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Abstract

Poly (Ethylene Glycol) (PEG) hydrogels are becoming more ubiquitous in tissue engineering
applications due to their inherent biocompatibility, ability to replicate the mechanical
environment of soft tissues and their capacity for a diverse range of modifications which
make them useful in numerous biological environments. However, spinal cord injury repair
is a branch of tissue engineering that is currently provides very limited options on
biomaterial strategies to promote recovery and therefore could benefit from an increased
focus on developing new materials. This body of work describes the physico-chemical
characterisation of hydrogels based on 4-armed PEG-maleimide (PEG-4MAL) which
incorporate matrix metalloprotease sensitive peptide cross-linkers to impart degradability,

and further functionalisation with integrin-recognisable peptide ligands.

Formulations of the hydrogels were created to include the fibronectin derived RGD peptide
sequence or the laminin derived IKVAV sequence, and additional variants were formed by
altering proportions of the degradable VPM peptide cross-linker in substitution for non-
degradable PEG-dithiol, which was found to enable tuneability of the hydrogel degradation
rate. Degradation of the gels in type 1 collagenase could be tuned to range from hours to
months and potentially longer by altering the cross-linker character. Young’s moduli in the
order of hundreds of pascals to low kilopascal range were achieved to make appropriate
substrates that replicate the stiffness of the spinal cord. The gelation properties and swelling
behaviour were also characterised and the release profiles of nerve growth factor and brain
derived neurotrophic factor from the PEG-4MAL hydrogels were evaluated, demonstrating
their capability to be loaded with the neurotrophins and rapidly release them into aqueous

environments.

PEG-4AMAL hydrogels were used to investigate the 3D behaviour of several cell types
derived from neural tissues, to include cortical astrocytes, spinal cord dissociated neurons
and dorsal root ganglia explants suspended within the hydrogels, along with additional
experiments conducted using mesenchymal stem cells. Each of the cell types analysed
confirmed the capability of the RGD-tethered hydrogels to promote cellular adhesion and
migration in 3D. Neurite outgrowth from DRGs was promoted in RGD bound gels and
further encouraged by the incorporation of nerve growth factor into the hydrogel. Spinal cord
neurons displayed extensive neuritogenesis within each of the PEG-4MAL gels with the

highest neurite densities observe in RGD-tethered hydrogels.
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A microfluidics-based system was devised for creating hydrogel microspheres to expedite
the implantation of the material into spinal cord injury in vivo models. These devices enabled
the reliable production of microspheres with a high throughput and narrow size dispersity.
Biocompatibility was also measured using mesenchymal stem cells and high levels of
viability were retained after 7 days culture on the hydrogel microspheres. MSCs grown on
the RGD functionalised microspheres were observed to adhere to their surfaces and conform
to the topography presented by the microspheres.

Finally, the hydrogels were evaluated in pilot in vivo studies using rat contusion models of
spinal cord injury. Hydrogel microspheres were injected into the injury site of the contused
spinal cord and development of the resulting cellular response was observed after 7 weeks.
Histological analysis revealed a degree of astrocyte infiltration into the contusion cavities
filled with RGD microspheres along with some deposition of laminin around them. The
microsphere injected spinal cords also displayed evidence of reduced astrocyte reactivity.
Modest evidence of axonal presence within the cavities was also observed. This has laid the
groundwork for future studies of a larger scale to fully elucidate the potential of the

hydrogels as a therapy for spinal cord injury.
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1. Introduction




1.1 The Spinal Cord

1.1.1 Cellular Environment

The spinal cord is one of two major components that make up the central nervous system
(CNS) and is responsible for the reception, modulation and transmission of sensory and
motor signals to and from the brain respectively (Shahdoost et al., 2014). It does this through
an extensive network of neurons, which can be broadly categorised into sensory neurons,
motor neurons and interneurons, each of which can be further subcategorised by factors
including function, location, transmitter types or morphology (Osseward and Pfaff, 2019).
Neurons typically possess one axon which can project over extremely long distances to form
synapses to target innervation sites, which depending on the type can be over a metre from
the cell body in human adults (Karamched and Bressloff, 2015). One axon can have a
multitude of branches, each possessing synapses with unique targets. Neurons communicate
with the apposed cells across the synapse by the release of neurotransmitters from the axon
terminal when calcium ion influx is triggered by modulation of the cross-membrane voltage
(Mccormick, 2014). The neuronal body has several shorter projections known as dendrites
that are equipped to receive signals from axons by presenting a high density of ionotropic or
metabotropic surface receptors (Noback et al., 2005; Naser and Kuner, 2018). Activation of
these postsynaptic receptors enables ions to enter the cell and depolarise the membrane
potential, thereby activating voltage-gated ion channels and mediating a migration of charge,
propagating the electrical signal (Bezanilla, 2005). The mechanisms of conduction and
cross-synaptic transmission operate at sufficient speed that the timespan between sensation,

processing and response can be less than 200ms (Fendrich, Hutsler and Gazzaniga, 2004).

To complement and regulate the function of neurons there are also a variety of supporting
cells known as glia which encompass a range of different roles and types. Figure 1.1 provides
an overview of the how these cells can be observed within the CNS. Oligodendrocytes are
responsible for laminating axons with myelin which behaves as an electrical insulator (Pirko
and Noseworthy, 2007). Oligodendrocytes are highly prolific and will myelinate several
axonal segments in their vicinity (Felton, O’Banion and Maida, 2016). The myelin sheath is
periodically interrupted to expose of the axonal membrane and allow transmembrane ionic
transport, giving rise to the characteristic saltatory pattern of conduction (Waxman, 2017).
Without myelin, the conduction velocity of the axons is a fraction of those that are wrapped

in it and as such disruption of oligodendrocytes will severely impact the ability of neurons
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Figure 1.1 The cellular microenvironment in the spinal cord. The colour legend (left)
identifies several key cell types present in the typical spinal cord. Neurons have many
postsynaptic dendrites aminating from the cell body and long axons with several presynaptic
branches. Oligodendrocytes wrap these axons in myelin to improve conductivity. Astrocytes
articulate with neurons, other glia and vasculature to control the extracellular environment
in the CNS, in part by regulating the blood brain barrier (BBB) which is characterised by
tightly bound capillary endothelia. Microglia are the native CNS immune-type cells and

traverse the tissues to response to aberrant environments.

to communicate. Astrocytes are also present in the spinal cord in high numbers and are
heavily involved in the regulation the CNS extracellular environment (Herndon, Tome and
Davis, 2017). Astrocytes are known to facilitate the reabsorption of neurotransmitters from
the synaptic space which is a useful function in itself, but this can also trigger the release of
metabolic components to enhance neuronal respiration, as well as modulating neurovascular
tone to increase blood supply when energy requirements are high (Stobart and Anderson,
2013). Beyond this, astrocytes are also instrumental in the formation and maintenance of the
blood brain barrier (or in the spinal cord the blood spinal cord barrier) by secreting factors
to promote tight junction formation between vascular endothelial cells (Whetstone et al.,
2010; Cabezas et al., 2014). Microglia take on a role similar to that of circulatory
macrophages in response to immunological threats but are specific to the CNS. In healthy
tissues, microglia have been observed to be highly pervasive and constantly monitor their
environment for signs of pathology (Popovich, Jakeman and McTigue, 2009). They are also

involved in synaptic pruning processes which contribute to neuronal plasticity (Salter and
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Stevens, 2017). In abnormal conditions such as injury they rapidly transform into an

activated phenotype and engage in phagocytosis of damaged tissue, on top of which they can
also release neurotrophic factors into the extracellular environment (Kreutzberg, 1995;
Lazarini et al., 2012). However there is a duality in their role in spinal cord injury as they
may exacerbate pathologies much more than they prevent it by intensifying neuro-
inflammation once in their activated state (Gaudet and Fonken, 2018).

1.1.2 Functional Organisation

The internal architecture of the spinal cord is organised into distinct regions that control its
various functions. Looking at a transverse section of the cord reveals a split between white
matter at the peripheries of the cord and grey matter in the centre in what is said to resemble
a butterfly or an H-shape (Dowlati, 2017). Both sections are occupied by significant numbers
of glia, but they can be distinguished by their neuronal content. The white matter is filled
predominantly with myelinated axons and are commonly segmented into tracts which
usually derive their name from their origin and their terminals (Purves et al., 2001). Figure
1.2 indicates some of the pathways that neurons can follow along the PNS and CNS.
Descending tracts are occupied by efferent motor axons that have control over muscular
contractility (Sengul and Watson, 2015). The corticospinal tract for example originates in
the cerebral cortex and passes down the spinal cord before synapsing with lower motor
neurons and exiting the cord through the ventral spinal nerve roots to innervate the outlying
musculature (Darby and Frysztak, 2013). The ascending tracts are comprised of afferent
sensory fibres that carry information from the periphery first to the cord via the dorsal roots
where they link to second order neurons and travel upwards towards the brain, usually onto
a third order neuron to complete the pathway (Sengul and Watson, 2015). This includes the
dorsal columns of the cord are which responsible for much of the tactile sensory information
received from the limbs. Other ascending tracts control the many aspects of somatic
sensation including thermoception, proprioception and nociception (Jacobson and Marcus,
2018).

The grey matter is filled with an abundance of neuronal cell bodies which generally
innervate the tissues supplied by their nearby spinal nerves or generate local circuitry. The
dorsal horns contain second order afferent neurons to receive the input coming from the
primary afferents of the dorsal roots while the ventral horns house motor neurons that exit
the ventral roots (Krinke and Weber, 2012). Interspersed between these are interneurons

which are responsible for the modulation of these signals and are implicated in the
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interpretation of sensory signals that determine reflexive actions without the need for

superior input (Brownstone and Bui, 2010). The size of these regions is variable throughout
the cord and they become enlarged at segments controlling the upper and lower limbs due to
the high throughput of sensory and motor information through these areas (Darby and
Frysztak, 2013).
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Figure 1.2 Diagram of the spinal cord and surrounding structures . Ascending pathways

1
1
Spinal Nerve .-
Spinal Cord

(shown in blue) carry sensory information which originates in the periphery and passes
through the dorsal roots. Primary sensory neuronal bodies are housed in the dorsal root
ganglia and project into the CNS where they will synapse with secondary neurons.
Descending paths (shown in red) carry signals to motor effectors, originating in the brain
and exiting the cord through the ventral roots as lower motor axons. Sensory and motor
axons combined into mixed spinal nerves which extend through the soma. Intermediate
neurons (purple) reside primarily in the grey matter and are involved in local processing
and coordination. The spinal cord passes through the vertebral foramina of the spinal
column, comprised of vertebrae and intervertebral discs which protect the cord while

retaining mobility.



1.1.3 Gross Anatomy of the Spinal Cord and Column

The spinal cord connects to the brain as a continuation of the brain stem as it exits the
foramen magnum in the base of the cranium (Mendoza and Foundas, 2008). The spinal cord
descends through the neck and trunk within the spinal column which is composed of
vertebrae that provide protection to the cord and allow passage through the vertebral
foramina. These vertebrae can be numerated and divided into distinct regions that also
subsequently allow for indexing of the spinal cord and its nerves. Figure 1.2 shows an
overview of the gross anatomy of a typical region of the spinal column. Immediately below
the cranium begins the cervical region that contains seven vertebrae and eight pairs of spinal
nerves (Jacobson and Marcus, 2018). The cervical vertebrae are relatively small compared
to those at other levels which enables a wide range of movement for the head and neck
(Gillen, 2016). Spinal nerves exiting this region provide the nervous supply for the neck, the
upper torso and the upper limbs. Below this the thoracic region extends with twelve vertebrae
that articulate with the ribs and house an equal number of spinal nerve pairs that
predominantly supply the trunk. The lumbar region has five large vertebrae and spinal nerve
pairs which innervate the lower limbs (Barker et al., 2012). These regions also have
neighbouring sympathetic ganglia to perform a range of somatic regulatory functions
(Jacobson and Marcus, 2018). Towards the caudal end of the spinal cord, nerve roots are
progressively more rostral to the vertebral foramina from which they exit. The cord
terminates with the conus medullaris at approximately L1-2 at which point nerves
originating from higher levels descend to form the Cauda Equina which contains lower
lumbar nerves as well as the nerves passing through sacrum and coccyx, both of which are

comprised of fused vertebrae (Diaz and Morales, 2016).

The vertebral column acts as main physical barrier for spinal cord injury by encapsulating it
within solid bone channels that can withstand relatively high forces, while the articulations
and intervertebral discs allow for sufficient mobility of the column to prevent constriction
or compression of the cord (Cramer, 2014). The meninges further protect the cord, with the
outermost membrane, the dura mater, acting as a thick elastic barrier (Hartman, 2009). A
layer of cerebrospinal fluid (CSF) is held between the innermost layers, the arachnoid mater
and the pia mater that is thought to attenuate shock impacts (Jones, Kwon and Cripton, 2012;
Wright, Lai and Sinclair, 2012). The cord itself however is extremely fragile, so spinal
injuries with sufficient force to break or dislocate the vertebrae will more than likely inflict

significant damage to the spinal cord.



1.2 Spinal Cord Injury

1.2.1 Causes, Consequences & Prevalence of Spinal Cord Injury

Damage to the spinal cord causes immediate disruption to the functionality, but the location
and severity of the injury will determine the extent to which function is impaired and also
how readily it can be restored. Traumatic spinal cord injuries can also be subcategorised as
complete if the tissue is completely severed at the site of injury, or incomplete if there is
some tissue and function spared (Middendorp et al., 2011). The spinal cord operates
hierarchically and communication will be interrupted between the brain and regions of the
body that are innervated by nerves originating below the level of injury. Injury to the lumbar
or thoracic regions of the spinal cord are often accompanied by paralysis and loss of
sensation in the lower limbs - a condition referred to as paraplegia - while cervical level
injuries also carry the risk of affecting the upper limbs resulting in tetraplegia (Maynard et
al., 1997). Figure 1.3 details how each segment of the spinal cord is responsible for providing
sensation to specific regions of the body. Muscular innervation is structured in a similarly

layered fashion.

The mechanism of primary injury will also affect the development of the injury as a whole,
for example contusion injuries often lead to the formation of central fluid filled cavities
within the cord, while lacerations will also affect superficial regions. Ultimately the
development and prognosis of injury is highly case specific due to varying levels of severity
(Norenberg, Smith and Marcillo, 2004). As axons form distinct white matter tracts within
the cord, injury may spare certain functions if the tracts that govern these tasks remain intact.
This will have important implications on retention and recovery of function following injury
as neuronal plasticity can allow patients to recover a relatively high degree of function in

some cases (Lynskey, Belanger and Jung, 2008; Fawcett, 2009).

Spinal cord injury is accompanied by a large range of secondary complications both directly
and indirectly associated to the primary injury and add to the already difficult challenge of
managing patient treatment. Disuse of musculature in the affected areas leads to tissue
atrophy that will exacerbate rehabilitation and contributes to bone mineral loss in the affected
limbs (Krassioukov, Furlan and Fehlings, 2003; Sezer, 2015). Globally it has been estimated
that there are approximately 180,000 new cases of traumatic spinal cord injury every year

(Lee et al., 2014). Typically spinal cord injury is a chronic affliction and can persist
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indefinitely, and though there is a wide margin of inaccuracy in estimations of SCI

prevalence it is thought to currently affect several million people worldwide (Furlan et al.,
2013; Lee et al., 2014; Singh et al., 2014). A contributing factor to this high number is the
relatively scarce availability of effective treatments, due in part to the limited number of
studies on available therapeutic interventions and as a result there is little consensus on
which treatment options hold priority within the clinical community (Fehlings et al., 2017).
Therefore, there is an increasingly pressing need to research alternative interventions that
demonstrate marked improvement of patient health both in the acute and chronic phases of

spinal cord injury.
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Figure 1.3 Dermatome representing the map of superficial sensation governed by each nerve
root of the spinal cord. Each region corresponds to the specified spinal segment from the
cervical level (C1-8) covering the upper body, thoracic segments (T1-12) which mostly cover
the trunk, to the lumbar and sacral regions (L1-5, S1-5) which innervate the lower body. Key
sensory points are used diagnostically to assess the extent of sensation in the given region.
motor equivalent myotome overlaps somewhat with the dermatome but is less easily defined
due to muscle orientation and possible innervation by more than one nerve. Image

reproduced with permission (Kirshblum et al., 2011)



1.2.2 Acute Phase of Spinal Cord Injury

The mechanisms of injury progression can be split into primary and secondary phases. The
primary phase occurs immediately from the instance of trauma and encompasses the period
in which cell death first occurs as a direct response to the damage inflicted by injury
(McDonald and Sadowsky, 2002). Mechanical disruption of cell membranes, particularly
axons which are especially sensitive to perturbation, interrupts the partitioning of intra- and
extracellular environments and interferes with the majority of cellular functions (Jin, 2014).
Vascular occlusion or haemorrhage will prevent adequate perfusion of tissues and will
ultimately contribute to ischaemia in regions of the cord supplied by the affected vessels
(Cao and Dong, 2013). Fluid accumulation begins to exert pressure on tissues and will
exacerbate vessel occlusion and hypoxia. In this stage, contents of cells with compromised
membranes are exuded locally and begin to instigate reactive behaviour in the surrounding

cells in response to the abnormal aqueous factors (Oyinbo, 2011).

The second phase is significantly longer and is initiated several minutes after injury onset
but spans a period of days to weeks. The hallmarks of this stage are characterised by
dysregulation in the extracellular environment, immune infiltration and reactivity of the
native cell populations. The neurotransmitter glutamate normally accumulates in presynaptic
vesicles which under normal conditions exhibits a controlled release in response to
membrane depolarisation, but injured neurons release an abundance of glutamate into the
extracellular environment (Hackett, Ueda and Snare, 2015). This leads to activation of
ionotropic glutamate receptors such as NMDA (N-methyl-D-aspartate) and AMPA (a-
amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid) receptors which in turn facilitate the
influx and accumulation of intracellular calcium, among other ions, that also activate
voltage-gated ion channels enacting a positive feedback effect (Siddiqui, Khazaei and
Fehlings, 2015). High calcium ion concentrations of can modulate numerous enzymatic and
metabolic pathways which precipitate the production of reactive oxygen species (ROS) and
accelerate structural deterioration (Mark et al., 2001). This effect can also be amplified by
ROS production and other free radicals induced by ischaemic reperfusion which occurs
when blood supply is returned to formerly hypoxic areas (Dugan and Choi, 1999).
Furthermore, oligodendrocytes are also susceptible to excitotoxicity which will result in the
degradation of myelin around the injury site so undamaged neurons may still fail in signal

transmission due to poor current insulation around axons (Matute et al., 2007).
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In response to the injury many of the cells in the injury site begin to secrete inflammatory

chemoattractants including tumour necrosis factor alpha (TNF-a) which initiates the
migration of phagocytic cells into the area that can engulf cellular and structural debris which
is a key stage in the immune response (David, Zarruk and Ghasemlou, 2012). Activation of
the resident microglia also produces cells with a macrophage phenotype which catalyse the
inflammation (Okada, 2016). Leukocyte recruitment to the area is enhanced by the
disruption of the blood-spinal cord barrier (BSCB) making it an ineffective boundary
between circulating cells and the CNS (Bartanusz et al., 2011). There is still controversy
over the net effect of leukocytes in spinal cord injury; though there is evidence to support
the notion that certain cytokines secreted by these cells will negatively affect the local cell
populace while others may provide a benefit (Bastien and Lacroix, 2014). Timings of this
activity may be critical in defining the long term effects as a heightened response has proved
detrimental when experimentally induced after 24 hours but beneficial after 4 days (Silva et
al., 2014), therefore any therapeutic interventions must also consider when exactly

administration will be most effective.

1.2.3 Subacute & Chronic Spinal Cord injury

Following the recession of vascular tissue in the injury site over the first few days,
angiogenesis is initiated 3-4 days after the primary injury and continues for several weeks,
albeit at a gradually diminishing rate (Rocha et al., 2018), however this alone is not sufficient
to induce significant regenerative effects. Though blood vessels can enter the injury site,
they lack the surrounding cellular architecture of pericytes and astrocytes that they normally
possess in healthy tissue (Rauch et al., 2010). These newly formed blood vessels are known
to be permeable and again fail to maintain the protection provided by the BSCB (Benton et
al., 2010). Additionally, the number of vascular structures in the injured tissue tends to
remain significantly lower than in the healthy spinal cord (Loy et al., 2002; Figley et al.,
2014). Figure 1.4 highlights some of the key events that take place across the phases of the

injury development and the times at which they typically occur.

Reactive astrocytosis becomes pronounced after 1-2 weeks in which resident astrocytes alter
their phenotype and function in response to various physiological changes that occur as a
consequence of SCI (Sofroniew and Vinters, 2010). Astrocytes with this phenotype become
hypertrophied and begin to express several exogenous agents into the region, some of which
are beneficial for neuronal repair such as neurotrophic factors, while other promote neuronal

apoptosis (Liddelow and Barres, 2017). The most well recognised role of reactive astrocytes
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is in their formation of a dense barrier that surrounds what becomes a fluid-filled cavity

(syrinx) left in the wake of phagocytic clearance of damaged tissue. The astrocytes mesh
together in what is known as the glial scar which is comprised of a fibrotic phase at the cavity
surface and astrocytes on the parenchymal side with extracellular matrix (ECM) components
distributed throughout both (Yuan and He, 2013). The glial scar is thought to be
neuroprotective in the early phase of SCI by blockading the invasion of leukocytes and
preventing an intensified inflammatory response (Sofroniew and Vinters, 2010), but in later

stages the scar can have negative effects on the tissue recovery.

Stages Mechanical Inflammation and Glial scar Structural
damage Angiogenesis formation tissue regeneration
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Figure 1.4 Cellular progression of Spinal Cord Injury. Different phases have defining
events in cellular activity and de-escalation. The initial period following injury is
hallmarked by direct damage to cells and blood vessels. Shortly after this is the onset of
inflammation and the influx of immune cells which can further exacerbate the injury.
Beyond this, scar formation and astrogliosis lead to fluid filled cavities in the injury site. In
the chronic phases the damaged tissue persistently fails to encourage regeneration of axons.

Image reproduced from (Rust and Kaiser, 2017)

Neurons that survive the primary injury and are sufficiently protected from secondary injury
are capable of axonogenesis, however there are many complicating factors that typically
prevent this process from occurring to any meaningful extent. The glial scar is densely
woven with both cells and ECM components which makes axonal navigation through this
barrier more difficult for neurons. Chondroitin sulphate proteoglycans (CSPGs) are a major
element of this mesh and are known to have an inhibitory effect on neuronal outgrowth
(Thuret, Moon and Gage, 2006). There are also several factors associated with myelin
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including Nogo which normally functions as an inhibitory guidance cue for neuronal

development but becomes dispersed locally after myelin deterioration and attenuates neurite
outgrowth (Schweigreiter and Bandtlow, 2006). The presence of a cavity poses a physical
obstacle due to the lack of ECM for cell migration and guidance, and also leads to a lack of

trophic support, including growth factor stimulation as a result of cell depopulation.

The long-term condition of the injured tissue typically does not change significantly as it
moves into the chronic phase. Cellular activity will reach a state of stability though not
necessarily functionality. Astrocytes around the glial scar will remain in the formation
around the cavity, as will the deposited ECM and fibrotic scar tissue (Norenberg, Smith and
Marcillo, 2004). Neurons may continue in a demyelinated state and signal transduction will
be diminished. Axonogenesis also ceases to occur if adequate stimuli are not provided in the
earlier stages. Axonal and myelin fragments left from the injury continue to be degraded in
the process of Wallerian degeneration for years post injury and neuroinflammation with the
presence of microglia and macrophages may persist indefinitely (Schwab et al., 2015). This
period of stasis is difficult to escape from so treatment options primarily, though not
exclusively focus on avoiding this outcome by intervening early, however the rapidly

changing cellular landscape raises questions on exactly the best strategy.

1.2.4 Current Treatments and Therapies

Patients with spinal cord injury have very few options that can prevent the injury progression
described in the previous section and typically medical practitioners place more emphasis
on the management of secondary problems associated with SCI as opposed to regenerative
strategies. In the research community there are a range of approaches that have been targeted
with the aim of maximising patient independence in the long term. The most ubiquitous of
these is to engage in rehabilitation, ideally as soon as possible after the primary injury as
muscle atrophy and demyelination will make this more difficult over time (Ding, Kastin and
Pan, 2013). Forms of physical therapy used clinically vary widely as there is yet to be an
established common practice (Brogioli et al., 2016), partially due to variability in patient
requirements but also because of resource availability and personnel expertise. The general
format is to engage in exercises with gradually increasing resistance that can promote the
recovery of autonomous functions such as supported treadmill training to enhance walking
capability (Gomara-toldra, Sliwinski and Dijkers, 2014). The upper extremities have several
associated degrees of freedom so individual massed practices (resistance training) are used

for each type of movement including grip and rotation (Beekhuizen and Field-fote, 2005).
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Training can also be augmented by electrical or magnetic stimulation of the cortex or motor

nerves which often leads to improved functional outcomes (Hamid and Hayek, 2008; Awad
et al., 2013). One of the key factors governing rehabilitation success is that at least some of
the neuronal pathways are conserved following the injury, with higher proportions of spared
tissue generally forecasting improved functional outcomes in the long-term, though it is still
possible to recover a small degree of functionality even with a complete absence of supra-
spinal input (Behrman, Bowden and Nair, 2006). While in the majority of cases there is at
least some parenchyma remaining (Figure 1.4 illustrates how this may typically occur,
particularly in the later stages), this often cannot capably resume the functions of the lost

tissue even with extensive rehabilitation programs.

Minimising the damage caused by secondary injury is an effective approach to spare a higher
volume of functional tissue and ideally improve the prognosis of patients in the long term.
Neuroprotective strategies can take different forms but are typically employed in the late-
primary or early-secondary phases of injury when cell death is usually the most accelerated
and mitigation will provide the greatest benefit. Surgical decompression is extremely
common to alleviate the mechanical stress imposed on the cord by the traumatic
displacement of vertebrae or connective tissue into the spinal canal, and can also include
durotomy procedures to reduce the high intradural pressures instigated by local oedema (Li
et al., 2014). Methylprednisolone is a clinically approved pharmacological neuroprotective
treatment which acts by curbing the immune response and diminishing the effects of
inflammation at the injury site, however even so there is debate over the pros and cons of
steroidal treatment in SCI because of the increased risk of infection (Bowers et al., 2016).
Other options are being recruited to seek regulatory approval such as riluzole which is
currently used as a treatment for amyotrophic lateral sclerosis (ALS) and is under
investigation for use in SCI (Nagoshi, Nakashima and Fehlings, 2015). It serves to inhibit
the action of sodium and calcium channels as well as glutamate which minimises the impact
of excitotoxicity (Wu, Satkunendrarajah and Fehlings, 2014). It demonstrates limited
adverse effects compared to methylprednisolone, yet further research is required before it
can be cleared as a SCI treatment. A more unconventional approach considers the use of
hypothermia as a means to reduce metabolic activity around the injury site and lessen the
effects of ischaemia and inflammation (Ulndreaj, Badner and Fehlings, 2017). There is some
evidence that moderate cooling can improve the neurological outcomes following SCI (Levi
et al., 2010; Wang and Pearse, 2015), particularly when used in conjunction with other
therapies (Cakir et al., 2003). While neuroprotective strategies are unguestionably useful,

their effects will rapidly diminish as the window between injury onset and therapy
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administration increases and even where its use is effective there is likely to be substantial

tissue loss. Therefore, longer term options of treatment are also required which may facilitate
regeneration of the spinal cord.

Growth factors are an integral element of neuronal guidance in both development and
regeneration. Neurotrophins are a family of growth factors that regulate neuronal survival,
neuritogenesis and synaptic plasticity and as such they can be useful agents in spinal cord
injury repair (Poo, 2001). Each neurotrophin acts through a cell surface receptor of the
tropomyosin receptor kinase (Trk) family and these are expressed in varying amounts by
different neuronal populations (Haddad, 2017; Keefe, Sheikh and Smith, 2017). Nerve
growth factor (NGF) binds to the TrkA has been demonstrated to promote the regrowth of
nociceptive sensory fibres and some motor neuron populations in cases of spinal cord injury
(Keefe, Sheikh and Smith, 2017). Brain-derived neurotrophic factor (BDNF) is thought to
be even more effective in neuronal regeneration in spinal cord injury as it acts through the
TrkB receptor which is expressed by several cell types in the central nervous system and has
been demonstrated to enhance axonal sprouting in multiple descending neuronal sub-types
(Huang and Reichardt, 2001) as well as being a potent mediator of neuronal plasticity (E and
Antila, 2017). Neurotrophin-3 (NT-3) is also capable of encouraging the maintenance and
regrowth of neurons, particularly with the corticospinal tract (Grill et al., 1997) and some
ascending dorsal column neurons (Bradbury et al., 1999). Furthermore, combinations of
neurotrophins will enhance their regenerative capability (Novikova, Novikov and Kellerth,
2000). One of the shortfalls of this approach is that trophic support needs to be continuous
in order to have a meaningful impact on neuronal regrowth and administration of
neurotrophins or other growth factors is often uncontrolled and require additional

mechanisms of delivery.

Cell implantation can be used as a means to provide stimuli that are lacking in the damaged
cord. Several cell types have been investigated for their potential to replace populations that
are lost due to injury. Neural precursor cells (NPCs) are widely used in cell transplantation
models due to their ability to differentiate along neuronal and glial lineages (Temple, 2001).
Studies have confirmed that implantation of neural stem cells can lead to improved
functional outcomes after spinal cord injury (Abbaszadeh et al., 2018) and that they can also
differentiate along several lineages including neurons in response to the local environmental
cues (Cummings et al., 2005; Lu et al., 2012). The enhanced functional outcomes can only
be partially attributed to replenishing cellular populations however as implanted cells also

deliver trophic support to the endogenous cells and consequently stimulate further activity
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(Assinck et al., 2017). This paracrine signalling may be of particular importance as similarly

improved functional measures can also be observed with implantation of mesenchymal stem
cells (MSCs) (Hosseini et al., 2018) which typically do not differentiate into neural cell
phenotypes, although this notion remains controversial (Salgado et al., 2015; Ying et al.,
2016; Mukhamedshina et al., 2018; Wu et al., 2018). MSCs have been demonstrated to
secrete neurotrophic factors and temper inflammation after implantation in SCI models (Qu
and Zhang, 2017). Some studies have found evidence that MSCs also have the capacity to
provide physical support by forming tube like structures that house and protect neurons (Ma
et al., 2018).

Implantation of neural stem cells (NSCs) has already been translated into clinical trials,
although the results are somewhat more modest than in animal models (Curtis et al., 2018;
Levi et al., 2019). One of the main obstacles in clinical translation is the lack of consensus
required to adequately inform decisions on key parameters such as the number of cells
required or the timescale of implantation. The cell fate beyond the time of implantation is
also difficult to control, and several factors can adversely affect these cells in a realistic
setting including patient condition and other concurrent treatments to mitigate the

complications of SCI.

Many of the current approaches to treatment of spinal cord injury can be effectively tied
together and combined through the use of biomaterials (Fihrmann, Anandakumaran and
Shoichet, 2017). They can act as an appropriate vehicle for pharmacologic agents and cells
(Liu et al., 2018), as well as providing an extra degree of control over cell behaviour by
directly providing an architecture for engaging integrin activity and cell mobility (\VVarone et
al., 2017).

1.2.5 Rodent Models of Spinal Cord Injury

Researching new strategies for treating SCI can take many avenues. In vitro techniques can
be used to explore promising systems and there are an abundance of techniques available for
culturing neural cells for spinal applications (Gingras et al., 2008; East et al., 2013; Gerardo-
Nava et al., 2014). There are some that can also create a reasonable approximation of the
complex regenerative environment that follows injury. Boomkamp et al. (Boomkamp et al.,
2012, 2014; Mccanney et al., 2019)developed an injury model that first establishes a
population of myelinated axons before creating a transection in the cell monolayer which

can be used for determining the effect of soluble agents on axon regrowth and myelin
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reformation. Weightman et al. (Weightman et al., 2014) describe a system utilising sagittal

slices of neonatal rat spinal cords followed by slice transection to replicate injury. This
system could be used in conjunction with an overlaid biomaterial platform to assess the
progression of astrogliosis and neurite alignment across the gap. However, these methods
can only provide a limited and idealised view of how this would translate to the in vivo
environment which introduces a host of confounding factors and complexity. For this reason,
in vivo models of spinal cord injury are highly valued for the insights they can provide.

There are several models that can be implemented to replicate different clinically relevant
injury scenarios. One of the most conceptually simple is the transection injury in which the
cord is cut to completely separate the spinal cord into proximal and distal segments with a
gap in between. This model creates a space that can be used to apply the therapeutic agent
being tested but ultimately levels of regeneration seen in this model do not usually match
those of other models and it is also a rarity in clinical presentations (Cheriyan et al., 2014).
Partial transections can be performed in a similar fashion but with only inflicting damage on
a selected region of the cord. Hemisection models have the additional advantage of allowing
comparisons of injured and uninjured regions both histologically and functionally
(Leszczynska et al., 2015). Compression models are considered to be more relevant as these
types of injuries are relatively common clinically. These involve the application and
maintenance of pressure on the spinal cord for a set duration which induces mechanical and
ischemic damage and usually produces relatively consistent injuries (Poon et al., 2007).
Another similar method that produces very reproducible injuries is the contusion model
which is performed by imparting a rapid force onto the spinal cord that again causes
mechanical and ischaemic damage. The added benefit of this model is that several methods
exist which can provide accurate data on the contusion delivery parameters which makes
injuries highly defined (Krishna et al., 2013). However, despite the advantages of certain
models over others, choosing the correct approach often comes down to the experimental

requirements and as such these models and others are all extensively used.
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1.3 Biomaterial Strateqgies for SCI

1.3.1 What are Biomaterials?

Biomaterials are a class of material that are used to replace or restore the functionality of
biological systems. Historically these materials could only replicate very basic functions
such as load bearing and they were commonly used as structural elements, for instance as
dental implants, prosthesis or tissue sutures (Rezaie, Bakhtiari and Ochsner, 2015). More
recently with advances in surgical techniques and medical capability, the additional
requirement of biocompatibility became a prerequisite as implantable technologies were
developed. The predominant focus was on materials that could remain bio-inert; those that
were non-toxic to the surrounding tissues and would cause a minimal immune response.
These were used in more complex scenarios such as joint replacement, bone augmentation,
vascular stents or hernia meshes (Huebsch and Mooney, David J. Mooneyl, 2010; Kalaba
et al., 2016). However, these still only performed rudimentary roles in the body by providing
mechanical support, but more recent classes of material have focussed on utilising biological
mechanisms to enhance the function of implanted materials. Such materials have the
capability to encourage cellular processes that can facilitate tissue integration and even

regeneration.

The majority of early biomaterials have focussed on replacing damaged tissues and assuming
their function. Regenerative strategies aim to promote the recovery of damaged tissue to a
healthy state so that normal function can be resumed without the necessity for permanent
implants to remain in place. This approach has several advantages as foreign objects
typically induce combative responses from the surrounding tissues over time and even state-
of-the-art technologies have limited life-spans after implantation (Hu, Eaton and Tang,
2019). More importantly however, the multitude of roles that even relatively simple organs
perform cannot yet be recapitulated artificially. Biomaterial-based tissue regenerative
strategies are heavily focussed on providing a platform for cellular adhesion and motility,
enabling the repopulation of damaged areas by native cell types as migration is directed into
material grafts (Nardo et al., 2017). In this manner the materials are intended to replicate the
ECM by providing a substrate for cellular attachment. Central to this idea is the inclusion of
components that can associate with cell adhesion molecules such as integrins which are one

of the most important receptors for the mediation of cellular adhesion.
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1.3.2 Cell Adhesion & Migration

Integrins are dimeric transmembrane receptor proteins that have specificity for certain
peptide sequences that are embedded in ECM components. Each integrin is comprised of
one o and one 3 subunit, which when combined will determine the molecular epitopes that
it can recognise and bind to (Mcever and Luscinskas, 2018). In humans there are 24
identified functional combinations of these subunits, many of which have multi-specificity
and can attach to several different ECM proteins (Danen, 2013). Fibronectin is widely
distributed in many tissue types and a number of integrins are known to bind to the molecule
(Barczyk, Carracedo and Gullberg, 2010), in particular to a sequence of arginine-glycine-
aspartic acid (RGD) amino acids (Kapp et al., 2017) which is recognised by several 1 and
av integrins (Bharadwaj et al., 2017). Laminin is another abundant ECM protein that includes
another notable adhesion sequence of isoleucine-lysine-valine-alanine-valine (IKVAV)
amino acids which also binds to several B1 integrins as their primary ligand (Frith, Mills,
Hudson and Cooper-white, 2012). Several other sequences are known to initiate integrin
activity such as the GFOGER and YIGSR sequences from collagen (Puranen et al., 2003)
and laminin(Kim et al., 2018) respectively. Integrin activation relies on such sequences to
act as tethers that allow cells to exert forces on the external environment (Case and
Waterman, 2015).

Integrins are closely affiliated with the actin cytoskeleton and play an intrinsic role in actin
remodelling. Rho GTPases are activated following integrin binding and are implicated in the
process of stress-fibre formation which are necessary to exert tensile forces (Avalos et al.,
2004). This process becomes amplified in the generation of focal adhesion which are the
main anchorage points for adherent cells. Focal adhesions are supramolecular complexes
that combine high numbers of integrins along with a multitude of intracellular stabilising
proteins such as talin and vinculin to tether actin filaments to the transmembrane integrins,
effectively providing the mechanical bridge between the extracellular environment and the
internal cytoskeleton (Turner, 2000). Figure 1.5 illustrates the formation of focal adhesions
on a molecular level and a typical distribution of focal adhesions around an adherent cell is
also displayed. The cytoskeleton permeates the cell cytoplasm including contact with the
cell nucleus and stresses from outside the cell can directly translate into nuclear activity
through this system (Wang, Tytell and Ingber, 2009). The application of force through
integrins is essential to the maturation of focal adhesions which in turn precipitates numerous
signalling pathways to enable cells to sense and respond to the local physical surroundings
(Alpin et al., 1998).
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Figure 1.5 a) Simplified diagram of focal adhesion formation across the cell membrane,

connecting the internal architecture with the extracellular matrix. Integrins attach to
extracellular matrix through external binding sites which causes internal conformational
change. Focal adhesion complexes form by aggregation of integrins and stabilisation with
other proteins including FAK, talin and vinculin. This enables formation of actin stress
fibres to transmit forces between the cell interior and exterior. b) Image of a cell stained for
the cytoskeletal filament actin in green and vinculin in red to visualise the distribution of

focal adhesions. Image adapted with permission (Zaidel-bar, Kam and Geiger, 2005)

Focal adhesions do not only function as anchors to the ECM but are in fact crucial to the
motility and migration of cells. They exist in a dynamic equilibrium and are continually
being assembled and disassembled in response to migratory cues. Evidence suggests that the
formation of focal adhesions and the stabilisation of pathfinding lamellipodia is intertwined
and as such constitutes a mechanism of mobilisation (Webb, Parsons and Horwitz, 2002).
Rates of formation and turnover can polarise cells along an axis of movement; assembly and
stabilisation of focal adhesions is more readily observable on the leading edge of the cells
which governs the direction of migration (Broussard, Webb and Kaverina, 2008).
Conversely, disassembly or dissociation of focal adhesions occurs at the trailing edge,
releasing the tethers to the ECM and contracting the membrane along this axis. These
mechanisms are generally responsible for changes in morphology, which is particularly
notable in developing axons as they are involved in growth cone pathfinding of neurites
(Ganfornina, Sanchez and Bastiani, 1992). These growth cones have high densities of
integrins to follow the ECM network and together with chemo-attractants or repellents,

integrins enable neurites to navigate with extreme precision over long distances to ultimately
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develop into axons (VVanderhaeghen and Cheng, 2010; Raper and Mason, 2019). However,

in order to make use of these mechanisms in engineered systems, arguably the most
important consideration is choosing the right material substrate to facilitate these processes.

1.3.3 Material Selection

It is important that the micro-environment is able to effectively replicate the ECM not only
in the availability of binding sites for integrin coupling but also the mechanical properties of
the substrates. It has been demonstrated repeatedly that the elastic modulus of a material will
influence cell behaviour including the morphology, mobility and differentiation of the cells
(Gray, Tien and Chen, 2002; Schneider et al., 2006; Jalali et al., 2016). This property has
been linked to modulation of mechano-transduction and intracellular signalling in response
to the apparent deformability of the substrate (Han et al., 2016). One explanation for this is
the molecular clutch model of focal adhesion formation; the sustained application of force
allows mechanosensitive proteins to unfold, exposing binding sites for other docking
proteins to stabilise the complex (Martino et al., 2018). On substrates with low Young’s
Moduli, the high strain induced in the material leads to an insufficient generation of force to
enable the unfolding of focal adhesion stabilisation protein talin (Elosegui-artola et al.,
2016). The binding of vinculin to the complex which is required for focal adhesion
maturation subsequently fails to occur. For differentiating stem cells, the Young’s modulus
can be the decisive influence on the lineage of the cells; in the case of MSCs it has been
shown the elasticity alone can promote cells to adopt neuronal, muscle or bone phenotypes
when adhered to materials with low, intermediate or high stiffnesses respectively (Engler et
al., 2006). Materials with low stiffnesses can also stimulate the differentiation of NSCs (Saha
et al., 2008) and even embryonic stem cells (Ali et al., 2015) along neuronal lineages. In
addition, neuritogenesis is demonstrably improved when cultured on materials that have
extremely low Young’s moduli of ~2kPa or less (Farrukh et al., 2017). When designing
materials to promote growth of specific cell types, it is common practice to tailor the Young’s

modulus of the material to approximate the tissues in which the cells normally reside.

In the short term, materials have the capability of providing cells with substrates they need
to support themselves, but as time progresses and cells attempt to remodel their environment,
enduring materials can become more of a limiting factor on tissue regeneration.
Repopulation and integration of tissues to a healthy state cannot take place in spaces

occupied by implanted structures. Degradable materials are therefore highly valued for their
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ability to provide temporally controlled support. They also eliminate the need for surgical

re-intervention which is necessary for non-degradable implants. The optimum rate at which
the material breaks down is highly tissue specific but a commonly held principle is that the
material should be resorbed at a rate on par with the defect recovery so that regenerating
tissues can replace the function of the material as it diminishes (Nair and Laurencin, 2007).
Several classes of materials exist that can fit this need, many with distinctive mechanisms
that can influence their suitability in specific environments. Hydrolytically degradable
materials can be constructed from an array of synthetic polymers such as poly (lactic-co-
glycolic) acid which has been used in a variety of applications from bone tissue engineering
to neural electrodes (Gentile et al., 2014; Koo et al., 2018). Alternatively, enzymatically
sensitive materials offer the potential for cellular-mediated remodelling to control
degradation rates which can be particularly important for encapsulated cells to forge paths
for migration (Schultz, Kyburz and Anseth, 2015). Many biological materials including
proteins (Hesse et al., 2010) and polysaccharides (Campbell, Stilhano and Silva, 2018) can
take advantage of enzymatic activity to facilitate their degradation, but the use of biological
elements can also be translated into synthetic materials for the same purpose (Lin and
Anseth, 2009; Feig, Tran and Bao, 2018).

Promoting the activation of integrins is a common focus of biomaterials for improved tissue
integration and regeneration, though there are several approaches that can achieve this
outcome through different mechanisms. One common method is the modification of surfaces
to enhance the adsorption of ECM proteins which enables cells to regulate their own
extracellular environment. Factors known to contribute to this process are surface moieties
and charge (Li, Yang and Huang, 2011), surface mobility (Bathawab et al., 2016) or surface
roughness and topography (Wu et al., 2015; Lizarraga-Valderrama et al., 2019), all of which
can be tuned to improve the retention or conformation of matrix proteins to present more
binding locations for adhering cells. Changing the topography of the material surface can
have the additional benefit of guiding cells through more conventional means by physically
constricting their freedom of movement (Wang, Ostuni and Whitesides, 2002). A more direct
approach for utilising ECM is to fabricate materials which incorporate integrin binding sites
into their structure. Collagen is a ubiquitous ECM protein that is routinely applied to surfaces
in cell culture to enhance cellular adhesion and growth. The diverse nature of collagen has
led to the evolution of numerous natural composites that incorporate collagen into their
structure (Sherman, Yang and Meyers, 2015). Beyond this however, it is also capable of
assembly of its own accord into 3D configurations that can be used in biomaterial

applications (Doyle, 2017). These belong to a class of materials that are gaining popularity
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in biomaterials research due to their extremely versatile nature and their ability to mimic soft

tissues; hydrogels.

1.3.4 Hydrogels

Hydrogels are defined by the ability to retain large quantities of water within a hydrophilic
macromolecular network (Zustiak and Leach, 2010). These networks arise from the
affiliation of long polymeric chains with one another in aqueous media to the point that the
relative motion of the chains reduces to near zero. The mechanisms through which this
happens determine several material properties of the gel. In physically cross-linked gels the
polymer chains are held in place by weak intermolecular forces such as by electrostatic
attraction or hydrogen bonds (Hu, Wang and Xiao, 2019). The loose association between the
polymer chains mean these gels usually have low elastic moduli and can be dissociated
relatively easily. By the same token, this also allows some gels to form in response to distinct
and potentially biologically expedient stimuli such as temperature (Ruel-Gariépy and
Leroux, 2004), ionic concentration (Henderson et al., 2010), mechanical agitation or even
voltage driven gelation (Y. Lin et al., 2014). Figure 1.6 illustrates a handful of mechanisms

that can be exploited to synthesise hydrogels.

Much stronger associations can be created through covalent cross-linking of polymer chains.
These are highly dependent on the pendent moieties that are available to form covalent
bonds; often materials will be synthesised or modified to contain specific functional groups
that can participate in cross-linking reactions. Photo-polymerisation can be used to create
hydrogels by the incorporation of unsaturated groups such as acrylate into the base polymeric
structure (Martens and Anseth, 2000) or they can be integrated into bifunctional chains to
become cross-linkers (Fairbanks et al., 2009). Photo-initiators are used to generate free
radicals upon exposure to light which initiates the conjugation of the polymer chains and
subsequently drives the formation of the hydrogel network. This method gives excellent
control over the gelation as the reaction occurs rapidly and can be triggered independently,
however it can be harsh on cells that are encapsulated within and requires an initiator for
polymerisation which may also be toxic (Nguyen and West, 2002). For this reason, materials
that utilise click-chemistry cross-linking methods have been the subject of intense focus due
to their spontaneous activity in physiologically benign conditions. These methods rely on
the conjugation of reactive groups onto polymer subunits to facilitate the amalgamation of
molecules (Moses and Moorhouse, 2007). In hydrogel formation, molecules that are multi-

functionalised with reactive groups can form cross-links to assemble hydrogel networks (Xi
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et al., 2014). The Diels-Alder reaction is an example of click-chemistry that can be used to

form adducts of dienes and dienophiles, so conjugation of groups such as the diene furan
onto polymer chains means that cross-linkers with dienophiles like maleimide at the chain
ends can link the molecules together (Smith et al., 2018). This approach represents facile
methods of gel formation that can be used in situ by simply mixing components together.
This property makes gels formulated through click chemistry amenable to injection as
aqueous components can flow through needles prior to their gelation. During implantation
of biomaterials there is associated secondary damage caused by the invasive procedures
required to place the implant into lesion sites, therefore injectable options reduce the severity

of procedures required and reduce the likelihood of complications.
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Figure 1.6 Schematics of several hydrogel cross-linking paradigms, indicating diverse
range of mechanism available for hydrogel synthesis. This can include photoinitiated cross-
linking to spark radical polymerisation, ionic linking which links chains though ionic
ligands, partial polymer crystallisation, enzymatic ligation of polymer chains, cross-linking
of chains through intermolecular forces or covalent bonding and temperature phase

transition gelation. Image from (Hu, Wang and Xiao, 2019)
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Hydrogels possess a range of properties that make them extremely useful as biomaterials.

As the majority of the mass in most hydrogels is water, they are able to participate in
diffusion directly without the necessity of porosity to facilitate the movement of solutes. One
factor that may limit this however is the mesh size of the hydrogel network which is the
average space between cross-links. The mesh size governs the freedom of movement of
solutes because smaller mesh sizes equate to a higher density of interlinked polymer chains
which ultimately constrict diffusion (Weber, Lopez and Anseth, 2010). This may be further
slowed if the solutes have an affinity for the mesh constituents. At the further end of the
scale, large molecules such as proteins may become almost completely entrapped if the mesh
size is close to the dimensions of the molecule (Witten and Ribbeck, 2017). In some regards
this may be a disadvantage if key signalling molecules or nutrients cannot diffuse to reach
encapsulated cells, but conversely it makes hydrogels very useful as delivery vehicles for
the slow release of agents such drugs, hormones or growth factors. Biodegradable hydrogels
can enhance this effect as they subsequently release their contents as they break down (Lu
and Anseth, 2000). This has been demonstrated in a wide variety of applications, including
delivery of BDNF in injured spinal cords (Jain et al., 2006). Hydrogels that are immersed in
water will also tend to swell as the water permeates inwards which will expand the mesh
which contributes to increased release rates. These properties will also affect the material
stiffness; in general, higher densities of cross-links will lead to less chain mobility and
therefore a higher modulus (Uchida et al., 2019). Swelling increases the distance between
cross-links and is usually accompanied by a reduction in Young’s modulus, however at high
degrees of swelling the opposite can happen as stretched chains exhibit strain-hardening
behaviour (Hoshino et al., 2018). Designing materials to possess specific properties can
often have a knock-on effect as several other properties will also change, therefore the gel

composition must be carefully considered.

Hydrogels formed from natural polymers are very often controlled by physical cross-links
(Achilli and Mantovani, 2010) and can be made from many different types of polymeric
chains from proteins like collagen (Macaya et al., 2013), to polysaccharides such as
hyaluronic acid (HA) (Seidlits et al., 2010; Huaping et al., 2012) or even DNA (Lee et al.,
2012). Natural polymers provide certain advantages over synthetic ones in biological
systems because they can often play several roles simultaneously and may contain domains
that can interact with a variety of cell surface receptors or other biomolecules (Sawicka et
al., 2015). On the other hand, as they are derived from biological origins, they run the risk
of carrying contaminants. Their degradation can be unpredictable due to the volatile changes

in enzyme expression at implantation sites (Sarkar, Yingfei and Sant, 2017) and they can
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liable to batch variability. Synthetic polymers can be accurately defined during manufacture

and often have the additional benefit of being highly modifiable to suit a variety of
applications.  Poly(hydroxyethylmethactrylate) (pHEMA) (Li et al., 2013), poly (N-
isopropylacrylamide) (PNIPAM) (Lanzalaco and Armelin, 2017) and Poly(ethylene glycol)
(PEG) (Enemchukwu et al., 2015; Gutowski et al., 2015) have all be fabricated into
hydrogels that have proven to be biocompatible. PEG in particular has a long history of use
in medical applications having been previously employed for drug modification (Harris and
Chess, 2003) and has even been proposed as a fusogen to reconnect the membranes of
damaged axons back together in nervous injuries (Lu et al., 2018). The proven track record
of PEG in vivo and use in the context of SCI, along with its extremely diverse array of
potential modifications make it an excellent candidate for investigation as a hydrogel
designated for implantation in SCI. PEG-based hydrogels can satisfy all of the criteria
required for implantation and provide many additional benefits, hence this body of work is
primarily focussed on the fabrication and evaluation of PEG hydrogels for these reasons.

1.3.5 Multi-Arm PEG-Gels

Poly(ethylene glycol) is a polyether comprised of ethylene oxide monomers (Ivanova,
Bazaka and Crawford, 2014). PEG chains are hydrophilic which make them suitable for the
creation of hydrogels. PEG can be formed into hydrogels by synthesising the polymer in
units containing multiple branches with additional modifications at the chain terminals (Tan
et al., 2009). These molecules can be linked using multifunctional cross-linkers which must
contain at least 2 functional groups that can form a bridge between molecules. As the
functional units of the polymer are typically affixed to the chain ends, the binding sites are
highly specific and the structure of the material can be well-defined. Many of the properties
can be easily tuned by adjusting the chain properties; altering the molecular length of the
polymer or cross-linker will directly change the hydrogel mesh size, and therefore will
influence the swelling capabilities and the stiffness of the material (Temenoff et al., 2001).

As previously mentioned, multi-armed PEG can be used as the basis of hydrogel formation,
however the variety of choice for chain terminus functionalisation enables PEG to participate
in a number of cross-linking paradigms. Of particular note in relation to this body of work,
Michael-type addition is a highly effective route facilitating PEG hydrogel cross-linking.
Michael-type addition is defined as an addition reaction between a nucleophile (Michael
donor) and an a-f unsaturated carbonyl (Michael acceptor) (Mather et al., 2006). The
Michael donors are often formed by catalysis in a base to accelerate the removal hydrogen

ions from the active moieties, enabling the nucleophilic attack of the unsaturated bond and
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the conjugation of the two components. This nucleophile can take many forms but in

biological systems it is particularly noteworthy that thiolates can initiate this reaction as these
can be found in cysteine amino acids. Thiolates are formed by the deprotonation of thiol
groups which can be induced with a pH around neutral, though this changes slightly
depending on the amino acid sequence that the cysteine is embedded within (Poole, 2015).
Several forms of Michael acceptor have also been utilised in biological systems such as
acrylates, vinyl sulfones and maleimide groups (Nair et al., 2014), all of which contain a-f3
unsaturated carbonyls. Figure 1.7 shows a schematic of a Michael-type addition reaction
between thiol and maleimide. In particular, maleimide has been demonstrated to be
exceptionally reactive with thiols compared to the alternatives and can rapidly undergo
addition with extremely high yields (Phelps et al., 2012). As such, multi-arm PEG modified
with maleimide functional groups can form an excellent basis for hydrogel synthesis when

used in conjunction with di-thiol cross-linkers.
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Figure 1.7 Schematic of the thiol-maleimide Michael-type addition reaction.
Deprotonation of thiol groups leads to formation of thiolate ions which initiate nucleophilic
attack of the unsaturated bond present in maleimide. The result is conjugation of the two
groups and substituent chains. Image adapted with permission (Northrop, Frayne and
Choudhary, 2015)

The thiol content of cysteine amino acids opens up the possibility of using peptides that
incorporate cysteines as conjugates for the PEG molecules and as such, essentially any
sequence of amino acids can be tethered to the hydrogel covalently (Deforest, Sims and
Anseth, 2010). As any bifunctional molecule can act as a cross-linker, peptides containing
more than one cysteine can be used to join the polymers together and hence form a hydrogel.

Peptides can therefore be synthesised to include bioactive sequences, including those that
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are substrates for enzymatic cleavage (Schultz and Anseth, 2013). By severing the cross-

links, hydrogels break down into their polymer subunits and therefore using such peptides
to form the hydrogel will render them enzymatically degradable. Libraries of sequences that
are susceptible to cleavage by matrix metalloproteases (MMPs) have been characterised for
their sensitivity to enzymatic cleavage (Patterson and Hubbell, 2010, 2011). As cells are
known to secrete MMPs to remodel their environment, cells in the immediate vicinity of the
hydrogel will be able to facilitate its degradation. Degradable peptides are not the only useful
sequences that can be incorporated into the hydrogels and in fact this mechanism can also
be used to engage with integrins and enable their adhesion. As integrins are capable of
recognising the short sequences in ECM proteins (RGD, IVKAYV etc. (Gunn, Turner and
Mann, 2005; Kim et al., 2016)) these truncated sequences can be conjoined with cysteines
and bound directly to the hydrogel structure, thereby allowing cells to adhere to the material
through the same mechanisms as ECM. Ultimately these gels replicate the ECM in many

ways but with completely defined, synthetic components.

The potential of PEG gels in neural studies has been demonstrated using various
formulations of the hydrogel. McKinnon et al. used MMP degradable PEG gels
functionalised with RGD and YIGSR to show extensive neurite outgrowth of embryonic
stem cell-derived motor neurons (McKinnon, Kloxin and Anseth, 2013). Mosley et al. was
able to induce neuronal differentiation and neurite extension on PEG hydrogels in 2D
(Mosley et al., 2016). Naghdi et al. used RGD bound PEG hydrogels modified with tenascin-
C to encourage the differentiation of neural stem cells along a neuronal lineage (Naghdi et
al., 2016). Only a limited number of in vivo studies have been conducted using PEG
hydrogels in spinal cord injury models which give some insight. Park et al. employed MMP-
degradable PEG-hyaluronan gels modified with IKVAV and loaded with BDNF which were
injected intrathecally and demonstrated an early improvement in Basso, Beattie and
Bresnahan (BBB) locomotor scores (Park et al., 2009). Dumont et al. used a hemi-sectional
injury model to implant pre-fabricated aligned PEG gel implants and saw an attenuation of
the glial scar and an increase in myelinated axons compared to controls (Dumont et al.,
2019). It is notable that the compositions of gel used varies significantly between respective
studies and without standardised protocols to make the studies equitable it is difficult to draw
firm comparisons, but due to the wide scope of modifications that can be made to PEG
hydrogels the diversity is only expanding. However, while the gels may not be precisely the
same there is frequently evidence of enhanced growth of neural cells to be seen which does

indicate that PEG gels hold the potential to be of therapeutic benefit in SCI.
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1.3.6 Injectable Hydrogels

The notion of injectable materials comes with some very attractive advantages over
conventional approaches of implantation. They can be significantly less invasive than other
surgical alternatives as the target sites do not have to be incised to place the material and
they only need to pass through a needle. Additionally, by not having a pre-fabricated
structure they can achieve exceptional apposition to tissues as they can flow into the irregular
spaces at the peripheries of tissue voids (Liu and Garcia, 2016). This also means they are not
limited by manufactured dimensions and can potentially be scaled indefinitely and

extemporaneously to meet clinical requirements.

Different approaches can be taken in creating injectable systems. Hydrogels can be injected
as precursor agents to solidify in situ in response to some form of initiating stimulus, as is
the case with thermally gelling hydrogels. Collagen is a notable example that transitions
from solid to liquid when the temperature is raised to physiological levels (Yunoki, Ohyabu
and Hatayama, 2013). Cornelison et al. developed a system that allow them to transform de-
cellularised nerve ECM into an inverse thermally setting hydrogel through the same
mechanism due to the high collagen content (Cornelison et al., 2019). Hyaluronan-
methylcellulose also possesses the same property but has the additional benefit of being
shear-thinning which enables the material to switch from solid to liquid as it flows through

a syringe and then re-solidify as it exits (Gupta, Tator and Shoichet, 2006).

Alternatively, hydrogels can also be synthesised prior to injection into forms that are small
enough to flow through needles which can be in the micrometre range, and this pre-
fabrication can have benefits over in situ gelation. Production of microgels ex-vivo allows
for significantly more freedoms in the gel synthesis as harmful processes or toxic by-
products can be eliminated prior to their use which therefore expands the library of potential
material candidates. Furthermore, greater control over the reaction kinetics can be achieved
in the laboratory than in vivo and the hydrogels can be more reliably reproduced. The
simplest form for microgels to take is spheres which can be produced in a variety of ways.
Emulsions are a straight forward method for rapidly producing microspheres by the agitation
of multiphase fluids which prompts the partitioning of the phases into spheres, however these
are difficult to control with accuracy and usually result in very high size polydispersity. Wen
et al. (Wen et al., 2016) produced PLGA microspheres loaded with BDNF and VEGF
through this technique and used in conjunction with hyaluronan scaffolds demonstrated an

increase in neurite growth through the material compared to the HA alone. Electrospraying
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could also be used which accelerate fluid jets to form droplets into a collector bath which

can cross-link the material, but these are also not reliably monodisperse (Jain et al., 2015).

Currently the most ubiquitous method for production of microspheres are microfluidics
based approaches. Devices based on microfluidics are able to control flows with extreme
precision that allow for highly reproducible production of microspheres. Commonly these
devices are created using a system developed by McDonald et al. (Mcdonald et al., 2000)
using polydimethylsiloxane (PDMS) cast onto photolithographic moulds that can be firmly
bound to glass substrates to enclose the microscale channels. The device design and
operation will be contingent on the mechanisms of gelation for the material in question and
whether they are single component gels or if they require mixing with a cross-linker, but the
possibilities are potentially limitless. Hong et al. (Hong et al., 2012) demonstrated a system
for the facile production of cell-laden collagen microspheres by dispersing aqueous collagen
droplets in oil flows. Considering the thermally induced gelation they also introduced a
heated oil flow downstream to accelerate the hydrogel solidification. Lewis et al. described
a system that uses photo-polymerisable PEG-based gels that are polymerised by UV
irradiation directly onto the polymer droplets within the device after they are formed in a
flow focussing regime (Lewis et al., 2010). For Michael-type addition polymerised gels,
separation of the polymer and cross-linker are required to prevent device blockages. Such a
device has been demonstrated by Foster et al. (Figure 1.8) (Foster et al., 2017). to produce
4-armed PEG-maleimide (PEG-4MAL) based hydrogels and as such represents a viable

approach for prefabrication of this type of hydrogel into injectable forms.

oil
crosslinker
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Figure 1.8. Aqueous-oil flow-focussing microfluidic device with convergent polymer/cross-
linker flows to create gel microspheres. PEG and cross-linker streams combine before being
continuously formed into droplets by oil forcing through a narrow orifice. Adapted with

permission (Foster et al., 2017)
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1.4 Project Aims

The main aim of this project is to establish an injectable form of PEG-4MAL based hydrogel
and evaluate the potential for promoting regeneration in the injured spinal cord. To achieve
this, the research outline can be divided into 4 distinct sections.

1. Fabrication of PEG-based hydrogels and characterisation of the material properties.

2. In vitro analyses to evaluate the behaviour of neural cells cultured within the

hydrogels.

3. Establish a protocol to allow for the injection of the hydrogels in a surgical setting.

4. Assess the biological response to the hydrogel in vivo using rat models of spinal cord

injury.
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2.1 Introduction

Polyethylene Glycol is a polymer widely used in the medical industry, in part due to its bio-
inert properties (Emilsson et al., 2015), but this property also makes them intrinsically poor
at promoting cellular interactions. However, PEG can also be modified with an abundance
of chemical moieties that vastly expand the library of chemical processes that it is able to
participate in (Bakaic, Smeets and Hoare, 2015). For these properties, synthesis of PEG
hydrogels is particularly of interest in the field of tissue engineering (Zhu, 2011). Of all the
possible modifications that can be utilised, one that stands out is the use of maleimide groups
due to its exceptional capability in conjugating with thiol groups rapidly, efficiently and in
biologically benign conditions (Phelps et al., 2012). This enables maleimide groups to tether
cysteines and by extension virtually any cysteine-linked amino acid sequence directly to the

polymer.

As tissue engineering places a heavy emphasis on biomaterials and their ability to enable
cellular colonisation by regulating adhesion and migration, functionalisation with sequences
that can facilitate these behaviours is critical. RGD is one such sequence that has been used
extensively to induce coupling with integrins and thereby allow cells to move across
substrates with tethered RGD through the same mechanisms as they do with natural ECM
(Yu et al., 2011). RGD is usually recognised as a derivative of fibronectin, although it can
be found in several other proteins (Ruoslahti and Pierschbacher, 1987) and this ubiquity
along with the range of integrins that it can engage (Nieberler et al., 2017) make it applicable
in many different tissues (Kudva, Luyten and Patterson, 2017; Mauri et al., 2018; Ouyang
et al., 2019). IKVAYV is another such sequence derived from laminin that is found in
abundance throughout the CNS and has been used with the same goal in several studies on
neural cells (X. Li et al., 2014; Farrukh et al., 2017). However, just as cells remodel their
environment in healthy tissues, so too must they be able to do so within biomaterial scaffolds
(Tibbitt and Anseth, 2009). As this is often achieved through matrix metalloprotease activity,
peptide sequences that are sensitive to these enzymes such as the VPM (Salimath et al.,
2012) sequence have been utilised to allow their passage through the material by degradation

of the local environment (Dietrich et al., 2018).

The scope for modification of 4-armed PEG-maleimide gels is incredibly vast, however with
each modification the intrinsic properties of the material may also change significantly. In
this chapter, different compositions of PEG-4MAL hydrogel modified with the integrin

ligand peptides and variable proportions of degradable and non-degradable cross-linker are
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examined for some key material properties. Figure 2.1 portrays a schematic of the molecular

structure of the hydrogel along with a sample image of the PEG-4MAL hydrogel after
formation and swelling. The Young’s modulus, degradation profile and gelation rates are
measured to ensure they fall within biologically suitable and practically useful ranges.
Binding of the peptides to PEG-maleimide is validated through fluorescent thiol detection
assays, swelling and mesh size information is calculated and release of the neurotrophins
NGF and BDNF are investigated, collectively all of which are used to appraise their

suitability as candidates for further exploration in vitro and in vivo.
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2.2 Material & Methods

2.2.1 Gel Preparation

2.2.1.1 Materials

4-armed Polyethylene glycol-Maleimide Macromer (PEG-4MAL, 20kDa, Laysan
Bio, USA),
e PEG-dithiol(PEG-diSH, 3.4kDa, Laysan Bio, USA),
e RGD-Peptide(Full Amino Acid Sequence ‘GRGDSPC’, Genscript, Netherlands),
e |IKVAV-Peptide (Full Sequence ‘CSRARKQAASIKVAVSADR’, Genscript,
Netherlands)
e VPM-Peptide (Full Sequence ‘GCRDVPMSMRGGDRCG’, Genscript,
Netherlands)
Each of the peptides is dissolved in PBS and frozen in aliquots. The PEG-4MAL and PEG-

diSH are weighed and dissolved in PBS as required on the day of preparation.

2.2.1.2 Calculation of Reagent Quantities

The characterisations details in this chapter have been based on 5% wt/vol PEG-4MAL
hydrogels functionalised with 2mM of RGD or IKVAV and non-functionalised controls
except where stated otherwise. Different proportions of degradable VPM peptide and non-
degradable PEG-diSH cross-linker were also investigated, and consequently the
predominant focus of the subsequent characterisations has been based on the hydrogel
formulations combinations described in Table 2.1. The control gels (PEG-Only) were
created by omitting the peptides from the gel formulation and substituting an equivalent

volume of PBS while otherwise using the same quantities of reagents.

RGD IKVAV PEG-ONLY
100% VPM R 100V | 100V @ 100V
75% VPM : 25% PEG-DISH R 75V:25P | 75V:25P @ 75V:25P
50% VPM : 50% PEG-DISH R 50V:50P I 50V:50P @ 50V:50P

Table 2.1 Principle combinations of hydrogel formulations under investigation, using RGD,
IKVAV or unfunctionalised (PEG-Only) gels with varying proportions of degradable VPM

and non-degradable PEG-diSH. Their abbreviations are noted in this table.
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To calculate the amount of every reagent required to prepare the different hydrogel

combinations presented in Table 1, first the concentration of total maleimide groups
available in a 5% wt/vol PEG-MAL hydrogel is calculated. Then, the concentration of
maleimide groups that remain unoccupied after binding the 2mM peptide can be determined.
Finally, the mass of cross-linker required to cross-link the remaining maleimide moieties is

calculated.
1. Determine the molar concentration of PEG-4AMAL required in the final gel and
subsequently the concentration of individual maleimide groups (4 groups per PEG-

AMAL molecule).

5%wt / vol =50 g/L Molecular Weight (MW, PEG — 4MAL) = 20000 g/mol

50 (g/L)
20000 (g/mol)

= 2.5% 1073 mol/L PEG — 4MAL - 0.01M (10mM) MAL

2. From this, subtract the molar concentration of RGD/IKVAV that will be used (2mM)
this will give the total concentration of unbound maleimide groups after binding with
RGD/IKVAV.

10 mM — 2mM = 8mM Remaining MAL

3. Calculate the concentration of cross-linker required to occupy the remaining maleimide
groups. Each cross-linker molecule contains 2 thiol moieties. The proportion of
degradable cross-linker (VPM) to non-degradable (PEG-diSH) is also calculated.

8mM

— = 4mM Cross — Linker

Table 2.2 Molar concentrations of cross-linker present in each ratio.

Cross-Linkers Molar Proportions

VPM: PEG-diSH:
100% VPM (100V) 4mM -
75% VPM: 25% PEG-diSH (75V:25P) 3mM 1mM
50% VPM: 50% PEG-DISH (50V:50P) 2mM 2mM




37

4. Convert molar concentrations to units of mass and define the dilutions required,

considering the PEG-4MAL and cross-linker solutions are prepared separately and will

be diluted when mixed together to form the gel. Detailed below are quantities based on
100pL of gel with the PEG-4MAL and cross-linker diluted as such that they can be

mixed in equal volumes to form the final gel.

Table 2.3 Mass of reagents required to make 100uL of gel for each of the forms described

in Table 2.1.

Integrin Ligand Masses

Moles Required: 0.002Mx (100x10¢6L) =2x107mol/100uL

Molecular Weight RGD: 690.73 g/mol IKVAV: 2017.33 g/mol
Ligand Dilutions 2x107mol - 138.1 ug 2x107mol - 403.5 ug
Cross-Linker Masses

Moles Required: 0.004Mx (100x10¢6L) =4 x 107 mol/100uL

Molecular Weight VPM: 1696.96 g/mol PEG-diSH: 3400 g/mol
100V 4x 107 mol - 678.8 ug -

75V:25P 3x107mol - 509.1 ug 1x107mol - 340 ug
50vV:50P 2x107mol - 339.4 ug 2x 107 mol - 680 ug

Table 2.4 Dilution of reagents required to make 100uL of gel for each of the forms described

in Table 2.1. at a 1:1 ratio of functionalised polymer to cross-linker.

Polymer Functionalisation Dilutions (50ul Total)

PEG-4MAL 5mg PEG-4MAL + 25ul PBS
Ligand RGD (20mM Stock): 10ul. | IKVAV (20mM Stock): PEG-Only:
Dilutions Stock + 15uL PBS 10ul Stock + 15ul PBS 25ul PBS
Cross-Linkers (50uL Total)

VPM (50mg/mlL Stock): PEG-diSH:
100V 13.55ul Stock + 36.45ul. PBS -
75V:25P 10.17ul Stock + 24.83ul. PBS 0.34mg PEG-diSH + 15ul PBS
S50V:50P 6.87ul Stock + 3.13ul PBS 0.68mg PEG-diSH+ 30ul PBS

5. These quantities can then be scaled to meet the requirements of each experiment.
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2.2.1.3 Gel Preparation

PEG-4AMAL and PEG-diSH lyophilised powders are weighed and dissolved in PBS,
allowing 15 minutes to ensure complete dissolution. Lyophilised peptides previously
aliquoted PBS are thawed. RGD or IKVAV peptide solutions are mixed thoroughly with the
dissolved PEG-4MAL either by pipette or vortex mixing and given a further 15 minutes to
allow the thiol-maleimide reaction to occur. The PEG-Only controls are mixed with an
equivalent volume of PBS. The VPM and PEG-diSH are combined in the required
proportions. To create the gels, the PEG-4MAL-peptide solution is pipetted into/onto the
appropriate vessel/surface then mixed with the cross-linker and allowed to solidify. The gel
will solidify spontaneously after mixing over a timescale dependent on the pH (The gelation
rates are quantified in Section 2.3.3).

2.2.2 Confirmation of Peptide Binding

The reaction between the peptides’ cysteine thiols and the maleimide groups was confirmed
using a fluorometric thiol detection kit (Sigma Aldrich, UK). In this assay thiol groups can
be detected by reaction with a proprietary fluorophore that will fluoresce with a higher
intensity following reaction with thiol moieties (Figure 2.2). Peptides mixed with the
fluorophore will yield a high fluorescence intensity due to the presence of unreacted thiol
groups whereas peptides that have been conjugated with PEG-4MAL prior to adding the
fluorophore should have a significantly reduced intensity if the peptides have successfully

bound with the maleimide groups.

Solutions of 20uM RGD and IKVAYV were prepared in PBS along with 5uM PEG-4MAL,
corresponding to 20uM of maleimide. 25uL of each of the peptide solutions was pipetted
into a black-walled 96-well plate and mixed with an additional 25uL. of either PBS to
quantify the unbound peptides, or with PEG-4MAL to give final concentrations of 10uM
peptide and maleimide. This was allowed to react for 15 minutes. A serial dilution of PEG-
diSH was prepared in PBS to produce a calibration curve, starting at a concentration of 10uM
thiol (5uM PEG-diSH) and diluting by half for each point of reference down to 0.625uM
thiol. A blank of PBS, and another blank of 10uM maleimide (2.5uM PEG-4MAL) were
also included to observe and deduct any background fluorescence induced by the PEG-
AMAL. After the reaction period had elapsed, S0uL of the fluorophore (supplied at 100x
concentration and diluted to 1x in PBS) was added to each well bringing the total volume to

100uL per well. This was allowed a further 10 minutes to enable the fluorophore binding
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following which the fluorescence intensity was measured in a plate reader (Tecan Infinite®

200 PRO, Switzerland) using an excitation wavelength of 490nm and emission wavelength
of 520nm. Each sample was measured in triplicate and the standards were read in duplicate.
The measurements from the serial dilution were then used to calculate the linear relationship
between fluorescence intensity and sample concentration which in turn was used to calculate

the concentration of thiol measured in each sample.

a) Without PEG-MAL b) With PEG-
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Figure 2.2 a) Diagram of the thiol detection assay mechanism used to confirm peptide
binding to maleimide groups. The fluorophore binds with thiol groups present in the
cysteine amino acids in each peptide chain and in doing so creates a strongly fluorescent
adduct. b) Following the peptide reaction with PEG-4MAL, the availability of free thiol
groups in solution will be greatly reduced therefore the measured fluorescence intensity

will be much lower than that of the peptide alone.

2.2.3 Degradation Profile

2.2.3.1 In-Vitro Degradation

A panel of several hydrogel formulations of various PEG-4MAL concentrations and
VPM:PEG-diSH cross-linker ratios to determine which of those measured were capable of
maintaining material integrity during in vitro culture. PC12 cells (P12, Sigma Aldrich, UK),
an immortalised cell line capable of growing in suspension and adherent cultures, were
encapsulated within these hydrogels and their degradation was observed over 7-day cultures.
Using PEG-4MAL concentrations of 3, 4 & 5 %wt/vol bound with 2mM RGD and cross-
linker ratios of 85V:15P (V; VPM, P; PEG-diSH), 75V:25P, 65V:35P and 50V:50P, the time

taken for the gel to completely break down was noted so that formulations which failed to
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endure 7 days could be discounted from further investigations in favour of more durable gel

types. The PC12 cells were expanded in suspension in RPMI 1640 (Thermo Fisher, UK)
media with 10% horse serum (HS, Thermo Fisher, UK) in T75 flasks. These were
centrifuged to form a pellet and incubated in 5SmL of trypsin-EDTA (Sigma Aldrich, UK)
for 5 minutes to dissociate the cell clusters before pelleting again. These were re-suspended
in RPMI 1640 and adjusted to a density of 5x10° cells/mL. 30uL of gel precursors were
prepared as described in Section 2.2.1.3. The volume of PBS added to the cross-linker
solution during preparation was reduced by 6uL per 30uL gel to be substituted for the same
volume of cell suspension. This cross-linker/cell suspension was then mixed with the PEG-
4AMAL solution by pipette in a 24-well plate and allowed to solidify for 20 minutes before
adding 1mL of RPMI 1640 with 1% HS and 50ng/mL of nerve growth factor (B-NGF, R&D
Systems, UK) to each well. The resultant gels contained 30000 cells per sample and the
media was exchanged every 2 days for 7 days. The condition of the hydrogels was
documented at every media exchange to observe whether they remained intact or if they had
degraded.

2.2.3.2 Collagenase Degradation

Based on the outcome of the PC12 gel degradation assay, the formulations of hydrogel that
remained stable for the duration of the experiment were further analysed for their
degradability using solutions of type-1 collagenase. These were reduced to those designated
in Table 2.1, using the 100V gels as a fully degradable comparison and additionally a fully
non-degradable equivalent cross-linked with on PEG-diSH (100P). The hydrogel precursor
reagents were prepared as described in Section 2.2.1.3 and 30uL hydrogels were formed into
centrifuge tubes (Corning® Costar® Spin-X® centrifuge tube filters, Sigma Aldrich, UK).
Prior to formation, the empty filtration baskets were weighed so the mass of the basket could
be subtracted from the mass of the gel during each weighing. The gels were immersed in
PBS overnight to enable them to reach a point of equilibrium swelling. Following this the
supernatant was removed from each tube by pipette aspiration and centrifuged for 5 minutes
at 5000rpm to fully dispense the supernatant, after which the initial gel mass was recorded.
The gels were then immersed in 0.5mL of type 1 collagenase (Thermo Fisher, UK) at
concentrations of 30 U/mL, 10 U/mL or PBS as a control. The gel mass was measured at
several time points (1h, 3h, 6h, 1d, 3d, 5d, 7d, 10d, 14d then twice weekly), each time
removing the supernatant by aspiration and centrifugation which was refreshed after each
weighing. This continued until either the gel was degraded, or for those that did not degrade

the experiment was terminated after 8 weeks.
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2.2.4 Gelation Rate

The speed of gelation was measured by determining the time taken for the gel to resist
aspiration by pipette after the PEG-4MAL and cross-linker had been mixed, marking the
transition from solution into gel (Figure 2.3). The gel reagents were prepared as described
in Section 2.2.1.3 and initially mixed in Eppendorf tubes by pipette for 15 seconds. This was
then aspirated and ejected every 15s for the first 5 minutes to determine the point at which
the gel could no longer be withdrawn by pipette, and subsequently every minute if gelation
had not been reached by this time point. Each formulation of gel designated in Table 2.1 was
investigated to observe their gelation rates. Another experiment was conducted using the
same methodology to determine the effect of pH on the gelation rate, focussing on the
50V:50P cross-linked gels as these gels displayed the shortest gelation speeds and could
maximally discriminate between the anticipated longer gelation times associated with
lowering the pH. PBS buffers with pH adjusted to 5, 6 and 7.4 (standard) were prepared
using 1M HCI and used to dissolve the PEG-4MAL, peptides and cross-linkers, and
subsequently their gelation speeds were measured. Finally, the effect of temperature on the
gelation rates was examined, again using the same methodology with 100V gels as these
displayed the longest gelation times and could maximally discriminate between the
anticipated reduction in gelation times associated with increasing the temperature. Hydrogel
precursors were mixed in Eppendorf tubes heated to 37°C and compared to gels formed at

ambient temperate (22°C).

PEG-MAL and Cross-linker Gelation - Solutions can
are mixed no longer flow

=\ 2 a

OH"

Figure 2.3 Diagram of gelation measurement. PEG and cross-linker are mixed and the
gelation will subsequently occur at a rate dependent on the pH. Gelation will also cause the
mixture to resist aspiration by pipette, marking the time point when the material no longer

behaves as a liquid.
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2.2.5 Swelling Behaviour

The swelling behaviour of the hydrogels can be adequately described by the swelling ratio
which quantifies the relationship between water content and dry mass of hydrogels(Park et
al., 2010):

m
Weight Swelling Ratio (q,,) = m—s (2.1)
d

Where ms and mgq are the swollen mass and dry mass of the gel respectively. To measure this,
the gel formulation designated in Table 2.1 were formed in triplicate into centrifuge filtration
tubes (Sigma Aldrich, UK). Prior to formation, the empty filtration baskets were weighed so
the mass of the basket could be subtracted from the mass of the gel during each weighing.
15 minutes after formation of the gels, each sample was weighed in the basket before being
immersed in Milli-Q water and incubated at 37°C overnight to allow the diffusion of water
into the gels to reach equilibrium. The supernatant was removed from each sample by pipette
and was centrifuged at 5000 rpm for 5 minutes to remove any residual water present in the
basket or on the gel surface. Samples were then weighed again. Following this each filtration
tube was pierced and placed in a vacuum evaporator centrifuge (Eppendorf Concentrator

Plus) for 1 hour to dry the samples completely, after which they were weighed for a final

time.
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Figure 2.4 a) Diagram of gel swelling, gel size increases as more water migrates into the
structure. b) Illustrative representation of the definition of hydrogel mesh size (&), the

average distance between cross-links.
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Using the data from the swelling analysis it is also possible to calculate the mesh size (&) of

the gels which describes the average distance between cross-links of the gel network (Figure

2.4). The calculations were performed as follows:

mg m,
= — 2.2 = — (2.3)
qw my ( ) q f my

Where qw is the equilibrium (swollen) weight swelling ratio; the ratio of swollen gel mass
(ms) over dry gel mass (mg), and g is the ratio of the gel mass immediately after formation
in the relaxed state (m;) over dry mass (Caykara and Recai, 2003). From these ratios, the
volume fraction of polymer in the hydrogel in the swollen state (v2s) and in the relaxed state

(v2,r) can be calculated;

(g5 — Dppee

- Dp
- 1 4 (qw ) PEG]
Pwater

pwater

-1
(2.4) vy, = [1 + l (2.5)
The density of water (pwater) is 1 g/mL. The specific volume of amorphous PEG () has been
reported(Cruise, Scharp and Hubbell, 1998) as 0.893 mL/g from which the reciprocal can be
taken to get the density (preg) as 1.12 g/mL. Now the Flory-Rehner equation can be used to

calculate the average molecular weight between cross-links (Cruise, Scharp and Hubbell,
1998) (M.,).

1Y
—|n(1— vy5) + vy + x(vy 2
_ _Vl[ ( 2,5) 2, X( 2, )] (2.6)

1
E n V2,5 1/3 1 (Vs
Var Vo r 2 Vo r

SIS

In this equation, M, is the average molecular weight of the polymer (20kDa), V1 is the molar
volume of water (18 cm®mol) and X is the Flory polymer-solvent interaction parameter
which for PEG has been previously implemented as 0.426 (Lu and Anseth, 2000). The next
step is to calculate the polymer chain length between cross-links in the unperturbed

state (%) Y2

@'z =1 <2 %) c,/2 (27)
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| is the average bond length within the polymer chain (0.146nm) (Raeber, Lutolf and

Hubbell, 2005), M, is the monomer molecular weight (44 Da) (Rehmann et al., 2017) and
Cn is the Flory characteristic ratio, reported as 4.0 (Merrill, Dennison and Sung, 1993). From

this the mesh size (¢) can be determined:
= 152/
§= vy /3(7p) /2 (2.8)

2.2.6 Young’s Modulus

In this study the hydrogel Young’s Modulus was measured using atomic force spectroscopy.
This method uses a cantilever with a spherical tip to indent the hydrogel surface with a
defined force. The deformation is measured by deflection of a laser from the cantilever into
a calibrated photodiode array, and the depth of indentation can be related with the applied

force and tip geometry to calculate the Young’s Modulus.

Photodiode

Cantilever

Figure 2.5 a) Diagram of the AFM operating principles. Laser light is reflected from the
surface of a cantilever that deforms on contact with the sample surface. For force
spectroscopy, this deflection is deducted from the actual change in height of the cantilever
during indentation to give the indentation depth which together with the force of indentation
can yield the material Young’s modulus by applying the Hertz model of indentation. b) Flat
gel samples were mounted on microscope slide in reservoir prior to immersion in water in

preparation for AFM measurements.

2.2.6.1 Cantilever Preparation

Tipless silicon cantilevers (Arrow-TL1-50, k ~ 0.03 N/m, Nanoworld, Switzerland) were
prepared prior to measurements with 20um diameter silica beads (Corpuscular Inc.) mounted
on the tip. Firstly, a suspension of beads was prepared by sonication for 5 minutes before
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dilution in ethanol and sonication for a further 5 minutes. This suspension was spread onto

a microscope slide and dried with nitrogen to disperse the beads across the surface. On a
separate area of the same slide, epoxy resin (Araldite) was applied and spread thinly. The
cantilevers were mounted on the AFM (Nanowizard® 3 Bioscience AFM, JPK) and
manipulated to contact the cantilever tip onto the glue. The silica beads were then attached
by aligning the glue-covered tip over the bead and lowering until contact before retracting
and unmounting the tip, then leaving overnight to allow the epoxy to cure fully.

2.2.6.2 Sample Preparation

To prepare samples for measurement, gels of each formulation designated in Table 2.1 were
formed between 2 glass coverslips to enable the formation of flat surfaces. The 12mm
diameter glass was cleaned by sonication in Milli-Q water then absolute ethanol for 15
minutes each then dried in a 120°C oven. The PEG and cross-linker were mixed on the
surface of a coverslip before another coverslip was dropped on top prior to gelation to enable
the formation of a flat layer. These were allowed to solidify before being immersed in Milli-
Q water overnight to reach equilibrium swelling. Following this the gels were removed from
the water and the top coverslip was gently dislodged from the gel to leave a flat surfaced
sample. These were then mounted onto microscope slides using fixogum (Marabu) and a
plastic barrier was glued into place around the sample (Figure 2.5) then filled with Milli-Q

water to create a reservoir.

2.2.6.3 Calibration

The JPK SPM NanoWizard® software allows for calibration of the cantilever spring
constant using a thermal noise approach. A water reservoir with no sample was created as a
calibration surface. The cantilever was mounted on the AFM and lowered into the water
until it was fully immersed. The laser was then aligned with the photodiode array and
displacement set to zero. The cantilever was set to automatic approach to the glass surface
of the microscope slide and a single indentation was performed. The deflection of the
cantilever can be related to the measured voltage to get the cantilever sensitivity. From here
the spring constant can be calculated by measuring the thermal fluctuation of the cantilever

at the resonant frequency and relating this to the thermal energy (Hutter et al., 1998).
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2.2.6.4 Data Collection & Analysis

After calibration, the samples were placed on the AFM stage and the tip lowered to contact
the hydrogel surface. Indentations of 5nN were performed in a 4 x 4 pixel grid of 100pum x
100um, with at least 2 samples and 3 areas per sample per condition. The measured
indentations were then analysed using JPKSPM Data Processing Software (JPK) software
using the Hertz model of indentation for a spherical indenter (Roa et al., 2011):

_ 3F(1— vz)
- 4r1/283/2 (2.9)

Where E is the Young’s modulus, F is the force of indentation, r is the radius of the bead on
the cantilever tip, ¢ is the depth of indentation and v is the Poisson’s Ratio (assumed to be

0.5).

2.2.7 Growth Factor Release

To investigate the release profile of selected neurotrophins from these gels, nerve growth
factor (NGF, R&D Systems, UK) and brain derived neurotrophic factor (BDNF, R&D
Systems, UK) were tagged with fluorescent labels then loaded into the hydrogels and the
release was tracked over time by measuring fluorescence of growth factor dispersed into the

surrounding supernatant.

2.2.7.1 Growth Factor Tagging

Each of the growth factors was tagged using a Dylight 488 fluorophore conjugated with N-
hydroxy succinimide (Dylight 488 NHS Ester, Thermo Fisher, UK) which can bind to
primary amines within proteins. The fluorophore was added to 0.05M sodium borate buffer
(pH 8.5, Sigma) at a tenfold excess to the growth factors in which the lyophilised proteins
were dissolved. This was given 1 hour for the fluorophore to bind to the protein, then the
mixture was transferred to dialysis tubes (Slide-A-Lyzer Mini Dialysis Unit 210000 MWCO,
Thermo Fisher, UK) where the buffer was exchanged with PBS and the excess unbound

fluorophore was removed, refreshing the PBS once an hour for 4 hours.
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2.2.7.2 Measurements

30uL of each gel formulation designated in Table 2.1 was formed into centrifuge tubes.
These gels were immersed in PBS containing 500ng/mL of tagged NGF or BDNF and left
overnight to allow the growth factor to diffuse into the hydrogel. This supernatant was then
removed by pipette aspiration and centrifugation for 5 minutes at 5000rpm and was replaced
with PBS. This supernatant was removed to be measured for fluorescence intensity after 1,
3, 6, 24,48, 72, 120 and 168 hours, each time replacing with fresh PBS. A standard curve
was generated from 500ng/mL of each growth factor down to 15.625ng/mL, diluting twofold
each step, with PBS as a baseline. The fluorescence was measured in a plate reader (Tecan
Infinite® 200 PRO) with an excitation/emission of 488/518nm.

2.2.8 Statistical Analysis

Statistical analysis of the data was performed and subsequently plotted using GraphPad
Prism Software. Single comparisons were analysed with unpaired t-tests and comparisons of
multiple groups were analysed using a 2-way ANOVA with a Tukey post-hoc test.
Differences were considered significant if p < 0.05 and p-values were annotated as *p < 0.05,

**p <0.01 and *** p < 0.001. Data are presented as mean values + standard deviation.
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2.3 Results

2.3.1 Confirmation of Peptide Binding

The covalent attachment of the adhesive peptides to the maleimide groups present on the
PEG-4MAL is required to enable cell adhesion and the generation of cellular tension through
integrin activity. Untethered peptides will not provide the required physical resistance to
facilitate motility mechanotransduction and will conversely behave as integrin inhibitors
through occupation of the binding sites (Hatley et al., 2018). The standard curve generated
from PEG-diSH with the thiol detection fluorophore was plotted and a linear fit of the data
produced a line with the equation y = 3432x, which was then used to convert the fluorescence
intensity (A.U.) measured from the samples into the concentration of free thiols (Figure 2.6).

50000 - Thiol Concentration vs Fluorescence
Intensity - Standard Curve
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Figure 2.6 Standard Curve for Thiol Concentration. A linear regression fit was generated
using the fluorescence intensity data of a serial dilution from 10uM to 0.625uM, diluted 2-
fold in PBS. The fit equation of y=3432x was used to convert fluorescence intensity to thiol

concentration. The regression fit produced gave R? = 0.9346.

Figure 2.7 shows the concentration of thiol measured for the unbound RGD and IKVAV
peptides and for the same peptides combined with the PEG-4MAL. In both cases, the
measured free thiol concentration was significantly lower after the peptides were reacted
with the PEG-4MAL molecules. This demonstrates that the reaction between thiol and

maleimide has taken place and it can be concluded that both the RGD and the IKVAV
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peptides have bound to the maleimide. There is some discrepancy between the baseline thiol

concentration measure for the RGD and IKVAV peptides which calls into question the
accuracy of the assay to effectively quantify the thiol concentration and this indicates that
the affinity of the fluorescent probe is different for each of these peptides. Notably however
there is a comparable reduction of free thiol concentration between the conditions with and
without PEG-4MAL; the RGD peptide sees a measured reduction of 10uM which equates
to the concentration of maleimides present and the IKVVAV fluorescence drops to zero in the

presence of maleimides, demonstrating the capability of each to bind to the PEG molecules.
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Figure 2.7 Free Thiol Concentration of RGD and IKVAV with and without being reacted
with PEG-4MAL molecules. The measured concentration of thiol in the conditions with
peptide and PEG are significantly lower than the peptides without PEG, indicating that the
thiol groups have reacted with the maleimide groups. Significance was determined using

unpaired T-tests, n = 3 per condition, mean + SD.

2.3.2 Deqgradation Profile

The VPM peptide is susceptible to the action of matrix metalloproteases, therefore enzymatic
breakdown of the hydrogels can be facilitated by cellular activity in proximity to the
hydrogels. Consequently, the degradability of these hydrogels is primarily dependent on the
proportion of degradable cross-linker that is used in the gel formulation. To use these
hydrogels for in vitro investigation it is essential that the gels can maintain integrity for at

least the duration of cell culture likely to be required. The culture of PC12 cells for 1 week
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using different concentrations of PEG-4MAL and cross-linker ratios revealed that several of

these gel formulations were unable to retain their structure for the full 7 days (Figure 2.8.).
This included all of the 3% wt/vol PEG-4MAL hydrogels and all the 4% wt/vol PEG-4MAL
hydrogels with the exception of the 50V:50P cross-linked samples. Of the 5% wt/vol PEG-
AMAL gels, only the gels with the highest proportion of VPM the 85V:15P gels degraded
before 7 days. Consequently the 3 and 4 %wt/vol gels were discounted from further study
and of the 5% wt/vol gels the 75V:25P and 50V:50P 5% wt/vol PEG-4AMAL gels were
selected as potential candidates for implantable materials, retaining the 100V gels as a fully

degradable comparison.
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Figure 2.8 Degradation of PEG-4MAL gels over time in PC12 culture. PC12 cells were
cultured for 1 week with a range of PEG-4MAL concentrations and cross-linker ratios and
the gels were noted to be present or degraded in 2-day intervals. The 3% PEG-4MAL gels
all degraded before the end of the culture as did all but the 50V:50P ratio 4% PEG-4MAL
gels, as well as the 85V:15P 5% PEG-4MAL gels. These were all discounted as suitable
candidates for investigation due to their short stability period. n = 3 per condition; in each
condition degradation occurred on the same day and standard deviation = 0, thus all

differences between groups is significant.

In the presence of type 1 collagenase, the 100V gels were degraded extremely rapidly and
the degradation rate increased with the collagenase concentration, (Figure 2.9). At point a)
(3h) 30U /mL collagenase samples had significantly decreased in mass compared to Oh and
were completely degraded by 6h. At this time point the 10 U/mL collagenase samples had
significantly decreased in mass compared to Oh and were completely degraded within 24h.

In the presence of PBS the gels crosslinked with fully degradable peptides maintained their

mass for 3 days but had degraded after 5 days.
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Figure 2.9 Degradation of the 100V gels. Each of the gels behave similarly to one another
in the different concentrations of collagenase, with the trend showing faster degradation
with higher collagenase concentrations. The gels are susceptible to breakdown even in PBS,
and each gel had degraded by 5 days of incubation. For each collagenase concentration,
changing the adhesive ligand did not have a significant effect on the change in mass at any
time point. Points a,b & ¢ show the time points that the hydrogel mass was significantly
different from the Oh mass for the gels in 30 U/mL collagenase (a, 3h), 10 U/mL collagenase
(b, 6h) and PBS (c, 120h). Each data point represents mean percentage mass (n=3) + SD.
Statistical significance was determined using 2 2-way ANOVAs to compare between groups

and across time respectively, each with a Tukey post-hoc test.

Incorporating the non-degradable cross-linker into the 75V:25P gels resulted in a slower
degradation rate than the 100V gels (Figure 2.10). The gels still retaining mass after 6 hours
in 30U/mL (a) and up to 120h in the 10U/mL (c) though not the IKVAV gels (b, 48h). In
PBS the mass showed a tendency to increase over time until they broke down after 21 days
(d). Again, there was very limited difference in mass when comparing different adhesive

ligands for each concentration of collagenase at each time point.
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Figure 2.10 Degradation of the 75V:25P gels. The trends for change in mass are similar for
the 75V:25P gels compared to the 100V gels but at a slower rate. The higher concentrations
of collagenase take slightly longer to break down each gel, but in PBS the gels are stable
for significantly longer than the 100V gels, remaining intact for approximately 3 weeks. For
each collagenase concentration, changing the adhesive ligand did not have a significant
effect on the change in mass at any time point with exception of the IKVAV — 10 U/mL
collagenase gels. Points a-d show the time points that the hydrogel mass was significantly
different from the Oh mass for the gels in 30 U/mL collagenase (a, 6h), 10 U/mL collagenase
IKVAV gels (b, 48h), the remaining 10 U/mL collagenase gels (c, 120h) and in PBS (d,
600h). Each data point represents mean percentage mass (n=3) + SD. Statistical
significance was determined using 2 2-way ANOVAs to compare between groups and across

time respectively, each with a Tukey post-hoc test.

Increasing this further to 50V:50P dramatically changed the degradability as each gel only
lost a small portion of mass in the initial days, beyond which they did not appreciably
degrade any further for the remainder of the 8-week assay, even in the presence of
collagenase (Figure 2.11). The only statistically significant differences noted were between
the peptide bound gels and the PEG-Only gels in collagenase which did not initially lose

mass as the others did.
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Figure 2.11 Degradation of the 50V:50P gels. The 50V:50P gels showed a slight reduction
in mass initially followed by stabilisation of the gel for the remained of the measurement
period which ended after approximately 2 months. By this point it is expected that the VPM
would be completely broken down and the gel structure is being maintained by the PEG-
diSH alone. Following the initial drop in mass, after 3h the mass is not consistently
significantly different from the mass at later time points for any of the measured conditions.
The only gels that exhibited differences between adhesive ligands were the PEG-Only gels
in collagenase which did not see the same initial drop in mass as other groups. Each data
point represents mean percentage mass (n=3) + SD. Statistical significance was determined
using 2 2-way ANOVAs to compare between groups and across time respectively, each with

a Tukey post-hoc test.

The 100P gels did not appear to lose any mass for the duration of the experiment irrespective
of the solution they were immersed in (Figure 2.12). By the final time point, there was no
statistically significant difference compared to the initial time point for any of the measured

conditions, nor between each of the conditions.
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Figure 2.12 Degradation of the 100P gels (Fully non-degradable cross-linker). The 100P
gels showed no evidence of degradation over the full course of incubation irrespective of the
concentration of collagenase used. There was a fluctuation in mass initially, however none
of the gels had a mass significantly different at the final time point compared to Oh, and there
was no significance difference between any of the ligands or collagenase concentrations.
Each data point represents mean percentage mass (n=3) + SD. Statistical significance was
determined using 2 2-way ANOVAs to compare between groups and across time

respectively, each with a Tukey post-hoc test.

2.3.3 Gelation Rate

The gelation rate is known to be highly dependent on the pH of the solution when the
peptide-bound PEG-4MAL and cross-linkers are mixed (Fu and Kao, 2011). This can
impose practical limitations on their use as very short or very long gelation times can make
them difficult to work with. Each of the lyophilised peptides used, when dissolved, lowers
the pH of the solution and slows the cross-linking of the hydrogel. The measured pH of each
of the peptide stock solutions can be found in the Supplementary Table 2.1. Because of this,
higher peptide content in the hydrogel will be associated with a reduced rate of gelation. The
trend for gelation rate follows this rationale that increasing peptide content delays gelation

by decreasing the pH (Figure 2.13).
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Gelation Time of PEG-4MAL Gels
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Figure 2.13 Gelation time of PEG-4MAL gels with different ligands and cross-linker
proportions. Significantly faster gelation rates are seen in gels with increasing VPM content
which can be attributed to the lower pH with higher concentrations of VPM, delaying the
reaction. The RGD and IKVAV peptides also reduce the pH when dissolved and there is a
similar observed trend when comparing with the PEG-Only gels. Statistical significance was

determined with a 2-way ANOVA using a Tukey post-hoc test. n=3, mean +SD.

In the 100V gels the gelation times are significantly longer than the 75V:25P samples which
are also significantly longer than the 50V:50P samples, which coincides with the reduction
in VPM concentration and substitution for PEG-diSH. It is also evident that the PEG-Only
gels solidify faster than the peptide bound gels. Reducing the pH of the buffer also had the
same effect on gelation rate, with lower buffer pH again slowing the gelation reaction (Figure
2.14). Unaltered PBS with a pH of 7.4 had a gelation time of less than 30s for the 50V:50P
gels which was significantly extended when the buffer pH was adjusted to 6, and even more
so when reduced to 5. Finally, the temperature is also a known factor in influencing gelation
rate(Matsumoto et al., 2016) which is demonstrated here by increasing the temperature of
the mixed gel components from ambient temperature (22°C) to 37°C which reduced the
gelation time by approximately half for the RGD and IKVAV 100V gels (Figure 2.15).
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Figure 2.14 Gelation rate of 50V:50P PEG-4MAL gels with reduced pH buffers. The
gelation rate of the hydrogels is predominantly influenced by the pH of the gel after mixing.
By lowering the buffer pH, the gelation is significantly prolonged. Statistical significance

was determined with a 2-way ANOVA using a Tukey post-hoc test. n=3, mean +SD.
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Figure 2.15 Temperature effect on gelation of 100V PEG-4MAL gels. Temperature can
influence the rate of reaction and hence the gelation of these gels. The gelation rate is
approximately halved by transitioning from ambient temperature to 37°C. Statistical

significance was determined with a 2-way ANOVA using a Tukey post-hoc test. n=3, mean +SD.
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2.3.4 Swelling Behaviour

Hydrogels are principally composed of water and only a small quantity of the material mass
is accounted for by the polymeric structure. The degree to which the structure will absorb
and retain water is highly dependent on the encapsulating network and can vary significantly
between different gel compositions. As a candidate for an implantable material, this can have
important implications as swollen gels can exert additional pressure on the local environment
which can be particularly detrimental in delicate tissues such as the spinal cord. The hydrogel
swelling ratio is significantly lower in the PEG-Only gels than IKVAV in all cases and RGD
in the 50V:50P gels, which demonstrates a lower equilibrium level of water sorption in the
PEG-Only gels (Figure 2.16). This is likely due to the increase in the number of dangling
ends in the polymer structure of the peptide-functionalised gels caused by the binding of the
mono-functional peptides to the maleimide groups that subsequently cannot engage in cross-
linking mechanisms. Radi et al. described this phenomenon and demonstrated increased
swelling in gels with higher proportions of dangling ends (Radi, Wellard and George, 2013).
Between the different cross-linker ratios there is no significant difference when comparing
each adhesive ligand. The swelling ratios are also predominantly similar between the RGD
and IKVAV bound gels. The only group that group that saw differences between the RGD
and IKVAV were the 100V gels, with the remaining groups being insignificant. The ratio of
swollen to relaxed mass also follows similar patterns as the swelling ratio with the PEG-
Only gels approximately doubling in mass and the peptide bound gels increasing 2.5-3.5 fold
between formation and swelling to equilibrium (Figure 2.17).
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Figure 2.16 Swelling Ratio of PEG-4MAL gels. The swelling ratio of the hydrogels is the
ratio of swollen mass over dry mass. The peptide functionalised gels retain significantly more
water than the PEG-only gels for each combination of cross-linker. Statistical significance

was determined with a 2-way ANOVA using a Tukey post-hoc test. n=3, mean +SD.
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Figure 2.17 Ratio of swollen (ms) to relaxed (my) mass of PEG-4MAL gels. As each gel had
a very similar relaxed mass, the notable trends in ms/m, follow those of the swelling ratio.
PEG-Only gels swell approximately 2-fold to equilibrium while the peptide bound gels
increase between approximately 2.5-3.5 times the relaxed mass. Statistical significance was

determined with a 2-way ANOVA using a Tukey post-hoc test. n=3, mean +SD.

The mesh sizes are derived from the swelling characteristics of the hydrogels and
consequently display the same trends seen in the swelling ratio as the mesh size for the PEG-
AMAL gels (Figure 2.18). The PEG-Only gels had the smallest mesh size around 15nm while
the RGD and IKVAV gels were between 20 and 25nm.

PEG-4MAL Gel Mesh Size

30 T oAk kaZad
— Hl [KVAV
E 50 - B PEG-Only
g *%x . p<0.01
wn *x%% . P<0.001
<
3 10 7
b

100V 75V:25P 50V:50P
X-Link Composition

Figure 2.18 Mesh size of the hydrogels. As the mesh size is directly linked to the swelling
behaviour, the trends follow the same pattern. PEG-Only gels have mesh sizes of
approximately 15nm while peptide bound gels range from 20-25nm. Statistical significance

was determined with a 2-way ANOVA using a Tukey post-hoc test. n=3, mean +SD.



59
2.3.5 Young’s Modulus

The Young’s modulus is a measure of how much a material can be deformed for a certain
applied force. In tissue engineering this can define how cells interacting with the material
can mobilise and migrate throughout the material and will also influence the cell behaviour
through mechanotransduction (Paluch et al., 2015). Matching the Young’s modulus of the
material to the native tissue of the cell type under investigation is a common approach as it
more adequately replicates the mechanical cues that cells would receive in vivo (Khan and
Tanaka, 2018). The mean Young’s modulus of the hydrogels was lowest in the 100V gels
giving a mean value of approximately 1 kPa for the peptide bound gels which is in close
proximity to reported values of rat spinal cord tissue (T. Saxena et al., 2012) (Figures 2.19).
The peptide bound 75V:25P gels were not significantly higher, though the Young’s moduli,
rose significantly to 2kPa for the 50V:50P peptide bound gels, however there is an overlap
in the standard deviation ranges of these data and ultimately the difference is small. For each
cross-linker ratio there was an approximately 3-fold increase in the modulus for the PEG-
Only gels compared to their peptide bound equivalents, though they still fall within the same
order of magnitude. In these gels, the absence of peptides allows for the formation of a more
densely cross-linked network as shown in Section 2.3.4, increasing the spatial restriction of

the polymer chains and hence leading to a higher modulus.
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Figure 2.19 Young’s Modulus of PEG-4AMAL gels. Increasing the proportion of PEG-diSH
leads to a slight increase in the mean modulus, whereas the PEG-only gels have a modulus
around 3 times that of the peptide bound counterparts. Statistical significance was
determined with a 2-way ANOVA using a Tukey post-hoc test. 101 <n < 175 areas per

condition, mean +SD.
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2.3.6 Growth Factor Release

The high water content of hydrogels gives them the capability to capture soluble agents
within their network structure and release them by diffusion in target environments at a rate
dependent on the capacity of the hydrogel to retain the solutes. Neurotrophins can be
delivered using such systems and have the capability to promote neuronal growth which can
enhance neuronal cultures in vitro or encourage regeneration in vivo (Bibel and Barde, 2000).
To interpret the data for release of NGF and BDNF from the hydrogels the proportion of
growth factor released is expressed as a percentage of the total growth factor released over
the course of the experiment. In each case, there is a distinct plateau that marks a cessation
of growth factor release from the gel. To qualify this interpretation, the 100V gels had fully
degraded over the course of the assay in a manner consistent with the rates demonstrated in
Section 2.3.2 and in doing so did not release any extra quantity of growth factor, indicating
that all the growth factor initially present in the gel had been dispersed into the supernatant
before degradation had occurred. As the release profile is consistent across each of the other
gel types this assumption is held for the gels that had not fully degraded by the end time
point. Figures 2.20 and 2.21 show that the neither NGF nor BDNF are retained for a
significant duration, with both demonstrating release profiles that peak at the first time point

before rapidly declining in all conditions.

The PEG-4MAL hydrogels demonstrated nearly instantaneous dispersion of growth factor
by releasing the majority of their payload by the first time point, indicating that there is little
preventing the diffusion of these molecules from within the hydrogels. To estimate the sizes
of each growth factor, the tools available from the RCSB protein data bank were used to
measure the span of the proteins at the widest axis which was in the region of ~6-6.5nm for
both NGF (Wiesmann et al., 1999; He and Garcia, 2004) and BDNF (Robinson et al., 1999).
When comparing with the mesh size of the hydrogels (Section 2.3.4) it is evident that the
growth factors will not be spatially restricted from diffusion out of the gels due to the much
larger mesh sizes. The polymer or peptides also are not known to have any binding affinity
for the growth factors, and the release rates observed in this experiment are corroborated by
this.
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Figure 2.20 NGF Release from PEG-4MAL gels. NGF release is comparable for all
conditions, with the majority exiting the gel within the first hours of immersion in PBS and

quickly reaching a plateau where no significant quantity of growth factor is being released.



Percentage Mass Released Percentage Mass Released

Percentage Mass Released

BDNF Percentage Mass Released from PEG-4MAL Gels
100 -

o L
80 4 - 100V - RGD
60
-a- 75V:25P - RGD
40 -
-a- 50V:50P - RGD
20 -
O - T T T 1
0 50 100 150 200

Time (hours)

- 100V - IKVAV

-=- 75V:25P - IKVAV
40 -
20 . -4- 50V:50P - IKVAV
0% : , . .
0 50 100 150 200
Time (hours)
100 - R
80
60 4 - 100V — PEG-Only
407 -=- 75V:25P - PEG-Only
o -+ 50V/:50P - PEG-Only
0 * : . , .
0 50 100 150 200

Time (hours)

62

Figure 2.21 BDNF Release from PEG-4MAL Gels. The same release pattern is observed

for the BDNF as the NGF, with the majority of BDNF being released at the earliest time

points.
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2.4 Discussion

The free thiol measurement assay successfully demonstrated a clear difference in free thiol
content when peptides were in the presence of maleimide and without. However, the
differences in baseline fluorescence between the RGD and IKVAV peptides suggest the
system of measurement may be influenced by other factors beyond thiol content, though the
proprietary nature of the fluorophore means that these factors can only be speculated upon.
In trying to determine a possible reason for this discrepancy, the fluorescence intensity of
the peptides was measured when dissolved in buffers of various pH. Using the same
fluorophore, a notable dependence on pH was observed in the measured intensity particularly
when the pH was high (Supplementary Figure 2.1). Even taking this into account however,
at the concentrations used for the assay they were measured to be close to neutral and
consequently this is unlikely to be a significant factor in the observed deviation. To improve
upon the accuracy of these measurements, alternative methods for detection of the thiol-
maleimide reaction could be used. Zustiak et al. (Zustiak, Durbal and Leach, 2010) used
peptides modified with fluorophores and subsequently bound to PEG-vinyl sulfone prior to
gelation to confirm the peptide tethering in the absence of a fluorescent signal in the gel
supernatant. Baldwin and Kiick (Baldwin and Kiick, 2013) used NMR to confirm the
formation of thiol-maleimide binding by observing the disappearance of protons from the
respective groups simultaneously which can illustrate both peptide binding and the cross-

linking reaction and as such would be a useful tool for this purpose.

The VPM peptide is known to be sensitive to degradation by collagenase as has been
demonstrated in Section 2.3.2, however in these degradation studies the fully degradable
100V gels broke down in PBS after 5 days incubation which indicates that the peptide is
vulnerable to breakdown through other means. Many studies have conducted similar
experiments using collagenase to degrade VPM cross-linked hydrogels, however few if any
have reported the long term degradability of these hydrogels in the absence of collagenase
(Salimath etal., 2012; L. Lin etal., 2014; Foster et al., 2017; Holyoak et al., 2019). Currently
it is unclear what this mechanism of degradation may be. The Michael-type addition can
undergo the reverse process but this typically requires a high pH or the presence of high
concentrations of free thiols (Zhang et al., 2017), neither of which should is present in these
gels. Hydrolytic degradation of PEG can also be discounted as the phenomenon is only seen
in VPM bound gels. Subsequently in the absence of enzymatic activity it seems this

alternative mechanism is enough to degrade the hydrogels, albeit at a slower rate.
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The dangling ends in the polymer structure caused by the incorporation of peptides into the
hydrogels can influence their behaviour in many regards. This is demonstrated by Kim et al.
(Kim et al., 2016) who investigated the effect of maleimide occupation with single cysteine
amino acids in PEG-MAL hydrogels and with increasing concentration of blocked
maleimides the swelling ratio of the hydrogels increased, gelation rate decreased and shear
modulus also decreased. The differences observed between the peptide linked PEG-4MAL
gels which would have a relatively high proportion of dangling ends compared to the PEG-

Only gels presented in this chapter and are consistent with the findings of this study.

The Young’s modulus of the hydrogels is fairly well conserved between the different cross-
linker ratios although there are slight differences, unusually however these differences run
contrary to expectations. It has been demonstrated that increasing the molecular weight
should lead to a decrease in the material stiffness as a consequence of the wider mesh size
and higher degree of swelling (Lee, Tong and Yang, 2014), however substituting the
relatively small VPM peptide with the larger PEG-diSH cross-linker leads to a slight increase
in the Young’s modulus. The hydrogels were measured the day after formation and overnight
swelling, so it is possible that the onset of degradation initiated a drop in the modulus over
this time frame. If this were the case, gels with higher VPM content would degrade to a
greater degree over the same time frame and the modulus would be lower than those with
lower concentrations which would be in keeping with the observed data. This could be
elucidated by measuring the gels at multiple time points to determine the extent of
degradation and its influence on the hydrogel stiffness. This information would also be
useful for anticipating possible changes in mechanical cues that would be available to

resident cells over the course of degradation.
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2.5 Conclusions

The hydrogels characterised in this chapter reveal several useful properties in the context of
biomaterials for implantation that warrant further investigation into their biological
properties. The degradability, when modified with the addition of degradable and non-
degradable elements means it could potentially be used in different phases of regenerative
support for short- and long-term applications. Due to the dynamic nature of cellular activity
in the spinal cord after injury, particularly in the early stages, having the options of a material
that can degrade after the sub-acute phase of injury or persist into the chronic phase could
drastically alter the impact of the material. Additionally, the Young’s modulus of the
material matches closely to reported values of the native spinal cord tissue and should
adequately mimic the elasticity of the extracellular environment. The option to tune the
gelation time of the hydrogels could also be useful, for instance in cell encapsulation
applications a rapid gelation reduces the time before media can be introduced which may
improve their viability, or conversely a long gelation may be required for implantation in
complex in vivo procedures. The rapid release of the growth factors from the hydrogels make
them unsuitable for long term sustained release however they can still have the potential to
be a delivery mechanism for a single dosage. Reducing the mesh size of the gels could be
achievable by increasing the PEG-4MAL concentration or changing the cross-linker, but not

without compromising the other favourable properties of the hydrogel.



3. In Vitro Analysis of Neurological
Cells and Tissues in 3D PEG-4MAL
Gel Culture
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3.1 Introduction

Neurons are the primary functional unit of the healthy spinal cord and the regrowth of lost
neuronal axons is critical to achieving functional recovery following spinal cord injury.
However, the environment that is presented to neurons in the spinal cord after injury is
inhospitable to axonal regrowth for a number of reasons, particularly in the later stages of
injury progression. In order to encourage axonal regrowth, this environment needs to be
modulated to overcome the regenerative barriers that arise after injury (Hyun and Kim, 2010;
Fuhrmann and Shoichet, 2018). To achieve axonal regrowth there are several possible
approaches, many of which do not rely on targeting neurons directly. Cellular activity in the
injured spinal cord is highly dynamic and there are several cell types resident in the CNS
which can contribute to the matrix remodelling, establishing chemotactic gradients and a
host of other regulatory functions which are necessary to promote axonal development. This
regenerative activity can even be further enhanced by the introduction of transplantable
populations of cells. This chapter details the in vitro analyses of several cell types that have
been implicated in SCI recovery, which are cultured in PEG-4MAL based hydrogels. These
investigations aimed to determine which of the hydrogel formulations described in the
previous chapter provide a substrate capable of sustaining healthy cell populations in 3D,
and additionally evaluate the extent to which the cells can interact with the material through

changes in morphology and distributions.

The role of astrocytes in spinal cord injury has sparked controversy and is not fully
understood as their effects are multifactorial and depend on both the phase of injury and
cellular phenotype (Nathan and Li, 2017). Previously the association of astrocytes with the
formation and maintenance of the glial scar had characterised them as detrimental to SCI
recovery but recent research suggests that in their absence, tissue deterioration following
injury is exacerbated (Anderson et al., 2016; Adams and Gallo, 2018). They are known to
shape the course of neuronal growth both through deposition of matrix components (Powell
et al., 1997; Powell and Geller, 1999) and through secretion of growth factors (Yoshida and
Gage, 1991). Consequently, therapeutic approaches that facilitate the reorganisation of
astrocytes may also provide an avenue for neuronal guidance through the injured spinal cord
(East et al., 2010). In healthy tissue the astrocyte network is interwoven with neurons,
capillaries and other glia and their typical branching stellate morphology allows them to

interface across several intercellular junctions simultaneously (Filous and Silver, 2016).
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Therefore, a functional material that can preserve this branching morphology is therefore

likely to be beneficial in the context of spinal cord injury.

Spinal cord neurons are capable of growing axons that can extend over distances that are
orders of magnitude larger than the cell soma. Multipolar neurons such as those found in the
CNS will also possess many much shorter dendrites which enable intercellular
communication over shorter distances (Van Der Want et al., 1998). In SCI, axotomised
neurons are often capable of stabilising and re-growing their axons to an extent but
predominantly fall short of penetrating through the region of injury. Part of the problem is
the lack of an appropriate substrate on which axonal development can occur, but biomaterials
can be used to resume this function. If re-innervation of denervated regions is to ultimately
be achieved, implanted materials must therefore be able to enable the formation and growth

of axons.

Dorsal root ganglia are cellular clusters of the peripheral nervous system that are situated at
the boundary between the PNS and CNS. As well as housing large quantities of Schwann
cells along with glial satellite cells and macrophages, the DRGs contain a dense population
of primary afferent neuronal cell bodies (Krames, 2014). As such, DRGs can be cultured as
tissue explants which makes them useful for studying neuronal interactions with
biomaterials. Though they are not directly analogous to spinal cord tissue, DRGs can be
more informative than monocultures due to the multitude of cell interactions taking place.
Outgrowth of neurites from DRGs in contact with homogenous materials is typically
observed omni-directionally from the explant and is dependent on the trophic and physical
cues provided (Yao et al., 2016; Le et al., 2018). Ideally the material can take advantage of

several mechanisms to encourage a greater degree of neuronal growth.

Mesenchymal stem cells (MSCs) are multipotent and are able to differentiate into several
cell types along the mesoderm lineage. They are commonly used in implantation therapies
with the aim to repopulate tissue defects by differentiating into cell types native to the target
tissue such as bone or cartilage, though they can also perform other roles (Richardson et al.,
2016; Yousefi et al., 2016; Kong et al., 2017). There is a body of research that suggests
MSCs can differentiate directly into neural tissues (Dezawa et al., 2004; Taran et al., 2014;
Takeda and Xu, 2015; Rao et al., 2016) but this remains under heavy scrutiny (Scuteri et al.,
2010; Huda et al., 2016; Luo et al.,, 2018). In spinal cord injury, MSCs have been
implemented as they are able to secrete several growth factors that can encourage the

regrowth of neurons and otherwise favourably modulate the wound environment (Hofer and
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Tuan, 2016). Hydrogels can also be used as vehicles for transplantation however in order to

do so, the minimum material requirements are to maintain high levels of cell viability.
Additional benefit can be gained if the cells are able to attach to the material and retain an
adherent phenotype which can allow migration, enabling the cells to exit the material and
permeate the transplant site.

In this chapter, MSCs, astrocytes, DRGs and spinal cord neurons are cultured in 3D PEG-
AMAL hydrogels to certify that viable populations can be maintained and to identify
differences in cell morphology and regrowth in gels modified with RGD, IKVAV or no
ligand, and different ratios of degradable:non-degradable cross-linkers. Quantification of
neurite length and density was also performed for spinal cord neurons, as was outgrowth

from the DRGs to assess their ability to promote growth of neural cell types.



70

3.2 Materials & Methods

MSCs, astrocytes, DRGs and spinal cord neurons were each cultured in 3D PEG-4MAL
based gel assays using 5% wt/vol PEG-4MAL tethered with RGD, IKVVAV or no ligand and
cross-linked with either 75V:25P or 50V:50P cross-linker ratios. . The 100V gels were

omitted as these gels were fully degraded by the end of the 7-day culture and no data could

be collected. Each formulation of hydrogel was evaluated for the capability to provide a cell

responsive environment which was assessed by the adoption morphological features that are

characteristic of each cell type analysed. Table 3.1 includes the composition of all the culture

media formulations used in the subsequent experiments.

Table 3.1 List of all culture media compositions used for cell and tissue gel cultures.

hMSCs
MSC Expansion Media

Mesenchymal Stem Cell Growth Medium 2 (C-28009,
Promocell, Germany) + 1% penicillin/streptomycin (P0781,
Sigma, UK)

hMSCs
MSC Culture Media

DMEM + 4.5 g/L glucose (D5671, Sigma, UK), + ImM sodium
pyruvate (58636, Sigma, UK) + 1.2 mM L-Glutamine (G7513,
Sigma, UK) + 1x Non-Essential Amino Acids (11140035,
ThermoFisher, UK) + 0.4% penicillin/streptomycin + 0.125
pg/mL fungizone (15290-026, ThermoFisher, UK)

Astrocytes
Astrocyte Culture

Media

DMEM + 1g/L glucose + pyruvate + glutaMAX (21885-025,
ThermoFisher, UK), + 1 % penicillin/streptomycin + 10%

foetal bovine serum (FBS)

Spinal Cord Neurons

Neuronal Culture
Media

Neurobasal Media (21103049, ThermoFisher, UK) + 1x B27
Plus Supplement (A3582801, ThermoFisher, UK) + 2mM
GlutaMAX (35050-061, ThermoFisher, UK) + 10ug/mL
gentamicin (15710-064, ThermoFisher)

Dorsal Root Ganglia
DRG Culture Media

Neurobasal Media + 1% B27 Plus Supplement + 2mM
GlutaMAX + 10ug/mL gentamicin + 10% Horse Serum
(ThermoFisher, UK)
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3.2.1 Mesenchymal Stem Cells

It is critical that the PEG-4MAL hydrogels can permit cell survival and growth to be suitable
for spinal cord implantation. Cell viability assays and morphological analyses of human
mesenchymal stem cells (hMSCs, C-12975, Promocell, Germany) were conducted after
culturing for 7 days within 75V:25P and 50V:50P gels with RGD, IKVAV or PEG-Only,
along with Matrigel (Growth Factor Reduced, 354230, Corning, USA), which is often used
in biomaterial studies, as a positive control (S. Dai et al., 2016; Grabowska et al., 2019).

3.2.1.1 Culture Protocol

Each gel was formed as previously described (Section 2.2.1.3) in a 48-well plate along with
matrigel controls and allowed to swell to equilibrium overnight at 37°C. The matrigel
positive control gels were made by pipetting 30uL of refrigerated liquid matrigel into the
48-well plate and incubating for 30 minutes at 37°C until solidification had occurred.
Passage 5 hMSCs were cultured in T75 flasks until confluence in MSC expansion media
(See Table 3.1). The cells were trypsinised until detached from the plate and centrifuged for
5 minutes at 1000rpm to form a pellet. The cells were then re-suspended in MSC Culture
Media (See Table 3.1) and counted with a haemocytometer. The cell density was adjusted
to 2.5x108 cells/mL and 6L of the suspension was seeded into each gel by inserting the
pipette tip within the formed gel and ejecting the suspension into the gel interior, with a
resultant density of 15000 cells per gel. 0.5mL MSC Culture Media was then added to each

well which was replaced every 2 days for 7 days.

3.2.1.2 Live/Dead Assay

A viability stain was applied using a LIVE/DEAD™ Viability/Cytotoxicity Kit (L3224,
ThermoFisher, UK) by adding 2mM Calcein AM which causes living cells to become
fluorescent green and 4mM ethidium homodimer which stains dead cells fluorescent red,
both dissolved in PBS. These were incubated for 30 minutes at 37°C before imaging each
sample with an EVOS microscope (EVOS FL Auto) using the accompanying software. Z-
stacks were taken of each gel at 20um intervals between the uppermost and lowest visible
cells which were analysed using ImageJ (Schneider, Rasband and Eliceiri, 2012) image
processing software by compressing the stack into a single plane and counting the number
of live and dead cells and calculating the percentage of total living cells. Statistical analysis

was performed using a 2-way ANOVA with a Tukey post-hoc test.
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3.2.1.3 Actin Staining

The cells were fixed in 4% formaldehyde/PBS for 30 minutes before washing 3 times in PBS
for 10 minutes each. Cells were permeabilised using a 0.1% Triton-X 100 (Sigma, UK)
permeabilising buffer, incubating for 20 minutes at room temperature before rinsing again
with PBS. The cells were then stained for actin with rhodamine phalloidin (R415,
ThermoFisher, UK) using 0.3mL at a dilution of 1:100 and NucBlue (R37605,
ThermoFisher, UK) for nuclei using 2 drops/mL and incubating for 1 hour before rinsing 3
times and storing in PBS. Images were captured using an EVOS microscope to create Z-
stacks at 20pum intervals between the uppermost and lowest visible cells. The images were
adjusted for brightness and contrast, background fluorescence was subtracted and the stacks
were projected into a single plane with a max intensity Z-projection using ImageJ
(Schneider, Rasband and Eliceiri, 2012).

3.2.2 Astrocytes

3.2.2.1 Culture Protocol

Cortical astrocytes were harvested from neonatal rats (P1, Sprague Dawley) by Dr. Susan
Lindsay (Institute of Infection, Immunity & Inflammation, University of Glasgow) which
were donated and cultured in the hydrogels within 1 week of dissection after the astrocytes
had reached near-confluency. Cortices were extracted from the neonatal rats and digested in
1.33% type-1 collagenase, then disassociated by trituration before plating in a T75 flask in
Astrocyte Culture Media (See Table 3.1) 75V:25P and 50V:50P gels were prepared as
described in Section 2.2.1.3 but withholding 12uL of PBS per gel from the gel components
to allow for the cell suspension to be added during formation. The cells were trypsinised to
dissociate them from the plate and centrifuged for 5 minutes at 1000rpm to form a pellet
before re-suspending in DMEM and counted with a haemocytometer. The cell density was
adjusted to 107 cells/mL and 12uL of this was added to the PEG and cross-linker to form
30uL gels with a density of 1.2x10° cells per gel in a 48 well-plate and allowed
approximately 20 minutes to solidify before 0.5mL astrocyte culture media was then added
to each well. A matrigel control was prepared by adding 12uL of cell suspension to 18uL of
matrigel and incubating for 30 minutes in an incubator before adding 0.5mL of astrocyte

culture media to the wells. The media in each well was replaced every 2 days for 7 days.
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3.2.2.2 Fluorescent Staining

The cells were fixed using 4% formaldehyde/PBS for 30 minutes before washing 3 times in
PBS for 10 minutes each. Cells were permeabilised using a 0.1% Triton-X 100
permeabilising buffer, incubating for 20 minutes at room temperature before rinsing again
with PBS. The cells were then blocked for non-specific binding by immersing the samples
in a blocking buffer containing 1% bovine serum albumin (BSA, Sigma, UK) in PBS for 1
hour. A primary antibody solution was prepared in blocking buffer using rabbit anti-GFAP
antibody (ab116010, Abcam, UK) at a dilution of 1:100 which was added to each sample
and stored refrigerated overnight. The primary antibodies were rinsed 3 times with 0.5%
tween 20 (Sigma, UK) before adding the secondary antibody goat anti-rabbit Cy3 (111-165-
003, Jackson, USA) at a dilution of 1:200 in blocking buffer and Alexa 488 phalloidin
(A12379, ThermoFisher, UK) at 1:100 for a further 2 hours at room temperature. These were
again rinsed in 0.5% tween 20 before adding 0.5mL PBS with NucBlue (2 drops/mL) to each
well for storage. Images were captured using an EVOS microscope to create Z-stacks at
20um intervals between the uppermost and lowest visible cells. The images were adjusted
for brightness and contrast, background fluorescence was subtracted and the stacks were

projected into a single plane with a max intensity Z-projection using ImageJ.

3.2.3 Mixed Spinal Cord Culture

3.2.3.1 Culture Protocol

75V:25P and 50V:50P gels along with matrigel were formed into 48 well plates and swollen
overnight in PBS as described in Section 3.2.1.1. Additional 50V:50P gels were formed and
immersed overnight in 0.5mL 500ng/mL B-NGF (256-GF, R&D Systems, UK) or 0.5mL
500ng/mL of BDNF (248-BDB, R&D Systems, UK). The harvesting of spinal cord neurons
was performed by Dr. Susan Lindsay and donated in the form of a cell suspension after
processing. Spinal cords from rat embryos (E15, Sprague Dawley) were obtained by
dissecting and removing the external tissues surrounding the cord then removing the
meninges. Several cords were collected in L-15 media (ThermoFisher, UK) and triturated to
disassemble the tissue before incubation with collagenase (ThermoFisher, UK) and trypsin
(Sigma Aldrich, UK) for 15 minutes to liberate the cells from the extracellular matrix. The
reaction was inhibited by soybean trypsin inhibitor (Sigma Aldrich, UK) with DNAse
(Sigma Aldrich, UK) and triturated again for complete cellular dissociation. The cells were

centrifuged at 800 rpm for 5 minutes to form a pellet which was resuspended and counted



74
before the concentration was adjusted to 2x10* cells per mL. The immersing supernatant was

removed from the gel well-plates and 6uL of the cell suspension was implanted into each
gel by pipette to give a gel cell density of 1.2x10° cells per gel. 0.5mL of neuronal culture
media (See Table 3.1) was added to each well which was refreshed every 2 days for 7 days

by removing 0.25mL and adding the same volume of fresh media.

3.2.3.2 Immunostaining

The neuronal staining and imaging protocols were conducted in the same manner as the
astrocyte staining described in Section 3.1.2.2 but with neuron specific antibody
combinations. The primary antibody used was mouse anti-B3-tubulin (ab78078, Abcam,
UK) at a 1:1000 dilution and this was bound with donkey anti-mouse Alexa 488 (A21202,
ThermoFisher, UK) at 1:200.

3.2.3.3 Analysis

The neuronal clusters that formed within the gels during the 7-day cultures were analysed
for the mean neurite length per cluster and the neurite density around the perimeter of the
clusters. Neurite length was quantified using the neurite tracing plugin NeuronJ (Meijering
et al., 2004) by normalising the image contrast and generating a max intensity z-projection
of each stack and selecting a minimum of 10 clusters per condition. Each neurite emanating
from the clusters was traced from the cluster periphery to the neurite termination point and
the mean neurite length for each cluster was calculated (Figure 3.1). From this the mean total
neurite growth per cluster was also calculated. Neurite density was analysed by marking a
60pum boundary around 4 orthogonal edges of 10 clusters per condition, counting each
neurite across 4 frames of the z-stack (20um intervals) equating to a 60x60 pm? area and the
mean count of each area was calculated (Figure 3.2). Statistical analysis was performed with

a 2-way ANOVA using a Tukey post-hoc test.
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Figure 3.1 Tracing of neurites from neuronal clusters cultured in PEG-4MAL hydrogels.
Each neurite is traced semi-automatically using the ImageJ plugin NeuronJ (Meijering

et al., 2004) and the mean neurite length for each cluster was calculated.

Figure 3.2 Neurite density counting from neuronal clusters cultured in PEG-4MAL
hydrogels. 60um borders were drawn around orthogonal edges of each neurite cluster and

the number of neurites crossing the border was counted across 4 frames of the z-stack,

(equivalent to 60um in the z-axis) totalling a 60x60 pm?area.
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3.2.4 Dorsal Root Ganglia

3.2.4.1 DRG Extraction

Dorsal root ganglia were isolated from neonatal rats (P1, Sprague Dawley) firstly by
dissecting the spinal column then debriding and incising the dorsal surface. The spinal cord
tissue within the column was excised to reveal the dorsal root ganglia which could be
extracted from the intervertebral foramina and collected in L-15 media. The roots were

removed from each DRG before implantation into the hydrogels.

3.2.4.2 Culture Protocol

75V:25P and 50V:50P gels along with Matrigel were formed into 48 well plates and swollen
overnight in PBS as described in Section 3.2.1.1. Additional 50V:50P gels were formed and
immersed overnight in 0.5mL 500ng/mL NGF or 0.5mL of BDNF. In each sample, a single
DRG was placed within the gel by grasping with fine tweezers and inserting into the gel
interior. Each sample was flooded with 0.5mL of DRG culture media (See Table 3.1) which
was refreshed every 2 days for 7 days by replacing half of the media volume with new media
(Repic et al., 2016).

3.2.4.3 Immunostaining

The immunostaining and imaging protocols were followed as described in Section 3.2.2.2

using the same neuronal antibodies as described in Section 3.2.3.2

3.2.4.4 Analysis

Cellular growth from the DRGs was quantified by measuring the proportion of the perimeter
from which cellular outgrowth could be seen projecting from the DRG surface in brightfield
images. The perimeter length of each DRG (n = 6 per condition) was traced using ImageJ,
as was the length of the perimeter from which outgrowth could be seen and the percentage

of the area with growth was calculated (Figure 3.3).



Figure 3.3 DRG perimeter growth. The area around each DRG is traced (shown in red) and

the area of growth is also quantified (shown in green), allowing the proportion of growth to

total perimeter length to be calculated.
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3.3 Results

3.3.1 Mesenchymal Stem Cells

3.3.1.1 Live/Dead

The MSCs cultured in the RGD gels were able to maintain high levels of viability after 7
days for both the 75V:25P and 50V:50P gels at approximately 90%, which is comparable to
the matrigel positive control and hence demonstrating that the gels are providing adequate
support to maintain a viable population (Figure 3.4 & 3.6). In contrast, the IKVAV and PEG-
Only gels only sustained viability at around 70% which was significantly lower than the
RGD or matrigel. There was no statistical difference between IKVAV and PEG-Only gels
indicating the IKVAV is not providing a notable benefit to the viability of the MSCs over
the gels with no integrin recognisable sequences. There is no statistical difference between
the 75V:25P and 50V:50P gels for any of the ligands used demonstrating that the difference
in cross-linker ratio is not affecting the relative viability. The absolute number of cells
counted is displayed in Figure 3.5 and the trend of low cell numbers with low percentage
viability mostly holds true with the exception of the 50V:50P RGD gels. It should be noted
however that the sample variation is relatively high and the standard deviation ranges overlap
between many of the groups, particularly with the 50V:50P RGD gels. The distribution of
cells within the gels was somewhat heterogeneous and so the variation between image fields

is similarly variable and the interpretation of these data should take this into account.

3.3.1.2 Morphology

The trends captured in the MSC viability data (Figure 3.4) are visibly evident when
observing their morphology (Figure 3.7). In the RGD gels the MSCs are extending
projections throughout the gel and adopting a spindle-like morphology. The majority of the
cells are maintaining contact with other cells while adjusting their distribution to position
the nuclei relatively evenly along the numerous strands. It is clear that the MSCs are using
the gel as a platform for adhesion and reorganisation. This is not the case in the IKVAV or
PEG-Only gels as there is very little indication of process formation. The MSCs have instead
adopted small clustered formations that exist in isolation from other clusters. The nuclei are
densely packed suggesting that the cells are forming intercellular contacts but are not

interacting strongly with the material. The congregation of the cells into clusters following
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their original dispersion after seeding indicates that they are granted a limited degree of

mobility, but beyond this there is no evidence that the cells are indeed binding to the IKVAV
as the appearance is similar to the gels with no peptides. The behaviour of the MSCs is again
mirrored with the 75V:25P and 50V:50P gels with their respective peptides indicating no
substantial impact as a consequence of altering the cross-linker ratios at these proportions.
This is at least true for shorter scale studies, but differences could emerge as the more
degradable gels break down.

3D PEG-4MAL Hydrogel MSC Percentage Viability
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Figure 3.4 Viability of MSCs in 75V:25P and 50V:50P PEG-4MAL hydrogels. RGD gels
have a higher proportion of viable cells after 7 days in vitro (DIV) than the other PEG gels,
comparable to that of the positive control. Statistical Analysis was performed using a 2-way
ANOVA with a Tukey post-hoc test. 7 <n < 9 for each condition, some samples were not
included as dense cell clustering made counting highly inaccurate. Presented as mean +
SD.
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Figure 3.5 Total Cell Count in MSC Live/Dead Assay. Cell counts are low in the gels with
low percentage viability compared to those with high viability. The 50V:50P RGD gel had
similar numbers of cells, however it is notable that given the large standard deviation of the
75V:25P that these ranges still overlap. Statistical Analysis was performed using a 2-way
ANOVA with a Tukey post-hoc test. 7 <n < 9 for each condition, some samples were not
included as dense cell clustering made counting highly inaccurate. Presented as mean +
SD.
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Figure 3.6 Micrographs of MSC fluorescent live/dead staining in 3D PEG-4MAL hydrogels
after 7 DIV presented as max intensity z-projections of captured z-stacks with 20pum
increments between topmost and lowest visible cells. Living cell somas are stained green
with Calcein AM and nuclei of dead cells are seen in red, stained by ethidium homodimer.
Cell viability in the RGD gels is comparable to matrigel while in the IKVAV and PEG-Only

gels viability and overall numbers are poor. Scale = 200um
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Figure 3.7 Micrographs of hMSCs in 3D PEG-4MAL hydrogels with 75V:25P or 50V:50P
cross-linkers after 7 DIV, stained for actin (red) and nuclei (blue). Presented as max
intensity z-projections of captured z-stacks with 20um increments between topmost and
lowest visible cells. RGD gels provide a suitable environment for the hMSCs to elongate
and redistribute throughout the gel whereas the IKVAV and PEG-only gels do not provide
the same adhesion cues, resulting in densely clustered groupings of rounded cells. These

observations are consistent for both cross-linker combinations. Scale = 200um
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3.3.2 Astrocytes

Several astrocytes in the RGD gels are forming branches and extending through the
hydrogels which is something that is not seen in the other PEG-4MAL gels (Figure 3.8).
Many of the cells are forming into clusters which indicates that the cells are not fully
adherent, but from these groupings there is evidence of cellular processes forming distinct
structures in long arcs that contain several nuclei. Astrocytes are known for their arborized
morphologies (Sloan et al., 2017) and in the RGD gels there are cells approaching this,
forming strands that permeate 3 dimensionally through the material. As with the MSCs, this
shows that the astrocytes are capable of using the material for integrin mediated adhesion
and spreading to a certain degree. However, these elongated cell structures appear much
more prevalent in the Matrigel samples. The rounded clusters are abundant in the IKVAV
and PEG-Only gels in similar fashion to those in the MSC cultures (Figure 3.7) which again
indicates poor adhesion. There are slight differences in the organisation of the clusters in the
IVKAYV gels which appear larger and more closely grouped than in the PEG-Only gels, but
it is also possible that the slight differences in the material properties detailed in chapter 2
can account for this observation. There are no notable differences between the 75V:25P and
50V:50P gels which once again confirms that the balance of degradable and non-degradable

elements is not impacting the astrocyte activity.
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Figure 3.8 Astrocytes in 3D PEG-4MAL hydrogels with 75V:25P (Top Set, with Matrigel)
and 50V:50P (Bottom Set) cross-linkers after 7 DIV, stained for GFAP (red), actin (green)
and nuclei (blue). Presented as max intensity z-projections of captured z-stacks with 20pum
increments between topmost and lowest visible cells. Astrocytes in the RGD gels can be
seen to produce branching morphologies that are indicative of astrocyte adhesion, however
there are also several rounded clusters which are not seen in the Matrigel positive control
suggesting the RGD gels are not providing the same level of support, although more-so
than the IKVAV or PEG-Only gels. In these gels there is no evidence of adhesion and cells

are exclusively grouped in rounded clusters. Scale = 200um
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3.3.3 Mixed Spinal Cord Culture

In each of the gels examined in this study there is extensive neurite outgrowth both in terms
of number and length (Figure 3.9 & 3.10) and the distinctions between the gels is not
immediately visible as it is with the MSCs and astrocytes. RGD, IKVAV and PEG-Only
gels are all capable of supporting 3-dimensional neurite outgrowth and provide sufficient
freedom of movement to allow the cell bodies to regroup into clusters from their original
dispersion. Neurons in all the PEG-4MAL gels are grouped predominantly into large clusters

from which the multi-directional neurites emanate.

Quantification of the mean neurite length per neuronal cluster (Figure 3.11) and the summed
total outgrowth per cluster (Figure 3.12) yielded no significant differences between the
different conditions due to the wide variability between clusters. However, significant
differences were observed when measuring the neurite density. Figure 3.13 details the mean
density of neurites over 60x60um? areas measured at neuronal cluster peripheries. Addition
of NGF has not demonstrably increased the density of neurite outgrowth compared to the
50V:50P gels with no growth factor. The RGD gels with BDNF are seen to have significantly
lower numbers of neurites than those with NGF or no growth factor. Compared to Matrigel,
all of the PEG-4MAL gels see significantly fewer neurites with the exception of the 75V:25P
and 50V:50P cross-linked RGD gels. Comparing the effect of peptide tethering, in the
50V:50P gels without growth factor there are significant differences between each of the
RGD, IVKAYV and PEG-only gels, with the highest density in the RGD gels and lowest in
PEG-Only. The same is true between the RGD and PEG-Only in gels with NGF. As with
the previous experiments, there is no distinction between the 75V:25P and 50V:50P gels as
both gel types highlight extensive neurite growth after 7 days. In distinction to the Matrigel
control, the PEG-4MAL gels show an absence of cell bodies in the regions between clusters
while in Matrigel the neurons are seen to distribute throughout the gel, though there are still
clusters present. These data demonstrate that the PEG-4MAL gels are useful platforms for
investigating neuronal growth and that in terms of neurite density the RGD gels are
comparable to Matrigel, however the addition of growth factor is not enhancing neurite
growth within these populations of neurons. This could be due to non-optimal dosage of
growth factors and further investigation would be required to determine the optimal
concentrations of NGF or BDNF loading into the PEG-4MAL hydrogels to encourage

neurite outgrowth.
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Figure 3.9 Spinal Cord Neurons in 3D PEG-4MAL hydrogels with 75V:25P (Top Set, with
Matrigel) or 50V:50P (Bottom Set) cross-linkers after 7 DIV, stained for f3-tubulin (green)
and nuclei (blue). Presented as max intensity z-projections of captured z-stacks with 20pum
increments between topmost and lowest visible cells. The evident response to implantation
in these gels is for the neurons to form large clusters from which neurites can emanate,
and to a certain degree overlap with neurites from neighbouring clusters. This is seen for
both cross-linker ratios. Nuclei in the Matrigel controls are very dispersed, indicating that
the migration of cell bodies is occurring to distribute more evenly throughout the gel which
is not the case for the PEG-4MAL gels, however they are still evidently able to produce

large numbers of robust neurites. Scale = 200um
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Figure 3.10 Spinal Cord Neurons in 50V:50P cross-linked PEG-4MAL hydrogels with
NGF (Top Set) or BDNF (Bottom Set) after 7 DIV, stained for f3-tubulin (green) and nuclei
(blue). Presented as max intensity z-projections of captured z-stacks with 20um increments
between topmost and lowest visible cells. The morphology follows the pattern of large
neuron clusters that produce several long neurites projected through the gel as seen in the

growth factor-free hydrogels (Figure 3.9). Scale = 200um
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Figure 3.11 Neuronal Cluster Neurite Length after 7 DIV. Neurite length was traced using
NeuronJ (Meijering et al., 2004) and the mean length of each cluster was calculated and
subsequently average length per cluster. The mean neurite length per cluster is in the
approximate range of 160-200um, however there are no statistically significant differences
between any of the measured conditions.) Statistical Analysis was performed using a 2-way
ANOVA with a Tukey post-hoc test. Clusters were chosen at random, n > 9 per condition,

neurites per cluster 6 < n < 149. Presented is the total mean of the cluster means + SD.
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Figure 3.12 Mean Neuronal Cluster Total Growth after 7 DIV. The cumulative neurite outgrowth is

summed for each cluster and the mean growth per cluster is calculated to also take into account

discrepancies in cluster size and number of neurites. While there are some notable differences in the

mean total neurite outgrowth, particularly the comparatively low outgrowth in gels with BDNF

compared to those without, there is no statistical difference between conditions due to the very large

variability between clusters. Statistical Analysis was performed using a 2-way ANOVA with a Tukey

post-hoc test. Clusters were chosen at random, n > 9 per condition, neurites per cluster 6 < n <

149. Presented is the mean summed cluster growth + SD.
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Figure 3.13 Neuronal Cluster Neurite Count. 60pm borders were drawn around
orthogonal edges of each neurite cluster and the number of neurites crossing the border
was counted across 4 frames of the z-stack, (equivalent to 60um in the z-axis) totalling a
60x60um? area. The majority of conditions are statistically significantly different
compared to Matrigel with the notable exceptions of the 75V:25P and 50V:50P RGD gels
without growth factor. Within the same cross-linker/growth factor groups, significant
differences are seen between each RGD, IKVAV and PEG-Only gels, with RGD gels
demonstrating the highest density of neurites and PEG-Only the lowest. With NGF there
is also a significantly higher neurite density in RGD gels than PEG-Only. The 50V:50P
RGD + BDNF has a significantly lower density than with NGF or even without growth
factor. Statistical Analysis was performed using a 2-way ANOVA with a Tukey post-hoc
test. Clusters were chosen at random, n = 10 clusters, 4 areas each per condition.

Presented is the mean neurite count per 60x60 um?2area + SD.
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3.3.4 Dorsal Root Ganglia

In the PEG-4MAL gels, neurite outgrowth from the DRGs is observed in all of the gels
functionalised with RGD peptides, including those with no growth factor present. These
neurites are accompanied by the presence of cell nuclei into the material (Figures 3.14 &
3.15) which indicates migration of some cell bodies outwith the ganglia. These are likely to
be Schwann cells as they are known to move outward from the DRG explants and co-localise
with developing axons (Sun et al., 2018), though their character here remains unconfirmed.
The addition of nerve growth factor into the gels has contributed to more extensive neuronal
growth than can be seen in its absence. NGF has also encouraged growth of neurites from
the DRGs in the IVKAYV and PEG-Only gels which is scarcely observed with these gel types
in any of the conditions without NGF.

Growth from the DRGs is quantified in Figure 3.18, detailing the percentage of the DRG
perimeter that has cellular outgrowth. This has confirmed that there is significantly more
outgrowth consistently around the DRGs in RGD compared to the IKVAV and PEG-Only
gels, except in the presence of NGF where DRG outgrowth in the IKVAV and PEG-Only
gels increases significantly compared to other conditions. In these gels however there are no
nuclei in the material outside of the ganglia which suggests that this growth is not the
consequence of any secreted guidance cues from migratory cells that the neurite growth is
mediated directly by NGF supplementation. The distinction is highlighted in the brightfield
images (Figures 3.16 & 3.17) where a high density of cells are visible outside of the ganglia
in the RGD gels but not so in the IVKAV or PEG-Only gels. This indicates that in the RGD
gels the neuronal outgrowth is enhanced by the outward migration of other cells contributing
to some form of guidance signalling or matrix deposition which is a role known to be
performed by Schwann cells(Ard, Bunge and Bunge, 1987). Again, no differences are
notable between the 75V:25P and 50V:50P gels. The BDNF conditions are not distinct from
the gels without growth factor which indicates that BDNF is not a potent promoter of growth
for these populations of neurons. This has been demonstrated previously by Kimpinski et al.
(Kimpinski, Campenot and Mearow, 1997) who showed that while NGF was able to enhance
neurite outgrowth of dissociated DRG neurons, BDNF had no such effect which is in keeping
with the observations of the PEG-4MAL gel cultures. Farinas et al. (Farinas et al., 1998)
provides more perspective on this having shown that DRGs in later stages of development
contain considerably more TrkA expressing neurons than TrkB expressing neurons which
are high affinity receptors for NGF and BDNF respectively which gives a possible
explanation for the observations made for the DRGs in PEG-4MAL gels.
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Figure 3.14 Dorsal Root Ganglia in 3D PEG-4MAL hydrogels with 75V:25P (Top Set, with
Matrigel) or 50V:50P (Bottom Set) cross-linkers after 7 DIV, stained for f3-tubulin (green)
and nuclei (blue). Presented as max intensity z-projections of captured z-stacks with 20um
increments between topmost and lowest visible cells. In the RGD gels there is fairly
extensive neurite outgrowth from the ganglia accompanied by migration of some cells into
the surrounding gel as indicated by the nuclei present in areas away from the ganglion body
though not to the extent seen in matrigel. This is not seen in the IKVAV or PEG-Only gels
which don’t show any evidence of outgrowth in the gel. Scale = 200um
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Figure 3.15 DRGs in 50V:50P cross-linked PEG-4MAL hydrogels with NGF (Top Set) or
BDNF (Bottom Set) after 7 DIV, stained for f3-tubulin (green) and nuclei (blue). Presented
as max intensity z-projections of captured z-stacks with 20um increments between topmost
and lowest visible cells. Gels cultured with NGF show neurite outgrowth in all conditions
though this is particularly evident in the RGD gels. The RGD gels also demonstrate some
cell migration from the ganglion with individual nuclei observable outside of the DRG
periphery that is not observed in the other gel types. The gels with BDNF do not show such
outgrowth in the IKVAV or PEG-Only gels but again there is evidence of activity in the RGD
gels, comparably to the samples with no growth factor (Figure 3.14) Scale = 200um
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Figure 3.16 Brightfield images of DRGs in 3D PEG-4MAL hydrogels with 75V:25P (Top
Set, with Matrigel) or 50V:50P (Bottom Set) cross-linkers after 7 DIV. Extensive growth is
visible from the DRGs in the RGD gels with both cross-linker ratios. Many of the cells were
not stained positive for f3-tubulin and so are likely to be Schwann cells. There is very little

evidence of outgrowth in the IKVAV or PEG-Only gels. Scale = 200um
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Figure 3.17 Brightfield images of DRGs in 50V:50P PEG-4MAL hydrogels with NGF (Top)
or BDNF (Bottom) after 7 DIV. The most visible growth from the DRGs is visible in the RGD
gels with NGF and is even approaching the level seen in matrigel. The BDNF samples are
comparable to those with no growth factor (Figure 3.16) The IKVAV and PEG-Only samples
show much lower levels of growth, and the neurons are only effectively visible after
immunostaining. Note much of the distortion around the DRG in the NGF PEG-Only gel is

caused by ripples in the material as opposed to cellular outgrowth. Scale = 200um
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Figure 3.18 DRG Perimeter Outgrowth. Growth around the perimeter was traced using ImageJ
and calculated as a percentage of the total DRG perimeter. Each of the IKVAV and PEG-Only
gels had significantly less perimeter growth than Matrigel while the RGD was not significantly
difference, neither were any of the RGD gels different from one another. Most notably, the
IKVAV and PEG-Only gels with NGF showed greater outgrowth than in other conditions, with
statistically higher growth in IKVAV compared to GF free gels and PEG-Only compared to
BDNF. Additionally, the outgrowth in the IKVAV and PEG-Only gels is not statistically different
compared to the RGD gels. Statistical Analysis was performed using a 2-way ANOVA with a
Tukey post-hoc test. Cluster were chosen at random, n = 6 per condition. Presented as mean +
SD.
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3.4 Discussion

In vitro investigation of the PEG-4MAL hydrogels has demonstrated that RGD bound gels
are capable of supporting cell growth and migration using a variety of cells types that have
meaningful implications in the context of spinal cord injury. Each of the cell types tested
have been reported to possess a5B1 integrins (and several others) (Feltri et al., 2002; Peng
et al., 2007; Frith, Mills, Hudson and Cooper-white, 2012; Tonge et al., 2012) which binds
to RGD which was consistently observed to promote the formation of cellular processes and
directed the cells towards typical morphological phenotypes. This was not the case for the
IKVAV gels despite the fact that a3B1 and a6B1 integrins are known to bind with this
sequence and astrocytes, MSCs, immature CNS neurons and Schwann cells express one or
both of these integrins (Milner and Campbell, 2002; Peng et al., 2007; Frith, Mills, Hudson
and Cooper-White, 2012; Pellegatta et al., 2013). There are several possibilities as to why
these integrins may not have been effectively engaged. The affinity of integrin binding to
their ligands can be influenced by the surrounding non-binding amino acids, and while the
sequence used in these gels is a direct truncation of the sequence present in full length
laminin, others have been synthesised which promote neuronal characteristics to a greater
extent (X. Lietal., 2014). Furthermore, publications that report modified cellular attachment
and proliferation using the same sequence have often relied on peptides tethered to 2D rigid
surfaces (Blau et al., 2001; Thid et al., 2008; Jans et al., 2009). Other publications have
documented similar differences in cell behaviour between RGD and IKVAV bound
hydrogels. Dhillon et al. (Dhillon et al., 2019) used chitosan hydrogel tethered with this
sequence to culture adipose derived stem cells and the IKVAV bound gels failed to sustain
the same number of cells as RGD bound alternatives or in some cases even the un-
functionalised gel. Gunn et al. (Gunn, Turner and Mann, 2004) used the sequence in PEG-
diacrylate hydrogels and also found it to be poor at promoting the formation of neurites when
used as a substrate for PC12 cells, and again fared worse than RGD versions. These finding
suggest that the efficacy of IKVAV in integrin binding is highly dependent on the
presentation of the peptide in terms of both chain conformation and substrate of attachment,
and in the PEG-4MAL hydrogels it is likely that neither of these criteria are optimal. Using
alternative peptide sequences or changing the tethering mechanism could enable IKVAV

peptides to permit more robust cellular adhesion for improved viability and function.

The cell implantation method used for cell seeding into the hydrogels following overnight

swelling was adopted after several unsuccessful attempts of mixing the cells in with the gel
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precursors before polymerisation, although this was achievable with astrocytes. The working

hypothesis is that the relatively low pH of the gel components was detrimental to the cells
which were resting within the gels until they had solidified, and the buffered culture media
could be applied. Jansen et al. (Jansen, Galarza and Shelly, 2019) noted similar findings
when they encapsulated SkBr3 cells in PEG-4AMAL hydrogels and recorded lower
subsequent viability when the hydrogels were prepared using buffers with lower pH. Here,
after the gels were swollen in PBS the pH could be neutralised without affecting the gel
formation and consequently the same apparent toxicity was not observed. Alternative
protocols were also attempted to seed cells on the surface of the hydrogels, but due to the
poor adhesion of the cells onto the IKVAV and PEG-Only gels these were quickly displaced
as the experiments progressed leaving no cells that could be analysed. Internalising the cells
by pipette implantation after swelling enabled them to be retained for the entirely of the
cultures and subsequent processing, though additional refinement could be beneficial to

achieve a more homogenous distribution.

In the spinal cord neuron cultures, the quantification measures for neurite length did not
capture any significant differences between conditions, However, the image processing
required to produce quantifiable images introduces several drawbacks as the, notably the z-
projections may blur the presence of faint neurites. Furthermore, the z-projection only
captures planar growth and not into the z-plane and hence these data may not fully capture
the extent of the growth. Additionally, neurites growing in close proximity are also difficult
to resolve into separate entities, particularly in dense regions where background fluorescence
from out of frame staining is present. This quantification would greatly benefit from more
powerful microscopy techniques such as confocal microscopy which could elucidate
differences in neurite length in the PEG-4MAL gels.

Other approaches to the experimental model could also be explored, however are not without
compromise, for example 2D studies would allow easier quantification but would not
resemble in vivo conditions. A possible model that could provide more clarity could be a
combination of both 2 and 3D could be effective if cells are seeded between flat gels and
neurite infiltration is observed into the material. Lampe et al. (Lampe, Antaris and Heilshorn,
2013) describes a customised neurite outgrowth gquantification that could be applied in the
mixed spinal cord cultures that uses DRGs encapsulated in hydrogels within a custom mould
that enables the determination of the maximum length of neurite outgrowth as well as the
total neuron outgrowth for the whole explant across a z-range of 100um, providing a

thorough overview of the samples as a whole. Time lapse imaging has also been used to
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observe axonal development (Turney et al., 2007) and could be developed to observe

neuronal growth and migration before new axons get extensively entangled.

The spinal cord neurons cultured with BDNF did not improve the outgrowth of neurites
compared to the gels without BDNF even though the TrkB receptor which bind to it is widely
expressed throughout the spinal cord (Liebl et al., 2001). Santos et al. (Santos et al., 2016)
demonstrated a dosage dependent BDNF response in neonatal rat spinal cord explant
cultures and found that at concentrations neurite outgrowth increased with increasing
concentration up to 50ng/mL after which it decreased. The loading concentration used in the
PEG-4MAL gels was 500ng/mL which may have overstimulated the neurons before the
BDNF could diffuse into the media. Furthermore, it has been demonstrated that prolonged
exposure to concentrations as high as 100ng/mL can induce neuronal injury and death and
could have impacted their growth in the PEG-4MAL gels (Hwang, Choi and Koh, 2002;
Kim et al., 2003). Therefore, further investigation into BDNF-loaded PEG-4MAL hydrogels
should start with BDNF concentration optimisation.

Another notable outcome of the spinal cord neuronal cultures was that neurite growth could
be seen in all of the conditions, regardless of the integrin ligands used which runs contrary
to the other non-neuronal cell types investigated. As integrins are known to be heavily
involved in axonal growth including a5Blas a3p1 that bind to RGD and IKVAV among
many other (Myers, Santiago-medina and Gomez, 2011; Nieuwenhuis et al., 2018), this
suggests an alternative source of integrin recognisable sequences are present within the gel.
It is possible that ECM is being synthesised and deposited within the gels and the neurons
are acting upon this. A caveat of this experiment is the lack of purification of the neurons
from the dissociated spinal cord and there is likely to be other cell types present in the
hydrogels, though the use of neurobasal medium with the B27 supplement is intended to
suppress this (Brewer, 1995) and there are no visible nuclei in the PEG-4MAL gels outwith
the dense neuronal clusters that subsequently form. However, it cannot be ruled out that there
are other populations of cells in the gels that are contributing to the deposition of ECM in
each gel. McKinnon et al. (McKinnon, Kloxin and Anseth, 2013) demonstrated similar
finding when using PEG-4AMAL gels to grow embryonic stem cell derived motor neurons
and saw neurite outgrowth even on unfunctionalised gels, though they did not suggest a
mechanism. Mahoney & Anseth (Mahoney and Anseth, 2006) cultured embryonic cortical
neurons in degradable non-functionalised PLA-PGA-PEG hydrogels and noted the

formation of neuronal clusters that grew larger over time, deposited fibronectin and
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ultimately developed neurites which corroborates the findings here and supports the idea of

autologous ECM deposition as a growth substrate in the PEG-Only gels.

In each of the studies in this chapter, the effect of altering the cross-linker degradation ratios
was negligible indicating that the properties of the gels that encourage cell attachment are
still shared despite some minor differences in physico-chemical properties, at least after 7
days incubation. The degradation profile of the 75V:25P gels make them unsuitable for
studies of significantly longer duration but given the similarity of cell behaviour in the early
stages it is likely that any study conducted using the 50V:50P ratio would be analogous to
the 75V:25P gels which makes the 50V:50P gels ideal for in vitro investigations. However,
the opposite may be the case for in vivo studies of injury models as degradability may be key
in such cases. The optimum rate of degradation would be contingent on how rapidly cells
could infiltrate and as such the confirmation of similarity between the 2 ratios could allow
for either to be used to probe short- and long-term degradation strategies. Nonetheless, one
aspect that was not investigated was the long-term response of these cells in the hydrogels
and while one week in culture has proven enough to highlight the differences in cell activity

between the materials, longer periods of time result in a divergence of behaviour.

3.5 Conclusion

The PEG-4MAL hydrogels bound with RGD have been shown to enable growth and
migration of several cell types including some endogenous to the CNS and MSCs which
been previously implanted in SCI models. The IKVAV gels however have demonstrated
little evidence that they induce distinct cell behaviour compared to the PEG-Only controls,
neither of which promote the growth of MSCs, astrocytes or DRGs. As the ultimate goal of
these investigations was to establish a candidate material for implantation into SCI, the
IKVAYV gels were discounted from subsequent study to the leave the RGD gels which have
demonstrated efficacy and the PEG-Only gels as a negative control. As well as these
considerations, there has been no demonstrable difference between the 75V:25P and the
50V:50P gels in terms of cellular activity. In the interest of observing how the gels modulate
the wound environment in SCI models while minimising the number of replicates required,
the 50V:50P were pursued for further investigation with the intent of observing material
integration with the native tissue as they have a much slower degradation rate and should
still remain present after the period of implantation. Therefore, the subsequent preparation
SCI implantable hydrogels has been focussed on the 50V:50P RGD and PEG-Only gels.



4. Microfluidics Fabrication of PEG-
AMAL-Based Gel Microspheres
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4.1 Introduction

Implantable biomaterials most often come in the form of prefabricated solid structures that
require extremely invasive surgical procedures to place in their intended site. In fast
regenerating tissues this can be an acceptable approach as tissues recover to integrate around
the implant, but in areas such as the spinal cord this poses a major problem due to the
intrinsically low regenerative capacity of the tissue (Kakulas, 1999). Moreover, sparing the
tissue that remains is critically important as any retained functionality can be lost if
additional damage occurs during surgery. To overcome this concern, injectable materials
hold promise as they can minimise the invasiveness of implantation and limit damage to
areas the size of a needle tip. With hydrogels the material can be formed in situ if injected in
aqueous phase at the injury site before cross-linking, provided the parameters governing
gelation align with the physiological environment (Straley et al., 2010).

The alternative is to pre-fabricate the hydrogels into structures that are small enough to pass
through a needle. This can be achieved through microfluidics which can be used to generate
gel microsphere suspensions that can flow through needles with minimal difficulty. To
investigate the PEG-4MAL gels in vivo, this approach has been evaluated as a possible
mechanism of implantation. The microsphere implantation would be modelled on similar
procedures that enabled the successful implantation of populations of cells into the contused
spinal cord using the same apparatus that would be available for the microsphere injections
(Toftetal., 2013; Lindsay et al., 2017). A size of 50um diameter was targeted as these would
be capable of passing drawn glass capillary needles of the same design used for these studies
which had an internal diameter of approximately 70um. From the literature there is little
consensus on which sphere diameter is most appropriate for spinal cord injection and sizes
varies wildly from less than 1pm to around 0.5mm (Gwak et al., 2016; Yu et al., 2016; Lan
et al., 2017; Kumar et al., 2018), so the 50um chosen lies within this diverse range and
should be appropriate for injection. These microspheres were generated using devices
fabricated from PDMS based on moulds created using photolithography. This approach is
very commonly used as PDMS devices can be fabricated with extreme precision and the
mould casting technique makes devices more easily reproducible compared to alternatives
such as glass-capillary devices (Othman, Vladisavljevi¢ and Nagy, 2015). More importantly,
the generation of gel microspheres by microfluidics-based systems is also more reproducible
and lower monodispersities can typically be achieved than with other methods that are not

based on microfluidics, for instance emulsion or precipitation (Elbert, 2011). The devices
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used here use a flow focussing regime to form microspheres in biphasic oil-gel flows which

allows for high production rates of gel spheres that can be collected and stored for later use.

In this chapter, the design, fabrication and operation of PDMS microfluidics devices is
discussed. Microspheres produced by these devices are characterised for their size and
monodispersity, as well as analysis of microsphere degradation in type-1 collagenase and
the assessment of viability of hMSCs cultured atop the microspheres.
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4.2 Materials & Methods

4.2.1. Fabrication of Microfluidics Devices

4.2.1.1 Mould Preparation

Figure 4.1 shows a diagrammatic representation of the mould production process. The mould
preparation protocol was performed in a Class 1000 clean room to prevent contamination by
airborne particulates. Initial designs for the devices were created in AutoCAD (Autodesk)
(the full description of design is covered in section 4.3.1) which were used to create an
acetate photo-mask for photo-lithography (mask created by Microlithography Services,
UK). The devices were patterned into arrays consolidated into 3-inch circles to fit the

substrate dimensions.

To begin, 3-inch silicon wafers (UniversityWafer, USA) were sonicated in acetone,
isopropanol and reverse osmosis filtered water for 5 minutes per solvent then dried with
nitrogen gas. The wafers were then transferred to a spin coater (PMW32, Headway Research,
USA) onto an appropriately sized chuck and secured by vacuum. A small quantity of SU8-
3050 negative Photoresist (MicroChem, USA) was carefully poured onto the wafer to cover
approximately 80% of the wafer surface while avoiding the formation of bubbles. The resist
was spun for 30 seconds at 3000 rpm to produce a layer of 50um thickness(Microchem,
2000) then transferred to a hotplate at 95°C to bake for 15 minutes.

Following this the wafers were transferred to an MA6 mask aligner (Suss, Germany) for
photo-patterning. The acetate mask was cut to fit the wafer and placed on the surface, then
a blank glass mask was placed over the top to hold firmly in place. The wafer was then
exposed to UV (broadband at 7.2mW /cm?®) for 30s to cross-link the resist and transferred to
a hotplate to bake at 65°C for 1 minute then 95°C for 5 minutes. The excess SU-8 not
exposed to UV was then removed by immersion in the chemical developer EC microposit
(Rohm & Haas, USA) for 12 minutes before rinsing with isopropanol to remove dissolved
resist then flushing with RO water for 5 minutes and finally baking at 180°C for 2 minutes

to complete the mould.



104

2. Resist
Spincoating

<

1. Photoresist
Application

4. Resist
Development

3. UV Photo-
Lithography

Developed
patterned
resist layer
acts as mold
for PDMS

A

Figure 4.1 Diagram of device mould production. SU-8 Photoresist is spun on silicon

wafers, patterned by UV photolithography using an acetate mask and developed to remove
unexposed photoresist and reveal the patterned features. The mould leaves patterned

features of 50um in height to imprint on PDMS which will form the basis of the devices.

4.2.1.2 Device Fabrication

The prepared moulds were used to cast PDMS as the basis of the devices. Figures 4.2 and
4.3 illustrate the process of device fabrication from casting to complete devices. The PDMS
was formed by thoroughly mixing the elastomer base at a ratio of 10:1 with the curing agent
(Sylgard 184, Farnell, UK) for several minutes. The mould wafer was placed into a 1220mm
diameter petri dish and the PDMS mixture was poured over to fully cover the surface and
was then degassed in a desiccator until all the air bubbles had evolved and dissipated.
Following this, the PDMS was cured at 70°C for 12 hours. Once the material had solidified
the PDMS was separated from the mould. On the first run this material was discarded to
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ensure that any dust or contamination was clear from the mould surface; after which the

process was repeated to pattern the PDMS used to create the devices. The patterned material
was cut into rows to fit onto a glass slide and trimmed to remove any uneven sections that

could warp the device.

A 1mm biopsy punch (Agar Scientific, UK) was used to create holes in the PDMS at each
of the inlets and a 27-gauge blunt tip needle (Fisnar, UK) was used to punch a hole for the
outlets. After creating the holes, the devices were washed thoroughly with isopropanol
followed by Milli-Q water and dried with nitrogen. The same was done with a 22x64mm
microscope slide to act as the device base. The surfaces were then ionised by plasma
treatment with a corona discharge from a high frequency generator (BD-20V, Electro-
Technic Products, USA) held approximately 5mm from the surface for one minute each on
the glass slide and the PDMS imprinted surface followed by an additional 30s each. The
ionised surfaces were pressed together tightly, ensuring no air pockets were created between
the PDMS and glass. The devices were then incubated at 75°C to complete the bonding of
the PDMS to glass. To complete the devices, a hydrophobic silane layer was applied using
vacuum deposition to prevent surface adhesion of the aqueous phase by placing the devices
in a desiccator along with 30uL of Trichloro(1H,1H,2H,2H-perfluorooctyl)silane (Sigma,
UK), placing droplets onto a glass slip then enclosing the desiccator and evacuating the air
before sealing to leave in vacuum for 2 hours. The devices were cured for a further 1 hour

at 75°C before covering with low adhesive scotch tape until ready to use.
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Figure 4.2 PDMS casting of microfluidic devices. Non-polymerised PDMS base and curing
agent are mixed and poured onto the patterned mould, degassed to remove bubbles and

cured at 70°C to create the polymerised patterned PDMS. Inlets and outlets are then
punched in the cast PDMS
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Figure 4.3 Assembly of microfluidic device. PDMS bound to glass slides by corona plasma
treatment followed by incubation 75°C for 1 hour. Devices were silanised by
Trichloro(1H,1H,2H,2H-perfluorooctyl)silane vacuum deposition for 2 hours, followed by
a final heating step at 75°C for 1 hour to complete the devices. The bottom frame displays

the devices ready for use with PTFE tubing inserted.
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4.2.2 Device Operation and Optimisation

4.2.2.1 Device Design

The PEG and cross-linker are constituted so that they can be mixed in equal volumes to
obtain the final gels so the devices are designed to enable the gel precursors be pumped into
the device through separate channels at equal rates and meet to form a single channel that is
1:1 mix of each of the gel precursor components. This combined stream is then forced
through a narrow junction by opposing orthogonal oil flows which prompts the stream to
break up into individual droplets in a process that occurs continually as the flows run. These
droplets will mix and solidify as they exit the device and can then be collected as gel
microspheres. Designs for the devices were created using AutoCAD software. A first
iteration was created and evaluated to determine how to set up and run the system to create
the gel microspheres. These used layouts based on the flow focussing paradigm of operation
using a continuous oil phase to force the aqueous phases of the gel components into segments
forming spheres. Several models were patterned onto each wafer to test which parameters
were critical to the formation of microspheres and which features were negating the
effectiveness of the designs and could be removed. A second set of designs created based on
these observations was used to fabricate optimised devices that could function reliably and

at high capacity.

4.2.2.2 System Set-Up

The first step of operation was to prepare the gel reagents as described in Section 2.2.1. The
PEG (PEG-RGD or PEG-Only) and cross-linker are constituted so that they can be mixed in
equal volumes to obtain the final gels. Usual practice was to prepare 100uL of each to
produce up to 200uL of microspheres per cycle. Two 1mL gas-tight SGE syringes (Trajan,
Australia) were capped with 20-gauge flat tip needles (Fisnar, UK) and filled with Milli-Q
water, taking care to expel any air bubbles. Approximately 30cm of PTFE tubing (0.052”
OD 0.034” ID, Scientific Commodities, USA) was fit onto each needle tip and flushed
through with water. A small volume of air was drawn into the tubing of each syringe to
create a gas boundary between the water and PEG solution, which was aspirated into one
syringe and cross-linker in the other. Due to the small volume of gel reagents used, the water
ensures that the full volume of gel components can be utilised without losing any in the

tubing. The loose ends of the tubing were then pushed firmly into the gel inlets of the device.
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Two 5mL gas-tight SGE syringes (Trajan, Australia) were filled with mineral oil and 2%

Span 80 surfactant (Sigma, UK) which were connected to PTFE tubing and flushed through
as with the 1mL aqueous fluid syringes and the loose ends pushed into the oil inlets. A small
volume of oil was pushed through the device to expel the air from the channels. Another
~10cm section of PTFE tubing (0.4mm OD 0.2mm ID, VWR, UK) was pushed into the
outlet hole. Figure 4.4 shows the typical set-up of the devices during operation to allow for
microscopic observation of the fluid flow. To collect the microspheres, a collection medium
of 20mM L-cysteine (Sigma, UK) and 2% Tween 20 (Sigma, UK) was prepared in Milli-Q
water. These components quench the gelation reaction after leaving the device and prevent
the microspheres from aggregating in the collection vessel. The loose end of the tubing was
inserted through a hole in the lid of a plastic dish into the collection medium and was sealed

in place with Fixogum to enclose the container.

Figure 4.4 Microfluidic device set-up over microscope lens with attached tubing from

syringe pumps (right) and outlet exiting the device (left).

To produce the microspheres intended for in vitro or in vivo investigations, each of the steps
described above were conducted within a laminar flow cabinet to maintain a sterile
environment. Once the tubing is fully connected, the interior of the device is sealed from the
exterior and can be transported outside the flow cabinet. All fluids were filtered through a
0.22um pore membrane. All equipment in contact with the fluids were immersed in ethanol
and allowed to dry, accompanied by 30 minutes of UV irradiation and the devices were
heated to 125°C to ensure sterilisation. Microspheres produced for this purpose were also
irradiated with UV for a further 30 minutes after collection.
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4.2.2.3 System Operation

Two syringe pumps (PHD Ultra, Harvard Apparatus, USA) were set up with the 1mL
syringes secured into the first pump and the 5mL in the second to ensure symmetrical flow
rates for the oil channels and gel channels respectively. The device was placed on the stage
of a microscope (Axio Observer, Zeiss, UK) connected to a high-speed camera (Fastcam
Mini UX50, Photron, UK) necessary for resolved observation of the high throughput of the
device. Each pump was initiated and the nexus of the channels was observed until each
channel was confirmed to be flowing in the correct direction and at matching rates, and that
droplets were forming. Figure 4.5 displays micrographs of the operation of these devices,
highlighting key features of the microsphere production.

Using the camera software (Photron Fastcam Viewer) a scale was overlaid on the video feed
to estimate the size of the microspheres and the pump flow rates were adjusted until the
microsphere size was approximately 50pum. The optimised flow rates were determined to be
900uL/hour for each oil inlet and 50uL/hour for each gel inlet, resulting in 100pL of
microspheres being produced per hour. After the flow rates were established, they were used
for subsequent microsphere production runs. The process was continued for approximately
2 hours until the PEG and cross-linker was exhausted. Following this the equipment was
detached from the device and the collection medium with microspheres was transferred into
a falcon tube to be centrifuged for 5 minutes at 3000 rpm to pellet the microspheres. The
supernatant was decanted and replaced with PBS to remove the oil and surfactant from the
microsphere suspension, then this process was repeated a further 3 times to ensure complete
removal of contaminants. After the final centrifugation the microspheres were transferred to
an Eppendorf and stored at 4°C in 1mL of PBS until ready to use. At the time of use, the
tube was again centrifuged and the supernatant discarded to leave a maximally condensed

stock which was used was used for each subsequent experiment.
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Figure 4.5 Top Image of microsphere formation at the channel nexus in the microfluidic
device. A visible boundary is formed between the PEG and cross-linker phases as they
converge before being forced into droplets (purple arrows). The blue and red arrows show
the direction of oil and gel flow respectively. Bottom The boundary is still visible in the
droplets and bisects the spheres indicating the good proximity to the intended 1:1 ratio of
PEG to cross-linker. The boundary quickly disappears as diffusion occurs to mix each

component. Scales = 100um.
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4.2.3 Microsphere Analysis

4.2.3.1 Size & Density

50V:50P RGD and PEG-Only microspheres were generated using the parameters described
previously. 10pL of the condensed microsphere suspension was pipetted onto a glass slide
and covered with a 12mm glass coverslip. Images of the microspheres were captured in 3
different areas per gel type and from each image 100 particles were measured in ImageJ after
establishing a reference scale and the mean size was calculated. The density was evaluated
by diluting the suspension 10-fold and placing 10pL into a Neubauer chamber to count the

number of microspheres per unit volume.

4.2.3.2 Degradability

20puL of 50V:50P RGD and PEG-Only microspheres were transferred to Eppendorf tubes
before adding the same volume of type 1 collagenase at concentrations of 20 units/mL, 2
units/mL or PBS to give final concentrations of 10 units/mL, 1 unit/mL and O units/mL.
These were then incubated at 37°C. Over several time points, 5L from each tube was placed
on a microscope slide and mixed with 5uL of trypan blue to add contrast then topped by
12mm glass coverslips and images were captured of each sample. The number of
microspheres in a Imm? area were counted at each time point and degradation was observed
by the reduction in microsphere suspension density. Statistical significance was determined
using 2 2-way ANOVAs to compare between groups and across time respectively, each with
a Tukey post-hoc test, with comparisons considered significant at p < 0.05. n = 3 per

condition.

4.2.3.3 MSC Culture on Gel Microspheres

Passage 5 hMSCs were prepared into a suspension of 2.5x10° cells/mL as described in
Section 3.2.1.1. 10uL of the 50V:50P RGD and PEG-Only microsphere suspensions were
added to a 24-well plate formed into a layer by placing a 122mm coverslip onto the suspension
droplet to spread over the surface and removing again. This layer was left in air for 5 minutes
to encourage cohesion between the spheres and to the well-plate surface before 6uL of the
MSC suspension was seeded onto the microsphere layer giving a density of 15000 cells per
well. Control samples were prepared by seeding the cells onto the treated well-plate surface.
These were then incubated at 37°C for 7 days in MSC Culture Media (Table 3.1), replacing
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the media every 2 days. 2 identical plates were prepared to enable live/dead analysis and

actin staining to be performed.

To evaluate biocompatibility of the microspheres with hMSCs, a viability stain was applied
using a LIVE/DEAD™ Viability/Cytotoxicity Kit (L3224, ThermoFisher, UK) by adding
2mM Calcein AM which causes living cells to become fluorescent green and 4mM ethidium
homodimer which stains dead cells fluorescent red, both dissolved in PBS. These were
incubated for 30 minutes at 37°C before imaging each sample with an EVOS microscope
(EVOS FL Auto) using the accompanying software. Z-stacks were taken of each gel at 20um
intervals between the uppermost and lowest visible cells which were analysed using ImageJ
(Schneider, Rasband and Eliceiri, 2012) image processing software by compressing the stack
into a single plane and counting the number of live and dead cells and calculating the
percentage of total living cells. Statistical analysis was performed using unpaired student T-
tests with significant considered as p < 0.05, n = 3 per condition.

The cells prepared for actin staining were fixed in 4% formaldehyde/PBS for 30 minutes
before washing 3 times in PBS for 10 minutes each. Cells were permeabilised using a 0.1%
Triton-X 100 (Sigma, UK) permeabilising buffer, incubating for 20 minutes at room
temperature before rinsing again with PBS. The cells were then stained for actin with
rhodamine phalloidin (R415, ThermoFisher, UK) using 0.3mL at a dilution of 1:100 and
NucBlue (R37605, ThermoFisher, UK) for nuclei using 2 drops/mL and incubating for 1
hour before rinsing 3 times and storing in PBS. Images were captured using an EVOS
microscope and were adjusted for brightness and contrast using ImageJ (Schneider, Rasband
and Eliceiri, 2012).
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4.3 Results

4.3.1 Device Design

The basic features common to all the designs in the first iteration used 2 inlets to supply the
PEG and cross-linker which intersect across an axis of symmetry (Figure 4.6). The
converged channels immediately bisect a pair of opposing oil inlets to create a nozzle before
a serpentine exit channel with 8 turns and a width of 200um. Each inlet is initiated and the
outlet terminated by 1.5mm diameter reservoirs to accommodate the tubing carrying the
fluids. The combined gel inlet width was held at 100um for each layout. Devices based on
these parameters were modified in several areas that could influence the formation of the
particles to determine which geometries could produce microspheres reliably of the target
size of 50um. The relative angles of the inlets to each other were adjusted, as was the distance
between the convergence of the gel channels and the oil channels, the width of the oil
channels and the width of the orifice. Of these varying parameters, several observations were

made which influenced the design of the second iterations.

Gel Inlets Oil Inlets Outlet

Channel Inlet

Angle Ay (Convergence
Lenath

Oil Channel
Width

Orifice Width

Figure 4.6 Left Sample design for first iteration of devices. Right Inset schematic of device
parameters investigated in the first iteration. These parameters were optimised to reach the

final device design.
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Firstly, if the gel components converged at too great a distance from the oil channels then

they had the tendency to solidify rapidly and block the devices (Figure 4.7a), so this inlet
convergence length was minimised. The oil channel width greatly affected sphere formation
(Figure 4.7b) as larger channels prevented the oil flow from effectively shaping the gel
streams into droplet which became much larger and this could not be corrected with
increased flow rates. Channels of 100um allowed for the greatest control over droplet size.
The orifice width also affected the droplet size but to a lesser extent, however the dilation of
the channel after this point reduced the flow speed and caused congestion of the droplets
which contributed to aggregation of the gels (Figure 4.7¢). This was sufficiently reduced in
devices with orifice widths of 100um and droplets maintained a steady consecutive stream.
The channel angle was less consequential and for simplicity they were oriented to have
angles of 60° between adjacent channels and the oil channels in direct opposition.

ee0e @000 O ( @ © © O

Figure 4.7 Microfluidic Device Parameter Evaluation. a) Large inlet convergence length
caused the gel components to mix before reaching the oil streams and solidify in the
channels b) Large oil channels resulted in very large microspheres as the gel streams would
bulge further before pinching into droplets. ¢) Narrow orifice width coupled with channel
dilation into the outlet cause the velocity to drop and microspheres would aggregate. d)
Devices operating as intended with consistent flow and correctly sized particles with narrow

size distribution.
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Several other features were also changed in the second and final iteration to correct some of

the problems of the initial design. As the reservoirs capping the inlets were larger than the
punched holes these caused stagnation of fluid at the entrance of the device and were
subsequently reduced in size to avoid this. The serpentine coil contributed to turbulence at
high flow rates, so the number of turns was reduced along with the overall channel length.
The reservoir at the outlet terminal was completely removed as the droplets would diverge
when the cross-sectional area of the channel enlarged and eliminating this section enabled
the droplets to flow in single-file until reaching the collection medium where the reaction
could be quenched and gel aggregation could be prevented (Figure 4.8). With these changes,
operation of the device was well controlled, droplets could be reliably and rapidly produced,
and the collected gels would remain dispersed in suspension without aggregating. The final
design schematic is illustrated in Figure 4.9.

——————

Figure 4.8 Device Outlets (green ring) with and without reservoir. Left The large reservoir
causes the flow velocity to drop and microspheres aggregate as they exit (red bracket).
Accumulation of droplets around the edges of the reservoir can also be seen which could
allow some microspheres to merge before exiting. Right Reduced outlet size allows for the

consistent single-file flow out of the device. Scale = 200um
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Figure 4.9 Second and final iteration of device layout. The features that resulted in the best
device performance were co-opted into these designs and several others were modified to
mitigate notable operational problems (see Figure 4.6 for comparison). The number of
outlet coils was reduced, the diameter of the inlet reservoirs were reduced and the outlet

reservoir was removed. Inset Channel nexus with optimised sizes.

4.3.2 Size & Density

The aim of the devices was to produce 50um diameter microspheres to enable their injection
through small diameter needles required for injection, and to be able to produce with them
with consistent size. This was successfully achieved using the second iteration PDMS
devices. Figure 4.10 shows the collected microspheres after removing the oil and
centrifuging several times to produce a maximal density suspension. The 50V:50P RGD
and PEG-Only microspheres both had a mean diameter within 2um of 50um and a standard
deviation of <Ium (Table 4.1). Size distribution histograms are also plotted in Figure 4.11.

Figure 4.10 Micrograph of microsphere suspension after collection and centrifugation.

Scale = 200um.
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Table 4.1 Mean size and suspension density of 50V:50P RGD and PEG-Only microspheres.

RGD PEG-Only
Microsphere Diameter (um) 51.0+ 0.6 um 48.6 = 1.0 um
Mean Density (Spheres/mL) | 5x108 4.7x10°

Microsphere Size Distribution

* -»- PEG-Only
< RGD

Microsphere Size (um)

Figure 4.11 Size distribution histogram of 50V:50P RGD and PEG-Only microspheres from

300 individual measurements of each gel type.

4.3.3 Deqradability

The microspheres were observed for evidence of degradation for 3 days. Contrary to the bulk
degradation experiments, the 50V:50P microgels are seen to degrade over the course of the
experiment. (Figures 4.12-4.16). At the initial time point there was an abundance of
microspheres with a high opacity after adding the trypan blue contrast. Over time the number
microspheres present in each sample with collagenase was seen to decrease. Figure 4.17
displays the reduction in microsphere suspension density over time during collagenase
incubation. The 50V:50P RGD and PEG-Only microspheres both have significantly lower
densities after 4 hours in 10U/mL collagenase. In the 1U/mL collagenase samples, the RGD
microspheres degrade to the point where the density no longer changes within 24h while the
PEG-Only gels take 48h to reach this point. In PBS both gel types retain their initial density
for the full 72h experiment.
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Microsphere Degradation: Oh

Collagenase Concentration (U/mL)

Figure 4. 12 50V:50P Microsphere degradation in collagenase. Time = Oh. At this stage the

microspheres are retain high visual contrast and the count density is high. Scale = 200um.

4h Collagenase Concentration (U/mL)

Figure 4.13 Microsphere degradation, Time = 4h. As the gels degrade, they reduce in

number and opacity as the contrast agent retention diminishes. This occurs in a

concentration dependent manner as higher concentrations of collagenase accelerate this

process. Scale = 200um.



120

24h Collagenase Concentration (U/mL)
0 1 10
- - - -
PEG-
Only

Figure 4.14 Microsphere degradation, Time = 24h. The collagenase gels continue to
degrade. PEG-Only gels lag slightly behind the RGD in terms of reduced microsphere

density in 1U/mL collagenase. Scale = 200um.

48h Collagenase Concentration (U/mL)
1 10

Figure 4.15 Microsphere degradation, Time = 48h. The collagenase gels continue to
degrade. At this stage the RGD and PEG-Only gels appear comparable. Gels in PBS still

have high density and visual contrast. Scale = 200um.
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Figure 4.16 Microsphere degradation, Time = 72h The collagenase gels are still present
in small numbers but the majority have degraded. The PBS gels also show signs at this
stage that degradation is beginning to occur as visual contrast is diminishing compared to

previous time points. Scale = 200um.
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Figure 4.17 Microsphere degradation quantification. PEG-4MAL gel microspheres were
immersed in type-1 collagenase and incubated at 37°C. Degradation was analysed by
photographing the microsphere suspension with 10, 1 or 0 (PBS) U/mL type-1 collagenase on
a microscope slide and counting the number of microspheres in a 1mm? area at several time
points. In PBS the microspheres are not a significantly different density after 72h compared
each other or compared the initial timepoint. Microspheres in 10U/mL collagenase have a
significantly lower density after point a (4h) compared to Oh. At point b (24h), all microspheres
in collagenase do not change density significantly at later time points, indicating almost
complete degradation, with exception of PEG-Only 1U/mL which occurs at point ¢ (48h).
Statistical significance was determined using 2 2-way ANOVAs to compare between groups
and across time respectively, each with a Tukey post-hoc test. p <0.05 was considered

significant, n = 3 per condition, presented as mean +SD
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4.3.4 MSC Culture on Gel Microspheres

Viability of the MSC cultured on the microspheres was approximately 90% for both the
50V:50P RGD and PEG-Only gels (Figure 4.18). This was comparable to the 2D control as
well as the bulk RGD gels and the Matrigel control as described in Section 3.3.1.1.
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Figure 4.18 Live/Dead Analysis of MSCs cultured on gel microspheres. Each gel type
maintains viability of approximately 90%, comparable to tissue culture plastic controls.

Significance was determined using unpaired T-tests, n = 3 per condition, mean + SD.

There are distinct morphological differences between the RGD gels and PEG-Only gels. The
MSCs in the PEG-Only samples have formed a cohesive layer across the surface of the
microspheres that appear to be well spread and similar to the 2D controls in appearance
(Figures 4.19 & 4.20). It is evident that the microspheres are influencing the cellular
morphology to an extent as there are several areas where the cell periphery follows the edges
of the spheres, yet they are still confined to a 2-dimensional plane. Conversely, the cells in
the RGD samples have interdigitated around the microspheres and adopted a more 3-
dimensional distribution. The formation of a monolayer over the microspheres indicate that
the cells may be depositing matrix proteins onto the PEG-Only microspheres and binding to
this but not directly to the material. MSC are known to secrete ECM proteins to expedite
their adhesion (Frith, Mills, Hudson and Cooper-white, 2012) and Hezaveh et al. (Hezaveh
et al., 2018) have shown that MSCs secrete a range of ECM proteins when cultured in PEG
gels which supports the hypothesis they do so in the microsphere cultures. The MSCs on
the RGD microspheres are filling the spaces between them and appear to be integrating with
the material utilising the entirety of the 3D surface to a much greater extent than the PEG-
Only gels. The presence of the cells in 3-dimensions indicates that they have been able to
migrate vertically over the spheres or at least remain in place and resist shear forces from
media changes after seeding, either of which require the exertion of force on the surfaces

and suggest they are binding to the microspheres.
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Cells growing
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Cells growing
over microspheres
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Figure 4.19 Brightfield images of MSCs cultured on gel microspheres after 7 DIV. Gel
conditions also display magnified windows to highlight the cell morphology. Cells in RGD
samples surround the microspheres and fill the spaces between them while PEG-Only gels

encourage the formation of a cell sheet over the surface. Scales = 200um.
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Figure 4.20 MSCs cultured on gel microspheres after 7 DIV. Stained for actin (red) and
nuclei (blue). Differences in cell behaviour are distinct between the RGD gels where
growth out of plane and around the spheres is evident and PEG-Only gels where only a 2D
cell layer is visible with a number of circular voids that pinpoint the presence of

microspheres. Scales = 200um.
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4.4 Discussion

The devices described in this section are suitable to produce monodisperse suspensions of
microspheres with the approximate size of 50um. There is some discrepancy between the
degradation behaviour of the bulk gels and the microspheres. The bulk 50V:50P gels were
seen to be resistant to degradation independent of the concentration of collagenase though
this was not the case for the microspheres which did degrade over time, however some of
these microspheres were still present after 3 days in collagenase. There are several reasons
why this may be the case. It is possible that inhomogeneities which are negligible in bulk
gels become magnified in the microscale and the cross-linking proportions vary somewhat
between each microsphere. The syringe pumps can introduce small oscillations in the flow
rate due to the incremental motion of the stepper motor driving the fluid, and though
measures were taken to reduce this it may factor into subtle variations. Additionally, the
collection medium contains cysteine to stop the gelation reaction after the droplets exit the
device which means the gels may not be cross-linked to the same degree as the bulk gels.
Without this element however, the microspheres invariably aggregate upon collection
rendering them unusable as they become too large for injection and cannot be further
analysed without uniformity. Conversely, increasing the gelation rate by modifying the pH
also increasing the likelihood of blockages within the device, therefore the correct balance

is critical.

The degradation of the microspheres is based on the concentration of type 1 collagenase,
however the concentrations used in the degradations assay is somewhat arbitrary as there is
very little information on the concentrations of MMPs present in the spinal cord after injury,
although they certainly are present as they are required for matrix remodelling (Hsu et al.,
2006). In the MSC cultures however the microspheres are still clearly visible after 7 days
which suggests that the release of MMPs from the MSCs is low, however in the spinal cord
there will be orders of magnitude greater cell numbers of which different types will secrete
varying quantities of MMPs. One approach that may shed more light on the matter would be
to culture a range of cell densities onto the microspheres and determine if there is a
relationship between the disappearance of the spheres and the number of cells present which

may allow a greater degree of accuracy in predictions of material degradation in vivo.

The observation of degradation by visual inspection was in this case a useful strategy

compared to the measurement of change in mass used for the bulk gels as it enabled the use
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of much smaller volumes of gel as the starting mass needs to be reasonably high to

sufficiently reduce the measurement error while weighing the gels. Additionally, the use of
the contrasting agent highlighted different degrees of degradation through the relative visual
contrast that became less pronounced as the spheres broke down. This is not something that
would be taken into account with mass degradation as the overall mass would not decrease
until the gels were fully degraded and the water within their structure was released. This
could also enable the possibility of quantification of opacity as a measure of degradation an

alternative to microsphere suspension density.

Another aspect that has not been explored is varying the microsphere size. A diameter of
50um is approaching the same size range of the cells themselves, and the spread MSCs
extend over even larger distances than this. While the MSCs grow effectively around the
RGD microspheres, if they were to be used as a delivery vehicle then the ideal approach
would be to encapsulate the cells within which may not be feasible with smaller spheres. It
is likely that the dynamics of adhesion and cell motility around the spheres would vary
significantly with different diameters as the forces applied by the cells to smaller spheres
may be enough to displace them, but smaller spheres also provide a greater surface area for
adhesion to take place. Platen et al. (Platen et al., 2015) similarly demonstrated that HEK
cells (and to a degree hippocampal neurons) cultured on poly(2-methyl-2-oxazoline) co-
polymer microgels of around 50um have a tendency to envelop the microspheres and appear
to sequester them into small aggregates. Dai et al. (Z. Dai et al., 2016) cultured MSCs on
PNIPAM microgels of only 1-2 um and observed they grew as though they were acting on
functionalised 2D surfaces. Allazetta et al. (Allazetta, Hausherr and Lutolf, 2013) grew
MSCs on PEG microgels with diameters of approximately 100um and at this size scale the
cells could be entirely supported by single microspheres as their substrate. The 50pum
diameter was chosen as a target for the pragmatic reasons to allow them to easily pass
through microscale needles required for surgical injection into the spinal cord, however
further investigation could elucidate whether this size is the most appropriate and whether

there could be a conceivable benefit to using larger or smaller diameters.
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4.5 Conclusion

The goal of the microsphere production was to generate gel microspheres at a size small
enough to be easily injectable into a spinal cord injury site for use in in vivo models while
minimising tissue damage and a 50um sphere diameter was chosen to fit this requirement.
This aim has been met and production of microspheres using the microfluidic devices has
been achieved with good accuracy. There is consistency between the 2 gel types created in
average size, size distribution and maximum suspension density. The rate of production is
sufficient for in vivo trials which only require small volumes of microspheres but could be
upscaled by adjusting the flow rates or using additional devices in tandem. The spheres also
maintain high levels of viability with cultured MSCs and particularly the RGD gels show
indications of cellular adhesion to the material surface in a pseudo-3D form. Coupled with
the physico-chemical and in vitro analyses of the bulk gels of the same material, this provides
a basis of evidence to support further investigation in vivo, with the goal of evaluating the
potential of the PEG-4MAL for neural regeneration in the context of spinal cord injury.



5. In Vivo Response to PEG-AMAL-

based Hydrogels in Rat Contusion

Models of Spinal Cord Injury
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5.1 Introduction

The previous chapters have demonstrated several properties that make the PEG-4MAL
hydrogels favourable for neural applications including low stiffness, MMP degradability and
the ability to promote the adhesion and growth of selected neural cell types. These finding
provide validation to pursue further investigation with in vivo models of spinal cord injury.
These models provide a significantly more detailed picture of the material capability to
promote regenerative effects as the complexity of spinal cord injury cannot be accurately
modelled in vitro. To evaluate the hydrogels in vivo, models of contusion injury were
surgically induced in rats and allowed to develop through early stages of injury progression
before injecting the PEG-4MAL hydrogel into the spinal cord following the formation of a
syrinx. Untreated contusion injuries tend to form cavities that contain only CSF, although in
some variants of injury progression a degree tissue sparing within these cavities can be
observed with regions of intact cells, ECM and multiple spinal syringes separated by tissue
bridges (Ellingson, Schmit and Kurpad, 2010).

The lack of intrinsically viable regenerative mechanisms in the spinal cord after injury also
introduces additional constrains for possible interventions as any surgical strategy that aims
to use direct interventions in the region of injury cannot do so without causing further
damage to the remaining structures. Furthermore, as remaining axons can begin to adopt
additional roles through plasticity and neurite sprouting, their functional value becomes even
greater after injury (Chen and Zhang, 2015). For this reason, minimising the invasiveness of
interventions is a high priority and this can be achieved through use of injectable materials.
This can be achieved with hydrogels through different means; with injection of the gel
precursors to mediate in situ gelation, or as described in this chapter, using injectable

prefabricated hydrogel microspheres.

Although there are several animal models available to study SCI such as compression,
distraction or laceration (Cheriyan et al., 2014), the contusion injury model was chosen over
other possible models for several reasons. This model can be one of the most highly
reproducible ways to induce SCI due to the availability of apparatus that can reliably apply
an impact with tightly constrained force and velocity to the same location across different
animals. Additionally, this model has been studied fairly extensively and the development
of the injuries into enclosed cavities can be reliably anticipated (Talac et al., 2004). The

formation of these cavities makes them well suited to study the injection of materials as they
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act as their own enclosures to hold the injected matter in place, which should remain within

the cavity without going off target. Beyond this, contusion is a more clinically relevant
model of injury than other potential options such as transection or laceration and the delayed
injection to allow wound maturation following injury is also more representative of current
approaches to treatment which usually cannot be implemented in the acute stages (Alizadeh,
Dyck and Karimi-abdolrezaee, 2019).

The recovery of the injured spinal cord can be assessed at the cellular level by looking at the
extent to which the cavity is repopulated by infiltrating cells and other structures. The
formation of neuronal axons through the cavity may be the long-term goal of regenerative
strategies but other events will usually precede this. The formation of vasculature in the
wound site is a positive indicator of recovery as this is a pre-requisite to the formation of
healthy tissue and areas that are re-vascularised after injury can also increase axonal growth
in later stages (Zhang and Guth, 1997). Astrocytes are known to congregate at the periphery
of these cavities to carry out their role in establishing and maintaining the glial scar
(Sofroniew, 2009). Migration of these cells away from the boundaries and further into the
cavities can provide a foundation for other cells to follow suit by the secretion of chemotactic
factors and ECM including fibronectin and laminin (Lukovic et al., 2015). In this regard, the
addition of the biomaterial into the syrinx supports this role by providing the physical
structures needed to facilitate rapid migration through the cavity which both serves as a
substitute for the ECM in the short term and encourages the deposition of additional ECM
which can remain in place after the material degradation has occurred. To investigate the
effect that injected PEG-4MAL hydrogel into the spinal cord after injury would elicit on
these cellular processes, tissue sections of the afflicted areas were cut and stained using
immunohistochemistry to highlight axons, astrocytes and accumulation of laminin in and

around the spinal syringes.

This chapter details the investigation of PEG-4MAL microsphere delivery into the spinal
cord following induction of contusion injury in rats. Firstly, a mechanism of delivery was
established, following which in vivo trials were commenced using the injectable PEG-4MAL
hydrogel microspheres. Immunohistochemistry was utilised to highlight variation in the
spinal cord tissues at the wound site between 50V:50P RGD microspheres, PEG-Only
microspheres and PBS injected controls. Astrocyte reactivity was also analysed through

GFAP intensity analysis and the average cavity size was quantified.
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5.2 Material and Methods

5.2.1 Pipette Preparation

Glass capillaries (1mm OD, 0.78mm ID, Harvard Apparatus, UK) were formed into pipettes
required for the hydrogel injection into the spinal cord. The capillaries were placed into a
capillary pulling apparatus (PE-2, Narishige, Japan) with a heating filament encircling the
capillary centre. A current of 20A was run through the filament to heat the glass until melting
which was then drawn to a fine point by the weighted grip attached to the bottom of the
capillary (Figure 5.1). The capillaries were placed under a microscope and the tip was broken
back to form a pipette with an outer diameter of between 80-100um and inner diameter of
approximately 60-80um using the eyepiece graticule to scale the diameter. These were
inspected for regularity and any with cracks or serrated edges were discarded. The pipettes
were marked every 2mm to denominate 1pL divisions so injected volumes could be
quantified. Prior to use for injection, these were flushed through with ethanol and heated to

125°C for sterilisation.

Figure 5.1 a) Glass pulling apparatus heating the glass capillaries until melting point. b) A

newly formed glass pipette.
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5.2.2 Contusion Injury Model

All surgical procedures were performed by Dr. John Riddell (Institute of Neuroscience and
Psychology, University of Glasgow) with assistance from myself to prepare the surgical
theatre and the materials for injection, and technical staff at the central research facility to
oversee animal welfare before, during and after the procedures. They were conducted in
accordance with the UK Animals (Scientific Procedures) Act 1986 under the authority
granted by the Home Office personal licences, establishment license and project licence
following approval from the Ethical Review Process Applications Panel of the University of
Glasgow. Animals were housed in procedure-matched pairs where possible with free access
to food and water in 12-hour cycles of light/dark. The study with gel microspheres involved
14 male Charles Dawley rats (Charles River, UK) (5 with RGD microspheres, 5 with PEG-
Only microspheres, 4 PBS injected shams). As a pilot study, power calculations to determine
the ideal sample size were not performed, however similarly structured experiments from

literature have used equivalent sample sizes (Jain et al., 2006; Seong et al., 2019).

Prior to surgery the rats were administered Buprenorphine (Vetergesic, 0.05mg/kg, Alstoe
Animal Health, UK) and Carprofen (Rimadyl, 5mg/kg, Pfizer, UK) for pre-emptive
analgesia and Saline (0.2-0.4 ml/100 gm) to prevent dehydration. Anaesthesia was induced
with 5% isofluorane (Abbot Laboratories, UK) in oxygen and the fur covering the incision
site was clipped. The animals were transferred to a stereotaxic headframe (Kopf, USA) with
an in-house built spinal frame and anaesthesia was maintained by 2% isofluorane in oxygen
supplied via face mask. The skin and musculature overlying the cervical vertebrae were
incised and a laminectomy of the C5-C6 vertebrae was performed to remove the spinous
processes and reveal the spinal cord dorsal surface. The vertebral column was stabilised with
Adson’s forceps gripped to the C4 and C7 vertebrae and an Infinite Horizon Impactor
(Precision Systems and Instruments, USA) was manoeuvred into position centrally over the
C6 spinal cord region. An impact of 1.75N was delivered with a 1.5mm diameter circular
impactor tip at 100mm/s then a 10-0 marking suture (Ethicon, USA) was placed into the
dura over the contusion area centre to denote the injury location for the subsequent gel
injection surgery, similarly to previously published procedures (Lindsay et al., 2017).
Subcutaneous tissue was closed by 3-0 suture (Ethicon, USA) and cutaneous tissue was
closed by application of wound clips. The pre-operative analgesia regimen was also
administered one day post-operatively along with saline. Following this, daily assessments

were made to judge whether further doses of Carprofen were required.
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Figure 5.2 a) Photograph of the surgical site following contusion of the spinal cord. b)

Photograph of the gel injection using the glass pipette apparatus.

5.2.3 Gel Injection

Three weeks after the initial contusion injuries another surgical procedure was performed to
inject the hydrogel. This time frame is intended to allow the formation of a syrinx in the
spinal cord which can be filled with gel. By this time the cavity has reach a point of
stabilization and previous work has demonstrated the cavity size remains consistent with
later intervals (Mohamad, 2014). The same pre-operative and post-operative care measures
were performed in the injection procedures as with the contusion surgeries. Following onset
of anaesthesia, the superficial tissues were incised to reveal the spinal cord and the 10-0
marking suture was located. The surface of the cord was punctured with an insulin syringe
needle at this location to create an opening for insertion of the pipette. To perform the
injections, the pipettes were loaded with the required volume of gel and were transferred and
secured to a motorised stereotactic arc manipulator capable of microscale position

adjustment for accurate alignment of the pipette with the punctured opening in the cord
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surface. The pipette was lowered approximately 1mm into the opening and gel was slowly

injected in the form pre-fabricated microspheres with a pneumatic pump (PV820 Pneumatic
PicoPump, World Precision Instruments, USA) which dispenses liquid from the pipettes by
the application of pressurised air pulses, until the intended volume was dispensed. Figure
5.2 illustrates the use of the pipette apparatus for surgical injection of the microspheres. 5
animals were injected with 20uL of 50V:50P RGD gels, 5 with 50V:50P PEG-Only gels
with the same microsphere densities as described in Section 4.3.2 and 4 with PBS as sham
controls. Following this the pipette was withdrawn and the incised tissues were closed by
sutures and wound clips as in Section 5.2.2. Animals were perfused with fixative seven

weeks after injection.

5.2.4 Tissue Processing

After the designated time period the rats were perfused with 4% paraformaldehyde (PFA) in
0.1M phosphate buffer to fix the spinal cord tissue. Each animal was anaesthetised with 5%
isofluorane in oxygen before administering 300mg of sodium pentobarbital (Euthatal, Merial
Animal Health, UK) via intraperitoneal injection. The rats were then perfused through the
left ventricle with mammalian ringer to expedite exsanguination immediately prior to
perfusion with 1L of fixative. After fixation they were dissected to extract the spinal cord
tissue. The injury site was located and a section of spinal cord between the C2 and T2
vertebral levels was removed from the vertebral column while leaving the dura behind. The
extracted tissue was transferred to a post-fixative solution with 4% PFA and 30% sucrose
for cryo-protection and refrigerated overnight. Subsequently the cords were stored in 30%

sucrose in 0.1M phosphate buffer without PFA.

From these tissues blocks of 6-7mm were cut from the cord to fully contain the injured region
of the spinal cord. A notch was cut in the ventro-rostral corner of the block to identify
orientation after sectioning and each of the dorsal and ventral roots were removed. Each
block was then cut into 60um thick parasagittal sections and placed into 0.1M phosphate
buffer. Alternating sections were split between 2 containers to allow separate antibody
combinations to be used. The sections were then immersed in 50% ethanol for 30 minutes
before washing 3 times in 0.3M phosphate buffered saline (double salt PBS). Primary
antibody solutions were prepared in double salt PBS with 0.3% Triton-X 100 and spinal cord
sections were incubated for 3 days at 4°C using different combinations of the antibodies
from Table 5.1. The primary antibodies were washed from the sections 3 times with double

salt PBS before adding the secondary antibodies prepared in double salt PBS with 0.3%



136
Triton-X 100. Section were incubated for 4 hours at 4°C with secondary antibodies using

the corresponding species to the primaries with non-overlapping fluorescent dyes as
indicated in Table 5.2.

Sections were washed 3 times in double salt PBS and once in 0.1M phosphate buffer, at
which point they were mounted onto microscope slides in Vectashield anti-fade medium
(Vector Laboratories, UK), sealed and stored at -20°C until ready for microscopy. Tiled
epifluorescence image scans for spinal cord sections were taken on an EVOS microscope
(EVOS FL Auto) which were stitched together to create images of the full sections using the
accompanying software. Additional selected sections were imaged using an LSM 710
confocal microscope (Zeiss, Germany) in tiled scans with 2um slices of the full section
thickness that were combined into a single plane image by max intensity z-projection using

the accompanying Zen Black software (Zeiss).

Table 5.1 List of primary antibodies used for spinal cord section staining.

Target Antibody Dilution

Neuronal Axons Mouse Anti-NF200 1:1000
(N0142, Sigma, UK)

Astrocytes Mouse Anti-GFAP 1:500
(G3893, Sigma, UK)
Rabbit Anti-GFAP 1:1000
(Z0334, Agilent, USA)

Blood Vessels/ Rabbit Anti-Laminin 1:100

Extracellular Matrix (L9393, Sigma, UK)

Neuronal Nuclei Guinea Pig Anti-NeuN 1:500
(266 004, Synaptic Systems, Germany)

Table 5.2 List of secondary antibodies used for spinal cord section staining.

Fluorescent Label Target (all Abs from Donkey, purchased | Dilution
from Jackson, UK)

AlexaFluor 488 Anti-Rabbit (711-545-152) 1:500
Anti-Guinea Pig (706-545-148)

Dylight 647 Anti-Rabbit (711-605-152) 1:500
Anti-Guinea Pig (706-605-148)

Rhodamine Red-X Anti-Mouse (715-295-151) 1:100
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5.2.4.1 Tissue Section Analysis

An intensity profile of the GFAP immunostaining was measured to quantify the astrocyte
reactivity. This was done with tiled epifluorescence micrographs with imaging parameters
kept constant for each section. ImageJ was used to segment regions of the GFAP stained
tissue sections of 0.4 x 0.5 mm along the edges of the cavity in each quadrant of the ventro-
dorsal and rostro-caudal axes. Figure 5.3 illustrates the process of segmentation and analysis.
The intensity was averaged in line-by-line cross-sections (single pixel lines across the width
of the boxes) in the orientation parallel to the cavity wall. These boxes were positioned
centrally to measure 0.2mm on either side of the cavity boundary. The peak cross-section
intensity from each measured area was analysed along with the mean binned integrated
intensity profile (summed intensity over 15 cross-section intervals) to display the average
intensity profile across the measured areas for each condition. n > 30 per condition (injected
with RGD microspheres, PEG-Only microspheres or PBS), 4 animals each with 2-3 sections
per animal and 4 measured regions per section. Some sections were discounted from analysis
due to the presence of air bubbles artificially inflating the intensity at the interfaces.
Statistical significance was determined for the peak intensity with a one-way ANOVA and
two-way ANOVA (condition and distance from cavity border) for the binned integrated
intensity, each with a Tukey post-hoc test. The average cavity length was also determined
by measuring the largest section cavity of each animal (Figure 5.3). Statistical significance

was determined by one-way ANOVA with a Tukey post-hoc test.

Figure 5.3 Sample image of SCI Tissue quantification. 4 boxes of 0.4 x 0.5mm (shown in

yellow, 268 x 335 pixels) were drawn in the dorso-caudal (DC), ventro-caudal (VC), dorso-
rostral (DR) and ventro-rostral (VR) edges of the injury cavity. The boxes were positioned
parallel to the cavity border and the image intensity was averaged in line-by-line cross-
sections (in pixels) through the box (illustrated by dashed yellow lines), 0.2mm on either
side of the cavity border. The binned integrated intensity is comparable to the summed
intensity of the areas between he dashed yellow lines (Not to scale). The green dashed line

illustrates how the cavity length was measured from end to end.
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5.3 Results

5.3.1 Imnmunohistochemistry

The microspheres were successfully injected into each of the animals with minimal
difficulty. Out of the 14 animals that underwent the injections, 1 from the RGD group did
not survive and was found dead without obvious cause the day after surgery. One from the
PEG-Only group had an incomplete perfusion and the spinal cord was damaged so tissues
could not be processed. Finally, 4 animals from each condition were processed for
immunofluorescent staining. In each of the conditions there was considerable variability
between each of the replicates. In this section, confocal images have been taken of selected
tissue sections that have demonstrated the greatest degree of laminin deposition, astrocyte
migration into the cavities and signs of axonal presence in the injured regions of the cord.
Epifluorescence photographs of sections from each animal have also been included in the
Supplementary Figures (S. Figures 5.1-5.6) to demonstrate the variations between animals

for a more complete perspective.

5.3.1.1 Remaining Gel

While the gel is not present in all of the sections with the RGD microspheres, evidence of
the gel can be observed in S. Figure 5.1¢ & d in the form of cohesive patches. Furthermore,
the gel is present distinct gel-filled voids that are not enclosed by astrocytes. These appear
to be extensions of the original syrinx and the dense accumulation of gel indicates that their
presence are the consequence of the injection. Pockets of gel appear to extend along the
centre of several sections and it is likely that the microspheres have over-filled the cavity
leading to their intrusion along the spinal cord central canal. Gel can also be observed in
some of the PEG-Only spinal cords where there are significant quantities of gel remaining
within the cavities (Figure 5.5a, S. Figure 5.3a & c). Where gel is visible it does not appear
to be well integrated with the surrounding tissue as there is relatively little evidence of
cellular infiltration and the boundaries of the cavity abutted abruptly against the gel. They
also show no signs of the microsphere accumulation in the central canal observed in the
RGD treated groups, however overall the cavities appear larger than in the RGD or negative
control. In the RGD animals the laminin deposition and astrocyte morphologies highlight
areas that have been filled with microspheres for a period of time but are no longer evidently

present.
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5.3.1.2 Laminin

The presence of laminin is fairly extensive and particularly highlights the prior presence of
the injected microspheres as laminin can be seen as a meshwork in the spaces between the
spheres in the RGD injected animals (Figure 5.4b, S. Figure 5.2). In some sections (in
particular S. Figure 5.2b) the laminin takes on a somewhat fibrillary appearance that could
indicate the formation of vasculature, though elsewhere it is difficult to determine whether
the laminin originates in nascent blood vessels or is deposited by other cells to form an ECM.
The deposition of laminin is not heavily pronounced in the PEG-Only microsphere animals,
though some laminin is evident in Figure 5.5b. In some areas the silhouette of the
microspheres can be seen in the distributions of the laminin within the cavity, though to a
lesser extent than in the RGD conditions. In S. Figure 5.4c there is particularly abundant
regions of laminin in the rostral segment of the cavity, however this is likely to be spared
rather than recent deposition. When compared to the alternate staining combination of the
same animal in S. Figure 5.3c, a strand of tissue that runs between the dorsal and ventral
cavity surface can be seen occupying the same region which has dense astrocytic boundaries
on either side. This suggests multiple regions of cavitation as opposed to a single continuous
one. In addition to this, similar densities of laminin to those seen in S. Figure 5.3c can be
observed in the spared tissue bridging across the dorsal regions in several of the sections,
suggesting this region is not composed of tissue that has developed after the injury. The
control animals have some similar areas of dense laminin that also follow the areas where
axonal staining has been observed (Figure 5.6b, S. Figure 5.6) but there no interlacing

distributions as seen in the microsphere injected cords.

5.3.1.3 Astrocyte Infiltration

In the spinal cords injected with RGD microspheres there is evidence of astrocyte migration
into the cavities fairly consistently between replicates (Figure 5.4, S. Figure 5.1). In some
instances, the distribution of the astrocytes can be seen to highlight the surfaces of the
microspheres, particularly at the peripheries of the cavities where they have moulded to the
form of the spheres. Astrocytes can also be seen closer to the centre of the cavities in several
of the sections and the boundaries of the glial scar appear diffuse as the astrocytes are seen
to move further away from the cavity edges. In the PEG-Only gel injected cords the presence
of astrocytes in the cavities is significantly less pronounced (Figure 5.5, S. Figure 5.3). They
are predominantly distributed around the edges forming a rigid glial scar boundary with little

evidence of remodelling. The confocal image of the control animal section (Figure 5.6)
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shows a fairly full cavity, however there appear to be voids that are encapsulated by dense

layers of astrocytes suggesting these regions mark the boundaries of smaller cavities, though
it is not clear whether this is a consequence of regeneration into a wider cavity after injury
whether it constitutes spared tissue. The control animals (S. Figure 5.5) display only a
modest presence of astrocytes within the cavity and the abrupt delineation of the glial scar
is comparable to the PEG-Only animals.

5.3.1.4 Axonal Growth

In the RGD groups the majority of the animals have regions where some axonal growth is
evident and can be seen to project into the cavities. Whether these are preserved from prior
to the injury is unclear though their presence in multiple replicates highlights some
interesting commonalities between the animals as the axons are present in grouped strands
along ventral portion of the cavities. In the PEG-Only gel cords there is little to no evidence
of axonal infiltration into the cavities, with the exception of those seen in S. Figure 5.3c
where there is strand that runs between the dorsal and ventral cavity surface, though as
described in Section 5.3.1.2 this is likely to be an area of spared tissue. Similar areas of
axonal growth can be seen in some of the control cords in segments between the dorsal and
ventral surfaces rather than along the rostro-caudal axis which further suggests the axonal
presence seen in S. Figure 5.3c is not a consequence of the gel injection. The confocal
imaging for the control animals (Figure 5.6) highlights the presence of axons, though

similarly to the astrocyte presence it is not clear whether this is from regrowth or sparing.
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RGD Microspheres

Figure 5.4 Confocal images of spinal cord sections 7 weeks after injection of 20ul 50V:50P
RGD microspheres using tiled 2um sliced z-stacks with a max intensity z-projection. a)
Stained for NF200 (red), GFAP (green), NeuN (blue). Astrocyte infiltration into the injury
cavity is fairly wide and in some areas can be seen to follow the microsphere distribution.
There is a degree of axonal growth through the injury close to the ventral surface of the
cord that traverses the whole cavity. b) Stained for GFAP (red), Laminin (green) and NeuN
(blue). The presence of laminin can be clearly seen to follow the outline of the microspheres
and permeates the majority of the cavity. Some astrocytes are seen to follow this as well
albeit to a lesser extent. Arrows in the top right panel indicate the rostral (R), Caudal (C),

Dorsal (D) and Ventral (V) orientations. Scale = 0.5mm
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PEG-Only Microspheres

Figure 5.5 Confocal images of spinal cord sections 7 weeks after injection of 20uL 50V:50P
PEG-Only microspheres using tiled 2um sliced z-stacks with a max intensity z-projection.
a) Stained for NF200 (red), GFAP (green), NeuN (blue). The injury cavity is extremely large
and contains a large quantity of the gel. There is very little indication of astrocyte migration
into the cavity and the boundaries of the cavity are abrupt. There is some sporadic NF200
staining but this does not appear to present a typical pattern of growth. b) Stained for GFAP
(red), Laminin (green) and NeuN (blue). The outline of the microspheres can be observed
in the deposition of laminin similarly to the RGD microsphere injected sections. The sharp
boundaries of the cavity can be observed in the laminin staining and there appears to be
poor integration between the cavity edges and the material. Again the astrocytes are
constrained to these regions and do not migrate to a large extent into the injured region.
Arrows in the top right panel indicate the rostral (R), Caudal (C), Dorsal (D) and Ventral

(V) orientations. Scale = 0.5mm
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PBS Controls

Figure 5.6 Confocal images of spinal cord sections 7 weeks after 20ul. PBS injection using
tiled 2um sliced z-stacks with a max intensity z-projection. a) Stained for NF200 (red),
GFAP (green), NeuN (blue). In this section the cavity is fairly well filled and includes both
astrocytes and some axons. b) Stained for GFAP (red), Laminin (green) and NeuN (blue).
Here the cavity occupies only a small proportion of the section with the rest being filled
with laminin and some astrocytes, however there is a visible area of the dorsal portion that
does not contain any astrocytes. Some major vessels are also visible on the ventral portion
however it is likely these were formed pre-injury due to their size. Arrows in the top right
panel indicate the rostral (R), Caudal (C), Dorsal (D) and Ventral (V) orientations. Scale

= 0.5mm
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5.3.2 Image Quantification

Quantification of the GFAP intensity has revealed some distinctions between the different
injected groups. The intensity was quantified as the averaged intensity of 1-dimensional lines
of pixels (cross-sections) running parallel to the cavity border within a bounded area of
0.4x0.5mm? (0.2mm on either side of the cavity boundary, an illustration can be found in
Figure 5.3). The peak GFAP intensity highlights the cross-section of the tissue with the
highest intensity, which corresponds to the region at the edge of the cavity border where
presence of scar forming astrocytes is most pronounced (Figure 5.7). Both types of gel
injected animals were similar in their peak GFAP intensity while the PBS injected animals
had a higher mean peak intensity. In the PBS injected spinal cords, there are typically very
abrupt boundaries which is reflected in the accumulated intensity of the reactive astrocytes
while in the gel injected cords the edges are more diffuse in several of the sections.
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Figure 5.7 Peak GFAP intensity around SCI injury cavities. The highest peak intensity is
seen in the PBS injected animals while the gel injected animals have comparatively lower

peaks. n = 30 per condition (injected with RGD microspheres, PEG-Only microspheres or

PBS), 4 animals each with 2-3 sections per animal and 4 measured regions per section.
Statistical significance was determined for the peak intensity with a one-way ANOVA with

a Tukey post-hoc test.

The average profile of intensity of the measured areas was generated by binning the
individual profiles into summed intervals of 15-cross sections and taking the mean of each
interval for all the measured areas of each condition. Figure 5.8 shows the mean intensity
profiles for each condition, plotted by the distance of each interval from the cavity boundary.

Notably, when quantified using the summed intervals there is no significant difference in the
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intensity peak at the cavity boundaries and the majority of the profile is the same for each of

the conditions. However, the RGD does have a significantly larger intensity than the PEG-
Only or PBS samples immediately adjacent to the boundary in the cavity interior. Overall,
the decay of intensity from the edge of the boundary towards the centre is also more gradual
for the RGD sections than the PEG-Only or PBS. This could be interpreted as an increased
presence of astrocytes having migrated from the cavity wall towards the injury centre. In the
images of the RGD samples, there are several areas where astrocytes can be seen to be

moving towards the injury core which is not seen to the same extent in the other conditions.
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Figure 5.8 Mean GFAP intensity profiles across SCI cavity boundaries. The GFAP intensity
across the SCI cavity peripheries was measured using ImageJ and summed into 15 cross-
section intervals (Full description in section 5.2.4.1). Positive values denote distance
towards the cavity centre from the boundary and negative values away from the cavity.
Dotted lines represent the margins of standard deviation. The mean profiles are
predominantly the same for each injected material, exhibiting a gradual intensity decrease
moving further into the tissue from the boundary and a sharp decrease moving into the
cavity. The RGD cords have a significantly higher intensity on the cavity side of the
boundary compared to the PEG-Only or PBS sections. This could be indicative of an
increased presence of astrocytes migrating towards the injury centre. n > 30 per condition
(injected with RGD microspheres, PEG-Only microspheres or PBS), 4 animals each with 2-
3 sections per animal and 4 measured regions per section. Statistical significance was

determined for the peak intensity with a 2-way ANOVA with a Tukey post-hoc test.
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The maximum cavity length was also measured for each injured spinal cord. Figure 5.9

shows the mean cavity length, without taking into account the ruptures observed in the cords
injected with RGD microspheres, which could be delineated by glial boundaries. Figure 5.10
shows an example of the boundary delineation. By this measure there was no significant
difference in the cavity size. If the ruptures in the RGD samples were included in the
measurements however, the mean cavity size would increase, possibly significantly, though
this was not achievable as the ruptures extended beyond the end of the tissue sections and
could not be adequately quantified.
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Figure 5.9 Maximum cavity length, not including ruptured RGD segments. No significant
differences were measured in the cavity length of the injured spinal cords, however with the
ruptured areas the RGD mean cavity length would be much larger and could become

significant. n = 4 per condition,

Figure 5.10 Non-Ruptured Cavity Boundary. The yellow border outlines the formed cavity

which is encircled by glia, while the ruptured cavity extends beyond the end of the section.
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5.4 Discussion

Prior to establishment of the microsphere injection protocol some earlier preliminary studies
were conducted using the mixed hydrogel precursors in liquid form prior to gelation.
Ultimately these studies were not informative towards the efficacy of the gel and were
discounted from further study, but they did highlight some problems in the injection protocol
and influenced the decision to use microspheres as an alternative option for the injectable
PEG-4MAL hydrogels. Firstly, the constraints for injection of the in situ gelling mixture
were dictated by the gelation time and as such the success of injectability could be predicted
from the gelation times seen in Section 2.3.3. The injection procedure took approximately
10 minutes to fully eject the gel volume and only the 100V RGD and IVKAYV gels could be
successfully mixed, connected to the pump and ejected before the onset of gelation and
blockage of the pipette. This determined a large drawback in the injectability of the bulk
hydrogel and limited the early in vivo trials exclusively to the 100V RGD and IKVAYV gels.
The same constraints were not placed on the microsphere injections as the pre-fabrication of

the gels removed the possibility of premature gelation in the pipettes.

During the surgical injections of the liquid gel precursors there were some notable events
that informed the subsequent decisions regarding the injection protocol. While performing
the injections, the pipettes encountered repeated blockages despite the non-surgical trials
suggesting otherwise. Upon further observation it became evident that a gel plug was
forming in the pipette tip stopping any further flow. The likely cause was the buffering of
the gel mixture caused by the cerebrospinal fluid as gel could be seen to form rapidly after
exiting the pipette. CSF has a pH of approximately 7.4 and is known to buffer the pH of the
CNS under normal homeostasis (Siesjo, 1972). Further to this, the repeated blockages made
the technique difficult to control and somewhat wasteful if blocked pipettes needed to be
discarded. Additionally, mixing the hydrogel precursors with cerebrospinal fluid (CSF) prior
to gelation would have an unknown effect on the hydrogel composition. The buffering effect
seen by the CSF also ruled out the possibility of modulating the pH of the gel mix for other
the gel compositions with faster gelation rates as the same outcome would be inevitable.
These factors led to the conclusion that the PEG-4MAL hydrogels in liquid form would
ultimately not suitable for large scale investigation. These problems could potentially be
overcome using different gelation mechanisms that are not dependent on pH as a catalyst,
however when using aqueous constituents there will always be an unavoidable dilution of

the gelling substances for hydrogels formed in situ. Other models of injury that do not have
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enclosed boundaries such as transection may allow more effective CSF drainage, but would

also impose the need for a method of containment to hold the material in its intended

location.

One of the main issues with regards to the model has been the determination of the optimal
gel dose. As the cavity is hidden under the dorsal surface of the spinal cord it not possible to
visually gauge how much material has gone into the spinal cord or how much is required to
fill it. The original decision on the appropriate volume for injection was a rough estimation
of the cavity sizes observed in experiments previously conducted using the same model
(Mohamad, 2014). It was anticipated that some indication of outward flow would indicate
complete filling of the void with gel however this was not observed, and it was unclear that
the gel introduced to the cord had adequately filled the available space. Hence in the
microsphere study the volume was increased to 20uL and again no backflow from the cavity
was observed, however in this instance it was clear upon inspection of the tissue sections
that the volume exceeded the cavity capacity in some cases and intruded the central canal.
The fact that this was observed in some of the animals but not all highlights the problem of
variability between injury development in the cords, and what may be too much in one
instance might be insufficient in another. Therefore, a method of verification to determine
the dimension of the cavities preoperatively or the extent of cavity filling intraoperatively

with the material would be highly beneficial for pursuing further study.

The cavity size measurements made here are complicated by the rupturing of the spinal cords
around the central canal in some of the RGD sections. In each of the sections measured there
was evidence of a glial scar rim persisting around an enclosed region of the spinal cord which
was taken as the actual cavity size, while the gel filled ruptures did not show an evidently
increased glial presence around the boundaries. However, even given this, it is still possible
that these ruptures did contribute to a change in size of the portion of the cavity bound by
the glial scar and so interpretation of these measurements should acknowledge this. The
cavity area or cavity volume were not estimated here as several of the sections, particularly
those with large cavities, exhibited buckling of the thin subpial rim upon mounting the
sections which would artificially alter the dimensions of the cavity in the ventro-dorsal axis.
Were this not the case however, these measures would provide a more detailed picture of the

overall injury size.

Fluorescence intensity of GFAP is a commonly used measurement to determine the

reactivity of astrocytes in pathological CNS tissue with lower values interpreted as reduced
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activation, however even given the frequency of its use there several differing ways it can

be computed. Lee et al. (Lee et al., 2018) used several measures to define the reactivity of
astrocytes based on GFAP fluorescence intensity in a region of interest (ROI), including the
number of GFAP positive cells (after intensity thresholding), the mean grey scale values of
the ROI and the proportional of the ROI occupied by the thresholded GFAP positive cells.
They also observed the establishment of statistical significance between the same measured
groups when comparing each quantification method. Li et al. (K. Li et al., 2014) used
integrated intensity as opposed to mean grey scale value of the ROIs. Jain et al. (Jain et al.,
2006) used a segmented ROIs to draw an intensity profile and determine statistical
significance of intensity based on sub-regions of various distances from the injury boundary
in asimilar approach to that used here. Ultimately, as the intensity is a product of the imaging
systems used and RIOs are highly variable between publications to fit specific tissue
dimensions, these measures will not be directly comparable between publications and the

key is experimental consistency.

Another issue that was noted was the microsphere adhesion to surfaces including the glass
pipettes used for injection. The spheres were seen to stick to the walls of the vessels they
were in and as such some would be lost during the injections. Additionally, the microspheres
would loosely stick to one another and though they could be separated by mechanical
agitation they could still gather and may not have been fully dispersed as they entered the
spinal cord. A potential solution to this would be to use an alternative carrier phase or
introduction of an additional surfactant to maintain dispersion (Kim et al., 2008). This would
ensure that the microsphere suspension is highly uniform and that accumulation or blockages
at the pipette tip would be eliminated. However, this may also reduce the likelihood that the
microspheres will aggregate within the cavity and it is possible that if the microspheres
cannot adhere to each other or be otherwise constrained that they may shift around the which

would most likely detrimental to recovering axons due to their fragility.

One potential flaw of using microspheres as a regenerative platform in spinal cord injury is
that the regeneration of axons through the spheres is unlikely to be linear across the injury
site. The dispersion of the spheres creates a porosity in the space between them and it has
been observed in several of the tissue sections that cells follow this pattern as was the case
for astrocytes. Heavy laminin deposition into these areas was also observed which would
make these avenues for migration and growth even after the degradation of the spheres. Due
to the highly directional alignment of axons in healthy tissue this could make re-innervation

of the distal segments more laboured. This is one of the main supporting arguments for using
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pre-fabricated structures that incorporate guiding structure such as aligned nanofibers

(Nguyen et al., 2017) but unlike injectable materials they usually do so at the expense of
invasiveness and apposition to the tissues, so a combination of these approaches would be
the ideal scenario. Rose et al. (Rose et al., 2017) demonstrated a novel system using
magnetically oriented anisotropic hydrogels that were also amenable to injection to align
neurite outgrowth in vitro which could ultimately be a promising line of research if translated

in vivo.

It is notable that gel can be seen in some of the tissue sections but is absent from others. The
evidence of microsphere presence during at least the early period after implantation can be
inferred by the meshwork organisation of laminin within the cavities where spherical voids
are evident. A possible explanation for this is variable expressions of MMPs within the injury
sites that has led to the degradation of the gels more rapidly in some than in others. Both the
RGD and PEG-Only microspheres used were produced from single batches so large
variations in degradability of the microspheres is unlikely to be the cause. Another
possibility could be that loosely integrated microspheres were dislodged during the tissue
processing, however as extensive deposition of laminin around the spheres was visible in

several sections this is also unlikely to be the case.

Another aspect of study that could have enhanced discrimination between the gel conditions
would have been to include behavioural testing in the evaluation of functional recovery
following hydrogel injection. Models of contusion injury in the cervical region are
commonly used to assess motor function (Nakae et al., 2011) and analysis could be
performed using the BBB locomotor scale (Koopmans et al., 2005) to observe differences.
However, with the relatively low sample sizes this still would have run the risk of being lost
within the variability between each replicate therefore a larger sample size would be required

to utilise this measure effectively.

The microspheres used in this study were implemented only in their most basic form and
would be likely to benefit from a combination of strategies to deliver growth factors or cells
into the environment. Yu et al. (Yu et al., 2016) observed an increase in vascularisation,
decreased cavitation and improved locomotor scores by implantation of VEGF releasing
PLGA microspheres. Jose et al. (Hidalgo San Jose et al., 2018) successfully encapsulated
and differentiated NSCs into neurons within alginate-collagen microgels and showed
promise for translation in vivo. From the PEG-4MAL experiments the positive response

observed with the MSCs opens up the possibility of stem cell delivery into the cavities using
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the microspheres as a vehicle. Additionally, the packing of the spheres throughout the

available space would allow cells to remain well distributed throughout the entirety of the
cavity and prevent cell sedimentation to the peripheries of the wound. Growth factor release
was seen to occur rapidly from the bulk gels and in the microspheres the release of growth
factor would be even faster with the increased surface area, but used in conjunction with cell

transplants could have a combinatorial enhanced effect in vivo.

5.5 Conclusion

The use of PEG gels in the in vivo models has given some insight into their potential as a
regenerative tool in spinal cord injury. However, although the findings from the data
collected are promising, further studies would be required to draw firm conclusions. The
evidence suggests that the RGD hydrogels are enhancing astrocyte infiltration into the injury
cavity to a certain degree and the images point towards increased deposition of laminin
throughout the injury site compared to the other conditions. However, the effects of the
material on influencing axonal development in the injury site are not clear. In order to
conclusively determine the impact of the material on regeneration within the cord, it is
imperative that a method of establishing optimised dosages can be implemented that can
ensure there is neither too much nor too little gel placed within the injury. Following this, a
larger sample size that could take account of the variability between injuries would also be
required. Beyond this, additional modifications or components, such as growth factor
loading, could be incorporated into the gel for implantation that could further enhance the

regenerative capacity of the material.



6. Final Discussion and Conclusion
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6.1 General Discussion

6.1.1. Overview

Overall this body of work has elucidated the character of PEG-4AMAL hydrogels using
modifications of peptide integrin ligands and variants with different rates of degradability
through use of combinations of degradable and non-degradable cross-linker elements. This
has laid the foundations for conducting in vitro and in vivo analyses using these hydrogels
and elucidated the favourable interactions that can be achieved using these gels. However,
it has also identified several of the limitations that need to be considered and built upon to
pursue further investigation and optimisation of the material.

6.1.2. Gel Synthesis and Characterisation

In the characterisation of the hydrogels there were some parameters that were considered to
be critical to the utility of the material and so the fabrication was tailored to try and meet
specific ranges for these properties. The Young’s modulus of a substrate is known to
influence the behaviour of cells that attach to it and for neurological tissues the bounds for
Young’s modulus that have been found to encourage processes such as neurite outgrowth
have been reported in the hundreds of pascals to low kilopascal range (Ali et al., 2015;
Mosley et al., 2016). Hence the hydrogels were produced to match these values. The
degradability of the hydrogels as demonstrated in Section 2.3.2 also restricted the options of
available gel formulations to those that were able to remain cohesive for the week of cell
culture that was used, though for short term applications such as cell transplantation delivery
vehicles this might have been a viable option. Another additional constraint was initially
placed on the gelation type as the protocol for injection of the bulk gel in vivo required the
gel to remain in liquid form for at least 10 minutes. This changed however in the fabrication
of microspheres as the rapid gelation was desirable to prevent aggregation, highlighting the
benefits of materials with tuneable gelation kinetics. The other measured properties were
informative but less critical to the material implementation. The growth factor release from
the PEG-4MAL hydrogels was rapid and sustained growth factor release would have been a
desirable capability. The materials could have been tuned to maximise this aspect, but doing
so would lead to knock-on effects of each of the other properties, for example decreasing the
mesh size would increase the material stiffness. However, there may be approaches that

could minimise these differences, such as physical tethering of the growth factor to the
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hydrogel (Seliktar et al., 2004). Although neither the NGF nor BDNF have unbound

cysteines that could participate in the thiol-maleimide addition, a commonly used conjugate
for biomolecules is N-Hydroxysuccinimide which can bind to primary amines such as those
found in lysine amino acids and protein N-terminals (Morpurgo and Veronese, 2004). PEG
bifunctionalised with NHS and thiol could therefore tether the molecules directly, however
not without causing an unknown effect on the growth factor presentation.

It must be said however that there are a lot of caveats that come attached to the optimal
Young’s modulus values for spinal cord applications. Koch et al. (Koch et al., 2012) showed
that the neurons from dorsal root ganglia show preferential neurite growth on
polyacrylamide substrates of 1kPa over a range of 150 to 5000 Pa while hippocampal
neurons demonstrated no preference over the same range. Conversely, Zhang et al. (Zhang
et al., 2014) show improvements in a host of neuronal functions on much stiffer PDMS
substrates of ~450 kPa. Koser et al. (Koser et al., 2016) have found seemingly paradoxical
behaviour in Xenopus brains that show axons growing faster in stiffer regions while also
being repelled by stiffer substrates in the presence of a softer alternative course. To further
complicate matters, astrocytes have been observed to show preference for stiffer materials
than those commonly reported for neurons (Georges et al., 2006; Moshayedi, Costa and
Christ, 2010). From a physical perspective, the choice of measurement instrumentation will
inevitably influence the measurements themselves, as demonstrated by Kingsley et al.
(Kingsley et al., 2019) who showed the discrepancy between methodologies when
measuring hydrogel moduli, and in particular the over-estimation of magnitude when using
AFM compared to other common techniques. Therefore, reaching a consensus for tailoring

material stiffness in neural applications is not immediately straight forward.

One improvement that could have been made overall to the experimental design would be
to incorporate a scrambled peptide into the hydrogels as a negative control to the
functionalised peptide gels instead of instead of the non-functionalised PEG-Only gels
(Singh et al., 2015). This could have more adequately replicated the properties of the other
gels and still remained inactive. While it can’t be ruled out that this may have affected
behaviour of the cells in vitro, the IKVAV gels possessed the same physical properties as
the RGD gels yet cells exhibited behaviour very similar to the PEG-Only counterparts,
indicating their property differences was not a decisive factor for the poor growth in the

PEG-Only gels but was rather a consequence of inadequate integrin ligand availability.
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The choice of microsphere size used for injection was a pragmatic decision to accommodate

for the size of pipettes used to minimise damage to spared tissues in the contusion SCI
models, however using a different model where needle size was not consequential such as a
transection model would a wider size range of microspheres to be investigated. This could
have been achieved with the existing designs by adjusting the fluid flow rates, or by
optimising the device dimensions for larger droplet production (Lashkaripour et al., 2019).
Exploring the effect of microsphere size on the interactions with the various cells used could
be a useful endeavour as 50um approaches the approximate size of several mammalian cells
(Liu et al., 2016; Placone et al., 2016) the interface dynamics between the spheres and cells
would be altered drastically. Moreover, for cell encapsulation applications changing the
microsphere size could ultimately affect the delivery and viability of cells as higher flow
rates or smaller channels generate higher shear stresses which have been shown to negatively
impact cells that flow through them (Varma and Voldman, 2018).

6.1.3 Neural Cell Response to Hydrogels

The poor survival of the encapsulated cells necessitated their implantation via pipette after
the hydrogel formation and swelling which introduced some limitations to the experimental
model. Cell encapsulation has been demonstrated before using a version of these gels (Phelps
et al., 2012), but not with the same cell types and neurons are known to be particularly
delicate. The pH is likely to be a factor in this as too long spent in a low pH environment
presented by the gel precursors will inevitably impact the viability of cells, and even when
steps were taken to minimise the time spent in the hydrogels before addition of media the
neuron survival remained low. However, increasing the pH also increases the gelation rate
and reduces that practical manageability of the hydrogels and gelation that occurs too rapidly
also leads to poor structural homogeneity (Jansen, Galarza and Shelly, 2019) and inevitable
experimental errors. Therefore, the alternative route of implantation into the gels was the

preferred option over cell encapsulation.

The growth factor release experiments revealed the near immediate release of the growth
factors and while this makes them unsuitable for sustained release they could still be used as
mechanisms for immediate growth factor delivery. Coupled with cellular implantation this
could compound their efficacy, and in the case of stem cells encourage their differentiation
along the preferred lineage (Rosner et al., 2012). Their ability for delivery was highlighted
with the dorsal root ganglia experiments where differences between the conditions with and

without NGF were immediately visible, particularly for the IKVAV and PEG-Only gels.
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Additionally, even single dose injections of growth factor have been demonstrated to

contribute to positive outcomes following SCI (Widenfalk et al., 2003) so their delivery in
the PEG-4MAL gels could still be beneficial.

There has long been a consensus that laminin plays a more dominant role in the regulation
of neuronal activity than fibronectin (Rogers et al., 1983; Flanagan et al., 2008) so the
resulting findings that the RGD peptide encouraged the formation of neurites in DRG
neurons while the IKVAV peptide did not was unexpected. The RGD-bound gels were also
seen to result in higher neurite densities for some of cross-linker combinations than the
IKVAV-bound gels. The confirmation that the peptides had bound to the maleimide with the
thiol analysis presented in Section 2.3.1, along with the concurrence of other physical
properties with the RGD hydrogels and the literature that has demonstrated similar findings
(Dhillon et al., 2019) lead to the conclusion that this IKVAV peptide is not effective as a
hydrogel bound integrin ligand. This raised the possibility that other sequences may be more
effective and so a derivate of the looped sequence described by Li et al. (X. Li et al., 2014)
was trialled that could be implemented as a cross-linker due to cysteine terminations at either
chain end, however this sequence proved to by insoluble in PBS and quickly precipitated,
making it also inappropriate for use in hydrogel functionalisation. An avenue of research
that could lead to improved IKVAV-integrin coupling would therefore be beneficial for

hydrogels with neural applications.

6.1.4 In Vivo Investigations

The problems noted with bulk gel injections into the injured spinal cord represent an intrinsic
flaw with pH driven gelation of hydrogels intended for in situ applications as in the presence
of biological fluids there will inevitably be a modulation of the pH that will disrupt gelation
Kinetics. This may be overcome in certain applications where there is sufficient ability to
aspirate excess fluid from the implantation site but in the case of the spinal cord, at least in
rats, the constant accumulation and replenishing of CSF in the wound site made this
untenable. Another model of injury was attempted using a wire knife model of injury to the
dorsal columns as described by Toft et al. (Toft et al., 2007) to try and elucidate a solution
to these issues in the hope that gel distribution could be more easily visualised. While they
were informative to a degree, they encountered the same problem with the CSF accumulation
and ultimately it was concluded that they would not provide an additional benefit over the

contusion models.
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The data gathered from the microsphere injection experiments did point towards a net

positive effect of these RGD gel microspheres by the reduction in peak GFAP intensity and
indications of encouraging the infiltration of astrocytes into the cavities. There were
additionally signs that the RGD gels could promote the deposition of laminin around the
microspheres and some evidence of axonal growth was also observed. This corroborates
with the in vitro analyses that the RGD hydrogels enabled adhesion and spreading of
astrocytes as well as neurite development from spinal cord neurons and DRGs. However,
while these observations provide a basis of support for the efficacy of the RGD PEG-4MAL
microspheres as a potential implantable material for SCI repair, further investigation is
needed to confirm this effect with greater certainty. A follow up study with higher numbers
of replicates would be required to overcome the impact of intrinsic variability of injury
progression that comes with the contusion model. Furthermore, an additional body of
evidence needs to be generated to determine suitable microsphere dosages, and to confirm
that the behaviour of the neural cells seen in the bulk gels is analogous to the gel
microspheres. Another line of investigation could also be directed towards microglial

activation in response to the hydrogels and indications of other neuroinflammatory events.

One unknown of the microsphere injections is the ability of the spheres to remain in a
cohesive formation or whether there was any internal movement and readjustment of the
sphere distribution. As they are essentially untethered to one another it is possible that the
spheres did not remain in the same position as the animals became more active following
the surgeries. This could pose an issue to regenerative efforts, particularly to re-growing
axons which are sensitive to mechanical perturbations (A. Saxena et al., 2012). Countering
this notion however was the presentation of the laminin as observed in the tissue sections
which was seen to be interlaced around what had been the microspheres and this structure
would impart some stability to the material overall. Whether this process had begun
immediately after injection or if the spheres were sequestered later on is unclear however,
and to fully understand this process it would be beneficial to look at additional time points

after the gel injections.

The main focus of the histological analysis has aimed to identify and characterise the cellular
repopulation of the spinal cord in regions affected by cavitation, but there are other aspects
that could also have been investigated beyond those that were chosen for this study. Other
options may have shed more light on the differences between conditions such as fibre
myelination by staining for myelin basic protein (Bajaj et al., 2013), alternative markers for

astrocytic reactivity such as nestin (Cho et al., 2013) or identifiers of new axonal growth or
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collateral sprouting using GAP-43 staining (Benowitz and Yin, 2006). Additionally, other

outcome measures could be implemented such as locomotor assessment or measurement of
stimuli sensitisation to quantify functional restoration. Future experimental designs would
benefit from the inclusion of these considerations to gain a more complete assessment of the

microsphere efficacy in promoting regeneration after SCI.

6.2 Thesis Conclusions

This body of work has focussed on producing PEG-4MAL hydrogels that are suitable for
injection into the injured spinal cord and can enhance the intrinsically low levels of
spontaneous regeneration that is usually observed in such cases. Gel formulations have been
established to optimise their Young’s modulus in the context of the spinal cord to lie between
1-2 kPa and their degradability to be tuneable with the modulation of cross-linker character.
These formulations have been evaluated to determine their efficacy in maintaining healthy
populations of MSCs, astrocytes and neurons which represent some key potential targets for
spinal cord injury repair. The findings determined the ability of RGD bound gels to support
each of these cell types. These gels were trialled to be injectable in vivo and subsequently
modified using a microfluidics-based system to produce gel microspheres to facilitate their
expedient delivery into the spinal cord. Finally, these microspheres were used to conduct
further in vivo studies. Tentative increases in the level of laminin deposition and astrocyte
migration into the spinal cord cavity were observed, as well as lower levels of astrocyte
reactivity being noted in the gel injected cords, leaving the door open for further

investigation.

6.3 Future Work

Due to the observed shortcomings of the IKVAV peptide in comparison to RGD bound
hydrogels, a continuation of this project could investigate different forms of the IKVAV
peptides with alternative peripheral sequences. This would aim to elucidate one or more
sequences that can be incorporated into the PEG-4MAL hydrogels to enable effective
peptide-integrin binding and facilitate cellular migration and growth. Additionally, the
hydrogels could be modulated to incorporate varying concentrations of these peptides to

determine an optimum and could even consider co-functionalisation with RGD.

In vitro work should focus on refinement of the 3D culture protocols to enable additional

quantification of outcomes, particularly with astrocytes which were too densely grouped to
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enable meaningful analysis. Additionally, co-cultures of several neural cell types could be

investigated to elucidate combinatorial effects of neurons and glia presented with different
integrin ligands. Further to this, in vitro SCI models could be built upon to evaluate these
hydrogels more thoroughly.

The microfluidics system developed is capable of producing a variety of gel formulation that
could also be used to create spheres of different gel types for implantation and this could
make an addition facet to many other concurrent hydrogel projects. Further developing the
microspheres by incorporating growth factors and fine-tuning the degradability would also
expand the potential applications and efficacy in in vivo systems.

The in vivo investigations require additional research into a method of evaluating the correct
dosage requirements for delivery into the injured cord, or alternatively different models
could be investigated provided containment measures could be implemented to prevent
microspheres from going off target. The experiments should then be reassessed using this
methodology and behavioural testing should also be considered to enhance the experimental
impact.
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Appendices
RGD (20mM) VKAV (20mM) VPM (50mg/mL; 29.4mM)
pH =29 pH = 3.21 pH = 3.01

Supplementary Table 2.1 pH of custom peptides used in PEG-4MAL gel synthesis.
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Supplementary Figure 2.1 Effect of buffer pH on measured fluorescence intensity of 10uM

thiol containing components RGD peptide, IVKAV peptide and Glutathione (GSH), diluted

in PBS at pH 3,5,7,9 & 11.
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Microsphere Contusion Sections - RGD

Supplementary Figure 5.1 Spinal Cord sections from each animal injected with 20uL
50V:50P RGD gel microspheres (a,b,c,d). Stained for NF200 (red), GFAP (green) and NeuN
(Blue). Arrows in the top right panel indicate the rostral (R), Caudal (C), Dorsal (D) and

Ventral (V) orientations. Scale bars = 1mm



Microsphere Contusion Sections - RGD

Supplementary Figure 5.2 Spinal Cord sections from each animal injected with 20uL
50V:50P RGD gel microspheres (a,b,c,d). Stained for GFAP (red), Laminin (green) and
NeuN (Blue). Arrows in the top right panel indicate the rostral (R), Caudal (C), Dorsal (D)

and Ventral (V) orientations. Scale bars = 1mm




Microsphere Contusion Sections - PEG-Only

Supplementary Figure 5.3 Spinal Cord sections from each animal injected with 20uL
50V:50P PEG-Only gel microspheres (a,b,c,d). Stained for NF200 (red), GFAP (green) and
NeuN (Blue). Arrows in the top right panel indicate the rostral (R), Caudal (C), Dorsal (D)

and Ventral (V) orientations. Scale bars = 1mm
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Microsphere Contusion Sections - PEG-Only

Supplementary Figure 5.4 Spinal Cord sections from each animal injected with 20uL
50V:50P PEG-Only gel microspheres (a,b,c,d). Stained for GFAP (red), Laminin (green)
and NeuN (Blue). Arrows in the top right panel indicate the rostral (R), Caudal (C), Dorsal

(D) and Ventral (V) orientations. Scale bars = 1mm



Microsphere Contusion Sections - PBS Control

RN : /]

Supplementary Figure 5.5 Spinal Cord sections from each animal injected with 20uL PBS
(Sham Control) (a,b,c,d). Stained for NF200 (red), GFAP (green) and NeuN (Blue). Arrows

in the top right panel indicate the rostral (R), Caudal (C), Dorsal (D) and Ventral (V)
orientations. Scale bars = 1mm
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Microsphere Contusion Sections - PBS Control

Supplementary Figure 5.6 Spinal Cord sections from each animal injected with 20uL PBS
(Sham Control) (a,b,c,d). Stained for GFAP (red), Laminin (green) and NeuN (Blue). Arrows
in the top right panel indicate the rostral (R), Caudal (C), Dorsal (D) and Ventral (V)

orientations. Scale bars = 1mm
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