Figure 4.27b in which
phase seems to be lowered when two fibres overlap. This would however ignore the
observations made in which the change in phase was directly linked to change in
topographical height. A further possible hypothesis was that in suspended fibres,
these changes in topographical height are more pronounced making this change in
phase more apparent. It was clear that two different phases are present on the surface
of electrospun fibres. The presence of each different phase appears to be random and
not homogenous throughout the electrospun surface. AFM phase imaging alone was
however, not sufficient to accurately identify the source of the two different phases.

Heterogeneities were observed in surface morphologies between different fibres on

the same film and at different locations on the same fibre (Figure 4.29c). These
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heterogeneities were caused by minute changes during the electrospinning process.
Such changes caused by momentary fluctuations in the voltage field or whipping of
fibres could not be accounted for during the electrospinning process. However, these
changes contribute to the random nature of the process and attempting to control

them would not be possible without completely altering the manufacturing technique.

4.4. Conclusions

The range of polymers made available by Biomer Technology Limited has been
investigated on the macro — nano scale to investigate the influence of a number of
processing parameters on the resulting specimens. Bulk, micro and nano-mechanical
investigation of the various grades of polyurethane demonstrated that intrinsic
differences in mechanical properties were maintained across all the scales. Since
different modes of loading were investigated at different scales and using different
equipment, absolute values of moduli could not be directly compared. Relative
measurements of moduli, however, demonstrated that intrinsic mechanical properties

were maintained down to the nano-scale.

Indentation size effects appeared to be predominant on the scale at which cells
mechano-sense and effective moduli increased exponentially as indentation depths
were decreased. The polymers investigated maintained a substantial difference in
bulk and nano-mechanical properties when processed by electrospinning. Both bulk
tensile testing and nano-indentation techniques demonstrated a difference in the

mechanical properties of different polyurethane grades.

It was shown that processing parameters, such as the solvent system used, have a
substantial influence on the resulting surface topography at the air-interface.
Differences in topography were clear from AFM images and have been confirmed by
surface roughness measurements. The changes on the glass-interface were however
less substantial with near smooth surfaces being reported. Nano-mechanical
properties and the chemical micro-phase structure appeared to be unaffected by the

solvent system used.
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The chemical micro-phase structure was then shown to be considerably different
when comparing melt-processed, solvent-cast and electrospun form. This confirmed
that surface properties of polyurethane films are not only dependent on the chemical
make-up but also on the material processing technique as observed in previous
publications [273]. DSC also demonstrated a difference between the two polymer
grades with Z1A1 remaining amorphous even when electrospun. A major difference
observed was in Z6A1 electrospun fibres that demonstrated an increase in phase
mixing when compared to both solvent-cast films and melt-processed polymer. This
increase in phase mixing has implications not only on the chemical structure of the
resulting fibres but also on the resulting mechanical properties. Using AFM phase
imaging alone, it was not possible to distinguish with confidence between HS rich

and SS rich areas on either electrospun or solvent-cast form.
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Chapter 5
Electrospun Mats with
Heterogeneous Nano-mechanical

Properties

5.1. Background

Size-dependent mechanical properties of single nanofibers

Nano-mechanical properties of electrospun fibres are dependent on a number of
factors including fibre diameter and mode of loading as outlined in Section.2.2.3.
Size effect theories indicate that a phenomenon is observed when three-point bending
is performed on nano-meter sized rods. This theory indicates that an increase in
modulus would be observed when fibres of lower fibre diameter are loaded in

three-point bending [69].

In order to determine the nano-mechanical properties of individual fibres, three-point
bending by atomic force microscopy is commonly used. Nanofibres are
manufactured directly onto a stiff substrate that incorporates pores or trenches of a
determined size as shown in Figure 5.1. An AFM is then used to image the substrate
and determine fibre diameter, gap distance as well as locate the centre of the fibre.
The same tip is then used to apply a force midway along the length of the suspended
nanofiber. A graph showing the force applied over a set displacement is obtained
from the AFM and Euler’s theorem is used to derive the elastic modulus of each
fibre. One of the assumptions made by this approach is that the fibre being loaded
experiences no surface indentation meaning that, unlike nano-indentation, tip

geometry has little importance on the resulting data obtained.
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Figure 5.1 - AFM image of fibres over a substrate with pores of a specific diameter

(left). Fibre suspended over a pore (right) [287]

A number of studies that characterise the mechanical properties of single nanofibres
have been published. The majority of these studies originated from material science
groups and have been carried out on ceramic and metallic materials such as
Ag [281], SiO, [282] and TiO, [283] for use in high-strength, low-density composite
materials and in various other applications. Studies have also been published that
used the same technigue to investigate polymeric materials such as polypyrol [284],
poly-L-lactide (PLLA) [285], poly 2-acrylamido-2-methyl-1-propanesulfonic acid
(PAMPS) [286] and poly(vinyl acetate) (PVA) [65]. The major observation
presented in published research was that the calculated modulus varied significantly
with fibre diameter. These studies have all indicated that size effects are present and
moduli of single nanofibres increase exponentially with a decrease in fibre diameter.
Fu et al. [65] investigated PVA nanofibres and reported an increase of fibre modulus
from 50 GPa for fibre diameters of 160 nm to 500 GPa for diameters of 20 nm as
shown in Figure 5.2. In their study on electroactive polymeric nanofibres, Min et al.
describe an increase in fibre modulus from 0.2 GPa in fibres of 110 nm in diameter
to 2.0 GPa when fibres had an mean of 55 nm as shown in [286]. Cuenot et al. report
similar observations on polypyrrole nanotubes Figure 5.3 [284]. They further
confirm the observed increase in modulus by plotting the calculated moduli against

the geometric function of the individual measurements.
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Figure 5.2 - Graph of Young's modulus as a function of diameter in PVA

nanofibres from a paper by Fu et. al. [65]
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Size-dependent mechanical properties of single polyurethane nanofibers

In a previous study performed as part of the author’s MSc project, the size-dependent
mechanical properties of single Biomer Technology Limited by polyurethane
nanofibres when loaded in three-point-bending were investigated [287]. Electrospun
fibres of Z1A1 and Z3A1 with a range of fibre diameters were suspended over pores
of a fixed diameter and loaded in three-point-bending using atomic force
microscopy. The mid-point of suspended fibres was located and a force of 4 nN was
applied. This scale of loading was chosen as cells have been shown to apply forces
on the same scale and would thus be a more effective representation of cell
movement [138]. The findings of that study clearly indicated a steep increase in the
calculated moduli with a decrease in fibre diameter. Results shown in Figure 5.4 and
Figure 5.5 corroborated with observations made by various authors on different
materials and were in-line with size effect theory. This meant that scaffolds
manufactured from the same material with a different fibre diameter distribution
would have similar bulk mechanical properties but different nano-mechanical
properties. It was therefore important to take these nano-mechanical properties into
consideration since cells interact with scaffolds on the nano - micro scale. The
implications that these changes in nano-mechanical properties observed in fibrous
scaffolds have on cell growth and differentiation had not been previously

investigated.
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Figure 5.4 - Graph showing the moduli calculated for a given fibre diameter in
Z1ALl. Inset: Graph of moduli of Z1A1 plotted against the geometric function.
[287]
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Figure 5.5 - Graph showing the moduli calculated for a given fibre diameter in
Z3A1. Inset: Graph of moduli of Z3A1 plotted against the geometric function. [287]
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Nano-mechanical cues sensed by cells on a fibrous scaffold depend on a number of
parameters. A decrease in fibre diameter has been shown to result in an increase in
the apparent modulus when the fibre is loaded in three-point bending [69]. In a
randomly aligned fibrous mesh, fibres are connected randomly and tensile strain on
one fibre might in turn cause three-point loading on another fibre. This means that
altering fibre diameter distributions within the mesh will inevitably alter the

nano-mechanical properties of the resulting scaffold.

The aim of work reported in this Chapter was to manufacture electrospun mats with
diverse nano-mechanical properties from the range of polyurethanes available. The
manufacture of such scaffolds could be used in the investigation of the influence of
nano-mechanical properties on cell mechanotransduction. The grades of
polyurethanes made available by Biomer Technology Ltd. were composed of the
same chemical intermediates but comprised different intrinsic mechanical properties.
Initially, electrospun mats composed of the same polymer but presenting a different
fibre diameter distribution were manufactured. Such changes in fibre diameter
distribution would cause a shift in the nano-mechanical properties of the resulting
scaffolds while maintaining the same polymer makeup. Subsequently, two
electrospun mats were fabricated from a different polyurethane grade but
manufactured to a similar fibre diameter distribution. Once again, such fibrous mats
would have different nano-mechanical properties while maintaining similar
morphology and chemical cues. The final aim of the work reported in this Chapter
was to fabricate an electrospun mat consisting of both Z1A1 and Z6A1 fibres with
the same fibre diameter distribution. This would result in a single fibrous mat having

a bi-modal range of nano-mechanical properties.
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5.2. Results

5.2.1. Electrospinning of Z1A1

A number of electrospinning defects were initially observed as shown in Figure 5.6.
Electrospinning parameters had to be optimised to the parameters stipulated in

Section 3.4.5 in an iterative process to obtain defect-free scaffolds.

a)

100 um

x5.0k 20 um

x5.0k  20um

Figure 5.6 - SEM micrographs demonstrating various electrospinning defects.
a) electro-spraying, b) bead defects, c) and d) wet fibres in which solvent was not

completely evolved before reaching the collector
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Five discrete samples were manufactured consecutively under similar conditions
outlined in Table 3.2 (b) to investigate the reproducibility of the electrospinning
setup. Images were then obtained using SEM at various magnifications as shown in
Figure 5.7 below. Images at x180 and x1,000 were used to evaluate the homogeneity
of each sample while images at x5,000 and x10,000 were used to measure the fibre
diameter distribution from the samples produced. Only a few defects were observed

at the different magnifications.

a)

x180 500 um x1.0k 100 um

x5.0k 20 um x10k 10 um

Figure 5.7 - Various SEM micrographs obtained at various magnifications on the
same Z1ALl electrospun mat. x180 (a), x1,000 (b), x5,000 (c), x10,000 (d).
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The fibre diameter distribution of each of the five discrete samples was calculated
from three images from each sample following the methodology outlined in
Section 3.5.1.2. In order to reduce discrepancies, the fibre diameter calculations were

all obtained from the same side (right side) of each sample.

——Sample 1
——Sample 2

Sample 3
——Sample 4
——Sample 5

Normalised Occurence

0.4 0.6 0.8 1 1.2
Fibre Diameter (um)

Figure 5.8 - Graph of fibre diameter distribution obtained from five discrete samples

(n = 3) from the same extremity of the sample

Data obtained from all samples was then grouped together and plotted in Figure 5.9.

Normalised Occurence

0.4 0.6 0.8 1 1.2
Fibre Diameter (um)

Figure 5.9 - Graph of grouped fibre diameter distribution from all five

samples
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The fibre diameters of one of the samples at different points across the whole length
of a sample were measured to investigate any heterogeneity within the sample. Five
positions along the same sample were investigated outlined in Section 3.5.1.2 using a

SEM and three images at x10,000 were analysed for each position.
Left Centre-Left

x10k 10 um

Centre

Cenfre-Right

Figure 5.10 - Representative SEM micrographs from different locations on the same
sample. All images were obtained at x10,000.
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The fibre diameter distribution for each location was calculated from three images at
x10,000 from each location. A standard box and whiskers plot was chosen to

represent the data obtained in Figure 5.11.
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Figure 5.11 - Plot of fibre diameter distribution obtained from an electrospun

Z1Al sample at different locations across its length of 15 cm (n = 3).

It was noted that fibre diameter distributions varied depending on the location
investigated. To further investigate this, the diameter distribution of the Left side and
the Right side for each of the five samples was calculated and graphed as shown in
Figure 5.12 below. Three images were obtained for each location on every sample
after the standard gold coating protocol was followed. DiameterJ was then used to
calculate the fibre diameter distribution for each image obtained and data from each
location was pooled together to obtain a mean fibre diameter distribution for each
sample-location as outlined in Section 3.5.1.2. A standard box and whiskers plot was

chosen to represent the data obtained in Figure 5.12.
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Figure 5.12 — Plot of fibre diameter distribution measured at both sides of each of

the five samples (n = 3).

In order to demonstrate the ability of producing fibrous meshes with different
nano-mechanical properties, a fibrous mesh with a lower fibre diameter distribution
was manufactured using a different set of electrospinning parameters outlined in
Table 3.2 (c). Traverse movement was limited to 10 cm to avoid variations of fibre
diameter within the sample. Three SEM micrographs were obtained for each of the
five locations on the sample and the procedure outlined in Section 3.5.1.2 was
followed to obtain the fibre diameter distribution for each micrograph. All data was
then pooled together, binned into 100 nm bins and plotted as shown in Figure 5.15.
Figure 5.13 illustrates representative SEM micrographs obtained from various
locations across the sample. The resulting fibre diameter distribution was
0.45 pum £ 0.11 pm.
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x10k 10 um x10k 10 um

x10k 10 um x10k 10 um

Figure 5.13 - Representative SEM micrographs of electrospun fibres with mean
fibre diameter of 0.4 um. All images were obtained at x10,000. a) left,
b) centre-left, c) centre-right, d) right
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A further set of samples with smaller fibre diameter distributions were manufactured
from a 5wt/wt% solution of Z1A1l in DMF using parameters outlined in
Table 3.2 (d). Three SEM micrographs were obtained for each of the five locations
on the sample and the procedure outlined in Section 3.5.1.2 was followed to obtain
the fibre diameter distribution for each micrograph. All data was then pooled
together, binned into 100 nm bins and plotted as shown in Figure 5.15. Figure 5.14
illustrates representative SEM micrographs obtained from various locations across

the sample. The resulting fibre diameter distribution was 0.31 pm + 0.16 pm.

e

a
{

10 um

x10k 10 um

Figure 5.14 - Representative SEM micrographs of electrospun fibres with mean
fibre diameter of 0.26 um. All images were obtained at x10,000. a) left,
b) centre-left, c) centre-right, d) right
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The fibre diameter distributions from the various samples were plotted in Figure 5.15

below.
Q
(8]
o
5 —7Z1A1 (d)
o]
o ——71A1 (c)
©
3 Z1A1 (b)
©
£
o
2
0 0.2 0.4 0.6 0.8 1 1.2 1.4

Fibre Diameter (um)

Figure 5.15 — Graph showing Z1Al fibre diameter distribution obtained from
three electrospun mats prepared using different electrospinning parameters
outlined in Table 3.2 (b), (c), (d).

In summary, Z1Al was electrospun into mats with three distinct fibre diameter
distributions. A representative image from each fibre diameter distribution is shown

in Figure 5.16 below.

x10k 10um

Figure 5.16 - SEM micrographs from Z1A1 electrospun samples with three
different  fibre  diameter  distributions. a) 031um £ 0.16 um,
b) 0.45 um £0.11 pm, ¢) 0.75um = 0.12 um. All images were obtained at
x10,000.
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5.2.2. Electrospinning of Z6A1l

Electrospun mats were then produced from solutions of Z6A1 in DMF. An iterative
process was performed until defect free electrospun mats were obtained. This
therefore resulted in electrospun mats with similar fibre morphology when compared
to Z1Al, but different nano-mechanical properties even though the chemical

intermediates were unaltered.

Figure 5.18 demonstrates electrospun Z6A1 with a large variation in fibre diameter
distribution caused by instability in the Taylor cone. After optimisation of the
parameters, electrospinning of Z6A1 was successful and Figure 5.17 illustrated a

number of representative SEM micrographs collected at x10,000 after being

gold-coated using a sputter coater following the methodology outlined in Section
3.5.1.

x10k 10 um

x10k 10 um

=

x10k

1 x10k 10 um
Figure 5.17 - Representative SEM micrographs from different locations on the
same Z6A1 electrospun mat. All images were obtained at x10,000. a) left,

b) centre-left, c) centre-right, d) right
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x5.0k 20 um

Figure 5.18 - SEM micrograph showing high variability in Z6A1 fibre diameter

caused by instability in the Taylor cone. Image obtained at x5,000.

The fibre diameter distributions of three micrographs from each location were
obtained using DiameterJ using the procedure outlined in Section 3.5.1.2. All the
data was then pooled together, binned into 100 nm bins and plotted as shown in

Figure 5.19 below. The resulting fibre diameter distribution was 0.58 pm £ 0.27 pum.

—Z6A1

Occurence

0.00 0.20 040 060 080 100 120 140 1.60
Diameter (um)

Figure 5.19 - Graph of fibre diameter distribution from a Z6A1 electrospun mat
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5.2.3. Dual spinning of Z1A1 and Z6A1

Dual spinning was then used to investigate the capability of manufacturing
electrospun mats with more than one nano-mechanical property using this family of
polymers. Dual spinning allowed for two grades of polyurethane to be electrospun
simultaneously and thus creating a mesh with mixed nano-mechanical properties. In
order to achieve this, the resulting fibre diameter distributions from both polymers

had to be similar to avoid size effects that have been previously discussed.

Following an iterative process detailed in Section 3.4.5.5, an electrospun mat with
areas consisting of both Z1A1l and Z6Al1 was manufactured. Fibre diameter
distribution analysis was split into three areas: areas of only Z1A1, only Z6A1 and
areas where Z1A1 and Z6A1 overlapped. This was performed to confirm the fibre
diameter distribution of each constituent as well as the fibre diameter distribution in
areas where both polymers overlap. Three samples were obtained from each area and
gold coated using procedure described in Section 3.5.1.2. A representative image
from each area is shown in Figure 5.21. Fibre diameter distribution was then
calculated using DiameterJ for each image obtained. Data obtained from each area
was then pooled together, binned in 100 nm bins and plotted as shown in
Figure 5.20.

Normalised Occurence

—_—

0.00 0.20 0.40 0.60 0.80 1.00 1.20
Fibre Diameter (um)

Figure 5.20 - Graph of fibre diameter distributions obtained from areas with
electrospun fibres of Z6A1 only, Z1A1 only and a mix of Z1A1 and Z6Al
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Z1Al and Z6A1 x10k 10 um

Z1A1 Only x10k 10 um Z6A1 Only x10k 10 um
Figure 5.21 - SEM micrographs obtained from a single sample with areas where
only Z1A1 was electrospun (b), a mix of ZLA1 and Z6A1 was electrospun (a) and
only Z6AL1 electrospun (c). All images were acquired at x10,000 magnification.

The resulting fibre diameter distribution were: 0.42 um +0.21 um for Z1Al,
0.40 um = 0.17 pum for Z6A1 and 0.44 um + 0.19 um in areas were Z1A1 and Z6Al

overlapped.
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5.2.3.1. Phase imaging on dual electrospun mats

Since SEM was not able to distinguish between the two polymer grades, AFM was
used in intermittent contact mode in order to obtain a phase contrast image. This
mode is able to detect between different surface properties as discussed in
Section 3.5.2.3 meaning that it was ideally suited to distinguish between the two
polymer grades. Figure 5.22 and Figure 5.23 show representative images from areas
where fibres from both polymer grades overlap. A distinct phase shift is apparent in
these plots and was attributed to the different surface characteristics of each grade of
polymer. Images that demonstrate topographical height were first presented as
changes in topography (such as fibre diameter and roughness) are easier to observe.
In these images, both image height and the change in colour represent a change in
topographical height. This image is then accompanied by another image that
demonstrates changes in phase. Since the phase image alone is not sufficient to
provide a representative image of the electrospun mats, images are presented as a
height image overlaid by the phase image. This means that image height represents
actual topographical changes in height, while changes in colour represent changes in

phase.
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Figure 5.22 - AFM image for height (top) and height overlaid with phase
(bottom) from an area showing fibres from both polymer grades.
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Figure 5.23 - AFM image for height (top) and height overlaid with phase

(bottom) from an area showing fibres from both polymer grades.
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AFM nano-indentation was carried out on fibres demonstrating both high and low
phase reading to investigate whether the changes in phase were associated with a
change in modulus. Discrete locations were indented to a specified cantilever
displacement of 200 nm and Oliver-Pharr was used to obtain an indentation modulus

from the first 40 % of the retraction curve.

Since fibres formed part of a mesh, the moduli reported in the table below are likely
to be affected by the deformation of the fibre network as a whole. This meant that the
data presented is qualitative rather than quantitative and should not be perceived as
an absolute measurement of nano-indentation on electrospun fibres. The resulting
moduli indicate that the changes in phase were in fact linked with a change in

indentation modulus.

Location 1 Location 2
High Low High Low
Phase | Phase | Phase | Phase
(MPa) | (MPa) | (MPa) | (MPa)

25 255 80 3190
68 277 65 3620

8 360 117 3420
15 994 87 3890

Table 5.1 - Table of moduli calculated from AFM nano-indentation on areas of

high and low phase on two different images.
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5.3. Discussion

5.3.1. Electrospinning of Z1A1 and Z6Al

The manufacture of polyurethane electrospun mats without defects from the
Biomer bg™ polyurethane range was successful as shown in Figure 5.7 but proved
more demanding when compared to electrospinning of poly-caprolactone or acrylic
based polymers (data not reported). The main challenge involved incidents where not
enough polymer solution was being made available for a certain distance-voltage
combination. This produced conditions more conducive to droplet formation and
consequently electrospraying as opposed to electrospinning (Figure 5.6 a). The other
extreme case was when too much solution was being presented for a set
distance-voltage combination. This resulted in a substrate where solvent was not
completely removed from the fibres by the time they reach the collector and formed
a wet interlinked electrospun mesh (Figure 5.6 d). A less extreme form of this defect
produced wet fibres that appeared to coalesce onto one another on contact producing
an electrospun mat where fibres were attached to each other and not free to move
(Figure 5.6 c). In contrast, bead defects were usually formed when the polymer
concentration in the solution was too low and continuous fibres could not be
produced successfully (Figure 5.6 b). These observations were in line with what is
reported in literature when different polymers were electrospun into fibrous meshes
[218, 288, 289]. Resolving such issues was not straightforward as altering one
variable does not always produce a predictable change in the resulting film. The
solution viscosity proved to be the main variable that determined the success rate of
electrospun mats. This could only be altered by varying the percentage of polymer in
the solution used which, if reduced too much, increases the amount of solvent present
in the fibres and therefore increases the chance of producing wet fibres. To
counteract this, the tip to collector distance could be increased to allow more time for
the solvent to evaporate, however, this will in-turn decrease the electric field acting
on the Taylor cone which has an exponential relationship with distance. Partially
substituting DMF with THF made the process of electrospinning much easier in
Z6AL1 since this solvent had a lower boiling point making the resulting solution more

volatile. Having a more volatile solvent solution meant that a wider range of
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electrospinning variables were made available. These observations were also made in
previous publications with Erdem et al. suggesting that a solution with 50/50 (V/V)
of DMF/THF produced the best fibre formation [290]. Mondal et al. on the other
hand suggest that a solution of 30/70 (V/V) of DMF/THF produced favourable
results and demonstrate that varying solvent concentrations altered fibre morphology
[206]. This highlights that different chemical compositions of polyurethane have to
be treated individually and that it is difficult to extrapolate conclusions made from
observations on polyurethanes with a different composition. Solvent mixtures were
avoided whenever possible since this was shown in Section 4.3.2.1 to affect the

surface morphology in solvent-cast films.

Electrospinning of Z1A1 was successful after an iterative process resulting in films
having low defects being produced from a relatively wide range of parameters.
Figure 5.8 and Figure 5.9 presented the fibre diameter distributions on five different
samples and demonstrate satisfactory repeatability between the samples. Figure 5.10
and Figure 5.11 however, demonstrated a change in fibre diameter distribution
within the same sample over its length. Figure 5.12 confirmed that a change in fibre
diameter distribution was observed between the left and right side of all the samples.
It was hypothesised that this was caused by the equipment’s design in which the
polymer reservoir (syringe) was stationary while only the needle moves across the
traverse. This resulted in a change in polymer flow rate from one side of the traverse
to the other with one of the sides (left side) having a stable and repeatable fibre
diameter and the other side having a much higher variation. This phenomenon
highlights the fact that very small changes in the parameters used for electrospinning
have a substantial impact on the resulting fibrous films [291].

Electrospinning of Z1A1 polyurethane into meshes with different fibre diameter
distribution was then demonstrated by altering the various electrospinning
parameters. Figure 5.13 and Figure 5.14 presented SEM micrographs of electrospun
Z1A1 with increasingly smaller fibre diameter distributions. SEM micrographs show
little to no defects within the films and a visibly narrow fibre diameter distribution.

Figure 5.15 then illustrates the fibre diameter distributions obtained from the three
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different sets of electrospinning variables. The distributions from Z1Al were
0.31 pum £ 0.16 pm, 0.45 um + 0.11 pm, 0.75 um = 0.12 um, These are relatively
narrow distributions when compared to those reported by Tetteh et al. for Z3Al
(2.25 um = 1.56 um) and Z9A1 (2.06 pum = 3.09 um) when only DMF was used
[239]. The main aim of this section was to manufacture electrospun mats using the
Biomer Technology Limited by polyurethane range with different nano-mechanical
properties by altering fibre diameters and was achieved as shown in Figure 5.15. The
effect that gold coating had on the resulting fibre diameter distributions was not
taken into account as all samples were coated using the same coating protocol as
outlined in Section 3.5.1.2, resulting in a uniform thickness increase on all the

samples.

Electrospinning of Z1A1 into different diameter distribution was possible by altering
the polymer concentration used and slightly tweaking the other parameters. This
proved more demanding for Z6A1 as the instability of the Taylor cone was too high
and obtaining a uniform mat from solutions of lower polymer concentrations was not
possible. The same was observed by Tetteh et al. who reported that electrospun
fibres were easier to fabricate from Z3Al when compared to Z9A1 [239]. Even
though these were not the same polymer grades discussed here, the only differences
between all the grades discussed was the HS chain length as outlined in
Section 3.2.2. In Z6A1, HS polymer chain lengths were longer than those in Z1AL.
This resulted in a decrease in viscosity in Z6A1 when the same solvent concentration
was used. In order to obtain viscosities similar to those used when Z1A1l was
electrospun successfully, the polymer concentration had to be increased by
approximately two-fold. Even though the resulting solution viscosity was similar, the
percentage of solids in the solution was different, meaning that different
electrospinning parameters still had to be used. A higher voltage for a set distance
had to be used to initiate the electrospinning process. This resulted in unstable
whipping of the Taylor cone and large variations in the fibre diameters as shown in
Figure 5.18 below. This was successfully counteracted to a certain extent by
reducing the tip to collector distance and reducing the electrospinning voltage used.
Figure 5.19 illustrated the fibre diameter distribution data collected from Z6A1
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electrospun mats. Even though this distribution is not multimodal, a larger variation
in the Z6A1 fibre diameters (0.58 um + 0.27 um) was still observed when compared
to that observed in Z1A1 electrospun mats.

5.3.2. Electrospun mats with bi-modal nano-mechanical properties

In order to manufacture a scaffold that has a wide range of nano-mechanical
properties, scaffolds were produced by simultaneously electrospinning nano-fibres
from Z1Al and Z6Al1 by means of dual spinning. The main challenge in dual
spinning was that one set of variables that produced fibres with low defects for both
polymer solutions had to be established. The only variable that could be changed was
the polymer solution concentration and solvent system used. Since it was previously
shown that Z6A1 had a narrower range of variables that successfully produced
nano-fibres, stable fibres were first produced for Z6A1. Electrospinning of Z1Al
solutions at different concentrations was then attempted using the parameter range
that was established by the Z6A1 solution. As no two solutions were found to
electrospin successfully when only DMF was used as a solvent, a solvent system of
70:30 (V/V) DMF.THF was used for Z6Al. This solution was not preferred as
results from Section 4.3.2 indicate that surface roughness was altered when different

solvents were used.

Areas having exclusively Z1A1 or Z6Al fibres showed no clear difference under
SEM imaging in Figure 5.21 with fibre diameter analysis showing similar
distributions for both polymers in Figure 5.20. Since SEM was a non-contact
imaging system, the technique was found to be useful for the assessment of fibre
diameter. For further analysis of the scaffolds, AFM had to be used in nano-scale
analysis of the fibres and to identify differences in nano-mechanical properties. After
iteratively scanning various locations on the electrospun mat, phase imaging
produced a very clear indication that fibres of different surface properties were being
imaged with phase differences of up to 60° between the two fibre types as shown in
Figure 5.22 and Figure 5.23. Bar et al. argue that it is difficult to assign phase image
contrast to different components unless additional experiments are carried out [292].

Phase shift was reported to depend on both the amplitude of free oscillation of the
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cantilever and the set-point amplitude during scanning. They demonstrate that phase
can undergo a contrast reversal when these two variables are altered [292]. This has
led to a number of authors making conflicting observations with some attributing
high phase to relatively stiffer materials while others attribute high phase to softer
materials [248, 293, 294]. In order to confirm that the change in phase was due to a
change in mechanical properties, the different fibres were indented at both high and
low phase difference. It could then be concluded from Table 5.1 that fibres scanned
using AFM showing a high phase reading were Z1A1 fibres while the darker fibres

with lower phase readings were Z6Al.

The values for moduli obtained by nano-indenting fibres from a mesh of different
materials shown in Table 5.1 are a compound effect of a number of nanofibres
stacked on top of each other and not an accurate measure on the individual fibre
stiffness. However, a clear difference in mechanical properties was observed with
moduli from Z6A1 indents being around six times stiffer when compared to moduli
obtained from Z1A1 fibres. An observation that can be made from both Figure 5.22
and Figure 5.23 is that fibres demonstrating high phase (Z1A1l fibres) were
underneath Z6A1 fibres in both instances. This was caused by the intrinsic properties
of the manufacturing process of dual spinning in which two polymer solutions are
electrospun simultaneously while the nozzles that deliver the polymer are moved
transverse to the collector as outlined in Section 3.4.5.5. The stacking of polymers
will therefore depend on which side the nozzles are when the electrospinning process

is stopped.

The surface topography in regions where both fibres overlap also demonstrated a
marked difference in surface morphology with Z1A1 fibres exhibiting a rougher
surface when compared to Z6A1. This distinction was attributed to the difference in
solvent solution used with the solution containing THF leaving a surface with lower
roughness as observed on solvent-cast films in Section 4.3.2.1. The phase difference
observed was not due to this change in surface morphology, however, due to a
change in fibre material as demonstrated by nano-indentation on the individual

fibres. AFM phase imaging therefore confirmed that the aim of the section was met

154



and an electrospun mat with a bi-modal distribution of nano-mechanical properties

was fabricated.

5.4. Conclusions

The principal aim of this Chapter was to report on the manufacture of electrospun
mats with diverse nano-mechanical properties from the Biomer Technology Ltd. bg
thermoplastic polyurethane range. This was achieved by altering fibre diameter
distributions and by using polymer grades with intrinsically different mechanical

properties while maintaining the same chemical intermediates.

Z1A1 was electrospun into a range of mats presenting fibre diameters from
0.31 um = 0.16 pm to 0.75 um + 0.12 um. Such mats present considerably different
nano-mechanical properties when loaded in three-point bending as shown in
Figure 5.4. Z6Al, a different grade of polyurethane formulated from the same
chemical intermediates as Z1A1 but demonstrating different intrinsic mechanical
properties, was then successfully electrospun into fibrous mats. Defect-free Z6A1
electrospun mats having a fibre diameter distribution of 0.58 um * 0.27 um were
fabricated. This fibre diameter distribution lay within the range of possible Z1A1
fibre diameter distributions. This meant that two mats with similar fibre diameter
distribution and chemical make-up, but with considerably different bulk and

nano-mechanical properties could be compared.

In the final section, dual spinning was then used to successfully fabricate an
electrospun mat consisting of both Z1A1 and Z6Al fibres with the same fibre
diameter distribution. This resulted in a fibrous mat that exhibited a bi-modal
distribution of nano-mechanical properties which could be used in the investigation

of the influence of nano-mechanical properties on cell mechanotransduction.
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Chapter 6
In-vitro Degradation of

Polyurethane

6.1. Introduction

Similar to metals, polymeric biomaterials are susceptible to chemical reactions that
could lead to unintended deterioration of the mechanical or topographical
characteristics of the original material. A book section by Lamba et al. provides a
complete review of polyurethane degradation [295]. Polymer hydrolysis is the most
common cause of degradation and involves the scission of susceptible molecular
groups by reaction with water. Bond stability is the main factor influencing
hydrolysis but other factors play an important role. Hydrophobicity and molecular
weight are inversely proportional to the rate of hydrolysis while an increase in
material porosity increases the rate of hydrolysis [296]. As previously described in
Table 3.1, the range of possible polyurethane chemical compositions is considerably
varied and the modes, rates and causes of degradation are different between the
different polymer formulations. The soft segment in polyurethane has been shown to
be more susceptible to hydrolysis, which has led to a decrease in the use of
poly(ester) urethanes as these are very susceptible to hydrolysis [297]. The use of
such materials as foams in the Meme breast implant had become the centre of
considerable debate but poly(ester) urethane is still considered safe for use as
temporary biomaterials in applications such as wound dressings and gastric bubbles
[289 — 300]. On the other hand, poly(ether) urethanes have been shown to be the
most resistant to hydrolysis when the effect of soft segment was investigated by
Pavlova et al. [301].
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The chemical intermediates used in the hard segment of polyurethanes will also
influence the biodegradation of polyurethanes. Based on fundamental chemistry,
aromatic isocyanates should be more stable than their aliphatic counterparts.
However, research has shown that potentially carcinogenic compounds (2,4-toluene
diamine (TDA) or 4,4’ methylene dianiline (MDA)) can be released when cleavage
occurs in polyurethanes containing aromatic isocyanates. A comprehensive body of
work that investigates these observations on specific polyurethane formulations has
been previously published [167, 170, 302, 303].

Part of the inflammatory response is the increase in an oxidative environment with
various cells such as macrophages producing hypochlorite and peroxide [304]. This
could then be further exacerbated if degradation products are released from an
implant. Meijs et al. perform a series of experiments on a range of commercial
biomedical grade poly(ether) urethanes to investigate their degradation in oxidative
environments [164]. Samples were immersed in 25% H,0,, water and dry
atmosphere all at 100 °C for 24, 96 and 336 hours. This caused an accelerated
degradation of these polymers and resulted in a significant drop in ultimate tensile
strength and sample mass even after 24 hours of immersion. From their study, they
conclude that chain scission mainly occurred in the soft segments close to the
interface with hard segments. Yang et al. investigate changes in the surface
morphology of polyurethane coatings used in the aircraft industry after an
accelerated weathering process [305]. AFM was used in conjunction with x-ray
photoelectron spectroscopy (XPS) and Fourier transform infrared spectroscopy
(FTIR) analysis to investigate any changes in the polymer surface and chemical
make-up. AFM revealed a significant change in the surface morphology even after

three weeks of exposure with blisters forming on exposed surfaces [305].

A change in surface roughness has been linked to changes in cellular behaviour in a
number of publications [109, 306, 307]. Chung et al. have reported that an increase
in nano-meter scale roughness in PU-PEG surfaces improved adhesion and growth of
human umbilical vein endothelial cells (HUVEC) [308]. They conclude that even an
increased roughness of 10 - 100 nm enhanced HUVEC adhesion and growth in both
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GRGD-grafted and ungrafted surfaces. Keshel et al. used oxygen and argon
microwave plasma to increase the surface roughness of polyurethane films and
investigated the response of unrestricted somatic stem cells [309]. They conclude
that increasing the surface roughness increased adhesion, growth and viability of

these cells.

Changes in nano-scale surface roughness reported by Yang et al. caused by polymer
degradation could therefore alter cell behaviour as reported by Chung et al. [305,
308]. In an investigation of the influence of nano-mechanical properties on cell
behaviour, it has to be ensured that nano-mechanical cues are the only variables
effecting cell behaviour. This Chapter investigated whether exposure to a
physiological environment could alter the surface properties of the Biomer
Technology Limited by poly (ether) urethanes over an extended period of time.
Samples were stored in a physiological solution and an oxidative solution mimicking
inflammation. The effect of long term storage was investigated on both solvent-cast
films and electrospun fibres to determine whether the large surface area to volume
ratio in electrospun fibres contributes to an increased rate of degradation.
Experiments were set-up according to general guidelines from BSEN ISO
10993 - 13:2010.

6.2. Materials and Methods

6.2.1. Materials

Two grades of polyurethane were investigated: Z1A1 and Z6A1. These grades were
chosen for their substantial difference in bulk and nano-mechanical properties as
demonstrated in Section 4.3.1. Polycaprolactone (PCL) is a bioresorbable biomaterial
which degrades over a relatively long period of time (over 3 years) [310, 311]. It is
also stable in ambient conditions, very cost effective and readily available [312, 313].
Polycaprolactone (M,80,000, Sigma-Aldrich) was therefore used as a positive
control to determine whether the methods of measurement were sensitive to changes

on the scale that was being investigated.
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6.2.2. Storage of solvent-cast films in a physiological solution

Z1A1, Z6Al and PCL were solvent-cast into films following the procedure described
in Section 3.3.3. A fixed concentration of 15 wt/wt % of polymer in DMF was used
to manufacture solvent-cast films of Z1A1, Z6A1 and PCL. Samples were then cut to
a nominal size of 30 mm x 5 mm for storage and subsequent characterisation. Test
specimens were stored individually at 37 °C for 7, 14, 30, 60 and 90 days in a surplus
of sterile phosphate buffered saline (PBS) (0.01 M phosphate buffer, 0.0027 M
potassium chloride and 0.137 M sodium chloride, pH 7.4, at 25 °C) (approximately
20x the mass of the specimen). Glass bottles used for storage were scrubbed from
any residue and cleaned using an ultrasonic cleaner in distilled water for 45 minutes
in 15 minutes intervals. The bottles were then sterilised in an autoclave by heating up
to 120 °C for 30 minutes. Before storing the samples in their respective media,
samples were cleaned in distilled water by sonication and allowed to air dry for
four hours in a sterile laminar flow cupboard. Each sample was then rinsed in sterile
distilled water and immersed in the relevant medium for storage. After the period of
immersion, three samples for each polymer were removed from storage, rinsed in

distilled water and sonicated for 45 minutes in 15 minute intervals.
6.2.3. Storage of solvent-cast films in an oxidative solution

Z1A1, Z6Al and PCL solvent-cast films were manufactured from polymer solutions
of 15 wt/wt % in DMF following the methodology outlined in Section 3.3.3 and cut
to a nominal size of 30 mm x 5 mm. Glass bottles and specimens were cleaned as
outlined in Section 6.2.2. Hydrogen peroxide (30 % w/w in H,O, Sigma-Aldrich) was
diluted to 5% w/w by adding sterile distilled water as suggested in BS EN ISO
10993 - 13:2010. Specimens were then stored individually at 37 °C for 2, 7, 14, 30
and 60 days in a surplus of 5% H,0O, (about 20x the mass of the specimen). The
solution was changed every 15 days in order to maintain the concentration of
hydrogen peroxide. After the period of immersion, three samples for each polymer
were removed from storage, rinsed in distilled water and sonicated for 45 minutes in

15 minute intervals.
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6.2.4. Analysis of surface topography

Samples were mounted onto a glass slide for topographical characterisation using the
Asylum Research MFP-3D AFM. Topographical images were obtained in contact
mode using AR-iDrive-NO1 L tips with low modulus for increased sensitivity. The
glass interface of each solvent-cast film was imaged as this side has been
demonstrated in Section 4.3.2 to have less surface features resulting in a lower
variability in surface roughness measurements. Multiple images were taken from two
different locations. For each location, a “90 um x 90 um” image, three
“20 pm x 20 pm” images and a “l gm X 1 pum” image was obtained. This was
repeated at two different locations on each sample resulting in 6 “20 um x 20 um”
images for each sample and three samples for each polymer-time point as shown in
Figure 6.1. Images were then flattened accordingly to avoid artefacts and a
roughness measurement (R,) was recorded. All scans were performed at 0.5 Hz with

256 points and lines which allowed for a good compromise between scan time and
image quality.
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Original 20 x 20 um image

Flattened image

Figure 6.1 - Schematic representation of the data collection process. Three
polymer grades were investigated and three samples for each
polymer - time-point were characterised. Six images were obtained from each

sample for a mean sample roughness calculation.
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A one-way repeated measures ANOVA was conducted using SPSS version 23.0 to
evaluate the null hypothesis that there is no change in sample roughness in each of
the three different polymers after storage (n = 18).

6.2.5. Analysis of mechanical properties

The bulk and micro-mechanical properties of solvent-cast films were analysed. The
bulk tensile moduli of solvent-cast films were investigated using the
Bose Electroforce 3200 using procedures outlined in Section 3.6.2. The moduli of
three samples before and after storage were investigated. Statistical significance was
determined following a two-tailed, un-paired student’s t-test with significance set at
p>0.05.

The indentation moduli were then investigated using the dedicated nano-indenter
following the methodology outlined in Section 3.7.3. Three samples from before and
after storage in solution were indented 8 times, each in a different location to a set
depth of 1.5 um. Statistical significance was determined following a two-tailed,
un-paired student’s t-test with significance set at p > 0.05.

6.2.6. Storage of electrospun mats in an oxidative solution

In order to investigate whether the substantial increase in surface area has a change
in the degradation of polyurethane, a study was carried out to investigate the
degradation of electrospun polyurethane fibres in an oxidative solution. Electrospun
fibres were produced from Z1A1, Z6A1 and PCL using the parameters outlined in
Table 3.2 (a), (f) and (g) respectively. Test samples were cut out of a single sheet of
electrospun fibres to reduce variability and stored individually at 37 °C for 2, 7, 14,
30 and 60 days in a surplus of 5% H,0, (about 20x the mass of the specimen). The
solution was changed every 15 days in order to maintain the concentration of
hydrogen peroxide. After the period of immersion, three samples for each polymer
were removed from storage, rinsed in distilled water and sonicated for 45 minutes in
15 minute intervals. Samples were then prepared for SEM imaging using the

methodology outlined in Section 3.5.1.2.
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6.3. Results

6.3.1. Storage of solvent-cast films in a physiological solution

The effects of long term storage in a physiological solution on solvent-cast films
produced from the Biomer bg poly(ether) urethane materials was first investigated.
The mean and standard deviation of the roughness from these 18 “20 um x 20 pm”
images was then plotted for each polymer time-point. The surface roughness
obtained by AFM was plotted in Figure 6.2 below. Each point therefore represents a
mean and standard deviation of the roughness obtained from 18 images from three
different samples per polymer. Results indicated a significant time effect on PCL
(p <0.05) while no significant effects were seen for Z1Al (p > 0.05) and Z6A1l
(p > 0.05).
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Figure 6.2 - Graph showing surface roughness mean and standard deviation
measurements made from Z1A1, Z6A1 and PCL solvent-cast films after storage
in PBS. (n = 18)
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Mechanical properties

The bulk and micro-mechanical properties of solvent-cast films stored in PBS over a
period of 90 days was analysed. The moduli of three samples before and after 90
days stored in PBS were investigated. The mean and standard deviation of three
repeats obtained from three samples is shown in Table 6.1 below. The resulting
tensile moduli were statistically similar for both Z1Al1 (p > 0.05) and
Z6A1 (p > 0.05).

Tensile modulus (MPa)
Before After
Z1A1 14.84 £ 0.52 14.04 £1.25
Z6Al 379.80 + 36.41 376.74 £ 43.40

Table 6.1 - Table showing bulk mechanical modulus of Z1Al and Z6A1 both
before and after 90 days storage in PBS (n = 3).

The indentation moduli were then investigated using the dedicated nano-indenter.
Three samples from before and after 90 days stored in PBS were indented
consecutively. The resulting means and standard deviations from three samples were
shown in Table 6.2 below. Indentation moduli were statistically similar for both
Z1A1 (p > 0.05) and Z6A1 (p > 0.05).

Indentation modulus (MPa)

Before After
Z1A1 4.14 +0.52 4.19+0.13
Z6A1 44.37 + 1.67 4517 +1.36

Table 6.2 - Table showing indentation modulus of Z1A1 and Z6A1 both before
and after 90 days of storage in PBS (n = 24).

163



6.3.2. Storage of solvent-cast films in an oxidative solution

Surface topography

The effects of long term storage on the surface topography of solvent-cast films in an
oxidative solution was investigated. The mean and standard deviation of the
roughness from these 18 “20 um x 20 um” images was then plotted for each polymer
time-point. Each point represents a mean and standard deviation of the roughness
obtained from 18 “20 um x 20 um” images from three samples per polymer —
time-point. Results indicated a significant time effect on PCL (p < 0.05), Z1A1 (p <
0.05) and Z6Al (p < 0.05). Follow-up pairwise comparisons also indicated that
statistical differences were observed after 15 days in storage and preceding

roughness were all statistically similar (p > 0.05).
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Figure 6.3 - Graph showing surface roughness measurements made from Z1Al,
Z6Al and PCL solvent-cast films after storage in 5 % H,0, (n = 18).
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Representative images obtained using AFM at time-point 0 and time-point 60 for

both Z6A1 and Z1A1 were demonstrated in Figure 6.4 and Figure 6.5 respectively.
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Figure 6.4 - 20 pum AFM images of Z6Al cast films before degradation (a)
and after 60 days of degradation in 5% H,O; solution (b).
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Figure 6.5 - 20 um AFM images of Z1A1 cast films before degradation (a) and
after 60 days of degradation in 5% H,O, solution (b).

Mechanical properties

The bulk and micro-mechanical properties of solvent-cast films stored in an
oxidative solution over a period of 90 days were analysed. The mean and standard
deviation of three repeats obtained from three samples is shown in Table 6.3 below.
Tensile moduli were not statistically different for Z1A1 (p > 0.05) and
Z6A1 (p > 0.05).
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Tensile modulus (MPa)
Before After
Z1A1 15.78 £ 0.81 15.17 £ 0.58
Z6A1 399.79 £ 31.70 411.85 + 29.06

Table 6.3 - Table showing bulk mechanical modulus of Z1Al and Z6A1 both

before and after 60 days storage in an oxidative solution (n = 3).

The indentation moduli were then investigated using the dedicated nano-indenter.
Samples from before and after 60 days stored in an oxidative solution were indented
consecutively. The resulting means and standard deviations from three samples were
shown in Table 6.4 below. Indentation moduli were statistically similar for both
Z1A1 (p > 0.05) and Z6A1 (p > 0.05).

Indentation modulus (MPa)

Before After
Z1A1 423+0.14 4.13+0.13
Z6Al 44,10 £ 1.47 42.99 +2.23

Table 6.4 - Table showing indentation modulus of Z1A1 and Z6A1 both before
and after 60 days of storage in an oxidative solution (n = 24).

6.3.3. Degradation of electrospun fibres in an oxidative solution

Electrospun samples were stored in a solution if 5 % H,0, to observe whether the
increased surface area to volume ratio had any substantial influence on the general
surface properties of the individual fibres. Scanning electron microscopy carried out
on the micro-metre scale revealed no obvious changes at either low or high
magnification with the presented overall morphology remaining the same in samples
after 90 days of storage in an oxidative solution. A representative image from before
immersion and after 60 days of immersion was presented in Figure 6.6 (Z1Al),
Figure 6.7 (Z6A1) and Figure 6.8 (PCL) below.

166



10k 10um

x10k 10um

Figure 6.6 - SEM micrographs of electrospun Z1A1l before storage and after
60 days storage in a solution of 5 % H202 (x10,000).
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Figure 6.7 - SEM micrographs of electrospun Z6A1 before storage and after
60 days storage in a solution of 5 % H,0, (x10,000).
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Figure 6.8 - SEM micrographs of electrospun PCL before storage and after 60

x10k 10um

days storage in a solution of 5 % H,0, (x10,000).
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6.4. Discussion

Degradation testing of solvent-cast films carried out on Z1Al and Z6Al in a
physiological solution and an oxidative solution resulted in no significant change in
mechanical properties over the periods investigated. Overall structural integrity was
maintained in all the samples tested with tensile testing and surface indentation
demonstrating no significant difference over the periods of immersion. This meant
that medical devices manufactured from Biomer Technology Limited by polyurethane
grades would demonstrate no changes in their ability to bear loads over the periods
investigated. Meijs et al. also performed mechanical testing on poly(ether) urethane
after degradation [164]. Comparing results to what was observed by Meijs et al. was
not possible as samples were stored in a considerably more aggressive environment
(25 % H,0, at 100 °C). However, they demonstrate that different formulations of
poly(ether) urethane exhibit different rates of degradation highlighting the need for

characterisation of different formulations.

The surface topography of each solvent-cast film was investigated using AFM and an
increase in roughness was observed in PCL solvent-cast films when stored in PBS.
This was however not observed when polyurethane films of either grade were stored
in similar conditions. The surface topography and the overall surface roughness
observed were not statistically different over the 90 days of immersion in PBS. This
indicated that even after 90 days stored in PBS, the grades of polyurethane
investigated did not degrade topographically.

AFM also revealed a significant change in surface topography across all the sample
materials tested when stored in an oxidative solution at 37 °C. Similar to experiments
carried out in PBS, PCL demonstrated an increase in surface roughness after 15 days
of immersion. Both grades of polyurethane also demonstrated an increase in surface
roughness after 15 days of immersion with the mean roughness increasing from
3.40 nm to 15.05nm in Z1Al and from 2.62 nm to 5.43 nm in Z6Al over this
period. The spread of data also increased significantly with the standard deviation
increasing from 1.4 nm to 4.0 nm in Z1A1 and 0.57 nm to 2.34 nm in Z6Al. This

increase in standard deviation of surface roughness was not only attributed to an
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increase in variability across different samples but also to an increase in variability at
different locations on the same sample. Since AFM scans were performed at
20pm x 20pm, the increase of surface roughness can only be ascribed to an overall
increase in surface roughness and could not be attributed to specific phases within
the micro-structure. Yang et al. have also investigated changes in surface
morphology of polyurethane after a weathering process using AFM [305]. The
accelerated weathering technique they used involved cyclic exposure to UV and
condensation. Although the degradation protocol was completely different,
roughening of surface topography on the nano-scale was reported even after 21 days

of exposure.

As previously outlined, Chung et al. have reported that an increase in roughness of
10 nm had an increase in HUVEC adhesion and growth [308]. The nano-metre scale
increase in roughness observed in polyurethane could have an influence on cell
behaviour. With the mean surface roughness increasing from 3.40 nm to 15.05 nm in
Z1Al solvent-cast films, results discussed by Chung et al. would indicate a change in

cell behaviour on such surfaces.

Detailed nano-scale analysis of electrospun fibres could not be carried out
empirically. This was due to the large variation in nanoscale topography
(Section 4.3.3.2) coupled with the fact that nano-indentation could only result in
relative values (Section 4.3.1.1) within the same sample. Micro-metre scale analysis
carried out using SEM was unable to detect any large differences in overall
morphology across all three polymers after 90 days of storage in an oxidative
solution. However, results obtained from solvent-cast films indicated a change on the
scale of a few nanometres which could not be observed using the existing SEM
setup. It could therefore only be assumed that similar changes occurred on

electrospun mats.
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6.5. Conclusions

The aim of this series of experiments was to investigate whether any nano-scale
topographical changes occurred in two Biomer Technology Limited by polyurethane
grades after long term storage in both a physiological solution and an oxidative
solution. No changes were observed when these samples were stored in a
physiological solution over a 90 day period while an increase in nano-scale
roughness was observed when samples were stored in an oxidative solution after
15 days. These changes appear to plateau after 30 days and further investigation is
warranted to confirm whether surface roughness continues to increase after 60 days
of storage in an oxidative solution. It was suggested that the changes observed in
surface roughness could influence cell behaviour as discussed in literature [109, 308,
309].

The changes observed after 60 days in an oxidative solution at 37 °C were relatively
small and would only influence the cellular scale. No significant changes were
observed when mechanical properties were analysed. This meant that a tissue
engineered product manufactured from these materials would have an unaltered

ability to bear load.

Results obtained from this study were only representative of these polymer grades
and would vary if a different chemical composition was used in the formulation of
the polymers [164]. This range of polymers is formulated using a polyether diol
which has previously been shown to be least susceptible to hydrolysis when
compared to other soft segment compositions [301]. However, the mechanism that
causes this change in surface roughness still needs to be investigated for a better
understanding of the process involved. Different compositions of polyurethane could
also be investigated in order to confirm that this change in nano-scale surface

roughness is not an attribute of the current formulation.
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Chapter 7
Initial Assessment of Cell
Attachment

7.1. Introduction

Cell adhesion involves several processes and loss of cell anchorage is usually
followed by anoikis [102, 165]. Cell viability has also been shown to largely depend
on both the material as well as the form of the substrate [314]. Sangsanoh et al.
investigated the ability of four different cell types to attach and proliferate on
electrospun chitosan substrates when compared to solvent-cast films of the same
material [315]. They highlight differences in cell behaviour between the two forms
and demonstrate that growth on the electrospun substrates varied depending on the

cell type investigated.

After having successfully fabricated and characterised solvent-cast films and
electrospun mats from the Biomer Technology Limited by polyurethane family, an
initial assessment of cell attachment was performed. The aim of this Chapter was to
investigate whether it was possible to culture cells on the Biomer Technology
Limited by thermoplastic polyurethane range in both solvent-cast and electrospun
forms. Two grades of polyurethane- Z1A1 and Z6A1, were selected for their wide
difference in both bulk and nano-mechanical properties while maintaining similar

polymer chemistry (Section 3.2.2).
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Experiments were carried out on three different adherent cell types, a fibroblast cell
line, a neuroblastoma cell line and a primary endothelial cell line harvested directly
from porcine pulmonary arteries. These different cell types were used in an attempt
to encompass a range of cellular behaviour. Fibroblasts have been shown to prefer
relatively stiff substrates while neuronal cells tend to thrive on softer substrates
[153]. The use of immortalised cell lines facilitates the acquisition of such
information due to their cost effectiveness, ruggedness and relative ease to maintain
in culture. However, mutations in the genome necessary to produce such attributes
meant that the biology of these cells might have been altered and must be taken into
consideration when making any analysis [316]. Primary porcine pulmonary artery
endothelial cells were also used in this experiment alongside the immortalised cell
lines. Primary cells were harvested directly from living tissue and were only
passaged a few times before being discarded to avoid changes in phenotype. This
therefore meant that these cells were more representative of their main functional

component within the tissue.

The experiments were also carried out on the different forms that were characterised
in the previous Chapter, namely, solvent-cast films and electrospun mats.
Solvent-cast and electrospun mats were manufactured from both Z1A1 and Z6A1,
and the activity of each cell type when seeded on the different substrates was
investigated. The experiment investigated three substrate variables: 1) solvent-cast
films of Z1A1 and Z6A1, 2) electrospun Z1Al and Z6Al films of similar fibre

diameter 3) electrospun Z1A1 films with two different fibre diameter distributions.
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7.2. Materials and Methods

7.2.1. Scaffold preparation

Solvent-cast films were manufactured from solutions of 15 wt/wt % polymer in DMF
using the procedure outlined in Section 3.3.3. The glass interface was used as this
side was shown in Section 4.3.2 to present similar surface morphology across the
different materials. In order to further confirm that the solvent-cast films
manufactured for use in this study had a similar surface roughness, 50 um images
were obtained using AFM from five different locations on the solvent-cast films and
roughness was calculated from flattened images as outlined in Section 3.5.2.6. Disks
of 13 mm diameter were then punched out of each solvent-cast film for use as

substrates in these experiments.

Electrospun substrates were manufactured directly onto 13 mm diameter
316L stainless steel disks as shown in Figure 7.2. These were mounted onto a flat
collector using conductive tape. Samples were then removed from the collector and
dried at 70 °C for 3 hours to ensure complete removal of solvent. The electrospinning
parameters used to produce large diameter Z1A1l fibres were outlined in
Table 3.2 (b), small diameter Z1A1 in Table 3.2 (d), and Z6A1 electrospun mats in
Table 3.2 (e).

Silastic® MDX4-4210 biomedical grade poly(dimethyl siloxane) (PDMS) was used
as a negative control in these cell contact experiments. Previous publications have
shown that this grade of PDMS was non-toxic to cells but discourages cell adhesion
due to its elevated hydrophobicity [317, 318]. To reduce artefacts brought around by
cells growing on a different surface to the one being tested, all substrate were
mounted onto the bottom of a ThinCert™ using the same cell culture PDMS as
shown in Figure 7.1. The PDMS used was a two-component product and was
vulcanised by mixing the elastomer component with 10 wt/wt% of curing agent. This
was then followed by thorough mechanical stirring and degassing. PDMS substrates
were manufactured by injecting PDMS solution into the bottom of a well. PDMS

was allowed to completely set at room temperature for twice the recommended
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setting time (2 days). Figure 7.3 shows the three resulting substrate types:

solvent-cast, bare metal and electrospun.

ThinCert SRS
PDMS
Well
ThinCert

Sample

Figure 7.1 - Schematic diagram of a ThinCert in a well (Left). Photograph of a
ThinCert showing a metal substrate mounted using PDMS (Right).

Figure 7.2 - Photograph showing fibres electrospun directly onto a 316L stainless
steel disks. Bare metal disk (Left), coated disk (Right).

Figure 7.3 - Photograph of ThinCert with solvent-cast Z6 Al (Left), ThinCert with
bare metal disk (Middle), ThinCert with electrospun mat (Right).
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7.2.2. Experimental setup

Three separate experiments were set-up to investigate three substrate variables:
1) solvent-cast films of Z1A1 and Z6A1, 2) electrospun Z1Al and Z6A1l mats of
similar fibre diameter and 3) electrospun Z1A1l mats with two different fibre
diameter distribution. 12-well plates were used and each plate was set up with three
replicates for each variable. Tissue culture plastic (TCP) was used as the positive

control in each experiment. The setup of each plate was shown in Table 7.1 below.

Cast film experiment setup

A B C D
1112314 1 Z1A1 Glass interface solvent-cast film
2112|314 2 Z6A1 Glass interface solvent-cast film
3(1]12]3]|4 3 PDMS (-ve control)
4 Tissue culture plastic (+ve control)

Electrospun polymer grade experiment

A B C D
1112314 1 Z1A1fibres
2111234 2 76Al fibres
311(2(3]4 3 Bare metal disk
4  Tissue culture plastic (+ve control)

Electrospun fibre diameter experiment

A B C D
111234 1 Z1A1 Large diameter fibres
211(2(3]4 2 Z1A1 Small diameter fibres
3(1]12]3]|4 3 Bare metal disk
4 Tissue culture plastic (+ve control)

Table 7.1 - Setup of 12-well plates in the 3 different experiments
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A total of 27 12-well plates were set-up. Three cell types were investigated: 3T3

fibroblasts, SH-SY5Y neuroblastoma cells and primary porcine pulmonary artery

endothelial cells (PPAEC). Three experiments were set-up for each cell type as

outlined in Table 7.1 with three replicates from the same passage in the same plate.

Each experiment was also replicated three times from a different cell passage for

each cell type. Figure 7.4 demonstrates the overall experimental setup with three

different cell types, three separate experiments for each cell type, three plates for

each experiment of each cell type with a different passage number and three

replicates for every variable in each plate with cells from the same passage number.

7

N { ) 2 N

3T3 Fibroblasts SH-SY5Y Neuronal Cell Cardiac Endothelial Cell
\ 7 \ v, \ )
{ N { ¢ N\ { '
. ’
Z1A1 76A1 Z1A1 Z6A1 Z1A1 Z1A1
East Eilmi Cast Film ES Fibres  ES Fibres ES Fibres  Thin Fibres
\ v, " J \ J

v \

12- Well Plate 12- Well Plate 12- Well Plate

Figure 7.4 - Schematic diagram showing the cell contact experiment layout. Three
cell types were investigated, three separate experiments were carried out for each
experiment. Each experiment was carried out three times in a different 12-well

plate with three replicates for each variable in each plate.
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7.2.3. Cell Culture

Immortalised mouse fibroblast cell line 3T3 was cultured in Dulbecco's Modified
Eagle's Medium (DMEM) (Lonza, UK) supplemented with 10 % fetal bovine serum
(Gibco, UK), penicillin (100 units/ml) (Gibco,UK) and streptomycin (0.1 mg/ml)
(Gibco, UK) in T-25 flasks at 37 °C in a humidified 5 % CO./air atmosphere. Cells
were passaged when 90 % confluency was reached. Cells were washed with sterile
Versene (Lonza, UK) twice and incubated with 1 ml of trypsin (Gibco, UK) for
2 minutes. The enzymatic reaction was then stopped with 5 ml of culture medium.
Cells were split in a desired ratio and replaced into a new T-25 flask with fresh

culture medium up to passage number 50.

SH-SY5Y human neuroblastoma cells were cultivated in a 1:1 mix of DMEM
(Lonza, UK) and F-12 nutrient mix with GlutaMAX (Gibco, UK) and supplemented
with 10 % fetal bovine serum (Gibco, UK), penicillin (100 units/ml) (Gibco,UK) and
streptomycin (0.1 mg/ml) (Gibco, UK) in T-25 flasks at 37 °C in a humidified 5 %
COy/air atmosphere. SH-SY5Y cells were passaged up to 20 times before being
discarded. This cell line can be differentiated into mature neuronal cells possessing a
neuron-like phenotype through the manipulation of the culture medium such as the
addition of retinoic acid [319, 320]. Unlike differentiated cells, undifferentiated cells
still express immature neuronal markers and can proliferate continuously. Since
assays performed in this study aimed to investigate the ability culturing cells on

polyurethane substrates, undifferentiated cells were used.

Primary endothelial cells were harvested from a porcine pulmonary artery by lightly
scraping the tunica intima using a sterile scalpel. Cells were cultured in a 1:1 mix of
Waymouth medium and F-12 nutrient mix (Gibco,UK) supplemented with 10 % fetal
bovine serum (Gibco, UK), penicillin (100 units/ml) (Gibco,UK) and streptomycin
(0.1 mg/ml) (Gibco, UK) in T-25 flasks at 37 °C in a humidified 5 % COy/air
atmosphere. PPAEC were passaged up to 5 times before being discarded to avoid

changes in the phenotype.
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7.2.4. Cell seeding protocol

All the manufactured substrates were cleaned and sterilised prior to use in cell
culture. Samples were cleaned by sonication for 15 minutes in a solution of 15 %
ethanol to remove deposits. Each sample was then allowed to dry in a laminar flow
cupboard for at least 8 hours followed by UV sterilisation for 15 minutes on each of
the two sides of the ThinCert samples.

Cells were passaged using the standard procedure described previously and a
solution of 30,000 cells/ml was produced. Cell seeding densities were kept constant
at 112 cells/mm? across all substrates. This meant that 0.5 ml of the cell solution was
placed in samples mounted on ThinCert as these had a surface area of 133 mm?
1.3 ml of the cell solution was added to substrates directly at the bottom of the well
(PDMS and TCP) as these had a surface area of 346 mmZ.

The same cell seeding density per unit area was used since this resulted in
confluency being kept constant across each substrate if cells grew at the same rate.
The volume of media used was also proportional to the well size and meant that the
same amount of nutrients were available per cell across both sizes of wells. In turn,
when AlamarBlue was added, the volume of media within each well was
proportional to the well surface area and thus the original cell seeding density. Cells
where then incubated at 37 °C and 5 % CO, for 72 hours providing sufficient time

for attachment and proliferation.
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7.2.5. AlamarBlue

AlamarBlue (ThermoFisher Scientific UK) is a reagent used to assess cellular health
and proliferation. The assay is non-toxic and water soluble thus eliminating the need
for washing, fixing and extraction steps required by other assays. AlamarBlue
incorporates both a flurometric and colorimetric indicator based on an
oxidation-reduction indicator in response to a chemical reduction of growth medium
resulting from cell growth. As cells proliferate, innate metabolic activity results in a
chemical reduction of AlamarBlue. This reduction causes the indicator to change
from an oxidized form (non-fluorescent and blue) to a reduced form (fluorescent and
red). This change can then be quantified by evaluating the absorbance at a
wavelength of 570 nm and 600 nm or by measuring the fluorescence with excitation

wavelength at 530 nm - 560 nm and emission wavelength at 590 nm.

A Multiskan Ascent 96 Plate Reader was used to obtain these readings. This system
provided accurate and reliable measurements within a few seconds and was
completely automated. A range of filters were available including a 570 nm and a

600 nm filter, ideal for use with AlamarBlue in colorimetric analysis.

Experimental methodology

AlamarBlue was used to measure cell viability after 3 days of culture in each of the
samples. Culture media was pipetted out of the substrates and fresh media with 10 %
AlamarBlue was added slowly to reduce cell detachment. A separate 12 well plate
was used to store controls needed for the AlamarBlue readout at the same conditions.
Three wells were filled with the respective complete cell media without AlamarBlue
and another three wells were filled with the respective complete media and 10 %
AlamarBIlue to control for 0 % and 100 % reduction during the AlamarBlue reduction
calculation. Cells were then cultured for another six hours in the AlamarBlue solution
which was shown to be sufficient to detect changes in cell densities for all cell types.
Media from each well was then transferred into a 96 well plate along with control

media and analysed using the Multiskan Ascent 96 plate reader.
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The following procedure was used to obtain the percentage reduction of AlamarBlue.
The correction factor Ry was found using:

_ AOw 4.1
A0

Ro

Where: AO, was the absorbance of AB in media at the lower wavelength

AOuw was the absorbance of AB in media at the higher wavelength

The percentage reduction of AlamarBlue was calculated from:

Percentage reduction = [AL,, — (Agw x Ry)] x 100 4.2

Where: A w was the absorbance at the lower wavelength minus the media blank
Anw was the absorbance at the higher wavelength minus the media blank

In order to represent the data in an unbiased format, a number of steps were
performed as shown in Figure 7.5 below. The mean from three wells for each
variable with the same cell passage was first calculated from every culture plate. To
eliminate issues arising from differences in cell seeding densities across the different
plates as well as environmental issues affecting the rate of growth of cells, each
variable was normalised against tissue culture plastic. The growth of cells on tissue
culture plastic was assumed to be constant throughout each experiment and set as the
maximum possible growth over the period of incubation. The resulting normalised
means obtained from the three culture plates from different passages were then

tabulated and the mean and standard deviation for each variable was calculated.
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Cell type : 3T3

Experiment : Cast Films

Plate 1 Plate 2 Plate 3
Z1A1|Z6A1 |PDMS| TCP Z1A1|Z6A1 |PDMS| TCP Z1A1|Z6A1 |PDMS| TCP
25 10
20 14
27 12

Mean

[ 24 | 52 | 12 | 80 |

Normalise
[30 | 65 | 15 [100| |35 ] 70 | 16 [ 100 | [ 37 | 60 | 20 | 100 |
[ 35 | 70 | 16 | 100 |
| 30 | 65 | 15 | 100 |
[ 37 | 60 | 20 | 100 |

Mean and Standard Deviation

34 | 65 | 17 | 100
+/- | +/- | +/-
2.94 | 4.08 | 2.16

Figure 7.5 - Schematic diagram of data analysis regime showing the mean

activity obtained from the AlamarBlue assay first being obtained from a single

plate, normalised and then grouped with means obtained from another 2 plates.
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7.2.6. Live/dead assay

A Live/Dead assay (ThermoFisher, UK) was used to visualise cells on substrate
surfaces. This assay was used for its low toxicity, ease of use and sensitivity.
Calcein-AM dyed live cells (visualised as green) while Ethidium Homodimer-1 dyed
dead cells (visualised as red). A Zeiss Axiovision Imager Z1 was used to visualise
stained cells using its range of objectives and dedicated filters.

Experimental methodology

After 72 hours in incubation, cells were stained using a live/dead assay and imaged
using a fluorescence microscope to investigate whether cells were in fact attached to
the surface being investigated. A solution of 2 mM EthD-1 and 4 mM Calcein AM in
tissue culture grade Dulbecco's Phosphate-Buffered Saline (D-PBS) was prepared.
Culture media was pipetted out of the ThinCert and the substrate was rinsed in
D-PBS. 150 ul of the staining solution was added slowly to avoid cells detaching
from the surface. Cells were then incubated for 15 minutes. The stain was then
pipetted out and D-PBS was used to rinse the substrate twice. This was then removed
from the base of the ThinCert and placed in a petri dish. Enough D-PBS to cover the
substrate was added into the petri dish and the sample imaged using the Zeiss
Axiovision Imager Z1 fluorescence microscope. All images presented were obtained

using a 10x lens and were 900 pm x 900 pm in size.

7.2.7. Statistical analysis

Experiments were repeated in triplicate as outlined in Section 7.2. All data presented
throughout this Chapter are expressed as mean values + standard deviation.
Statistical significance was determined following a student’s t-test. Comparisons

having ‘p’ values less than 0.05 were deemed to be statistically significant.
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7.3. Results

7.3.1. Scaffold Preparation

The resulting surface roughness of solvent-cast films on the glass interface was
investigated using AFM. Five images were obtained from various locations on the
solvent-cast film. The resulting images were flattened in both X and Y-axis and the
surface roughness measured. The resulting data shows a surface roughness on Z1A1
cast films was 6.985 nm + 1.388 nm while that on Z6A1 was 5.126 nm + 2.381 nm.

7.3.2. Cell activity on solvent-cast films

AlamarBlue was used as described in Section 7.2.5 to investigate cell activity on
solvent-cast polyurethane of two different grades: Z1A1 and Z6A1. The resulting
data was normalised against tissue culture plastic and presented in form of a bar chart
(Figure 7.6). Results demonstrated that cell activity was statistically different
between Z1A1l and Z6Al solvent-cast films in 3T3 (p<0.05) and SH-SY5Y
(p <0.05) and statistically similar in PPAEC (p >0.05). When cell types were

cultured on PDMS, the resulting activity was lower than solvent-cast films for all cell

types (p < 0.05).
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Figure 7.6 - Graph of mean and standard deviation of activity in three cell types
when cultured on solvent-cast films calculated from reduction of AlamarBlue as a

percentage of tissue culture plastic (n = 3).
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7.3.3. Cell activity on electrospun fibres from different polymer

grades

AlamarBlue was used as described in Section 7.2.5 to investigate cell activity on
electrospun polyurethane films of two different grades: Z1A1 and Z6Al. The
resulting data was normalised against tissue culture plastic and presented in form of a
bar chart (Figure 7.7). Results demonstrated that cell activity was statistically similar
between Z1A1 and Z6ALl electrospun mats in 3T3 (p > 0.05), SH-SY5Y (p <0.05)
and on PPAEC (p > 0.05). When cell types were cultured on bare metal discs, no
statistical difference was observed with either Z1A1 or Z6ALl electrospun mats of

either cell type (p > 0.05).
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Figure 7.7 - Bar chart showing mean and standard deviation of cellular activity
when cultured for 3 days on polyurethane electrospun mats of Z1A1l and Z6A1
calculated from the reduction of AlamarBlue as a percentage of tissue culture

plastic (n = 3).
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7.3.4. Cell activity on electrospun fibres from different fibre

diameter distribution

Cell activity was investigated using AlamarBlue as described in Section 7.2.5 on
electrospun polyurethane films of two different fibre diameter distributions. The
resulting data was normalised against tissue culture plastic and presented in form of a
bar chart in Figure 7.8. Results demonstrated that cell activity is statistically similar
between Z1Al large and Z1ALl thin electrospun mats in 3T3 (p > 0.05), SH-SY5Y
(p <0.05) and in PPAEC (p > 0.05). When cell types were cultured on bare metal
discs, no statistical difference was observed with either Z1A1 large or Z1A1 thin
electrospun mats of either 3T3 (p > 0.05) or PPAEC (p>0.05). A statistical
difference was observed when SH-SY5Y cells were cultured on bare metal discs
when compared to both Z1A1 large and Z1A1 thin electrospun fibres.
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Figure 7.8 - Chart showing mean and standard deviation of cellular activity when
cultured for 3 days on polyurethane electrospun mats of Z1A1 with different fibre
diameter distribution calculated from the reduction of AlamarBlue as a percentage

of tissue culture plastic (n = 3).
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7.3.5. Live/dead assay

Imaging using the Zeiss Axiovision Imager Z1 fluorescence microscope of the
various cell types on the different substrates was carried out using a Calcein AM and
EthD-1 solution to investigate whether cells were attached to the substrate in
question rather than the surrounding areas. Live cells, stained with Calcein AM, were
represented in green while dead cell nuclei, stained with EthD-1, were represented in
red. Imaging on tissue culture plastic and bare metal was relatively straightforward as
cells were on a single focal plane. Imaging of cells on solvent-cast films in phase
contrast revealed the topography that was previously observed by AFM in
Section 4.2.3 as shown in Figure 7.9. Even though cells were cultured on the glass
interface of the solvent-cast film, light was diffracted when passing through the air

interface making it difficult to focus on the correct plane.

Figure 7.9 - Composite image of 3T3 Fibroblasts on Z6A1 solvent-cast film.
Phase image (left) and fluorescent image overlaid on phase image (right). (Scale
bar 100 pum)

When imaging of cells on electrospun fibres was attempted, similar to imaging on
solvent-cast films, the depth of field was not limited to a single plane of focus as
illustrated in Figure 7.10.
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Figure 7.10 - Images of PPAEC on electrospun fibres. Optical phase image (left),

-

optical phase image overlaid on fluorescent image (right). (Scale bar 100 um)
3T3 Fibroblast cell line

Images of 3T3 fibroblast cell line obtained after three days in culture on respective
substrates were shown in Figure 7.11 below. 3T3 fibroblasts appeared to be attached

to the substrates under investigation.

TCP Bare Metal Solvent-cast Z1A1

Solvent-cast Z6A1 Electrospun Z1A1 Thin Electrospun Z6A1

Figure 7.11 - Composite images of 3T3 fibroblasts cultured on various substrates.
(Scale bar 100 pm)
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SH-SY5Y neuroblastoma cell line

Images of SH-SY5Y neuroblastoma cell line obtained after three days in culture on
respective substrates were shown in Figure 7.12 below. Cells appeared to be attached

to the respective substrates.

TCP Bare Metal Solvent-cast Z1A1

Solvent-cast Z6A1 Electrospun Z1A1 Electrospun Z6A1

Figure 7.12 - Composite images of SH-SY5Y neuroblastoma cells cultured on
various substrates. (Scale bar 100 um)

Primary porcine pulmonary artery endothelial cells

Images of PPAEC obtained after three days in culture on respective substrates were
shown in Figure 7.13. Cells appeared to be attached to the respective substrates.
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Bare Metal Solvent-cast Z1A1

Solvent-cast Z6A1 Electrospun Z1A1 Electrospun Z6A1

Figure 7.13 - Composite images of primary porcine pulmonary artery endothelial

cells cultured on various substrates. (Scale bar 100 pum)

In all cases, the number of dead cells detected was much lower than the number of
live cells. The concentration of EthD-1 used was sufficient to stain dead cells as

certain areas did reveal dead cells as shown in Figure 7.14

Figure 7.14 - Composite images of porcine pulmonary artery endothelial cells on

a bare metal substrate coloured red (dead) and green (live). (Scale bar 100 pm)
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7.4. Discussion

The 3T3 fibroblast cell line is a standard immortalised cell line that is widely used in
experiments since these are very motile and multiply rapidly [321 — 323]. Lo et al.
have shown that this cell line grows preferentially on stiffer substrates and also tends
to migrate to stiffer areas when grown on substrates with a stiffness gradient [152].
This cell line appeared to attach and proliferate successfully when cultured on
polyurethane solvent-cast films. Similar to observations made by Lo etal., a clear
increase in activity was observed when these fibroblasts were cultured on the stiffer
Z6A1 substrate (p < 0.01).

This observation was also made to a lesser degree when SH-SY5Y human
neuroblastoma cells were cultured on solvent-cast films. Cells cultured on Z6Al
demonstrated no significant change when compared to those cultured on tissue
culture plastic while only 71 % + 3.8 % of this activity was seen when the same cell
line was cultured on Z1A1. Unlike 3T3 fibroblasts, SH-SY5Y neuroblastoma cells
were very slow growing and the absolute activity on tissue culture plastic was much
lower when compared to the former (mean of 43 % + 2.6 % reduction of AlamarBlue
in 3T3 and 12% *= 3% in SH-SY5Y). This could have been counteracted by
culturing SH-SY5Y cells for longer until the same degree of confluency observed in
3T3 fibroblasts was reached. In these experiments, this was not pursued in an attempt
to keep all major variables the same across experiments with different cell types.

When primary porcine pulmonary artery endothelial cells were cultured on
solvent-cast films, cells attached and proliferated successfully on both substrates.
The activity of PPAEC was similar to that observed in 3T3 fibroblasts with absolute
values on tissue culture plastic at 39 % + 5 % reduction of AlamarBlue. Unlike the
previous two cell lines, no significant difference was observed between the
absorbance of AlamarBlue from cells grown on Z1Al1 and Z6Al solvent-cast films
(p = 0.408). The use of a contractile cell type such as the smooth muscle cells found

within the same porcine artery would have been preferred for such experiments.
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Cells grown on PDMS substrates exhibited very low cellular activity across the range
of cell types used. This was attributed to the fact that PDMS does not allow cells to
adhere to its surfaces in the first place resulting in low motility and activity during
the time period allowed [317, 318]. When media was changed to the AlamarBlue
containing media for analysis, any live cells that were not adhered to the surface

were washed away in the process.

All three cell lines were successfully cultured on electrospun fibres of both Z1A1 and
Z6A1 with the same fibre diameter as well as on Z1A1 fibres with a smaller mean
fibre diameter. All cell types demonstrated a decreased activity when compared with
tissue culture plastic. This observation was attributed to the fact that unlike the
polyurethane substrates, tissue culture plastic is routinely plasma treated in order to
render the surface more conductive to cell attachment and proliferation.
Amstein et al. reported favourable results when a number of cell types were cultured
on such treated substrates [324]. When compared to tissue culture plastic, cell
activity was supressed to different degrees depending on the cell type in question.
The SH-SY5Y neuroblastoma cell line demonstrated the least reduction of activity
(57.2 % of TCP) while 3T3 fibroblasts demonstrated the highest reduction in activity

when cultured on electrospun polyurethane fibres (24.0 % of TCP)

Both 3T3 fibroblasts and SH-SY5Y neuroblastoma cells exhibited a significant
difference in proliferation between cells cultured on Z1A1 and Z6A1 solvent-cast
films. This difference was however not observed when electrospun mats of the same
materials were investigated. The main differences between the two substrates were
the mechanical properties. However, it was not possible to directly attribute
differences in proliferation to the change in mechanical properties between the two
substrates. The difference in protein absorption on the two materials was not
investigated and could have a significant influence on the cell adhesion and
proliferation. Further investigation into protein-binding behaviour on the different
polymer grades would provide a better insight into cell adhesion. With polyurethane
composed of two major chemical segments (soft segment and hard segment), it is

unclear whether one segment has a higher affinity to cellular proteins over the other
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[40]. With the ratios of the different chemical segments being different in the two
polyurethane grades investigated, if this was shown to be true, it could have led to
changes in protein absorption between the different polyurethane grades.
George etal. demonstrated this using a poly(styrene-block-ethylene oxide)
co-polymer surface coating which formed a micro-phase separated surface [325].
They conclude that the ratios of the two polymers in the final coating controlled
protein adsorption and consequently cell attachment. The use of serum free media
could help counteract this problem since the lack of growth and adhesion factors in
the media reduces the bias brought around by differences in scaffold-protein
interactions in the different grades of polyurethane [326]. Results obtained from cell
culture in serum free media would therefore provide a more consistent and precise

evaluation of cellular function on the various scaffold types.

When the growth of cells on electrospun polyurethane scaffolds was compared to
that on bare metal substrates, only the SH-SY5Y neuroblastoma cell line
demonstrated a significant difference (Z1A1 L: p = 0.025, Z6A1 : p = 0.032, Z1A1l
T: p =0.003). The activity observed when 3T3 fibroblast were cultured on bare metal
substrates was statistically different when compared to large Z1A1 fibres (p = 0.028)
and statistically similar when comparing to Z6A1 substrates (p = 0.12) and low fibre
diameter Z1A1 fibres (p = 0.143). In the case of PPAEC, the cellular activity
observed on electrospun substrates demonstrated no significant difference when
compared to bare metal substrates (Z1A1 L: p = 0.915, Z6Al: p = 0.516,
Z1A1 T:p=0.446).

Live/dead staining of cells on the various substrates confirmed that the cells were
attached to the substrates investigated and not the surrounding ThinCert, PDMS or
underlying metal substrate. By using simple live/dead staining, the morphology of
cells on the different substrates does not appear to be influenced by the substrate that
they are on. However, a more detailed morphological analysis would have to be
carried out to confirm this observation. Actin staining antibodies could be used for an

in depth analysis of the difference in the morphology of cells on the different
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substrate types. This could be coupled with live, time-lapse imaging of cells on the

various substrates in order to obtain a more representative picture of cell motility.

7.5. Conclusions

Three distinctly different adherent cell types were successfully cultured on the
Biomer by thermoplastic polyurethane range. 3T3 fibroblasts, SH-SY5Y
neuroblastoma cells and primary endothelial cells were cultured on both solvent-cast
and electrospun substrates. When compared to tissue culture plastic, the rate of
growth of all cell types across the various substrates was significantly reduced.
Tissue culture plastic is manufactured using a patented low-pressure gas plasma
surface treatment that allows cells to adhere more efficiently by reducing the
hydrophobicity of the surface [324]. TCP was therefore considered as a positive
control that unlike the polyurethane surfaces, was actively treated to promote cell
adhesion. Cell growth on polyurethane substrates was also compared to untreated,
metal surfaces. This was a better comparison as similar to the polyurethane
substrates, the 316L stainless steel substrates used in these experiments were not
treated to promote cell adhesion. In this instance, cell growth was comparable and
the differences observed were much smaller. It is still important to note that such
experiments being performed in vitro have a very limited ability to replicate in vivo
conditions. In vitro studies only provide a limited view of the complete picture and it
should not be assumed that results produced from such experiments would be

directly replicated in vivo.

The techniques used to investigate cell activity in these experiments were somewhat
limited in scope and only provided an initial assessment of cell attachment on
substrates manufactured using these materials. In order to investigate the influence of
mechanical properties on cell mechanotransduction, a more detailed examination of
cell activity will be required. The techniques used were however sufficient for the
aim of this experiment which was to investigate whether it was possible to culture
cells on the various Biomer Technology Limited bg thermoplastic polyurethane range

in both solvent-cast and electrospun forms.
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Chapter 8

Discussion

8.1. Summary

Numerous publications have reported that cells interact with a scaffold mechanically
and apply forces on the scale of a few nano-newtons [138 — 140]. Continuum
mechanics approximates materials as a continuous phase, rather than comprising of
discrete particles. Size effects indicate that this continuum breaks down on the length
scales of interest in the context of cell mechanotransduction [81]. Consequently, this
means that the effective modulus of the substrate is altered on the cellular scale. It
was hypothesised that such changes in nano-mechanical properties influence cell
behaviour through a number of mechanosensitive mechanisms as has been

extensively reported elsewhere [151].

The mechanical properties of a family of medical grade, segmented polyurethanes at
force and length scales of the same order as those exerted by individual cells during
static culture were quantified. Size effects were clearly visible when indenting the
different polymer grades to different depths using both a dedicated nano-indentation
system (2 um - 0.1 um) and AFM nano-indentation (300 nm — 30 nm). Comparison
of these two methods of indentation (AFM and nano-indenter) highlighted the
challenge of obtaining absolute values on these scales despite systematic attempts to
reduce artefacts arising from variables such as rate of indentation, surface roughness
and sample preparation. Multiple authors demonstrate size effects in a number of
polymers including: polycarbonate [327], polyamide/imide (PAI) [328],
polymethylmethacrylate (PMMA) [86] and polystyrene [86]. Han et al. also explain
that such effects are not visible on UHMWPE or PTFE as these have a homogeneous

and highly flexible molecular structure and do not contain any rigid components
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which are critical in the formation of size effects [81]. In the case of the
polyurethanes on which the present study was based, size effects were clearly
demonstrated and confirmed by means of AFM and nano-indentation. However,
irrespective of the length scale investigated, an intrinsic difference between polymers
of different bulk mechanical properties was still observed. In the case of Z6Al,
indentations to 2 um resulted in moduli of 37.6 um %= 2.2 um while indentations to
0.1 pm resulted in moduli of 390.8 um + 48.9 um. Similarly, in Z1A1, indentations
to 2 um resulted in moduli of 5.1 pm + 0.3 um while indentations to 0.1 um resulted
in moduli of 74.7um *6.8 um. While different polymers could be used to
investigate the influence of nano-mechanical properties on cell behaviour,
polyurethane is widely used in tissue engineering with numerous biomedical grades
available. Intrinsic mechanical properties of polyurethanes can also be varied directly
by altering the ratio of chemical constituents unlike other polymer substrates which
indirectly vary mechanical properties by altering topographical features such as pore
size [156]. This, therefore, meant that polyurethane was ideal for use in an

investigation into the influence of nano-mechanical properties on cell behaviour.

Polymer process variables used in the fabrication of scaffolds were also investigated
to determine changes that could influence cell behaviour. In solvent-cast films, a
difference in surface topography was observed between the air interface and the glass
interface. When a different solvent system was used in the solvent-casting process,
differences in topographies of the air-interface were also observed. The glass
interface was generally unaltered irrespective of solvent system or polymer grade
used. Indentation on a scale of 2 um to 0.1 um revealed clear size effects but no
differences were observed when comparing the air-interface to the glass-interface or
when comparing solvent-cast films produced from different solvents. DSC results
also indicated that the solvent system used did not alter the resulting microstructure.
Further analysis by means of AFM phase imaging established that these changes in
surface morphology could not be attributed to changes in chemical microstructure as
had been previously hypothesised by KoJoi et al [278]. Topographical cues have
been shown to influence cell behaviour as outlined in Section 2.3.2. This result

implies that if cells were cultured on solvent-cast films fabricated from different
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polyurethane grades, the glass interface should be used as changes in surface

topography at the air interface would result in different topographical cues.

Fibrous scaffolds are widely used in tissue engineering as these mimic the
extracellular matrix [32]. Size effect theories also indicate that in bending, beams
display a size dependant effect with smaller diameter beams exhibiting an increased
modulus [81]. Defect free electrospun mats presenting diverse nano-mechanical
properties were fabricated. This was achieved by manufacturing electrospun mats
from different polymer grades and with different fibre diameters. As with solvent-
cast films, these fibrous mats maintained difference in both the bulk and nano-
mechanical properties. Thermal analysis also revealed a distinct difference between
the chemical microstructure of solvent-cast films and that of electrospun mats.
Electrospun mats exhibited a greater degree of micro-phase separation suggesting
that the intrinsic mechanical properties of the two forms may not be identical. Nano-
mechanical properties were therefore considered as extrinsic properties of the
substrate. Apart from varying depending on form and mode of loading,
nano-mechanical properties were also altered in the different forms by a change in
chemical microstructure. This finding highlights the difficulty of direct comparison
of the nano-mechanical properties of these two forms. Scaffolds with one nominal
mechanical modulus and mixed nano-mechanical properties were also fabricated by
dual spinning of two polymer grades in Section 5.3.2. Cellular behaviour on such
scaffolds could provide a better understanding of how cells interact with
three-dimensional scaffolds and the importance of nano-mechanical properties for
cell viability. The use of polyurethane facilitated direct comparison of cell viability
on substrates having broadly similar chemistry but very different bulk and nano-

mechanical properties.

A subsequent study was performed with a view to establish whether exposure to a
physiological environment could alter the surface properties of the Biomer
Technology Limited by polyurethanes over an extended period of time. The surface
properties investigated when polyurethanes were stored in physiological solution for

periods of up to 90 days were unchanged (p > 0.05). When the same polymers were
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stored in an oxidative solution replicating inflammatory response, changes in surface
topography were detected after only 15 days immersion (p < 0.05). Surface analysis
by AFM indicated an increase in surface roughness of both polymer grades tested,
whereas no significant changes (p > 0.05) were observed in mechanical properties.
Changes in topographical features have been shown by a number of authors to
influence cell behaviour [329]. However, these results indicated that if these
materials were used to investigate the influence of nano-mechanical properties on
cell behaviour, surface topography will not be altered in the duration of the

experiments.

The above investigations also served to highlight the need to characterise the
mechanical properties of such substrates on a physiologically relevant length scale.
Material selection, polymer processing and storage conditions all contributed to the
surface and bulk mechanical properties of a given scaffold. Moreover, the
nano-mechanical properties are highly dependent on the mode of loading and the
morphology of substrate itself [81]. Fibre diameter alters nano-mechanical properties
and the modulus increases as fibre diameter decreases when this is loaded in
three-point bending [284]. In axial loading, no such change is observed and the
elastic modulus is constant regardless of fibre diameter [87]. In flat, two-dimensional
surfaces such as solvent-cast films, the elastic modulus was also seen to increase as a
function of indentation depth [81]. These phenomena are not unique to the polymers
on which the study is based, but rather an attribute of the mode of loading and would
be apparent on any substrate material used. This has important implications for the
design of scaffolds in the context of tissue engineering as cells interact with scaffolds
and apply loads on the nano-scale where such size effects are predominant.
Nevertheless the importance of this observation should be taken with caution. One
has to keep in mind that cells residing in the niches of a scaffold are subject to a
multitude of other factors, such as chemical stimuli or substrate strain, which may

well dominate the effects on cell behaviour.

The findings of the initial assessment of cell adhesion demonstrated that all three cell

types investigated were successfully cultured on both solvent-cast films and on
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electrospun mats fabricated with fibres of different diameters. The results of this
preliminary investigation have established the feasibility of experimental protocols in
further studies into the influence of nano-mechanical properties on

mechanotransduction.

Hench et al. suggest that the next generation of biomaterials should stimulate specific
cellular responses in a defined manner at the molecular level [330]. The importance
of this study therefore lies in a bottom-up philosophy and focuses on obtaining a
better understanding of the factors that influence cell behaviour in order to inform the
production of successful artificial tissues. To our knowledge, no studies have
addressed the specific role of size effects on cell-substrate interactions. This work
has applied advanced material analyses to undertake this investigation. To this end,
scaffolds that demonstrated similar chemical properties and surface morphology
while presenting different nano-mechanical properties were manufactured. Scaffolds
were also characterised on the cellular scale to ensure that the nano-mechanical
properties was the only variable influencing cell behaviour. Such scaffolds have
therefore laid the foundation for further experiments into an investigation of the

influence of nano-mechanical properties on cell behaviour.

8.2. Suggestions for Further Work

In order to accurately characterise the influence of nano-mechanical properties on
cellular mechanotransduction using different polyurethane grades, all other
intermediate variables have to be controlled. The literature confirms that interaction
of proteins with scaffolds of different chemistry and topography has a significant
influence on cell adhesion and proliferation [115]. In this study, surface topography
has been controlled for and steps have been taken to ensure that when comparing
different grades of polyurethane, the surface morphology presented was similar.
Even though the chemical intermediates of the different grades of polyurethane are
similar, the ratio of hard segment to soft segment is altered in order to create
differences in mechanical properties [40]. This therefore means that stiffer grades
such as Z6A1 have a significantly larger amount of diphenyl methane diisocyanate
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when compared to less stiff grades such as Z1A1. Diverse protein affinity to such
chemical components could alter protein concentration on the scaffold surface and
eventually affect cell adhesion. Commercially assays, such as the NanoOrange®
Protein Quantification Kit (ThermoFisher Scientific, UK) are available which can
accurately provide a measure of protein absorption by binding to proteins and
undergoing a large fluorescence enhancement [331]. Changes in the topography were
observed in Section 6.4 when scaffolds were stored in an oxidative solution for an
extended period of time. These changes did not influence bulk mechanical properties
but could have significant implications on protein and subsequently cell adhesion.
Similar protein attachment studies previously outlined here can be carried out on
these scaffolds to investigate any changes brought around by the increased surface

roughness.

Studies of stiffness gradient studies commonly employ hydrogels or PDMS substrate
with changes in cross-linker ratios that either change the porosity of hydrogels or
alter the chemical characteristics in PDMS substrates [156]. If the suggested protein
analysis indicates that the various grades of polyurethane do not alter protein
adhesion, solvent-cast substrates with stiffness gradients can be fabricated by
solvent-casting two different polymer grades in the same dish. The stiffness gradient
of such substrates can then be confirmed using nano-indentation to specific
indentation depths. Procedures similar to those followed in the literature could then
be performed in order to investigate the influence of substrate stiffness on cell

viability.

A more in-depth investigation of the macro-mechanical tensile properties of
electrospun mats is also warranted. Viscoelastic characterisation of electrospun mats
is routinely performed and the use of models allows for a better prediction of the
material response to different loading conditions [332]. One such model is known as
Fung’s model of quasilinear viscoelasticity and has historically been used to describe
a wide variety of biological materials such as tendons, collagen fibres and cardiac
tissue, since these materials are naturally nonlinear and exhibit viscoelastic

behaviour. The mechanical behaviour of electrospun mats produced from different
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grades of polyurethane using dual spinning, such as those discussed in Section 5.3.2,
are also warrented. Since such films incorporate more than one component,
viscoelastic modelling would be necessary for a comprehensive understanding of the

behaviour of such materials under diverse loading conditions.

Using the information and new knowledge gained from this body of work would
undoubtedly improve our understanding of nano-mechanical properties on cell
mechanotransduction. This goal could be achieved in a number of ways each using
different aspects of the study. Dual spinning could be utilised to fabricate a scaffold
with mixed nano-mechanical properties as previously shown. If one of the polymers
is dyed using a fluorescent dye, fibre polymer grade could be identified using high
enough magnification on the Zeiss Axio Imager. Live cell imaging of cells on such
scaffolds could then be used to observe any preferential behaviour on either scaffold

material.

During the electrospinning process it was noted that slight changes in polymer
feed-rate altered resulting fibre diameters significantly across a traverse length of
15 cm. The infusion pump used (Harvard Apparatus, PHD 2000, Kent, UK) can be
connected to a computer and programmed to alter polymer feed-rate over the span of
the traverse movement. Such changes could potentially produce a larger change in
fibre diameter over a shorter distance and thus producing a scaffold with a gradient
of nano-mechanical properties. Cell migration towards specific fibre diameter
distributions could then be monitored to extrapolate cell preference. The main
drawback in such studies is that intrinsic fibre morphology has to be varied to alter
nano-mechanical properties. This means that it would be difficult to deduce whether
any changes observed would be caused by a change in nano-mechanical properties or

by a change in scaffold topography due to the reduced fibre diameter.

Further in-depth cell attachment studies on scaffolds with the different
nano-mechanical properties are also warranted. A common method used to measure
cell adhesion is to seed Calcein-AM stained cells onto a surface, after enough time is

allowed for attachment the remaining cells are rinsed off carefully using PBS. The
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number of adherent cells on the surfaces can then be measured using a fluorescence
plate reader. Understanding individual cell interaction with such surfaces is also
important and could give a better insight into cell behaviour. High magnification
individual cell tracking over a period of time on different scaffold materials would
therefore provide more information about cell spreading and motility. This could be

performed in conjunction with F-actin staining at various stages after cell fixation.

The hydrophilicity of the scaffolds and the individual electrospun fibres in various
grades of polyurethane remains to be shown. Standard procedures for hydrophilicity
on the macro-scale are readily available and usually involve the measurement of a
contact angle made between a scaffold and a liquid solution. Nano-scale analysis of
individual fibres is also well documented in material science applications and
involves imaging of electrospun mats in a controlled environment scanning electron
microscope [333]. In such microscopes, the atmospheric humidity can be increased
until droplets form on the individual fibres. Contact angle measurements can then be
made from images obtained by using the same equipment and can be used to further
characterise electrospun scaffolds on the nano-scale. Such hydrophilicity
measurements could also inform protein adhesion mechanisms which, as previously

described, could potentially have an important role in cell adhesion.
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