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Abstract: Thermally stabilised, crosslinker-free poly(vinyl
alcohol) nanofibers produced by electrospinning:

Applications in cell processing and tissue engineering

William Joseph Ashley Homer

Thesis presented for the degree of

Doctor of Philosophy
2023

Electrospun poly(vinyl alcohol) (PVA) nanofibers are used extensively in biomedical
applications, but many production methods rely heavily on the use of chemical crosslinkers to
stabilise the fibrous morphology against dissolution in aqueous environments. A crosslinker-
free approach, based on heat treatment at 180 °C for up to 16 hours, was used to stabilise
nanofibers produced by cutting edge needleless direct current (DC) and alternating current
(AC) electrospinning platforms. Characterisation of these materials showed that heat
treatment preserved fibre morphology and prevented their dissolution, and that neither
production method nor treatment duration had a negative impact on cytocompatibility.

Application of the nanofibrous membranes for cell processing in the context of blood salvage
during oncological surgeries, involved challenging them with various suspensions of different
cell populations (sheep’s blood, neural blastoma cells as a cancer model and human
erythrocytes). The thermally stabilised PVA nanofibers allowed the unhindered passage of
cells under convective flow, with the loose structure of AC spun materials giving the highest
recovery. The absence of flow channelling was further confirmed using the DigiDEM
computational fluid dynamics software, and some early prototype designs of a prospective
housing for the above nanofibers were also explored.

The final part of this study investigated the potential use of the thermally stabilised, needleless
DC electrospun supports from 98% and 99% hydrolysed PVA, in tissue engineering. A battery
of bio- and haemocompatibility assays indicated that the 4 hours heat treated fibrous mats
resulted in optimal cell proliferation, whilst maintaining minimum levels of thermal degradation,
the latter agreeing with results obtained during the cell processing work.

Keywords: Electrospinning; nanofibers; poly(vinyl alcohol); biomaterials; membrane
chromatography; blood salvage; tissue engineering; medical devices.
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Chapter 1. Introduction

Chapter 1

Introduction and background

1.1 Introduction to biomaterials

Biomaterials are materials which are designed or selected to interact with a biological system
to restore or improve its natural function and span a wide range of applications, including
medical devices and implants, biosensors, and drug delivery vectors. Today, the field of
biomaterials hinges upon interdisciplinary research, with expertise from biology, chemistry,
materials engineering, and medicine all being drawn together to develop new and innovative
materials for cutting edge treatments and devices, however the use of biomaterials is far more

ancient than the recent advent of scientific enquiry.

Early examples of biomaterials include the use of gold sutures and animal teeth for dental
repairs or the metal implant which was famously discovered fused to the skull of a 2000 year
old Peruvian warrior (Migonney, 2014, Oli, 2022). Much progress has been made since these
humble beginnings, with a plethora of materials being used routinely in many areas of modern
medicine, and without a doubt saving millions of lives and enhancing and restoring the quality
of life to millions more. From dental fillings to contact lenses and pacemakers, biomaterials
are ubiquitous, a fact which is unlikely to change any time soon. It is therefore no surprise that
behind these life changing and/or lifesaving materials is a booming industry, with a global
market size of $135.4 billion in 2021, which is expected to grow to almost half a trillion by 2030
(Grand View Research, 2022).

Biomaterials can be broadly categorised into three major classes: metallic, such as metal
alloys deployed in orthopaedic surgery; ceramics, such as bioinert materials for dental
implants, or bioactive glasses for bone regeneration; and polymers, used in wound healing

and joint replacements.

Polymer biomaterials are commonly utilised as large, moulded components, films, and

hydrogels, but more recent developments within the field have seen an increase in the
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utilisation of polymer nanofibers made from a broad range of materials and as composites,
with one option for scalable production of such fibres being achievable by a process known
as electrospinning. Electrospinning technology offers an economically viable platform for mass
production of highly customisable biomaterials and is explored in more depth in the following

section.

1.2 Electrospinning

1.2.1 What and when?

Electrospinning is a process by which nanofibers are drawn from a viscoelastic solution
through the application of a strong electric field. Though a lot of foundational science underpins
electrospinning and is much of a precursor, the first explicit report of this process was
published in 1887, when Charles Boys described the act of applying voltage to an insulated
conductive dish, filled with various viscous solutions, and generating almost imperceptible
fibres which were readily drawn to any conducting body placed along their path. Boys referred
to the process as “the old, but now apparently little-known experiment of electrical spinning”,
suggesting that electrospinning may predate this work, though by how much is uncertain
(Boys, 1887). A little more than a decade later, the first patent for electrospinning was filed by
John Cooley in 1900, with many other reports and patents following over the proceeding half
century, including the first practical application for electrospun materials as air filters (Spurny,
1996, Tucker et al., 2012). In the 1960s, Geoffrey Taylor offered insight into the underlying
theory through mathematical description of the liquid cone, which acts as an origin for the
produced nanofibers (now known as the ‘Taylor cone’), thus laying the first stones on the road

to the modern understanding of electrospinning (Taylor, 1964).

Since these early beginnings, electrospinning has increased in popularity and demand, with
many commercial manufacturers producing scalable electrospinning equipment and
thousands of research articles published each year on the topic (Zhang et al., 2021). It has
been anticipated that the commercial market for nanofibers in general will reach an estimated
market cap of $3.35 billion by 2030, with electrospinning set to represent a substantial portion
of this (Straits Research, 2021). With this in mind, it is clear that electrospinning still offers
fertile ground for research and development of nanofibrous materials in a continuously

expanding area.
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1.2.2 Description of the electrospinning process

Numerous methods exist for producing small, synthetic fibres from solutions, melts, gels and
emulsions, but most of these techniques depend on external shear forces (i.e. through
centrifugation) and mechanical drawing to form the liquids into elongated threads, which then
dry or otherwise solidify into fibres (Luo et al., 2012). Electrospinning is distinct from these
methods in its use of an electric field to form said fibres, and it is well established that it
produces much finer materials than these common counterparts. Early observations by
microscope suggested electrospinning had the ability to produce fibres within the nano-scale,
a fact which was later confirmed by scanning electron microscopy (SEM) (Boys, 1887, Doshi
and Reneker, 1995). These fibres are orders of magnitude smaller than those produced by

conventional methods, which typically lie within the range of 10-100 ym (Xue et al., 2019).

The simplest form of modern electrospinning setup is commonly known as needle-based
electrospinning. The equipment for this type of electrospinning comprises only a syringe, a
syringe pump, a conductive needle (acting as a spinneret), a high voltage power supply, and
a conductive collector. Though factors such as collector geometry, needle quantity and needle
orientation may vary, these are typically arranged as shown in Figure 1.1, and can be found
most frequently in research environments, where scale of production is not of primary interest.
This setup generally uses a direct current (DC) power supply to apply a voltage to the
conductive needle and syringe containing the electrospinning liquid, the latter most commonly

being a polymer solution.

Spinneret

WYy) ===

Grounded
collector

Syringe

Syringe pump

High voltage / O — |

supply

Figure 1.1. A simple, needle-based, electrospinning setup.
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In order to form nanofibers by this method, electric current must be applied to a spinning
solution at or above the critical voltage, which is solution specific. Prior to application of the
current, the syringe pump begins flowing the spinning solution down the needle until a droplet
is formed, as in Figure 1.2.a, at which point the high voltage current is then supplied. Below
the critical voltage, charge is created on the surface of the droplet causing it to distort,
approaching a conical shape drawn towards the grounded collector, but is insufficient to
overcome the surface tension and viscosity of the solution and begin transferring solution
material (Figure 1.2.b). As voltage increases further, the droplet will continue to distort until
eventually the critical voltage for the solution is surpassed, the Taylor cone is formed, and the

electrospinning jet is initiated (Figure 1.2.c).

Figure 1.2. Taylor cone formation following application of DC voltage to the conductive needle. (a)
Formation of a droplet at the needle tip in the absence of an applied voltage. (b) Distortion of the liquid
under the applied voltage into the beginning of a Taylor cone shape. (c) Supercritical voltage causes
generation of a jet to form from the Taylor cone, which is rapidly drawn towards a grounded, or counter-
charged, collector.

The formed jet is accelerated towards the collector firstly as a stable, linear jet which remains
as solution with a constantly decreasing diameter as it gets further away from the emitter. The
jet then becomes unstable and begins a primary phase of whipping and bending, followed by
further bending instability, and coiling of the fibres commences before being deposited upon
the collector (Figure 1.3). At all phases of the process, the jet is drawn ever thinner, allowing
the formation of very fine fibres, with diameters which have been recorded as small as the sub

W. J. A. Homer, PhD Thesis, Aston University, 2023 4



Chapter 1. Introduction

nanometre scale (Jian et al., 2018). During the instable jet phase, in the case of solution
spinning, much of the solvent is evaporated and the drying (or in the case of melt

electrospinning: solidification) of the fibre occurs rapidly.

Secondary
bending
instability

f‘Ag\

a ‘.
Needle tip Rectilinear jet

‘, , )

Primary bending

Taylor cone instability

Figure 1.3. Depiction of the needle electrospinning process with DC voltage, indicating the various
stages of jet formation: from the formation of the rectilinear jet (often known as the stable region);
proceeding into the instable (or whipping) region, where primary, secondary, and even tertiary (not
depicted) bending instability rapidly elongates and narrows the jet; before the final fibre formation on
the collector.

In order to remain as a continuous jet and not be pulled into small droplets (as with the process
of electrospraying'), it is necessary to carefully balance the electrospinning parameters, as
many factors can significantly influence electrospinning behaviour and the morphology of the

produced nanofibers (described in section 1.2.4).
1.2.3 Material classes in electrospinning

Through the process of electrospinning, it is possible to produce fibres composed of many
different materials and material blends, ranging from single polymer species to ceramics, and
magnetic materials in the form of composites. A brief overview of the most common
electrospinning processes employed for differing material classes is presented in the following

sections.

" Electrospraying is a similar process to electrospinning, which creates discreet spheres rather than
continuous fibres.
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1.2.3.1 Polymers

Polymers are large molecules (sometimes termed macromolecules) composed of many
repeating monomer units. They can be broadly categorised as synthetic polymers, such as
poly(caprolactone) (PCL) or poly(lactic acid) (PLA), and natural polymers, such as cellulose
or silk fibroin (SF). Through dissolution in an appropriate solvent, many of these polymers
have been electrospun by the standard electrospinning process already described.
Thermoplastic polymers (which can be heated to soften and melting point and re-set with no
change to material properties) with moderate melting temperatures are often used in a
different version of electrospinning known as melt electrospinning, in which no solvent is
required, but rather molten polymer forms the electrospinning jet. Fibres produced by this
method are often in the micrometre rather than nanometre range, and typically at least one
order of magnitude larger than those spun via ‘conventional’ electrospinning. This is largely
due to the high viscosity of the polymer melt, differences in charge density of the liquid, and
the rapid solidification of the jet (Morikawa et al., 2019, Bachs-Herrera et al., 2021). Polymer
electrospinning can feature single species liquids, polymer blends, and the addition of

chemical crosslinkers aa well as specific additives to form composite fibres.

1.2.3.2 Composite materials

Composite fibrous materials produced by electrospinning represents a substantial portion of
modern electrospinning research. Major areas of research include biomaterials produced with
bio-additives, such as platelet lysate or bioactive glass (Filova et al., 2021, Ghorbani et al.,
2023), creation of ceramic nanofibers for catalysis and energy storage through incorporation
of inorganic precursors to the spinning solution (Wu et al., 2012), and incorporation of
magnetic nanoparticles for applications including data storage, nanogenerators and

electromagnetic shielding (Jia et al., 2021).

1.2.3.3 Molecular self-assembly materials

The combination of molecular self-assembly species with polymers in a single solution has
been used to produce materials with core-shell structures and materials with dual fibre and
web (Gharaei et al., 2016, Liu et al., 2019a). Self-assembly molecules have also been used
in a melt-electrospinning configuration at high temperatures (Luo et al., 2012), whereas
Thomson and co-workers employed electrospun fibres within the micro- and nano-regions to
study the behaviour of dipeptide self-assembling into worm-like micelles conceptualised as

polymer chains (Thomson et al., 2022).
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1.2.4 Factors affecting electrospinning

The many variables affecting electrospinning and the produced nanofibers (in terms of fibre
uniformity, diameter, and orientation) can be broken down into the following categories:
solution parameters’, process setup, and ambient factors. For simplicity, these factors are

described in the context of polymer solutions and are summarised in Table 1.1.

Table 1.1. Variables effecting the electrospinning process and their influence on fibre generation.

Category Variable Influence on Nanofibres
Viscosity Rate of morphological defects
. Surface tension Rate of morphological defects

Solution

parameters Solvent Surface morphology
Conductivity Fibre diameter
Voltage Morphological defects and fibre diameter
Flow rate Morphological defects and fibre diameter
Solution temperature Fibre diameter

Process

setup Collector geometry Fibre alignment
Tip-collector distance Fibre diameter
Needle diameter Fibre diameter and individuation
Humidity Fibre diameter and surface morphology

Ambient Temperature Fibre diameter

factors Pressure Fibre uniformity
Atmospheric composition Fibre diameter

"It should be noted that by selecting poly(vinyl alcohol) as a base polymer in section 1.3.2, degree of
hydrolysis is introduced as an additional variable to the electrospinning process which is not included
here, however increasing degree of hydrolysis is known to result in increased fibre diameter (Park et
al., 2010).
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1.2.4.1 Solution parameters

The role of viscosity in electrospinning is well established, following extensive research with
solutions prepared from many polymers. The primary affect is on the uniformity of the
nanofibers produced, with lower viscosity solutions tending to produce fibres with a greater
number of defects, such as the formation of beads and spindles shown in Figure 1.4. The
entanglement of polymer chains within the solution allows the jet to elongate, while maintaining
a continuous stream of solution which does not retract into droplets under the surface tension
of the fluid, and among other things, viscosity is reflected by this process. Both polymer
concentration and molecular weight (Mw) affect the process of chain entanglement, as well as
the solvent system used and temperature of solution. (Ramakrishna et al., 2005, Henriques et
al., 2009, Haider et al., 2018b, Zhang et al., 2018a). Solutions with too low a viscosity tend to
be unsuitable for electrospinning and result in electrospraying, while highly viscous solutions
make polymer extrusion into a jet impossible (Amariei et al., 2017). Similar to viscosity, the
effect of surface tension is responsible for the possibility for jet formation, and subsequent
morphology and uniformity of the nanofibers produced. Charges aggregating on the polymer
surface must overcome surface tension at the boundary of the solution in order to form the
extruded jet, which results in solutions of lower surface tensions being capable of jet formation
at lower applied voltages. As well as requiring higher voltage, solutions with high surface
tension typically result in the formation of beads or other imperfections, or a total absence of
jet initiation (Amariei et al., 2017, Kailasa et al., 2021). Surface tensions can be influenced by
polymer concentration, but also through the introduction of surfactants or by modifying the
solvent composition (Xue et al., 2019). Though the ideal ranges for viscosity and surface
tension are highly dependent upon factors such as polymer used, apparatus setup, and
voltage applied, a proposed heuristic has been given as 1-20 poise for viscosity and 35-55

dyn-cm2 (Amariei et al., 2017).

The conductivity of the solution has been found to impact fibre diameter, with increasing
solution conductivity resulting in the formation of fibres with smaller diameter (Kim et al., 2005,
Angammana and Jayaram, 2011). The low ion concentration in normal solvents results in few
charge carrying particles, and therefore greater applied voltages are required to initiate jets.
To a much lesser degree, solvent composition can influence conductivity, but most notably a
substantial effect on fibre surface morphology has been demonstrated by varying solvent
ratios, arising from differences in evaporation rates of the constituent solvents (Cay et al.,
2015, Liu et al., 2015).
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Figure 1.0.1. Visual representation of common fibre morphologies produced by electrospinning: (a)
bead formations; (b) spindle formations; (c) uniform and defect free fibres.

1.2.4.2 Process setup

Among the variables relating to process setup, applied voltage relates most closely to the
solution parameters, as it is chiefly viscosity and surface tension that dictate the so-called
critical voltage of the solution. At this critical voltage, bead-free nanofibers are typically
produced, whilst exceeding it has been found to cause the Taylor cone to recede within the
needle, having negative effects on fibre morphology and resulting in the production of
beads/beaded fibres (Deitzel et al., 2001, Zong et al., 2002), although some sources report
increases in fibre diameter associated with increased applied voltage (Can-Herrera et al.,
2021). On one hand, increased charge and subsequent application of the electrical field could
result in a more accelerated jet, which at constant flow rates could cause breaking of the
continuous stream and therefore bead formation, but this greater acceleration could also
reduce flight time of the jet and therefore decrease the time available for elongation to occur,
thus resulting in thicker fibres. It is likely that the observed behaviour may be dependent upon
polymer species and Mw, since long linear polymers would be expected to remain sufficiently
entangled to minimise the probability of bead formation. It has also been observed that the
polarity of the applied voltage has some possible effect on thickness and morphology of
electrospun fibres produced, but the results are inconsistent and occasionally conflicting.
However, polarity was found to produce a consistent and reproducible effect on surface
chemistry of materials, and particularly those with significant electronegative moieties (Ura
and Stachewicz, 2022). Directly related to applied voltage is the solution flow rate. When flow

rate is reduced, it can cause withdrawal of the Taylor cone into the needle, whereas when it
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is increased, it results in more solution extruded to the needle tip, producing fibres of thicker
diameter, as well as ribbon-like defects arising from inadequate evaporation of solvents
(Megelski et al., 2002, Zong et al., 2002)

The temperature of the solution influences both surface tension and viscosity, which can lead
to changes in uniformity and rate of defects associated with each of those parameters. On top
of this, Demir et al. (2002) found that electrospinning at increased solution temperature
created fibres with narrower fibre diameter distribution, whilst other researchers suggest there
may be a reduction in fibre diameter associated with electrospinning up to certain
temperatures, before fibre diameter increases again (Yang et al., 2017). This is explained
theoretically via the competing mechanisms of reduced viscosity, which allows for greater flow
and shearing of the fluid into thinner fibres, followed by a more rapid onset of solvent
evaporation at the most elevated temperatures, which leads to a reduced window of

elongation.

Collector geometry is the primary consideration when attempting to influence the alignment of
fibres produced by electrospinning. Several common collector geometries are shown in
Figure 1.5, including flat plate collectors which generate fibres with random orientation, and
parallel electrodes which catch suspended fibres in a bridging pattern. The drum and wire
drum collectors depicted in Figure 1.5.c & d respectively, are combined with high RPMs in
order to collect aligned fibres — this is achieved my matching the external velocity of the drum
with final velocity of the jet (Ramakrishna et al., 2005, Zander, 2013, Xue et al., 2019). The
distance between the collector and the tip/spinneret is also very important, because it
influences the flight time of the jet. Shorter distances result in a stronger electric field and
therefore higher potential jet velocity from the tip. In general, small distances tend to produce
fibres with poor uniformity and large diameter with poor jet stability, whilst larger distances
create finer fibres, enabled by the enhanced time for elongation (Matabola and Moutloali,
2013).
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Figure 1.5. Common collector geometries used in electrospinning: (a) flat plate; (b) two parallel
collectors; (c) rotating drum collector; (d) rotating wire drum collector.

1.2.4.3 Ambient conditions

Relative humidity (RH) can play a significant role in both fibre diameter and surface
morphology. Having established common behaviours arising from already discussed process
conditions, it is possible to intuit that high RH might influence the rate of solvent evaporation
and increase the time of elongation, a trend which has been observed in literature (Park and
Lee, 2010, Pelipenko et al., 2013). As well as this more predictable behaviour, it is also
possible through RH control to generate a significant variance in surface morphology of
nanofibers produced form a range of polymers in different solvents (Mailley et al., 2021). At
constant humidity, there is an inverse relationship between the temperature of the surrounding
environment and fibre diameter, as long as the RH varies between 30% and 70% (lcoglu and
Ogulata, 2017).

Pressure and atmospheric composition can also affect nanofiber formation, though they are
less frequently explored. Low pressure causes faster flow behaviour from the needle during
electrospinning, which leads to unstable jets. Continuing to lower the pressure results in boiling
of the spinning solvents (Ramakrishna et al., 2005), while high pressure CO- setup has been
used to reduce defects and increase fibre diameters of poly(vinylpyrrolidone) spun in
dimethylformamide (Wahyudiono et al., 2012). The use of gases with high breakdown voltage
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(e.g. freon) can also result in fibre diameters much greater than those produced in air with all

other conditions being kept unchanged (Baumgarten, 1971).
1.2.5 Electrospinning emitters and platforms

As previously mentioned, the typical emitter employed in electrospinning research laboratories
is broadly known as needle electrospinning and consists of a single needle spinneret
connected to a DC power supply as shown in Figure 1.1. For the sake of clarity, this setup
will be referred to as ‘needle DC’ in this work. While this emitter is a reliable staple within
literature and for most of the history of electrospinning, there has been extensive innovation
in this area. This section provides an overview of some common methods within the categories
of needle DC, needleless DC, and alternating current (AC) electrospinning, though the list of
DC based systems is far from exhaustive, and numerous review articles provide a more
extensive summary (Niu and Lin, 2012, Xue et al., 2019, Subrahmanya et al., 2021, Ravandi
et al., 2022, Tan et al., 2022).

1.2.5.1 DC Electrospinning

The overwhelming majority of all electrospinning research to date has been carried out using
DC voltage, and the different systems can be categorised as ‘needle’ (sometimes called

nozzle) and ‘needleless’.
1.2.5.1.1 Needle based emitters

The first patent for electrospinning was based on a nozzle setup (Cooley, 1902). Following
from this, syringes loaded with polymer solutions (Figure 1.6.a.) and mounted into syringe
pumps to drive flow to a conductive needle tip where jet formation occurs, became the norm.
This concept has been extended to different forms of coaxial spinning (with bi- and tri-axial
spinning setups shown in Figure 1.6.d & e, respectively), which facilitates the formation of
core-shell structures and allows the design of fibres with mix-and-matchable properties (Han
et al., 2019). Some notable examples include: drug delivery systems by the encapsulation of
pharmaceuticals within biocompatible sheaths, for delayed and sustained drug release by
multi-layered fibres (Han and Steckl, 2013, Zhang et al., 2020, Reise et al., 2023); and,
filtration systems (Halaui et al., 2017).

A major flaw experienced by single needle emitter systems is the limited productivity (Ravandi
et al., 2022). One way to resolve this issue is the development of multi-needle systems, which

can enhance productivity significantly while being easy to implement and retrofit into existing
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ad-hoc electrospinning setups found in many research laboratories. Some possible
arrangements for multi-needle emitters are shown in Figure 1.6.b & ¢, however a drawback
of these setups is interference and warping of the electric field by proximity of each electrode,
which can be resolved by optimising needle arrangement and combining additional irregular

electrodes to dampen the electric field as required (Kim et al., 2006).

L1
111
L1l
111l

Figure 1.6. Examples of needle-based emitters used in DC electrospinning: (a) single needle spinneret;
(b & c) multi-needle spinneret in cylindrical and linear arrangements, respectively; (d & e) coaxial needle
representations for production of bi- and tri-axial fibres, respectively.

1.2.5.1.2 Needleless emitters

Despite the fact that the first account of the electrospinning process was a needleless
configuration, needle became the accepted norm until the need for scale up, brought the
attention back to needleless systems (Boys, 1887, Ravandi et al., 2022). The scalability of
these emitters comes from the principle that a highly charged, free liquid surface is capable of
forming multiple jets across a large area, rather than being limited to the number of nozzles.
Figure1.7.a-d shows spinnerets designed to rotate continuously through a polymer solution,
applying a constant liquid coating to its surface from which jets can be formed. Rather than
passing the electrode through solution, alternative instruments sometimes use a delivery
system to deposit solution upon an electrode, such as the mechanisms shown in Figure 1.7.c,
where a wire based spinneret with a traversing cartridge deposits solution from a solution
sump via capillary action under gravity (EImarco, 2020). Furthermore, it is possible to produce
fibres without the use of any solid spinneret, but instead utilising the stretched, thin surface

formed by bubbles, also known as bubble electrospinning (Liu et al., 2007). A number of these
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methods have been utilised to produce scalable commercial platforms, with potential
throughputs as high as 1 kg-h-, though it should be noted that needle based systems are not
unscalable, with extremely high productivity reported up to 6.5 kg-h™' in systems featuring as
many as 5000 needles (Ravandi et al., 2022, Bionicia, 2023).

Figure 1.7. Examples of needleless emitters used in DC electrospinning: (a) cylindrical spinneret; (b)
spiral spinneret; (c) traversing cartridge with wire spinneret; (d) rotating disc spinneret; (e) ball spinneret;
(f) bubble electrospinning (emitter-free/self-emitting).

1.2.5.1.3 AC electrospinning setups

AC electrospinning has emerged in the 215t century as a novel research area within nanofiber
production, with early literature coming from Richmond (Virginia, USA) under Prof. Gary
Tepper (Kessick et al., 2004, Sarkar et al., 2007), and most of the current research originating
at the Technical University of Liberec (TUL; Czechia) and Budapest University of Technology
and Economics (Hungary). As the name suggests, it relies on AC, rather than DC, voltage to
excite the fluid surface sufficiently to form Taylor cones and subsequent jets. Unlike DC
electrospinning, this method produces fibres with a distribution of charges, since 50% of the
fibres are produced during the positive phase of the waveform, whilst 50% are generated
during the negative phase. Because of this, each proceeding pulse of fibres acts as a collector
to the subsequent, oppositely charged, pulse of fibres (Sivan et al., 2022). For this reason, the
attraction towards any collector, charged or grounded, is reduced substantially and therefore
the collector plays a much less critical role in the process with respect to the electric field
(Kalous et al., 2021). This distinctly different process provides interesting research
W. J. A. Homer, PhD Thesis, Aston University, 2023 14
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opportunities as it can produce markedly different macroscopic morphologies when compared

to many DC spun materials (Farkas et al., 2019, Kalous et al., 2021).

Some early uses of AC electrospinning relied on needles or nozzles to supply solution to a
charged tip (Figure 1.8.a) and observed different behaviours in the fibre plume produced
(Kessick et al., 2004). However, as all solution material is not properly drawn from the needle
tip by the strong electric field as per DC electrospinning, prolonged production results in issues
arising from the drying of the solution at the tip, thereby negatively impacting the region in
which the plume is generated, and the ability to properly collect the nanofibers is impeded.
Subsequently, an inverted cone spinneret with cascading polymer solution in constant flow
was developed as seen in Figure1.8.b, in which jets initiate from the rim of the cone (Kocis et
al., 2018). More advanced configurations of this emitter have been made, to facilitate the
spinning of two solution simultaneously and form internal and external plumes (Soucek et al.,
2018). Other types of AC electrospinning include the use of flat plate spinnerets and bubble

electrospinning, as shown in Figure 1.8.c & d, respectively.

Figure 1.8. Types of emitter used in AC electrospinning: (a) needle based spinnerets; (b) cone
geometry; (c) flat disc; (d) bubble electrospinning.

AC electrospinning introduces new variables alongside those previously discussed in section
1.2.4, most notably frequency and waveform. Manipulation of the waveform (for example, from
sinusoidal to rectangular) optimises productivity in theory, as less time is spent with sub-critical

voltage applied to the emitter (Sivan et al., 2022). This can also have effects on fibre
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morphology and diameters, because it influences the duration of jet formation, due to changes
in proximity of each subsequent pulse of fibres. This means that low frequency spinning
struggles to form stable jets/plumes, which even when formed, may be dominated by fibres of
a single polarity, thereby explaining any reduction in productivity (Sivan et al., 2022). In terms
of fibre morphology, mixed results have been reported depending on the polymer system
used. Farkas and co-workers examined the effect of these variables on a solution of Kollidon®
VAG64 and reported no notable impact on fibre diameter or morphology observed with varying
voltage or waveform (Farkas et al., 2020). In comparison, the morphology of fibres produced
by AC spinning of PCL was found to be heavily influenced by waveform, with a triangle wave
producing significantly thinner fibres than those generated using a square or sinusoidal
waveform, whereas increasing frequency resulted in larger average fibre diameters (Sivan et
al., 2022). Some research which compared the productivity of these platforms, evidenced that
AC bubble electrospinning is significantly more productive than its DC counterpart and needle
spinning (Erben et al., 2020). Overall, this form of electrospinning is still in its infancy, with no

commercial devices yet available.

1.3 Electrospun materials

1.3.1 Applications of electrospun materials

Electrospun fibres seem to continuously find new applications and many review articles have
been written detailing extensive research in a number of fields. A search for reviews entitled
‘Electrospinning applications’ on Web of Science returned 137 articles from the last 20 years,
for which a breakdown based on key topic titles has been included in Table 1.2. While many
base polymers are common to all these fields, the frequency of any given polymer varies
depending on use, and typically, within the niche of a specific application, is being tailored
accordingly by adjusting the fibre composition with additives or post electrospinning
treatments. The distribution of the number of review articles between topics presented in Table
1.2 indicates that a significant majority of the research on applications of electrospun materials
is as biomaterials, with sub-topics such as drug delivery and tissue engineering (TE),

representing substantive bodies of research on their own.
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Table 1.2. Summary of literature reviews on topic-specific electrospinning applications found on Web
of Science (as per 21/03/2023).

Application topic Reference

(Agarwal et al., 2008, Supaphol et al., 2012, Wade and Burdick, 2014,
Zhao et al., 2015, Repanas et al., 2016, Cheng et al., 2017, Haider et al.,
Biomedical & 2018a, Hemamalini and Dev, 2018, Ashraf et al., 2019, Wroblewska-
biotechnology Krepsztul et al., 2019, Partheniadis et al., 2020, Garkal et al., 2021, Zhang
et al., 2021, Golba et al., 2022, Kumar and Rajan, 2022, Wang et al.,
2022b, Zhong et al., 2022)

(Pham et al., 2006, Liu et al., 2013, Sakina and Ali, 2014, McClellan and
Landis, 2016, Kishan and Cosgriff-Hernandez, 2017, Mortimer and Wright,
Tissue engineering 2017, Chen et al., 2018, Liu et al., 2018, Hong et al., 2019, Dejob et al.,
2021, Ghaderpour et al., 2021, Heilingoetter et al., 2021, Rahmati et al.,
2021, Yang et al., 2021, Zhao et al., 2021, Muthukrishnan, 2022)

Biosensors (Vellayappan et al., 2016, Zhang et al., 2017)

(Wroblewska-Krepsztul et al., 2019, Nangare et al., 2020, Partheniadis et
al., 2020, Vass et al., 2020)

Pharmaceuticals

(Hu et al., 2014, Esenturk et al., 2016, Repanas et al., 2016, Pant et al.,

Drug delivery 2019, Topuz and Uyar, 2019, Ghaderpour et al., 2021, Luraghi et al.,
2021)
(Dai et al., 2011, Dong et al., 2011, Gong et al., 2014, Liu et al., 2019b,
Etg?;%)é& energy Dou et al., 2020, Waldrop et al., 2020, Wang et al., 2020b, Wang et al.,

2020a, Nguyen and Lee, 2022, Sun et al., 2022)

Data storage (Dopke et al., 2019)

(Bhushani and Anandharamakrishnan, 2014, Rezaei et al., 2015, Drosou
Food processing & et al., 2017, Mercante et al., 2017, Zhang et al., 2018b, Wroblewska-
storage Krepsztul et al., 2019, Mohammadi et al., 2020, Munteanu and Vasile,
2021, Coelho et al., 2022, Yao et al., 2023)

Antibacterial (Antaby et al., 2021, Li et al., 2021b)

Electrical components | (Miao et al., 2010)

(Su et al., 2014, Zhang et al., 2017, Veeramuthu et al., 2020, Nguyen and
Lee, 2022)

Sensors

Agriculture (Schiffman and Diep, 2023, Mercante et al., 2017)

(Ray et al., 2016, Sarbatly et al., 2016, Wang et al., 2016, Pereao et al.,
Water and air filtration 2017, Agrawal et al., 2021, Lyu et al., 2021, Madalosso et al., 2021,
Coelho et al., 2022)
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1.3.2 Common electrospun polymers as biomaterials

A wide variety of polymers have been used in electrospinning, with many of these often applied
to the production of biomaterials for a range of biomedical applications. Table 1.3 summarises
the most common synthetic and natural polymers employed for the creation of electrospun
nanofibers for drug delivery, wound dressings, and TE. Within the context of this thesis, it was
also necessary to identify a suitable material for use within a biomedical device suitable for
blood processing. While all the materials identified in Table 1.3 have established
biocompatibility both as pure polymer fibres and as blends/composites and have been
researched extensively as biomaterials across many applications, some are more suitable
than others for the work presented here. To ensure good wettability and allow for the blood to
pass through the material without high resistances to flow, the base material should ideally be
hydrophilic. Furthermore, it would be preferrable that the material can be produced using
‘green’ solvents, to minimise the potential risk of contamination when considering its clinical
use. PCL, PLA and polyurethane (PU), all require organic solvents for electrospinning and are
typically hydrophobic. Concentrated formic acid is a common electrospinning solvent for SF
(Belbeoch et al., 2021), and is also utilised in the spinning of chitosan nanofibers, alongside
other concentrated acids and organic solvents (Salazar-Brann et al., 2021). Though it appears
the solvent used for electrospinning of cellulose may vary depending on its precise form,
species such as cellulose acetate use organic solvents (e.g. hexafluoroisopropanol; (Li et al.,
2021a). By comparison, poly(vinyl alcohol) (PVA) is a hydrophilic polymer which is readily
dissolved in and can be spun from pure aqueous solvents and was therefore chosen as the

starting material within this research.
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Table 1.3. List of the most common electrospun polymers used in biomedical applications, such as drug
delivery, wound dressings, and TE. The list is based on recent literature reviews and notable texts and
is reduced to include only the most common polymers (Patel and Gundloori, 2023, Muthukrishnan,
2022, Ramakrishna et al., 2005).

Polymer Structure References
Synthetic polymers
(0]
(Azari et al.,
PCL
2022)
o
n
PU )J\ o (Joseph et al.,
N TN | 20t9)
(Kanmaz et al.,
PLA
2018)
OH (Teixeira et al.,
2020, Kumar
PVA .
and Rajan,
! 2022)
Natural polymers
— o —
NH,
~ o) HO (Al-Jbour et al.,
. NS
Chitosan ° o g T 2019, Kalantari
HO NH, etal., 2019)
OH
B OH 7
OH
N o HO
N Surendran and
Cellulose o o N~ ( _
© Sherje, 2022)
HO OH
OH
o (Farokhi et al.,
(o] (o] (o]
Q}\ “QJ\ “QJ\ 2018, Farokhi
SF N N X etal., 2020,
H H H
o} oJd, | Chenetal,
Gly Ser Gly Ala Gly Ala 2023)
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1.4 Poly(vinyl alcohol)

1.4.1 Production of PVA

PVA is a semi-crystalline, water-soluble polymer for which the monomer unit is composed of
a two-carbon backbone with a single hydroxyl functional group. It was first prepared by
(Herrmann, 1924) by hydrolysis of poly(vinyl acetate) (PVAc) in the presence of ethanol and
potassium hydroxide. As it is not produced from two independent monomers, but rather
through modification of an existing polymer, PVA has been classified by Wiley and co-workers
as a pseudo-copolymer (Wiley, 2016). Through this process, the partially hydrolysed PVA has
a chemical structure as shown in Figure 1.9, with n% hydroxyl containing groups, and m%
residual acetate groups. Though PVA has been synthesised from a number of monomers
(Nawaz and Hummelgen, 2019), the preferred industrial scale production is a two-step
production process, first by polymerisation of PVAc, followed by its transesterification using
methanol in the presence of alkali catalyst, such as sodium methoxide (Sapalidis, 2020,
Hallensleben et al., 2015, Saxena, 2003). The percentage of hydroxyl (%mol) containing
groups within the final product is commonly known as the degree of hydrolysis (DH) and plays

a significant role in the properties of PVA, along with the tacticity and Mw.

OH O O

n m

Figure 1.9. Chemical structure of PVA, where the left monomer unit is PVA, at a relative molar
abundance of n%, and the right monomer unit showing a residual acetate group of relative molar
abundance of m%.

1.4.2 Properties of PVA

Tacticity is affected by the method used to produce PVA, as hydrolysis or transesterification
of PVAc results in atactic polymers, whilst it is possible to produce syndiotactic species via

other polymerisation methods (Muppalaneni, 2013). Tacticity can influence glass transition
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temperature and melting point, but this is rarely considered in literature as practically all
research is conducted with off-the-shelf PVA which, as has been already acknowledged, is
generally produced at scale by transesterification of PVAc. The DH and Mw, on the other
hand, are discussed more frequently, as both of these influence the inter- and intramolecular
forces of the polymer and subsequently its bulk and solution properties such as viscosity, ease
of solubility and tensile strength (Muppalaneni, 2013). In the case of the DH, more hydrolysed
polymers experience less steric hindrance from the residual acetate groups and therefore the
polymer chains are able to pack together more tightly, whereas higher Mw increases the total
number of molecular interactions per polymer chain. This concept has been further
substantiated using PVA films of differing DH and Mw, where differential scanning calorimetry
was employed to confirm that, increasing either of these factors resulted in diminished chain
mobility. Furthermore, this trend was also associated with increased crystallinity, shown by X-
ray diffraction (Hdidar et al., 2017). Figure 1.10 illustrates an example of the effect of DH on
intermolecular forces between neighbouring PVA chains, with Figure 1.10.a showing the
steric interference caused by residual acetate groups, resulting in a disruption to local
hydrogen bond formation and reducing chain proximity, whilst Figure 1.10.b shows two
sections of acetate-free PVA (more frequent in species with high DH) with close packing and

undisrupted hydrogen bonding.
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Figure 1.10. Schematic representation of the hydrogen bonding (dashed blue lines) within
macromolecules of PVA in a solid, water-free state, showing (a) a section of chain with an acetate group
present, which results in changes to chain conformation and forces, whilst (b) is pure PVA units with
consistent hydrogen bonding and tight chain packing.

Other important properties of PVA include a melting point between 180-230 °C (depending on
DH), density of 1.19-1.31 g-cm-3 (depending on crystallinity) and good chemical stability
(Sapalidis, 2020, Wypych, 2022). Though it is thermally stable at temperatures below 100 °C,
polymer degradation of PVA begins around 120 °C with slight colour changes, followed by

accelerated darkening around 150 °C, and rapid degradation between 200-240 °C (Yan and
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Kellie, 2016, Wypych, 2022). Additionally, PVA has been found to be at least partially
biodegradable via enzymatic and microbial pathways (Halima, 2016).

In relation to the biomedical field, PVA has some other important characteristics: it is
inexpensive; its solubility in water affords it greener and more bio-friendly credentials; it is
considered non-toxic and biocompatible; and, it has received food and drug administration
(FDA) approval for food packaging and biomedical applications (Baker et al., 2012, Chong et
al., 2013, Hassan and Peppas, 2000).

1.4.3 Enhancement of water stability

When in contact with water, even PVA with high DH and Mw can readily form hydrogels and
dissolve at various rates depending on environment conditions. In order to slow down this
process or mitigate it entirely, many different treatment methods have been applied to PVA,
in the form crosslinking. Broadly speaking, these can be categorised as either chemical

crosslinking or physical crosslinking (Golba et al., 2022, Kamoun et al., 2015).
1.4.3.1 Chemical crosslinking

Chemical crosslinking of PVA is used to enhance water stability of the material through the
addition of a crosslinking agent which covalently bonds two neighbouring chains of the
polymer. The compounds often employed in chemical crosslinking of PVA are dialdehydes,
aliphatic and aromatic di/tricarboxylic acids and isocyanates, among which, glutaraldehyde
(GA) is the most popular (see schematic illustration in Figure 1.11; (Teixeira et al., 2020,
Golba et al., 2022).

PVA GA Crosslinked PVA
OH OH i i HCl + 2H20
L ] :
+ )J\/\/U\
_ _ H H
OH OH

Figure 1.11. Schematic representation of the reaction between two PVA chains and GA in the presence
of HCI.
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Crosslinking of PVA with dialdehydes is commonly carried out in the presence of acid
(Choudhury et al., 2006, Plieva et al., 2006), which, combined with the presence of the residual
highly toxic crosslinking agent, results in a need for extensive post-treatment to ensure full
removal of unreacted products. Chemical crosslinking with dialdehydes has been carried out
with varied concentration both in solution prior to electrospinning and as a post-spinning
treatment, demonstrating a good ability to render fibres highly stable in water (Roy et al., 2017,
Tang et al.,, 2010). Work has been carried out to utilise ‘greener’ crosslinking agents for
stabilisation of PVA fibres, such as citric acid (Nataraj et al., 2020, Diez et al., 2022), however
despite it being more ecologically friendly, it is still found to be a cytotoxic species (Amaral et
al., 2007), so within the biomedical field, there is a preference for water-stable PVA nanofibers,

free of potential toxic agents.
1.4.3.2 Physical crosslinking

Physical crosslinking of polymers is a process by which the material’s ability to absorb water
is inhibited by modifying the weak intermolecular bonds of the polymer, thus increasing the
crystalline regions of the structure. Figure 1.12 shows a fringed micelle model of a semi-
crystalline polymer. During physical crosslinking, external forces are manipulated to expand

the crystal nuclei and increase the packing density of the chains, thus reducing its solubility in

ol

Figure 1.12. Fringed micelle model of a semi-crystalline polymer.

water.
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Improving the crystallinity within the bulk of the material, and thereby enhancing the physical
crosslinking, can also require displacement of internally bound moisture, (illustrated in Figure
1.13). The primary methods of physical crosslinking are freeze thawing and heat treatment,

though methanol treatments have also been tested (Miraftab et al., 2014).
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Figure 1.13. lllustration of PVA polymer with internally bound water molecules forming hydrogen bonds
(dashed blue lines) with the hydroxyl groups.

As well as creating strong intermolecular bonds, the hydroxyl groups may also form hydrogen
bonds with water, resulting in internally bound moisture. This property contributes to swelling
behaviour of hydrogels and in part makes PVA very desirable for some biomedical
applications. Displacing these molecules and allowing for energetic conditions, which facilitate
expansion of the crystal nuclei, are achieved by freeze thawing or heat treatment (Cowie and

Arrighi, 2008, Kudo et al., 2014).

Freeze thawing was described for crosslinking of PVA as early as 1975 and has since been

used in conjunction with other methods, such as irradiation crosslinking (Yang et al., 2008,
Peppas, 1975). When carried out on hydrogels, this process occurs simultaneously with
cryogelation, as the mechanisms are intrinsically linked (Trudicova et al., 2021). The change
in mechanical properties, therefore, is attributed to both morphological properties as well as
crystallinity. Both rate of freezing and number of freeze-thaw cycles play a role in the
crosslinking process, with increasing cycle duration and freezing time, resulting in higher

crystallinity at lower temperatures (Adelnia et al., 2022).

Heat treatments have been used at a range of temperatures to enhance physical crosslinking

of PVA, and in particular with electrospun materials. Heat treatment is also commonly
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combined as a secondary treatment, to complete chemical crosslinking processes (Nataraj et
al., 2020, Diez et al.,, 2022), and has shown excellent promise in stabilising pure PVA
nanofibers. Tretinnikov and Zagorskaya (2012) demonstrated increasing crystallinity in PVA
films with increasing treatment temperature up to 150 °C after 1 h of heating. Electrospun
nanofibers of PVA were also found to have improved water stability, with greater preservation
of morphology at temperatures up to 180 °C after as long as 8 h of treatment. (Miraftab et al.,
2014, Enayati et al., 2016, Wijanarko et al., 2016, Diez et al., 2022). Central to these
processing methods, is the key benefit of a total absence of toxic additives, such as the
commonly used GA, which has led to the increasing popularity of physical crosslinking for
biomedical research applications (Muppalaneni, 2013, Teixeira et al., 2020, Golba et al.,
2022).

1.5 Biomedical applications of electrospun PVA nanofibers

PVA nanofibers produced by electrospinning have been used within the major biomedical
domains of wound dressings, drug delivery, and TE, due to their tuneable characteristics (such
as hydrophilicity, mechanical strength, and porosity), and their capacity for loading with
nanoparticles, pharmaceuticals, or formation of blends/composites (Rasouli et al., 2019,
Garkal et al., 2021). Each of these application areas look to exploit different properties or

features of electrospun nanofibers, thereby highlighting the versatile nature of these materials.
1.5.1 Drug delivery

The use of electrospun nanofibers in drug delivery applications is favoured chiefly for tuneable
release properties, with drugs loaded in one of four ways: as blends mixed directly with the
polymer; added into a secondary nanocarrier, which is then spun into the fibres; surface
loading of the drug to the nanofiber post-spinning; and in core shell configurations via coaxial

electrospinning (Torres-Martinez et al., 2018).

Recent applications of PVA nanofibers include cancer treatment, via the combination of gold
nanoparticles (Yan et al., 2016, Serio et al., 2021), and formation of a core-shell nanofiber for
the tuneable delivery of anti-cancer agent doxorubicin within a PVA core and PCL outer shell
(Yan et al., 2020). Drug-loaded membranes are not just used as delivery vehicles, but are
often combined with other biomedical applications, such as wound dressings and TE. Some

examples include the incorporation of antibiotics together with anti-microbial metal
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nanoparticles for wound healing (EI-Okaily et al., 2021), as well as the delivery of proteins,
growth factors, and bioactive glass in TE contexts (Darbasizadeh et al., 2019, Mohammadi et
al., 2019).

1.5.2 Wound dressings

Chronic wounds, such as pressure ulcers, venous ulcers and diabetic foot ulcers, affect a
large proportion of the world population, with an estimated 1 in 50 patients in developed
countries likely to experience this silent epidemic during their lifetime (Jarbrink et al., 2016).
Electrospun materials, especially as composites, are finding increasing use as chronic wound
dressings, due to their capacity to reduce scarring (Mulholland, 2020). Preferred properties for
wound dressings found in electrospun materials include their ability to act as a bacterial
barrier, whilst allowing good gas exchange, and enabling high absorbance of exudates (Kumar
and Rajan, 2022).

Much of the research on PVA nanofibers for wound dressings is focused on antibacterial
agents of one kind or another. Recent examples include: polymer blends that also feature
antibiotics, such as ciprofloxacin (Shankhwar et al., 2016, Yerra and Dadala, 2022); green
antimicrobial alternatives in the form of plant mucilage extracts (Jafari et al., 2021, Sen et al.,
2022); and formation of a bi-layer wound dressing containing copper nanoparticles within the
outward facing layer of nanofibers (Lemraski et al., 2021). PVA has also been reported to have
been combined with casein, so as to improve the haemostatic properties of the dressings
(Biranje et al., 2019).

1.5.3 Tissue engineering

Utilisation of electrospun materials in TE is extensive, not only for their properties as drug
delivery vehicles and high diffusivity that have already been discussed, but also because of
the near biomimetic quality of the fibres themselves and their resemblance to the extracellular
matrix (ECM) (Teixeira et al., 2020). The ability to control the orientation, porosity, and 3D
structure of electrospun materials through simple process adjustments provides a highly

promising tissue scaffolding technology, to be applied across a wide range of TE applications.

Table 1.4 summarises some modern applications of PVA electrospun materials in TE
providing a summary of some recent uses, including any blended polymers and bioactive
components. Due to the extremely complex nature of human tissues, there is no one-size-fits-
all ideal blueprint or specific set of properties a scaffold must possess, and the desired

parameters will rather vary from tissue to tissue. For example, (Shankhwar et al., 2016)
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created materials for bone TE with ultimate tensile strength (UTS) in the range of 5.5-26 MPa,

which is approximately an order of magnitude less than that of cortical bone, (~93-135 MPa;

(Morgan et al., 2018)). By comparison, human corneal tissue has significantly different design

requirements, with a UTS of 3-5 MPa (Kong and Mi, 2016). Factors such as fibre alignment,

can also be extremely cell specific, and dependent upon the potential need to orientate cells

(e.g. in the case of nerve or muscle cells), compared to skin cells which have more random

arrangements.

Table 1.4. Recent literature on the use of PVA nanofibers in TE.

. . . Notable
Tissue Polymer Bioactive .
type composition | component morphology/production | Reference
method
Biphasic
PVA-Gelatine | calcium - %%’;en etal,
phosphate
PVA SiO; - (Xia et al., 2018)
Bone (Hartatiek et al.,
PVA HAp - 2019)
CNF and (Enayati et al.,
PVA HAp i 2018a)
PVA-SF AgNPs - (Mejia et al., 2021)
_ _ (Thomas and Nair,
PVA 2019)
Vascular _
PVA + PCL - Co-electrospun (Tan et al., 2016)
Gelatin
. Nerve (Mottaghitalab et
Nerve PVA-Chitosan growth factor | - al., 2011)
PVA-Chitosan | CaCOs V|S|ple encapsulated (28611mbudi etal.,
Cartilage particles 015)
PVA-SF - - (Pillai et al., 2016)
i - } } (Jadbabaei et al.,
Skin PVA-SA 2021)
Aloe Vera (Shabannejad et al.,
PVA + PCL (PCL fibre) Co-electrospun 2020)
Graphene (Narayanan et al.,
PVA oxide ] 2020)
Cardiac PVA-SF - - (Sayed et al., 2019)
Muscle PVA Eumelanin* - (Srisuk et al., 2018)

*Eumelanin is a conductive nanoparticle, and not bioactive per se.
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Simple needle-based lab scale electrospinning setups were employed for the production of all
the materials listed in Table 1.4, and though many of these example materials were created
without any secondary polymer, in the majority of cases, crosslinkers, such as GA or citric
acid, were used to stabilise the fibres. The process of chemical crosslinking of PVA appears
to be an accepted practice within TE research, with some instances of no crosslinking being
used where gelation is desirable. Nevertheless, and taking into account the arguments against
the use of chemical crosslinking presented in section 1.4.3.1, the potential for crosslinker-free

PVA scaffolds within the field of TE is worth exploring.

1.6 Blood salvage

Allogeneic blood transfusions (ABTs), though overwhelmingly lifesaving, are not without risk,
and suffer from high cost and supply issues. Patient autotransfusion in the form of blood
salvage, on the other hand, can be viewed as a low cost, low risk alternative, and involves the
return of blood shed intraoperatively back to the patient. Blood salvage [sometimes known as
intraoperative cell salvage(ICS)] is used routinely across a range of surgeries, but its use in
oncological applications remains limited due to concerns of re-introduction of circulating
tumour cells (CTCs) to the patient (Sikorski et al., 2017). While some existing guidelines
encourage its use in certain oncological contexts (Klein et al., 2018), evidence suggests that
recurrence rates of cancer may still be higher in patients that receive autotransfusions
intraoperatively from blood salvage, compared to those that donate blood pre-operatively for
autotransfusion during surgery (Murtha-Lemekhova et al., 2022). Oncological surgeons,
therefore, lack confidence in the use of current blood salvage platforms, and further innovation
is needed for their routine adoption in the oncological setting, and especially in the instances

of primary tumour surgery.
1.6.1 Cell separation of whole blood

Whole human blood is a complex heterogenous mixture containing numerous distinct cell
populations. Cell separations from blood are often carried out for various reasons, with
examples being the isolation of rare cell types (such as eosinophils and basophils), for the
study of inflammatory and allergic responses, the purification of erythrocytes for cell salvage,
the extraction of leukocytes for immunotherapies, and the capture of CTCs for research. Due

to the differences in morphology, size, density, and physiology of these populations, the best
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separation method is typically dependent on the target cell, its characteristics, and the
specifications of the final product. The optimal isolation method is also dictated by factors such

as the size of the sample to be processed and processing time or rate.

Cell separation, i.e., the removal of unwanted cells from a target population, is based on their
physical or surface properties. Physical properties generally include size and density, whilst
surface properties are factors such as antigen expression and adherence interactions (Kumar
and Lykke, 1984). There are four major categories of cell separation explored here, namely
filtration, centrifugation, fluorescence-activated cell sorting (FACS), and magnetic-activated
cell sorting (MACS).

1.6.1.1 Filtration

Filtration separates cells based on size and can be used as a standalone method or, more
commonly, as a pre-treatment step to other methods (Niazi, 2016). Based on the direction of
flow, filtration can be classified as dead-end (alternatively known as conventional) or tangential
flow (also known as cross flow; see Figure 1.14). Cells (shown in orange) are too large to
penetrate the pores and therefore are retained by the filter and separated from the remaining

components (represented in blue) present in the feedstocks.
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Figure 1.14. Common filtration methods with flow direction indicated by the red arrow. Left hand side:
conventional or dead-end flow filtration. Right hand size: Tangential or cross flow filtration.

Dead-end filtration can suffer from the limitation of the pores becoming clogged quickly, in a
process known as caking (Calabro et al., 2011). This behaviour has however been utilised
such as in one early documented method of filtration, which employed the use of adhesive
tape as a dead-end filter for the isolation of cancer cells from whole blood, by facilitating their
retention and subsequent adhesion to the filter while other products were able to pass through

to the filtrate (Seal, 1964). Tangential flow filters are less susceptible to pore fouling and can
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maintain a constant membrane flux, which makes them more suitable for continuous
processing. The downside of this, however, is the need for recycling in order to maximise

recovery, which leads to increased energy consumption (Van der Bruggen and Luis, 2018).
1.6.1.2 Centrifugation

Centrifugation separates cells based on their relative densities in bulk quantities. Density
gradient filtration is shown in Figure 1.15, where blood is layered upon density buffer
solutions, in order to fractionate cells into either continuous or discontinuous gradients. The
sample is then centrifuged and forms a discontinuous gradient, with denser components, such
as red blood cells (RBCs) and neutrophils, at the bottom, through to the least dense

components, such as plasma, at the top.

Blood

sample Plasma
WBCs

Density Buffer

buffer .
neutrophils

Figure 1.15. Diagram of a sample before and after density gradient centrifugation (discontinuous
gradient).

Density gradient centrifugation is a well-established process and used routinely for cell
pelletisation or for isolation/enrichment of various components from whole blood (Dagur and
McCoy, 2015). Over 40 years ago, separation of lymphocytes from whole blood was achieved
through a two-step centrifugation, involving first the separation of blood mononuclear cells,
followed by a second centrifugation step using an alternative density buffer, to give a leukocyte
yield of ~75% at ~63% purity (Brandslund et al., 1982). Around the same time, a similar two-
step method for the isolation of basophils (one of the rarest cells in whole blood) was devised,
although with low efficiency (~20%) (Raghuprasad, 1982).

The apparent lack of specificity during gradient centrifugation (since cells of sufficiently similar
density are likely to occupy the same fraction within the sample or form a continuous gradient)

introduces the need for multiple centrifugation steps, as well as additional separations based
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on more specific interactions. Therefore, current protocols for basophil and eosinophil isolation
employ density gradient centrifugation, followed by MACS (discussed in section 1.6.1.4),

resulting in the desirable high overall cell purities (~99%) (Schroeder and Bieneman, 2016).

An extension of density gradient centrifugation is ultracentrifugation (centrifugation carried out
at speeds up to 150,000 RPM and 1,000,000 g), which is already being used to separate
nanoscale membrane bound vesicles called exosomes from stem cell culture supernatant and
directly from whole blood (Gupta et al., 2018, Wu et al., 2017).

1.6.1.3 Fluorescence-activated cell sorting

FACS separates cells individually by organising them into a single line by a process known as
hydrodynamic focussing. Each cell is then deposited with its own droplet, analysed
spectroscopically, charged according to those properties, and then sorted by directing plates
into target receptacles. The principle of the separation is illustrated in Figure 1.16. Modern
FACS is based on flow cytometry, which was created in the mid-60s and sorted cells based
on volume and complexity. A laser and single detector setup (forward scatter only) would direct
cells based on the degree of light scattering. The limiting factor of this meant that any complex
suspensions containing similarly sized but functionally distinct cells could not be isolated
effectively. This, however, paved the way for current FACS devices, which have since become
a core tool in biological and biomedical research and are often described as the ‘gold standard’

of cell sorting (Faraghat et al., 2017, Sutermaster and Darling, 2019).

FACS uses conjugated fluorochromes bound to specific surface markers of the cell, typically
via immunoaffinity interaction. This results in fluorescent light scattering across a range of
wavelengths, which can be analysed by relative intensity, in order to calculate the extent of
protein expression and subsequently identify and sort cells into homogenous samples.
Reported sorting rates are typically 5,000-50,000 cells's™, with the highest throughput device
boasting 100,000 events analysed per second, and 70,000 sorting actions (Beckman Coulter,
2017). While FACS can create a very pure and homogenous sample, it suffers from a relatively

poor cell yield (as low as 30%) and lack of scalability (Sutermaster and Darling, 2019).
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Figure 1.16. Diagram illustrating cell separation based on FACS. Cells are analysed and deposited in
individual droplets which are charged based on the droplet’s combined optical properties. The charge
droplet passes through the electric field generated by the deflecting plates and is funnelled into sample
collection tubes.
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1.6.1.4 Magnetic-activated cell sorting

MACS is underpinned by the same immuno-physiological principles and methods as FACS,
meaning that it utilises antibody labelling to select for specific cells. The difference between
MACS and FACS however, is that MACS employs magnetic nanoparticles to carry out the
separation. These particles are tagged with cell specific antibodies, which bind to the cells of
interest, allowing both the particle and cells to be retained from the bulk mixture through the
aid of a magnetic field, while all other components are removed from the mixing chamber.
Figure 1.17 illustrates the separation principle of MACS, where antibody-conjugated magnetic
nanoparticles are added to a heterogeneous cell mixture, and selectively bind to a target cell
population expressing specific antigens. Cells bound to the nanoparticles are then separated
from the mixture using a magnetic field, whereas the none bound cells are discarded. Target
cells are subsequently recovered by removal of the magnetic field.
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Heterogeneous Magnetic nanoparticles

cell suspension added to suspension Magnetic field applied

Supernatentand unwanted Targeted cells
cells removed resuspended

Figure 1.17. Diagram of positive selection of a target cell population using MACS.

Early magnetic separation technology did not feature antibody labelled nanoparticles to form
magnetic complex, as with modern MACS, but rather depended on the innate paramagnetic
properties of deoxygenated haemoglobin in erythrocytes (Bren et al., 2015, Melville et al.,
1975, Owen, 1978, Pauling and Coryell, 1936), and this principle has also been demonstrated
as a continuous process (Han et al., 2003, Jung and Han, 2008, Takayasu et al., 2000). MACS
has applications as an alternative to FACS (with conjugated superparamagnetic nanoparticles
to enrich large samples of cells), as well as the routine isolation of leukocyte subpopulations
(Miltenyi et al., 1990, Molday et al., 1977).

MACS is often considered as a bulk processing method, in contrast to FACS, as it processes
numerous cells into subpopulations in parallel, rather than in series. High volume MACS
handles around 10° cells (Faraghat et al., 2017) with processing times of 5-30 min
(Sutermaster and Darling, 2019). To contextualise this, one unit of blood contains
approximately 2.5x10'> cells (Downey, 2017, Osei-Bimpong et al, 2012, Stemcell
Technologies, 2017), making this the equivalent of 0.21 mL of blood per cycle.
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1.6.1.5 Comparison of various cell separation methods

Although they are extremely selective compared to filtration and centrifugation, MACS and
FACS suffer from low throughputs. Looking at their relative performance, FACS and MACS
can achieve processing rates of 3.2x10° and 1.6x108 cells'min™', respectively (Sutermaster
and Darling, 2019). When compared with devices employed for ICS (based on filtration and
centrifugation, discussed in section 1.6.3), this translates into 94 days for FACS and 19 days
for MACS, to process a single unit of blood. Furthermore, FACS has high capital cost, is only
designed for analytics purposes, and separations must be performed in series. MACS can be
carried out more easily in parallel with multiple devices, so has greater scale out potential
(Sutermaster and Darling, 2019), but the handling requirements would also increase,

rendering it impractical in its current state.

The common theme within FACS and MACS is the use of antibody-antigen binding as part of
the isolation process, which removes target cells with high selectivity. However, it should be
considered that the saturation of surface-markers during the initial labelling phase may make
identification of the target cells difficult post-process. If the epitopes become saturated, they
will most likely be unable to bind with the signal or sensor antibodies, resulting in false

negatives (Tomlinson et al., 2013).
1.6.2 Chromatography for cell separations

Chromatography is a highly popular separation technique in which complex solutions are
separated according to the affinity of each species within the solution for the chromatography
matrix (also known as a stationary phase or chromatography media) versus the mobile phase
(i.e. solvent). Chromatography can achieve high resolution separation, and based on the
principle of the interaction it can be classified into ion-exchange, size exclusion (or gel
permeation or gel filtration), affinity, reverse phase and hydrophobic interaction (Coskun,
2016). Typically, cell chromatography is performed using some variant of affinity

chromatography, because of the advantages it offers in selectivity.

There are different types of affinity chromatography depending on the ligands which are
immobilised on the stationary phase. In the case of immobilized metal affinity chromatography,
for example, cells are passed through a column in suspension and adsorb with a high degree
of specificity to the metal-ion ligands on the surface of the material, followed by their
desorption. This positive selection through a ‘bind-elute’ process has been used in purification
of E.coli on a cryogel matrix (Dainiak et al., 2005). A more recent development is the use of

antibodies as immobilised ligands and is known as immunoaffinity chromatography (see
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Figure 1.18). In this process, a high degree of specificity can be achieved if the surface
antigens of the cells in solution to be separated are well understood. This technique has been
employed successfully for the removal of lymphocytes directly from whole blood (Mohr et al.,
2018).

/

Target cells expressing
target surface antigen .. /mmobilized

s o—
cells

Chromatography

matrix Immobilized

1 antibody ligands

Figure 1.18. Diagram of an immunoaffinity separation process. Antibodies immobilized on the substrate
bind with a high degree of selectivity to the expressed surface marker antigen on the target cells.

1.6.3 Existing blood salvage platforms

The current commercially available products for ICS which are based on centrifugation,
include the Cell Saver (Haemonetics, Boston, USA), Sorin XTRA Autotransfusion System
(LivaNova, Gloucester, UK), and the CATSmart (Fresenius Kabi, Cheshire, UK)
(Haemonetics, 2019, JPAC, 2020). The first two are discontinuous flow systems, in which the
blood is centrifuged using equipment known as ‘bowls’ (Figure 1.19 shows a diagram of a
Latham bowl! operating sequence). According to the manufacturer, Haemonetics Cell Saver
can process up to 800 mL-min-' in ‘emergent situations’, with typical cycle times between 3
and 7 min. This maximum processing rate equates to roughly 6.1x10'° cells per second
(Haemonetics, 2019). In operation the Cell Saver retains predominantly RBCs, and depletes

other large biological molecules from the shed blood (Boyle et al., 2019).
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Figure 1.19. Centrifugal separation diagram of a Latham bowl device. The device is filled with whole

blood, centrifuged to achieve separation whilst extracting waste, and then concentrated RBCs are
pumped into a holding bag for reinfusion.

The Sorin XTRA system is capable of processing a 225 mL bowl in approximately 5 min, orin
approximately 3 min in emergency situations (Sorin Group, 2013). This translates to 45-75
mL-min”' processing rate. The CATsmart utilises a continuous rotary system (classed as a
continuous flow device), and is able to produce RBC output rates ranging from 20-100 mL-min"
' (Fresenius Kabi, 2020), which is estimated to be equivalent to 40-200 mL-min-' whole blood

processing rate.
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Figure 1.20. Diagram of the HemoSep ICS system. Whole blood is collected in the outer layer of the
blood bag, where plasma is depleted through osmosis across the filter membrane towards the super-
adsorbent in the internal layer.

The HemoSep (Advancis Surgical, Kirkby-in-Ashfield, UK; illustrated in Figure 1.20), a
commercial blood processing unit employed in ICS, uses filtration and osmotic pressure,

combined with a super-adsorbent membrane material, to achieve haemoconcentration in
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excess of a single transfusion unit of blood per bag through plasma extraction (Advancis
Surgical, 2017, Boyle et al., 2019). It is capable of processing an average of 775 mL of blood
during surgery, which can then be reinfused to the patient within 60 min following collection
(Gunaydin and Gourlay, 2013, Hogan et al., 2015). This haemoconcentration process also
reduces instances of post-operative ABTs through retention of other blood components

including fibrinogen and platelets (Gunaydin et al., 2018, Advancis Surgical, 2017).

1.7 Conclusion

The technology of electrospinning continues to develop and expand year upon year, both in
terms of academic research and commercial use. Scalable production is of particular
importance for biomedical applications but is seldomly discussed in the relevant literature,
compared to the more specialist electrospinning research. Given the overwhelming use of
needle-based systems, there is a need to translate existing ideas to larger scale systems, so
that their scale-up potential can be explored, as well as to introduce novel platforms, such as

the AC systems outlined at the beginning of this chapter.

PVA was identified as a suitable polymer for biomedical applications, due to its notable bio-
credentials and an established track record in both electrospinning and biomedical literature.
Nevertheless, it is posited that there may exist an over dependence on toxic crosslinkers to
stabilise the highly hydrophilic PVA against dissolution in aqueous environments. Employing
physical crosslinking methods, can overcome this limitation and may yield promising results
when biomaterials need to be created from electrospun PVA. This can be very useful in TE
and in particular wound dressings, where prolonged water stability of the nanofibers is

favourable.

Finally, discussions with clinicians drew attention to the problem that exists with respect to
blood salvage and its use, or lack thereof, in cancer surgeries. Examination of the existing
platforms quickly reveals that the issue resides within the method of cell separation deployed,
as it lacks specificity. One potential solution to this problem is to combine immunoaffinity cell
chromatography with the concept of blood salvage. The ability to tune the morphology of the
electrospun material, in conjunction with ‘physical’ stabilisation of the electrospun PVA
nanofibers, can produce biocompatible membranes, which will allow the processing of blood
cells, and thus further expand the application for electrospun nanofibers within the clinical

setting.
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1.8 Aims and structure of this thesis

The aim of the research presented within this thesis is to explore potential biomedical
applications of crosslinker-free, thermally stabilised, pure PVA nanofibers produced by
different electrospinning platforms, with specific interest in cell processing and TE
applications. Each subsequent chapter is presented in self-contained, manuscript format, with
a brief introduction section recapping key details relating from this chapter, followed by
methods, results and conclusion. The topics and aims are broken down into the following

chapters.

Chapter 2 characteries the effect of extended duration heat treatments, beyond those found
in literature, on a range of materials produced from low (88%) to high (99%) DH PVA. The
heat treatments are explored via standard needle electrospinning and subsequently using

cutting edge needleless platforms based on both DC and AC voltage. This chapter aims to:

e Establish appropriate, application specific, duration limits for the heat treatment
process.

o Apply treatments within these limits to materials produced on advanced
electrospinning platforms and explore the role of these platforms and their effect on
chemical structure and fibrous morphology.

e Examine the effect of heat treatment duration on preservation of fibre morphology in

agueous environments.

In the context of a prospective blood salvage platform, Chapter 3 progresses potential
candidates identified in Chapter 2 as supports for cell processing. The primary objective of
this chapter was to explore what effect, if any, heat treatment duration and electrospinning
platform has on cell flowthrough behaviour in a convective flow system, and investigate this

with a range of cell populations.

Chapter 4 follows on with a more detailed examination of the flow behaviour through
electrospun membranes using computational fluid dynamic (CFD) modelling tools. The aim of
the CFD work was to identify possible issues such a flow channelling during the operation of
a nanofibrous blood salvage device. This chapter also contains some cursory designs for the
prospective housing for nanofibrous materials for use in blood salvage and provide some initial

insights and considerations for further development.

Finally, chapter 5 revisits needleless DC electrospinning and introduces the use of 98% DH

PVA. The scope of this chapter is to demonstrate another potential application of the heat
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treated electrospun membranes, this time within the TE field. The objective was to compare
heat treated materials with differing DH produced on the same platform for their suitability in
TE applications. This was done through extensive chemical and biological characterisation

which included bio- and haemocompatibility assays.
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Chapter 2

Manufacture and characterisation of thermally
stabilised poly(vinyl alcohol) membranes

produced by electrospinning

2.1 Introduction

As previously described, PVA is a hydrophilic polymer used commonly in a broad array of
biomedical applications and has the benefit of Food and Drug Administration (FDA) approval.
It is typically produced by the hydrolysis of PVAc in the presence of an alkali catalyst and
alkanol solvent, such as methanol (Hedayati et al., 2022, Hallensleben et al., 2015). The
degree to which acetate groups are converted to alcohol groups is known as the degree of
hydrolysis (DH), and is influenced by the time of reaction, temperature, and catalyst ratio
(Aruldass et al., 2019). The resultant polymer is commercially available in various of degrees
of hydrolysis (80%-99%), with a degree of polymerisation typically between 200 and 3000
(Satoh, 2021).

PVA is a popular choice of starting material for biomedical applications due to its
biocompatibility and lack of cytotoxicity, along with its tendency to form hydrogels with
bioadhesive properties (Gaaz et al., 2015). In its hydrogel form it has been used for medical
implants and devices, such as synthetic blood vessels, and as part of bone and cartilage tissue
replacements (Kumar and Han, 2017), as well as biosensors, drug delivery vectors and
supercapacitors (Wang et al., 2021). PVA is also a common polymer for the creation on non-
woven nanofibers via electrospinning, with common biomedical applications in TE, such as
wound dressings and vascular scaffolds (de Castro et al., 2022, Jatoi et al., 2019, Teixeira et
al., 2020). One of the biggest challenges with PVA electrospun supports, however, is the
highly hydrophilic character of the polymer and therefore its tendency to form gels upon

contact with aqueous solutions and subsequent loss of the fibrous morphology. It has been
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shown that the degree of hydrolysis can impact water stability of nanofibers alone, but the
effect is limited (Park et al., 2010). There is therefore a need to preserve against the swelling
and dissolution of the nanofibers formed during electrospinning by treatment or otherwise
modification of the materials. Chemical crosslinking using glyoxal, citric acid, succinic acid and
GA, is a method commonly employed to stabilise the nanofibers (do Nascimento et al., 2021,
Diez et al., 2022, Plieva et al., 2006). While this method can be highly effective, many

crosslinkers can be cytotoxic and therefore prohibitive for medical applications.

Chemical-free crosslinking of PVA nanofibers is typically described as physical crosslinking.
Given that PVA is a semi-crystalline polymer, the goal of this process is generally to enhance
its crystallinity and thereby improve the water stability of the fibres. These methods include:
the use of alternative solvents, such as methanol, which displace residual water within the
material and result in enhanced degree of ordering of the polymer chain; and, freeze thawing
and heat treatments, which aim to liberate internally bound water without a displacing species
(Miraftab et al., 2014, Yao et al., 2003, Yang et al., 2008, Enayati et al., 2016, Tretinnikov and
Zagorskaya, 2012).

Herein we present the production of a series of nhon-woven PVA supports employing different
electrospinning methods, i.e. needle DC, needleless DC, and AC. We then investigate ways
to increase their water stability and preserve their fibrous morphology without the use of
chemicals. We opt for the use of heat treatment at 180 °C as this temperature has been found
to more effectively preserve the morphology of the PVA nanofibers after water immersion
compared to lower temperatures, and investigate the effect of heating durations on the
physical and chemical characteristics of the final materials (Miraftab et al., 2014, Chee et al.,
2021, Enayati et al., 2016, Diez et al., 2022).

2.2 Materials and Methods

2.2.1 Materials

PVA ‘Mowiol 18-88’ (88% hydrolysed, 130,000 Mw); PVA ‘Mowiol 28-99’ (99% hydrolysed,
145,000 Mw); and sodium azide [= 99.5% for gel permeation chromatography (GPC)] were
purchased from Sigma-Aldrich Company Ltd. (Missouri, USA). Ethanol (AR, purity = 99.8%);
deuterium oxide [D20, 99.8% for nuclear magnetic resonance (NMR)]; and water (HPLC water

for GPC) were acquired from Fischer Scientific UK Ltd. (Zurich, Switzerland). Water for
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electrospinning solutions All purchased chemicals were of analytical grade and used without

further purification (unless stated otherwise).

2.2.2 Production methods

2.2.2.1 Solution preparation

Solutions were prepared by mixing solvent systems (either pure de-ionised (DI) water
[Resisitivity > 15 MQ] or DI Water combined with 10% ethanol) with PVA and heating at 90 °C
for 4 h while stirring intermittently. After fully dissolving the PVA, solutions were allowed to
cool to room temperature and left to settle overnight before final stirring to ensure

homogeneity.

2.2.2.2 Electrospinning

Three different methods of electrospinning were employed during this work, two using DC
power, namely needle-based and needleless, and one using AC power. Please note that

‘needleless’ and ‘Nanospider’ may be used interchangeably in this chapter.
2.2.2.2.1 Needle DC electrospinning

Solutions were loaded into a disposable polypropylene syringe combined with a 20G blunt
point needle (Hamilton Kel-F Hub Blunt Point Needle; Fischer Scientific UK Ltd.,
Loughborough, UK) and mounted to a syringe pump (Alladin-8000, World Precision
Instruments, UK). Aluminium foil was attached to a collector plate and positive voltage clip
was applied to the needle tip directly, whilst the grounding clip was applied to the collector foil
(see Figure 2.1). Climate control was not possible in this setup, but humidity and temperature
were recorded using a humidity meter (Fisherbrand Traceable Humidity/Temperature
Meter/Recorder, Fisher Scientific UK Ltd., Loughborough, UK) with all utilised samples being
spun within the ranges of 19-20 °C and 27.5-35.3% RH.

Samples produced from 88% hydrolysed PVA were based on work carried out previously at
Aston University using 14% (w/w) PVA in water, solution flow rate of 0.6 mL-h', 22 kV applied
voltage and a tip-collector distance of 15 cm (Diez et al., 2022).

Production of samples from 99% hydrolysed PVA required some optimisation (briefly
discussed in section 2.3.1.1), following on from starting operating conditions as described in
literature (Koski et al., 2004, Park et al., 2010, Miraftab et al., 2014, Supaphol and

Chuangchote, 2008). Final electrospinning parameters were identified as: 8% (w/w) PVA in a
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9:1 water: ethanol (w/w) solvent; solution flowrate of 0.3 mL-h"; 9 kV applied voltage; and tip-

collector distance of 15 cm.

Polymer
solution

Needle
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Figure 2.1. lllustrative drawing of needle-based electrospinning setup and process. A syringe pump
flows polymer solution through a needle tip, to which a high voltage power supply is connected. Polymer
just is then formed and propelled towards the grounded collected, forming a non-woven mat of
nanofibers.

2.2.2.2.2 Needleless DC electrospinning

Samples produced by needleless DC electrospinning technology with static wire spinning
electrode (Nanospider™, Elmarco NS 1S500U; Liberec, Czech Republic), used a 50 kV
voltage differential (+40 kV and -10 kV) with an electrode separation distance of 16 cm (Figure
2.2). Spinning solution was applied to the positively charged electrode (wire with diameter 0.25
mm) by traversing cartridge with a capillary die diameter of 0.7 mm. Climate parameters were
fixed at 22 °C and 30% RH by precision air conditioning unit (NS AC150, Elmarco; Liberec,
Czech Republic), and solution system used was a 9:1 (w/w) water: ethanol solvent ratio with

99% hydrolysed PVA at a concentration of 8% (w/w).
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Figure 2.2. lllustrative drawing of wire-based configuration of needleless DC electrospinning used in
the Elmarco Nanospider™.

2.2.2.2.3 AC electrospinning

Samples produced by AC electrospinning employed a rod-like spinning electrode with emitter
diameter of 22 mm [developed by TUL, (Kocis et al., 2018)], as illustrated in Figure 2.3. The
electrically inactive drum had a diameter of 30 cm, rotated at 10 RPM and the emitter-drum
surface distance was 17 cm. High voltage supply applied an effective voltage of 35 kV with a
30 Hz sinusoidal waveform to the emitter. The spunbond nonwoven fabric (30 g-m2) that was
used as collector material in DC spinning, was also applied to the drum of the AC equipment.

AC samples were produced using pure water as a solvent.
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Figure 2.3. lllustrative drawing of AC electrospinning with rod-like electrode and rotating drum collector.

2.2.2.3 Heat treatment

Electrospun samples were placed in open foil pouches and heat treated at 180 °C for a range
of durations (0, 1, 2, 4, 8, 16, 24 and 32 h) in a forced convection drying oven (SciQuip Oven-
80 HT; Newtown, UK), followed by cooling at ambient temperature (18-20 °C) for ~15 min.

2.2.3 Analytical methods

2.2.3.1 Scanning electron microscopy

Morphological analysis was carried out by SEM. Samples were prepared for analysis by
sputter-coating with gold on a Quorum (Q150R ES) sputter coater and subsequently analysed
with a Tescan Vega3 SB Easy Probe (Tescan, Brno, Czech Republic). SEM images analysed
in Imaged 1.52a software (NIH, USA) in order to assess average fibre diameter by taking at
least 100 (with the exception of needle electrospinning) measurements from at least two

images per sample.
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2.2.3.2 Fourier transform - Infrared spectroscopy

Fourier transform infrared spectroscopy (FT-IR) was conducted with a Frontier Spectrometer
(PerkinElmer Ltd., Waltham, MA, USA) combined with an attenuated total reflectance (ATR)
accessory (GladiATR; Pike Technologies, Madison, WI, USA). Each scan was performed from

4000 cm™ to 700 cm™' with a resolution of 4 cm™ for a total of 16 scans per measurement.
2.2.3.3 Gel permeation chromatography

Aqueous GPC was employed to analyse changes in Mw distribution following electrospinning.

Samples were prepared in 1.5 mL Eppendorf tubes by dissolving material in HPLC water with
0.02% sodium azide, to achieve a final concentration of ~4 mg-mL". The samples were

subsequently heated to 90 °C in a silicon oil bath, mixed with a vortex mixer, and left to cool
before they were filtered through a nylon syringe filter with a pore size of 0.45 uym (Fisher
Scientific UK Ltd., Loughborough, UK). GPC runs were performed on a 1269 Infinity Il (Agilent

Technologies, Inc., Santa Clara, CA, USA) comprised of two PL aquagel-OH 8 ym columns
with Mw range limits of 100-10,000,000 g-mol'. Each column was calibrated using near

monodisperse polyethylene glycol/polyethylene oxide standard. The data was analysed using
Agilent GPC/SEC software (Agilent Technologies Inc., Santa Clara, CA, USA). Data
normalisation for the purposes of proportional peak comparison was done with Microsoft

Excel.
2.2.3.4 Nitrogen sorption porosimetry

Surface areas and pore volumes of the electrospun mats were determined by N> porosimetry
using a Quantasorb Nova 4000 e porosimeter and Novawin 11.03 software (Quantachrome,
Boynton Beach, Florida, USA). Samples were outgassed in vacuo at 80 °C for 18 h prior to
analysis, with specific surface areas calculated by applying the Brunauer—-Emmet-Teller
(BET) model over the relative pressure range p/po = 0.04—0.16 (where p = equilibrium pressure
applied, and po = saturation vapour pressure of N.) of the adsorption isotherm where a linear
relationship was maintained. These were then compared to theoretical specific surface areas
calculated by the relationship of fibre diameter to surface area shown in equation 1, where r =

average fibre radius and p = density of PVA.

2
E = specific surface area (Eq.1)
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2.2.3.5 Proton nuclear magnetic resonance

'H NMR was used to examine chemical changes arising specifically from electrospinning.
Samples were dissolved in D,O at a concentration of ~4 mg-mL™". Testing was carried out on

an Avance 300 spectrometer and visualised using TopSpin software (Bruker, Billerica, MA,
USA).

2.2.3.6 Environmental scanning electron microscopy

To assess fibre morphology and swelling behaviour in situ, environmental scanning electron
microscopy (ESEM) images were taken with a Quattro S environmental scanning electron
microscope (Thermo Fisher Scientific, Waltham, MA, USA). Examination of swelling behaviour
was done using initial conditions of 400 Pa with a stage temperature of 2 °C. Pressure was
increased gradually to 800 Pa to saturate the samples, and steadily reduced again, resulting
in evaporation of surface moisture, and thereby allowing observation of morphological

changes.
2.2.3.7 X-ray diffraction

The crystallinity of the materials was evaluated by X-ray diffraction (XRD) on a Bruker D8
Advance diffractometer, equipped with a LynxeyePSD detector (Bruker, Billerica, MA, USA)
and with Cu Ky1,2 radiation (40 kV and 40 mA), 0.02 mm Ni Kg absorber, 5-50° 26 range, a
step scan of 0.02° with a sample rotation speed of 30 RPM. The degree of crystallinity was
calculated using equation 2, where a is the degree of crystallinity, Icis the sum of the intensity
under the crystalline peaks, and I, is the sum of the intensity under the amorphous sections

of the spectra.

I,
« (%) = =

c Ia

+100 (Eq.2)

2.2.3.8 Tensile testing

The mechanical properties of the mats were measured by means of uniaxial tensile tests using
an Instron 5965 (Instron, High Wycombe, Buckinghamshire, UK), equipped with a 50 N load
cell, at a rate of 10 mm-min', with samples prepared using a punch tool in a dumb bell shape
(21 um average thickness, n=3) and loaded until failure (defined as a 50% reduction from peak
force). Stress-strain curves were obtained and mean averages of the UTS and strain at UTS

were calculated.
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2.2.3.9 In vitro cytotoxicity testing

The effect of potential leachables from the electrospun materials on metabolic activity was

assessed using the extract cytotoxicity test (Baek et al., 2005, Diez et al., 2022). Human
mesenchymal stem cells (hMSCs) were seeded at 6x10° cells:cm™2 in a 96 well plate (tissue
culture plastic) and cultured in cell growth medium comprising of Dulbecco’s modified eagle

medium (DMEM), 10% fetal bovine serum (FBS), 2 mM UltraGlutamine and 1 ng-mL"" bFGF,

at 37 °C and 5% CO, for 3 days. In parallel, electrospun mats (4 mg-mL") were added to fresh

culture medium and left in the incubator for 24 h in order to produce ‘conditioned media’. After
3 days, the cell growth medium was replaced with the conditioned media and incubated for
another for 24 h. Cell counting kit-8 (CCK-8) was then added to all wells and allowed to
develop for 4 h as per manufacturer’s protocol, before measuring the absorbance at 450 nm
using a Multiskan EX plate reader (Thermo Fisher Scientific, Waltham, MA, USA). Cells

cultured in the presence of 10% (v/v) ethanol from day 3 were used as positive controls.

2.3 Results and Discussion

2.3.1 Needle-based electrospinning of 88% hydrolysed PVA and the

effects of extended thermal stabilisation

2.3.1.1 Thermal stabilisation of non-woven mats produced from 88% PVA

Initial work sought to explore previous research which examined nanofibrous mats produced
from 88% hydrolysed PVA, created by needle electrospinning and thermally stabilised to
preserve fibre morphology (Diez et al., 2022). This work, along with other studies found in the
literature, showed that PVA mats electrospun without the use of chemical crosslinkers could
be morphologically preserved against dissolution when in contact with water, by heat
treatment at 180 °C. The duration of heat treatment in this work was extended beyond the limit
of 8 h found in literature (Miraftab et al., 2014, Enayati et al., 2016), to identify the optimum
stabilisation conditions for subsequent studies. Materials were produced by electrospinning of
88% hydrolysed PVA and thermally stabilised at 180 °C for 0, 1, 2, 4, 8, 16, 24 and 32 h.

Table 2.1 summarises the full sample series and the visual impact on the samples pre and

post water immersion. Immediately following treatment, the samples exhibited a degree of
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discolouration and yellowing, which generally became increasingly pronounced with exposure
duration, and could be attributed to some extent of thermolysis (supported by FT-IR results in
Figure 2.5). The samples were then immersed in water for 24 h to assess their solubility.
Following immersion, the untreated sample dissolved, whilst all others remained intact. Upon
drying, the samples from 1, 2, 4 and 8 h of heat treatment acquired a visually translucent
quality, suggesting they may have formed films rather than maintaining their fibrous
morphology. Samples treated for more than 8 h (i.e. 16, 24 and 32 h) showed no translucence,

but became increasingly brittle.

Table 2.1. Optical images of PVA (88% DH) samples following heat treatment between 1 and 32 h at
180 °C. Untreated sample (0 h) is included as control. ‘Post immersion’ refers to following immersion in
water for 24 h, and ‘Final (re-dried)’ refers to the same samples following drying at room temperature
for 3 days.

Oh 1h

Pre-immersion

Post-immersion
(dry)

Dissolved

“0-&

Post-immersion Di .
issolved
(wet)

Figure 2.4. SEM Images of 88% hydrolysed PVA with 1, 2, 4, 8, 16, 24 and 32 h (a-g respectively) of
heat treatment after 24 h immersion in water, and air drying for 3 days. Scale bar: 5 um.
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The visual observations were further confirmed by SEM (Figure 2.4). After 16 h of heat
treatment the non-woven mat still exhibited a heavily fused structure with proportionally very
small pores, whereas the more prolonged thermal treatments of 24 and 32 h led to greater

morphological preservation and maintained the fibrous structure.

Possible chemical changes induced by the heat treatment were investigated using FT-IR, and
the spectra for 0-32 h treatments at 180 °C are shown in Figure 2.5. The broad band at 3000-
3500 cm™ is commonly associated with a combination of O-H stretching in the polymer chain
and hydrogen bonding with any residual, bound water molecules, stretching in the range of
2900-2950 cm™, is linked with C-H in methyl, methylene and methine groups. The band at
1710-1750 cm™ is associated with stretching in the C=0 of the carbonyl group present in the
12% residual acetate groups of PVA with lower degrees of hydrolysis (Ping et al., 2001, Yang
et al., 2012). This band was found to increase in intensity with increasing treatment duration,
as well as the development of a shoulder to the right of the peak around 1650-1600 cm™,
commonly associated with conjugated alkenes (Fleming and Williams, 2019). There appears
to be a reduction, and slight shift, in the peak associated with O-H groups in the samples
treated for 16, 24 and 32 h, indicating some loss of hydroxyl function groups, mostly likely via
dehydration degradation pathways, and potential reduction in molecular size due chain
scission (Akhter et al., 1988, Peng and Kong, 2007, Okada et al., 2011).
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Figure 2.5. Representative FT-IR spectra of samples produced by needle electrospinning of 88%
hydrolysed samples at a concentration of 14% (w/w), at a flow rate of 0.6 mL-h"", applied voltage of 22
kV and tip-collector distance of 15 cm following 0-32 h of heat treatment at 180 °C (n=3).
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The band at 1140 cm™' is commonly linked with C-C stretching (Yang et al., 2008). This band
can be seen to be closely adjacent to the band around 1100 cm™', and work carried out by
Tretinnikov and Zagorskaya (2012) demonstrated that the absorbance at the bands of 1144
cm™ and 1094 cm™" can be used to describe the crystallinity of 98.7% hydrolysed PVA in solid
samples within 0.3% correlation with XRD calibration data. The numerical method derived is

shown in equation 3, where A, corresponds to the absorbance value at wavenumber x.

141144

Crystallinity (%) = —13.1+89.5 * (A ) Eq.(3)

1094

This correlation has been previously used to describe crystallinity of PVA nanofibers, with
increases in crystallinity being related to enhanced water stability resulting from heat
treatments (Enayati et al., 2016, Miraftab et al., 2014).
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Figure 2.6. Calculated crystallinity (%) (n=3) vs heat treatment duration graph for samples of needle
spun 88% hydrolysed PVA calculated using Eq. 3 and absorbance values derived from Figure 2.5.

Equation 3 was therefore employed in an attempt to quantify changes in crystallinity of the
heat treated samples, and the results are shown in Figure 2.6. This method of quantification
suggests an initial increase in crystallinity (from 39.8% to 44.8%) following the first hour of

heat treatment. Beyond this, and though there is a general trend of slightly increasing
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crystallinity, the percentage change per hour of treatment is reduced. According to Figure 2.6,
the highest degree of crystallinity was found in the sample treated for 32 h with a calculated
value of 52.0%.

Though the sample with the highest calculated crystallinity is also the sample which retained
the most fibre-like morphology, it should be noted that Tretinnikov and Zagorskaya (2012)
identified that this method becomes less reliable when heat treatment exceeds 150 °C (which
is the case in this work). Furthermore, their method was developed for PVA with a higher
degree of hydrolysis (98.7% c.f. 88%), which according to the literature produces more
morphologically stable fibres in aqueous environments and therefore would be a closer match

for the intended biomedical applications presented in this work (Park et al., 2010).
2.3.2 Production of electrospun mats from 99% hydrolysed PVA

Work was carried out to identify solution parameters which could be used with a range of
electrospinning equipment, in order to aid comparison between the produced samples.
Optimum conditions were established on a needle-based electrospinning machine at Aston
University, and they were subsequently trialled at the TUL on their needleless DC and AC

electrospinning systems.
2.3.2.1 Needle-based DC electrospinning

Initial optimisation of electrospinning conditions was carried out by varying the polymer
concentration (6-12%), flow rate (0.1-1 mL-h™"), applied voltage (6-30 kV) and tip-collector

distance (8-15 cm). Visual observation of a stable jet and reviewing microscope slides placed
on the collector using optical microscopy, were chosen as preliminary methods of assessment.
In all cases only an intermittently stable jet was produced, with the best result obtained from
a PVA concentration of 8% (Figure 2.7). The sample was a mixture of small fibres and
splashes/streaks, the latter being a result of initiation/termination of the spinning jet, where the

stream breaks in the stable region near to the Taylor cone in the electrospinning process.
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Figure 2.7. Optical microscopy image of nanofibers showing defects formed (highlighted with red
arrows) following electrospinning of 99% hydrolysed PVA in pure water solvent at a concentration of
8% (w/w), with applied voltage of 12 kV, flow rate of 0.5 mL-h"" and tip-collector distance of 15 cm.(100x
magnification).

Reduced surface tension has been shown to enhance the electrospinnability of polymer
solution, and improve formation of stable jets (Park et al., 2010, Yao et al., 2003), and therefore
the pure water solvent was replaced by a ratio of 9:1 water: ethanol (Vazquez et al., 1995). A

second round of optimisation of electrospinning with the new solvent system involved varying
the flow rate between 0.15 and 1 mL-h"" and applied voltage from 7.5 to 17 kV, but maintained
the PVA solution concentration to 8%. A visually stable jet was formed at a flow rate of 0.3
mL-h', applied voltage of 9 kV and tip-collector distance of 15 cm, and defect-free fibres were

produced as shown in Figure 2.8. These solution parameters for electrospinning were then

transferred to the other platforms i.e. needleless DC and AC.

Figure 2.8. SEM image of nanofibers produced by needle-based electrospinning of 99% hydrolysed
PVA in 9:1 water/ethanol solvent at a concentration of 8% (w/w), with applied voltage of 9 kV, flow rate
of 0.3 mL-h" and tip-collector distance of 15 cm. Scale bar: 2 um.

W. J. A. Homer, PhD Thesis, Aston University, 2023 53



Chapter 2. Manufacture and characterisation

2.3.2.2 Needleless DC electrospinning

Having successfully identified solution parameters for electrospinning 99% hydrolysed PVA in
needle electrospinning, attempts to reproduce the results with the Nanospider device at TUL
were then carried out. Since the Nanospider equipment is substantially different in operation
to the needle laboratory set-up used previously, certain operating parameters had to be
changed, such as applied voltage, and factors such as cartridge speed, electrode distance,
and wire electrode rewind speed were set based the advice of our Czech collaborators, with
extensive experience on the device (Personal communications). Furthermore, and to verify
that 8% was the preferred PVA solution concentration for the Nanospider experiments, three
different concentrations (6, 8 and 10%) were tested. The SEMs shown in Figure 2.9a indicate
that at 6%, the fibres are extremely thin with many spindle defects. Increasing the
concentration to 10% (Figure 2.9¢) resulted in jets which struggled to initiate, and the very
few fibres that reached the collector material were of low quality and had variable fibre
diameters. By comparison, the 8% concentration solution (produced many and largely defect-
free nanofibers, thereby confirming the suitability of the previously identified solution
parameters for direct transfer between the two forms of DC electrospinning (needle and

needleless).

_.7 -‘I__" .“. -'. -‘l 3 % \ '
_ DR e XA H W R N /DL
Figure 2.9. SEM images of samples produced using the Nanospider™ with variable PVA concentration
of (a) 6%, (b) 8%, and (c) 10%. Scale bar: 10 um.

2.3.2.3 AC electrospinning

Though ideally all three systems employed in this work should use the same solvent for
electrospinning, AC electrospinning is a lot more sensitive to solution conditions than the more

traditional DC methods, and therefore spinning of PVA was not possible with ethanol in the
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solvent system. Samples of 6, 8 and 10% concentration of 99% hydrolysed PVA using DI
water as the solvent, were therefore prepared for some further optimisation for this equipment.
Both the 6% and 10% samples did not initiate formation of jets and subsequent plume, whilst
the 8% sample was able to form a stable stream of nanofibers (Figure 2.10) with the desired

morphology (Figure 2.11).

Figure 2.10. Photograph of nanofiber plume of 99% DH PVA (8% w/w concentration in water) produced
by AC electrospinning.

Figure 2.11. SEM image of nanofibers produced by AC electrospinning of 99% DH PVA (8% w/w
concentration in water). Scale bar: 5 um

2.3.3 Comparison of electrospinning platforms for nanofiber production

Having established parameters for the successful production of nanofibers from 8% PVA with
99% degree of hydrolysis across all 3 electrospinning platforms, morphological, chemical and
production analyses were carried out for each method.
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2.3.3.1 Morphological analysis

Average nanofiber diameters were calculated following measurement of the fibres visible in
the SEMs (as described in section 2.2.3.1) from the different electrospinning methods as they
are presented in the previous sections, i.e. needle (Figure 2.8), needleless (Figure 2.9.b) and
AC (Figure 2.11). Needle electrospinning produced the smallest average diameter fibres (199
nm £10 nm, CI=95%, n=76), followed by needleless spinning (280 nm +15 nm, CI=95%,
n=124) and finally AC spinning (624 nm £51 nm, ClI=95%, n=113). All histograms (Figure
2.12) had a slightly positive/left modal skew towards smaller fibres (skewness of 0.8102,
2.2078 and 0.9717 for needle, needleless and AC respectively), indicating that the needleless
sample has the greatest skew. Furthermore, the AC sample had a much broader fibre

diameter range, with an overall flatter distribution when compared to both DC methods.

Based on the average fibre diameters, it is possible to calculate theoretical specific surface
area for nanofibrous materials using equation 1 described in section 2.2.3.4 on the
assumptions that fibre size distributions are normal, or near normal, with minimal skewness;
contribution to surface area from fibre termination is negligible (i.e. material is composed of
long, continuous fibres); material density is constant within the sample; and nanofibers are
smooth. Though it is clear these assumptions are not 100% true, the method can be
considered useful to understand the relationship between fibre size and surface area intrinsic
to fibrous materials (Ko and Yang, 2008). This theoretical value was then compared with
measured surface area by nitrogen sorption porosimetry and calculated using the BET
method. Due to the low productivity of the needle DC electrospinning, discussed later on in
section 2.3.3.3, and the relatively large sample size required for N> porosimetry, it was not
feasible to make enough sample for this test, so comparison was limited to needleless DC and
AC spinning methods. Samples of nanofibers produced by each method were prepared and
analysed for surface area determination, as well as being imaged using SEM, with sample
specific average fibre diameters calculated from these images in order to account for any

possible sample to sample variation (Appendix A). Theoretical specific surface areas for
needleless DC and AC spun samples were calculated to be 11.818 m?:g" and 5.775 m?-g’
respectively, whilst experimentally derived values were much lower at 4.060 m2-g™* and 1.151
m?-g™'. Although this suggests that the theoretical calculation is overestimating the surface
area by a factor of 2.91 and 5.02 respectively, it confirms that these materials maintain surface
areas in the order of m2-g™ despite the absence of diffusive pores. These values can offer a

good initial estimation of the available surface area for binding for large biological molecules
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under convective flow, as there is no dependence on intrapore diffusion, a critical factor when

developing materials for applications such as cell chromatography.
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Figure 2.12. Histograms comparing fibre diameter distribution of untreated 99% hydrolysed PVA
nanofibers by needle, needleless and AC electrospinning, created using SEMs from Figure 2.8, Figure
2.9.b and Figure 2.11 respectively.
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2.3.3.2 Chemical analysis

FT-IR spectra of untreated samples produced via the three different methods of
electrospinning are compared in Figure 2.13. The overall chemical identity of the samples
appears to be largely largely similar, with some small variances observed, particularly with
respect to calculated crystallinity.t. There is some indication of small differences in the spectra
around the 980 cm™ region, which could be attributed to C=C double bonds, and around the
2900-3000 cm™" which has been associated with CH bonds in methyl, methylene and methine
groups. There is also a slight increase in the band at 1144 cm™, linked to crystallinity,
suggesting that fibres produced by the Nanospider™ and AC spinning possess a higher
degree of crystallinity than those produced by needle electrospinning. To quantify this,
equation 3 was used again to calculate percentage of crystallinity based on FT-IR absorbance
data, as these supports more closely satisfy the criteria described by Tretinnikov and
Zagorskaya (2012). Samples created by the needle spinning platform had crystallinity of
18.4%, compared to 36.9% and 36.4% for needleless and AC respectively (Figure 2.14). One
possibility is that the higher applied voltages used in needleless and AC methods plays a role
in polymer crystallisation during fibre formation (Lee et al., 2012). The voltage may also be
responsible for some modification to the chemical structure, such as chain scission and
formation of smaller species (Pathan et al., 2015). These chemical differences were explored
further with GPC and 'H NMR analysis.
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Figure 2.13. FT-IR spectra of samples of 99% hydrolysed PVA produced by three methods of
electrospinning: needle, needleless and AC.
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Figure 2.14. Crystallinity for samples produced from 99% hydrolysed PVA by each method of
electrospinning calculated using Eq. 3 and absorbance values from Figure 2.13. (n=3)
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Figure 2.15. GPC traces of 99% hydrolysed PVA samples series produced by each method of spinning
and re-dissolved post-electrospinning. The red arrows point at the potential smaller size species present
in the AC sample.
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Looking at the chromatograms (Figure 2.15), the primary peak starts to appear after 14 min
and looks similar in all cases, which indicates that the different electrospinning methods did
not alter the size of the polymer chains. A small change is observed in the AC spun sample
suggesting the presence of smaller species flowing through the column at 17-18 min with a
weaker signal intensity, as well as a very low intensity peak at 20-21 min.. This supports the
idea that AC electrospinning may have some measurable effect on the chemical structure of

PVA during the production of nanofibers, compared to DC based electrospinning.

Examination of the samples by "H NMR was performed to further identify potential chemical
changes resulting from the employment of the different production methods. The three spectra
shown in Figure 2.16, are consistent with examples found in the literature (Budhlall et al.,
2003, Moritani and Fujiwara, 1977, Taepaiboon et al., 2006, Vandervelden and Beulen, 1982),
with the presence of a solvent residual peak caused by proton exchange overlapping the
spectra at 4.79 ppm (Gottlieb et al., 1997). There is significant similarity between samples
created with the Nanospider™ and AC electrospinning, showing minor additional groups of
peaks not observed in the sample from the needle-based electrospinning. A small triplet
appears around 0.8 ppm for the Nanospider sample, and two overlapping doublets are found
in the same region of the field in the AC spun samples. There is also a small, but not distinct

variation at approximately 3.5 ppm on the AC spun sample.
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Figure 2.16. '"H NMR spectra comparing samples of 99% hydrolysed PVA process by needle,
needleless and AC electrospinning.

2.3.3.3 Method of production analysis

The non-woven mats created by each electrospinning method can be quite distinct in form.
Samples from needle and needleless DC spinning are manufactured as sheets that are lightly
adhered to a substrate, such as foil in needle-based methods, or a spunbond fabric in the
Nanospider. In this configuration, the mats are easy to lift, transport and handle, and result in
almost zero loss of material. In stark contrast, all samples produced in the AC equipment
appear very similar to a loose sheet-insulation configuration, which can snag, stretch, and
aggregate if not handled with extreme care (Figure 2.17). This characteristic, however, makes
the materials somewhat malleable, and could offer unique benefits depending on the final
application. Currently, the AC technology is still at a development phase even at laboratory
scales, which poses barriers to its use for clinical applications. On the other hand, however,
the higher effective pore size of the AC supports (as can be seen in Figure 2.11 and implied
by the greater fibre diameter from Figure 2.12) could be viewed as a major advantage in the
processing of larger biomolecules, such as human cells, as it will allow their unimpeded
passage and minimize mechanical entrapment. For most of the work described in this thesis,
however, where suspended particulates, i.e. human erythrocytes, measure less than 10 ym,
(Ward et al.,, 2018), supports with smaller fibre diameters produced by more mature

technologies (e.g. needleless electrospinning) could also be utilised.

'. = e s b <3

Figure 2.17. Photographs of PVA electrospun onto their respective substrates via (a) needle DC, (b)
needleless DC, and (c) AC electrospinning.

Though it could be argued that there are benefits to the fibre morphology and overall structure
of the mats produced by AC electrospinning, the technology is not yet developed as a
production platform and is only being tested at the lab-scale for research purposes. When
considering both scalability and the ability for easy adaptation into good manufacturing
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practice (GMP), the commercial maturity of needle and needleless DC techniques, provides
key advantages for both scale-up and scale-out potential, with large semi-industrial equipment
already available on the market (e.g. the ElImarco NS 8S1600U, featuring 8 electrodes, each
1.6 m long; (Elmarco, 2020); or needle based methods featuring multi-emitter setups with upto
5000 needles (Bionicia, 2023), the design of these systems includes internal climate controls
in a relatively closed system, whereas existing AC research typically does not feature such

capabilities, which limits reproducibility.

Scalability potential was considered further by examining achieved productivities of the given
solutions through each spinning method, with differences between the available platforms

being properly accounted for and acknowledged. Using solutions of 99% hydrolysed PVA as
described in section 2.2.2.2, needle-based DC electrospinning had a productivity of 0.024 g-h

' for single needle. This figure could theoretically be expanded for multi-emitter systems,

though it would require validation, subject to access to such system. Elmarco’s NS 1S500U
platform, using needleless DC, produced 2.519 g-h', which is again subject to capacity for
scale up within equipment already mentioned. Finally, the AC electrospinning platform was
found to have productivities of 0.815 g-h™, but this device has not yet been scaled beyond the

described limits. Though this comparison is quite rough due to the fact that scaling up and
scaling out is done in different manners for different platforms, it is worth being kept in

consideration as a provisional insight into productivity of each system used.

For subsequent work, given the lack of access to scalable needle-based electrospinning,
combined with the low productivity and the fact that the materials produced by this method
possessed the smallest average fibre diameter, needle DC was not carried forward for the

extended characterisation of heat treated samples.
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Table 2.2. Comparison of the material configurations and manufacturing considerations when
needleless DC and AC platforms are used for the electrospinning of the PVA supports.

Needle DC Needleless DC AC
Material format | Sheet/membrane Sheet/membrane Loose fibres, akin to
configuration configuration. highly sparse sheet-

insulation, but highly
tuneable micro and
macro structures.

Fibre and
effective pore
size

Smaller fibres with a
tight fibre size
distribution.

Smaller effective pore
size.

Smaller fibres with a
tight fibre size
distribution.

Smaller effective pore
size.

Larger fibres with a
broad fibre size
distribution.

Larger effective pore
size (Nelson et al.,

Elmarco, NS 1S500U

2012).

Scalability Mature technology, Mature technology. Novel technology still
though predominantly | Readily scalable under development.
employed in research | (laboratory to high
applications. volume
Scalable equipment manufacturing).
available commercially | Highly reproducible.
with 100-1000s of
needles.

Productivity 0.024 g-h™'-needle’ 2.519 g-h™" within 0.815 g-h™' based on

AC setup at TUL.

GMP potential

Semi-industrial
machinery and can be
incorporated into a
GMP process
relatively easily when
combined with
environmental
controls.

Semi-industrial
machinery and can be
incorporated into a
GMP process relatively
easily when combined
with environmental
controls.

Difficult to incorporate
into a GMP process
due to poor
environmental controls
in current set ups and
subsequent variability
of output.

2.3.4 Effects of extended heat treatment on 99% hydrolysed PVA

Following the promising results of the extended thermal treatment described in section 2.3.1.1
when applied to 88% hydrolysed PVA, an extended treatment duration of up to 24 h was
carried out on nanofibrous samples produced by needleless electrospinning using 99% DH
PVA. As before, samples were heat treated at 180 °C, to achieve physical crosslinking and
therefore enhance their stability whilst in contact with water. Figure 2.18 summarises SEM

data prior to and after 24 h water immersion at 37 °C following the different curing times.
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Pre-immersion Post-immersion

Dissolved

Figure 2.18. SEM images of heat treated samples (between 0 and 24 h) of 99% hydrolysed PVA
nanofibers produced by needleless DC electrospinning before and after water immersion for 24 h at 37
°C. Scale bar: 5 um.
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Unsurprisingly, the untreated PVA sample dissolved almost immediately, so no image could
be obtained post water immersion. The samples treated for 1 h — and to a lesser extent 2 h —
show a degree of swelling and clustering of fibres, leading to a visible reduction in effective
pore size available for flow of large entities. The sample treated for 4 h displays little to no
swelling, and much of the void space between fibres is still present. Finally, samples cured for
8 h or longer, appear to maintain their original morphology and effective pore structure,
indicating that much shorter treatment durations are highly effective against preserving fibre

morphology compared to samples produced from PVA with a lower degree of hydrolysis.

Prior to water immersion, samples were analysed by FT-IR to search for indications of
chemical changes in the material arising from the treatment process and the spectra are
presented in Figure 2.19. New bands appear at wavenumbers of 1700 cm™ and 1600 cm™,
which may indicate stretching of C=0 and C=C bonds, respectively (Fleming and Williams,
2019). These signals become significant when heat treatment exceeded 8 h, and may be signs
of increasing thermal degradation, which could be associated with a loss of some hydroxyl
groups, as observed in the samples treated for 16 and 24 h. This closely matches behaviours
observed in section 2.3.1.1, though in the case of 88% hydrolysed PVA the clarity of the signal
is masked by the presence of the band from the C=0 group in the more abundant acetate

groups (See Figure 2.19).
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Figure 2.19. FT-IR spectra of 99% hydrolysed PVA nanofibers produced be needleless DC
electrospinning following heat treatment at 180 °C.
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In regards to the crystallinity, a similar analysis to the one shown earlier in this chapter for the
PVA with DH of 88% (see Figure 2.6), was carried out using equation 3, but given the
limitations of the method, the results are included only in appendix B, with XRD analysis
favoured of the more reliable method for measuring crystallinity (presented later on in Figure
2.23 and discussed in section 2.3.5.2).

Samples that were heat treated for more than 8 h exhibited increased embrittling, in an
analogous manner to the 88% DH samples, and the SEM images post immersion also
confirmed that heat treatment for long time periods (> 8 h) offer no morphological benefit. It
was therefore concluded that 8 h was the appropriate limit for heat treatment duration and

used in the remaining experiments presented in this chapter.

2.3.5 Characterisation of thermally stabilised nanofibrous samples

produced by and needleless DC and AC electrospinning.

2.3.5.1 In-situ swelling behaviour

To provide greater insight into the in situ swelling behaviour of the non-woven mats, samples
of 99% PVA produced by needleless DC and AC spinning and heat treated at 180 °C for
durations ranging from 0 to 8 h, were analysed by ESEM to observe their morphology as they
become saturated with condensing water vapour. Prior to contact with water, all materials
possess a fibrous morphology with few defects present (left hand columns in Figure 2.20 and
Figure 2.21). Following condensation and subsequent evaporation, fibres not subjected to
heat treatment were not able to retain their initial morphology (top right hand corner in Figure
2.20 and Figure 2.21), though the degree of swelling and blending into an amorphous
structure was less pronounced in the needleless DC samples (Swollen, 0 h, Figure 2.20)
compared to that of the untreated AC spun samples (Swollen, 0 h, Figure 2.21). Heat
treatments appear to have successfully preserved the morphology of the fibrous network for
the needless DC supports, although the 8 h duration seems to have the most significant effect
(right hand side in Figure 2.20). This agrees with literature findings, which attribute the
decrease in solubility to an increase in physical crosslinking as a result of closer packing of
the polymer backbone and subsequent increase of hydrogen bonding arising from the curing
process (Enayati et al., 2016, Miraftab et al., 2014). Similarly, for AC spun samples, all heat
treatment durations appear to have a positive effect on preservation of the morphology when

saturated with water (right hand side in Figure 2.21).
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Figure 2.20. ESEM images of electrospun PVA samples with 99% DH, produced by needleless DC
electrospinning. Left: Samples prior to swelling. Right: Samples after swelling, immediately following

surface moisture evaporation. Scale bar: 15 um.
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Swollen

Figure 2.21. ESEM images of electrospun PVA samp/es W/th 99% DH produced by AC e/ectrosp/nn/ng
Left: Samples prior to swelling. Right: Samples after swelling, immediately following surface moisture
evaporation. Scale bar: 15 um.
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2.3.5.2 Chemical analysis

The FT-IR spectra of the non-woven fibres produced by the needleless DC and the AC
equipment following different heat treatment durations are presented in Figure 2.22. As
described previously (see section 2.3.1.1), characteristic peaks of the FT-IR spectra are
associated with O-H stretching at 3270 cm™', C-H stretching on the polymer backbone at 2920
cm™', C-O stretching at 1140 cm™ (attributed to the crystalline phase of PVA), and O-H bending
at 1096 cm™ (attributed to the amorphous phase) (Tretinnikov and Zagorskaya, 2012,
Alhosseini et al., 2012, Jipa et al., 2012). The spectra show little difference between samples
and their character is closely matched by spectra of both pristine and electrospun PVA
samples with high degree of hydrolysis found in the literature (Tretinnikov and Zagorskaya,
2012, Alhosseini et al., 2012, Mansur et al., 2008). This, along with the effect of heat treatment
on the materials is shown in Figure 2.22. All heat treatments of samples produced by DC and
AC cause a significant increase in peak intensity around 1140 cm ', indicating an increase in
crystallinity. In AC electrospun mats, heat treatment of any duration caused a stepwise change
in intensity around 3270 cm!, which might indicate a reduction in O-H bonds, though a strong
signal was still observed, indicating hydroxyl groups were still present in all samples, and
therefore might represent a reduction in residual water content more significant than that in
needleless DC samples. It is also possible that the reduction in this band, with the increase
and maintenance of the signal strength around 1140 cm, may indicate that chemical
crosslinking is occurring in the form of ether bonds, as C-O-C bonds share wavelengths with
C-O stretching of alcohol groups. This could explain the extent of reduction in solubility and
preservation of morphology observed in heat treated samples. Examples of intermolecular
dehydration resulting in ether bonds have been found in literature, but are discussed as
occurring through irradiation (Akhter et al., 1988, Petrova et al., 2005) or in the presence of
acid vapour (Desai et al., 2020). Typically heat treatment is only described as promoting
physical crosslinking, but it appears may play some role in ether bond formation also. Finally,
more extensive heat treatments (4 and 8 h) begin to show clear signals around 1600 and 1700
cm™', which are associated with formation of C=C and C=0 bonds, respectively (Meszlényi
and Koértvélyessy, 1999). This again is degradation due to thermolysis over time, resulting in
chain scission and the formation of polyenes (Yang et al., 2012). This does not automatically
render the samples unsuitable and is examined through cytotoxicity testing in section 2.3.5.4,
but nevertheless demonstrates that selection of treatment duration might benefit from being
kept at an appropriate minimum, such as 4 h, to preserve chemical properties as much as

possible.
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Figure 2.22. FT-IR Spectra of two sample series of 99% DH PVA produced by needleless DC (left) and
AC (right) electrospinning with heat treatment time points indicated on the offset spectra.

In order to improve on the numerical methods used in earlier sections to quantify crystallinity
from FT-IR data, XRD was employed to identify differences in crystal structure, or chain
ordering, of each of the mats produced and by the thermal annealing process, with the (101)
and (200) peaks indicated in Figure 2.23 representing the reflections of monoclinic unit cell
(Tretinnikov and Zagorskaya, 2012, Tang et al., 2015). Using equation 2, described in section
2.2.3.7, the untreated samples from DC and AC electrospinning had a degree of crystallinity
of 48.68% and 34.64% respectively. The overall trend indicates increased crystallinity with
extended thermal treatment duration, with the highest crystallinity found in samples treated for
8 h with 58.46% for DC spun samples and 39.68% for those produced by AC. This may be
influenced by other factors including solvents used, differences in ambient production
conditions, but also may be driven by the technology itself in the application of different current
types. The lack of a grounded collector in AC electrospinning may result in samples with lower
degrees of ordering, as crystallinity has been found to be influenced by strength of the
attractive force between origin of the polymer solution and collector (Lee et al., 2012). This
increase is associated with reduced swelling and solubility of PVA and could result in a
reduction in material leaching and more stable morphology, corroborating the results
presented in section 2.3.5.1.
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Figure 2.23. XRD spectra of 99% DH PVA materials produced by DC electrospinning (left) and AC
electrospinning (right). Key: 0 h (black), 1 h (red), 4 h (green), and 8 h (blue).

2.3.5.3 Mechanical analysis

To quantify changes to the material with respect to handling properties and robustness for
clinical application, mechanical testing experiments were carried out in the form of uniaxial
tensile load testing. It is known that heat treatment can enhance crystallinity and lead to
stronger supports, which was a pattern also broadly corroborated here, especially in the
results relating to DC electrospinning (Lin et al., 2019). In the DC samples and following an
initial increase in UTS of 49.1% after 1 h of treatment (4.68 MPa to 6.98 MPa), there was a
steady reduction, dropping by 4.4% and then a further 2.8%, at 4 and 8 h respectively. This
behaviour may be associated with enhanced crosslinking, both physical (Previously indicated
by XRD results) and potentially chemical (see section 2.3.5.2), whereas a slow thermal
degradation effect, which can result in some chain scission and formation of polyenes (Yang
et al.,, 2012), would explain the reduction in UTS with increasing treatment duration.
Conversely, with increasing heat treatment duration, each DC sample’s UTS was achieved at
lower and lower strain values. Comparison of both graphs shown in Figure 2.24 indicate that
untreated supports (0 h) as well as those treated for 1 h show signs of a typical strength-
ductility trade off (Gao et al., 2020). The further reduction in ductility over the materials treated
for 4 and 8 h (not associated with increases in strength, but rather a decrease) may also be
attributed to a combined effect of reduced chain mobility through crosslinking, and an
increasing degree of chain scission, which can also explain the excessive brittle behaviour in
samples treated beyond this duration. With respect to samples produced via AC

electrospinning, changes in UTS at various heat treatment durations, do not show the same
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initial gain in material strength, but do follow the subsequent steady reduction after 4 and 8 h
of heat treatment. Statistical analysis via a two-way anova test showed that overall, production
method had a significant effect on material UTS (P < 0 .0001), whilst both production method

and heat treatment duration had significant overall effects on strain at UTS (P < 0.0001).

There are two proposed explanations for this behaviour, based on molecular and macro
structures. The XRD data produced for AC spun materials indicated a less pronounced
increase in crystallinity, when compared to those produced by DC. It is possibly therefore that
the lack of an increase in UTS after 1 h of heat treatment is due to minimal enhancement of
the crystallinity, but continued heat treatment still produced some steady degradation, which,
as with the DC samples, is attributed to chain scission. Another possible mechanism which
may explain this behaviour, or simultaneously contribute to it, could be due to the
electrospinning process itself. AC electrospinning produces bundles of much shorter fibres
which are intertwined and interconnected but not continuous, whereas DC spinning produces
continuous — theoretically infinitely long — fibres. The failure mechanism could therefore be
dictated by the inter-fibre friction and attractive forces between the collective fibres, rather than
tensile properties of fibres themselves. If true, this may therefore act as a limiting factor to
strength enhancement within materials produced by AC electrospinning. This theory would
then be coupled with the stated pattern of thermal degradation, to describe the subsequent
decrease in UTS at 4 and 8 h treatment duration. Though one or both of these factors could
contribute to the observed behaviour, more work is required to better understand the

underlying mechanism.
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Figure 2.24. Tensile performance of PVA mats produced by DC and AC electrospinning following a
range of heat treatment durations (n=3). Key: DC (grey); AC (white).
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To convey the character of each material’s behaviour, stress-strain curves for all samples are
shown in Figure 2.25. Of all the samples, only the untreated ones produced by DC spinning
exhibited a clear yield point, followed by strain softening, commonly associated with more
ductile materials (Chen and Schweizer, 2011). This sample also features an elastic region,
reaching much greater strain before its yield point. This was not observed in AC spun samples,
which further highlights the fundamental difference in the material properties arising from the
two production methods. Profiles of the heat treated samples demonstrate the tough and
strong character usually associated with plastics, along with the increasing brittleness in both

sample series, as a consequence of longer heat treatment duration.
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Figure 2.25. Stress-strain graphs of PVA mats produced by AC and DC electrospinning under tensile
load. Left column: Needleless DC samples heat treated for 0, 1, 4 and 8 h [a-d]. Right column: AC
samples heat treated for 0, 1, 4 and 8 h [e-h].
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2.3.5.4 Biological analysis

Cytotoxicity testing of the DC and AC spun membranes was carried out, to investigate the
effects of the two electrospinning methods and heat treatment durations on the
cytocompatibility of the otherwise highly biocompatible PVA (Figure 2.26). The extract method
was chosen for these tests because it is the most adopted protocol for the in vitro cytotoxicity
evaluation of medical devices, as it can be applied to a wide range of materials that may leach
toxic substances from exposed surfaces (Baek et al., 2005). The extraction time used in this
work was 24 h, which significantly exceeds the anticipated contact time (< 1 min) of the
membranes with biological fluids when in use for blood salvage. The dissolved untreated mats
had almost no effect on cell growth when compared to the fresh medium control sample, whilst
medium conditioned with all other samples resulted in an increase in cell metabolic activity
ranging between 13-17% for the needleless DC and 20-28% for the AC. Although there
seemed to be no clear trend with respect to the duration of the heat treatment, statistical
analysis suggested that both production method (P = 0.002) and heat treatment (P < 0.0001)
played a significant roll in metabolic activity. Furthermore, the results are highly reproducible
and confirm that any leachables from the potential dissolution of PVA have no cytotoxic effect
under these conditions. This is a very promising result when considering the final application
of the mats in cell-contacting medical devices, irrespective of production method and heat
treatment duration.
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Figure 2.26. Cytotoxicity of 99% DH PVA materials produced by DC and AC electrospinning following
heat treatment between 0 and 8 h, using hMSCs measured with the CCK-8 assay. Key: Fresh medium
control: black; Ethanol control: hatched; DC: grey; AC: black.
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2.4 Conclusion

The effect of additive-free stabilisation by thermal treatment of PVA nanofibers (with DH of
88% and 99%) at 180 °C was successfully demonstrated in this chapter. Although this method
has already been presented in the literature, longer durations were investigated and tested
with non-woven materials produced using different electrospinning platforms. Due to its low
productivity, the laboratory scale needle-based DC platform was employed in preliminary
experiments to help identify parameters (i.e. polymer concentration and solvent) for the
creation of bead-free nanofibers, which were then successfully transferred to needleless DC

and AC electrospinning platforms with minimal modifications.

Using a series of characterisation methods (morphological, chemical, and biological), the
extent of treatment duration on the behaviour of the non-woven supports as part of medical
devices revealed that there is a trade-off between reducing PVA solubility in aqueous
environments (and therefore preserving the highly desirable open fibrous structure) and
maintaining ease of handling and desirable mechanical performance. Both needleless DC and
AC electrospinning did not appear to impart a major change in Mw and structure, and neither
did they produce cytotoxic leachables. The AC method however, enabled the creation of much
larger diameter fibres, a characteristic that can be highly desirable in the processing of large

biological entities such as human therapeutic cells.
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Chapter 3

Cell flowthrough studies using thermally stabilised

non-functionalised PVA nanofiber membranes

3.1 Introduction

The blood loss associated with orthopaedic, cardiac, vascular, obstetrics and trauma surgeries
often exceed 20% of a patient’s estimated blood volume, and in cases of tumour surgeries,
average losses of 2,180 mL have been reported (Shulman, 2000, Chen et al., 2013, Jaramillo
et al., 2020). Despite the use of several techniques to minimize intra-operative blood loss,
there is still a requirement for ABT within modern surgical practice, with approximately 1.4
million units issued each year in the UK (NHS, 2018, NHS, 2019, NHS, 2020). While ABT is
used routinely as a life-sustaining and life-saving procedure, it is not without its own risks and
complications (Chasse et al., 2016). Leading ABT-related causes of mortality include
transfusion-related acute lung injury, haemolytic transfusion reactions, and transfusion-
associated sepsis (Vamvakas and Blajchman, 2009). Based on the above safety concerns,
as well as the increasing costs and ongoing variability of allogeneic blood supply, alternative
solutions have been explored in the form of patient blood management (PBM) programs
(Shander et al., 2013, Liumbruno et al., 2015, Sikorski et al., 2017, Frank et al., 2020). PBM
can involve several practices, including preoperative autologous blood donation, red blood cell
mass optimization, perioperative blood conservation and ICS, all of which are designed to
reduce the need for ABT and associated post-operative complications (Shander et al., 2013,
Sikorski et al., 2017, Spahn et al., 2013, Isbister, 2015, Zaw et al., 2017, Fischer et al., 2019).

ICS, or blood salvage, is a process by which the patient’s shed blood is processed during
surgery to recover and then return the red blood cells back to the patient. Most commercially
available ICS devices are based on centrifugation, with one device using filtration (Sorin
Group, 2013, Advancis Surgical, 2017, Haemonetics, 2019, Fresenius Kabi, 2020, JPAC,

2020). Whilst these separation methods can process blood quickly, they lack selectivity, and
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subsequently, their use in oncological surgeries poses safety concerns, with Kumar and co-
workers presenting data showing the inability of the existing cell salvage devices to remove
CTCs from blood (Kumar et al., 2017). These facts create apprehension amongst clinicians,
as the reinfusion of CTCs carries the risk of metastatic spread of a primary tumour and thus
failure of otherwise curative operations. CTCs are rare cells [in the order of one CTC per 10°
white blood cells and 10° red blood cells per mL of peripheral blood (Akpe et al., 2020)], and
evidence suggests that intra-operative manipulation of a tumour during surgery can
significantly increase their numbers in the blood stream (Miyazono et al., 2001, Marshall and
King, 2016). Some publications have demonstrated successful removal, destruction, or
otherwise reduction in metastatic capabilities of CTCs in salvage blood retrieved from patients
undergoing primary tumour surgery, when the ICS devices were combined with leukodepletion
filters (LDF) (Perseghin et al., 1997, Martin et al., 2005, Catling et al., 2008, Poli et al., 2008,
Rajasekaran et al., 2021), whilst Waters and co-workers reported no difference in the re-
occurrence rate of cancer between patients receiving ABT compared to those receiving
salvage blood (Waters et al., 2012). Despite this, theoretical concern still persists within the
oncological setting, with the Association of Anaesthetists recommending that the application
of blood salvage in cancer surgery should be limited to case-by-case assessment and should
require specific patient consent (Klein et al., 2018). Therefore, blood recovered by ICS is not
commonly employed in instances of primary tumour surgeries outside of life-or-death

situations.

A potential method of overcoming the safety issues associated with the processing of blood
intraoperatively, involves the development of a device which can selectively remove tumour
cells, whilst maintaining the high throughput of the existing cell salvage equipment.
Chromatography is widely considered as the solution to all high-resolution separation
problems within the bioprocessing industry and has been used routinely in this capacity since
the 1950s (Curling, 2007). Amongst the different types of chromatography, immunoaffinity is
the one with the highest specificity because it relies on antibody-antigen interaction, and has
already been employed for lymphocyte enrichment using cell surface markers, in a similar
principle to MACS (Mohr et al., 2018). Cell chromatography is still in its infancy however, with
macroporous monoliths being the preferred stationary phase due to their reduced resistance
to mass transfer (Dainiak et al., 2005, Kumar and Srivastava, 2010, Gonzalez-Gonzalez et al.,
2017). Stacked membranes are another chromatographic format also utilized with convective
flow configurations, and therefore identified as potential material for the separation of large
biological entities, such as human cells (Gagnon, 2006). There are many different materials
and configurations used for membrane chromatography supports and the reader is directed
elsewhere for further details (Orr et al., 2013).
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In this chapter, the thermally stabilised PVA nanofibers described in Chapter 2 are assessed
for their ability to let through human cells, as a first step towards the development of a
membrane chromatography platform. It is proposed that a high-throughput system, combined
with immunoaffinity chromatography, has the potential to bring ICS to oncological surgery,
with reduced risk to the patient (Figure 3.1). This work investigates the flowthrough capacity
of unfunctionalised PVA membranes with different cell types and suspensions, i.e. neural
blastoma cells as a cancer model, human erythrocytes, and sheep’s blood, and looks at the

effect of total cell number and concentration on the cell recovery.

Figure 3.1. Overview of the proposed cell salvage process. Blood is recovered from the patient during
surgery and processed to remove tumour cells based on surface markers, before being returned to the
patient. Image Copyright © 2022 Benjamin Dages.

3.2 Materials and Methods

3.2.1 Materials

FBS, RPMI-1640 with L-Glutamine for cell culture were purchased from Merck KGAA
(Darmstadt, Germany), whilst defibrinated sheep’s blood was bought from TCS Biosciences
Ltd. (Buckingham, UK). Cytiva Ficoll-Paque™ PLUS for RBC isolation was purchased from
Fisher Scientific UK Ltd. (Loughborough, UK), and phosphate-buffered saline (PBS) for
dilutions and suspensions was obtained from Scientific Laboratory Supplies Ltd. (Nottingham,
UK). SH-SY5Y Neural blastoma cell line was purchased from European Collection of

Authenticated Cell Culture (cat. no: 94030304) and modified for red fluorescence protein
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expression according to George et al. (2018). Human blood was obtained from healthy donors

pre-surgery by the Royal Orthopaedic Hospital.
3.2.2 Preparation of cell suspensions

3.2.2.1 SH-SY5Y

SH-SY5Y neural blastoma cells were seeded at 2x10* cells:cm in Corning T-75 cell culture
flasks using cell growth medium comprised of RPMI-1640 combined with 10% FBS and
cultivated at 37 °C and 5% CO: until confluent. After lifting and cell pellet preparation by
centrifugation, the cells were resuspended in PBS, counted and diluted to a target
concentration of 107 cells'-mL™" by performing cell counts carried out using a Bright-Line

haemocytometer (Sigma Aldrich, Gillingham, UK).
3.2.2.2 Dilute defibrinated sheep’s blood

Defibrinated sheep’s blood was diluted using PBS to a concentration of 8x107, ascertained by

cell counts, and then serially diluted to concentration of 4x107,2x107, and 107 cells-mL".
3.2.2.3 Human erythrocytes

Human RBCs were isolated from whole human blood samples using Ficoll-Paque™ PLUS
according to manufacturer's guidance, and serial dilutions prepared as for defibrinated

sheep’s blood.
3.2.2.4 Flowthrough experimental set up

Cell permeation experiments were carried out using 25 mm @ discs punched from 99%
hydrolysed PVA nanofiber membranes (produced by electrospinning as described in the
previous chapter) and were mounted in a Cole-Parmer™ filter holder (Figure 3.2.b). The filter
holder was mounted into a syringe pump (AL-1800, WPI, Sarasota, FL, USA) and cell
suspensions were passed through the membrane at a flow rate of 6 mL-min™', followed by
PBS wash steps under forward and reverse flow, with fractions being collected manually
throughout each experiment, with brief pauses in flow between collections. Where utilised,
accelerated wash steps were performed at 10x normal flow rate. For dilute cell suspensions,
the total membrane thickness averaged 18 pym, resulting in a total bed volume of 8.8 pL and
the collected cell fraction volume was 1 mL. Flowthrough experiments using undilute

defibrinated sheep’s blood used a membrane stack with an average cumulative thickness of
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110 um (total bed volume of 54.0 pL) and collected fraction volume of 5 mL. Cell counts were

carried out on all fractions.

Syringe pump Filter holder

+~—Flow distributor
j «—— Stacked membranes

Collection
tube

s

(a) (b)

Figure 3.2. (a): lllustrated setup of the flowthrough experiment. Flow of cell suspensions was achieved
using a syringe pump under constant flow through a filter holder containing the electrospun membranes.
Fractions were collected at the outlet of the filter holder. (b): Cross-section of the exploded filter holder
assembly including the nanofiber membrane support. Image (a) Copyright © 2022 Benjamin Dagés

3.3 Results and Discussion

3.3.1 Cell flowthrough studies using membranes produced by

needleless DC electrospinning

Initial experiments with hMSCs (also used for the cytotoxicity testing described in section
2.3.5.4) showed that under the described conditions, the cells did not penetrate the
membranes, most likely due to their large size (Average suspended diameter of 26.3 ym) and
low cell concentration used’. The method and results of these experiments can be found in
appendix C. A decision was therefore made to replace the hMSCs with SH-SY5Y neural
blastoma cells, as these cells are a better representation of some populations of CTCs in
terms of size (Mendelaar et al., 2021), and can be cultured at high concentrations (a fully
confluent T-flask contains of 10x more cells than hMSCs).

" The cell concentration used in these experiments was limited by the experimental conditions. The total
number of hMSCs harvested from the fully confluent T-flasks was still low as a cell challenge for the
flowthrough studies.
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3.3.1.1 SH-SY5Y cell suspension of fixed concentration

The flowthrough performance of 99% hydrolysed PVA membranes heat treated for 1, 4 and 8
h was compared using SH-SY5Y cells. The flow rate of cell suspensions was held constant at
6 mL-min™' during cell challenges and wash steps, with very brief pauses between each
collected fraction. This flowrate gives a superficial fluid velocity of 0.02 cm-s™, which closely
matches the flow velocities found in capillaries, therefore providing the minimum design base

for operating conditions in a clinical setting.
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Figure 3.3. Percentage of SH-SY5Y cells recovered per fraction following flowthrough experiments
using heat treated 99% DH PVA materials produced by needleless DC electrospinning. Phase i:
collected fractions representing initial cell challenge of 4 mL of suspension at 107 cells-mL-" (6
mL-min-" flow rate), followed by PBS wash. Phase ii: PBS reverse wash fraction (fraction R). Phase iii:
forward (fraction FF) and reverse (fraction FR) wash steps at 60 mL-min-', used to purge loose cells
from the system. (Phase i and ii fraction volume: 1 mL; phase iii fraction volume: 10 mL). Key: 1 h
heat treated membranes (white); 4 h (black); 8 h (grey).

Freshly harvested SH-SY5Y neural blastoma cells were suspended in PBS at a concentration
of 107 cells'-mL™", and 4 mL of this suspension was passed through the membrane, followed
by washing steps with PBS (Figure 3.3). The cells collected in each fraction are shown as a
percentage of total cells recovered. A consistent breakthrough effect was observed for all the
membranes, with most cells being recovered in fractions 2 and 3. Cells recovered in phase ii
(fraction ‘R’), suggest a small degree of caking on the filter, though cell counts indicate that
this makes up for less than 6% of all recovered cells in all three experiments. Final wash steps

at increased flow rates (phase iii) were intended to flush residual cells from the system. It
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seems that most cells (> 75%) were able to pass freely through the membranes under normal
operating conditions, despite the apparent tight packing of the nanofibers. The total combined
cell recoveries from membranes treated for 1, 4 and 8 h were 78.55%, 77.93% and 83.08%
respectively. This suggests that even after thorough flushing, the overall loss to the system is
on average 20.15%. It was however unclear if this percentage would be consistent regardless
of scale of the cell challenge, and whether it would ultimately lead to the clogging of the

membrane.
3.3.1.2 Undiluted cell suspensions of defibrinated sheep’s blood

To examine the membranes for evidence of caking, pure defibrinated sheep’s blood (a
screened mammalian blood product with coagulating components removed) was employed in
a follow up cell permeation experiment. Defibrinated sheep’s blood contains approximately
10" cells'mL"", and such large cell numbers would help highlight any caking issues. The
erythrocytes themselves have a similar morphology to human RBCs, with an average diameter
of up to 4.5 ym, compared to 7 ym for human RBCs (Ward et al., 2018, Adili et al., 2016). In
this instance, the challenge volume was 5 mL of undiluted blood, and all fractions collected
were also 5 mL in volume. The percentage of cells recovered in each fraction is based on the
number of cells in the initial feedstock and are shown in Figure 3.4 (left hand side graph).
Most cells were collected in the first two fractions (62.9%-81.7% in the first one and 7.2-8.3%
in the second), whereas all other fractions contained no more than 0.8% of the initial cell
challenge. Cumulative cell counts indicate that in total 88.4%, 92.7%, and 71.9% of cells were
accounted for, from the non-woven mats that were heat treated for 1, 4 and 8 h, respectively.
To find out if the cells seemingly lost in the system were physically trapped or non-specifically
bound to the polymeric network, a representative membrane was immersed in formaldehyde
(to fix any entrapped cells), lightly rinsed with PBS, and analysed by ESEM. The image from
the 4 h heat treated sample (Figure 3.4, right hand side) shows no sign of entrapped RBCs
or any other large entities. Although it seems possible that there could be flow restrictions
through the small pore sizes observed in the ESEM image, the sheep RBCs are clearly able
to migrate through the network. This is not surprising based on their morphology and function.
Erythrocytes can travel through 3-5 pm capillaries and 0.5-1 ym splenic sinuses during their
lifespan (Tomaiuolo, 2014, Branemark and Lindstrém, 1963), because of their ability to
undergo cellular deformation. This, combined with the added flexibility of the individual
polymeric fibres, which allows them to also deform around the cells during flow, results in the
unimpeded passage of RBCs through pores that are seemingly much smaller than the cells
themselves. Given the absence of cells observed within the membrane, the apparent loss is

considered a limitation of the traditional cell counting method, which is subject to human error
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in both dilution and counting steps — a problem which is enhanced further when handling highly

concentrated suspensions.
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Figure 3.4. Left hand side: Recovery of defibrinated sheep’s blood (left) following flowthrough
experiments through heat treated 99% DH PVA materials produced by needleless DC electrospinning.
Phase i: initial cell challenge with sheep’s blood. Phase ii: PBS forward wash. Phase iii: PBS reverse
wash. The percentage of cells unaccounted for at the end of each run is indicated in the right-hand
column as ‘Loss’ (fraction volume: 5 mL). Key: 1 h heat treated membranes (white); 4 h (black); 8 h
(grey). Right hand side: SEM image of a membrane treated for 4 h after flowthrough experiments and
cell fixing (scale bar: 10 um).

As no significant performance difference was observed between samples heat treated for
differing durations, subsequent work was focused upon the samples heat treated for 4 h. It is
proposed this material would be the most suitable for the suggested final application, as it
apparently combines the benefits of good penetration by large biological entities shown here,
along with minimising the degree of swelling in the presence of water above that seen in the
1 h treated sample, while still keeping treatment duration to a relative minimum — a factor
which should not be overlooked when considering scaling up production for a potential medical

device or material.
3.3.1.3 Dilute cell suspensions of defibrinated sheep’s blood

Having established the ability of the membranes to facilitate the flowthrough of cell
suspensions generally, the effect of the cell challenge concentration was explored by
preparing serial dilutions of defibrinated sheep’s blood, ranging from 107 to 8x107 cells-mL™".

These suspensions were applied to the 4 h heat treated membrane in largely the same manner
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as for the SH-SY5Y cell suspensions, i.e. 4 mL of suspended cells (resulting in cumulative
challenges of 32 down to 4x107 cells), followed by 3 mL of PBS wash in normal forward flow,
and 1 mL was under reverse flow conditions. The flow was paused briefly between the

collection of each 1 mL to allow for exchanging eppendorfs.

The total percentage of cells recovered across all fractions for each feedstock concentration
ranged from 49.6% to 84.7% (Figure 3.5). Though a discrepancy was observed at 4x10’
cells'-mL", there seems to be a trend in recovery which is mirrored by the concentration of
cells applied to the membrane. This can be attributed to a constant minimal loss to the system,

regardless of cell challenge concentration.
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Figure 3.5. Total sheep blood cell recovery as a percentage of total cell challenge from flowthrough
experiment with respect to cell challenge concentration after passing through 4 h heat treated 99%
DH PVA materials produced by needleless DC electrospinning.

By examining the breakthrough pattern of the recovered cells per collected fraction, it can be
seen that, at the lowest cell challenge concentration (107 cells-mL™") nearly all the recovered
cells were counted in the reverse flow fraction, whereas as cell concentration increased to
8x107 cells'mL™", the percentage of cells recovered in the reverse flow fraction reduced from
98% to 23% (Figure 3.6). This matches the behaviour observed in the undiluted tests, where
for all samples, < 2% of the recovered cells were accounted for in the reverse flow fraction.
These results suggest that in the case of sheep erythrocytes, passage of the cells through the
membrane is at least partly assisted by a physical interaction and flow of the suspended cells,
and not exclusively by the suspension fluid. Interestingly, and although this is a similar

behaviour to the SH-SY5Y cells, it is less pronounced for the equivalent cell concentrations
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(107 cells-mL™"), since in the case of SH-SY5Ys, the cells encountered in the reverse flow

fractions were < 10% of the total number of recovered cells, despite their larger size.
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Figure 3.6. Percentage of the defibrinated sheep’s bloodcells recovered per fraction following
flowthrough experiments using 4 h heat treated 99% DH PVA materials produced by needleless DC
electrospinning. Fraction 1-6 collected after 4 mL of suspension at the marked respective cell
concentrations, followed by PBS wash and a final fraction (R) under reverse flow conditions. Flow rate
of 6 mL-min-" used throughout, with 1 mL fraction volumes collected throughout, with brief 2-3 s pauses
between each fraction to allow for swapping of collecting eppendorf.
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3.3.1.4 Dilute suspensions of human erythrocytes

The intraoperative cell salvage device will be used with human blood and therefore the
performance of the PVA membranes was subsequently tested with human cell samples
Human erythrocytes were isolated from whole donor blood using Ficoll-plaque PLUS
according to the manufacturer’s protocol, prepared in serial dilutions as for the defibrinated
sheep’s blood suspensions using PBS as a diluent, and pumped through the membranes

using the same procedure as in section 3.2.2.4.

By comparison to the sheep’s blood, recovery of human erythrocytes was substantially lower,
ranging between 13.0% and 34.9% (Figure 3.7). The highest recovery was obtained when
the highest concentration of cells (8x107 cells'-mL™") passed through the membrane, whilst
there was little variance (an average of 15.1%, * 2.1%) between all other cell challenges.
These results are somewhat surprising, as human erythrocytes are larger than their sheep
counterparts (7 vs 4.5 uym respectively), but are smaller than the SH-SY5Y cells, which gave
recoveries of ~78% at concentrations of 107 cells-mL". Furthermore, human RBCs are
programmed to circulate around the body, and pass through narrow blood vessels (Tomaiuolo,
2014). A possible explanation can be offered by the unusual properties of red blood cells, such
as their tendency for rouleaux formations, where cells form stacks and aggregates, though
this is typically related to the presence of serum proteins such as fibrinogen (Wells et al., 1964,
Rampling, 1998, Flormann et al., 2017). This could both obscure the accuracy of cell counts
through formation of small stacks, but their grouping and subsequent ungrouping may also
have some negative impact on the structural integrity of the cells, resulting in loss to
haemolysis.
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Figure 3.7. Total human erythrocyte recovery as a percentage of total cell challenge from flowthrough
experiment with respect to cell challenge concentration after passing through 4 h heat treated 99%
DH PVA materials produced by needleless DC electrospinning.
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Analysis of the percentage of recovered cells per fraction, seen in Figure 3.8, shows similar
behaviours to those found with the sheep’s blood, with nearly 100% and 20% of the recovered
cells being counted in the reverse flow fraction of the lowest (107 cells-mL") and the highest

(8%107 cells'-mL") cell challenge concentrations, respectively.
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Figure 3.8. Percentage of human erythrocytes recovered per fraction following flowthrough
experiments using 4 h heat treated 99% DH PVA materials produced by needleless DC electrospinning.
Fraction 1-6 collected after 4 mL of suspension at the marked respective cell concentrations, followed
by PBS wash and a final fraction (R) under reverse flow conditions. Flow rate of 6 mL-min-' used
throughout, with 1 mL fraction volumes collected throughout, with brief 2-3 s pauses between each
fraction to allow for swapping of collecting eppendorph.
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3.3.2 Cell flowthrough studies using membranes produced by AC

electrospinning

Considering the significant drop in cell recovery for human erythrocytes when passed through
the membranes produced by needleless DC electrospinning, a series of cell chellenge
experiments were carried out with membranes produced by AC electrospinning with cell
concentrations of 1, 2, 4 and 8x107 cells'mL". In order to maintain consistency between the
membranes, the AC non-woven support was produced from 99% hydrolysed PVA and heat

treated for 4 h, and its average thickness was kept the same as the DC spun one (~18 um).

From the results presented in Figure 3.9, it can be seen that the cell recovery increased
substantially for all cell concentrations, with numbers ranging between 75.0% and 97.2%.
Unlike previous results, however, the greatest loss occurred with the highest cell concentration
(8%107 cells'mL™") with 25% of cells unaccounted for. Though there is no definitive trend, these
increased recoveries could be attributed to the looser fibre structure, as well as the bigger
pore sizes arising from the larger fibre diameters created by the AC electrospinning process,

as opposed to the sheet like materials with tightly packed fibres produced by the needleless

DC method.
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Figure 3.9. Total erythrocyte recovery as a percentage of total cell challenge from flowthrough
experiment with respect to cell challenge concentration after passing through 4 h heat treated 99%
DH PVA materials produced by AC electrospinning.

The fraction-by-fraction recovery shown in Figure 3.10 confirms an unimpeded flowthrough
pattern, with cells predominantly being collected across the first 4 fractions, and nearly no cells
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being recovered during the reverse wash step, which suggests that no caking or entrapment
of cells occurs in the membrane under forward flow conditions. This very promising result
demonstrates the significant potential benefit of using the AC electrospinning platform over
needleless DC spinning, despite existing limitation on scalability of production and lack of

maturity of technology.
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Figure 3.10. Percentage of the human erythrocytes recovered per fraction following flowthrough
experiments using 4 h heat treated 99% DH PVA materials produced by AC electrospinning. Fraction
1-6 collected after 4 mL of suspension at the marked respective cell concentrations, followed by PBS
wash and a final fraction (R) under reverse flow conditions. Flow rate of 6 mL-min-" used throughout,
with 1 mL fraction volumes collected throughout, with brief 2-3 s pauses between each fraction to allow
for swapping of collecting eppendorph.
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3.4 Conclusion

Flowthrough of cells through thermally stabilised nanofibrous PVA materials produced by DC
electrospinning showed potential for the processing of large biological molecules. Cell size,
type, concentration and total number had a substantial influence on final recoveries, although
in all cases it was not possible to recover 100% of the cells that passed through the
membranes. This could be caused by the experimental set up (e.g., filter holder, pump, etc.),
cell counting method (manual instead of automatic) and in the case of erythrocytes, potential
haemolysis. Human RBCs produced some unexpected results when processed through the
small diameter, tightly packed DC electrospun membranes and further work is needed to
improve their performance in a blood salvage context. Despite the limitations discussed in
Chapter 2 with respect to scalability of production and maturity of the technology, AC
electrospinning demonstrated great promise for processing human erythrocytes, as it was able
to outperform its needleless DC counterpart significantly. Though no stated target recovery is
given for existing blood salvage platforms or rules governing them, higher recovery
percentages are of course preferrable. This finding emphasises the potential of the AC
platform and merits further research into materials produced by this method as cell processing
membranes, especially when considered in the context of high-throughput situations, such as

the proposed blood salvage application.
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Chapter 4

Validation of flow behaviour through nanofibrous

networks, and device design and prototyping

4.1 Introduction

Flow modelling using digital tools, such as discrete element modelling (DEM) and CFD, has
been used either in isolation or coupled together to understand flow behaviours through
packed beds (Zhao et al., 2012). Software, such as Structure Vision’s DigiDEM suite, features
tools employed for modelling flow in particle bed systems and simulating packed beds for
porosity analysis (Caulkin et al., 2009, Fernengel et al., 2018), with results having been
reported to be comparable to experimental data (Caulkin et al., 2008). The DigiDEM software
in particular, has also been used to model flow through irregular beds (generated based on X-
ray tomography), and could therefore be expanded to modelling flow through other non-
traditional bed geometries, such as nanofibers (Menon et al., 2011). By rendering the
nanofibrous bed as a digital volume, the modelled flow behaviour can be examined, in order
to assess the likelihood of issues such as stagnation and flow channelling within the simulated

3D structure.

As well as the aforementioned flow simulations, consideration has also been given to the need
for a housing of the nanofibrous membranes, with scales ranging from the bench top device
used in Chapter 3, to a set-up capable of handling throughputs similar to those found in blood
salvage (i.e. ~100 mL-min"' or more). LDF are designed to reduce the presence of white blood
cells and improve transfusion related complications. These LDF are routinely coupled with
blood salvage devices during cancer surgeries, where prior consent has been agreed by

patients (Klein et al., 2018), and can therefore be used as the design basis for device housing.

Additive manufacturing is the process of creating a solid three-dimensional object by building
it one layer at a time and is commonly known as 3D printing (Molitch-Hou et al., 2018).

Computer aided design (CAD) is routinely used along with 3D printing, for both production and
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prototyping in a wide range of biomedical engineering applications, including manufacturing
of medical prostheses, producing physical models for surgical planning and visualisation, and
creating TE substrates (Lai et al., 2021). The greatest strength of additive manufacture
techniques is their ability to quickly and cost-effectively generate singular bespoke parts (e.g.,
patient specific prosthetics), and enable the easy production of improved replacements. Even
for small-to-moderate batch production, 3D printing can be economically viable due to reduced
costs of tooling compared to processes such as injection moulding. Common forms of 3D
printing use several different mechanisms, including fused deposition modelling (FDM),
selective laser sintering (SLS), and stereolithography (SLA) (Shahrubudin et al., 2019). Of
these, FDM and SLS both produce materials which are porous, without the requirement for

additional post-processing, whilst SLA creates non-porous materials.

This chapter contains some preliminary work on the understanding of the flow within a
prospective blood salvage device based on electrospun PVA membranes, through CFD
modelling using the DigiDEM software suite. Furthermore, CAD is employed to provide an
initial look at potential geometries for a device housing for the nanofibrous membranes and

produce simple prototypes using SLA 3D printing.

4.2 Materials and Methods

4.2.1 Materials

Clear resin, white resin, and Tough 1500 resin for the 3D printing of the prototype filter holders

were purchased from FormLabs (Sommerville, MA, USA).
4.2.2 DigiDEM - Investigation of flow through nanofibrous supports

4.2.2.1 Generating pseudo-3D nanofibrous membranes

2D bitmap traces (dimensions: 400x400 pixels) were generated manually from the SEM
images of nanofibers produced by needleless DC and AC electrospinning using Microsoft
Paint 3D (version 6.1907.29027). The fibre diameter histograms from Chapter 2 (Figure 2.12)
were used to mimic the ratio of diameters in the trace, i.e. for needleless DC traces 60 nm =
1 pixel, and for AC traces 100 nm = 1 pixel, thereby factoring in the relative fibre diameter

frequencies into each trace, with a total of 100 fibres drawn per trace. This trace was then
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used to generate an extruded membrane volume of a pseudo-3D nanofiber sheet using

DigiUtility, with the extruded height set to 10 pixels’.
4.2.2.2 Generation of the packed bed

Once the membrane volumes were produced, they were imported into DigiPac and used to
generate the starting structure using the ‘rain’ setting, allowing the individual volumes to be
spawned at the top surface of the bed domain (dimensions: 500x500x500 pixels) in random
locations across the bed to randomise the orientation and overlay of the materials. One volume
was dropped every 10 steps for 100 volumes, followed by 100 steps of windup to allow for

final settling and packing of the bed, totalling 1100 steps.

A core with dimensions 300x300%x200 pixels was exported from DigiPac, and DigiDEM was
used to embed this core into a solid external structure with dimensions 304x304%200 pixels,

in order to generate the final bed for the simulation.
4.2.2.3 Flow simulation

DigiFlow operates based on a Lattice-Boltzmann Model (LBM) for flow simulation, and does
not use physical units, so therefore some conversion is required. Flow velocities were given
to be 0.025 cm-s” with kinematic viscosity of blood considered to be 2.65x10%¢ m?2-s”
(AntonPaarGmbH, 2023). Using the parity of Reynolds number in LBM and physical units, the
relaxation value for the model was calculated to be 0.500016, applying a characteristic length
of 103, Due to performance limitation in the software, initial flow velocity in the z-direction was
set by assigning a body force (rather than velocity) of 10 (LBM). Simulations were run for
3500 iterations, the maximum possible on the existing hardware, which was adequate time for

the flow velocity to largely plateau (Appendix D).
4.2.3 Device design and prototyping
Device design iterations were created using SolidWorks 2021 (Dassault Systemes SE, Vélizy-

Villacoublay, France). These designs were 3D printed from three different resins using a
Formlabs 3BL (Sommerville, MA, USA).

" This was selected with the purpose of rendering sheets from the trace where the ‘fibres’ are of
approximately equal in depth and width, albeit with a cuboid cross-section, rather than cylindrical.
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4.3 Results and Discussion

Formation of the fibrous bed was achieved by first creating a 2D trace based on SEMs of
nanofibrous materials. The trace was then used to form an extruded volume, producing what
was considered a pseudo-3D object, as shown in Figure 4.1. This is referred to as pseudo-
3D as the ‘fibres’ which are modelled by the extrusion process do not have a cylindrical
geometry, but rather have a cuboid cross-section. This limitation is unfortunately unavoidable
within DigiDEM and will have an impact on the void space value calculated by the software

and potentially on some of the flow characteristics in the simulation.
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Figure 4.1. 2D bn‘map traces of nanofibers produced by needleless DC and AC electrospinning and
their corresponding extruded volumes.

A large, stacked tower of fibres’ was subsequently created by randomly dropping the volumes
within a slightly oversized bed (Figure 4.2). This prevented the direct overlay of fibres above
each other in the same orientations as, and although particle collision is enabled within the
software to facilitate rotation, it was not possible to randomise the rotation of the volume at the

point it was spawned at the top layer of the volume. Each volume was therefore able to sit
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upon the last with some random degree of offset in the x and y directions, but the lack of
rotation was accepted as another limitation of the software and simulation. The core taken
from this stack was encapsulated within an external solid volume to drive flow through the
central core, producing the final packed object seen on the right in Figure 4.2, which acted as

the stationary phase for the simulation.

Initial stack Extracted core Final packed bed

Figure 4.2. Stacks of extruded volumes produced from traces of needleless DC and AC electrospinning
(left hand side), an extracted core of the initial stack (middle), and the final packed bed with the core
encapsulated within a solid structure (right hand side).

Needleless DC

AC

At this point, the software offered a calculated porosity of 46.2% for the needleless DC
samples, and 47.7% for the AC samples. This is in stark contrast with the measured porosities
of the two samples (using the bulk density of the membranes and the density of PVA calculated
as per Enayati et al., 2018b) which were found to be 84.9% and 94.2%, respectively. This can
be attributed to the fact that the value produced by the software is for the total bed, and
therefore is factoring in the structure encasing the core bed. Given the relative dimensions of
300x300%200 pixels for the core, and 304x304x200 pixels for the total bed, the maximum
available void space in the core can be calculated to be 76.5%. Normalising for the given
porosity against this, produces values of 60.4% and 62.4% for DC and AC samples
respectively. The accuracy of these numbers was further improved by adjusting for the cross-
section geometry of the fibres (and therefore volume) by a factor of 0.785 (the ratio of the area

of a circle to the area of a square of equivalent diameter), resulting in a final adjusted volume
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produced by the software of 68.9% for DC spun samples and 70.4% for AC spun samples.
Although these values still fall substantially short of the measured porosity and could
contribute to possible differences between real and simulated flow, it was considered
beneficial to examine the flow through the materials, as it can nevertheless provide some

insight into potential channelling and enable relative comparisons of flow behaviour between
samples.

4.3.1 Flow simulation
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Figure 4.3. Heat graphs indicating flow within the packed bed based on needleless DC electrospun
nanofibers. Slices through Z-axis (top) taken at depths of 50, 100, 150, and 200 pixels. Slices through
X-axis (bottom) taken at depths of 75, 150, 225 and 300 pixels.

Analysis of the flow through the final packed bed based on needless DC fibres is shown in
Figure 4.3, with several cross-sections corresponding to different bed depths. Broadly
speaking, flow rates were distributed uniformly throughout the interstitial space, and though
small spots of high flow rates can be identified, these did not represent significant areas of
channelling with adjacent areas of dead flow, and flow speeds tended to occupy the middle
range of velocities in the heat map.
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Figure 4.4. Heat graphs indicating flow within the packed bed based on AC electrospun nanofibers.
Slices through Z-axis (top) taken at depths of 50, 100, 150, and 200 pixels. Slices through X-axis
(bottom) taken at depths of 75, 150, 225 and 300 pixels.

Similar results were found for the simulation of AC spun materials (Figure 4.4), though it was
observed that the traces corresponding to clusters of fibres, led to a slight reduction in flow
velocities, resulting in something slightly more reminiscent of channelling behaviour, albeit not
substantial. This can also be considered as a limitation of the software and not necessarily
representative of a real flow situation, based on the inability to rotate each extruded volume,
which could result in areas of higher fibre density having greater overlap of ‘fibres’ in the
simulation, and thus reducing flow. This issue could potentially be resolved and lead to
improved simulation, by increasing the size of the trace, and the size of the bed used to
generate the packed core, but unfortunately it would require substantially more powerful
hardware, which was not available at the time of this work.

4.3.2 Device design

Having explored the flow behaviour via modelling of the nanofibrous membranes, some
preliminary device design was attempted. 3D printing was utilised due to its flexibility to create
bespoke design and prototype production. This provides great benefits for design iteration,
specifically when using the SLA printing technique because of its high resolution and ability to

produce non-porous materials.

The filter holder employed in Chapter 3 (shown in Figure 4.5) had a very small bed capacity,
designed for use within the <1 mm thickness range, depending on the material. While this is
adequate for laboratory testing, any cell processing application where throughput is important
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— such as blood salvage or small-scale bioprocessing — demands for higher flow capacity, as

well as greater bed volume.

Figure 4.5. Filter holder from Cole Parmer used for the flowthrough experiments in Chapter 3.

An LDF, commonly used in conjunction with intraoperative cell salvage, formed the basis of
the design for the bed volume. Deconstruction of a LDF and measurement of the internal
dimensions revealed that the filter material occupied a volume of approximately 5 mL. As the
first step of the redesign of the filter holder, the diameter was changed (between 20 mm and
70 mm) while holding the bed volume constant, thereby allowing the bed height to vary
accordingly. Figure 4.6 shows the potential approximate geometries which would be produced
(calculated bed depth of the narrowest design is ~4.0 mm, Figure 4.6.a, and the widest being
~0.3 mm, Figure 4.6.f). Theoretically, if flow is uniform, each design will result in equal bed
contact time but offer different benefits and constraints, especially at the extremes of the
geometries. Some theoretical issues proposed include greater difficulty in achieving good flow
distribution for the wider diameter designs, whilst narrower diameter models could experience
higher pressure drops when passing through a thicker bed of nanofibers. However, and
without some form of validation, it is difficult to make a conclusive statement about which
dimensions will produce the most optimal design. Though physical testing was outside of the
scope of this work, this highlights a key benefit of additive manufacture, as prototypes for each
size can be produced easily without the high tooling cost associated with methods such as

injection moulding.
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Figure 4.6. CAD generated sample models of filter holders with 5 mL fixed bed volume and varying
diameters: (a) 20 mm, (b) 30 mm, (c) 40 mm, (d) 50 mm, (e) 60 mm, (f) 70 mm.

In order to proceed with this first attempt to create a prototype device, the 40 mm diameter
filter holder was chosen for additional design considerations. The flow distribution is crucial to
minimise channelling of liquids, and therefore the next step involved the production of some
provisional flow distributor designs so that the printed prototype assembly can somewhat
resemble a complete product. These place-holder designs are shown in Figure 4.7, though it
is likely that much higher resolution design will be necessary, along with validation via CFD

and empirical testing.

Figure 4.7. Provisional flow distributor designs, featuring off-set concentric cuts (left hand side) and
circular cut-outs (right hand side).
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First design iterations of the whole device using SolidWorks are presented in Figure 4.8. The
assembly seen in Figure 4.8.a features a sandwich design, with the intention of encapsulating
the filter holder within two flow distributors. This is based on the premise that the central filter
unit could be produced and packed as single units, which can then be incorporated and
exchanged within the device, reducing the need for disposal of the housing between filter
changes after prolonged use. Though this approach could reduce waste, it is not strictly
practical, as the risk of contamination within an otherwise sterile setting would be high. This is
especially the case for blood salvage within an operating theatre, not to mention that the

exchange the internal components would be extremely messy and could introduce additional

biohazards.

Figure 4.8. Initial design concepts and iterations for the 3D printed filter holder, created using
SolidWorks.

Figure 4.8.b demonstrates an alternative iteration, without a separate internal assembly. This
design supports the filter material upon the lower struts within the bed of the device, while the
flow distributor is held in place, sandwiching the filter, by the upper section once screwed into
place. This design introduced the O-rings required to ensure watertight seals at key locations
to prevent leakage but lacked certain ergonomic benefits as it may be difficult to screw tight

without clear points of purchase on the upper assembly component. The final and most recent
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design iteration is depicted by Figure 4.8.c. This model has additional texturing and smoothing
which should allow for improved handling properties and includes the addition of material
supports at the base. Figure 4.9 (left and middle) shows this design with the fewer support
struts printed by SLA printing using FormLabs white and clear resins as sample materials,
produced from materials which were readily available for print at short notice. The product
shown on the right-hand side of Figure 4.9, has an increased number of support struts at the
base and printed from Tough 1500 resin - a biocompatible resin certified for long term skin
contact, though its safety for short term blood contact is not assured and further testing of this

would be required.

Figure 4.9. 3D printed prototypes of the third design iteration produced by SLA printing, produced using
FormLabs White Resin (left hand side), Clear Resin (middle), and Tough 1500 Resin (right hand side).

Considering the potential scale of production required for national or international supply as a
blood salvage filter, 3D printing may not be the most suitable platform for production compared
to injection moulding. However, during preliminary research, these designs and the associated
production method will likely be very valuable from design prototyping all the way up to clinical

trials.

4.4 Conclusion

Although DigiDEM enabled the digital reproduction of the packed fibre bed, discrepancies in
3D geometry, calculated porosity, and inability to properly randomise the orientation of the
layers, left room for uncertainty as to how well these models match the real-world stationary
phase of stacked non-woven membranes. Flow simulation suggested that there is no
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substantial channelling or stagnation within the column, though some aspects of the simulation

could likely be improved in future with access to greater computational power.

Through first stage designs, it was demonstrated that modelling and 3D printing can form a
design basis for further development and exploration of the filter housing device. Undoubtedly
this work is still in its infancy and further development, especially of flow distributors, is needed.
This will include, exploring potential geometries, testing their performance in the laboratory,

and validating appropriate biocompatible resins for SLA printing.
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Chapter 5

Poly(vinyl alcohol) non-woven mats for tissue

engineering applications

5.1 Introduction

TE is a field of research which combines the ingenuity and problem solving of engineering with
the fields of medicine and biology, to develop substitute technologies and methods capable of
maintaining, restoring, and enhancing tissue function, beyond what has been historically
possible through more traditional or natural means. Commonly, TE utilises regenerative cell
treatments (scaffold-free methods), and advanced biomaterials (scaffold-based methods), to
enhance tissue recovery around a targeted defect site (Bakhshandeh et al., 2017). The
materials developed for scaffold-based TE span a broad range or production methods,
including solvent casting, 3D printing, freeze drying and electrospinning, to name a few
(Rahmati et al.,, 2021, Pina et al.,, 2019). These can produce quite distinct material
morphologies with differing properties, and while some properties, such as biocompatibility
and capacity for diffusion of nutrients, are typically a ubiquitous requirement for all TE
materials, others, such as mechanical strength and capacity for drug loading, can vary

depending on application.

Among the many manufacturing techniques used, electrospinning has been explored
extensively in TE, as it is simple, can easily produce nanofibers with tuneable sizes, and has
the ability to control fibre orientation, with a high degree of reproducibility (Rahmati et al., 2021,
Tan and Zhou, 2020, Bigdeli et al., 2013). The final fibrous morphology can frequently mimic
the ECM, and therefore offers a good substrate for cell proliferation, while the highly
interconnected pores allow for easy diffusion of nutrients. Fibres for TE have been produced
from a range of materials, with some common examples including collagen, PCL, PLA, SF,
and PVA (Lannutti et al., 2007, Tan and Zhou, 2020, Teixeira et al., 2020). Among others,

PVA is highly desirable for biomedical applications, including bone, skin, vascular, and corneal
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TE, as it is biocompatible, biodegradable and water soluble, and has good mechanical

properties (Teixeira et al., 2020).

As a water-soluble polymer, PVA is highly hydrophilic which can be desirable for TE, however,
depending upon the degree of hydrolysis and the Mw, the rate of dissolution can vary
significantly. PVA nanofibers are routinely combined with chemical crosslinkers, such as GA
or glyoxal, to further alter water solubility, but these chemicals are typically toxic, and the
presence of any residual crosslinker may become problematic (Diez et al., 2022, Vashisth and
Pruthi, 2016).

During TE applications, it can be highly desirable to match the rate of material degradation to
the rate of healing, so the advantages of selecting PVA with a high degree of hydrolysis, which
will prevent rapid dissolution of the fibres, are apparent. Furthermore, samples prepared in the
absence of toxic crosslinkers are preferable, in order to minimise potential cytotoxic effects.
Herein, we seek to apply the heat treatment conditions explored in Chapter 2 to two highly
hydrolysed species of PVA nanofibers, namely 98% and 99%, and consider the
physicochemical implications of the process in the context of TE. Material biocompatibility and
haemocompatibility are also tested post heat treatment, to assess their potential use in vivo,
as alternative ‘greener’ TE supports and delivery vehicles suitable for non-temperature

sensitive species or substances.

5.2 Materials and Methods

5.2.1 Materials

PVA ‘Mowiol 20-98 (98% hydrolysed, 125,000 Mw), PVA ‘Mowiol 28-99’ (99% hydrolysed,
145,000 Mw), and phosphate buffered saline (PBS, pH 7.4) were purchased from Sigma-
Aldrich (Missouri, USA). Ethanol (299.8%) and GA (50%) were obtained from Fisher Scientific
(Zurich, Switzerland). Composol PS solution for preservation of thrombocytes on thrombocyte
rich solution (TRS) exposed samples was acquired from Fresenius Kabi (Bad Homburg,
Germany). Mouse fibroblasts (3T3) for biocompatibility testing were purchased from ATCC
(Virginia, USA) and cultured using DMEM, with 10% FBS, and Glutamine supplied by Biosera
(Nuaillé, France) and Penicillin-Streptomycin-Amphotericin B antibiotic mixture supplied by
Lonza (Basel, Switzerland), with the assay carried out using CCK-8 was bought from Abcam
(Cambridge, UK). Samples were sterilised using an Anprolene AN74i Ethylene-oxide cabinet
(Anderson Sterilizers, North Caroline, USA). Human blood was collected from healthy patients
W. J. A. Homer, PhD Thesis, Aston University, 2023 105



Chapter 5. Tissue engineering

in vacutainers containing 0.129 M sodium citrate obtained from BD (New Jersey, USA). All
chemicals were of analytical grade (unless otherwise stated) and used without further

purification.
5.2.2 Production and stabilisation of electrospun materials

Materials were produced using needleless DC electrospinning from solutions of 98% and 99%
hydrolysed PVA as described in section 2.2.2.2.2. Briefly, 98% and 99% solutions were
dissolved in 9:1 (w/w%) DI water to ethanol solvent at polymer concentrations of 10% and 8%
respectively, and similarly subjected to heat treatments as per section 2.2.2.3, with samples
being treated for 0, 1, 4, 8 and 16 h at 180 °C in a forced convection drying oven (SciQuip

Oven-80 HT; Newtown, UK), before being allowed to cool at room temperature.
5.2.3 Analytical methods

5.2.3.1 Scanning electron microscopy

As per section 2.2.3.1, SEM was used to examine the morphology of samples and measure
the effect of heat treatment on fibre diameters. Samples were prepared for analysis by sputter-
coating with gold using a Quorum (Q150R ES) sputter coater and then imaged using a Tescan
Vega3 SB Easy Probe (Tescan, Brno, Czech Republic). Images were again analysed using
ImagedJ 1.52a software (NIH, USA).

5.2.3.2 Fourier transform-infrared spectroscopy

FT-IR was used as per section 2.2.3.2 using a Frontier Spectrometer (PerkinElmer Ltd.,
Waltham, MA, USA) combined with an ATR accessory (GladiATR; Pike Technologies,
Madison, WI, USA), using a scan range from 4000 cm™ to 700 cm™ at a resolution of 4 cm™’

for a total of 16 scans per measurement.
5.2.3.3 X-ray diffraction

Material crystallinity was evaluated as in section 2.2.3.7 using XRD on a Bruker D8 Advance
diffractometer, equipped with a LynxeyePSD detector (Bruker, Billerica, MA, USA) and with
Cu Kq1,2 radiation (40 kV and 40 mA), 0.02 mm Ni Kg absorber, 5-50° 26 range, a step scan
of 0.02° with a sample rotation speed of 30 RPM. The degree of crystallinity was calculated

using equation 2 (Originally found in section 2.2.3.7, but is restated below for convenience),
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where a is the degree of crystallinity, Icis the sum of the intensity under the crystalline peaks,

and |, is the sum of the intensity under the amorphous sections of the spectra.

Ic

a (%) = 7 *100 (Eq.2)

c Ia
5.2.3.4 Tensile testing

The mechanical properties of the mats were recorded using the same method as in section
2.2.3.8 by means of uniaxial tensile tests using an Instron 5965 (Instron, High Wycombe,
Buckinghamshire, UK), equipped with a 50 N load cell, moving at a rate of 10 mm-min™.
Samples were prepared using a punch tool in a dumbbell shape (21 uym average thickness,
n=3) and continuously loaded until failure (defined as a 50% reduction from peak force).
Stress-strain curves were obtained and mean averages of the UTS, and strain at UTS were

calculated.
5.2.3.5 Contact angle testing and film preparation

Contact angle testing was performed to examine changes to the hydrophilicity of the material,
as a result of the duration of thermal treatment. Due to limitations of wicking behaviour with
electrospun samples, 15 mm diameter disc films were prepared by filling a silicon mould with
the same solutions used in the electrospinning process, and the moulds were left to form in a
drying cabinet maintained at 25 °C for 2 days until they solidified. These films were then
subjected to the same treatment durations of 1, 4, 8 and 16 h at 180 °C as the electrospun
non-woven mats. Contact angle testing was performed using an Attension Theta Flux to carry
out sessile drop testing and analysed using OneAttension software (Biolin Scientific,
Gothenburg, Sweden). The liquid used was DI water, with a droplet volume of 5 uL and

recording duration of 10 s following liquid-sample contact.
5.2.3.6 Biocompatibility testing

Samples were prepared as 13 mm diameter discs to match dimensions of the base of 24-well
plates and sterilized by ethylene-oxide treatment in an Anprolene AN74i cabinet (Anderson
Sterilizers, North Caroline, USA). Discs were then places in the base of the well plates and
held in place with cylindrical glass culture inserts to weight down the materials, and then
seeded with 10* 3T3 murine fibroblasts per well at day 0. Plates were incubated at 37 °C in
the presence of 5% CO,, and CCK-8 assays were carried out at days 1, 3 and 7. Cell culture
media was composed of DMEM with the addition of 10% FBS, 1% glutamine and 1% antibiotic
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(Penicillin-Streptomycin-Amphotericin B). For each time point measured, media from each
well was aspirated and exchanged with 500 pL of complete media containing 10% CCK-8,
which was then incubated for 3 h, before final absorbance values were measured at 450 nm
using a BioTek Synergy HTX (Agilent Technologies, Inc., Santa Clara, CA, USA) (n=4). After
the final time point at day 7, cells were fixed with 2.5% GA solution in PBS for 30 min at 4 °C
and imaged using SEM.

5.2.3.7 Haemocompatibility — Collection and preparation of blood product

solutions

Preparation of blood products for haemocompatibility testing was carried out according to
(Horakova et al., 2018). Routinely, whole blood for haemolysis assays was collected from
healthy donors in 4 mL BD vacutainers containing 0.129 M sodium citrate and then diluted
with 5 mL PBS. Platelet poor plasma (PPP) was prepared for coagulation testing by
centrifugation of 12 mL of whole blood (collected in three BD vacutainers containing 0.129 M
sodium citrate) at 1500 g for 15 min. TRS for thrombogenicity testing was prepared by
combining buffy coats collected from 4 blood donors after centrifugation using a

deleucocytation filter (CompoStop Flex 3F T&B, Fresenius Kabi).
5.2.3.8 Thrombogenicity

Thrombogenicity was tested by incubating the materials at 37 °C in the presence of TRS for 2
h and subsequently analysing each material using CCK-8 assay and SEM imaging.
Nanofibrous mats were sterilized using ethylene-oxide, prepared in 6 mm discs, and placed
in the wells of a 96 well plate. TRS (200 uL) containing approximately 7.85x10° thrombocytes,
was placed in each well, and after 2 h of incubation, the TRS was aspirated, and the samples
were washed twice with PBS. Materials for SEM analysis were fixed using 2.5% GA in PBS
solution for 30 min at 4 °C, followed by rinsing with a series of graded ethanol solutions (60-
100%). For thrombocyte viability testing, the materials were incubated for a further 4 days in
Composol PS solution, before exchanging the culture solution for fresh Composol PS
containing 10% CCK-8 for 3 h. Final absorbance values were measured at 450 nm using a

Spark multimode microplate reader (Tecan, Mannedorf, Switzerland) (n=10).
5.2.3.9 Coagulation

The clotting time of PPP was measured after incubation with all electrospun materials, to
determine the prothrombin time (PT) and activated partial thromboplastin time (APTT).

Samples were prepared as 1 cm? square swatches, placed in test tubes and combined with
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300 yL PPP. For a negative control, PPP was incubated in the absence of any materials. Test
tubes were incubated for 45 min at 37 °C before samples were removed from solution. Clotting
time was measured using an automatic BCS XP analyser (Siemens, Munich, Germany)

according to the manufacturer's instructions (n=5).
5.2.3.10 Haemolysis

As for coagulation experiments, 1 cm? swatches were prepared from nanofibrous membranes
which were then added to test tubes containing 10 mL of PBS. Negative and positive control
tubes contained 10 mL of PBS and distilled water, respectively, in the absence of any
materials. All samples were incubated at 37 °C for 30 min, prior to dosing with 200 uL of
anticoagulated dilute whole blood prepared earlier, and incubation for a further 60 min. The
tubes were then centrifuged at 100 g for 5 min, the supernatant was aspirated from the
container into well plates, and the absorbance was measured at 570 nm using a Spark
multimode microplate reader (Tecan, Mannedorf, Switzerland) (n=5, 2 measurements per

sample).

5.3 Results and Discussion

Nanofibrous non-woven supports were produced by needleless DC electrospinning using 98%
and 99% hydrolysed PVA and thermally stabilised for up to 16 h at 180 °C. The supports were
then compared to assess the effect of degree of hydrolysis and heat treatment duration on
their potential use as biomaterials in TE applications. First, the samples were evaluated based
on their morphological, physicochemical, and mechanical properties in a similar manner to
that described in Chapter 2, before investigating their biocompatible and haemocompatible

properties, which are essential for TE materials.

5.3.1 Morphological comparison of nanofibers produced from 98% and
99% hydrolysed PVA

Morphological comparison was carried by imaging of the materials using SEM, to confirm that
largely defect-free fibres are generated by the process. Based on the findings in Chapter 2, it
was expected that neither the degree hydrolysis nor the duration of heat treatment should
have any negative affect on fibre morphology and/or diameter. Figure 5.1 shows SEM images
of 98% and 99% hydrolysed PVA side-by-side for the respective heat treatment durations. It
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is apparent that, when untreated, both materials present highly fibrous structures with few

defects, which remains unchanged following heat treatment.

16 h

=5

Figure 5.1. SEM images of 98% and 99% hydrolysed electrospun PVA following at O, 1, 4, 8, 16 h of
heat treatment at 180 °C. Scale bar: 10 um.
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Fibre diameters were subsequently measured (n=100) and histograms of this data are

presented in Figure 5.2. For untreated samples, the average fibre diameter for 98%

hydrolysed PVA samples was 399 nm, compared to 285 nm for the 99% hydrolysed sample.

The average fibre diameter for 98% hydrolysed PVA across all heat treated samples

measured was 406 nm, ranging from 383 nm (4 h) to 434 nm (8 h), whilst the average

diameters for 99% samples was 291 nm, ranging from 285 nm (0 h) to 300 nm (1 h). While

small differences do appear in average fibre diameter, the variance found here was small and

suggests heat treatment may have only a limited effect on altering the morphology of the

fibres. As well as demonstrating higher average fibre diameters, for all samples imaged, the

range of fibre diameter distribution was greater for 98% hydrolysed PVA. In literature, the

fibrous structure of electrospun materials (particularly when fibres are in the nanoscale) has

been considered to mimic ECM and enhance cell proliferation in vitro (Cui et al., 2010, Lee

and Arinzeh, 2011, Lin et al., 2020). This suggests that, based on morphology, all tested

materials show promise for TE applications, particularly those produced from 99% DH PVA.
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Figure 5.2. Histograms of fibre diameters for 98% and 99% DH PVA needleless electrospun mats heat
treated for 0-16 h.

W. J. A. Homer, PhD Thesis, Aston University, 2023

111



Chapter 5. Tissue engineering

5.3.2 Physicochemical comparison of nanofibers produced from 98%
and 99% hydrolysed PVA

5.3.2.1 Fourier transform infrared spectroscopy

The key characteristic peaks of the FT-IR spectra of PVA were described in detail previously

(Chapter 2), and Table 5.1 briefly reiterates these key features.

Table 5.1. Summary recap of peaks identified in chapter 2 commonly associated with FT-IR spectrum
of PVA.

Peak absorption (cm™') Group Otherwise associated with
3000-3500 O-H stretching

2900-2950 C-H stretching

1710-1750 C=0 stretching

1600-1650 C=C stretching

1410 C-H vibration

1330 C-O vibration

1140 C-0 stretching Crystalline phase of PVA
1096 O-H bending Amorphous phase of PVA

Given the small difference of only 1% residual acetate groups between the hydrolysis
percentage of the PVA samples, it was not anticipated that there would be any significant
differences between untreated nanofibrous samples, which was confirmed by the 0 h spectra
in Figure 5.3. Once again, heat treated samples of all durations produced increases in the
absorption of the 1140 cm™ peak, attributed to a combination of C-O stretching, due to both
increases in crystallinity and in prevalence of C-O-C bonds. This signal, along with the broad
O-H signal at 3270 cm™, see a slight reduction in absorbance in the samples treated for 16 h,
which could be associated with reduced crystallinity (discussed further in the following XRD
section). As described previously, as heat treatment progresses, the increase in peaks at 1600
and 1700 cm™ is most likely attributed to C=C and C=0 bonds respectively, due to potential
thermolysis (Meszlényi and Kortvélyessy, 1999, Yang et al., 2012). Further bio- and
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haemocompatibility testing can indicate to what degree this degradation is tolerated in a TE

context and is discussed in later sections.
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Figure 5.3. FT-IR Spectra of two sample series of 98% (left) and 99% (right) DH PVA produced by
needleless electrospinning with heat treatment time points indicated on the offset spectra.

5.3.2.2 X-ray diffraction

All samples were analysed using XRD to compare their crystallinity, both in terms of
differences between species of PVA, as well as arising from heat treatment duration. The
monoclinic unit cell reflections shown at (101) and (200) suggest an increase in polymer chain
ordering for samples treated for 1, 4 and 8 h in both species, followed by a sharp reduction at
16 h (Tretinnikov and Zagorskaya, 2012, Tang et al., 2015). Using the equation 2 again bears
out this observation numerically, and as it can be seen in Table 5.2, crystallinity fell from 26.8%
to 19.5% for 98% DH samples, and from 57.0% to 19.5% for 99% DH samples. This pattern
approximately matches the one found earlier in 2.3.5.2 for like-for-like materials and extends
it slightly with the 16 h treated materials. The samples produced from 99% DH PVA are
consistently more crystalline than their 98% DH counterparts, and although this is not
surprising, based on the reduction in steric effect produced by halving the residual acetate
groups, it was more pronounced than expected. A possible explanation could be the limitation
of applying this equation to materials, such as those made from polymers, which have only
partial ordering but also are relatively thin in nature. This may well result in baseline signals

(i.e. the area under the amorphous region of the spectra, 1s) which is not strictly reliable.
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Nevertheless, it may still be used cautiously, as a tool for relative comparison within a set of

data, such as the heat treatment series presented here, to indicate the increase and

subsequent decrease in crystallinity within each series separately.
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Figure 5.4. XRD spectra of 98% (left) and 99% (right) DH PVA materials produced by DC
electrospinning. Key: 0 h (light blue); 1 h (orange); 4 h (grey); 8 h (yellow),; 16 h (dark blue).

Table 5.2. Crystallinity of nanofibrous samples after heat treatment calculated from XRD data.

Heat treatment duration Crystallinity
(h) 98% DH PVA 99% DH PVA
0 19.9 39.0
1 29.2 53.4
4 31.1 53.6
8 26.8 57.0
16 19.5 19.5

5.3.2.3 Tensile testing

Tensile load testing was carried out to assess the UTS and displacement at UTS of the

nanofiber mats following heat treatment, and compare samples produced from PVA with
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differing DH (Figure 5.5"). Samples produced from 99% DH PVA appeared significantly
stronger than those created from 98% DH PVA (P = 0.0032), with untreated samples having
62% greater UTS (4.68 MPa for 99% DH c.f. 2.88 MPa for 98% DH). This is most likely partly
due to the reduced chain mobility as a result of fewer acetate groups and increased hydrogen
bonding, and partly a result of differences in fibre morphology between samples. A similar
trend was also observed within a polymer blend by Restrepo et al, where it was shown that
PVA with higher degree of hydrolysis resulted in stronger materials (Restrepo et al., 2018).
Strength differences in heat treated mats were 20-25% greater in the 99% DH sample than
the equivalent 98% samples, with the exception of the 16 h treated sample which was ~36%
weaker. Lower degree of hydrolysis samples (98%) achieved UTS of 5.82 (1 h), 5.33 (4 h),
5.23 (8 h), and 3.82 MPa (16 h) compared to UTS of 6.98, 6.67, 6.48, and 2.45 Mpa for the
respective pairs from 99% hydrolysed PVA. This too is attributed to the lack of steric hindrance
caused by a decrease of the large acetate groups in the 99% hydrolysed PVA, and the
formation of strong hydrogen intramolecular bonds leading to increased ordering of the
polymer chains and more effective chain packing. The results clearly demonstrate increased
strength at the first treatment time point, caused by the enhanced crystallinity of PVA by the
annealing process, followed by the steady reduction in material strength due to thermal
degradation identified by FT-IR.

Conversely, and due to differences in chain mobility, untreated 98% DH samples tolerated
strain at UTS which was on average 15.6% greater than the 99% DH untreated mats (P =
0.0144), while treated versions of both sample series performed more similarly across all
durations (average strain at UTS of 25.7%, 7.4%, 6.2%, and 3.4% for 1 h,4 h, 8 hand 16 h
treatments, respectively). Ultimately, both samples reduced in ductility with treatment duration,
and became increasingly brittle, with duration playing a highly significant role in strain at UTS
(P < 0.0001) across all samples. This could be understood as a combination of increased
chemical crosslinking of some chains, thereby reducing elastic properties, whilst also

increasing in the extent of chain scission after 1 h, producing a progressively weaker material.

Mechanical properties are an important parameter in TE, and depending on the application,
biomaterials can be subject to a range of mechanical stresses and load patterns. Therefore,
it is not possible to point out which of the non-woven mats created in this work is better than
the others in that respect, but we can conclude that this approach allows for better flexibility in

the production of tailor-made biomimetic materials to suit a specific purpose.

" Please note that 99% data is duplicated from 99% DH, needleless DC data in Chapter 2 and combined
with newly introduced data from 98% DH samples.
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Figure 5.5. Tensile performance of samples produced from 98% and 99% hydrolysed PVA
electrospun mats after thermal stabilisation. (n=3). Key: 98% (white); 99% (grey).

5.3.2.4 Contact angle

Initially, contact angle testing was carried out using PVA nanofibrous mats, but due to surface
interactions between the water and the hydrophilic fibres, droplets on the surface of the
material did not remain stable, but were drawn rapidly into the material and effectively
dissipated. Therefore, films were created from the same solution to the one used in the
electrospinning process for each material series, and heat treated at the same time points as

with the nanofiber samples.

Sessile drop testing on these films indicated the contact angle of 98% DH PVA was generally
higher than 99% counterparts (P = 0.0288), as shown in Figure 5.6, with corresponding optical
images in Figure 5.7. This trend is reflected in literature, where PVA with higher DH produces
lower contact angles with water — a trend which appears to persist post heat treatment,
suggesting hydroxyl groups remain more abundant in the 99% DH PVA films even after
annealing (Zuo et al., 2013). Untreated films produced contact angles of 64.45 ° (98% DH)
and 50.52 ° (99% DH), demonstrating their hydrophilic character, with contact angle steadily
rising until the materials develop increasing hydrophobic character (> 90 °) in the samples
treated for 16 h (with values of 98.84 ° and 93.98 °, for 98% and 99% DH respectively),
reflecting the significant role of treatment duration on contact angle (P < 0.0001). This is in-
line with expectations based on FT-IR results and the formation of polyenes due to
thermolysis. In some instances, such as some blood contacting materials, increased

hydrophobicity may be desirable for TE applications, where a mixture of hydrophobic and
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hydrophilic domains can improve compatibility, reducing protein adsorption and effects on

coagulation (Menzies and Jones, 2010).
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Figure 5.6. Sessile drop contact angle data for films produced from 98% and 99% hydrolysed PVA after
thermal stabilisation. (n=3). Key: 98% (white); 99% (grey).
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Figure 5.7. Representative images from sessile drop contact angle testing of films produced from 98%
and 99% hydrolysed PVA films after thermal stabilisation.

5.3.3 Biological assessment and comparison of nanofibers produced
from 98% and 99% hydrolysed PVA

5.3.3.1 Biocompatibility

Biocompatibility tests were conducted by cultivating 3T3 mouse fibroblasts directly on the
electrospun scaffolds and performing CCK-8 assays to assess cell viability. Cells were seeded
(10% cells-well™") in 24 well plates on day 0, and cell viability assays were performed at 1, 3
and 7 days, measuring absorbance at 450 nm using a microplate reader (Figure 5.8).
Untreated samples were excluded from the analysis as they dissolved immediately on contact
with cell culture media. At day 1, there was no notable difference in absorbance between wells
containing nanofibrous mats, though the positive control in the empty well plate had much

greater cell viability, indicating good adherence and early proliferation.
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Figure 5.8. Cell viability results of 98% (left) and 99% (right) PVA nanofibrous mats after heat treatment
at time points of 1, 3 and 7 days after seeding, with absorbance measured at 450 nm. Key: Positive
control/PC — Well plate plastic (light blue); 1 h (orange); 4 h (grey); 8 h (yellow); 16 h (dark blue). (n=4)

At day 3, some proliferation had begun to occur on both sample series. For the samples made
from 98% DH PVA, the greatest absorbance was found in the sample that was treated for 4
h, whilst in the case of the 99% DH PVA, this occurred for the 8 h treated sample. At day 7, 1
h heat treated materials had achieved little proliferation for both sample series, whilst all other
materials showed significant cell proliferation, with 4 h having the greatest average
proliferation for both grades of PVA, and gradual decrease for each heat treatment duration
thereafter. Notably, samples treated for 16 h began to exhibit poor wettability, which resulted

in highly variable results, as is indicated by the significant error bars on the graphs.

To better visualise the differences in cell adhesion and proliferation, day 7 samples had their
cells fixed using GA and were imaged by SEM (Figure 5.9). Samples treated for 4 and 8 h
exhibit a relatively smooth cell monolayer with somewhat uniform coverage, whilst the samples
treated for 16 h tend to form clusters of cells which did not spread evenly along the surface of
the mats, further supporting the idea that 8 hours is a reasonable limit of heat treatment
duration for tissue engineering applications, and 4 hours treatment duration may be most

suitable more generally.
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Figure 5.9. Representative SEM images of 3T3 cells on 98% and 99% DH PVA mats produced by
electrospinning 7 days after cell seeding. Scale bar: 20 um.

5.3.3.2 Thrombogenicity

Materials were exposed to TRS for 2 h, rinsed and then measured for thrombogenicity using
a CCK-8 assay, wherein viability corresponds to rate of platelet activation. Figure 5.10 shows
that all samples had an increase in thrombogenicity relative to the positive control, though this
affect was less pronounced in the untreated and 8 h treated samples. Overall, however, it
appears to be a positive trend correlating thrombogenicity and heat treatment duration for both
materials (P < 0.0001), whilst DH played a lesser but still significant role in extent of
thrombogenicity (P = 0.0108). Given that in general the fibrous structure of electrospun
materials is a thrombogenic factor, the stabilising effect of heat treatment on the material
morphology predictably increased thrombogenicity, with the exception of the samples treated
for 8 h, which appear to have paradoxical effect which is difficult to explain (Horakova et al.,
2018). Conversely, it is suggested that the lack of thermal stabilisation is the reason for lower
thrombogenicity in untreated samples, as the fibrous structure would not be preserved, due to
dissolution and formation of a hydrogel, and therefore not be able to act as a thrombogenic
factor.
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Figure 5.10. Cell viability results of thrombocyte activity on 98% and 99% DH PVA mats following
heat treatment and 2 h exposure to TRS, with absorbance measured at 450 nm. Key: Positive
control/PC — well plate plastic (cross-hatched); 98% (white); 99% (grey).

Examination of the materials under SEM (Figure 5.11) reveals the presence of activated
platelets on all samples, largely forming a smooth later and bridging between fibres. In the
case of the 8 h treated samples, the thrombocytes seem to be less spread out, withdrawn and
potentially detaching or inadequately attached, appearing as more spherical structures on the

surface of the firbes.

W. J. A. Homer, PhD Thesis, Aston University, 2023 121



Chapter 5. Tissue engineering

98%

99%

produced by needleless electrospinning. Scale bar: 10 um.

5.3.3.3 Coagulation

Adsorption of proteins from blood plasma to the material surface can cause changes in rate
of coagulation. The APTT (intrinsic pathway) and PT (extrinsic pathway) were performed, to
test if the materials have any anticoagulation effect or cause accelerated coagulation, with the
normal bounds being 23-35 s for APTT and 10-15 s for PT (Horakova et al., 2018). Clinical

plasma in the absence of any materials was used as a test control.

The APTT test, shown in Figure 5.12 (left hand side), demonstrated that samples produced
from 99% DH PVA tended to have slight anticoagulation effects compared to 98% DH
samples, but on average all samples were < 3% above the negative control. Conversely, the
PT test (Figure 5.12, right hand side) showed that on average all materials from both sample
series had a minor accelerating effect on coagulation time, but once again the difference was
< 3%. Though all samples exhibited some deviation from the control, the deviation was not
considered to be substantial in a clinical context (Miller et al., 2012). This suggests materials
may be potentially suitable in a blood contacting environment, subject to haemolysis results,
but indicates a neutral result with respect to wound dressings, where accelerated coagulation
is desirable as the first step of wound healing (Rembe et al., 2015).
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Figure 5.12. Box and whisker plots of APTT (left) and PT (right) coagulation tests of nanofibrous mats
produced from 98% and 99% hydrolysed PVA after heat treatment. Key: 98% (white); 99% (grey).
Control/NC — PPP in isolation (n=>5).

5.3.3.4 Haemolysis

Haemolysis can be caused when interaction between erythrocytes and a given material may
lead to damage to the red blood cell membrane, resulting in leakage of haemoglobin into
solution and potentially eliciting entire disintegration of the cells. Haemolysis absorbance
values, measured at 570 nm, can be normalised against positive controls (erythrocytes in
contact with distilled water), in order to plot haemolysis as a percentage rather than as
absorbance values. Haemolysis testing is governed by ISO 10993-4:2017, which states that

blood contacting medical devices should not exhibit > 5% haemolysis.

Figure 5.13 shows haemolysis results for 98% and 99% DH PVA electrospun materials after
heat treatment, along with positive and negative controls. Average haemolysis values were
almost equal for both DH of PVA at equivalent heat treatment durations, showing a gradual
increase as the treatment duration progressed. All materials, other than those subject to 16 h
of heat treatment, had lower average haemolysis values than the negative control
(erythrocytes in PBS), and even those at 16 h did not exceed the 5% threshold of thermolysis
laid out by the governing standard (indicated by the dashed line), though did begin to exhibit
greater variability in data, consistent with biocompatibility results previously presented (section
5.3.3.1). This suggests that the materials fall within the haemocompatibility requirements for
haemolysis for implantable devices, and is therefore promising for these materials as potential

tissue engineering scaffolds (Horakova et al., 2018).
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Figure 5.13. Haemolysis percentage of red blood cells after incubation in the presence of nanofibrous
materials. Absorbance measured at 570 nm measures haemoglobin released in the solution after
centrifugation to sediment erythrocytes. Absorbance value for controls were measured by using distilled
water (PC) and PBS (NC) and then all values were normalised against the positive control. The left
graph excludes PC to allow focusing on the area of interest, while the right graph has the PC included.
Dashed line indicates 5% haemolysis. Key: 98% (white); 99% (grey). (n=5)

Figure 5.14 shows SEM images of erythrocytes fixed upon the nanofibrous materials. The
untreated samples are not included because they dissolved, and it was not possible to recover
them from the solution following the assay. Where haemolysis has occurred, it is typically
expected to observe evidence of crenation of the cells due to membrane damage. However,
crenated or otherwise damaged cells were not evident on any samples, regardless of PVA
species or heat treatment duration, which is a very encouraging result for many TE

applications.
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of red blood cells. Scale bar: 10 um.

5.4 Conclusion

Electrospinning PVA with differing DH followed by heat treatment at durations between 1 and
16 h, has the potential to create almost bead-free non-woven nanofibrous supports, with
properties that can be tailor made for various TE applications. The DH influences fibre
diameter, and the heat treatment process at 180 °C produces some chemical changes which
have implications on the hydrophilicity of the sample, as demonstrated by contact angle
measurements. Biocompatibility testing of all materials revealed a bell-shaped behaviour
between 1 and 16 h of heat treatment duration, with 4 h corresponding to the greatest cell
proliferation after 7 days. The haemocompatibility assay indicated that while neither degree of
hydrolysis nor treatment duration had a notable effect on coagulation time or haemolysis when
in contact with blood, some thrombogenic effect was observed for samples treated for 1, 4
and 16 h. Combined, the results suggest that PVA electrospun materials thermally stabilised
for upward of 4 h show promise for TE applications, with the possible exception of situations

involving long term blood contact, such as vascular TE, where thrombin formation is a concern.
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Chapter 6

Conclusions and Future work

6.1 Conclusions

The goal of this thesis was to explore crosslinker-free, thermally stabilised PVA nanofibers
produced by electrospinning as potential water-stable biomaterials in cell processing and
tissue engineering. The work sought to establish what the reasonable limits of treatment
duration of heating at 180 °C for highly hydrolysed PVA nanofibers were and explore these
limits in the context of materials produced by scalable needleless DC (Nanospider™) and AC
electrospinning platforms, by comparison to the more commonly used needle-based
approaches. The research then aimed to examine materials produced on said platforms and
observe the ability of the heat treatments to stabilise the fibre morphology in aqueous
environments. This could be used as a basis to identify which platform and treatment duration
was most suitable for situation-specific biomedical applications, with scalable production in
mind. The two primary contexts of interest included blood and cell processing, and tissue
engineering, where the additional factor of degree of hydrolysis was also examined, with the
objective of studying if a cross-linker free approach to morphological stabilisation could meet

the requirements of both biomedical applications.

Comparing nanofibrous materials produced from 99% DH PVA using the scalable
electrospinning platforms of needleless DC and AC electrospinning showed a number of key
differences relating to the production technology which were discussed within this work. These

included variations in:

¢ Macroscopic configurations
e Mechanical properties

e Productivity

The macroscopic structure of materials produced by each platform were distinct, with

needleless DC producing membrane/sheet like structures, compared to much looser,
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insulation like nanofibrous material produced via AC electrospinning. This fact introduces
additional factors to consider when selecting a suitable production platform, such as how
critical is handling of material, and what is the desired density of the material fibres? Though
AC electrospinning produces materials which are difficult to handle, the nature of the novel
‘collectorless’ (i.e., no charged/grounded collector is required) electrospinning allows for
creative approaches to material collection based on mechanical methods, resulting in a great
potential for variability and creativity in the macroscopic structures. These variances also
resulted in clear differences in mechanical properties, especially with respect to capacity for
strain, with AC spun fibres typically having strain at UTS of 2-3x that of the needleless DC
counterpart. Finally, while both platforms have capacity for scalability, the AC spinning
technology is still in its infancy, whilst needleless DC electrospinning has commercial products
readily available on the market. Thus, for now, it is beneficial to defer to the use of the DC
needleless spinning platforms wherever suitable, if scalability of production is a chief concern.
However, AC electrospinning clearly has potential to form a specific product niche, and further
development of electrodes and collection techniques may yield highly promising structures for

many applications in the future.

Chemical, morphological, and biological analysis were carried out to compare differences in
the materials produced on each platform. Perhaps most critically, morphological analysis
indicated that AC spun fibres had over twice the average fibre diameter to their DC
counterparts, with a much broader distribution of fibre diameters. This, combined with the
macroscopic structure of AC spun materials, highlights the distinct properties of the platform,
and may vyield materials suited for filtration, or perhaps even as 3D scaffolds for
bioengineering. However, it was also found that both needleless DC and AC electrospinning
appeared to introduce minor chemical changes to the materials, which may pose barriers to
adoption with respect to gaining regulatory approval if the additional species cannot be
properly identified and deemed safe. Nevertheless, following cytotoxicity assays there was no
evidence of cytotoxic effect resulting from indirect contact with the electrospun samples
produced via either platform. This result was considered promising, though clearly species
identification and assessment may require revisiting if any candidate materials were to

progress towards clinical applications.

Heat treatment was shown to successfully stabilise the morphology all the PVA nanofibers
produced in this work, however materials showed signs of thermal degradation with increasing
heat treatment, which became problematic at greater durations due to embrittling behaviour
and clear chemical breakdown shown via FT-IR. Based on this, a limit of heat treatment
duration was provisionally proposed at 8 hours. In-situ saturation analysis by ESEM indicated
good retention of the fibrous morphology for heat treated samples produced on all
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electrospinning platforms, while total loss of structure was observed for the untreated samples.
This finding clearly showed that crosslinker-free stabilisation of PVA nanofibers was possible
depending purely on heat treatment at 180 °C, with materials treated for 4-8 hours able to

retain much of their pre-saturation morphology.

Based on the logic of readiness for scalability, the decision was used initially to select the
needleless DC production platform for all blood and cell flowthrough work. The membranes
produced by needleless DC electrospinning and subject to heat treatment were investigated
for cell processing using a range of cell populations, including neural blastoma cells as a
cancer model cell, and sheep and human RBCs. It was found that cell recovery varied
substantially, depending on size and properties of each cell type, as well as the concentration
of the cell challenge. This included higher than expected recovery of neural blastoma, and (in
places) lower than expected recovery of human RBCs. Given the larger size of neural
blastoma cells in suspension this result was unexpected, as RBCs, whilst not only smaller, are
better adapted for flow through constricted spaces. This suggests there may be unexplained
factors in the behaviour of cross-membrane flow of cells which has not yet been identified.
Nevertheless, it was shown that some degree of penetration of all cell populations was
possible in a stacked membrane configuration under convective flow, which at least
demonstrates suitable proof of concept to explore nanofibrous structures produced by

needleless DC electrospinning as a large biomolecule processing substrate.

The observed lower than expected recover of human RBCs compared to other cell populations
formed a cause for concern, so a decision was made to reintroduce AC spun materials, with
the expectation that the looser structure might result in less impedance to free passage of
cells. This improved cell recoveries substantially, and therefore emphasising a strong potential
use-case for the application of AC spun materials over its DC counterparts in applications such
as blood salvage, providing functionalisation of the material is possible to form a
chromatography support. This demonstrates just one potential use of currently underutilised
AC electrospinning platform, where the material performance exceeded that those produced
via needleless DC electrospinning, due to the creation of larger fibre diameters and the unique
production process resulting in a looser macrostructure. Furthermore, development of a
specialised collection process for AC spun fibres has the potential to yield bespoke structures,
such as loose cottonwool-like materials, composite yarns or even coreless, unwound
nanofiber yarns, which may be able to be adapted and optimised for cell processing
applications, and it is suggested that further research and collaborations in this area may be

warranted.
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As exploration of the true flow behaviours within the DC and AC spun material is not feasible,
some attempts were carried to out to use simulation packages to better understand the flow
behaviours. Using CFD tools, a more detailed investigation into flow through both types of
nanofibrous network were conducted to explore the presence of channelling within the bed
structure. Simulations were established based on stacked ‘sheets’ of nanofibrous membranes
dropped into a packing column before flow simulation was carried out. Several limitations of
the model itself were identified and discussed, including inaccuracies in support geometries
of the model, improper randomisation, and the lack of particles (i.e., proxies for cells in
suspension) simulated in the model. Allowing for these limitations, the model suggested that
flow through the simulated non-woven fibre beds is well distributed, with no evidence of
channelling or restricted flow. However, ultimately there are limitations of the design of the
software, due to the overly simplistic modelling which was used. Though future software does
intend to allow for the simulation of fluids containing rigid particles, it is anticipated that this
will require substantial increases in processing requirements and would need much more
powerful computers than those which were readily available at this time of this research.
Furthermore, this would not resolve the still simplistic nature of the simulation containing only
rigid particles, rather than readily deformable biomolecules such as RBCs. Subsequently,
though CFD modelling may be used as a slight confirmation that uniform flow is clearly
possible within the structures, extrapolation of these conclusions to the real world use of these

materials in blood salvage should be considered too be largely speculative.

Briefly, this research included preliminary design considerations which were explored for the
housing of stacked beds of nanofibers in a blood salvage context, and SLA 3D printing was
used to create initial porotypes. Though the designs were simple provisional test prints, and
the designed model series was a simple demonstration of potential housing dimensions,
broadly it is proposed that utilisation of the rapid prototyping capacity of 3D printing may be
useful in the design of novel configurations for blood salvage devices, as well as for

experimentation with ideal bed depth for electrospun materials.

Finally, research was carried out to compare the performance of nanofibers produced via
needleless DC spinning from 98% DH PVA and 99% DH PVA, which was considered largely
in the context of tissue engineering. For this chapter, heat treatment durations were extended
once more to 16 h, with the intention of demonstrating a declining performance with excessive
thermal exposure. Biological assays suggested that all the materials were largely bio- and
haemocompatible, though all samples exhibited elevated thrombogenicity as a function of heat
treatment duration — a similar correlation to that observed with contact angle measurements.
The ability to tune hydrophilicity, while maintaining good wettability could prove useful for a
number of applications, where bespoke properties can be bestowed upon the PVA nanofibers,
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depending on the desired use, without rendering the materials cytotoxic. Notably,
biocompatibility assays indicated that materials treated for 4 h had the best cell proliferation
after 7 days, whilst treatment durations beyond that began to exhibit highly variable behaviour,
and reproducibility clearly declined. Increasing treatment duration also correlated with slight
increases in haemolysis, though these results were within tolerable limits, and do not
automatically indicate a cause concern, but should considered holistically in combination with
other compatibility results depending on any given potential application beyond that discussed
here. This chapter built upon the biological work from chapter 2, and clearly demonstrated that
these materials may have applications outside of the initially conceived use-case of blood

salvage which was the first proposed application of interest in this project.

Ultimately, this work demonstrates the potential of crosslinker-free PVA nanofibers as non-
gelating biomaterials and suggests that within many applications the de facto use of such
additives may warrant reconsidering, as it unnecessarily introduces cytotoxic agents into the
production process. In many cases, 4 h of treatment at 180 °C appears to be an optimum
duration, with treatments beyond this resulting in trade-offs in strength or reduced
biocompatibility with little-to-no additional stabilisation to fibre morphology. Furthermore, the
use of AC electrospinning to produce these materials may offer many benefits distinct to the
technology, most notably as a method of creating new and interesting biomaterials with unique

macrostructures made from nanofibers.

6.2 Future work

Four distinct areas of potential future work can be clearly identified following the outcomes of

this research.

The next step following the results presented in Chapter 3, would seek to explore these
materials in cell separation through the functionalisation of the nanofibers. The immobilization
of antibody ligands to the fibre surface would result in the formation of an immunoaffinity
membrane, capable of highly selective binding of cells based on surface markers. This
targeted removal of specific cell sub-population from a mixture based on antibody-antigen
interactions is the critical next step in progressing these materials towards use in blood
salvage, as well as more generally in bioprocessing of cells. It is possible this could be
achieved through utilisation of avidin-biotin conjugates, previously demonstrated by Sutar,
(2015) on dextran coated beads, using the reaction sequence shown in Figure 6.1, which

allows for the immobilisation of amine containing species (in this instance, the protein avidin)
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to hydroxyl containing supports (Hermanson et al., 1992). The nanofibers could then be
functionalised using CTC specific biotinylated antibodies for the target absorbance of these
sub-populations. However, it should be noted that these chemicals are highly toxic, and use
of such a process might compromise biocompatibility of the material and would therefore

require rigorous examination.

r NaCNBH; H
/E ~ N
') o + H,N % o/\/ A R

Figure 6.1. Reaction pathway for the modification of hydroxyl containing supports with proteins as a
route for functionalisation (Hermanson et al., 1992).

Another area of investigation would be the incorporation of heat-tolerant bioactive
components, such as bioactive glass for accelerated healing, metal nanoparticles for
antimicrobial applications, or thermally stable drugs for controlled drug release. These
components could be combined prior to electrospinning, and exposed to the annealing
process, without effecting their biological application, but encapsulating them within a more
stable nanofiber structure. An example application of this might be the incorporation of
bioactive glass particles to nanofiber membranes, so as to form a tape for bone tissue
engineering (Wang et al., 2022a), which offers the benefit of securing the bioactive glass
where it needs to be during the healing process, compared to bioactive glass containing

pastes which are free to move and diffuse.
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Given the relative immaturity of the AC electrospinning technology, there is tremendous
breadth of opportunity for transposition of established compositions from DC electrospinning
to this alternative platform. Existing material compositions may benefit from different, more
3D, macrostructures, such as utilisation of polymer blends or incorporation of other bioactive
molecules, such as pharmaceuticals, into loosely packed fibres or nanofiber yarns.
Furthermore, upcoming developments in AC electrospinning emitter geometry and technology
will likely yield interesting new applications not previously considered possible by using DC
techniques. One example could be the employment of AC spun aligned fibres in neural tissue
engineering, where DC based systems have produced aligned fibres able to act as guides for
neural cells (Kim et al., 2016). The loose structure of the AC materials has the potential to
create 3D configurations for greater cell penetration, while retaining a similar guiding effect.
Alternatively, the formation of loosely packed fibres could be utilised as a superior analogue
than conventionally spun nanofibers for mimicking ECM of the trabecular meshwork of the
eye, which is a complex, multi-layered structure (Crouch et al., 2021). AC electrospinning does
not behave in the same reproducible way as DC methods, so the field would also likely benefit
from a robust replication study of common blends or composites, to provide better insight into
some of the limitations of the platform and explore possible approaches to reliably modify DC

spun solutions to be suitable for AC spinning.

Finally, more work could be carried out to develop device housing for convective flow cell
processing materials, using 3D printing from haemocompatible resins. As already mentioned
in Chapter 4, housing geometry could be optimised to maximise material contact time with low
pressure drops and well distributed flow. Live encapsulation of materials during printing is
possible using FDM 3D printing and could yield devices that feature self-contained substrates,
which can then be functionalised and sterilised in post-processing. These approaches could
be applied not only to nanofibers in stacked membranes, but other potential bed materials
such as cryogels, which are also suitable for convective flow processing (Gagnon, 2006). It is
possible that in the instance of cryogels, they could be formed in-situ within the device,
creating a highly porous bed already built into the device. This utilisation of 3D printing for
production of the device housing is the work set to be carried out in the next stage of research

and is already underway in our laboratories.
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Appendices

Appendix A — Nitrogen porosimetry
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Figure A.1. SEM and Histogram for Needleless DC and AC spun PVA nanofibers analysed by N-
porosimetry. Average fibre diameters were calculated to be 271 nm (n=87) and 554 nm (n=84). Scale
bar: 5 um.
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Figure A.2. Porosimetry adsorption graph for 99% DH PVA produced by AC (red) and needleless DC
(blue) electrospinning.
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Appendix B - FT-IR of 99% hydrolysed PVA produced by

needle electrospinning

As with previous analysis, the ratios of the absorbance, at bands 1094 cm™ and 1144 cm™’
(this time with the latter more clearly visible in the spectra) were used to infer crystallinity using
(Tretinnikov and Zagorskaya, 2012) correlation in equation 3 (see Figure B.3). Like the
samples produced using 88% DH PVA (Figure 2.6), an increase in crystallinity is implied for
all samples undergoing heat treatment, from 36.7% for the untreated sample to 54.9-57.7%
for the range of treated ones. Though this implies an increase in crystallinity for treated
samples, it still lies outside of the typical application of the given equation due to the higher

treatment temperature and should be interpreted with caution.

70
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.
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Figure B.1. Crystallinity (%) vs heat treatment duration graph for samples of needleless DC spun 99%
DH PVA calculated using Eq. 2 and absorbance values from FT-IR data shown in Figure 2.19.
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Appendix C - Flowthrough of hMSCs using PVA non-woven

membranes created by needleless DC electrospinning

hMSCs were expanded until confluent and subsequently prepared in a suspension of 10°
cells'-mL" in PBS. 2 mL of this suspension was challenged to nanofiber membranes made
form 99% DH PVA and heat treated at 180 °C, using a peristaltic pump at a flow rate of 10
mL-min~' followed by PBS to wash in both forward and reverse flow configurations (setup
shown in Figure C.1). Collected fractions were examined using an optical microscope (Figure
C.2), and it was found cells did not successfully pass through the membrane. It was deduced
this was likely due to a combination of the large size of hMSCs in suspensions (26.3 um, £8.4),
as well as the relatively small cell challenge concentration. Subsequently, a change to a
smaller cell type was proposed, namely SH-SY5Ys neural blastomas, as these cells have a
smaller diameter in suspension (12.3 ym, £1.5), better reflecting some populations of CTCs
(Mendelaar et al., 2021). Furthermore, confluent cell culture flasks of SH-SY5Y cells contain

in the order of 10x more cells per flasks and are therefore more easily scaled for greater cell

challenges.
Cell suspension
inlet
}
I
Filter holder
f ‘-
VWV
PBS supply Collected fractions

Figure C.1. Setup for h(MSC flowthrough experiment. Suspended cells were loaded manually into the
system via a side inlet, and then the pump was activated flowing the 2 mL suspension through the
membrane whilst drawing PBS from the supply falcon tube. Forward flow (8 fraction) and reverse flow
(2 fractions) were collected. Fraction volume = 0.75 mL
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Figure C.2. Optical microscope images of fractions collected during the hMSC flowthrough

experiments, mixed 1:1 with trypan blue. (a) Image of cells taken during cell counts, prior to flowthrough.
(b-i) forward flow fractions, prior to reversal of the filter holder. (j-k) reverse flow fractions.
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Appendix D — Velocity profile during flow simulation through

nanofiber packed beds

Figure D.1. Velocity vs step graph for simulated flow through untreated nanofiber beds produced by
Nanospider™. Steps shown from 0 to 3500 showing full duration of the simulation, demonstrating
plateauing of overall flow velocity as the simulation progressed.
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Figure D.1. Velocity vs step graph for simulated flow through untreated nanofiber beds produced by
AC electrospinning. Steps shown from 0 to 3500 showing full duration of the simulation, demonstrating
plateauing of overall flow velocity as the simulation progressed.
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