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Abstract

Electrospinning is a versatile method of producing nanofibrous polymeric material
with potential applications as tissue engineering scaffolds. The main aim of this
project was to produce and characterise electrospun polymeric scaffolds based on

chitosan and bacterial polyhydroxybutyrate.

The effect of the parameters used in the electrospinning process were studied and
optimised by electrospinning polyvinyl alcohol from 8 wt% and 10 wt% solutions
under a variable applied voltage from 10-25 kV. It was shown that applied voltage
did not have an effect on the average fibre diameter of the produced fibres but did
affect the crystallinity. The electrospinning process had a detrimental effect on the
crystallinity showing reductions from 26.6 % in the as received material to 14.1%
after electrospinning; however this reduction could be reduced by increasing the

applied voltage.

Attempts were made to electrospin chitosan in various solutions including a dilute
2% acetic acid solution and a concentrated 90% acetic acid solution. The operating
parameters were also altered throughout their full range; however it was found that it
was necessary to create a blend with another polymer in order to produce

electrospun chitosan fibres.

PVA-chitosan blends were successfully electrospun at blend ratios of up to 80:20,
beyond which fibre formation proved unachievable. The blend ratio was shown to
have an effect on both the melting temperature and crystallinity of the produced
fibores. The presence of both chitosan and PVA in the produced scaffolds was

confirmed by FTIR analysis. Fibre morphology was strongly affected by the solution



concentration, changing from thin ‘bead-on-a-string’ morphologies to uniform fibres

as concentration was increased.

A chitosan-hydroxybenzotriazole-PVA aqueous solution was successfully prepared,
enabling the production of chitosan/PVA nanofibres without the need for the use of
an organic solvent when hydroxybenzotriazole was added to chitosanin a 1:1 ratio.

Fibre morphology was unchanged by the alteration in the solvent system.

The suitability of oils to replace the more commonly used sugars as a carbon source
for polyhydroxybutyrate (PHB) production was investigated. Polyhydroxybutyrate
produced by bacterial synthesis from R. Eutropha using three different carbon
sources; olive oil, rapeseed oil and glucose were electrospun and characterised.
The different carbon sources did not have a significant effect on the morphology or
crystallinity of the produced fibres. The average fibre diameter was primarily
determined by the concentration of the solution, increasing with increased

concentration.

The average fibre diameter of uniform PHB fibres was >1 um, however with the
addition of the conductive salt Benzyl tributylammonium chloride the fibre diameters

were successfully reduced by up to 30%
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1. INTRODUCTION AND LITERATURE REVIEW



1.1. Polymer Scaffolds for Tissue Engineering

Tissue engineering has become a highly important field in modern medicine and has
developed significantly through multidisciplinary research in fields such as
biomedical engineering, biomaterials and cell biology. Tissue engineering can be
defined as a field which works to develop biological substitutes that restore, maintain
or improve natural tissue function [1]. Despite the ever improving feats of modern
medicine which have allowed for surgical techniques such as organ transplants,
many patients still die every year due to a shortage of donor organs. The British
National Health Service statistics show that over 1000 people die every year whilst
waiting for donor organs in the UK alone [2]. Aside from a lack of donor organs and
tissues, there are other problems associated with implanting foreign materials into
the body, such as the immune response which causes chronic rejection of the donor
organ [3]. In the case of burn victims requiring skin grafts, where they provide the
donor tissue for themselves, this problem is levitated, however it is a very painful
procedure and depending on the degree of burn damage there may be limited supply
of healthy skin tissue to be used. Tissue engineering has emerged as a means of
solving these problems, using biological substitutes in order to help the body to
create new tissue to replace the damage through the use of three-dimensional
scaffolds. These scaffolds function to guide cell growth and provide structural

support for the formation of a new extra cellular matrix (ECM) [4].

3D scaffolds must conform to a number of requirements in order to be suitable for
use in tissue engineering [5], these include being made from a biocompatible
material which will not cause a negative immune response. They must have a large

surface area-to-volume-ratio in order to maximise cell attachment and organization



that can take place on the scaffold. The scaffold must possess sufficient structural
integrity so that it will not fail mechanically under the strain of supporting new tissue
growth. The material used should be biodegradable so that the scaffold does not
remain in the body once the new tissue has been formed and the scaffold is of no
further use. As well as being biodegradable, the degradation rate needs to be
controllable for different applications where cell growth may occur at different rates,
in order that degradation rate matches cell proliferation rate. Another requirement is
that no scar tissue is produced as a result of using the scaffold. In the case of
scaffolds used in wound dressings this is a key requirement to be achieved. One
further requirement remains that the scaffold be easily and cost effectively produced

S0 as not to limit its application for economic reasons.

These criteria may be obtained through two selections, the process used to make
the scaffold and the material it is made from. The processes capable of producing
tissue engineering scaffolds will be reviewed first. In order to create scaffolds with a

high surface area to weight ratio it is advantageous to work with nanomaterials.

1.2. Applications of Nanomaterials

Nanotechnology is described by NASA as;
“the creation of functional materials, devices and systems through control of
matter on the nanometer length scale (1-100 nanometers), and exploitation of
novel phenomena and properties (physical, chemical, biological) at that length
scale” [6].

Applications for nanomaterials can be found in a great number of sectors due to their

superior properties. Figure 1 presents a spider diagram detailing the different areas

in which polymer nanofibres find applications.
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Figure 1 - Spider diagram to show potential applications of polymer nanofibres [7]

There are a number of different techniques that can be used to form polymeric
nanofibres. The main techniques are drawing, phase separation, self-assembly,

template synthesis and electrospinning [8-10].



1.3. Production methods for nanofibres

1.3.1. Drawing

Drawing is a simple process that allows for the formation of a single continuous
nanofibre. It is achieved by using a micropipette to pull out a polymer droplet at a
specific rate. This process has both advantages and disadvantages. The main
advantage is that it is possible to study the properties of individual nanofibres, when
scaffolds of nanofibres are produced by electrospinning for example it is very difficult
to separate out individual fibres without damaging the sample. Drawing also
requires very little equipment. The disadvantages however are that it can only be
performed on viscoelastic polymers, which limits the choice of material. It is also a
discontinuous process and would take significant time to produce enough nanofibre
to form a scaffold suitable for tissue engineering. It is therefore impractical as a
technique for application but is suitable for use in a small scale production, for

analysis and characterisation [11, 12].

1.3.2. Phase separation

Phase separation again requires minimal equipment requirements but is capable of
producing a polymeric scaffold with extremely high porosity and fibre diameters in

the nanometre scale [13]. This process consists of five key steps.

1. Dissolution of a polymer;

2. Gelation caused by phase separation



3. Addition of water to extract solvent

4. Freezing the gel

5. Freeze-drying in vacuum [13]

This process is long and therefore only suitable in the laboratory environment and
not for use in industry. Itis also only suitable for a few polymers so as with drawing

the choice of material is limited [8].

1.3.3. Self-assembly

Self-assembly involves individual components organizing themselves into orders,
structures or patterns with pre-programmed non-covalent bonds. Intermolecular
forces are generated between the components within the self-assembly such as van
de Waals, hydrogen bonds and hydrophobic interactions [14]. This process is
suitable for obtaining nanofibres with small diameters however due to the complexity
of the process and the low yield it is unsuitable for mass production, it is also only

suitable for polymers with certain configurations [13].

1.3.4. Template synthesis

In template synthesis a template or mould is used within which a network forms
when an electronically conductive polymer is electrochemically or oxidatively
polymerized. After polymerisation has taken place, the template can be dissolved to
free the nanofibres. The size and morphology of the fibres produced can be
controlled by the size and shape of the template used [15]. The disadvantage of this

process is that it cannot make continuous nanofibres as itis limited by the template.



1.3.5. Electrospinning

Electrospinning produces polymeric nanofibres by passing an electric current
through a polymer solution or melt causing an electrostatically charged jet to be
ejected. The electrostatic forces cause bending and pulling of the polymer chains
resulting in the formation of nanofibres as the solvent evaporates or the polymer

solidifies [8].

1.3.6. Review of the different techniques for producing nanofibres

As there are so many methods of producing nanofibres as detailed above it is
necessary to evaluate which method has the most potential for nanofibre production
for application. The ideal process needs to be versatile and flexible, cost effective,

simple and scalable. Table 1 shows a comparison of the features of each process.

Table 1: Comparison of attributes of different techniques for producing nanofibres

Process Suitable Scalable Repeatable Convenient Control of
for usein fibre
lab or dimensions
industry
Drawing Lab - v v -
Phase Lab - v v -
Separation
Self- Lab - v - -
Assembly
Template Lab - v v v
Synthesis
Electro- Lab with v v v v
spinning | potential in
industry




From Table 1, it can be seen that electrospinning ticks all of the desired boxes for
nanofibre production suitable for application. The control of fibre dimensions is a
very important attribute as it allows change of morphology of fibres for different
applications. Template synthesis is also a versatile technique also allowing for fibre
diameter control, however while itis a fine process for experimental work, it could not

been used inindustry as the process cannot be scaled up [15].

1.4. Electrospinning

1.4.1. History

Electrospinning as a process has been in development for hundreds of years. The
effect an electric field could have on liquid droplets was first formally observed by
William Gilbert around the year 1600. He devised a series of experiments using
charged amber and detailed how it was able to deform the shape of water droplets
without physical contact. After this publication there is thought to be no further
publications made on the subject until 1882 when Lord Rayleigh devised a
theoretical model describing how droplets can be caused to eject liquid by using
electrical forces. Attempts to commercialise the phenomenon began in 1902 when
the process was patented by J. F Cooley and W.J. Morton and again in 1934 when
Anton Formhals registered a patent for using electrospinning for the production of
textile yarns. In 1936, the first application for electrospun fibres was developed,
using the fibres as a filtration system devised by Petryanov-Sokolov using the theory
that thinner fibres make more efficient filter material [16]. Shortly after this, mass
production was adopted with 20 million m? of electrospun filtration material being

produced per annum by the 1960’s [17].



While there were already applications of electrospun fibres being produced in the
real world in the early 1960’s, there had still not been a comprehensive study on the
theoretical underpinning of electrospinning. Sir Geoffrey Taylor took up this mantle
and undertook a rigorous theoretical study on charged liquid droplets. He observed
that under an electric field, the droplets could deform into a new shape resembling a

cone [18]. This phenomenon was henceforth known as the Taylor cone.

There was then a lull in electrospinning research until the emergence of
nanotechnology towards the end of the 20" century when the true potential of the
process was realised. In 1994 Reneker and co-workers coined and popularised the
term ‘electrospinning’ from the previously used term ‘electrostatic spinning’ [10].
Reneker and his team demonstrated that many organic polymers can be electrospun
into nanofibres [19, 20]. Since then, the publications on electrospinning have
increased exponentially with many researchers realising the potential of such a

versatile process [10].

1.4.2. Principle

There are three main components or requirements that need to be fulfilled in order

for successful electrospinning to take place [10]

1. High voltage power source

2. A grounded collector

3. Asuitable polymer (either as a melt, or more commonly, in a solution) housed
in a syringe or suitable container feeding to a pipette or needle of small

diameter

Once these are in place, the process can be broken down into four key steps:
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1. Charging of the polymer solution
2. Taylor cone formation
3. Thinning of the jet

4. Collection of fibres on the collector

A schematic diagram of a typical electrospinning setup is shown in Figure 2. There
are many different configurations of electrospinning setups found throughout the
literature. This is partly down to many research groups building their own bespoke
electrospinning setups by compiling the three main components, as opposed to
buying a commercially produced ‘electrospinning machine’ [21, 22]. Typical
variations include the orientation of the setup [8]; Figure 2 shows a vertical setup
with the needle and polymer solution located directly above the collecting plate. In
this configuration gravity helps the polymer solution flow to the end of the needle tip
so a constant supply of solution is present at the needle tip. A horizontal
configuration is also common however [23], and in this instance the flow of solution
to the needle tip is controlled by a syringe pump. The horizontal configuration has
the advantage that any stray droplets that may be ejected from the needle tip in
addition to the desired jet will not necessarily fall on the collecting area and be
detrimental to the collected fibrous scaffold. A syringe pump may also be used in the

vertical configuration in order to quantify the flow rate of the solution to the needle

tip.
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Figure 2: Schematic diagram of a typical electrospinning setup [8]

The equipment is set up and the polymer solution is added to the syringe. The
solution is fed to the end of the syringe so that a droplet is held at the end of the
needle tip by its surface tension. Once the high voltage is applied, the solution
becomes charged. As the voltage is increased, the charge will start to cause
deformation of the droplet due to repulsive forces acting within the solution. These
repulsive forces begin to exceed that of the surface tension leading to the formation
of a conical shape known as the Taylor cone. Once a critical voltage is reached, an
electrically charged jet of solution will be released from the Taylor cone and will

accelerate towards the grounded collector [8, 10, 24].
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Figure 3 shows a depiction of how the jet thins as it travels through the air in the
electric field towards the collecting plate. The jet begins by travelling in line with the
path from the needle tip to the collector [25] however it soon becomes unstable due
to the Coulomb forces. The jet then begins to coil and the increased electrical
bending instability causes the coiled jet to form a tighter coil. This continues with the
polymer elongating more with every coil [26, 27]. The elongation causes a decrease
in the diameter of the jetand in turn increases the surface area per unit mass ratio of
the fluid [28]. As this coiling and whipping effect is taking place, the jet is being
elongated and the solvent evaporates (or in cases where molten polymers are used
the polymer cools) leaving solid polymer fibres. This effect can result in production
of fibres with diameters in the sub-micron range [29]. The chain entanglements
found within a viscous polymer solution provide enough resistance to prevent the

fibres from breaking as they are stretched [30].
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Figure 3: Schematic representation of the coiling and thinning effect exhibited by the

It was originally thought that the bending instability of the jet was caused by the
single jet splitting into multiple jets due to the large repulsive forces; the unstable
region of the jet takes the shape of an inverted cone which supports this theory. This
mechanism was termed “splaying” and it was proposed by Doshi and Reneker that
the repulsive forces cause the initial jet to split and then the increased charge density
acting on the thinner jet then caused the jet to split again. This process would occur
repeatedly until the jet reached the collecting plate and by this time fibres with very

small diameters were obtained [19]. Advancements in technology allowed Shin etal.
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[29] to use high speed photography (1 ms exposure time) to examine the behaviour

of the unstable region of the jet and observed, rather than splitting, there was one

single continuous jet which formed a non-axisymmetric whipping instability causing

the stretching and bending of the jet. This whipping occurs so fast that it may appear

that the jetis splitting into smaller jets however this is not the case.

The resultant fibres are deposited as a 3D nonwoven mesh which is commonly

referred to as a ‘scaffold’ on the collector.

1.4.3. Electrospinning parameters

The controllable parameters that determine the properties of electrospun nanofibres

can be broken down into three main groups [8, 10].

-Solution parameters:

o

Viscosity (resultant of concentration of polymer in solution and
molecular weight)

Molecular weight of polymer in solution

Concentration of polymer in solution

Surface tension

Solution conductivity

Dielectric constant of solvent

-Processing parameters:

o

o

O

Voltage
Flow rate

Distance between the needle tip and the collector
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-Ambient parameters (environmental factors):
o Temperature
o Pressure
o Humidity
o Relative airflow

o Electrospinning atmosphere

As there have been so many publications on electrospinning in recent years, the
effects that most of these parameters have on the resultant fibres is quite well
documented [8]. While differences in the effects are seen with different
polymers/blends/composites, the general trends are important to know and
understand when trying to optimise an electropinning system to produce desired

fibre properties.

1.4.3.1. Solution Parameters

1.4.3.1.1. Viscosity

The viscosity is an extremely important parameter in the successful formation of
fibres. The electrospinning process is reliant on polymer chain entanglements, found
within a viscous polymer solution, to prevent the jet from breaking up when the
elongation forces are imposed by the electric field. In cases of very low viscosity

polymeric micro (or nano) particles will be obtained instead of fibres [31].

When the viscosity is increased a mixture of beads and fibres may be obtained [32-
34]. This mixture of states exists because the parts of the jet which withstand the
stretching forces form fibres as desired, but due to the viscosity being too low, some

of the chain entanglements are overpowered and break up the jet. The bead
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phenomenon is caused by the elasticity of the polymer chains recoiling towards their

original shape before solidifying on the collector [35].

When the viscosity is within a suitable range, smooth nanofibres can be obtained
[32-34]. Boland et al. electrospun polydioxanone and found that fibres could be

successfully formed from solutions in the viscosity range of 50 cP - 2856 cP [36].

Once a viscosity that produces smooth uniform fibres is reached, usually raising the
viscosity further has been shown to increase the fibre diameter. This trend will
continue until the fibres are no longer on the nano-scale. In this instance helix-

shaped micro-ribbons may be observed [37].

1.4.3.1.2. Molecular weight

The molecular weight of a polymer determines the length of the polymer chains. The
longer the polymer chains, the greater the likelihood of chain entanglements [38]. If
the molecular weight of the polymer is increased, but the concentration in solution
remains the same, the solution viscosity will increase. As molecular weight is
inherently linked with viscosity, the effects of changing this parameter are seen to be
the same as changing the viscosity assuming a constant concentration is
maintained. Increasing the molecular weight will cause an increase in fibre diameter
and eventually micro-ribbons [39]. Decreasing the molecular weight will lead to
beading due to insufficient chain entanglements to resist the elongation forces acting

on the poymer chains [39].

1.4.3.1.3. Concentration

The concentration of a polymer in a given amount of solution and the molecular

weight of the polymer are the two factors which determine the viscosity of the
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solution, so concentration, molecular weight and viscosity are related to each other.
Concentration may therefore be varied depending on the molecular weight of the

polymer in order to achieve a solution with a desired viscosity [40].

1.4.3.1.4. Surface tension

Some degree of surface tension is required in electrospinning solutions in order to
hold the solution at the end of the needle tip without it simply flowing out. The
surface tension of the solution is mostly determined by the choice of solvent used
and is not affected to a great extent by the concentration of the polymer [41]. Yang et
al. investigated the effect of surface tension on the morphology of electrospun
poly(vinyl pyrrolidone) fibres in 2004 and found that beaded fibres could be changed
to smooth fibres by reducing the solvent surface tension while maintaining a fixed

polymer concentration in solution [37].

1.4.3.1.5. Solution Conductivity

A conductive solution is necessary for electrospinning to take place as the solution
needs to carry sufficient charges to provide the repulsive forces required, to first
overcome the surface tension of the solution, and subsequently cause elongation
and stretching [8]. The solution conductivity is mainly determined by the polymer
and solvent used as well as by any salt added to the solution. The addition of an
electrically conductive salt, such as NaCl, tetra-n-heptylammonium chloride (R4NCI)
or LiCl, has been shown to decrease beads as a result of increasing conductivity.
This is due to increased stretching occurring as a result of greater charges being
carried by the solution [33, 42]. While increase in conductivity can improve
electrospinning, too high a conductivity is unsuitable as it causes a reduction in the

tangential electric field. This results in a significant reduction in the electrostatic
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force running along the surface of the solution, which is required for Taylor cone

formation [43]

1.4.3.2. Processing parameters

1.4.3.2.1. Voltage

The applied voltage is a very important parameter in electrospinning, without which
the whole process would cease to function [8]. Beyond creating a sufficient charge to
overcome the surface tension in order to form a Taylor cone and eject the solution,
known as the critical voltage, the literature remains unclear as to the effects of
increasing or decreasing the voltage beyond this point. The applied voltage can
affect properties of the produced fibres, namely the fibre diameter and the
crystallinity [8]. There are two sides to the argument over the effect of voltage on
fibre diameter. On the one side some researchers [44, 45] have demonstrated that
higher voltages facilitate the formation of large fibre diameters. The mechanism they
use to explain this phenomenon is that the amount of stretching the jet undergoes is
proportional to the flight time of the jet between the needle tip and the collecting
plate. When the voltage is increased the electric field is stronger and the potential
difference between the charged needle tip and the grounded collector is greater. As
a result the solution is ejected with greater force and travels through the air much
faster. This reduces the flight time and thus the amount of stretching taking place.
In this instance, with this mechanism taking place, it would be beneficial to select a
voltage as close as possible to the critical voltage in order to obtain the smallest fibre

diameters.

On the other hand, other researchers [46-49] have shown that fibre diameter is

decreased when voltage is increased. This is explained by the higher voltage
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resulting in greater columbic forces in the jet and a stronger electric field which both
act to stretch the fibres further resulting in thinner fibres. It has also been shown by

Pawlowshi et al. [50] that higher voltages encourage faster solvent evaporation.

It seems likely that both of these mechanisms do take place and that the effect of
voltage on fibre morphology will vary depending on the particular polymer solution

used.

The crystallinity of a polymer is very important in determining some of the properties
of the material. A high crystallinity will result in a larger amount of secondary
bonding between polymer chains. This bonding will cause both a reduction in the
degradation rate [51] and increase the strength and stiffness [52]. Being able to
control the crystallinity is desirable as it allows tailoring of the properties for a

particular application.

The applied voltage has an important effect on the crystallinity of the fibres. During
the electrospinning process, as the jet travels through the air, molecular orientation is
induced as a result of the electric field, and crystallisation of the polymer takes place
[45]. It follows, that as the voltage, and therefore the electric field strength, are
increased, the degree of molecular orientation imposed on the polymer increases, so
the polymer chain alignment is greater and consequently the crystallisation is

greater.

Ramakrishna et al. [8] explained that the trend of crystallinity increasing with
increased applied voltage was only true up to a certain applied voltage, beyond
which the crystallinity would no longer be increased and would actually begin to
decrease with further additional voltage. It has been suggested that crystallisation

takes place while the jet travels through the air from the needle tip to the collecting
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plate. An increase in voltage decreases the flight time due to the greater acceleration
of the jet [44]. The crystallinity therefore starts to decrease because there is

insufficient time for the polymer to crystallise [45].

It is therefore proposed that there is an ‘inverted U’ relationship between applied
voltage and polymer crystallinity, whereby the crystallinity increases with increased
voltage up to an optimum voltage, beyond which it then begins to decrease. It is

suggested that this optimum voltage may be unique for each polymer solutions [53].

1.4.3.2.2. Flowrate

The flow rate determines how much polymer solution is distributed to the end of the
needle tip per unit of time. Anappropriate flow rate needs to be selected to ensure a
stabilized Taylor cone can be maintained during electrospinning [8]. Generally
speaking, a low flow rate is more conducive to the production of thin uniform fibres
as long as it is a sufficient rate to supply solution to the end of the needle tip at the
same rate that the solution is carried away by the electrospinning jet. If the flow rate
is too low, a continuous jet may not be possible and some solution may solidify at the
end of the needle tip, blocking further solution from passing through. As the flow rate
is increased there is a greater volume of solution ejected from the needle tip. This
leads to a thicker jet with more chain entanglements which are resistant to
stretching, resulting in larger fibre diameters [54, 55]. As there is more solution
travelling within the jet, it will also take a longer time for the solvent to evaporate. If
there is insufficient time for solvents to evaporate, then there may be residual solvent
left in the fibres as they are collected which can cause the fibres to fuse together

[56].



21

1.4.3.2.3. Needle tip distance

Shortening or lengthening the distance between the tip of the needle and the
collecting plate has a direct impact on the electric field strength; there is aninverse
relationship, with a reduced distance increasing the strength and an increased
distance decreasing the strength. This means that changes in needle tip distance
are similar to changes of voltage [8, 54, 57]. A greater distance also allows more
flight time for the jet to stretch and greater time for solvent evaporation, which both
favour thinner more uniform fibres, as long as the voltage is also increased in order
to counter the reduced electric field strength effect. The needle tip distance needs to
be great enough to allow sufficient time for stretching and solvent evaporation, if the
distance is not great enough, wide, interconnected or ‘webbed’ fibres may be

produced.

1.4.3.3. Ambient parameters

1.4.3.3.1. Temperature

The temperature of the electrospinning environment can affect fibre diameters and
morphologies. A higher temperature has been shown to result in smaller fibre
diameters [35, 58]. This is because an increasing temperature has the effect of
lowering a polymer solutions viscosity [59], and as discussed is section 1.4.3.1.1 a

reduction in the viscosity of a solution favours the formation of thinner fibres.

1.4.3.3.2. Humidity

A low humidity may increase the rate of solvent evaporating while a high humidity
can affect the charge on the jet which reduces the stretching forces and results in

larger fibre diameters [60].



22

1.4.4. Choice of solvent

As well as the above mentioned parameters, the choice of solvent used is of
particular importance as it may have an influence on the parameters discussed
above, such as surface tension, conductivity or viscosity. The importance of the
choice of solvent is emphasised by Luo et al. [61] with their paper dedicated to the
selection of solvents for electrospinning. They devised a spinnabillity-solubility map
which was used to methodically develop different solvent systems for the purpose of
electrospinning polymethylsilsequioxane (PMSQ). Interestingly, they showed that
solvents with a high solubility for PMSQ did not necessarily produce solutions which
were suitable for electrospinning and in some cases a solvent with only partial

solubility was shown to be more suitable.

Table 2 shows some polymers commonly processed by electrospinning and the

respective solvents typically used.

Table 2: Commonly electrospun polymers and their respective solvents

Polymer Solvent
Nylon 6 Formic acid
Polyethylene terephthalate (PET) Trifluroacetic acid
Polyvinyl Alcohol (PVA) Water
Polystyrene Dichloromethane
Polyamides Sulphuric acid
Polyhydroxybutyrate (PHB) Chloroform
Chitosan Acetic acid
Polylactic Acid (PLLA) Dichloromethane/N,N-
Dimethylformamide
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It can be seen from the Table 2 that many of the polymers used in electrospinning
rely on the use of an organic solvent or acid in order to create an eletrospinnable
system. When considering a material for potential application in tissue engineering
or other biomedical application the implications of the solvent used has to be
considered. Many of these organic solvents are toxic and would be harmful if they
were to be applied to human skin or tissue. After electrospinning there will be some
residual solvent present in the fibres [62]. This must either be removed by treatment
or a non-toxic solvent must be used for electrospinning in order for the scaffolds to

be suitable for biomedical application.

1.4.5. Choice of Polymer

The selection of the polymer to be used to produce an electrospun scaffold is vital
when considering a particular application. Different polymers can have a greatrange
of mechanical and thermal properties as well as some being biocompatible and
biodegradable [63]. It is important to select one which exhibits the properties

required.

There are two main types of polymer, synthetic polymers and natural polymers.
Synthetic polymers are man-made, while natural polymers are produced in nature.
There are great concerns over the environmental impact of synthetic polymers both
due to pollution in the production and from disposal of the finished product [64].
Natural polymers however can be much more environmentally friendly [65] as well as

providing much higher levels of biocompatablility and biodegradability.
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1.5. Electrospinning of Chitosan and Polyvinyl alcohol (PVA)

1.5.1. Structure and properties of chitosan

Chitosan is a unique polysaccharide derived from chitin. There have been many
attempts to use chitosan in the biomedical field for applications such as
haemodialysis membranes, artificial skin, substituting or regenerating the blood-
tissue interfaces and drug targeting. As chitosan has structural characteristics
similar to glycosamino-glycans it seems to be able to mimic their functional

behaviour [66].

Chitin is an attractive material as it is a ‘natural polymer and therefore has much
greater biocompatibility and biodegradability than most of the synthetic, man-made
polymers. Chitin is one of the most abundant polysaccharides in nature, behind
cellulose and several billion tonnes of chitin are produced per year by marine
copepods alone [67]. It is found in the exoskeletons of crabs, shrimps and other

crustaceans, and insects and even found in some fungi.

The chemical structure of chitin is shown in Figure 4. It is a 2-acetamido-2-deoxy-[3-
D-glucose with the monomers connected through B-1,4-glycosidic bond linkages.
This structure is very similar to that of cellulose with the replacement of a hydroxyl
group on one of the carbons with an acetamido group [68]. The acetamido groups
and hydroxyl groups form hydrogen bonds with neighbouring chains or in the same
chain, the acetamido group leads to greater hydrogen bonding compared to cellulose

leading to chitin having a higher strength.
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Figure 4: The chemical structure of chitin.

Three different polymorphic forms of chitin have been found, a-chitin, B-chitin, and y-
chitin. In a-chitin the chains are arranged in tight anti-parallel formation resulting in
an orthorhombic shape. In B-chitin the chains are parallel in their orientation and
have a monoclinic crystal symmetry while y-chitin contains a mixture of the two
previous formations, with some chains arranged in parallel and some anti-parallel
[69]. Due to the nature of these formations 3-chitin is more susceptible to dissolution
compared to a-chitin, due to the chains being less tightly arranged and
intermolecular interactions being weaker, however chitin in all its forms is insoluble in

most organic solvents due to the strong hydrogen bonding.

Chitin is rarely utilized due to this insolubility, both in water and most commercial
organic solvents, however, when N-deacetylated it forms chitosan which is soluble in
a number of acidic solvents. The reason chitosan is only soluble in acidic solutions
with a pH lower than 6.0 is due to chitosan’s amines being protonated when in acidic
solutions resulting in the chitosan becoming a water soluble cationic polyelectrolyte

[70]. Chitosan is made up of the deacetylated component (-(1-4)-linked D-
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glucosamine and the acetylated component N-acetyl-D-glucosamine. The structure

of chitosan is depicted in Figure 5.

— OH — OH
—_— 0 —_— 0
—_—0 OH o OH O—
NH, NH,

Figure 5: The chemical structure of chitosan.

While chitin has been shown to be predominantly a crystalline material with small
amorphous regions, chitosan is more semi-crystalline in structure with the degree of
crystallisation dependant on the degree of de-acetylation [71]. Chitosan is insoluble
in solvents with a neutral or alkaline pH however is soluble in acidic solvents such as
acetic acids, hydrochloric acid, lactic acid and glutamic acid. This solubility greatly

improves the prospects for the material in application.

Chitosan has been shown to have antibacterial and antifungal properties making it

an ideal material for applications in biomedicine. The mechanisms through which

chitosan acts as an antimicrobial material have been summarised as the following;

“(1) The cationic nature of chitosan causes it to bind with sialic acid in phospholipids,

consequently restraining the movement of microbiological substances.

(2) Oligomeric chitosan penetrates into the cells of microorganisms and prevents the

growth of cells by preventing the transformation of DNA into RNA.” [72]
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The cationic amines present in the chitosan structure are positively charged and
cause electrostatic interactions with any negatively charged microbial cell
membranes [73]. These interactions provide interference to the permeability of the
membrane resulting in an osmotic imbalance which will inhibit the growth of

microorganisms [74].

Table 3: Strains of bacteria and fungi in which chitosan has been shown to inhibit

growth [75, 76]

Bacteria Fungus

Gram-positive Gram-negative bacteria

bacteria
Staphylococcus Escherichia coli (E.coli) Botrytis cinerea

aureus (S.aureus)

Listeria Shigella dysenteriae Rhizopus stolonifer
monocytogenes
Bacillus cereus Pseudomonas Aeruginosa Aspergillus niger

Vibrio cholera Aspergillus parasiticus

Vibrio parahaemolyticus

Aeromonas hydrophila YMI

Aeromonas hydrophila CCRC
13881

Salmonella tyhimurium

Chitosan has been shown to inhibit fibroplasia in wound healing and to promote
tissue growth and differentiation in tissue culture [77]. It appears chitosan can

provide a non-protein matrix for three-dimensional tissue growth, and can play the
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role of a biological primer for cell-tissue proliferation and reconstruction. Other
properties which make chitosan of high interest for tissue engineering are its ability
to cause haemostasis as well as promote normal tissue regeneration [78]. The
ability to promote normal tissue regeneration is thought to be due to the presence of
the monomeric unit N-acetylglucosamine which is also present in hyaluronic acid, an
extracellular macromolecule involved in wound repair. It therefore has

characteristics which are favourable to tissue regeneration [79].

1.5.2. Electrospinning of chitosan

There are numerous examples in the literature detailing the electrospinning of
chitosan [54, 80-82] however very few report on electrospinning of pure chitosan,
instead relying on creating blends of chitosan with other polymers such as PEO [82]

or PVA [83] to help improve the electrospinnability.

There are two main problems reported with the electrospinning of pure chitosan.
One problem addressed by Homayoni et al. [54] is that chitosan is very viscous
when in solution, which prevents elongation of the jet and inhibits fibre formation.
Another problem arises from the structure of chitosan in solution. Chitosan can be
dissolved in most acids and when done so, the chitosan is protonated to form a
polyelectrolyte. When a woltage is then applied to the solution during the
electrospinning process the ionic groups in the polymer backbone strongly repel
each other which prevent the formation of a continuous jet. These repellent forces
particularly impact the jet stretching, whipping and bending stage of the process. As
a result ultrafine particles rather than ultrafine fibres are produced, even when

chitosan solution concentrations are within their optimum range [84].
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Numerous researchers have attempted ways to resolve these problems. Ohkawa et
al. [80] were successful in producing pure chitosan fibres when using trifluroacetic
acid (TFA) as a solvent. TFA was able to produce an electrospinnable solution by
breaking down the intermolecular interactions occurring between the chitosan
molecules as chitosan forms amine salts with TFA at the C2-amine groups [85].
Ohkawa et al. found that as the chitosan content of the solution was increased; fibres
were produced in preference to beads however these fibres were interconnected.
With the addition of a second volatile organic solvent, dichloromethane (DCM), they
were able to produce homogeneous fibres with fibre diameters ranging from 210 —

650 nm.

Vrieze et al. [86] carried out a feasibility study on the electrospinning of pure
chitosan, testing formic acid, lactic acid, hydrochloric acid and acetic acid for their
suitability as solvents in electrospinning pure chitosan. Successful fibre production
was only achieved with the use of a concentrated acetic acid solution. Vrieze et al.
proposed that the optimum parameters from electrospinning chitosan in acetic acid
were a chitosan concentration of 3%, an acetic acid concentration of 90%, an

applied voltage of 20 kV and a needle tip distance of 10 cm.

Geng et al. [87] had previous success in electrospinning pure chitosan dissolved in
concentrated acetic acid and provided some insights into why. Despite chitosan
being soluble in both dilute and concentrated acetic acid, only concentrated acetic
acid was suitable as a solvent for electrospinning. Geng et al. showed that the
surface tension of the solution decreased dramatically with an increase in the acid
concentration as well as the charge density of the solution increasing, while the
viscosity remained relatively unaffected. These factors improved the

electrospinability of the solution and allowed for the formation of uniform fibres. The
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result was however limited to chitosan with an M,, of 106,000 g/mol, with higher
(398,000 g/mol) and lower (30,000 g/mol) M,, chitosan producing a mixture of beads,

droplets and fibres.

Homayoni et al. [54] addressed the issue of the high viscosity by subjecting the
chitosan to an alkali treatment using sodium hydroxide (NaOH). This had the effect
of hydrolysing the chitosan chains and as a result reduced the molecular weight.
Alkali treated chitosan was then successfully electrospun using 70-90%
concentrated glacial acetic acid, thus improving on the results of Geng [87] and
Vrieze [86] by reducing the concentration of acetic acid required. FTIR analysis
showed that the alkali treatment did not have an effect on the chemical structure of

the chitosan other than some changes in the secondary hydrogen bonds.

These studies show the extent to which the electrospinning of pure chitosan has
been successful. The use of a highly concentrated acidic solvent is not ideal for use
in electrospun scaffolds with intended uses in tissue engineering because, due to the
nature of the process, there is likely to be residual solvent left on the fibres in the
scaffold which may be harmful when applied to human skin or tissue [62]. There is
also the economical consideration of the costs involved and environmental factors. If
the electrospun scaffolds were adopted for tissue engineering applications on a
mass scale the amount of wasted solvent would be huge. A solution to combat both
the need for concentrated acetic acid as a solvent and chitosan’s poor

electrospinnability is to create a blend with another polymer.

1.5.3. Chitosan Blends

Polymer blending is a large field in itself and has been used for many years in order

to improve the properties a polymer by combining it with another polymer while
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retaining, to an extent, the individual properties of the two separate polymers.
Products such as car bumpers, disposable coffee cups and biomedical devices are
commonly made from such blends [88]. The choice of polymers used is determined
by the desired properties dictated by the intended application as well as by the

compatibility of the two polymers as to whether they are miscible or immiscible.

Studies have shown that chitosan is miscible with a number of synthetic polymers.
These include poly(ethylene oxide) (PEO) [89] and poly(vinyl alcohol) (PVA) [90].
Naveen Kumar et al. [90] conducted a compatibility study on the miscibility of
chitosan/PVA blends in a 2% acetic acid solution. The results from viscosity,
ultrasonic velocity and refractive index measurements led to the conclusion that
chitosan/PVA was miscible at blend ratios ranging from 20:80 — 80:20 PVA:
chitosan. DSC and FTIR showed strong intermolecular hydrogen bonding between
the chitosan and PVA molecules which explains the observed miscibility. Rakkapao
et al. [89] showed that PEO was miscible with chitosan through hydrogen bonding.
While a number of blend ratios were found to be successfully miscible they
concluded that the optimum blend composition which provided the strongest
interaction between the chitosan and PEO molecules was the stoichiometric
composition whereby the hydroxyl and amino groups of chitosan had a 1:1 ratio with
the ether oxygen of PEO. In the blends chitosan was shown to suppress the
crystallization of PEO while the thermal degradation of chitosan was suppressed by

chitosan.

Blends have also been shown to be made with chitosan and collagen in which each
of the materials maintains its individual properties and chitosan did not denature
collagen fibres. The addition of chitosan to collagen also showed a decrease in the

apparent viscosity of the resultant solutions [91].
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1.5.4. Electrospinning of chitosan blends

There are many other reports of chitosan electrospinning when it is blended with
other materials including synthetic polymers [92-94], proteins [95] and the formation

of composites with inorganic nanoparticles [96, 97].

Duan et al. [92] could not produce fibres from electrospinning a pure chitosan
solution inagueous acetic acid however fibres were formed with the addition of PEO
ina 2 % acetic acid solution. Fibres were successfully produced with mass ratios of
chitosan:PEO at 2:1 and 1:1 with solution concentrations ranging for 4-6% with
operating parameters of 15 kV applied voltage, 20 cm needle tip distance and a flow
rate of 0.1 ml/h. They found that the conductivity of the chitosan-PEO solution
decreased as compared with the same concentration of chitosan solution not
containing PEO. A mixture of nanofibres and microfibres were produced during this
study, with nanofibre dimensions in the range of 80-180 nm. The morphology of
fibres was primarily influenced by the solution concentration as well as the mass
ratio of chitosan to PEO. Some phase separation of the chitosan/PEO solutions was
observed during the electrospinning processes, which lead to the microfibres

predominantly being made up of PEO while the nanofibres were mainly chitosan.

Blends work to improve the spinability of chitosan for a couple of reasons. The first
is the effect the blend can have on the overall viscosity of the solution. As discussed
chitosan is highly viscous in solution and has even been used as a thickener for
electrospinning dilute PVA solutions, allowing the formation of uniform fibres from
PVA solutions with a concentration so low that usually a highly beaded scaffold

would form [98]. The same principal can be used in the reverse; PVA has a
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relatively low viscosity in solution and so by creating a blend with the more viscous

chitosan the overall solution viscosity as compared to pure chitosan can be reduced.

The second reason for the improved spinnability is due to the intermolecular forces
between polymer chains in chitosan. As mentioned previously the ionic groups in
the polymer backbone strongly repel each other which prevent continuous fibre
formation. Through the addition of another polymer to form a miscible blend this
structure is disrupted and the repellent forces are alleviated. This explains why
there is a limit to the blend ratio between chitosan and PVA that can still be
successfully electrospun as reported by Jia et al. [99] who found that fibres could
only successfully be produced from chitosan/PVA blends when the chitosan content
was less than 30%. They also found that the average fibre diameter of the produced
fibres decreased with increasing chitosan content from 10-30 %. This is attributed to

the increase in conductivity as a result of the addition of more chitosan.

An overview of the previous literature on the subject of electrospinning chitosan is
depicted in Table 4. This details the polymer(s) the chitosan was blended with, if
any, as well as the solvent system used and the average fibre diameter that was

achieved.
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Table 4: Overview of the results of electrospinning chitosan and chitosan blends

including solvent used, average fibre diameter produced and the proposed

application for the produced scaffold

Polymer Solvent Degree of Average | Application | Reference
Deacylation fibre
diameter
(nm)
Chitosan | Acetic acid 54 130 - [87]
Chitosan | Acetic acid 75-85 70+ 35 - [86]
Chitosan TFA/DCM 95 130+ 10 - [100]
Chitosan TFA/DCM 85 126 + 20 Tissue [101]
engineering
Chitosan TFA 86.7 235 Filtration [102]
(neutralized
with KoCOs3
solution)
Chitosan/P | Acetic acid 90 80-150 Enzyme [103]
VA immobilizati
(removing on
PVA with
05M
NaOH)
Chitosan/ | Acetic acid 90 99 +21 Wound [104]
PVA Dressings
Chitosan/ | Acetic acid 80 10-240 - [105]
PEO
Chitosan/ | Acetic acid 67-83 80+ 35 Filtration [93, 106]
PEO
Chitosan/ 114 £19 - [81]
UHMWPEO
(5%)
138 £15
Chitosan/ Acetic >85
UHMWPEO acid/DMS




(10%) O 102 +14
Chitosan/
UHMWPEO
(20%)
Chitosan/ TFA 85 500-800 Wound [107]
PET dressings
Chitosan/ HFIP 75-75 450 £110 | Bone tissue [108]
PCL engineering
Chitosan/ HFIP/FA 85 80-310 Filtration [109]
nylon-6
Chitosan/P Acetic 90 275 £175 Tissue [110]
VA-PLGA acid/ engineering
. THF/DMF
(by multi-jet
electrospinn
ing method)
Chitosan/ | HFIP/TFA 85 434-691 Tissue [95]
collagen engineering
(crosslinked
by GA
vapour)
Chitosan/ | Acetic acid 95 398 +76 Wound [111]
collagen/ dressings
PEO
(crosslinked
by GA
vapor)
Chitosan/ Formic 86 180-790 - [22]
SF acid
N- Water 82.5 131-456 Wound [112]
CECS/PVA dressings
H-CS Chloroform 88 640-3930 | Skintissue [113]
engineering
G-CS Formic 85 160 Liver tissue [114]
acid engineering
Q-CS/PVA | Acetic acid 80 60-200 Wound [115]
(crosslinked dressings

by UV
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irradiation)
PCL-g- F/chlorofor 91 - Tissue [116]
CS/PCL m engineering
CsS- Water 85 190-282 Drug [117]
HOBt/PVA delivery
Chitosan/ Acetic >85 214 £25 | Bone tissue [96]
HAp/UHMW | acid/DMS engineering
PEO O
Chitosan/ | Acetic acid 91 49 £10 | Bone tissue [118]
HAp/PVA engineering
Chitosan/ Acetic 88 100-700 | Bone tissue [119]
HAp/PVA acid/DMS engineering
O
Chitosan/P | Acetic acid 80 ~100 Wound [120]
EO/AgNPs dressings
Chitosan/ge | Acetic acid 87 220-400 Wound [121]
latin/AgNPs dressings

1.5.5. Polyvinyl alcohol (PVA)

As discussed in section 1.5.4 Poly(vinyl alcohol) (PVA) can be successfully blended

with chitosanin order to facilitate electrospinning

PVA is a synthetic water-soluble polymer.

poly(vinyl acetate). The chemical structure of PVA is shown in Figure 6.

It is produced by the hydrolysis of
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— 1 CH,— CH|

OR [ n

where R = H or COCHj;

Figure 6: Chemical structure of poly(vinyl alcohol) [122]

PVA has a simple structure containing a pendant hydroxyl group. PVA is available in
a number of different grades based on the degree of hydrolysis. These are grouped
into fully hydrolysed and partially hydrolysed. The degree of hydrolysis is
determined by the amount of acetate groups remaining in the polymer backbone.
This degree of hydrolysis has an effect on the chemical properties, crystallisability
and solubility of the material [123].

It has been shown that the higher the degree of hydrolysis the harder it is to dissolve
PVA in water. The residual acetate groups in partially hydrolysed PVA are
hydrophobic and weaken the intermolecular hydrogen bonds between the hydroxyl
groups resulting in easier dissolution. For PVA with a high degree of hydrolysis to
dissolve typically a temperature above 70°C is required [124].

PVA has been shown to be highly biocompatible as well as non-toxic and as such it
finds applications in a wide range of fields including medical, food, cosmetic,

pharmaceutical and packaging [125].
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1.6. Electrospinning of Polyhydroxybutyrate (PHB)

1.6.1. Background of PHB

Polyhydroxybutyrate (PHB) is a polymer which is a part of the polyhydroxyalkanoate
(PHA) family of polyesters which can be naturally synthesised from sugars and lipids

by bacterial fermentation [126].

PHAs are naturally produced as a way for bacteria to store carbon as an energy
source. This occurs when nutrient supplies are imbalanced and there is a shortage
of phosphorous, nitrogen and oxygen while maintaining an excess supply of a
carbon source [126, 127]. The discovery of bacteria’s ability to produce PHA’s was
made by Lemoigne in 1926 with PHB being identified as the material of the inclusion

bodies [128].

The bacterially produced PHA’s were shown to have similar properties to
synthetically produced polypropylene and was shown to be a viable replacement
[129]. Synthetic polymers have been hugely popular, thanks primarily to their low
costs of production compared to the much greater cost of PHA production. This has
meant that PHAs have been somewhat ignored in favour of the much cheaper
synthetic polymers [130]. There are three main factors contributing the high cost of
PHB production; the cost of the carbon source, fermentation process, polymer
extraction and purification. Many advances have been made towards refining the

production process over the years to make it more economically viable [131].

Even now the production costs of PHAs are far greater than synthetic polymers;
however, thanks to an ever growing theme of the masses turning to environmentally

friendly products, researchinto PHA production has become more popular. Inrecent
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years the damaging environmental effects of synthetic polymer production has
become more apparent and more of a concern due to the use of potentially harmful
chemicals [132]. As a result there has been a boom in the amount of research

carried out to find non-polluting polymers to be used as a replacement.

The primary focus of research into PHA production is to make the process more
economically viable. One method of bringing down the cost of production is the use
of alternative carbon sources which are less expensive and have higher yields of
PHA production [133]. Table 5 gives a list of some carbon sources commonly used
in PHB production and the respective costs and PHB yields from each carbon

source.

Table 5: Carbon sources used in PHB production along with corresponding cost and

theoretical yield of PHB [134]

Carbon Yield of Approximate cost Approximate
Source PHB/substrate (¥ /kg) cost
(9) (Ekg)
Methanol 0.54 55 0.31
Ethanol 0.62 110 0.63
Acetic acid 0.48 200 1.14
Glucose 0.48 120 0.68
Sucrose 0.50 28 0.16

PHB can be produced by using plant oils as a carbon source as opposed to the other
substrates commonly used. Plant oils contain a much greater amount of carbon
atoms per gram compared to these other substrates and bacteria are able to achieve
a higher theoretical yield [135]. A theoretical yield of 0.98 g/g has been shown to
be possible from bacteria utilising plant oils [136]. It can be seen from Table 5 that

less than half this yield, 0.48 g/g, canbe achieved when using glucose [134].
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1.6.2. Structure and Properties of PHB

PHB is a homopolymer made of chains of the same monomer unit which has the
same basic structure of (R)-3-hydroxyalkanoic acid, the same as all the PHASs, as

shown in Figure 7, with CH3 as the functional R group.

o N

Figure 7: Chemical structure of PHAs whereby the R group is replaced with a

functional group, CHj3 in the case of PHB

PHB is a semi-crystalline polymer, made up of both an amorphous region and a
crystalline region [137]. The amorphous region of a polymer is made up of polymer
chains in a random orientation with no degree of order. The crystalline region
however is very ordered, with chains lined up in a linear fashion. The degree of
crystallinity within a polymer determines many of its properties. Highly amorphous
polymers are typically transparent while highly crystalline polymers have a greater
refractive index and are typically opaque [138]. PHB is known to have a high

crystallinity which can be greater than 50 % crystalline [139].
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The degree crystallinity contributes to determining the stiffness of a polymer. As
expected for a polymer with a high crystallinity, PHB has been shown to be both stiff
and brittle [140]. This property is generally not desirable in a material and makes
PHB unsuitable for many commercial applications. Electrospinning has been shown
to be capable of reducing polymers crystallinity if the right parameters are used
during the process [141]. If PHB were to be electrospun under the right conditions
these stiff and brittle properties could potentially be greatly improved to a ductile

material.

As mentioned in section 1.6.1 PHB has been suggested as a replacement for
polypropylene because it shows similar thermal and mechanical properties without
the negative environmental concerns from production. Table 6 shows a comparison

of the main properties of PHB compared with polypropylene.

Table 6: Physical and mechanical properties of polypropylene and PHB [142]

Property Polypropylene PHB
Melting te mperature (°C) 176 175
Glass transition -10 4

temperature (°C)

Tensile strength (MPa) 38 40

Extension to break (%) 400 6
Crystallinity (%) 70 80
Density (g/cm®) 0.905 1.250

PHB is particularly suitable for tissue engineering applications because of its high
biocompatibility. In vivo PHB has been shown to degrade by a hydrolysis reaction.

The ester bonds are broken down to produce carbon dioxide and water as waste
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materials [143]. In vivo it has been shown that tissue reaction to PHB film implants is

relatively low and was the same as the tissue reaction to the glass plate used as a

control. This indicates high biocompatibility and is thought to be due to the presence

of natural PHB oligomers and 3-hydroxybutyrate, which are the intermediate

degradation products of PHB, in animal tissues under normal conditions [144].

There are many different bacteria capable of producing PHAs when subjected to

unbalanced growth conditions with a number of these specifically producing PHB.

Table 7 has been modified from the review paper by Verlinden et al. [126] and shows

an overview of the bacterial strains that can be used to produce PHB.

Table 7: Overview of the bacterial strains used to produce PHB including the initial

carbon source used

Bacterial strain

Initial carbon source

Reference

Alcaligenes latus

Malt, soy waste, milk
waste, vinegar waste,
sesame oil

[145]

Bacillus cereus

Glucose, e-caprolactone,
sugarbeet molasses

[146]

Bacillus spp.

Nutrient broth, glucose,
alkanoates, e-
caprolactone, soy
molasses

[147]

Burkholderia sacchari sp.

nov

Adonitol, arabinose,
arabitol, cellobiose,
fructose, fucose, lactose,
maltose, melibiose,
raffinose, rhamnose,
sorbitol, sucrose,
trehalose, xylitol

[148]

Burkholderia cepacia

Palm olein, palm stearin,
crude palm oil, palm
kernel oil, oleic acid,
xylose, levulinic acid,
sugarbeet molasses

[149]
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Caulobacter crescentus Caulobacter medium, [150]
glucose
Escherichia coli mutants Glucose, glycerol, palm [151]
oil, ethanol, sucrose,
molasses
Halomonas boliviensis Starch hydolysate, [152]
maltose,
maltotetraose and
maltohexaose
Legionella pneumophila Nutrient broth [153]
Methylocystis sp. Methane [154]
Microlunatus Glucose, acetate [155]
phosphovorus
Ralstonia Eutropha Glucose, sucrose, [126, 156]
fructose, valerate,
octanoate, lactic acid,
soybean oil
Rhizobium meliloti, R. Glucose, sucrose, [157]
viciae, galactose, mannitol,
Bradyrhizobium japonicum trehalose, xylose,
raffinose, maltose,
dextrose, lactose,
pyruvate, sugar beet
molasses, whey
Rhodopseudomonas Acetate, malate, fumarate, [158]
palustris succinate, propionate,
malonate, gluconate,
butyrate, glycerol, citrate
Spirulina platensis Carbon dioxide [159]
(cyanobacterium
Staphylococcus Malt, soy waste, milk [160]
epidermidis waste,
vinegar waste, sesame oil

Ralstonia eutropha (also known as Cupriavidus nectar or Alcaligene eutrophus) is
one of the most extensively studied strains of bacteria for PHB production as itis the
most cost-effective process and is capable of producing high yields of PHB ~90
%w/w [126]. R. eutropha are a versatile strain of bacteria to use for studying PHB
synthesis because they are able to utilize a number of different carbon sources,

including vegetable and plant oils, to accumulate PHB [161].
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1.6.3. Applications of PHB

PHB is an attractive material to study because it is suitable for a number of different
applications across a range of fields. As mentioned previously it shares similar
properties with polypropylene and other synthetic polymers which are currently used
for packaging materials, and by making blends and composites the properties of
PHB can be further enhanced to make them more suitable for packaging. PHB’s
characteristic of being completely nontoxic make it particularly attractive for food

packaging [162].

PHB can be used as an implant material in medicine due to its biodegradable and
biocompatible properties which mean that PHB does not cause any immune
response and therefore the body will not reject the implantation [163]. The
biodegradable nature of PHB means it does not have to be removed from the body
after serving its function. The body can reabsorb PHB as it degrades as the
monomer of PHB is a metabolic in the blood so PHB can be used as a seam thread
for healing wounds and blood vessels [144]. Other medical devices have also been
made from PHB such as screws and plates for bone fixation, bio-absorbable surgical
structures, surgical meshes [164] and wound covers [165]. PHB has also attracted

some interest recently for use in tissue engineering applications.

In an attempt to improve the mechanical properties of PHB copolymers of PHB have
been produced. By using mixed substrates in the production of PHB using bacteria,
such as using valerate in addition to glucose, the micro-organisms may convert the
substrates into poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) or poly(3-
hydroxybutyrate-co-4-hydroxybutyrate) (PHB4B) [166]. Figure 8 shows the two

monomers, PH3B and poly-hydroxyvalerate (PHV) and how they combine to form
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PHBV. When a mixture of substrates are used, the copolymer formed typically
consists of a random composition of monomer units however the composition of the
copolymer can be manipulated through altering the concentrations of the different

substrates to achieve the desired ratio of the two monomers [167].

CH, o)

O——HC——CH,C

| s CHs ﬁ CH,CH; ﬁ

PH3B | |
O——HC——CH,C——0——CH—CH,C

CHQCHg O = -1
PHBV

O——HC——CH,C

POV

Figure 8: Chemical structure of PHBV copolymer [168]

Copolymers such as PHBV have been shown to be less brittle and less stiff than the
homopolymer PHB but still retain most of the other positive mechanical properties of

PHB [126].
1.6.4. Electrospinning PHB
Despite the popularity of electrospinning in recent years and the potential of PHB as

a biomaterial there are relatively few papers detailing the electrospinning of PHB.

Sombatmankhong et al. [169] reported the electrospinning of PHB and the
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copolymer PHBV. They used commercially purchased PHB and PHB with My, of
300,000 g/mol and 680,000 g/mol, respectively. They were able to successfully
produce fibres from solutions ranging from 10-16 % using chloroform as the solvent.
The average fibre diameter obtained from PHB fibres ranged from 1.6 — 8.8 ym and
1.6 — 4.7 ym for PHBV. These are very large fibre diameters by electrospinning
standards, a process which has been shown to produce fibres smaller than 100 nm
[20]. The natural extracellular matrix has been shown to be made up of collagen
fibres with diameters ranging from 50-500 nm [170], it would therefore be desirable
to replicate these dimensions as closely as possible so as to produce a scaffold

suitable for cell attachment and proliferation.

The reports of the production of large fibre diameters when electrospinning PHB are
not exclusive to the work of Sombatmankhong et al. Suwantong et al. [171] produced
even larger diameters at 2.7 £1.7 ym also using commercially purchased PHB with a
molecular weight of 300,000 g/mol dissolved in a 14% chloroform solution and
electrospun at 12 kV with a needle tip distance to the ground collector of 20 cm. The
use of the co-polymer PHBV, molecular weight 680,000 g/mol, once again resulted

in smaller fibre diameters 0f 2.3 £ 2.1 um.

The large fibre diameter of electrospun PHB had previously been acknowledged by
Choi et al. [172]. They had produced PHBV fibres with diameters ranging from 1 um-
4 um but recognised that these were too large for the scaffolds to be a viable
replacement for the natural extracellular matrix, which is made up of randomly
oriented collagen fibres with nanometre-scale dimensions. As an attempt to reduce
the fibre diameter they utilised the addition of salt in order to improve the surface
tension and conductivity of the solution. As previously discussed increased solution

conductivity can lead to greater elongation forces and thinner fibres. Three salts
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were studied in the work by Choi et al. [172] and were chosen due to their solubility
in chloroform, the solvent used for PHB electrospinning, and the ease of removing
the salt from the produced scaffolds by a methanol treatment. These salts were
benzyl trimethylammonium chloride (BTMAC), benzyl triethylammonium chloride
(BTEAC) and benzyl tributylammonium chloride (BTBAC). The salts were added up
to a concentration of 3 wt%. A small addition of salt was shown to result in a
decrease in average fibre diameter, a reduction from ~ 2.6 pm with no salt present to
~ 1.0 um with the addition of 1 wt% BTEAC. Further addition of salt beyond 1 wt%
did not yield any further diameter reduction. The addition of the three salts did not
have a significant impact on the viscosity of the solution nor the surface tension, but
did significantly increase the solution conductivity. The degradation rate of the
scaffolds were seen to be higher in the scaffolds electrospun with the salts however
this was attributed to the reductionin fibre diameter and therefore increase in surface

area as opposed to a change in the chemical properties.
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1.7. Aims and objectives

The main aim of this work is the production and characterisation of electrospun
polymeric scaffolds based on chitosan and bacterial polyhydroxybutyrate produced

using three different carbon sources; glucose, olive oil and rapeseed oll.

1.7.1. Specific objectives

1. Electrospin PVA under different solution and operating parameters in order to
determine the optimum parameters for PVA scaffold production in terms of
creating uniform fibre morphologies and a high crystallinity.

2. Electrospin pure chitosan from an acetic acid solution of varying
concentrations in an attempt to replicate the work by Vrieze [86].

3. Study the effects of different blend ratios, solution parameters and operating
parameters of the resultant scaffolds of chitosan/PVA blends and characterise
the fibres.

4. Create fibres from a water based chitosan/PVA system with the addition of
hydroxybenzotriazole to negate the need to the use of acetic acid as a solvent
and compare the morphologies of the resultant fibres to those produced using
the more traditional solvent system.

5. Compare the production yields of PHB produced from the R. eutropha strain
of bacteria using rapeseed oil and olive oil as carbon sources to the more
conventional glucose carbon source.

6. Electrospin the PHB from all three carbon sources to determine whether

nanofibres can be produced.
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7. Examine the properties of the PHB produced using oils and compare it to the
PHB produced using glucose to determine if the oils are suitable as a viable
replacement for glucose.

8. Study the effect of the carbon source on the resultant electrospun fibres in
terms of both morphology and thermal properties.

9. Attempt to reduce the average fibre diameter of electrospun PHB below 1 ym,
which is the common size found in the literature [172], through the addition of

the salt Benzyl triethylammonium chloride.

1.7.2. Justification

The field of electrospinning research has grown exponentially over the last decade
however despite this there is still a lack of coherence with regards to the consistency
of the results, with conflicting reports on the effects of solution parameters and
operating parameters. This is likely due to the dynamic nature of the electrospinning
process whereby small changes in parameters can have dramatic effects on the

properties and the morphologies of the produced fibres.

Electrospun materials are known to have potential applications in the fields of
energy, environmental engineering and biomedicine. These are fields where an
understanding and high degree of control over the fibre properties are essential.
Alterations in fibre diameters will affect the porosity and potential filtration properties
as well as the tensile strength and potentially drug delivery efficiency due to a
decreased surface area to volume ratio. The effects of altering parameters on the
crystalline properties are also very important to understand as the degree of

crystallinity will affect such properties as degradation rate and mechanical strength.
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By studying the effect of altering parameters on crystallinity it may be possible to

then tailor the process in order to obtain a desired crystallinity value.

Due to the amount of research presently taking place into electrospinning studies
looking into the effect of these parameters has already taken place, but
inconsistencies arise because everyone is using slightly different electrospinning
setups. Due to this, recreating identical repetitions of experiments by different
research groups is almost impossible. There are isolated reports of certain
parameters that allow chitosan to be electrospuninits pure form, without the addition
of another polymer, however there are many more publications which claim this is

not possible [54, 80, 81].

This study aims to rule out some of these inconsistencies by performing the same
detailed characterisation studies on the effects of electrospinning parameters on a
number of different polymers and polymer blends in order to get an undistorted view
of the effects of the electrospinning process where the differences between the blend
behaviours or different polymer behaviours could not simply be explained by the use
of different equipment. This should yield some overarching results which detail the

effects of altering parameters on the electrospinning process.

PHB has been shown to be a promising biomaterial with a wide range of
applications; however its application has been hindered due to the high cost
associated with the synthesis. These costs are incurred due to the fermentation and
extraction processes but also due to the carbon substrate required [173].This study
aims to look into the effect on the material properties of using two different carbon
sources for PHB production, olive oil and rapeseed oil as compared with glucose.

Glucose was chosen as a control substrate as it is a very common carbon source
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used in the production of PHB from bacterial cells and is one of the most researched
[161]. Oils were chosen to be studied as a potential alternative to the more
traditional glucose as a bacterial mechanism takes place when oils are utilised which
converts the fatty acids present in the oil to PHB. Plant oils contain many more
carbon atoms per gram as compared to alternative substrates used in PHB
production such as glucose so they will potentially yield a much greater amount of

PHB [174].

The two oils studied were selected for various reasons. It is hypothesised that
although olive oil is more expensive per tonne than glucose it may produce a greater
yield of PHB therefore undercutting the overall cost of using glucose to produce a
given amount of PHB. Rapeseed oil has a comparable cost to glucose, however
once again due to the increased number of carbon atoms it should produce a much
greater yield of PHB. Rapeseed oil is also present in most cooking oils and it has
been proposed that waste cooking oil could be used as a low cost carbon source for
use in PHB production [161]. The bacterial species R.eutropha has been selected
as the bacterial strain for PHB production in the present work as it is a cost effective
bacterium which has been shown to accumulate as much as ~90% w/w PHB [175].
Additionally a wide range of carbon sources, including olive oil, rapeseed oil and
glucose have previously been successfully utilised to produce PHB using R.

eutropha [161].

As previously discussed in section 1.6.4 electrospinning is one process which could
be utilised to process as produced PHB into a scaffold ready for application. In the
current literature, reports on electrospinning bacterially produced PHB do not discuss
the source or properties of the PHB and is commonly purchased from a commercial

supplier. This work differentiates itself as the PHB synthesis has been carried out by
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a known source and therefore differences in properties can be accounted for from
alterations in the synthesis all the way to scaffold production with analysis of the

effects of different carbon sources and parameters.



2. MATERIALS AND METHODS
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2.1. Electrospinning

A model ESla electrospinning machine, manufactured by Electrospinz, New
Zealand, was used for the initial series of experiments. The ESla set-up is shown in
Figure 9. The header tank contains the polymer solution and is connected to the
needle tip by capillary tubing. This set-up uses a gravity-feed based system. The
flow rate of the solution is controlled by raising or lowering the header tank. This set-
up also allowed for varying the distance between the needle tip and the collecting
plate by way of a sliding mechanism from 0-20 cm. Applied voltage can be altered
on the power supply ranging from 0-30 kV. The needle tips used with this system
were Axygen T-200-4 which had an internal diameter at the tip of 0.8 mm. In this

setup electrospinning is achieved horizontally.

Figure 9: Optical image of an ES1a Electrospinning machine.

The second set-up used was a more conventional system aligned in a vertical
orientation with the needle located above the collecting plate and was used to
provide more control over the flow rate of the solution to the needle tip. This set-up

consisted of a DC power supply (Model 73030P, Genvolt, UK) capable of providing a
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voltage range of 0-30 kV and a NE-300 syringe pump (Pump systems inc.) with a
dispensing accuracy of £ 1% and a 10 ml syringe (BD, New Jersey) with a blunted
25G stainless steel needle (BD, New Jersey). The collecting plate consisted of a
sheet of stainless steel covered with aluminium foil to collect fibres on. This steel
sheet was placed on a jack allowing needle tip distance to be varied up to a
maximum distance of 30 cm. An image of this electrospinning set-up is shown in

Figure 10.

Figure 10: Optical image of the Custom built electrospinning machine.

The exact parameters used for electrospinning varied for each series of experiments
and will be detailed in subsequent sections. The parameters varied were the applied
voltage, needle tip distance, and flow rate. All other parameters were kept constant,

with a room temperature maintained at 22°C.
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The experimental protocol was as follows; before carrying out each experiment the
electrospinning machine was washed out by passing distilled water through it, to
ensure there were no blockages and to rinse away old solutions which may still have
been present from previous use. The electrospinning machine was placed inside a
Perspex box inside the fume cupboard. The machines parameters were adjusted to
the desired values (details of which are outlines in subsequent sections). Aluminium
foil was attached to the collecting plate on which the produced fibres were collected.
Solution was added to the header tank or drawn into the syringe depending on which
machine was used. The solution was allowed to flow to the end of the needle tip in
order to remove all air from the system. The header tank on the ES1a machine was
covered with parafilm in order to prevent evaporation of the solution while
electrospinning took place that cause solution concentration changes. The perspex
box was then sealed ready for the high voltage supply to be turned on to carry out
electrospinning.

The process was allowed to run for five hours in order to produce enough material
for thermal analysis. Care was taken to monitor the electrospinning process while it
was running to identify any polymer solidifying at the needle tip which could either
partially block of fully block the needle tip and effect the resultant scaffold. If such a
blockage was observed the process would be halted and the blockage removed
before electrospinning commenced again. Once completed the foil sheet covering
the collecting plate was removed and placed in a desiccator for at least 24 hours to

allow the residual solvent and moisture to evaporate.
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2.2. Scanning Electron Microscopy (SEM)

Scanning electron microscopes work by tracing an electron beam over the specimen
you wish to view. When the beam hits the specimen secondary electrons are
dislodged from the surface in unique patterns. A secondary electron detector is used
to collect these electrons and registers different levels of brightness on a monitor.
An image of the specimen can then be built up pixel by pixel as the microscope

beam scans over it [176].

Two scanning electron microscopes were used during the course of this work.
Initially a Phillips XL-30 SEM was used for the first series of experiments however in
later work a Philips XL-30 FEG ESEM (Environmental Scanning Electron

Microscope) was utilised in order to obtain higher resolution micrographs.

After electrospinning each sample was dried in a desiccator for 24 hours. Small
sections were cut out of the foil from all over the fibre deposition area and were
attached to SEM stubs using adhesive carbon film. The samples were then coated
with platinum using an Emscope SC500 (Emscope laboratories, Kent, UK) sputter

coater. Coating was performed for 3 minutes at a current of 25 mA.

Average fibre diameters were determined from the SEM micrographs by using Image
J software (National Institutes of Health, USA) to measure 200 individual fibre

diameters from at least 5 micrographs taken of sections spread across the

deposition area for each scaffold.

2.3. FTIR

Fourier transform infrared spectroscopy (FTIR) is an analytical technique which can

be used to identify chemical bonds based on their infrared absorption behaviour.
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This information can be using to identify unknown substances based on which

chemical bonds are present inthe sample [176].

A Nicolet FTIR spectrometer (Magna-IR 850) was used to obtain FTIR spectra of the
scaffolds using a golden gate single reflection diamond Attenuated Total Reflectance
(ATR) attachment. Each spectrum was made up from 100 scans with a resolution of

4 cm™ and a wave number range or 650-4500 cm'™.

2.4. Differential Scanning Calorimetry (DSC)

DSC is a very useful thermal analysis technique which is able to look at how a
material’s heat capacity in changed by temperature. It is suitable for many materials
including polymers. A sample’s mass is accurately measured before being heated
and cooled while monitoring the changes in the heat flow and therefore heat capacity
in comparison to a reference (typically an empty pan). This technique allows for the
detection of different transitions such as melting, glass transition and crystallisation
viewed as exothermic or endothermic peaks on the trace produced.DSC provides a
much more accurate method of measuring the melting temperature of a material
than the traditional melting point apparatus and allows for the calculation of the

crystallinity of the sample, the method of which will be described below.

DSC was used to obtain information on the phase transitions in the samples. A
Perkin-Elmer DSC7 machine was used. Approximately 5mg of material was peeled
off the collecting foil and packed into a covered aluminium pan. The reference pan
was also covered but left empty. The samples were subjected to a temperature scan
of 25°C to 225°C at a heating rate of 10°C /min for the first heating cycle. The

temperature was then held at 225°C for 2 minutes before cooling back down to 25°C
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at a rate of 10°C /min. After this first cycle and subsequent heating scan was made

again from 25°C to 225°C at 10°C /min.

These scans were used to determine the glass transition temperature (Tg), the
melting temperature (T,) and the crystallisation temperature (T;) of the samples.
ICTAC (International Confederation for Thermal Analysis and Calorimetry) standards
dictate that the T, for metals and organics should be taken as the onset of the
melting peak, while the peak value should be used in the case of other polymers. As
the materials studied in the present work are all organic polymers the T, shall be
taken as the onset of the melting peak, however peak values of melting shall also be
recorded in order to represent the temperature at which complete melting has taken
place. The Tyof PHB is known to be around 2°C [177] and therefore it should not be
present in the DSC scans as our temperature range starts at 25°C. T, will be
observed on cooling of the samples and not on the heating sequence as all the
polymers being studied are semi-crystalline and are therefore already crystallised,

but T, for re-crystallisation will be observed on cooling.

The degree of crystallinity was calculated from data obtained in the DSC traces

using the equation below [178]

m

AH?
Xc(%) = F x 100

100%
f

Where X, = percentage crystallinity (%), AH;™ = Heat of fusion (J.g'1) and AH; 0% =
the heat of fusion for 100% crystalline material (J.g%). The value for AH; 1°% was

found in the literature for each material studied.

AH; %% for PVA = 155 J.g* [179] AH; 1% for PHB = 146 J.g [180]
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2.5. Gel Permeation Chromatography (GPC)

Gel permeation chromatography is a technique which is used to measure the
molecular weight (M,) of organic-soluble polymers. This is a chromatographic
method by which particles are separated based on their hydrodynamic volume, or in
layman’s terms their size. An organic solvent is required as an eluent and acts as
the mobile phase while the stationary phase is made up of beads of porous
polymeric material with a range of known pore sizes which are contained within a
column. When the polymer solution is injected into the column, different sized
particles will filter through at different rates, as small particles will enter into the pores

of the stationary phase polymer while larger particles will not [181].

GPC was used to measure the molecular weight of the PHB produced by R.
Eutropha using the three different carbon sources. It was also carried out on the
PHB after it had been electrospun from G-PHB, O-PHB and R-PHB at
concentrations of 1.5 %, 2 % and 2.5 %. The weight-average molecular weight (My,)
and number-average molecular weight (M) were obtained from the GPC. These
values were subsequently used to determine the polydispersity (PD) by the ratio of

M, to the M.

2.6. Chitosan/PVA

2.6.1. Materials

Polyvinyl alcohol (PVA) (Mw = 72,000 Daltons with a degree of hydrolysation 298%)
was purchased from Merck, Germany. Chitosan from shrimp shells 275%-85% de-
acetylated with a molecular weight = 200,000 Daltons and Chitosan from shrimp

shells 275%-85% de-acetylated with a molecular weight = 110,000 Daltons,
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Hydroxybenzotriazole hydrate wetted (HOBt.H20) and Acetic acid 96% puriss were

purchased from Sigma-Aldrich UK.

2.6.2. Electrospinning of PVA

PVA solutions were prepared by dissolving PVA powder in deionised water for 2
hours at 80 °C with constant stirring from a magnetic stirrer in order to produce a
homogeneous solution. Solutions were then allowed to cool to room temperature.
Four solutions with different concentrations were made, 6 %, 8 %, 10 % and 12 %
weight/volume (w/v) whereby 10 g of PVA powder would be added to 100 ml of

deionised water in order to make a 10 % solution for example.

The prepared solutions were electrospun using the gravity feed electrospinning set-
up (Figure 9) at four different voltages; 10 kV, 15 kV, 20 kV and 25 kV. For this
series of experiments the effect of applied voltage on fibre formation and crystallinity
of produced scaffolds for different solution concentrations was the area of interest
and therefore all other parameters were kept constant. A needle tip distance of 10
cm was maintained and the header tank was kept at a height of 25 cm, with the

height being directly proportional to the flow rate.

2.6.2.1. SEM

Samples were prepared for SEM analysis using the method described in section 2.2.

The prepared samples were then viewed under a Phillips XL-30 SEM. Average fibre

diameters were determined from the SEM micrographs by using Image J software.
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2.6.2.2. DSC

Samples were prepared and DSC was carried out as described in section 2.4.

2.6.3. Chitosan

Chitosan solutions were made up in a variety of configurations:

a)

b)

d)

Low molecular weight chitosan (=110,000 Da) dissolved in a 2 % acetic acid
solution under gentle magnetic stirring at room temperature for 2 hours. The
concentration was varied between 1-5 wt %

Higher molecular weight chitosan (=200,000 Da) dissolved in a 2 % acetic
acid solution under gentle magnetic stirring at room temperature for 2 hours.
The concentration was varied between 1-5 wt %

Low molecular weight chitosan dissolved in a concentrated 90 % acetic acid
solution under gentle magnetic stirring at room temperature for 2 hours. The
concentration was varied between 1-5 wt %

Higher molecular weight chitosan dissolved in a concentrated 90 % acetic
acid solution under gentle magnetic stirring at room temperature for 2 hours.

The concentration was varied between 1-5 wt %

Once solutions had been made up, they were electrospun using the custom made

electrospinning setup (Figure 10). The electrospinning parameters were varied

throughout their whole range of values. The voltage was varied from 0-30 kV, the

needle tip distance from 5-25 cm and the flow rate from 0.3-2 ml/hr.
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The collected deposits were coated with platinum and viewed under the Phillips XL-
30 FEG ESEM to observe the morphology and determine whether fibre formation

had been successful.

2.6.4. Electrospinning of Chitosan-PVA blends

Chitosan-PVA blends were prepared by initially preparing individual Chitosan and
PVA solutions. PVA solutions were prepared by dissolving PVA in appropriate
concentrations in deionised water. This was carried out at 80°C under magnetic
stirring for a period of 2 hours. The solution was allowed to cool before being added
to the chitosan solution. The chitosan solution was prepared by dissolving chitosan
in 2% acetic acid at room temperature under magnetic stirring for 2 hours. Once
both solutions were prepared and appeared to be homogenous they were added

together and magnetically stirred for a further 2 hours.

The chitosan and PVA solutions were combined in a number of different blend ratios.
Table 8 shows the details of the different blends including the overall solution
concentrations, the relative % of each polymer and the blending ratio used. Overall
solution concentrations were varied from 5-8 %. These concentrations meant the
PVA concentration present was lower than in the previous series of experiments
where PVA was electrospun on its own. This was the case because the addition of
even small percentages of chitosan greatly added to the solutions viscosity. The
viscosity limits for electrospinning would have been exceeded if the optimum PVA

concentration was used with chitosan added.
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Table 8: Solution concentrations and blend ratios of chitosan-PVA solutions and the

effective concentration of each polymer in solution.

Overall solution Blend Ratio PVA Chitosan
concentration (%) | PVA:chitosan concentration concentration within
within solution solution (%)
(%)
90:10 4.5 0.5
80:20 4 1
3) 70:30 35 15
60:40 3 2
50:50 2.5 2.5
90:10 5.4 0.6
80:20 4.8 1.2
6 70:30 4.2 18
60:40 3.6 24
50:50 3 3
90:10 6.3 0.7
80:20 5.6 14
7 70:30 4.9 2.1
60:40 4.2 2.8
50:50 35 3.5
90:10 7.2 0.8
80:20 6.4 16
8 70:30 5.6 24
60:40 4.8 3.2
50:50 4 4
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Each of the chitosan-PVA blend solutions were subjected to two electrospinning

studies.

The first study focused on the effect of the applied voltage on the morphology and
thermal characteristics of the electrospun fibres. All of the operating parameters
were fixed other than the applied voltage which was varied at 5, 10, 15, 20 and 25
kV. Three series of experiments were performed with the range of voltages at a
needle tip distance of 7.5 cm, 10 cm and 12.5 cm. Flow rate was kept constant at 1

ml/hr for all three series.

The second study was concerned with the effect of the needle tip distance on the
morphology and thermal characteristics of the electrospun fibres. The needle tip
distance was varied at 7.5 cm, 10 cm and 12.5 cm. Electrospinning was carried out

at these three needle tip distances with an applied voltage of 15, 20 and 25 kV.

For both of these studies the produced samples were characterised using SEM,

DSC and FTIR,

2.6.4.1. SEM

Samples were prepared for SEM analysis using the method described in section 2.2.
The prepared samples were then viewed under a Philips XL-30 FEG ESEM.
Average fibre diameters were determined from the SEM micrographs by using Image

J software.
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2.6.4.2. DSC
Samples were prepared and DSC was carried out as described in section 2.4
2.6.4.3. FTIR

FTIR was carried out on all the electrospun polymer blends and compared to the
electrospun samples formed from just one polymer to confirm that the resultant
scaffolds were indeed blends of the constituent parts. This was to rule out the
possibility that the polymers had not blended in solution and the electrospun product

contained just one of the polymers.

A small section of the deposition on the collecting plate was peeled away from the
foil and placed under a golden gate single reflection diamond Attenuated Total
Reflectance (ATR) attachment on the FTIR. Each spectrum was made up from 100

scans with a resolution of 4 cm™ and a wave number range or 650-4500 cm™.

2.6.5. Electrospinning of Chitosan-Hydroxybenzotriazole aqueous solution

Hydroxybenzotriazole was weighed out with chitosan and added to water in a 1:1
and 2:1 chitosan:HOBt (w/w) ratio, the solutions were left overnight, subjected to
magnetic stirring at room temperature to allow time for full dissolution. Solutions
were made up in concentrations of 1, 2, and 3 %. The prepared solutions were
electrospun under various operating parameters, applied voltage ranged from 0-30

kV, needle tip distance from 5-25 cm and flow rate from 0.3-2 ml/hr.

The collected deposits were coated with platinum and viewed under the Phillips XL-
30 FEG ESEM to observe the morphology and determine whether fibre formation

had been successful.
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2.6.6. Electrospinning of Chitosan-Hydroxybenzotriazole/PVA aqueous solution

Hydroxybenzotriazole was weighed out with chitosan and added to water in a 1:1
and 2:1 chitosan:HOBt (w/w) ratio. The solutions were left overnight and subjected to
magnetic stirring at room temperature to allow time for full dissolution. The prepared
solutions were then added to a PVA solution to make up an overall solution
concentration of 7% with a blend ratios of 90:10, 80:20 and 70:30 PVA:chitosan.
Solutions were then electrospun with an applied voltage of 15 kV and 20 kV with a

needle tip distance of 10 cm.

The collected deposits prepared as described in section 2.2 and viewed under the
Phillips XL-30 FEG ESEM to observe the morphology and determine whether fibre

formation had been successful.

2.7. PHB

Media preparation, fermentation and extraction were carried out by Dr Soroosh
Bagheriasl at Wolverhampton University while the subsequent electrospinning and
characterisation was carried out as part of the present work. The exact methodology

used for the PHB production is detailed in Bagheriasl’s thesis [182].

2.7.1. Materials

Chloroform and hexane were obtained from Sigma Aldrich, UK. R. eutropha cells
were supplied by the National Collection of industrial and Marine Bacteria, Aberdeen,

UK.
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2.7.2. Production of PHB

2.7.2.1. Media Preparation

Tryptone soya agar (TSA), tryptone soya broth (TSB) and Basal salt medium (BSM)
were all supplied by Lab M Ltd. The respective mediums were prepared by following
the manufacturer’s instructions. Once prepared the media were sterilised by placing

in an autoclave for 15 minutes at 121°C.

2.7.2.2. Carbon Sources

PHB was produced using three carbon sources. The carbon sources were Glucose,
purchased from Lab M Ltd. Olive oil, purchased from ASDA and rapeseed oil

purchased from Tesco.

2.7.2.3. Starter culture preparation

R. Eutropha was inoculated into 50 ml conical flasks along with 20 ml of TSB
medium. The flasks were then placed in a rotary incubator (New Brunswick
Scientific, UK) for 24 hours at a temperature of 30°C and speed of 150 rpm. These

could then be used as starter cultures for the subsequent fermentations.

2.7.2.4. Fermentations

Aseptic techniques were used to inoculate the fermentation media with the starter
culture. The inoculation ratio was 8% v/v. The fermentations were performed in 500
ml Erlenmeyer flasks and were carried out using each of three carbon sources. A
Bandelin electronic, UW 2200, sonicator was used for rapeseed oil and olive oil in
order to make an emulsion with BSM. This was required as the oils were not

miscible in BSM. For glucose the use of the sonicator was not required as glucose
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was easily soluble in the BSM. BSM, starter culture and either glucose, olive oil or
rapeseed oil were added to the flasks and then put into the rotary incubator for 48

hours at 30°C and 150 rpm.

2.7.2.5. Extraction

After the fermentation has taken place the samples were centrifuged in a Hermle
Labortechnik, Z300K at 6000 rpm for 15 minutes. The biomass was then removed
from the supematant and placed in a freezer for 12 hours at -20°C. Following this
the biomass was freeze dried for 72 hours using an Edwards Freeze drier (Modulyo).
The dried biomass was then extracted by the Soxhlet extraction method using

chloroform. Soxhlet extraction was allowed to run for 5 hours.

Once the extraction process was complete the remaining chloroform from the
extraction process was transferred to a 250 ml beaker and n-hexane was added
drop wise in equal volumes to chloroform to precipitate the PHB. A magnetic stirrer
was used to provide light agitation to the solution to aid the precipitation process.
The precipitation product was removed from the solution and allowed to dry in a

desiccator.

2.7.3. Electrospinning of PHB chloroform solution

Each series of experiments carried out on electrospinning PHB was replicated
exactly for the three different carbon sources the PHB was produced with, PHB
produced using olive oil (O-PHB), PHB produced using rapeseed oil (R-PHB) and
PHB produced using glucose (G-PHB). The PHB samples were weighed out and
dissolved in chloroform in three different concentration, 1.5 %, 2 % and 2.5 % w/v.

Solutions were stirred at room temperature using a magnetic stirrer for 2 hours.
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For electrospinning of PHB the electrospinning parameters used were

A) Applied voltage of 7 kV
B) Needle tip distance of 12.5 cm

C) Flow rate of 1 ml/hr

These parameters were determined after a series of experiments (results not shown)
whereby the objective was to find operating parameters that were capable of yielding
fibres from all of the different PHB solutions at different concentrations and from
different carbon sources. These were therefore not the optimum parameters for any

one solution but a compromise to allow results to be comparable.

2.7.3.1. SEM

Samples were prepared for SEM analysis using the method described in section 2.2.
The prepared samples were then viewed under a Philips XL-30 FEG ESEM.
Average fibre diameters were determined from the SEM micrographs by using Image

J software.

2.7.3.2. DSC

Samples were prepared and DSC was carried out as described in section 2.4

2.7.33. FTIR

After the extraction process from R. Eutropha a FTIR spectra was of the precipitant
was obtained. This was compared to the spectra of commercial PHB (Sigma-
Aldrich) to confirm that the product extracted was indeed PHB. The commercial
samples of PHB were treated with hexane and chloroform for 24 hours to ensure an

accurate comparison could be made.
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2.7.3.4. GPC

The molecular weights and polydispersities before and after electrospinning were
compared to determine what effect the electrospinning process has on molecular

weight and chain length distributions.

GPC was carried out at Smithers-Rapra, Shawbury, UK. 20 mg of sample was
dissolved in 10 ml of chloroform acting as the eluent. Once dissolved the solution
was filtered through a 0.2 pum polyamide membrane. Analysis was carried out at a
flow rate of 1.0 ml/min using PLgel guard columns. 2 mixed bed-B columns with a

nominal flow rate of 1.0 ml/min at 30°C.

2.7.4. Electrospinning of PHB solution in chloroform with addition of BTEAC as

ionising salt

Solutions with a concentration of 2% were made up by dissolving PHB from each of
the three carbon sources in chloroform as described previously. Once the solutions
were prepared the salt BTEAC was added in 0.5% increments up to 2% with a

control left with no BTEAC present.

The resultant solutions were electrospun under the same parameters as the previous
series of experiments with PHB; applied voltage of 7 kV, needle tip distance of 12.5

cm and flow rate of 1 ml/hr so that results would be comparable.

The resultant fibres were soaked in methanol in order to remove any residual
BTEAC remaining in the fibres. The scaffolds were then viewed under SEM in order
to observe fibre morphologies and FTIR was performed to confirm that no BTEAC

was present and the chemical structure of the PHB remained unchanged.
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3.1. Introduction to Results

The results presented in this chapter are split into two sections. The first section
concerns the work carried out using PVA and chitosan and their various blends. The

second section concerns the production and electrospinning of PHB.

3.2. Electropsun Polyvinyl alcohol (PVA)

As-received PVA was successfully made-up into 8 and 10 % solutions and
subsequently electrospun at an applied voltage of 10, 15, 20 and 25 kV. SEM
micrographs of the fibres produced from electrospinning the 8 % PVA solution at
each of the four voltages can be seen in Figure 11. Two micrographs of each
sample are presented, showing different magnifications, 2000x and 9000x. On the
higher magnified micrograph some of the fibre diameters have been marked for

illustration purposes.

From Figure 11 it can be seen that there is not a great difference in the morphology
of the fibres produced from the 8% solution when applied voltage was changed from
10-25 kV. Under all applied voltages the formation of uniform, straight nanofibres
was achieved. There were a few beads present in all of the scaffolds, but such a
small amount that this was not deemed to be significant. The sample electrospun at
10 kV was considered to be the closest to being bead-free. In the samples
electrospun at higher voltages, particularly 25 kV, there are small areas where the
fibres appear to be connected or webbed. This is believed to be caused by the
higher applied voltage in certain instances causing too much solution to be ejected
from the needle tip, the temporarily thicker jet does not have enough time for the

solvent to completely evaporate so the fibres arrive on the collecting plate still wet
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and not fully formed, causing a blob in the area they land where some fibres may

fuse together producing a webbing effect [183].
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Figure 11: SEM micrographs of PVA nanofibres produced by electrospinning from
an 8% solution at two different magnifications and electrospun with different applied

voltages (A) 10 kV (B) 15 kV (C) 20 kV (D) 25 kV
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This webbing effect could be controlled or prevented by having a greater control over
the amount of solution allowed to flow to the end of the needle tip. This could be
achieved either through using a needle tip with a smaller internal diameter or by
using a syringe pump capable of controlling the rate the solution is supplied to the
end of the needle tip. The apparatus used for the present series of experiments
used a gravity feed system whereby the flow rate could easily be controlled. In
subsequent experiments a different set up was used which incorporated a syringe

pump allowing complete control over the flow rate.



Figure 12: SEM micrographs of PVA nanofibres produced by electrospinning
from a 10% solution at two different magnifications and electrospun with

different applied voltages (a) 10 kV (b) 15 kV (c) 20 kV (d) 25 kV

77
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SEM micrographs of the fibres produced from electrospinning the 10 % PVA solution
at each of the four voltages can be seen in Figure 12. Once again two micrographs
of each sample are presented at different magnifications, 2000x and 9000x, with

some of the fibre diameters marked on the higher magnification image.

The fibre morphologies obtained from the 8 % PVA solution appear to be quite
different to those obtained from the 10 % solution. While the former are straight and
uniform in their dimensions, the latter show more branching and varying fibre
diameters. This is likely due to the increased viscosity associated with a higher
solution concentration resulting in greater chain entanglements which resist the
stretching effect of the applied voltage and work to prevent fibre formation [30]. We
can see as the voltage is increased from 10 kV to 25 kV that the fibres do become
straighter and more uniform suggesting that higher voltages are necessary for

electrospinning the 10 % solution.

The SEM micrographs were obtained using a Philips XL-30 SEM. This was
adequate to view the produced fibres at low magnifications however, when the
magnification was increased for micrographs to be taken for the purpose of
measuring fibre diameters it was not capable of providing a higher enough resolution
to achieve satisfactory micrographs. In further work a higher quality Phillips XL-30

FEG ESEM was used in order to obtain higher quality micrographs.

The average fibre diameters from the scaffolds produced for the 8% and 10%

solution were measured and are presented in Figure 13.
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I 3% PVA
N 10% PVA
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Figure 13: Average fibre diameter of PVA electrospun from 8% and 10% solutions

with varied voltage.

The error bars in the Figure 14 depict the fibre distribution range. For example the
scaffold produced from a 10% PVA solution electrospun at 10 kV contained an
average fibre diameter of 582 nm with some of the fibres being as small as 495 nm
and some as large as 773 nm. When producing an electrospun scaffold it is
desirable to be able to produce fibres which have uniform dimensions across their
whole length and all of similar dimensions. This allows for much more accurate
predictions to be made on the properties and the function of the scaffold. The fibre
diameter has an effect on the porosity of the scaffold [184], if a specific porosity is
required for a particular application, for instance if the scaffold was being used as a
filtration material, it would be unsuitable if some regions consisted of the desired
porosity while others were either too porous or not porous enough. We would

therefore like to produce scaffolds with as little fibre size distributions as possible.
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The results show that under all four applied voltages the use of the 10% PVA
solution resulted in the formation of fibres with larger diameters than those formed
using the 8% solution. At an applied voltage of 15 kV the average fibre diameter
was 238 nm from the 8% solution and 399 nm from the 10% solution. This finding is
in keeping with previous literature and is explained by the effect the concentration
has on increasing the viscosity. In a higher viscosity solution there are more chain
entanglements which oppose the stretching forces placed on the jet as it travels from
the needle tip to the collecting plate, this leads to less stretching occurring and

therefore larger fibre diameters collected [185].

One of the most important parameters in controlling fibre morphology is thoug ht to
be the applied voltage; however the results from the present study do not appear to
show the voltage having a significant effect on the average fibre diameter. The 10%
solutions appear to be influenced more heavily than the 8% solution, with a general
trend of the average fibre diameter decreasing when the applied voltage was
increased, however due to the relatively large fibre size distribution we are unable to
statistically confirm this trend. Standard T test was carried out on the sample range
produced from the two solution concentrations. p = 0.098 for the 8% solution and p
= 0.063 for the 10% solution. As P > 0.05 in both cases the difference was not
determined to be statistically significant. This result was unexpected as it is well
documented that the applied voltage has significant effects on the mechanics taking
place during the electrospinning process [186, 187]. It is thought that the higher
columbic forces generated as a result of a higher applied voltage would result in
more stretching of the fibres resulting in smaller fibre diameters however this does
not appear to have been the case. There are studies which suggest that when a

higher voltage is used more solution is ejected from the needle tip and the
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acceleration of the solution is much greater, reducing flight time and therefore also
reducing the time in which the polymer is stretched, this would result in larger fibre

diameters as the voltage is increased [44].

In the present study we do not see an overall trend of increasing or decreasing fibre
diameter as the applied voltage is increased from 10 to 25 kV, however if we look at
changes between 10-15 kV, 15-20 kV and 20-25 kV we are able to see trends which
are present in fibres produced from both solution concentrations. Average fibre
diameter decreases when voltage is changed from 10 kV to 15 kV, then increases
when further increased to 20 kV, and then decreases once again when increased to
25 kV. It can be hypothesised from this result that both mechanisms detailed in the
literature may be taking place, but either one may be more dominant at a given
voltage. When the voltage is increased from 10 kV-15 kV the effect of the increased
voltage on the columbic forces may outweigh the decreased flight time caused by
faster acceleration and result in smaller fibre diameters. However, on further
increases of voltage to 20 kV, the reduced flight time becomes more of a factor than

the increased stretching forces causing larger fibre diameters.

The fibre diameter distribution from the 8% solution is much smaller than the 10%
solution with fibres only varying by ~ £ 50 nm whereas the distribution from the 10%
solution was as high as ~+ 120 nm. The greater fibre distribution combined with the
overall larger average fibre diameter would suggest that the 8% solution is the more
suitable concentration for electrospinning PVA. As there is no significant difference
in fibre distribution or average fibre diameter caused by altering the applied voltage,
we are unable to further eliminate operating parameters to hone in on the optimum
parameters for PVA fibre formation, which will have to be determined by further

characterisation such as by the thermal characteristics.
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3.2.1. Thermal analysis of PVA

3.2.1.1. DSC of 8% PVA solutions

DSC traces of PVA electrospun from 8% solution are presented in Figure 14 and are
compared to the heating trace of PVA powder as it was received from the
manufacturer. There is a large endothermic peak observed approaching 100°C in all
of the traces however it is better defined in the electrospun samples. This broad
peak is caused by water evaporation [92]. While steps were taken to dry the
samples in a desiccator after electrospinning it is possible that some of the residual
solvent (water) still remained in the scaffold. The PVA powder obtained from the
manufacturer was tested ‘as received’ and was not dried before handling. This
powder also showed an endothermic peak approaching 100°C however this peak
was smaller than that of the electrospun samples. This was due to the moisture in
the air and the storage environment being absorbed by the polymer. Reheating
traces were also carried out on electrospun PVA which did not contain the peak at
100°C confirming that water had evaporated and was therefore no longer present in

the reheated sample.

The Tgof PVA is known to be around 85°C [188]. The endothermic peak associated
with the Ty can be seen in three of the traces occurring at around 45°C The shift of
the Ty to this lower temperature is believed to be due to the presence of moisture
within the sample [189]. The Ty of a polymer is known to be affected by the water
content within the polymer. Water can cause plasticising of the polymer whereby the
water molecules block some of the attractive forces between the polymer chains or
increase the distance between the polymer chains. These two factors allow the

polymer chains to move more freely resulting in a lower Ty Other studies have
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shown that the change in Tgdue to plasticising by water can be quite significant, with
Lee et al. [189] showing that the Ty of their PVA sample was reduced from 68°C in

an anhydrous state to 48°C in the presence of water.
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Figure 14: DSC traces of PVA powder and PVA electrospun from an 8% solution at

different voltages

The T, was measured based on the temperature at the height of the endothermic
melting peak as can be seenin Figure 14 and is quantified in Table 9. It occurred at
the same temperature in all samples, both the electrospun and as-received, at
~218°C. PVA has a melting temperature of 230°C when fully hydrolysed during
synthesis and 180°C when partially hydrolysed [190] as described in section 1.5.5.
As the PVA used in the present work was 298% hydrolysed this was within the
expected range. Tnis strongly affected by the molecular weight of a polymer. The
higher the M,, the longer the polymer chains and therefore the greater number of
bonds required to be broken during melting [191]. This means polymers with a

higher My, will require more energy to melt and will have a higher T, Since the
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electrospinning process does not have an effect on the molecular weight of the

polymer [192] a change in T, was not expected.

Table 9: Thermal analysis results of PVA powder and PVA electrospun from an 8%

solution and different voltages

PVA Ty Tm Crystallinity
(%)
Powder Not visible 219 26.6
8% 10 kV 38 219 141
8% 15 kV 42 218 13.4
8% 20 kV 43 217 18.9
8% 25 kV 46 217 225

The crystallinity was determined using the formula presented in the ‘Materials and
Methods’ section 2.4 and the values calculated are presented in Table 9. The
crystallinity of the as-received PVA powder was calculated to be 26.6% while the
crystallinity of electrospun PVA was found to be considerable lower, ranging from
13.4%-22.5%. Under all applied voltages the PVA’s crystallinity was reduced by the
electrospinning process. This effect is thought to be due to the rapid solidification
that takes place during electrospinning while the jet travels toward the collecting
plate and the solvent evaporates. This takes place over a very short space of time
and may not allow enough time for complete crystallisation to occur. It was also
observed that while the crystallinity of electrospun PVA could never equal that of the
as-received material, the values did get closer when the voltage was increased with

the crystallinity of PVA electrospun at 25 kV having a crystallinity only ~4% lower
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than the as-received material , compared to over 17% lower when electrospun at 10

kV.

It is possible that while the electrospinning process in general reduces the
crystallinity for the reason stated above, there are parameters within the process that
can be changed in order to reduce or increase the crystallinity. In the present study,
it is shown that crystallinity can be increased by increasing the applied voltage.
Zhao et al. [45] explained that the phase of the electrospinning process when
molecular orientation and crystallisation occur is as the jet travels through the air
towards the collecting plate. It therefore stands to reason that parameters which
effect this phase of the process, such as an increased electric field strength brought
on by increasing the applied voltage would lead to greater molecular orientation due

to anincrease in the number of charges within the polymer jet.

It has been proposed that crystallinity shares an ‘inverted U’ relationship with the
applied voltage, whereby an increase in applied voltage would lead to an increase in
the crystallinity up to a point and then any further voltage increase would cause the
crystallinity to be reduced again [141]. This is explained by Ramakrishna et al. [8]
who explained that crystallinity was not just a result of the molecular orientation but
is also influenced by the flight time of the jet. When the voltage is increased the
acceleration of the jet is higher and reduces the flight time which leaves less time for
crystallisation to take place. Experimental evidence has shown that there is an
optimum voltage at which electrospinning will yield the highest crystallinity and above
or below this crystallinity will be reduced and this optimum voltage is unique to each
polymer [141]. In the present work the crystallinity continued increasing when

compared to the lower voltage all the way to the highest voltage tested (25 kV), it is
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therefore proposed that the optimum voltage to yield the highest crystallinity in the

PVA samples tested may be greater than 25 kV.

3.2.1.2. DSC of 10% PVA solutions

The results of the DSC scans from the 10% solution show much the same results as
the 8% solution. They exhibit a large endothermic peak around 100°C attributed to
water evaporation and display an endothermic peak representing T, at
approximately 220°C which remained unchanged after electrospinning, regardless of
the voltage applied. The DSC traces carried out on the samples produced from the
10% solution are presented in Figure 15 and the T.’s derived from these scans

presented in Table 10.
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Figure 15: DSC traces of PVA powder and PVA electrospun from a 10% solution at

different voltages.

The % crystallinity calculated for PVA electrospun from 10% solutions at different
voltages are presented in Table 10. They show the same trends as the samples

produced from 8% solutions. The crystallinity is decreased by the electrospinning
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process at all voltages when compared to as-received PVA powder. While the
crystallinity increases as the voltage is increased, it is not increased enough to be

greater than the non-electrospun material.

Table 10: Thermal analysis results of PVA powder and PVA electrospun from an

10% solution and different voltages.

PVA Ty Tm Crystallinity
(%)
Powder Not visible 219 26.6
10% 10 kV 38 217 141
10% 15 kV 45 218 145
10% 20 kV 44 217 22.7
10% 25 kV 43 218 235

3.2.1.3. Effect of solution concentration of crystallinity

When the % crystallinity of PVA fibres spun from an 8% solution are compared with
those from a 10% solution it can be seen that the higher solution concentration
results in a higher degree of crystallinity. A summary of these comparisons is shown
in Table 11. This trend was presentin all cases except when electrospinning with an
applied voltage of 10 kV. This was an unexpected result as it was thought that since
polymers in solution at a lower concentration contain less chain entanglements [30],
the chains would be more mobile and as such would be more susceptible to
molecular orientation when the voltage is applied. Furthermore Inai et al. [193]

showed that the solidification process is slower in low concentration polymer
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solutions which could also lead to higher molecular orientation and increased

crystallinity.

Table 11: Comparison of crystallinity values obtained after electrospinning PVA from

different solution concentrations while altering the applied voltage.

PVA solution Crystallinity when electrospun at different voltages (%)
concentration (%)
10 kV 15 kV 20 kV 25 kV
8% 14.1 134 18.9 22.5
10% 14.1 14.5 22.7 23.5

3.2.2. Conclusions from this section

From this series of experiments we are able to see the effect solution concentration
and voltage have on the morphology and thermal properties of electrospun PVA and
determine which parameters are the most suitable to use as a starting point for
creating chitosan-PVA blend fibres. The 8% solution produced a more uniform
scaffold with smaller diameter fibres, and although the crystallinity of the PVA was
higher when electrospun from the 10% solution, the 8% solution scaffolds would be
of more use in a potential application due to their morphology. The voltage did not
have as great an effect on the diameter of the produced fibres as expected however
the present work showed the higher the voltage, the higher the crystallinity.
Therefore high voltage will be used in future work without it being too high to cause

jet instability.
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3.3. Electrospinning chitosan

The electrospinning of pure chitosan without the addition of another polymer to make
up a blend was unsuccessful in the present work. Solutions were prepared with
varying chitosan concentrations ranging from 1 — 4% in both a weak 5% acetic acid
and strong 90% acetic acid. These solutions were subsequently electrospun under
various operating parameters, with the applied voltage varied from 5 — 25 kV, the
needle tip distance varied from 5 — 20 cm and the flow rate varied from 0.1 - 3 ml/hr.
No combination of these operating parameters resulted in the successful formation
of nanofibres. Table 12 depicts the solution concentrations attempted as well as the

solvent used and the proposed reason why electrospinning could not take place.

There are numerous references in the literature relating to the unsuitability of
chitosan as an electrospinning material without the addition of another polymer to
form a blend [81, 104]. The inability of chitosan to be spun into nanofibres appears
to be due to two main reasons. The first is the high viscosity of chitosan in solution
[54]; the implications of too high a viscosity in electrospinning were discussed in

detail in section 1.4.3.1.1.
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Table 12: Different chitosan solutions and their electrospinability along with the

proposed reason for any negative result.

Chitosan solution

Electrospinnability with
voltages ranging from 5 —

Reason for not
electrospinning

Concentration solvent 25 kV and Needle tip
distance ranging from 5 —
20cm
1% 5% acetic acid Negative Stable jet could not
be formed
90% acetic Negative Stable jet could not
acid be formed
2% 5% acetic acid Negative Solution too
viscous
90% acetic Negative Solution too
acid viscous
3% 5% acetic acid Negative Solution too
ViScous
90% acetic Negative Solution too
acid Viscous
4% 5% acetic acid Negative Solution too
viscous
90% acetic Negative Solution too
acid viscous

When the solution concentration was greater than 3%, the viscosity was too high to

allow the solution to flow through the syringe to the end of the needle tip therefore

electrospinning was impossible. 18G needles with larger internal diameters were

trialled as replacements to the standard 22G needles being used, however solution

flow was still not achieved. The viscosity of solutions was unc hanged when different

acidic concentrations were used as the solvent.
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Solutions with a concentration ranging from 1-3 % exhibited a sufficiently low
viscosity to allow the solution to flow through the needle tip in the electrospinning
apparatus. The electrospinning parameters were altered with combinations of
different applied voltages, needle tip distances and flow rates. Under no parameters
was a stable jet formed. Droplets were observed to be ejected from the needle tip
and landed on the collecting plate as liquid droplets. Vrieze et al. [86] was
successful at electrospinning pure chitosan at a solution concentration of 3%, and
acetic acid concentration of 90%, an applied voltage of 20 kV, flow rate of 0.3 ml/hr
and needle tip distance of 10 cm. These parameters were replicated in the present
work but electrospinning was not possible. An SEM micrograph of the collected
material obtained while operating under Vrieze et al’s operating parameters is
shown in Figure 16 while Figure 17 shows an SEM micrograph of the material Vrieze
et al. produced. It can be seen from this image that no fibre formation has taken
place and that the material is arranged in bundles as the solution has been ejected

from the needle tip in droplets and subsequently solidified on the collecting plate.
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Figure 16: SEM micrograph of chitosan deposit on the collecting plate when
electrospun from a 3% solution in 90% acetic acid under an applied voltage of 20 kV,

needle tip distance of 10 cm and a flow rate of 0.3 ml/hr.

Figure 17: SEM micrograph of chitosan nanofibres courtesy of Vrieze et al. when
electrospun from a 3% solution in 90% acetic acid under an applied voltage of 20 kV,

needle tip distance of 10 cm and a flow rate of 0.3 ml/hr [86].
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The difficulty in electrospinning chitosan has been a topic of discussion in many
journal articles with a common consensus that the intermolecular forces caused by
the ionic groups in the polymer backbone repelling each other and preventing fibre
formation. Geng et al. [87] showed that by dissolving chitosan in a more
concentrated acetic acid, the overall surface tension of the solution was reduced
while the net charge density of the solution was increased. These two changes in
properties increase the likelihood of fibre formation due to reducing the critical
voltage needed to overcome the surface tension and providing more charged ions to
create a larger whipping instability. These changes in solution properties were not
measured in the present work, however the results of the SEM show the properties

were clearly not influenced in such a way that would allow fibre formation.

3.4. Electrospinning of Chitosan-PVA blends

In an attempt to create an electrospinnable solution, PVA was added to the chitosan
in acetic acid in different blend ratios and at different concentrations. Fibres were
successfully produced from electrospun polymer solutions with an overall
concentration ranging from 5 - 8% with different mass ratios of chitosan to PVA.
Table 13 shows which polymer solutions were capable of producing fibres and the
degree to which beads were present. It was found that the chitosan content could be
increased from 10% up to 40% when the overall polymer solution concentration was
lowered sufficiently to prevent viscosity from becoming too high. Chitosan is known
for being highly viscous when in solution. The NH; and OH groups of the chitosan
molecule interact strongly, producing hydrogen bonds between the polymer chains
[194]. These interactions are somewhat reduced by the addition of PVA as the PVA

molecules disrupt the intermolecular interactions between the polymer chains. This
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iIs evidenced by the fact that when a 2% pure chitosan solution was made the
viscosity was too high for it to flow through the needle tip of the electrospinning
machine, however a 5% 60:40 PVA/chitosan solution, which contains 3% PVA and

the same 2% chitosan, produced a free flowing solution.

Table 13: Fibre formation and bead structure in scaffolds produced from different

chitosan-PVA solutions made using 2% acetic acid.

Solution PVA:Chitosan ratio Fibre production Presence of beads
concentration (%)

5 90:10 Yes Many

5 80:20 Yes Many

5 70:30 No -

5 60:40 No -

6 90:10 Yes Some

6 80:20 Yes Some

6 70:30 No — Solution too -
viscous

7 90:10 Yes Very few

7 80:20 Yes Very few

7 70:30 No — Solution too -
viscous

8 90:10 Yes Very few

8 80:20 Yes Very few

8 70:30 No — Solution too -
viscous

Despite the viscosity being reduced by lowering the polymer solution concentration
this does not appear to be the only factor limiting the chitosan content in electrospun
chitosan/PVA blends. Although the 5% 70:30 and 60:40 PVA/chitosan solutions
were able to flow through the capillary tubing and out of the needle tip, producing
fibres from these solutions was unsuccessful. Figure 18 shows an SEM micrograph
of the scaffold produced from a 5% 70:30 PVA/chitosan blend, it can be seen that

while there do appear to be a small amount of interconnecting fibres, the scaffold is
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predominantly made up of beads of solution which have not sufficiently been formed
into fibres. This is concurrent with a previous study which was also unsuccessful in
producing fibres from polymer solutions with chitosan contents above 20% [99]. It is
thought that this could be due to the way PVA facilitates the production of fibres, as
mentioned previously, the PVA molecules moderate the repelling interactions
between chitosan’s polycationic molecules. In solutions with chitosan content
greater than 30% there may not be sufficient PVA molecules to reduce the repulsive
forces which would prevent sufficient chain entanglements and inhibit the formation

of continuous fibres [195].

AccV Magn Det WD F——— 5;1&1
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Figure 18: SEM micrograph showing a scaffold produced from a chitosan-PVA
blend solution with a ratio of 70:30 PVA:chitosan and an overall solution

concentration of 5%.
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3.4.1. Effect of concentration on fibre morphology

Lower concentration solutions were seen to produce much more beading on the
produced fibres, this effect was most markedly observed in the fibres produced from
a 5% 90:10 PVA/chitosan solution where there are beads apparent on almost every
fibre. A small amount of beading can be expected in electrospun polymer scaffolds
due to the nature of the process, however high amounts of beading such as those
found in the 5% 90:10 PVA/chitosan solution will have a severe impact on the use of
the scaffold. An electrospun scaffold for use in application will be tailored to have
very specific properties necessary for the particular application. For example it may
be required to have certain porosity so that some molecules are able to pass through
it, such as those in the drugs used for wound treatment while not allowing bacteria to
pass through it. These properties are determined in part by the fibre diameter,
however when there are beads present this adds an ‘unknown’ to the scaffold
whereby its properties cannot be accurately predicted due to the random distribution
of the beads. These beads may act as a source of weakness and have a negative

impact on the surface area to volume ratio of the produced scaffold.

Beading is more likely to occur in low concentration solutions because there are less
polymer chains present in relation to the amount of solvent, which increases the
likelihood of solvent molecules aggregating to form beads [8]. The beading
phenomenon is seen to reduce when polymer concentration is increased, with fibres
being practically bead-free in solutions over 7%. Figure 19 presents SEM
micrographs of PVA/chitosan scaffolds produced from 5, 6, 7 and 8% solution
concentrations. In image (a) from a 5% concentration beads are clearly visible on

the majority of fibres. Image (b) from a 6% solution shows less than half the fibres
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have beads present while image (c) and (d) from 7% and 8% solutions, respectively

show almost no beads at all.
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Figure 19: SEM micrographs of PVA/chitosan nanofibres electrospun from (a) 5% (b)
6% (c) 7% (d) 8% concentration acetic acid solutions with blend ratios of 90:10 at an

applied voltage of 20 kV, needle tip distance of 10 cm and flow rate of 1 mL/hr.

While Table 13 shows the solutions that were successfully electrospun, it was not
always the case that each solution could produce fibres under all of the variable

parameters tested in this study. It was common for some solutions not to produce
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fibres at the extremes of the variable conditions, for example, at the shortest needle
tip distance and the highest voltage, or at the longest needle tip distance and the
lowest voltage. This is due to either the electric field strength being too low to
overcome the surface tension of the solution and form a Taylor cone or being too
high and surpassing the critical value. This will be discussed in more detail in

section 3.4.4.

3.4.2. Effect of polymer solution concentration on average fibre diameter

Irrespective of the blend ratio of chitosan to PVA in the solution, the average
diameter of the fibres obtained increased when the overall solution concentration
was increased. Figure 20 shows the average diameter of fibres within scaffolds
produced from solutions of different concentrations with a PVA:chitosan blend ratio
of 90:10 electrospun at an applied voltage of 15 kV and needle tip distance of 10 cm.
This relationship was also displayed under all operating parameters, with fibre
diameter increasing with increased concentration at 15, 20 and 25 kV and needle tip

distances of 7.5, 10 and 12.5 cm and at all combinations of the two.

Figure 20 and Figure 21 show the average fibre diameters of the scaffolds produced
from different concentration solutions with the same blend ratio. It can clearly be
seen from the graph that the average fibre diameter increases with increased
concentration. In the 90:10 blend ratio scaffolds produced with an applied voltage of
15 kV (shown in Figure 20) the average fibre diameter is seen to increase from 113
nm for the 5% solution to 303 nm for the 8% solution. In the 80:20 blend ratio
scaffolds produced with an applied voltage of 20 kV (shown in Figure 21) the
average fibre diameter is also seen to rise from 100 nm to 200 nm from 5% to 8%

solution concentrations, respectively. This is consistent with previous results found
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in the literature for electrospinning [31, 58, 196] as well as the results found earlier in
the present study when electrospinning PVA without forming a blend with chitosan.
This effect is due to a greater number of polymer chains within the solution at higher
concentrations which lead to a greater number of chain entanglements. These
entanglements resist the stretching caused by the repellent forces acting on the jet
as it travels through the air reducing the stretching effect and resulting in larger fibre

diameters [8].
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Figure 20: Effect of concentration of PVA/chitosan blend solutions with a blend ratio
of 90:10 on the average diameter of fibres produced by electrospinning at an applied

voltage of 15 kV.
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Figure 21: Effect of concentration of PVA/chitosan blend solutions with a blend ratio
of 80:20 on the average diameter of fibres produced by electrospinning at an applied

voltage of 20 kV.

3.4.3. Effect of blend ratio

Figure 22 shows the average diameter of fibres produced from 5, 6, 7 and 8 %
solution concentrations, comparing the blend ratios 90:10 and 80:20 at these four
different overall concentrations. It was thought that increasing the chitosan content
within the solution while maintaining the same overall concentration would lead to a
significant reduction in fibre diameter. Chitosan contains ionisable amino groups
which mean it is highly conductive. Park et al. [195] showed that the conductivity of a
chitosan blend solution increased with increased chitosan content. Returning back
to the theory behind electrospinning, increased conductivity results in greater
repulsive forces between the polymer chains within the solution which promotes
greater stretching and should therefore lead to smaller diameter fibres [8]. The

results of the present study did not show a significant decrease in average fibre
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diameter when the blend ratio was changed from 90:10 to 80:20 PVA:chitosan.
With an applied voltage of 20 kV, the average fibre diameter difference for 90:10
ratio compared to 80:20 were 3 nm, 3 nm, 4 nmand 5 nm for 5, 6, 7 and 8% solution

concentrations, respectively.

It is thought, that while the conductivity of the solution most likely increased due to
the greater chitosan content in the 80:20 ratio solutions compared to 90:10, this may
not have been significant enough to offset the large increase in solution viscosity
caused by the additional chitosan, which as mentioned before promotes larger fibre
diameters. These two factors working in opposition to each other along with the fact
that the two blend ratios are both relatively similar, explaining the results seen in the
present work that the chitosan content did not have a significant effect on the

average fibre diameter.
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Figure 22: Effect of blend ratio of PVA:chitosan on the average fibre diameters

produced by electrospinning .
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3.4.4. Effect of needle tip distance

Figure 23, Figure 24, and Figure 25 show the effect of needle tip distance on fibre
diameters at different applied voltages, and Figure 26 shows the overall average
fibre diameters produced from all experiments at each needle tip distance. From
Figure 26, it can be seen that there is a general tendency across all solutions, with
the exception of 8% 80:20 that the fibre diameter increases when the needle tip
distance increased from 7.5 cm to 12.5 cm. When the needle tip distance increased
the electric field strength was reduced so the effect is similar to reducing the applied
voltage. This means there are less repulsive forces acting on the jet and so there

will be less stretching of the solution.
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Figure 23: Effect of needle tip distance on the average fibre diameter of fibres

produced from different concentrations and blend ratios of PVA:chitosan in solution

by electrospinning at a fixed applied voltage of 15 kV
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Figure 24: Effect of the needle tip distance on average fibre diameter of fibres

produced from different concentrations and blend ratios of PVA:chitosanin solution

by electrospinning at a fixed applied voltage of 20 kV.
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Figure 25: Effect of the needle tip distance on average fibre diameter of fibres

produced from different concentrations and blend ratios of PVA:chitosan in solution

by electrospinning at a fixed applied voltage of 25 kV.
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Figure 26: Effect of the needle tip distance on the average fibre diameter of fibres
produced from different concentrations and blend ratios of PVA:chitosan in solution

by electrospinning across all tested applied voltages (15, 20, 25 kV).

It is this reduction in electrostatic force, which is believed to have prevented the 7%
90:10 solution from producing fibres at a needle tip distance of 12.5 cm and a
voltage of 15 kV. That combination of parameters may not have created a strong
enough electric field to overcome the solutions surface tension and produce a jet.
The opposite was true at the shortest distance and highest applied voltage of 25 kV.
Only 3 out of the 8 fibre producing electrospun solutions were succesfully
electrospun under these conditions due to the electric field strength being too high
and surpassing the critical value, resulting in instability of the jet and the taylor cone

receeding into the needle tip [31, 197].
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Although an overall trend is observed accross all the experiments carried out, when
we look at the graphs for individual voltages, we see that there are different
responses by some solutions to the change in needle tip distance. The 8% 80:20
solution shows a decrease in fibre diameter when the distance is increased from 7.5
cm to 12.5 cm, this could be due to a secondary effect of increasing the needle tip
which is an increased flight time for the jet as it has further to travel before hitting the
collecting plate. The polymer jet therefore has more time to elongate and stretch

resulting in thinner fibres [198].

At the shortest distance of 7.5 cm there appeared to be a tendancy for some of the
polymer solution to be present in the form of globules on the scaffolds. An example
of this can be seen in Figure 27. This is likely because the very short flight time of
the jet due to the short distance between the needle tip and the collecting plate does
not allow enough time for all of the solvent to evaporate before the fibres hit the
collector. It may also be due to some solutions being ejected from the needle tip as
droplets. This can sometimes occur during electrospinning when there is instability
in the Taylor cone and if the needle tip distance is small some of these droplets may
reach the collecting plate. This is not desirable as excessive residual solvents in the

scaffolds could be harmful if intended for application to human skin [62].
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Figure 27: SEM micrograph of fibres produced from a 7% 90:10 PVA/chitosan blend
solution electrospun with an applied voltage of 20 kV and a needle tip distance of 7.5

cm.

3.4.5. Effect of voltage

Voltage was varied from 10-25 kV however it was found that 10 kV was not suffient
to create a jet to produce fibres. Figure 28, Figure 29 and Figure 30 show the effect
of applied voltages varied from 15-25 kV on average fibre diameters at different
needle tip distances and Figure 31 shows the overall effect of applied voltage
accross all tested needle tip distances. There is a general trend of decreasing
average fibre diameter with increased voltage. This is concurent with previous
findings by Lee et al. [48]. The present results show only a slight reduction which in
the case of some solutions was not statistically significant. This supports the
findings of other studies such as those by Demir et al. [58] Zhao et al. [198] and
Zhao et al. [196] who suggested that fibre diameter could increase with voltage as
the increased voltage causes the jet to accelerate from the needle tip to the collector
faster, reducing flight time and therefore reducing stretching. More solution is also

ejected out of the tip of the needle resulting in a thicker jet which also leads to thicker
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fibres [44]. Itis likely that both of these mechanisms are occuring to different extents

with increased repulsive forces being marginally more dominant resulting in the small

reductionin fibre diameters.
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Figure 28: Effect of applied voltage on average fibre diameter of fibres produced

from different concentrations and blend ratios of PVA:chitosan in solution by

electrospinning at a fixed needle tip distance of 7.5 cm
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Figure 29: Effect of applied voltage on average fibre diameter of fibres produced

from different concentrations and blend ratios of PVA:chitosan in solution by

electrospinning at a fixed needle tip distance of 10 cm
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Figure 30: Effect of applied voltage on average fibre diameter of fibres produced

from different concentrations and blend ratios of PVA:chitosan in solution by

electrospinning at a fixed needle tip distance of 12.5 cm
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Figure 31: Effect of applied voltage on average fibre diameter of fibres produced
from different concentrations and blend ratios of PVA:chitosan in solution by

electrospinning averaged across all tested needle tip distances (7.5, 10, 12.5 cm)

What is more interesting with respect to the applied voltage is the effect it has on the
stability of the jet, the shape of the Taylor cone and the rate of fibre production. At
high voltages of 25 kV, the jet was regularly unstable, ejecting droplets from the
needle tip and this resulted in solution solidifying and blocking the needle which
became high maintainance as the tip had to be manually unblocked. This would be
unnacceptable when used in industry. The unstable jet also produced fibres of
largely varying fibre diameters, which were non-uniform, shown in Figure 32,
whereas at lower voltages of 15 kV and 20 kV, the jet is very stable and fibres

appear more uniform, example shown in Figure 33.
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Figure 32: SEM of fibres produced from an 8% 80:20 PVA/chitosan blend solution

electrospun with an applied voltage of 25 kV and a needle tip distance of 10 cm
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Figure 33: SEM of fibres produced from an 8% 80:20 PVA/chitosan blend solution

electrospun with an applied voltage of 15 kV and a needle tip distance of 10 cm

Since fibre diameter appears to remain relatively constant between 15 kV and 20 kV
and both voltages can produce uniform fibres at 7% and 8% concentration solutions,
this leads to other criteria being needed to determine which would be the most

suitable. At the higher voltage, fibres are produced at a faster rate which is
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beneficial from a manufacturing perspective, however the reduced flight time
resulting from the faster jet leaves less time for crystallisation to take place. Thermal
analysis of the two parameters is required to determine if there is a significant

difference in crystallinity between fibres produced by the two applied voltages.

3.4.6.FTIR

FTIR scans were carried out to confirm the presence of both chitosan and PVA in the
chitosan/PVA blend scaffolds. Spectra were obtained of PVA and chitosan

separately in their as-received powder form in order to identify their individual

characteristic peaks.

3.4.6.1. FTIR—-PVA Powder

Figure 34 shows the FTIR spectra of as-received PVA powder.
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Figure 34: FTIR spectra of as-received PVA powder
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PVA shows an absorbtion peak at 3354 cm™ which is attributed to the intermolecular
hydrogen bonding as well as —OH stretching vibrations [199]. The band observed at
2840 cm is associated with C-H stretching in alkyl groups while the absorption peak
at 1082 cm™ corresponds to —C-O stretching [200]. The peak at 1736 cm™ is
attributed to stretching of C=0 and C-O from residual acetyl groups remaining in the
material as the PVA used was only 98% hydrolysed. The absorbance peak at 1432
cm™ represents CH, bending [201]. These characteristic peaks and their respective

assignments are summarised in Table 14.

Table 14: FTIR characteristic peak assignments of PVA

Characteristic peak Assignment Reference

(cm-Y)

3354 -OH stretching [199]
2840 C-H from alkyl groups [200]
1736 Acetyl groups C=0 and [201]

C-O

1432 CH, bending [201]
1082 C-O [200]
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3.4.6.2. FTIR - Chitosan Powder

Figure 35 shows the FTIR spectra of as-received chitosan powder
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Figure 35: FTIR spectra of as-received chitosan powder

Chitosan shows two peaks around 893 cm™ and 1156 cm™ which are attributed to
the saccharide structure of chitosan [202]. Peaks characteristic to chitosan at 1655
cm? and 1322 cm’ are reported to be primary amides and tirtiary amides
respectively. The broad peak at 3367 is typical of O-H stetching and also -NH
stretching, the —OH band overlaps the —NH band. The peak at 2927 cm™ is the
typical C-H stretching. The peak at 1080 cm™ is attributed to the C-O stretching in

chitosan. A summary of these peaks is shownin Table 15.



Table 15: FTIR characteristic peaks observed from chitosan.

Characteristic peak Assignment Reference
(cm-1)
3367 Amine NH symmetric [203]
vibration with overlapping
—OH stretching
2927 C-H vibration [203]
1655 Primary amide C=0 [204]
1559 Amino group [204]
1333 Amide lll [203]
1154 Saccharide structure [202]
1080 C-0-C [203]
896 Saccharide structure [202]

3.4.6.3. FTIR — Electrospun Chitosan/PVA
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FTIR spectra were subsequently obtained using the Golden Gate Single Reflection

Diamond on samples of the electrospun scaffolds produced at different blend ratios.

As has previously been discussed, the electrospinning process does not have an

impact on the chemical structure of the material, so no difference in FTIR spectra

was expected between samples electrospun under different operating parameters

but containing the same blend ratio of PVA:chitosan.

Figure 36 shows the FTIR spectra of electrospun PVA:chitosan 90:10 and Figure 37

shows the FTIR spectra of electrospun PVA:chitosan 80:20. It can be seeninthese

spectra, that characteristic peaks of both chitosan and PVA are present.
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In the spectra for PVA-chitosan blends, the band attributed to hydroxyl stretching has
shifted to lower wave numbers from 3354 cm™ in the pure PVA powder spectra to
3337 cm. Zhang et al [104] suggested that this shift of the hydroxyl band in PVA-

chitosan blends occurs due to hydrogen bonds acting between —OH groups in the

PVA and —NH; groups in the chitosan.
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Figure 36: FTIR spectra of PVA:chitosan electrospun fibres obtained from a 7%

90:10 solution.
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Figure 37: FTIR spectra of PVA:chitosan electrospun fibres obtained from a 7%

80:20 solution.

3.4.7.DSC

DSC was carried out on powder samples of the as-received chitosan and PVA as
well as on the electrospun PVA/chitosan blend scaffolds in order to observe the
effect the blend ratio would have on the thermal properties as well as the effect

altering the operating parameters (voltage and needle tip distance) would have.

3.4.7.1. DSC - Chitosan

Like most polysaccharides, chitosan does not melt, but instead degrades when
heated above a critical temperature. This degradation process is reported to begin
at approximately 250°C [205, 206]. As such, the DSC scan of chitosan powder
heated from 25°C to 225°C show in Figure 38 does not exhibit any endothermic peak
relating to T, Care was taken not to approach the degradation temperature too

closely so that material degradation would not affect subsequent heating runs.
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There is a broad endothermic peak occurring around 100°C in the first heating cycle
of the chitosan powder. This is attributed to moisture evaporation since chitosan is
known to be susceptible to absorbing moisture. This endothermic peak is very broad
and may mask more subtle changes in enthalpy, as such a second heating run was
carried out and it can be seen in the reheating trace shown in Figure 39 the
endothermic moisture evaporation peak is no longer present. The baseline step
associated with the Ty of chitosan is usually very small due in part to the fact that
chitosan is semi-crystalline and only the amorphous regions undergo a glass
transition. Another cause of the above is also the presence of the rigid 2-amino-2-
deoxy-D-glucopyranose (or glucosamine residues) in the chitosan molecules [206].
A small deviation in the inclination of the baseline can be observed at approximately
140°C, which can be attributed to the Ty of chitosan and is in agreement with a study

by Dong et al. [207].
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Figure 38: DSC scan for the heating of chitosan powder
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Figure 39: DSC scan for the reheating of chitosan powder

3.4.7.2. DSC - PVA

The DSC scans of pure PVA have been discussed previously in section 3.2.1
however another representation of the PVA powder DSC trace is shown in Figure 40

for clarity. PVA exhibited a Tq at45°C and a Tyat 218°C.
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Figure 40: DSC trace of PVA powder

3.4.7.3. DSC — PVA/chitosan

3.4.7.3.1. Effect of blend ratio

DSC traces were obtained from fibre samples produced by electrospinning at an
applied voltage of 15 kV, a needle tip distance of 10 cm and flow rate of 1 ml/hr from
PVA/chitosan solutions of blend ratios 90:10 and 80:20. These traces are presented

in Figure 41.

From Figure 41, it can be seen that as the chitosan content in the polymer solution is

increased, the Ty, is shifted towards a lower temperature. Furthermore, when the T,
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values of the electrospun PVA/chitosan blends are compared to PVA powder, it can
be seen that the T, of the blends is much lower. While the electrospinning process
has been shown in the work presented in section 3.2.1 to have an effect on the peak
intensities and therefore the crystallinity, it does not have an effect on the T, values.
It can therefore be reasoned that the reduction in the T, is attributed to the addition

of chitosan.

—— PVA Chitosan 80:20
—— PVA Chitosan 90:10
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Figure 41: DSC heating trace of PVA/chitosan blend ratio electrospun at 20 kV with a

needle tip distance of 10 cm

The peak intensity is also seen to reduce as compared to the PVA powder, which
exhibits a sharp endothermic peak, the peak for PVA:chitosan blends are broader
and less well defined. Upon calculating the crystallinity, it is shown that increased

chitosan content decreases the % crystallinity of the samples suggesting that the
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crystalline microstructure could not be developed as well in the blended samples.
Table 16 shows the thermal analysis results of electrospun PVA/chitosan from

different blend ratios.

Table 16: Thermal analysis results of electrospun PVA:chitosan from a 7% solution

with different blend ratios electrospun at 20 kV

PVA:Chitosan Tm (CC) C (%)
Ratio
90:10 204 17.4
80:20 201 16.7

The reduction in Ty is attributed to the molecular interactions which occur between
the PVA and chitosan blends [99]. This result is in keeping with results shown in
papers focused on non-electrospun PVA/chitosan blends [208] and glutaraldehyde-
chitosan/PVA blend films [209]. The Ty is determined by the amount of energy
required to break bonds to make the phase transition from solid to liquid. PVA and
chitosan individually both have a large amount of hydrogen bonds acting between
the polymer chains which require energy to break. When the two polymers are
blended the alignment between the chains is disrupted resulting in less
intermolecular interactions. This means less energy is required due to there being

fewer bonds to break and the T, will be lower.

It has already been discussed in section 1.6.2, that the electrospinning process has
a detrimental impact on the crystallinity of the produced fibres due to the fast

solidification time. However, when the PVA:chitosan blend fibres are compared to
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PVA fibres electrospun under the same operating parameters, it can be seen that
crystallinity is lower in the blended fibres. This suggests that crystallinity is being
reduced not only by the electrospinning process but by the addition of chitosan to the

blend.

The explanation for the reduced crystallinity is similar to the explanation for the
reduced T, value as a reduction in Ty is normally indicative of a lower crystallinity.
When the chitosan and PVA are blended, intermolecular bonds are broken and the
order and alignment of the polymer chains is disrupted. This inhibits the formation of

bonding between polymer chains and a more amorphous structure will be present.

3.5. Electrospinning of Chitosan-hydroxybenzotriazole

With the addition of hydroxybenzotriazole, chitosan was successfully dissolved in
water. The dissolution was complete when the blend ratio of chitosan:HOBt was 1:1.
However, complete dissolution could not be achieved with the 2:1 blend ratio even
with the addition of heat when stirring. Chitosan could successfully be dissolved at
room temperature with a 1:1 blend. This is in keeping with the study conducted by
Fangkangwanwong et al. [210] who proposed the mechanism of the reaction

between chitosan-HOBt and water as shownin Figure 42.
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Figure 42: Mechanism of chitosan reacting with HOBt in order to dissolve in water

Attempts were then made to electrospin the chitosan-HOBt solutions produced with
a 1:1 blend ratio at solution concentrations of 1, 2 and 3 %. Fibre production from
these solutions was unsuccessful. A stable jet could not be achieved despite
extensive alterations of the operating parameters of the electrospinning equipment.
Instead of a jet formation droplets were ejected from the needle tip with globular
deposits collected on the collecting plate. This result was the same as what was

observed when attempting the electrospin pure chitosanin acetic acid solutions.

3.6. Chitosan-hydroxybenzotriazole/PVA

In the same way that the addition of PVA facilitated the formation of fibres from
chitosan in an acetic acid solution, it also facilitated the formation of fibres when

added to chitosan-HOBt-water solutions.
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Figure 43 shows SEM micrographs comparing the morphology of fibres produced
from an acetic acid chitosan/PVA solution and a chitosan-HOBt/PVA water solution.
The solutions were made up to the same concentration and blend ratio (7% solution
concentration with a blend ratio of 90:10 PVA:chitosan) and were electrospun under
the same operating parameters of 15 kV applied voltage and needle tip distance of
10 cm. It can be seen from these micrographs, that the morphology is not affected
by the use of a HOBt-water solution compared to the traditional acetic acid solution.
Uniform bead free fibres were produced in both cases with average fibre diameters

205 nm and 187 nm, respectively.

Figure 43: SEM micrographs of Electrospun fibres produced from (A)

Chitosan/PVA acetic acid solution (B) Chitosan-HOBt/PVA water solution

Fibre production from blend ratios of 90:10 and 80:20 were both successful, however
when the chitosan content was increased to 70:30, the viscosity of the solution
became too great to electrospin. It has previously been reported, that fibres could
not be produced from chitosan/PVA blends when the proportion of chitosan
exceeded 30% [99].This was due to insufficient interactions with PVA to inhibit the

repulsive forces acting between the ionic groups in the chitosan backbone, which
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obstruct the formation of fibres. It was then suggested by Charernsriwilaiwat et al.
[117], that when the HOBt-water system was utilised as opposed to the use of acetic
acid, the chitosan content could be as high as 50% whilst still successfully yielding
fibres. This result could not be replicated in the current study at a 7% solution
concentration as the viscosity became too great to electrospin when the chitosan
content was increased above 20%. This may be due to the use of PVA with a
greater My, inthe present work than in the previous study, the M, of PVA used in the
previous paper is not given. If the M, of PVA was higher this would cause an
increase if viscosity. It could also be due to a different electrospinning set-up being
used in the previous study with a larger needle diameter which allowed solutions with

greater viscosity to flow through it.

3.7. Polyhydroxybutyrate

3.7.1. Yields of PHB produced with different carbon sources

PHB yields were determined as part of previous work conducted by Bagheriasl [182]

who produced the PHB and are presented in Table 17. These values were used to

derive the percentage of PHB.

Table 17: Cell dry weight, PHB produced and % PHB produced from the three

different carbon sources after fermentation [182].

Carbon Average CDW | Average PHB PHB (%)

source (g cell (g/l)
Glucose 1.07 0.13+(0.01) 12
Olive oil 3.45 1.26 +(0.2) 37

Rapeseed ol 2.9 1.06 £(0.1) 37
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The results show that when glucose was utlised as a carbon source the
accumulated yield of PHB was much lower, only 0.13g/l (12%), compared to when
either of the two oils were used, 1.06g/l (37%) and 1.26g/l (37%) for rapeseed oil and

olive oil respectively.

As all experimental conditions were kept constant, the difference in the yield of PHB
can only be due to the effect of changing the carbon source. For a given mass, plant
oils such as rapeseed oil and olive oil contain more carbon atoms than sugars like
glucose [211]. The results shown here therefore fall in line with the hypothesis that a

greater number of carbon atoms will resultin a greater yield of PHB.

3.7.2. Characterisation of produced PHB

In order to confirm that the substance produced was in fact PHB, FTIR analysis was
carried out. The peak assignments of PHB were determined by performing a FTIR
trace on a commercial sample of PHB purchased from Sigma Aldrich. The peaks

observed in this trace which are characteristic to PHB are summarised in Table 18.



Table 18: FTIR peak assignments of commercial PHB

Characteristic peak Assignment Reference

(cm™)

~2900 C-H vibration [212]

1720 C=0 stretching [212]

1457 CHs asymmetric [213]
deformation

1379 CHz symmetric [213]
deformation

1280 C-O-C stretching [213]

1263 C-O-C stretching and [213]

CH deformation

1228 C-O-C stretching [212]

1178 C-O-C stretching [213]

1130 CHs; rocking [213]

1097 C-O-C stretching [213]

1054 C-O stretching [213]

1042 C-CHgs stretching [213]
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The FTIR spectra of the suspected PHB samples produced from the three different
carbon sources where then compared to this control spectra obtained from the

commercial PHB. These traces can be seenin Figure 44.
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Figure 44: FTIR spectra comparing commercial PHB with PHB produced from R.

eutropha using three different carbon sources.

As can be seen in the graph the spectra obtained were close to identical. The ester
carbonyl band observed at 1720 cm™ in the commercial PHB is present in all three
samples. The peaks at wavenumbers 1379 and 1455 cm™ characteristic of methyl
(CH3) and methylene (CH») deformations respectively and were visible in all PHB
samples. The specific wave numbers and their respective assignments obtained

from PHB produced from R. Eutropha are presented in Table 19 and compared to

commercial PHB
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Table 19: Peak placement and assignments from FTIR spectra of PHB produced

from R. eutropha using three different carbon sources and compared to commercial

PHB.
Characteristic Peak (cm™)
G-PHB | O-PHB | R-PHB | Commercial Assignment
PHB
2900 2900 2900 2900 C-H vibration [212]
1720 1720 1720 1720 C=0 stretching [212]
1452 1460 1452 1457 CHgz asymmetric deformation [213]
1381 1381 1381 1379 CH; symmetric deformation [213]
1276 1276 1276 1280 C-O-C stretching [213]
1260 1260 1260 1263 C-O-C stretching and CH deformation
[213]
1226 1230 1226 1228 C-O-C stretching [212]
1179 1179 1179 1178 C-O-C stretching [213]
1135 1130 1135 1130 CHs rocking [213]
1103 1103 1103 1097 C-O-C stretching [213]
1051 1055 1051 1054 C-O stretching [213]
1043 1043 1043 1042 C-CHjs stretching [213]

3.7.3. Electrospinning of PHB

Nanofibres were successfully produced by electrospinning each of the three PHB
samples synthesised using glucose, olive oil and rapeseed oil from solution
concentrations of 1.5%, 2% and 2.5%. Commercial PHB was also electrospun from

a higher concentration solution of 13%.
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3.7.3.1. G-PHB

Electrospinning of G-PHB from 1.5% w/v solutions at operating the parameters of 7
kV applied voltage and 12.5 cm needle tip distance resulted in the smallest average
fibre diameter of 580 nm however the fibres produced were not uniform in diameter
and contained a considerable amount of beading due to the low viscosity of the
solution [32]. The beading problem was alleviated when the solution concentration
was increased, with the 2% and 2.5% solutions not displaying the same beading
phenomenon. Average fibre diameter showed an increase when solution
concentration was increased, as depicted in Figure 45. Average fibre diameter
increased from 580 nm to 990 nm and 1050 nm for 1.5%, 2% and 2.5%,
respectively. This result is in keeping with the previous research showing that
electrospun nanofibres show a tendency to increase in diameter when solution
concentrations are increased due to an increase in viscosity and more chain
entanglements resisting the stretching forces imposed on the jet by the electric field
[65]. This is also in keeping with the previous work carried out in this study, with
both PVA and PVA/chitosan blends showing an increase in fibre diameter when
solution concentration was increased. As the fibres obtained from 1.5% solutions
contained beads, the smallest fibres suitable for application produced from G-PHB
were from the 2% solution at 990 nm. T test statistical analysis p < 0.05 showed
there is a significant difference between the average fibre diameter of fibres
produced from 1.5% G-PHB solutions and 2% G-PHB solutions with p = 0.000001

but the difference between 2% and 2.5% was not statistically significant.
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Figure 45: Average fibre diameter of electrospun nanofibres produced from G-PHB

at solution concentrations of 1.5%, 2% and 2.5% w/v

SEM micrographs of fibres produced from each solution as well as histograms

displaying the fibre diameter distribution are presented in Figure 46.
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Figure 46: SEM micrographs (a) and histograms (b) depicting the fibre diameter
distribution obtained after electrospinning G-PHB from (1) a solution concentration of

1.5% w/v (2) a solution concentration of 2% w/v and (3) a solution concentration of

2.5% w/v
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3.7.3.2. O-PHB

Electrospinning of O-PHB was successful from all three solution concentrations
1.5%, 2% and 2.5% however once again the morphology of the fibres varied
depending on the concentration. SEM micrographs of fibres produced from each
solution as well as histograms displaying the fibre diameter distribution are

presented in Figure 47.
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Figure 47: SEM micrographs (a) and histograms (b) depicting the fibre diameter
distribution obtained after electrospinning O-PHB from (1) a solution concentration of 1.5%

w/v (2) a solution concentration of 2% w/v and (3) a solution concentration of 2.5% wi/v.
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The 1.5% O-PHB solution resulted in the smallest average fibre diameter of 750 nm
however there were many beads present on these fibres so the average fibre
diameter figure is not an accurate representation of the quality and uniformity of the
fibres produced. Average fibre diameter increased to 980 nm and 1150 nm for 2%
and 2.5% solution concentrations respectively. Beading was reduced in the fibres
produced from the 2% solution but there were still present. The fibres produced from
the 2.5% solution were completely bead free. Figure 48 shows the effect of solution
concentration on resultant fibre diameters after electrospinning. Performing a T test,
p =< 0.05, for statistical analysis revealed p = 0.0000001 between the average fibre
diameter fibres produced from 1.5% O-PHB solutions and 2% O-PHB solutions,
showing there is a significant difference. The difference between 2% and 2.5% was

not statistically significant.



136

1400

Fibre Diameter (nm)

Olive Oil 1.5% Olive Oil 2% Olive Oil 2.5%

PHB Solution Concentration

Figure 48: Bar graph showing the average fibre diameter of electrospun nanofibres

produced from O-PHB at solution concentrations of 1.5%, 2% and 2.5% wi/v.
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3.7.3.3. R-PHB

Electrospinning of R-PHB was successful from all three solution concentrations;
1.5%, 2% and 2.5%. A bar graph showing the average fibre diameters obtained

from R-PHB from different concentration solutions is shown in Figure 49.

1400 +

Fibre Diameter (nm)

Rapeseed 1.5% Rapeseed 2% Rapeseed 2.5%
PHB Solution Concentration (%)

Figure 49: Average fibre diameter of electrospun nanofibres produced from R-PHB

at solution concentrations of 1.5%, 2% and 2.5% w/\v.

The average fibre obtained from the 1.5% R-PHB was ~425 nm which was the
lowest of the three carbon sources by over 100 nm. While the average fibre
diameter was the lowest from the 1.5% R-PHB solution the histogram of fibre
diameters shows it also had the largest spread of fibre diameters with a range of
~150 nm -~750 nm. Ideally a scaffold would be made up of fibres all of the same

size and shape so that its properties are consistent throughout the scaffold. If some



138

fibres are larger than others or there is an area made up of predominantly larger
fibres then this will have an impact on the porosity of the scaffold in this area and
may be less efficient at filtration for example [184]. As shown in O-PHB and G-PHB
beads are again present from the lowest concentration. The beads are no longer
present in the scaffolds produced from 2% and 2.5% concentrations. Average fibre
diameter increases as solution concentration increases, up to ~1000 nm for 2% and
~1100 nm for 2.5%. The histograms show that diameter distribution is the lowest for
the 2% solution with the majority of fibres falling within a diameter range of 400 nm

compared to a 1000 nm range from 2.5% and 550 nm from 1.5%



Acc.V SpbiMagﬁ
10.0kV 3.0 8562x

~ A

Det WD I
SE 153

/A‘écv Magn i
TUOKVT()UOOX E}E 17’Q

AccV, Madn
10.0 Kv*10000

Figure 50:

Dot WD 1 | 5 um
E £

SE Nire

SEM micrographs

Frequency

Frequency

Frequency

139

N

N

N
T T
500 1000 1500
Fibre Diameter (nm)

T T N 1

500 1000 1500 2000

Fibre Diameter (nm)

2b

1000
Fibre Diameter (nm)

3b

1
2000

1
2000

(@) and histograms (b) depicting the fibre diameter

distribution obtained after electrospinning R-PHB from (1) a solution concentration of

1.5% w/v (2) a solution concentration of 2% w/v and (3) a solution concentration of
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3.7.4. Discussion of Electrospinning PHB from different carbon sources

We can see from these results that the PHB produced from each of the carbon
sources show the same trends when electrospun from varying concentration
solutions. 1.5% results in the smallest overall average fibre diameter however the %
size variation between the fibres is the greatest, so there are not all of a similar
diameter as desired. The prevalence of beads is also greatest in the 1.5% solutions
due to the lower viscosity which is inherently attributed to low concentration
solutions. A solution with a low concentration of polymer present will have fewer
polymer chain entanglements and will therefore exhibit a lower viscoelastic force
when electrospinning [31]. The viscoelastic force works to oppose the Coulombic
forces and electric field, which are both acting to stretch the solution as it travels in
the jet. If the viscoelastic force is greatly exceeded by the coulombic forces then the
stretching forces will be too great and the parts of the jet may break up. The
formation of beads then occurs due to the elasticity of the stretched polymer chains
recoiling back towards their original length before solidifying, resulting in small areas
of fibres with larger diameters, which are known as beads [35]. This is also thought
to be the cause of the larger deviation in fibre diameters, the low viscoelastic forces
causing irregular splitting of some chain entanglements and not others resulting in

some areas of the jet stretching more than others.

When the solution concentration is increased, the viscosity is also increased, so the
viscoelastic forces are greater and there is less chance of jet splitting and bead
formation. This is believed to be the case with the current work. As the
concentration is increased from 1.5% to 2% fewer beads are present in the PHB

fibores from all three carbon sources. A few beads are still present from this
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concentration but with far less frequency. The effect is demonstrated further when

the concentrationis increased to 2.5% no beads were found in the scaffolds at all.

The average fibre diameters obtained from PHB in this series of experiments were
quite large by electrospinning standards at around 1um for bead free uniform fibres.
It is possible to create polymeric fibres with diameters as smallas 1 nm [214]. It can
therefore be concluded it is not the process that is leading to the larger diameters,
but the material/solution used or the operating parameters implemented. The
applied voltage has been shown to be a key parameter in achieving small fibre
diameters. The applied voltage used in this study was 7 kV which is significantly
lower than others studies, with voltages of up to 25 kV typically used. Increasing the
applied voltage has been shown by some, to decrease fibre diameter [48, 58]. 7 kV
was chosen as a parameter for this study as it was suitable for successfully
producing fibres from a range of different concentrations while allowing direct
comparison to be made. However future work could be carried out to optimise the

parameters for each solutionin order to produce smaller fibres.

While the produced fibre are considered large by electrospinning standards, when
the sizes of the fibres produced in the current study are compared to those in the
literature it can be seen that the fibres obtained in this study are smaller. Suwantong
et al. [171] and Sombatmankhong et al. [169] obtained PHB fibres with diameters of
3.7 £ 1.7 um. The parameters used in these experiments were different however,
with a solution concentration of 14% w/v and an applied voltage of 12 kV. The
reason for the much greater solution concentration was that the Mw of the PHB used
was much lower, at 300,000 g/mol compared to the PHB used in the present study,

at >700,000 g/mol, as will be discussed in section 3.7.7.
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3.7.5. Addition of Salt to PHB Solutions for Electrospinning

Benzyl triethylammonium chloride (BTEAC) was added to 2% PHB solutions at
concentrations of 0.5, 1 and 1.5%. The addition of greater than 1.5% BTEAC
appeared to be too much as a stable jet could not be produced, however fibres were
successfully produced with the addition of 0.5% and 1% salt. The average diameter
of these fibres was significantly smaller than those produced without the addition of
BTEAC while all other variable parameters were kept constant. Figure 51 shows
SEM micrographs along with fibre diameter histograms of fibres produced from 2%

solution from PHB samples synthesised with each of the three carbon sources.
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Figure 51: SEM micrographs (a) and histograms (b) depicting the fibre diameter

distribution obtained after electrospinning 2% P HB solutions with the addition of 1%

BTEAC in the solution from (1) G-PHB (2) O-PHB (3) R-PHB



144

As well as the significant decrease in fibre diameter achieved by the addition of
BTEAC we can also see differences in the morphology of the fibres by comparing
the SEM micrographs shown in Figure 51 to those shown in Figure 46 Figure 47 and
Figure 50. Firstly, there was not a single bead present in any of the samples
produced when 1% BTEAC was added to the solution. Secondly, the surface of the
fibres was smoother. This can be attributed to the same factor that leads to the
decreased fibre diameter, the conductivity of the polymer solution. Choi et al. [172]
have shown that the conductivity of a PHB chloroform solution is increased by the
addition of BTEAC. Because there is greater charge density acting on the jet due to
the increased conductivity, the elongation forces are also greater as the charged
ions repel each other and act to stretch the fibres more than they would be in a less
conductive jet. The increased stretching results in smaller, straighter, smoother

fibres [214].

Table 20 presents a comparison between the average fibre diameters obtained when

PHB samples produced using different carbon sources were electrospun with the

addition of varying amounts of BTEAC.
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Table 20: Comparison between the fibre diameters obtained from PHB samples
produced using different carbon sources with varying amounts of BTEAC added to

the solution prior to electrospinning.

PHB solution BTEAC %

0 0.5 1 15

Average Fibre Diameter (nm)

2% G-PHB 994 680 685 675
2% O-PHB 1009 663 640 653
2% R-PHB 1068 692 684 672

We can see from these results that there is a >30% decrease in average fibre
diameter with the addition of BTEAC. A reduction in fibre diameter was achieved by
the addition of 0.5% BTEAC; however further addition of BTEAC up to 1% and 1.5%
do not result in further reduction in fibre diameter. When BTEAC concentrations
greater than 2% were added the solution was rendered unspinnable. In this instance
the formation of a stable Taylor cone was not possible and multiple jets were
sprayed from the needle tip. It therefore seems that the effect of conductivity on fibre
diameter is only beneficial up to a critical value, above which, no additional benefit
can be gained until eventually it is detrimental. It has been shown previously that
while increases in conductivity can improve electrospinning, too high conductivity is
unsuitable as it causes a reduction in the tangential electric field resulting in the
electrostatic force running along the surface of the solution to diminish significantly,

which works against Taylor cone formation [43]. The effect BTEAC has on the
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conductivity of the solution should be related to the viscosity of the solution. As such
if the PHB concentration in the solution is increased, then it would be expected that a
greater amount of BTEAC would be required to see a reduction in fibre diameter. It

Is also expected that the critical amount of BTEAC before electrospinning was not

longer possible would also be increased.

Scaffolds produced with BTEAC present were treated with methanol to remove the
BTEAC. FTIR was carried out after the treatment to ensure the BTEAC had been
removed. The graph in Figure 52 shows a comparison of fibres obtained with a 2%
PHB solution with no BTEAC present and fibres from a 2% PHB solution with 1%
BTEAC after methanol treatment. These are approximately identical and there are

no signs of characteristic peaks from BTEAC present.
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Figure 52: FTIR spectra showing electrospun G-PHB compared with electrospun G-

PHB which had BTEAC present in the solution before electrospinning



147

3.7.6. Commercial PHB

In order to compare the PHB produced from the three different carbon sources a
commercial PHB sample was also electrospun. This sample was different to the
produced PHB and as such the solution concentration had to be altered in order for
successful electrospinning to be performed using the same operating parameters
used throughout the rest of this study (applied voltage of 7 kV and needle tip
distance of 12.5 cm flow rate of 1ml/hr). This difference was due to the molecular
weight of the PHB being considerably lower than that of the G-PHB, O-PHB and R-
PHB. The solution concentration had to be increased from 1.5-2.5% in the earlier
series of experiments to ~10% in order to produce a solution with comparable
viscosity. The solutions were very difficult to electrospin and the fibres that were
produced were highly beaded. An SEM image of fibres produced from commercial

PHB is shownin Figure 53.

Figure 53: SEM micrograph of commercial PHB electrospun from a 10% w/v

solution
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3.7.7. GPC analysis

Gel permeation chromatography was carried out on the produced PHB samples from
all three carbon sources, both before and after electrospinning, in order to determine
the molecular weight (My,), molecular mass (M,) and the polydispersity (PD). The
results from GPC for electrospun and non-electrospun PHB are shown in Table 21.
There were no significant differences in the M,, of PHB produced using the two oils,
olive oil and rapeseed oil with values of 7.14 x10° g/mol and 7.10x10° g/mol
respectively, or PHB produced using glucose as a carbon source which exhibited an

M, only slightly higher at 7.61x10° g/mol.

Table 21: Weight average molecular weight (M), number average molecular mass
(M,) and polydispersity (PD - My/M,) of non-electrospun and electrospun PHB

samples produced using olive oil, rapeseed oil and glucose as carbon sources.

PHB My (x10°g/mol) Mn (x10° g/mol) Polydispersity
(PD)
G-PHB 7.61 6.29 1.21
G-PHB 7.35 6.07 1.23
(electrospun)
O-PHB 7.14 4.95 1.42
O-PHB 5.92 4.15 143
(electrospun)
R-PHB 7.10 4.89 1.45
R-PHB 5.79 3.94 1.47
(electrospun)

The GPC data obtained shows that PHB produced using glucose has a greater

uniformity in its molecular weight as demonstrated by a lower PD value of 1.21
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compared with 1.42 and 1.45 from olive oil and rapeseed oil, respectively. When
comparisons are made between PHB samples before and after electrospinning it can
be seen that the PD remains unchanged by the electrospinning process. M,, and M,
are seen to reduce marginally, but not by a significant amount so we can conclude
that the electrospinning process does not have an effect on the molecular weight of
the polymer, this is in keeping with previous literature which has not shown solution
electrospinning to have an effect on molecular weight. Although high stress
conditions are present during electrospinning, the magnitude of the elongational flow
is not sufficient to cause chain scission which would result in a lower M, [192].
There are however examples of where molecular weight has decreased after melt
electrospinning of poly(ethylene terephthalate) attributed to thermal degradation
experienced within the melt reservoir [215] and in PLA attributed to a combination of
thermal degradation and mechanical scission caused by the polymer melt being
forced through the needle tip [216]. There are subtle differences between the
molecular characteristics of PHB produced using glucose and PHB produced using
the two oils. Previous literature has suggested that the M,, of PHB produced using
plant oils is hindered by the presence of glycerol which can act as a chain transfer
agent which hinders chain elongation and as a result reduces the My [217]. It has
also been reported that fructose produced PHB had a higher M,, compared with PHB
produced with virgin sesame oil and soybean oil [218, 219]. The oils studied in the
present work show no such disadvantages or effects on M,, when compared to the

use of glucose.
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3.7.8. DSC of PHB

The melting temperature (T,) and percentage crystallinity (C) results derived from
the DSC scans of the PHB samples produced using the three different carbon

sources are presented in Table 22.

Table 22: Thermal analysis results of PHB produced by Ralstonia eutropha using

olive oil, rapeseed oil and glucose as carbon sources

PHB Tm (°C) C (%)
O-PHB 173.2 54.2
R-PHB 172.2 52.2
G-PHB 172.5 535

The glass transition temperature (Tg) of PHB has been shown to be in the range of
0-5°C [220]. The DSC traces in the present study were carried out in a temperature
range of 25 °C — 200°C so as expected a Ty peak was not present in any of the
traces. Thermal analysis results show that there were no significant differences
between PHB samples produced using the different carbon sources. T, was
approximately 172.5°C. All three percentage crystallinity values were within + 1% of
53 %. The values obtained for the T, were in line with values found in previous
literature for PHB [221]. This result shows that there is no detrimental effect on
thermal characteristics of PHB produced using Ralstonia Eutropha when the carbon

source is substituted from glucose with either of the two oils trialled in the present

study.
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3.7.8.1. DSC of electrospun G-PHB

DSC traces of PHB produced using glucose and then electrospun from solution
concentrations of 1.5, 2 and 2.5 % w/v were compared to the as-produced PHB
which had not undergone electrospinning. Figure 54 shows the DSC traces obtained

from G-PHB samples before and after electrospinning from different concentrations

—— G-PHB (Non-electrospun)
—— G-PHB 1.5%
—— G-PHB 2%

— G-PHB 2.5 %
A
|
\
|
N

Relative Heat Flow - Endothermic

25 50 75 100 125 150 175 200

Temperature (°C)

Figure 54: DSC traces of G-PHB electrospun from different concentrations solutions

as compared to non-electrospun G-PHB

It can be seen from the DSC traces that the endothermic peak associated with the
Tmof the samples all occurred at a similar temperature which was consistent with the
TmVvalues seen in the literature [222]. The breadth of these peaks was also similar

between all three samples. This result is as expected; the breadth of the
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endothermic melting peak is primarily determined by the polydispersity of the
polymer being tested. A large polydispersity whereby many different chain lengths
are present in the polymer will lead to a much broader melting peak brought on by
shorter chains melting before longer ones. Conversely when a polymer has a small
polydispersity, all of the chains will be a similar length and a very narrow peak will be
exhibited as all the chains will melt at approximately the same temperature [223].
The GPC data presented in section 3.7.7 showed that the polydispersity between
non-electrospun PHB and PHB electrospun from a 2% solution remained
unchanged, with both values at approximately 1.22. This result is confirmed by the
similar breadths observed in the melting peak. The T, values of G-PHB also did not
change significantly, with the Ty, still occurring at around 172°C after electrospinning,
except for the sample produced from the 2.5% concentration solution which was a
little lower at 166.4°C. No crystallisation peak was seen upon heating G-PHB as
PHB is already semi-crystalline [137]. Crystallinity values were calculated using the
heat of fusion values obtained from the area under the melting peak using the
eguation detailed in section 2.4. The crystallinity values for electrospun G-PHB were
all lower that the G-PHB sample which had not been electrospun. It was also

observed that crystallinity increased when the solution concentration was increased.

The values for T, and C for electrospun G-PHB are summarised in Table 23.
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Table 23: Thermal analysis results of electrospun G-PHB electrospun from different

solution concentrations

PHB Solution concentration
15 2 2.5
Tm (°C) C (%) Tm (°C) C (%) Tm (°C) C (%)
G-PHB 173.2 50.2 171.5 511 166.4 52.6

3.7.8.2. DSC of electrospun O-PHB

DSC traces of PHB produced using olive oil and then electrospun from solution

concentrations of 1.5, 2 and 2.5 % w/v were compared to the as-produced PHB

which had not undergone electrospinning. Figure 55 shows the DSC traces obtained

from PHB samples before and after electrospinning from different concentrations

Relative Heat Flow - Endothermic

—— O-PHB 1.5%
—— O-PHB 2%

—— O-PHB 2.5%

—— O-PHB (Non-electrospun)

25

T T T T
50 75 100 125

Temperature (°C)

T
175

Figure 55: DSC traces of O-PHB electrospun from different concentrations solutions

as compared to non-electrospun O-PHB
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It can be seen from the DSC traces in Figure 55 that the T, of both the non-
electrospun and electrospun samples occurred at a similar temperature. It can also
be seen that O-PHB exhibited a double melting peak. This may occur as a result of
the crystalline structure of the sample. PHB has previously been shown in some
cases to exhibit double, or even multiple melting peaks. This has been attributed to
secondary crystallisation that has been shown to occur during melting and can also
take place during storage at room temperature [224-226]. As with G-PHB there were
no differences observed in the breadths of the endothermic melting peaks due to the

samples all having the same PD values.

The thermal characteristics and crystallinity values calculated for O-PHB are shown
in Table 24. The crystallinity of O-PHB was lower after electrospinning than the non-
electrospun material. The greatest reduction was observed with the 1.5 % solution,
compared to the non-electrospun material, whereby the crystallinity decreased from
54.2 % to 45.8 %. Crystallinity also decreased in the fibres obtained from higher

concentration solutions, but not by such a significant amount, with a drop to 52.2 %

for the 2% solution and 53.4 % for the 2.5 % solution.

Table 24: Thermal analysis results of electrospun O-PHB electrospun from different

solution concentrations

PHB Solution concentration
15 2 2.5
Tm (°C) C (%) Tm (°C) C (%) Tm (°C) C (%)
O-PHB 1731 45.8 173.1 52.2 174.1 534
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3.7.8.3. DSC of electrospun R-PHB

DSC traces of PHB produced using rapeseed oil and then electrospun from solution
concentrations of 1.5, 2 and 2.5 % w/v were compared to the as-produced PHB
which had not undergone electrospinning. Figure 56 shows the DSC traces obtained

from PHB samples before and after electrospinning from different concentrations

—— R-PHB (Non-electrospun)
—— R-PHB 1.5%

—— R-PHB 2%

— R-PHB 2.5%

Relative Heat flow - Endothermic

25 50 75 100 125 150 175 200
Temperature (OC)

Figure 56: DSC traces of R-PHB electrospun from different concentrations

solutions as compared to non-electrospun R-PHB

As with the other two PHB samples the R-PHB T, value remained unchanged after
electrospinning from all three solution concentrations at ~172°C. No significant
differences were observed in the breadths of the melting peaks however a double
melting peak was present in the R-PHB produced from the 2.5% solution. Once
again this is attributed to secondary crystallisation that has been shown to take place
within PHB during storage [224], resulting in some bimodal melting where some,
slightly less ordered, secondary crystalline regions melt before the other crystalline

regions.
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The thermal characteristics and crystallinity values calculated for O-PHB are shown
in Table 25. Crystallinity was seen to decrease in all three electrospun samples
when compared to the non-electrospun material. The greatest reduction was with
the 1.5% solution where the crystallinity decreased from 52.2 % in the as-produced
material, to 41.9% in the electrospun sample. The crystallinity of the PHB from the
2% solution was comparable to the 1.5% solution at 42.1% however the crystallinity
was found to be increased to 47.1% from the 2.5% solution; however this is still

lower than the non-electrospun sample.

Table 25: Thermal analysis results of electrospun R-PHB electrospun from different

solution concentrations

PHB Solution concentration
15 2 2.5
Tm (°C) C (%) Tm (°C) C (%) Tm (°C) C (%)
R-PHB 171.9 41.9 171.2 42.1 1734 47.4

A summary of the % crystallinity values obtained from thermal analysis of PHB
samples both before and after electrospinning are shown in Table 26. It can be seen
that PHB produced from all three carbon sources show a decrease in crystallinity
once they have undergone the electrospinning process. The greatest difference is
observed between the non-electrospun PHB and the PHB electrospun from a 1.5%
solution, with R-PHB showing the most significant decrease from 52.2% to 41.9%. It
is quite common for the crystallinity of electrospun material to be reduced when

compared to the raw material. This is attributed to the fast deposition rate between
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the jet being ejected from the needle tip, the solvent evaporating and reaching the
collector [53]. This short time does not allow enough time for crystallisation and
therefore a lower degree of crystallinity is observed. A case has been put forward
that the electric field present during electrospinning can cause molecular orientation
and alignment of polymer chains which would lead to an increased crystallinity [45].
This does not appear to be the case in this instance but this might be attributed to
the fact that a relatively low voltage of 7 kV was being used for this series of
experiments which may not have provided strong enough forces to encourage an
increased crystallinity. This hypothesis suffers however due to the fact that the
crystallinity increases as the solution concentration increases. An increase in
solution concentration results in more chain entanglements and greater viscosity.
The increased chain entanglements will resist the forces encouraging alignment and
should therefore result in a further decrease in crystallinity. It has been proposed
that crystallinity is affected by voltage in an ‘inverted U’ relationship whereby
crystallinity increases with increased voltage up to a point, beyond which any further
increases in voltage leads to a decrease in crystallinity [141]. It may be the case that
the voltage for the 1.5% solution is above the optimum value and the increase in
acceleration of the jet leading to reduced flight time and therefore reduced
crystallinity, may outweigh the orientation effect. = When the concentration is
increased the chain entanglements resisting the electric field forces will be greater
and therefore less acceleration will take place, this will increase the flight time and

allow more time for crystallisation.
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Table 26: Comparison of the % crystallinity of PHB samples obtained using different

carbon sources and electrospun from different solution concentrations

Crystallinity (%)

PHB Non- Electrospun Electrospun Electrospun
Electrospun from 1.5% from 2% from 2.5%
solution solution solution
O-PHB 54.2 45.8 52.2 53.4
R-PHB 52.2 41.9 42.1 47.4
G-PHB 53.5 50.2 51.1 52.6

Ordinarily a high crystallinity is a desirable property as it is attributed with high

stiffness, however if the crystallinity is too high it can result in the polymer being too

brittle [227]. This has been found to be the case with PHB, whereby it is too brittle to

be used in application [228]. The results of the present study show that an effect of

the electrospinning process is to reduce the crystallinity by up to 10%. This could

markedly improve the materials properties for application and is an interesting area

for future research.
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4. CONCLUSIONS
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PVA was electrospun at different solution concentrations 8 wt% and 10 wt% under a
variable applied voltage ranging from 10-25 kV. It was observed that average fibre
diameters were increased under all operating parameters when the solution
concentration was increased. However, the effect voltage had on fibre diameter was
statistically insignificant. Thermal analysis showed that the crystallinity was
substantially reduced by the electrospinning process from 26.6 % in the as-received
powder to 14.1% when electrospun at 10 kV. Increasing the voltage resulted in
increasing the crystallinity; however despite this increase even at 25 kV the
crystallinity value was still lower than PVA powder. Increasing the solution

concentration also increased the crystallinity at all applied voltages.

Chitosan could not be electrospun on its own either in a dilute 2% acetic acid
solution or a more concentrated 90% acetic acid solution under all tested operating
parameters despite previous reports showing that chitosan can be electrospun from
concentrated acetic acid solutions. This may be due to the higher M,, of chitosan
used in the present study, which differed from the previous successful report.
Chitosan could be electrospun when PVA was added to the solution in ratios of
90:10 and 80:20 PVA:chitosan. However, the formation of fibres was inhibited above
this ratio. The presence of both chitosan and PVA in the produce scaffolds was
confirmed by FTIR analysis. The blend ratio and solution concentration had a great
influence on the morphology of fibres. As solution concentrations increased, the
morphology changed from thin bead-on-a-string morphologies to uniform fibres the

diameter of which also increased with increased concentration.

A chitosan-hydroxybenzotriazole-PVA-water system was successfully prepared and
nanofibres produced without using acetic acid or an alternative toxic solvent when

hyroxybenzotriazole was added to chitosanin a 1:1 ratio. Fibres produced from this
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system were comparable to fibres produced from the chitosan-PVA-acetic acid
system. A ratio of 80:20 PVA:chitosan was still the maximum ratio that lead to fibre

formation. Without the presence of PVA, fibres could not be formed.

PHB was successfully produced by bacterial synthesis from R. eutropha using 20 g/l
of olive oil, rapeseed oil and glucose as carbon sources. The use of olive oil and
rapeseed oil produced a much greater yield of PHB at 36 % w/w as compared to the
more traditional glucose which only produced 12 % w/w. Material analysis showed
that the choice of carbon substrate used in the fermentation process did not have an
effect on the thermal and chemical properties of the produced material and no
significant differences were exhibited in molecular properties. In this respect, olive
oil and rapeseed oil can be considered viable replacements for the use of more

traditional sugar substrates such as glucose.

Olive oil was selected as a more premium oil source as due to its high cost this
substrate would not be suitable for scaling up the process to industrial process.
However, the results of this study show that rapeseed oil, selected for being a low
cost alternative to olive oil produced a comparable yield to the more expensive oil.
Rapeseed oil is therefore a viable option for use as a substrate on an industrial scale
due to the low material costs and high PHB yield. Rapeseed oil is also extensively
used as cooking oil; research [161, 218] has been carried out looking into the use of
waste oils in the production of PHB, which could reduce the cost of PHB production

by this method even further.

Nanofibres were successfully produced using the electrospinning process from the
PHB produced from all three carbon sources from 1.5, 2 and 2.5 % w/v chloroform

solutions at an applied voltage of 7 kV, needle tip distance of 12.5 cm and flow rate
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of 1 ml/min. The average diameter of the produced fibres was found to be similar
between the three carbon sources which was expected given the use of identical
operating parameters and the materials similar properties and M,,. The fibre
diameters were large by electrospinning standards with an average value of around
1 um for uniform fibres from a 2% solution. These large diameters are in keeping
with the previous literature, but the addition of the salt BTEAC reduced diameters to

~660 nm.

Comparisons between the FTIR spectra of the PHB samples both before and after
electrospinning showed that the peak placements were identical and the ester
carbonyl band at 1720 — 140 cm™, which is a prominent marker in the identification
of PHB, was present in all tested samples from each carbon source both before and
after electrospinning. Peak intensities were seen to be higher in non-electrospun
PHB samples as compared to the electrospun samples. This can be anindication of
a lower crystallinity in the electrospun samples. % crystallinity calculations derived
from the DSC traces confirmed this, showing that electrospinning had the effect of
reducing the crystallinity compared to the as-produced material. The crystallinity of
non-electrospun PHB was found to be ~54% while the electrospun PHB had
crystallinity as low as ~46 % or as high as ~53 % depending on solution
concentration. This shows that it is possible to control the degree of crystallinity
within PHB fibres which may be highly advantageous for use in biomedical
applications.  High crystallinity is associated with brittleness but also lower
degradation rates. The ability to control the crystallinity may lead to finding an
appropriate balance between the strength required and degradation rate for specific

applications.
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5. FUTURE WORK
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In order to better understand the effect the applied voltage is having on the
morphology of electrospun fibres it would be beneficial to raise the voltage in smaller
increments in order to see the effects this parameter is having on the resultant fibres.
More experimental work should be carried out on the solution properties of the
electrospun solutions in order to quantify factors such as viscosity, surface tension

and conductivity in order to better explain the effects on fibre morphologies.

Electrospinning above 25 kV was not possible with the equipment used in the
present work. In this study it was shown that crystallinity increased when applied
voltage was increased. As crystallinity has been shown to exhibit an ‘inverted U’
relationship with the applied voltage it was concluded that the electrospinning
parameters in this study were below the optimum voltage. It would be interesting to
increase the voltage above 25 kV and see at what point crystallinity began to

decrease in order to determine the optimum parameters.

The mechanical properties of the produced scaffold, such as the tensile strength
should be studied and compared under different operating parameters. This would
require the production of aligned fibres which would require modification of the

electrospinning equipment to include a rotating collector.

In the present work electrospinning of PHB was carried out with fixed parameters
across all solution concentrations from each of the three carbon sources. This was
to enable fair comparisons between samples; however these parameters were not
optimum for all of the samples. It would be beneficial to alter the operating
parameters while electrospinning PHB to determine the optimum parameters to
achieve the smallest fibre diameters with uniform morphologies. This would also

give a better understanding on how to tailor the crystallinity.
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Many polymer blends consist of a natural polymer blended with a synthetic polymer;
however the superior properties of natural polymers make the prospect of making a
natural polymer blend more appealing. It would be interesting to create a blend of
chitosan and PHB in order to produce electrospun fibres from two natural polymers
both with individual, desirable properties in one tissue engineering scaffold. A barrier
to this is that chitosan does not dissolve in chloroform, the solvent used for PHB.
However Ma et al. [229] have shown that treating chitosan with triethylamine,
acetone and then cinnamoyl chloride can produce a chitosan derivative that can be
dissolved in chloroform. Zong et al. [230] have also produced hexanoyl chitosan

which is soluble in chloroform and may be suitable for blending with PHB.
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