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Abstract/Summary

Current methods for peripheral nerve repair have a number of drawbacks and limited success rates.
Nerve guidance conduits (NGCs) can be used as an alternative to the gold standard autograft
treatment, but current products with simple designs are only effective in short distance nerve gaps.
With the aim of improving regeneration in NGCs, this study explored the production of NGCs
containing physical guidance cues which have been shown to provide guidance to regenerating cells.
Conduits containing aligned grooves and aligned microfibres were produced by
microstereolithography (uSL) and electrospinning and assessed in vivo for their nerve regeneration

potential.

A photocurable resin, with tuneable degradation and mechanical properties, was developed for use
in uSL by controlled methacrylation of poly(caprolactone) (PCL). The resin was used in pSL to

produce NGCs and photoabsorbers were added to enable the production of complex 3D structures.

Conduits with aligned luminal grooves were fabricated directly by puSL. Separately, fibre-filled
conduits were produced by filling uSL tubes with highly aligned, electrospun PCL fibres. Fibres were
produced to precisely controllable diameters and fibre-filled conduits were analysed with gas

pycnometry and micro-computed tomography which allowed control over fibre packing density.

Preliminary in vitro testing confirmed the biocompatibility of the poly(caprolactone)-methacrylate
(PCLMA) material, which supported the growth of Schwann and RN22 cells. In collaboration with
another project, fibre-filled conduits were tested in an ex vivo nerve injury model to determine
optimal parameters. Here, plasma treatment of conduits improved dorsal root ganglion outgrowth
and conduits containing 10 um fibres at 10% packing density were selected as the primary candidate

for initial in vivo testing.

Grooved and fibre-filled conduits were used to repair nerve injuries in thy-1-YFP mice. Their
performance was compared to autografts and plain conduit controls in terms of axon number, axon
disruption and success rates. Grooved and plasma-treated fibre-filled conduits supported nerve
regeneration comparable to autografts and outperformed controls in certain parameters. This
demonstrated the beneficial effect of the intraluminal guidance cues, however future work is

necessary to test these conduits in longer distance nerve gaps.
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1. Chapter 1: Introduction and General Literature review

1.1 The anatomy of the peripheral nervous system

The nervous system of the human body can be divided into two parts; the central nervous system
(CNS) and the peripheral nervous system (PNS). The CNS consists of the brain, brain stem and spinal
cord whereas the PNS consists of the nerves which extend outwards from the CNS to transmit nerve
signals between the CNS and the peripheries. The PNS contains sensory neurons, which relay
information from the external environment via sensory receptors towards the CNS, and motor
neurons, which transmit motor signals from the CNS towards the peripheries to control organs and
tissues [1], [2]. The cell bodies of motor neurons reside in the anterior horn of the spinal cord and
those of sensory neurons reside in the dorsal root ganglia (DRGs) [3]. Neuronal processes extend
from cell bodies to form axons which are grouped into bundles to constitute the nerves of the PNS.
Nerves can be classified as containing primarily sensory neurons, motor neurons or a mixture of

both [4].

Figure 1 shows the cross-section of a peripheral nerve where we can see the hierarchical structure.
Axons are surrounded by myelin-containing Schwann cells which are the main support cell in the
PNS. Larger diameter axons (>1 um) are wrapped by Schwann cells in a process called myelination,
forming the myelin sheath, which provides protection to the axon as well as improving the
conduction velocities of nerve signals [5]. The Schwann cells lie along the axon length separated by
Nodes of Ranvier. Smaller diameter axons are bundled together in groups and ensheathed by a
single Schwann cell, with axons being separated by cytoplasm, rather than myelin, deeming them
‘unmyelinated’ [5]. Schwann cells are important for neuronal survival and play an important role in

the response to nerve injuries, discussed in section 1.2.3.

Myelinated and unmyelinated axons are structured into nerves within three connective tissue layers:
the endoneurium, perineurium and epineurium (Figure 1). Individual axons are surrounded by the
endoneurium and grouped into fascicles which are, in turn, surrounded by the perineurium. The
structure of the perineurium acts to provide tensile strength to the nerve as well as maintaining the
endoneurial fluid that surrounds the axons within [6], [7]. The epineurium surrounds the fascicles,
grouping them together as well as forming the epineurial sheath around the entire the structure of
the peripheral nerve, providing protection to the nerve tissue [6], [8]. Surrounding the epineurium,
is the mesoneurium in which blood vessels are present to deliver a blood supply to the endoneurium

via a network of capillaries [8].
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Figure 1. A simplified view of the anatomy of the peripheral nerve. Axons (grey) are ensheathed by
Schwann cells and surrounded by the endoneurium (white). Axons are grouped into fascicles which are
surrounded by the perineurium (orange). The Epineurium (pink) groups fascicles together to form the

structure of the peripheral nerve.
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1.2 Peripheral nerve injury and repair

1.2.1 Peripheral nerve injury

Injury to the peripheral nervous system is estimated to occur in around 14-23 people per 100,000
per year worldwide [9], [10], with 300,000 annual cases in Europe alone [11]. Peripheral nerve injury
(PNI) most commonly occurs as a result of trauma from a variety of circumstances. Road traffic
accidents, penetration/laceration injuries (i.e. from knife wounds or broken glass) and falls are
attributed to 44%, 21% and 13% of PNI cases respectively. Injuries often affect the upper limbs with
the ulnar, brachial plexus and radial nerves being the most frequently affected [12]. PNI may result
from fractures such as humeral fractures causing damage to the radial nerve [13] or fractures to the
mandible resulting in trauma to the inferior alveolar nerve [14]. The injury may be sustained during
the fracture itself or during surgical procedures in the treatment and fixation of the fracture. In
addition to traumatic injuries, PNI may result from surgical intervention which contributes to 12% of
cases [15]. These iatrogenic injuries often involve procedures such as tumour resection (one third of
cases [15]) and also include injection injuries either from direct needle trauma or from a neurotoxic

effect of the injected substance such as anaesthetics [16]-[18].

Injuries to peripheral nerves usually result in a sensory or motor deficit. A wide range of symptoms
are possible, corresponding to the type and severity of the injury and the resulting inflammatory
response and axon degeneration (see: Wallerian degeneration, discussed further in section 1.2.3).
The different types of injury include compression injury, which can result in oedema and changes in
the connective tissue of the nerve; stretch injury, which can cause rupturing of the neural connective
tissue (endo-/peri-/epi-neurium); chemical injury, causing neural sensitisation and inflammation;
and finally transection, caused by laceration or complete rupture [19]. These injuries can result in
differing degrees of damage which can be classified as follows using the Seddon classification of
nerve injury [20]. ‘Neurapraxia’, the mildest form of injury, is defined as a transient conduction block
which results in motor or sensory impairment but where no axonal degeneration is present. Such
symptoms may stem from ischemia and present focal demyelination but are usually followed by full,
rapid recovery [13], [20]. In ‘axonotmesis’, axonal damage leads to Wallerian degeneration of the
distal nerve but the endoneurium remains intact, allowing easier regeneration. In ‘neurotmesis’ (the
most severe cases of PNI) total severing of the nerve leads to complete loss of function and unlikely
spontaneous recovery [13], [21]. For instances of sensory impairment, in less severe cases, a patient
may experience mild paraesthesia (altered sensation such as numbness or tingling) whereas more

severe cases can present dyesthesia (stronger, painful sensations that can be acute and constant
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[22]), anaesthesia (complete loss of sensation) or even combinations of the above [23]. These
symptoms can obviously have a large detrimental effect on a patient’s quality of life so treatments

are desirable to restore normal nerve function.

1.2.2 Nerve Injury in dentistry

The repair of peripheral nerve injuries has significant applications in dentistry due to complications
associated with dental procedures. The most common procedure to result in PNI is third molar
removal, contributing to around 50% of cases, with other procedures such as local anaesthetic
injections, implant surgery, osteotomy and tumour excision being responsible for the remaining 50%
[22], [24]. During third molar removal, the most common nerve injuries are to the inferior alveolar
nerve (IAN) and the lingual nerve (LN). As detailed in Figure 2 and Figure 3, the IAN and LN both
stem from the mandibular nerve, which is the third branch of the trigeminal nerve (the fifth cranial
nerve). The IAN innervates the mandible, supplying sensation to the molar and premolar teeth as
well as the surrounding gingiva. Branching into the mental nerve, it also supplies sensation to the
chin and lower lip. The LN supplies sensation to the tongue. As a result, even a slight deficit of this
sensory activity can impose difficulties in everyday activities such as speech, eating and drinking and

lead to psychological problems and social insecurities in affected persons [25], [26].

A number of case studies report that IAN injuries occur in around 4% of third molar removal
procedures [27]-[30] (though older case studies report incidence rates of up to 8.4% [31]) and LN
injuries occur in around 2-6% of cases [28]—[30]. Increased risk of nerve injury is associated with
certain necessary techniques such as bone removal [27] or raising of the lingual flap [28], [32]. With
time, as some injuries are allowed to heal, the percentage of patients experiencing prolonged
sensory deficit falls, however a significant number of patients experience long-term effects (1.7% of
patients still experienced either IAN or LN problems 2 years postoperatively in an extensive study by
Jeres et al. [29]). This may seem like a low occurrence but since third molar removal is such a

common procedure there are many patients affected.
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Figure 3. Diagram outlining the anatomical positions of the lingual and inferior alveolar nerves. The

inferior alveolar nerve lies in the mandibular canal, in close proximity to the root of the 3™ molar.

Copyright AO Foundation, Switzerland. Reprinted with permission from the AO foundation [33].
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1.2.3 Peripheral nerve regeneration

Peripheral nerves have an innate capacity for regeneration and axons can regrow at rates of up to
1 mm per day [34]—[36]. Figure 4 describes the stages of axonal regeneration within nerve tissue.
Following nerve injury, Wallerian degeneration occurs in the distal stump: the myelin sheaths and
the axons within degenerate. Macrophages are recruited to the injury site following disruption to
the blood-nerve barrier and phagocytose the remaining debris leaving only Schwann cells and the
surrounding connective tissue, including the endoneurial tubes [37], [38]. The Schwann cells then
enter a proliferative state, caused by loss of contact with proximal axons [39]. This allows them to
proliferate and extend across the nerve gap as well as along the endoneurial tubes of the distal
stump [40]. Schwann cells elongate and form Bands of Blingner, long cable-like tracks which act as
guidance for regenerating axons [41], [42]. Regenerating axons form growth cones at their tip which
send out filopodia to explore the surrounding area and direct the axon advancement towards
favourable surfaces [34], [43]. By this way, axons are able to extend towards the distal stump,
guided by the Bands of Blingner. Once the axons enter the distal portion of the transacted nerve,
pre-existing endoneurial tubes provide an excellent framework for regeneration, containing native
extracellular matrix (ECM) proteins in the form of Schwann cell basal lamina [44]. Here, with the
support of Schwann cells, axons are able to grow long distances to eventually reinnervate the
original target area. When the growth cones reach the target organ, growth is halted and synapses

form to restore the function lost due to nerve injury.

There are a number of growth factors play an important role, mediating many of the processes that
occur during nerve regeneration. Nerve growth factor (NGF), brain-derived neurotrophic factor
(BDNF) and glial cell line-derived neurotrophic factor (GDNF) are all upregulated following PNI with
level of increase in line with the severity of the injury [45], [46]. Many studies have shown the ability
of BDNF and GDNF to promote the survival of motor and sensory neurons and their importance in
aiding the recovery and development of regenerating nerves [47]-[50]. Additionally, GDNF has also
been shown to stimulate Schwann cell migration and promote enhanced myelination [51]. NGF is
also known to promote the survival of certain classes of neurons and to control axonal outgrowth by

increasing the motility of growth cones [34].
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Figure 4. The stages of axonal regeneration following a nerve transection injury. A: Normal, undamaged
nerve. B: Injury occurs, distal portion of axon degenerates and is phagocytosed by macrophages (not
shown). Schwann cells proliferate. C: Axon regenerates, guided by the Bands of Blingner formed by
migrating Schwann cells. D: Nerve maturation occurs where Schwann cells myelinate the newly-grown
axon.
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1.2.4 Impact of scarring on nerve regeneration

The repair mechanism described above indicates what may happen in the case of ideal recovery,
however misdirected axon growth and invasion of unwanted cell types such as fibroblasts can cause
the production of scar tissue. This can slow the growth of the axons across the nerve gap or prevent
them from reaching their target, leading to neuroma formation [13], [44]. This scar tissue invasion
can arise from the proliferation of cells in the damaged epineurium and form physical barriers to the
regenerating axons [40]. Atkins et al. found that an increased amount of scarring at the site of the
nerve injury resulted in a decreased success of regeneration [52]. A reduction in scarring was also
related to improved functional recovery [53]. This reinforces the suggestion that scarring during
nerve regeneration is hugely detrimental to the recovery process and limiting scar tissue formation

is necessary for a successful recovery.

1.2.5 Surgical repair & current treatments

In many cases, surgical intervention is necessary to ensure that the nerve regeneration process
occurs to its full potential and maximal functional recovery is achieved. Treatment choice is highly
dependent on the extent and type of nerve injury and, over the centuries in which nerve repair has
been carried out, a number of standard procedures have been established. End-to-end coaptation
(or anastomosis) via suturing is always preferable where minimal nerve tissue is lost and tension
between the proximal and distal stumps is sufficiently low [54]. The first detailed description of the
suturing of a transected nerve was recorded in 1596 by Gabriele Ferrara. He describes his procedure,
which is relatively close to modern techniques, including the need to identify and release the
separate nerve stumps, carefully suture together after disinfecting and immobilise limb during
recovery [55]. Microsurgical techniques have evolved over the years and the advent of high
magnification systems for surgical aid and improved surgical tools have made it possible for more
complex procedures to be performed while reducing the trauma invoked during repair [56]. For
larger nerves, interfascicular dissection may be performed on the nerve stumps to allow proper
alignment of individual fascicles and correct reinnervation, for example distinguishing between

motor and sensory pathways [57].

In cases where a segment of nerve tissue is lost or damaged and a large gap exists between the
proximal and distal nerve stumps, end-to-end coaptation would result in excessive tension across
the join and other repair methods must be pursued. Reports in literature vary as to the maximum

gap size possible to repair by coaptation but it is generally accepted to be between around 5 and
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10 mm [58], [59]. In such cases the gold standard treatment is the use of an autologous nerve graft.
This is where a donor nerve is taken from elsewhere on the patient and transplanted to the injury
site to reconnect the severed nerve endings. The most commonly used donor nerve is the sural
nerve due to its relatively low donor site morbidity, ease of harvest and availability of longer
segments [54]. Similar to the function of the native distal nerve segment, the autograft does not
provide axons to reconnect the proximal stump to the target (as these will undergo Wallerian
degeneration) but provides a connective tissue framework of endoneurial tubes (composed of
Schwann cell basal lamina) surrounded by connective tissue, to guide the regenerating axons
towards their distal target. The regeneration is also aided by the presence of Schwann cells and
beneficial neurotrophic factors in the autograft tissue [60]. There are, however significant drawbacks
related to the use of autografts, including (i) donor site morbidity such as a sensory deficit; (ii)
limited availability, especially for lesions requiring multiple grafts (e.g. the brachial plexus); (iii) the
difficulty of size-matching between the native nerve and the graft; and (iv) the need for an extra
operation site, with obvious problems associated with increased recovery time and infection risk as

well as a risk of neuroma formation at the donor site [58], [61].

The success rate of autografts is dependent on a number of factors. Patient age is important with
reports suggesting that successful recovery occurs more often in persons under 20 years of age [62].
Nerve gap length is another strong factor as successful recovery is uncommon in gap lengths of over
5-10 cm. Finally, the duration of time between injury and surgical intervention can influence success
rates with some reports suggesting that the best results occur when the operation takes place within
3 months of the injury [62]. This is partly attributed to the decrease of viable Schwann cells within
the distal nerve after a few months post-injury [63]. However studies have shown that a 3 month
delay has little effect on recovery [64] and that late repair of lingual nerves (7-32 month after injury)
can still show good success rates, with all patients over the age of 20 [65]. As we can see, there is
conflicting literature on the issue and predictors of successful recovery are not so easily generalised.
Success is also dependent on the nerve in question; Autograft repairs are most successful in upper
extremity nerve repairs, with positive results reported for many nerves including the median, ulnar
and radial nerves [62]. Autologous nerve grafts also can be used in dentistry if direct suturing is not
possible but the typical presence of short nerve gaps means that this is usually not the case. Sural
nerve autografts can improve IAN function with pain relief and partial sensory recovery [22] but full

recovery is not widely reported.
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Similar to autografts, allografts may be performed where a donor nerve (usually cadaveric) is used to
bridge the defect. This eliminates donor site morbidity and the risks associated with the second
operation site. This option can also be used when the nerve gap is too large for a suitable length of
autogenous nerve to be obtained [66]. The main drawback is the need for the administration of
immunosuppressive drugs for a period of time after the operation to prevent adverse reactions until
the host cells dominate the donor tissue (at approximately 24 months [63]). However acceptance is
not guaranteed and graft-rejection may still occur [67]. Alternatively, decellularised autografts (such
as the commercial product Avance® Nerve Graft from AxoGen) can be used with reduced need for
immunosuppression. These obviously contain no Schwann cells to aid with regeneration but retain
the beneficial architecture of the native nerve. This native ECM provides an excellent scaffold for
nerve regeneration and positive results are reported in a number of studies [68]. The main drawback

of such treatments is the prohibitively high cost of decellularised allograft products [69].

Another, less widely used alternative are vein grafts; this is where an autologous vein (e.g. the
saphenous vein) is harvested and used to connect the proximal and distal nerve stumps [70]. Pogrel
et al. has reported the use of vein grafts helping partial recovery of sensation in IAN injuries however
with LN injuries partial sensation was only recovered in nerve gaps of less than 5 mm, with no
sensory recovery present in lesions greater than 5 mm [70]. One disadvantage in the use of vein
grafts is their low strength leading to the possibility of collapse and kinking which damages the nerve
and hinders regeneration. This is thought to be the reason that vein grafts are less successful in the
repair of LN injuries compared to IAN injuries as the former experiences more movement and is less

protected from disruption than the IAN which lies within the mandibular canal [71].

Despite the widespread practise of nerve repair, functional recovery after surgery is still limited,
even with gold standard autografts. A review by Ruijs et al. performed a meta-analysis of 23 studies
(between 1968-2000) containing 623 cases of median or ulnar nerve transection injuries. It was
reported that only 52% of patients experienced satisfactory motor recovery while satisfactory
sensory recovery was only present in 43% of cases. Of the patients receiving grafts (57%), a slightly
lower percentage achieved satisfactory motor or sensory recovery than those who did not require
grafts however this difference was not significant [72]. A more recent, large-scale study from 2013
reporting from 87 publications and 3000 nerve repairs, compares the sensory recovery resulting
from the use of various repair techniques. Direct coaptation resulted in 78% ‘good’ to ‘excellent’

recovery, while autograft success rates were 67%, though the difference was not significant [73].
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This may show that patient outcome is improving with improved surgical techniques but there is still

much room for improvement.

1.2.6 Conclusions

e Peripheral nerve injury can occur in a wide variety of situations, such as trauma or iatrogenic
cases, resulting in significant decrease in patients’ quality of life.

e There is no current treatment which provides full recovery for injury to peripheral nerves.

e More effective treatments are required which offer improved return of nerve function

without the disadvantages of autografting.

1.3 Nerve guidance conduits

Due to the disadvantages associated with autografting and the poor results of larger gap repairs, it is
evident that a satisfactory alternative to the currently available treatments is necessary. One such
alternative is the use of a nerve guidance conduit (NGC) (Figure 5). This is an entubulation device
used to connect the severed nerve endings and provide protection and guidance for the
regenerating nerve. They can also aid recovery by creating a semipermeable environment allowing
the build-up of beneficial neurotrophic factors and the exclusion of unfavourable cells and inhibitory
factors as well as limiting scar tissue invasion. The use of a NGC eliminates the inherent
disadvantages of autografting, such as donor site morbidity and the need for a second operation
site, as well as the use of immunosuppression and the immune rejection risk associated with
allografts. In cases where end-to-end coaptation is performed, a NGC could even be used in addition
to this procedure (adding additional protection during recovery and helping the retention of growth

factors) or used instead of direct suturing (to reduce potentially damaging tension in the join).

Figure 5. A nerve guidance conduit (NGC) positioned between the proximal and distal ends of a severed

peripheral nerve.
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1.3.1 The ldeal NGC

The properties and functions of the ideal NGC are widely believed to be as follows (each will be

explored in more detail throughout the report):

A NGC must be made from a biocompatible/non cytotoxic material that does not elicit a
host response which would prove detrimental to the nerve regeneration process.
Immunogenic, carcinogenic and thrombogenic responses are important to consider when
determining a material’s biocompatibility [74]. The biocompatibility of a biomaterial can also
be influenced by the release of low M,, molecules (degradation products or leachable
contents/impurities) and by the capacity of surrounding tissues to eliminate these by-
products (dependant on vascularisation and metabolic activity).

The material should be biodegradable and the conduit should degrade in a time which
matches the regeneration period. The conduit should remain mechanically stable during this
time to protect the nerve during regeneration and maturation before degrading once this
function is complete. Long-term placement of materials within the body can cause a chronic
foreign body reaction and scar tissue formation [58], [75] as the body tries to encapsulate
and isolate the foreign material from interaction with host tissue. The products of
degradation should also be biocompatible. Concern has been raised over the acidic
degradation products of poly(glycolic acid) (PGA) and poly(lactic acid) (PLA) which have been
seen to decrease local pH in vitro which could be detrimental to the healing process [76],
[77]. However, the degradation rate of the polymer will have a direct effect on the
concentration of the degradation products, including any effect on local pH. In vivo, if
degradation products can be metabolised and eliminated at a rate which matches
degradation, then detrimental effects can be limited.

The conduit must have appropriate mechanical properties to allow bending without
fracturing or kinking and to resist the pressure from surrounding tissues (both of which can
lead to compression of the regenerating nerve). To prevent unnecessary inflammation, the
conduit should also be soft enough not to damage surrounding tissues [61]. Materials with a
wide range of mechanical properties have been used to produce NGCs. Examples include
materials/conduits with tensile moduli of 0.022-15 MPa (collagen [78], [79]), 8-90 MPa
(porous/electrospun PLGA [78], [80]) and 2-35 MPa (porous/electrospun PCL [81], [82]). It
may be desirable to use materials with properties towards the lower end of this range,
closer to that of the native nerve, for which tensile Young’s modulus has been calculated to
be around 0.6-8 MPa [83], [84]. The mechanical properties should also permit easy handling
by the surgeon including the insertion of sutures and cutting the conduit to match the length
of each specific injury.

A semipermeable material is desirable to allow diffusion of nutrients and oxygen across the
barrier, while retaining beneficial neurotrophic factors produced at the injury site and
preventing the infiltration of myofibroblasts and scar tissue [85]. It has been found that a
cut-off diffusion molecular weight of 50 kDa is beneficial for allowing nutrient diffusion while
preventing cell migration leading to better regeneration with less scar tissue formation [86].
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e The tubular nature of the conduit should provide guidance for axons and Schwann cells to
direct their growth towards the distal stump. Additional guidance can be provided in the
form of physical/topographical guidance cues in the lumen of the conduit such as aligned
grooves or fibres which will be discussed in the following sections.

e As with any biomaterial implant, if a NGC is to be used clinically it must be sterilisable by an
FDA approved technique such as autoclaving, gamma irradiation or ethylene oxide.

Additional components can be incorporated into the design to increase the potential benefit of
implanted NGCs and allow longer/more complex injuries to be repaired.

e  Growth factors may be incorporated into the design to supplement those produced in vivo
in response to injury to further aid regeneration by promoting the growth and survival of
regenerating axons. Growth factors can also be used to offer chemical guidance cues in the
form of biochemical gradients [87].

o A cellular component may also be added to the NGC, usually in the form of Schwann cells,
to augment those found proliferating at an injury site and amplify their therapeutic effect
[88].

1.3.2 Mechanism of regeneration through a NGC

The regeneration of peripheral nerves through guidance tubes was characterised in 1983 by
Williams et al. [35] who explained the sequential stages of such regeneration, outlined in Figure 6.
First, the conduit fills with a fluid exudate from the proximal and distal stumps which contains
neurotrophic factors produced by Schwann cells [89], [90]. These neurotrophic factors have been
shown to promote the regeneration of neurons, with nerve growth factor (NGF) being particularly
important for neuronal survival and differentiation [91]. Following this, a fibrin matrix forms within
the conduit, connecting the proximal and distal nerve stumps. The fibrin filaments within this matrix
have an oriented structure and form a cable which supports the migration of Schwann cells,
fibroblasts and endothelial cells from both stumps into the gap [35]. Schwann cells subsequently
form Bands of Bingner (discussed in section 1.2.3). The result is a cellular tissue cable which
supports the following axonal regeneration. Axons extend from the proximal stump and traverse the
injury site, guided by Schwann cells. Once the gap has been bridged, axons are able to continue
growing down the distal stump towards the target organ as described in in section 1.2.3. It has been
found that formation of this fibrin cable is critical if successful regeneration is to follow. If the fibrin
matrix fails (i.e. in longer distance gaps), cellular migration is not supported and axonal regeneration

cannot occur [92].
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Figure 6. The stages of regeneration through a hollow guidance tube. Fluid fills the conduit (1) followed by
the formation of a fibrin cable between the two nerve stumps (2). This matrix supports the migration of
non-neuronal cells and the formation of a tissue cable (3). Axonal growth can then occur (4) followed by
myelination in the later stages (5). Reprinted from Daly et al. with permission from The Royal Society [93].
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1.3.3 Commercially available NGCs

There are a number of commercial, FDA-approved NGCs which are made from a variety of natural
and synthetic materials (see Table 1 and Figure 7). Many groups report comparable results of nerve
repairs with conduits to that of autografts or sutures, however these are mostly in the repair of
short distance nerve gaps. These devices all have simple, plain tubular designs which generally only

support effective regeneration over gaps of around 2-4 cm [42], [61], [94].

Table 2 outlines a number of clinical studies that have utilised the most common commercial NGCs,
Neurotube®, NeuraGen® and Neurolac® (displayed in Figure 7). They have largely been used in
repairs of nerves upper extremities but other nerve types have been reported including the LN and
IAN. As can be seen, the studies report some positive results following nerve repair with commercial
NGCs, including improvements in sensory recovery [59], [95], [96], reduced neuropathic pain [97]
and improved motor function [98]. However, the results are hugely variable and leave much room
for improvement. The most successful studies report that excellent sensory recovery still only occurs
in 44-60% of patients [59], [95] but this can be as low as 14% [99]. Poor sensory recovery is also
commonly reported with a large number of patients presenting limited to no sensory recovery

(100% [97], 55-65% [96] and 27% of patients [95]).

Most of these papers report case studies with no comparison to control procedures (i.e. autograft or
direct suture repairs). It is therefore difficult to see how they might compare, though the success
rates reported of NGCs seem lower than the 67-78% success rates of direct coaptation and autograft
repairs, reported earlier [73] (section 1.2.5). The study by Weber et al. reported that conduits
supported significantly better sensory recovery compared to direct coaptation (for small gaps,

<4 mm) and significantly better sensory recovery compared to autografts (for larger gaps, >8 mm)
[59]. This suggests that there is still promise for NGCs however for more widespread success,

conduit design may need to be improved.
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Table 1. A number of FDA approved, commercially available NGCs.

Product Name Material Biodegradable?
Synthetic

Neurotube® Woven mesh of poly-glycolic acid =3 months

Neurolac® Poly(DL-lactide-co-e- 16 months
caprolactone)

Salutunnel™ Polyvinyl alcohol hydrogel no
Natural

NeuroFlex™/ Type |, bovine collagen 4-8 months

NeuroMatrix™

NeuraGen® Type |, bovine collagen 36—48 months

AxoGuard™ Porcine small intestinal 3 months
submucosa

Avance® Decelularised human allograft

Figure 7. SEM images of commercially available NGCs. A: NeuraGen, B: Neurolac, C: Neurotube

Reprinted from Schlosshauer et al. with permission from Oxford University Press [94].
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Table 2. A summary of a number of clinical studies using commercial NGCs. S/M2PD: Static/motor two-point discrimination.
Product Studies using the product Study outcome/comments

Neurotube® | Weber et al. [59] - Conduits compared to the ‘standard’ repair (direct suture for gaps of <4 mm and autograft for gaps of 28 mm)
- Recovery in conduits was significantly better than direct suture (€4 mm gap) and significantly better than the autograft
(>8 mm gap). Both results showing a lower mean M2PD and greater percentage of patients with ‘excellent’ recovery
- No significant difference for 4 mm<gap<8 mm (surgeon’s choice of conduit/graft)
- ‘Excellent’ sensory recovery only reported in up to 44% of patients
Navissano et al. [99] - Five out of seven patients presented positive results in functional muscle recovery but only one was classed as ‘very good’
- Case studies, no control groups for comparison

- 98 patents, 136 nerve repairs (102 followed up)
- Digital nerves
- 3-12 month follow up

- 7 patients
- Facial nerve, 1-3 cm gap, 7-12 month follow up
Mundinger et al. [97] - All patients had reduced neuropathic pain but limited to no sensational recovery was achieved in all patients

- 5 patients, latrogenic inferieor alveolar nerve injuries - L@ck of comparison to control procedures

- 14-108 month follow up
Rosson et al. [100] - All patients recovered some useful motor function allowing some of them to return to work or activities such as violin playing

- 6 patients - Case studies, no control groups for comparison

- Medial/ulnar/spinal accessory nerves, 1.5-4 cm gap

- 4-66 month follow up

Donoghoe et al. [98] - Complex case using multiple, NGCs: Nerve reconstructed with 4 conduits (one for each fascicle)
- Grip strength improved from 50% to 89% and 37% to 76% in the two patients respectively

- 2 patients
- Medial nerves, 3 cm gaps - Improvements were also seen in sensory recovery (2PD)
NeuraGen® | \Wangensteen et al. [96] (retrospective study) - Quantitative sensory recovery testing in 26 repairs (electromyography/2PD/SW monofilament testing): 35% reported an

improvement and 31% required revision surgery
- Qualitative assessment in 60 repairs: 45% reported an improvement and 5% required revision surgery
- Lack of comparison to control procedures

- 96 patients (126 nerve repairs) 64 followed up
- Mainly nerves in upper extremities

- Mean follow up, 9 months

Bushnell et al. [101] - 4/9 patients showed ‘good’ 4/9 showed ‘excellent’ sensory recovery (2PD, Semmes-Weinstein monofilament testing)

- 12 patients (9 followed up) - Lack of comparison to control procedures

- Digital nerves, 1-2 cm gaps, 12-22 month follow up

Taras et al. [95] - ‘Excellent’ recovery in 13/22 (<4 mm M2PD or <6 mm S2PD), ‘good’ recovery in 6/22 repairs (5—7 mm M2PD or 7-8 mm
S2PD)

- M2PD was recovered in all patients (mean 5 mm), S2PD was not recovered in 6 patients

- Lack of comparison to control procedures

Neurolac® Bertleff et al. [76] - Comparable sensory recovery to control procedures (direct suture) assessed by 1PD and 2PD (motor and sensory)

- Comments that the conduit is Transparent for easy surgical positioning and that degradation products are less acidic
compared to PGA

- 19 patients with 22 repairs
- Digital nerves, 5-17 mm gap, 12-59 month follow up

- 30 patients, 34 repairs
- Digital nerves, up to 20 mm gap, 12 month follow up
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1.3.4 Conclusions

e NGCs can be used in the repair of peripheral nerve injury as an alternative to autografting.

e  Current commercial products have simple designs with many reporting low success rates or
limited recovery.

e There is limited clinical data of NGCs performance vs autograft controls.

e Improvement to the simple designs of commercial products is necessary to improve their

performance and allow regeneration over longer distances.

1.4 Manufacture methods for NGCs

1.4.1 Current NGC manufacture methods

NGCs are mostly produced using simple manufacturing techniques such as extrusion, using a piston
and a hydraulic press [80] or a screw extruder [102]. Such methods only allow for the production of
simple, tube designs of constant cross-sections and fixed dimensions with the need to redesign the
equipment to make tubes of different sizes. The process also involves heating of the polymer to
ensure it has the correct properties for processing. Other techniques such as injection moulding
[103] allow for slightly more complex designs such as inclusion of luminal channels by inserting wires
into the moulds [104]. The design of the conduit is still however determined by the shape of the
mould with fixed diameter & length with new moulds required to be designed to produce conduits
of different dimensions. Other techniques involve the production of flat substrates — polymer films
or electrospun fibre sheets — which are then rolled and sealed using solvent, glue or heat to produce
tubes [105], [106]. This is a time-consuming process which doesn’t lend itself to easy scale-up.
Braiding or knitting methods are sometimes used to produce tubular scaffolds [36], [107], [108] such
as the commercial product Neurotube® which is composed of a woven PGA mesh [109]. These
manufacturing techniques have obvious drawbacks and are mostly constrained to producing simple
geometries. The advent of additive manufacturing has allowed the relatively easy production of

much more complex designs.
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1.4.2 Alternative manufacture methods

Additive manufacturing (AM) is an umbrella term used to describe the collective of fabrication
techniques which are based on 3D printing methods, such as stereolithography (SL), selective laser
sintering (SLS) and fused deposition modelling (FDM) [110]. Additive manufacturing is a bottom-up
fabrication technique which produces structures in a layer-by-layer process from cross-sectional
data of 3D computer-aided design (CAD) models [111]. AM techniques can create complex
geometries and intricate internal structures which are difficult or even impossible to produce with

conventional, top-down/subtractive fabrication methods.

Since the advent of AM in 1987 with 3D Systems’ first commercial stereolithography machine, the
use of AM methods has expanded into medical fields and revolutionised the field of biomaterials
and tissue engineering by allowing the production of complex scaffolds with almost limitless design
possibilities. Other advantages include the possibility for patient-specific implants; by teaming AM
methods with medical imaging data, one can produce CAD designs for scaffolds to fit a specific
patient’s defect allowing for seamless integration into the body. Examples include the production of
patient-specific titanium prostheses for mandible reconstruction [112] or the production of
customised elbow implants [113]. Additionally, medical imaging data can be used to manufacture
anatomically accurate models for surgical investigation. One example of this is the use of
stereolithography to create models of patients’ skull defects to aid in the planning of oral &

maxillofacial surgery [114].

1.4.3 Stereolithography

Stereolithography is a type of AM which uses UV or visible light to cure successive layers of a 3D CAD
model. The light source (usually a laser) is directed at the surface of a photocurable prepolymer resin
which solidifies under UV light. The laser selectively cures the resin to produce a crosslinked polymer
in the shape of the desired cross-section. The stage upon which the object is being fabricated is then
lowered to allow fresh liquid prepolymer to flow over the surface and for the next cross-section to

be cured. This cyclic process is described in Figure 8.
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Figure 8. The cyclic process of stereolithography. Sequential cross-sections are cured by exposure to UV
light.

The modern stereolithographic technique was patented by Hull in 1986 [115], (improved in
subsequent years [116], [117]) which describes the process and apparatus involved in the layer-by-

layer fabrication of an object via the selective solidification of a liquid medium using radiation.

Over the years there has been much research into the development of these stereolithographic
techniques to produce structures with micrometer resolution and as a result, two main types of
micro-stereolithography (uSL) have emerged: scanning and projection. The earlier, scanning micro-
stereolithography, introduced by lkuta and Kirowatari in 1993 [118], works by focusing a laser beam
to a small spot on the prepolymer surface. Via the use of a galvanometer mirror or movement of an
x-y stage, the laser spot is scanned over an area in the shape of the desired cross-section, thus curing
the polymer in the required shape [119]. The characteristics of this method impose inherent

limitations on production times and object resolution due to laser scan speeds and focal spot size.

Projection micro-stereolithography (PuSL) is a more modern approach which uses a dynamic mask to
shape the laser light into the desired cross-sectional image. This is projected onto the surface of the
prepolymer and the entire cross-section is cured at one time without x-y movement of the laser spot
or stage, allowing faster fabrication times. First proposed by Bertsch et al. in 1997 was the use of an
liquid crystal display (LCD) as the dynamic mask for PuSL and this lead to huge improvements in the
possible resolution of puSL systems [120]. Latterly, this technique was improved by substituting the
LCD mask with a digital micromirror device (DMD), removing problems associated with limited

contrast of the LCD [121].
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The DMD, invented by Texas Instruments, is an electromechanical device which consists of an array
of (originally) 1024 x 768 micromirrors (each ~13.5 um in size). The mirrors represent the pixels in an
image and each mirror is oriented by a computer into an ‘on’ or ‘off’ state, +12° or -12° respectively
from the central state. Consequently, the light from each mirror/pixel is either ‘selected’ and
reflected in one direction towards the subsequent optical components or ‘rejected’ and reflected in
another direction towards a light absorber [122][123] (see Figure 9). Via selecting the ‘on’ mirrors to
display the shape of a specific image it is therefore possible to selectively reflect the light in the

shape of the desired cross-section and project this laser image onto the prepolymer surface.

/ Towards resin
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absorber lens ya \ Light
— \ s source
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Figure 9. The principle behind the DMD function, showing example ‘on’ and ‘off’ state pixels/mirrors. The
black arrows indicate the direction of the light projection and reflection off the mirrors in the two states.

1.4.4 NGCs produced by stereolithography

USL offers many benefits over to the conventional techniques used to produce NGCs. As with all AM
technologies, using CAD, uSL allows precise control over the design of the conduit such as diameter,
wall thickness and the presence of internal channels without the need to redesign and produce
separate moulds. This way we can easily produce customised NGCs specifically the right size for
individual patients so there is no need to be limited by predetermined dimensions of off-the-shelf

designs.

Despite the potential benefits of uSL for the production of NGCs, there has been little research into

the topic. Arcaute et al. produced poly(ethylene glycol)-diacrylate (PEGDA) NGCs with intraluminal
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channels [124] [125]. These were implanted in rats to investigate their in vivo potential for nerve
regeneration and it was found that the single lumen conduits supported partial nerve regeneration
however the regeneration in the multilumen conduits was drastically reduced [126]. This could be
due to the large cross-sectional area blocked by the material and emphasises the importance of
conduit design and appropriate material choice. The group used a 3D Systems Model 250/50SL, a
commercial line-scan stereolithography machine and therefore subject to the limitations discussed
in section 1.4.3. Due to the device’s minimum spot size of 250 um, the best possible resolution
achieved was an internal channel diameter of 400 um. This is far larger than the resolution possible
to achieve from in-house built PuSL systems such as that by Sun et al. which is reported to produce

3D features as small as 30 um [127].

In previous work from The University of Sheffield, Pateman and Harding et al. used an in-house built
PUSL system to produce PEGDA NGCs. The conduits produced performed well in an in vivo mouse
model, promoting successful regeneration over a 3 mm nerve injury [128]. No significant difference
was found in axon proportion crossing the nerve gap in the NGCs vs the autograft control.
Additionally, the sprouting index in the NGC recoveries was significantly lower that the autografts
which could suggest the NGCs were less disruptive to axon growth. These are surprisingly positive
results considering the use of PEGDA, a non-biodegradable, stiff and brittle material, well known for
its poor cell attachment properties. The properties of poly(ethylene glycol) will be discussed in more
detail in the following chapter (section 2.2.2.1). These conduits, however, were only implanted for
21 days which is too short to notice any ill effects from a chronic inflammatory response resulting
from the presence of a non-biodegradable material. In more recent work from the group, the
biodegradable material poly(glycerol sebacate)-methacrylate (PGS-M) was produced and used in a
similar study. PGS-M conduits were produced by pSL and supported regeneration in the same 3 mm
nerve injury model [129]. Regeneration was lower compared to autograft controls, but the use of a

biodegradable material offers clear advantages over non-degradable alternatives.

1.4.5 Conclusions

e uSL offers many advantages over current manufacture techniques for NGC production
e There is limited research into NGC production using uSL
o Preliminary research shows promise

o More clinically relevant materials are needed
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1.5 Methods to improve NGC designs

As we have seen there are a number of commercial NGCs in use however these designs, consisting
of simple hollow tubes, have limited capacity for promoting in vivo nerve regeneration, preventing
their widespread clinical use. It is therefore essential to integrate other features into the design of
NGCs to promote improved regeneration. Many different avenues have been pursued by research
groups looking to improve the performance of NGCs and produce devices that out-perform current
designs. Examples include the incorporation of growth factors such as NGF to enhance nerve growth
[130]-[132] and the pre-seeding of Schwann cells within conduits [88], [133] to accelerate the initial
Schwann cell-mediated mechanisms of nerve regeneration and amplify their therapeutic effect.
Other directions include the use of ECM proteins such as laminin [132], [134] and fibronectin [135]
to provide attachment sites for advancing cells. The use of conductive materials to apply electrical

stimulation to regenerating cells has also been explored [136], [137].

1.5.1 Contact guidance, a history

An alternative approach to improve nerve regeneration, and the one that will be the focus of this
thesis, is the incorporation of physical guidance cues within the lumen of the conduit. The idea that
cells could be guided by physical structures is not a new one, with early experiments dating back to
the early 1900s. Much work of this early work was carried out by Ross G. Harrison (and then
continued in later years by his student Paul Weiss) investigating the mechanisms of how cells
respond to surfaces and structures, looking at responses such as cell elongation, orientation and
migration. The research was directed at the growth of nerves with the aim of furthering

understanding of nerve regeneration and repair [138].

In Harrison’s early experiments in 1914, cells (from the central nervous system of frog and chick
embryos) were observed migrating along the fibres of spider webs [139]. Harrison discusses the
importance of the presence of solid structures for the locomotion and shape changes of cells,
referencing experiments where cells were cultured in clotted lymph: cells were able to migrate
through clotted lymph but in liquid medium they formed uncharacteristically round appearances

and were unable to migrate.
Weiss lead on from this work by investigating the effect of ECM-derived structures on the outgrowth

of axons and advancing cells from chick embryo brain explants. Blood plasma was clotted in an

oriented manner and axons and cells were seen to grow and orientate in the direction of the clotted
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plasma. He concluded from his experiments that the dominant factor in the guidance of the growing

and migrating nerve cells was the mechanical guidance provided by the fibrin in the clot [140].

Paul Weiss later coined the term ‘contact guidance’ to describe the effects of physical structures on
the growth and behaviour of cells. He went on to conduct a number of further experiments to
investigate the effect of other solid structures in the migration and growth of nerve cells [138]. In
culturing chick DRG explants on scratches in culture plates, he found that axons would grow out
from the tissue and extend along these scratches. Secondly, rat nerves were cultured in a blood
plasma clot with aligned glass fibres of 8-26 um diameter. Schwann cells migrated along these fibres
and oriented along the direction of the fibres. Comparing Schwann cell migration along the fibres to
migration within the plasma clot, migration along the fibres was much more oriented and double the

speed.

Weiss concludes his paper with the statement [138]:
“The fact that Schwann cells and axons can be oriented into straight parallel courses by
strands of parallel fibers of glass or other materials, even if the latter are embedded in a
blood plasma clot, raises hopes that it might become possible to develop artificial bridges for
the spanning of nerve gaps by embedding suitable fibers, properly spaced, in a cylindrical

clot, sheathed by a suitable membrane.”

This statement paves the way for much of the current research into physical guidance cues for NGCs.
It is the idea that by providing the solid structures necessary for cells to migrate, it may be possible
to enhance the migration of Schwann cells and the advancement of axons to allow faster or more

effective regeneration.

1.6 Modern strategies to include contact guidance in NGCs

Since the time of Harrison and Weiss, there has been much research into the use of topographical
guidance cues to guide regenerating and migrating cells, especially in the field of nerve regeneration.
Conduits have been made with multi-lumen/microchannel structures [81], [133], [141], [142] or
aligned pores from directional freezing methods [143]-[145]. Here we will focus on two main
methods for guiding cells: the use of aligned microfibres and aligned grooves. Both types of
structure can be fabricated from a variety of materials and used to provide topographical cues to
cells in order to promote alignment and migration with the aim of encouraging more directed and

efficient nerve regeneration.
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1.6.1 Electrospinning

One type of guidance cue that is popular in literature is the use of aligned polymer fibres produced
by electrospinning. Electrospinning (described in Figure 10) is a manufacturing technique that is able
to produce polymer fibres of a highly controllable diameter in the nanometre to micrometre range.
This is useful in tissue engineering as the nano/micro-fibre scaffolds produced, mimic the structure
of the native ECM of tissues (e.g. collagen and elastin fibres, or fibrin in the case of nerve
regeneration) [146]. The ECM provides an important base for cell attachment, organisation and
migration so it is important to consider its structure and function when producing scaffolds for tissue
engineering. The ability of cells to attach and migrate directly influences their viability and has

obvious implications for nerve regeneration.

The technique, first invented in 1900 [147], re-emerged in the early 90s and the process was
described in detail in by Reneker and Chun in 1996 [148]. Using a syringe pump, a polymer solution
is ejected at a controlled rate through a hypodermic needle/spinneret into a high voltage gap (Figure
10). The polymer solution is charged, by applying a high voltage to the tip of the needle, and is
attracted to a grounded collector. When the electrostatic forces acting on the ejected polymer
droplet overcome the surface tension, a jet forms and the polymer solution is accelerated across the
gap. Solvent evaporation from the polymer jet forms a fine fibre which is deposited on the collector

[146].

Randomly oriented fibres can be produced using a flat collector (such as a sheet of copper or
aluminium foil) and these form scaffolds with a highly porous, interconnected structure [149] and a
large surface area for cell attachment. However, for the field of nerve regeneration it is of interest to
produce aligned fibres to guide the regenerating and migrating cells from the proximal and distal
stump. Highly aligned electrospun fibres can be produced using a rotating, cylindrical collector
(Figure 10) where increasing the rotational speed produces fibres with a higher degree of alighment

[150].
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Figure 10. Diagram of an electrospinning set-up. Polymer solution is ejected from a charged needle and
accelerated towards a grounded collector. Solvent evaporation results in the formation of a polymer fibre.
Collected fibres can be oriented with the use of a rotating collector, as shown.

Electrospinning is a very versatile and controllable technique; as well as having the ability to produce
aligned and random fibres, the parameters of the system can be changed to produce fibres of
different diameters and morphologies. The controllable variables include the flow rate (at which the
polymer is ejected from the syringe), the voltage across the gap, the needle-to-collector distance,
and the needle diameter. Additionally, the solution parameters can be altered for an effect on fibre
morphology, such as the polymer molecular weight, polymer concentration, viscosity and
conductivity. However, for a given polymer, these solution properties are very closely dependable
on each other and changing one will have an effect on the others. Thirdly, the ambient environment

i.e. temperature, humidity and pressure, can also affect fibre morphology [149], [151], [152].

1.6.2 Influence of aligned fibres on Schwann and neuronal cell growth

It has been shown by many groups that electrospun fibres can provide physical guidance to both
neuronal and glial cells. In previous work at the university of Sheffield, Daud et al. performed an in-
depth study on the production of highly aligned electrospun fibres and their effect on the growth
and alignment of neuronal cells and Schwann cells [153]. Highly aligned Polycaprolactone (PCL)
fibres were produced at controlled diameters of 1 um, 5 um and 8 um. Cell cultures were performed
with the neuronal cell model, NG108-15, rat primary Schwann cells and rat dorsal root ganglion
(DRG) explants. It was found that the 8 um fibres promoted the longest neurite length however the

1 um fibres promoted the best Schwann cell adherence and elongation. Co-cultures were also

44



performed, where NG108-15 cells were cultured on electrospun scaffolds pre-seeded with primary
Schwann cells. It was seen that the presence of pre-seeded Schwann cells increased neurite length
compared to neurite length of NG108-15 cells grown alone on electrospun scaffolds. This,
emphasises the important role that Schwann cells play in the regeneration of peripheral nerves. In
the DRG cultures, the outgrowth of the cells from the DRG explant was measured and the 1 um
fibres supported the furthest Schwann cell migration and neurite outgrowth. An interesting and
possibly very important observation made was that axonal growth was always preceded by Schwann
cell migration in that the limit of axonal growth always lagged behind the advancing Schwann cells
[153]. This finding has been mirrored in other in vivo studies where axons were always found co-
localised with Schwann cells and never found alone, whereas Schwann cells could be found in the
absence of axons [154]. Complementary to the other results, these findings support the idea that
leading Schwann cell migration is necessary to allow axonal regeneration, by providing guidance in
the form of Bands of Blingner. These results suggest that instead of designing conduits to promote
the best neurite growth, attention should be placed on designs that promote the best migration and

alignment of Schwann cells which will, in turn, encourage improved neurite growth.

As expected, fibre alignment has a significant effect on the growth of Schwann and neuronal cells.
Corey et al. produced 500 nm, highly aligned PLA fibres via electrospinning and found that Schwann
cells from DRG explants assumed a narrower, elongated morphology on the fibres compared to
those grown on glass coverslips. Additionally, increasing degrees of fibre alignment promoted
increasingly longer neurites; a 20% increase in neurite length was seen on the highly aligned fibres
compared to the random fibres [155]. Similarly, Xie et al. cultured DRG explants on electrospun PCL
nanofibres [156]. As expected, neurites extended radially in all directions when cultured on a mat of
randomly aligned fibres and extended bidirectionally along fibre direction when cultured on mats of
aligned fibres. The maximum neurite length extended from the DRG was also found to be two times
greater on the aligned fibres than on the random fibres. When cultured on the border between
random and aligned fibres, neurites from the same DRG grew radially and directionally on each
respective side, corresponding to the random or aligned fibres. DRGs were also found to adhere
better to random electrospun fibres after laminin coating. However, DRGs adhered well to both
laminin-coated and non-coated aligned fibres. On aligned fibres, neurites were observed to project
from the DRG and then turn to grow in the direction along the fibres. This effect was more
exaggerated on laminin-coated fibres suggesting the potential benefit of laminin coating for

enhancing neurite guidance by fibres [156].
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Aside from guiding cell alignment, electrospun fibres have shown some additional properties which
could be useful for tissue engineering. It has also been found that aligned nanofibres have the ability

to promote and enhance the differentiation of mouse embryonic stem cells into neural cells [157].

Though there is much evidence that neurites align parallel to oriented fibres some alternative
growth patterns have been observed when the properties of the electrospun mats are altered. In
another study by Xie et al. chick DRGs were cultured on aligned electrospun PCL fibres and some
interesting behaviour was seen. DRGs grown on relatively low density aligned fibres (electrospinning
collection time of 4 minutes) produced neurites growing parallel to the fibres. Laminin coating of the
fibres was also seen to increase the elongation of neurites. However, when grown on high fibre
density mats (collection time of 15 minutes), the neurites were observed to grow perpendicularly to
the aligned fibres. However, with the addition of laminin-coating, neurites would grow parallel to
even the high fibre density mats [158]. These results hint at more complex interactions than what
might first appear most obvious and emphasise the importance of controlling parameters such as

fibre density.

Electrospinning is not limited to the use of synthetic polymers but can be carried out with natural,
biological polymers also. Schnell et al. produced nanofibers (~550 nm diameter) using a 70:20 blend
of PCL:collagen (PCL/C). These aligned fibres caused directed Schwann cell migration from DRG
explants and the collagen content of the PCL/C fibres enhanced the migration speed compared to
the PCL fibres, as well as promoting improved neurite orientation [159]. Beneficial results have also
been seen with blends of PCL/laminin [134] and these studies suggest that the inclusion of natural
ECM proteins may help the fibres better mimic the ECM of the native tissue, increasing their

therapeutic effect.
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1.6.3 Conduits manufactured with electrospun fibres

As we can see, there is much evidence showing the beneficial effects of aligned fibres on the growth
of neural cells suggesting that the incorporation of such fibres into NGCs would improve their ability
to promote nerve regeneration. There are a few different methods reported in literature of
integrating fibres into NGCs such as the direct fabrication of electrospun tubes or rolling of
electrospun mats into tubular constructs. The former approach was taken by Yao et al. who
fabricated bilayered PCL tubes directly from electrospinning. In a two-step process, aligned fibres
were spun along a wire (diameter = 1.4 mm) followed by random fibres being spun on top. The
result was a conduit (1.4 mm internal diameter) with aligned fibres running along the lumen and
random fibres forming the outer layer [160]. Using the latter rolling method, Chew et al. fabricated
conduits using a poly(caprolactone-ethyl ethylene phosphate) co-polymer. Fibres were electrospun
on top of the polymer film which was rolled and sealed to produce a conduit with aligned fibres

along the internal luminal surface (Figure 11a) [105].
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Figure 11. Conduits produced by Chew et al. a/b: bilayered conduits with an inner lumen of
longitudinally/circumferentially aligned fibres (insets: higher magnification views), c: electrospun fibres, d:
empty polymer film which forms the outer tube in a/b. Reprinted from Chew et al. with permission from
John Wiley and Sons [105].
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While fabricating the NGC tube from aligned electrospun fibres may provide some guidance to the
regenerating nerve cells, this method leaves the lumen of the conduit empty which may not be
conducive to effective regeneration. It is thought that increasing the surface area within the conduit
will provide a greater area for cell adhesion and aid in more effective regeneration. One way of

doing this is to include multiple channels in the lumen of the conduit.

The technique of rolling electrospun mats into conduits has been used to produce such conduits
with multiple channels within the lumen. These multi-lumen conduits were produced by Jeffires et
al. by placing aligned sutures on top of a mat of random electrospun PCL fibres. Another layer of
random PCL fibres was electrospun on top of the sutures, sandwiching them between two layers of
fibres. The resulting mat was then rolled into a spiral and the sutures removed to leave parallel
channels. Channels of varying diameters (~30-180 um) could be produced by using different
diameters of suture [161]. The group demonstrated the ability to culture Schwannoma cells within
the conduits but the conduit design was far from optimised. One notable feature was their use of
random PCL fibres which, considering the results from previously mentioned studies, would likely
provide poor guidance to regenerating nerve cells. Dinis et al. fabricated conduits in a similar
manner but using aligned fibres [162]. Electrospun sheets of aligned silk fibres were rolled around
Teflon sticks resulting in a conduit with a number of parallel channels of around 180 um in diameter
(Figure 12). Multi-lumen conduits have also been fabricated by rolling electrospun matts into
multiple, small-diameter tubes and arranging inside a larger tube made from the same fibre mat

[163].
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Figure 12. Multi-lumen silk conduit produced by Dinis et al. (B-E) in comparison to the fascicular structure
of the native nerve (A). Reprinted from Dinis et al. with permission from Elsevier [162].
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While these multi-lumen NGCs may provide a large surface area for nerve regeneration, the walls
between the lumens occupy a large percentage of the conduit cross-sectional area. Analysis of the
conduits by Dinis et al. showed the total lumen area to be only 25% with the remaining 75% being
occupied by the electrospun fibre walls. The large amount of material occluding the conduit lumen
may in fact act as a barrier to regenerating cells/tissue. This barrier effect has been seen in studies
using dense electrospun fibres [164], gels [165] or collagen sponges [166] within the lumen which

impeded regeneration.

Spiral conduits have also been produced with an intraluminal structure extending into the centre of
the lumen but still leaving a large amount of the luminal space unoccupied. Chang et al. fabricated
spiral conduits by electrospinning PCL nanofibres onto a PCL film and wrapping the sheet into a
spiral shape [167]. Conduits of different designs (containing aligned or random fibres) were tested in
a 10 mm rat sciatic gap. The functional recovery was assessed by walking track analysis and
electrophysiology but no significant differences were found between the different conduit groups.
Some conduits did perform comparably to the autograft positive controls. A greater number of
myelinated axons were also found in the centre of the spiral conduits compared to the tubular
conduits in which axons were mainly found around the circumference. This highlights the benefit of
intraluminal guidance structures being able to support axonal regeneration across the whole conduit

lumen.

An alternative idea may be to incorporate the electrospun fibres into the lumen of the conduit so
that the aligned fibres run through the lumen and homogeneously fill the space while still leaving a
large percentage of the area free from material. The aim would be to provide intraluminal guidance
cues to support cell migration throughout the whole luminal cross-section, without impeding overall
growth. There is however limited literature on the use of NGCs with electrospun fibres inserted
directly into the lumen and the groups that have fabricated conduits of this sort have used a variety
of assembly techniques such as the formation of fibre yarns or the stacking of fibre films and
inserting onto split conduits. An optimal design and construction method is far from being

established with much research being needed on the topic.

Koh et al. fabricated bilayered PLA conduits by first producing a sheet of alighed nanofibres (250-
1000 nm diameter) spun onto a rotating collector. This sheet was then wrapped around a 1.5 mm
rod and randomly oriented fibres were spun on top of this to form the outer layer [168]. The result

was a bilayered conduit, similar to that by Yao et al. however this group took the design a step
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further by including intraluminal guidance structures. Electrospun poly(lactic-co-glycolic acid) (PLGA)
fibres (200-600 nm diameter) were gathered together into bundles to produce 25 pum diameter
‘varns’ composed of the aligned fibres. These yarns were then inserted into the conduit to act as
‘intraluminal guidance channels’ (Figure 13). Implantation of these NGCs into 10 mm rat sciatic
nerve gaps was performed, and beneficial effects were seen in terms of improved sensory recovery
and muscle reinnervation. After 12 weeks, 100% of all groups treated with nanofiber yarns
responded to thermal stimuli, compared to 50% and 43% treated with empty conduits and grafts,
respectively. Electrophysiological analysis of the regenerated nerves was performed to give an
additional measure of functional recovery. Both the amplitude and conduction velocities of the
nerve action potential were measured but significant differences were not found between any

groups [168].
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Figure 13. Electrospun fibre yarn-containing conduits fabricated by Koh et al. Reprinted from Koh et al.
with permission from Elsevier [168].

In 2015, Li et al. fabricated similar conduits to Koh et al. with a slightly different technique. 600 nm
electrospun PLA fibres were gathered into 50 um diameter yarns and fixed together along a metal
rod. P(LA-CL) fibres were then electrospun on top of this as it slowly rotated to produce a random
mesh of fibres forming the conduit wall and the metal rod was subsequently removed. Schwann cells
were cultured on these nanofibre yarns and seen to align along the direction of the fibres as well as

having increased proliferation rates in comparison to Schwann cells cultured on nanofibre film.
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Schwann cells were also seen to migrate through the tubes in vitro and increase in viability over 7

days [169].

Aligned electrospun fibre-containing conduits have also been fabricated by the insertion of stacked
electrospun films into a solid-walled conduit. Kim et al. produced 20 pm thick films of aligned, 400-
600 nm diameter poly(acrylonitrile-co-methylacrylate) fibres [154]. Ten to twelve of these sheets
were stacked and inserted into the lumen of longitudinally split polysulphone conduits, which were
then resealed with adhesive. The tubes were inserted into 17 mm rat tibial nerve gap and
histological analysis revealed Schwann cell migration and axonal growth across the gap, similar to
the autograft controls. In contrast, saline-filled conduits with no internal fibres, exhibited no
Schwann cell migration or axonal regeneration, demonstrating the beneficial effect of the aligned
fibres. Conduits containing randomly oriented fibres were also tested and these showed both
significantly lower Schwann cell migration and number of axons traversing the gap compared to the

aligned constructs.

Another study to investigate the effect of fibre orientation on nerve regeneration was that of Neal et
al. [134]. Outer conduits of randomly oriented PCL microfibres were filled with sheets of PCL or PCL-
laminin nanofiber sheets with either aligned or random orientations. These were used to repair

10 mm rat tibial nerve injuries. When PCL-laminin fibres were used, sensory recovery was
significantly improved in the aligned fibre conduits compared to ones with randomly oriented fibres.
Electrophysiological analysis revealed the conduction velocity of the regenerated nerve was
significantly increased with the use of aligned fibres compared to random fibres. In conduits
containing no fibres, there was very little sensory recovery and no conduction velocity was detected.
Histological data backed up these findings showing much higher axonal ingrowth and a greater
degree of longitudinal organisation into the aligned fibre constructs. The result of improved
regeneration with aligned fibres vs random fibres (from Neal et al. [134] and Kim et al. [154]) mirrors
the in vitro observations discussed in section 1.6.2, demonstrating that similar contact guidance
effects can be seen in vivo. The results highlight the importance of appropriate guidance cues for the

promotion of successful nerve regeneration and the significant impact of directional cues.

Previous work at the University of Sheffield includes a pilot study carried out by Pateman and
Harding, involving the implantation of aligned fibre-filled NGCs into a PNI model using thy-1-YFP
transgenic mice. The mouse neurons express the fluorescent protein, YFP, which allows each

individual axon to be visualised and traced across the injury gap for a novel and in-depth assessment
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of nerve regeneration. PCL fibres were inserted into PEGDA conduits at two arbitrary packing
densities: ‘high’ and ‘low’. No regeneration was seen in the high packing density conduits and it was
hypothesised that this was due to an inhibition of Schwann cell migration and signalling factor
diffusion by the densely packed fibres. On the other hand, the conduits with low fibre packing
density performed better, albeit with much variability in the results. Two out of four of these
conduits promoted a high degree of axonal regeneration across the nerve gap with a large number
of axons reaching the distal stump [170]. These results emphasise the importance of the
optimisation of new conduit designs and the consideration of all factors (such as fibre packing

density) that may influence the physiological processes occurring during recovery.

1.6.4 Conduits containing fibres produced by alternative methods

It is worth noting that a number of in vivo studies have been carried out with conduits containing
guidance cues in the form of larger diameter fibres made by methods other than electrospinning.
Examples include studies by Cai et al. [171] and Ngo et al. [172] who fabricated PLA fibres using an
extrusion-based wet spinning process. Fibres in the range of 40-100 um were produced and inserted
into conduits to repair rat sciatic nerve injuries. In both studies, a greater number of axons were
seen traversing across an 18 mm nerve gap in the conduits containing fibres, compared to the empty
controls. The fibres were also seen to improve Schwann cell migration [171]. Ngo et al. also
investigated the effect of different packing densities of fibres by inserting different numbers of
fibres. As with the study by Pateman and Harding, lower packing densities (3.75% vs 30%) were
found to promote better regeneration, with a greater degree of axonal regeneration [172]. The
results of these studies and how the findings relate to the current work will be discussed in more

detail in the following chapters.

Larger diameter fibres have also been produced from ECM proteins such as collagen. Daly et al.
repaired a 10 mm rat sciatic nerve gap with conduits containing 50 um collagen fibres (produced by
extrusion). Retrograde tracing revealed that a larger number of axons reached the distal end
compared to the empty conduits. Interestingly, the fibres lead to decreased axon misdirection with
fewer axons growing down both the tibial and common fibular branches of the sciatic nerve [173].
Impressive results have also been seen with collagen fibres promoting regeneration over much
longer distances. Matsumoto et al. repaired 80 mm common fibular nerve in beagle dogs with
conduits containing 50 um laminin-coated collagen filaments. The conduits supported axonal

regeneration across the whole nerve gap (12 month recovery) with conduction velocities reaching
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normal levels however no empty controls were included in the study so the specific benefit of the

fibres could not be investigated [36].

1.6.5 Microgrooves for guidance in NGCs

Another area of interest in the guidance of Schwann cells and neuronal cells within a NGC is the use
of parallel microgrooves to encourage alignment and directional migration. These types of structures
can be fabricated in a variety of ways and have been tested by a number of groups both in vitro and

in vivo to assess their potential in nerve guidance.

1.6.5.1 Invitro studies

Cai et al. fabricated 5-90 um microgrooved substrates from PCL triacrylate and investigated the
growth of a Schwann cell precursor line (SpL201) and a neuronal cell model, pheochromocytoma
cells (PC12). Both cell types were shown to have increasing alignment with decreasing groove
spacing with 95% of SpL201 cells aligned (within £15° from the groove direction) on the 5 um
grooves substrates. Additionally there was a 400% increase in expression of $100 by SpL201 cells on
5 and 15 um grooves vs the flat controls, indicating the ability of the grooves not only to promote
alignment but also Schwann cell differentiation [174]. Despite this data that narrower (5 pm)
grooves may promote improved alignment, there is also evidence to suggest that primary Schwann
cells are more influenced by larger grooves. Hsu et al. cultured primary Schwann cells on
microgrooved silicone substrates and found a 58% increase in alignment on grooves with a

width/spacing of 20/20 pm vs 10/10 um [175].

In similar work by Miller et al. primary rat Schwann cells were cultured on 10-20 um grooved,
laminin-coated PLA substrates and found that these effectively promoted alignment of the cells
[176]. The same group then continued the use of these substrates with co-cultures of primary
Schwann cells and neurons from dissociated rat DRGs. Results showed that in the absence of
Schwann cells, neurite alighnment was increased on deeper grooves (4 um vs 3 um) however the
presence of pre-seeded Schwann cells decreased this dependence on groove depth and neurites
were also seen to align on shallower grooves. Secondly, for neurons seeded with Schwann cells,
neurite alignment was maintained even after the degradation of the scaffold whereas this was not
the case for neurons seeded alone [177]. This finding is concurrent with others that have found that
neurite growth can be effectively guided by aligned Schwann cells. Neurites from neurons cultured
on aligned Schwann cell monolayers are seen to align in the direction of the Schwann cells in

contrast to randomly oriented neurites produced by neurons cultured on non-aligned Schwann cells

53



[178]. These examples yet again emphasise the important role of Schwann cells during nerve

regeneration due to their ability to influence neurite growth.

For this reason, it is important to study the behaviour of Schwann cells on the grooved substrates
such as work by Mitchel and Hoffmam-Kim on Schwann cell migration. The group cultured primary
rat Schwann cells on laminin-coated, microgrooved PDMS substrates, investigating groove spacings
of 30 um and 60 um. Schwann cells were seen to align and migrate parallel to the groove direction
on both substrates, with a more directed motion than those cultured on flat controls on which the
cells migrated in all directions. Using time-lapse microscopy, it was found that on the 30 um grooves
Schwann cells exhibited a higher degree of directionality in their migration, indicated by a greater
percentage of aligned steps between the image time-points. It was also noted that Schwann cells

within the grooves migrated faster than those on plateaus between the grooves [179].

While most groups are researching the effect of grooves smaller than 100 um, research into larger
grooves has also been carried out. Suo et al. fabricated grooved polyacrylonitrile conduits with
grooves along the luminal wall ranging from 183 to 349 um (ridge size 73 to 113 um) [180]. After 72-
120 hours the neurites expressed by the PC12 cells were seen to align to the direction of the
grooves. As neurite length increased over the 5-day culture period, alignment increased as neurites
were long enough to able to sense the edge of the grooves. As groove size decreased, this effect was
amplified and a larger percentage of neurites aligned in the direction of the grooves. On the smallest
grooves (183 um grooves and 73 um ridges) 70% of neurites were aligned within 30° of the groove
direction. Both cells in the grooves and on the ridges were aligned with more pronounced alignment
seen in the cells on the ridges. Since the ridges were narrower than the grooves, the neurites
seemed constrained to this smaller width and experienced a greater alignment. It was hypothesised
that the walls of grooves present barrier to cells both in grooves and on ridges due to the inflexibility
of microtubules which control the growth of the neurites. These results show promise for the use of
microgrooves in the order of 100 um even though these are much larger than most studied by other

groups.
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1.6.5.2 Invivo studies

Microgrooved conduits with varying groove size have been tested in vivo by a number of groups and
these are usually produced by the rolling of grooved films like those described in the previous
section. Hsu et al. fabricated 20 um grooved PLA sheets which were rolled around a 1.5 mm mandrel
and sealed with a solvent. These were implanted into a 10 mm rat sciatic gap and successful bridging
of the nerve gap was seen in 3/3 of cases with the grooved conduits, compared to 2/3 of the smooth
controls. It was also observed that the regenerated nerves within the grooved conduits exhibited a
larger area of axons, a larger number of myelinated axons and a greater degree of vascularisation
[106]. In a later study, conduits with the same grooved features and different degrees of porosity
were implanted in a larger study and similar findings were found. In some groups, grooved conduits
resulted in a larger number of regenerating axons, a greater degree of myelination and greater
functional recovery [181]. Conduits with smaller grooves (5 pm) were tested in vivo by Kim et al.
who rolled grooved PLGA films into tubes in a similar way to Hsu et al. Testing in a 10 mm rat sciatic
nerve gap, significantly more regenerating axons and migrating Schwann cells were seen in the
grooved vs non-grooved conduits [182]. These successful results suggest that guidance effects seen
from grooves in vitro may also play a role in vivo, demonstrating the potential clinical benefit of

grooved conduits.

Interestingly, not all studies have shown such a clear benefit of grooved conduits. Rutkowski et al.
fabricated similar conduits from grooved PLA films (10 um grooves) which were rolled and inserted
into tubes [183]. In the repair of a 10 mm rat sciatic nerve gap, no difference in axon number or
functional recovery was seen between the grooved and non-grooved conduits. However, when
conduits were pre-seeded with Schwann cells 24 hours prior to implantation, the grooved conduits
promoted increased functional recovery. Non-grooved conduits, pre-seeded with Schwann cells, did
not have a similar effect. This suggest that the though the grooves themselves did not have an effect

on nerve regeneration, they were able to facilitate the beneficial effect of the Schwann cells.

As well as the size of the grooved structures, groove shape has also been investigated. Mobasseri
compared the effect of sloped grooves (SL), V grooves (V) and square grooves (SQ) (Figure 14). In
vitro testing showed the SL and V grooved films to promote improved cell attachment and
proliferation compared to SQ grooves so these were selected for in vivo testing in a 10 mm rat sciatic
nerve gap. The cross-sectional area of regenerating axons was significantly greater for SL grooves vs
V grooves which in turn was significantly greater than for non-grooved conduits. Comparing the

regeneration within a SL conduit vs an autograft control, there were no significant differences in
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axon number/density or the extent of myelination. Additionally, functional muscle recovery,
assessed by electrophysiology testing showed no significant differences between the two groups
[184]. These results show that shape may be an important factor to take into account when
considering groove design and that if the right morphology is chosen, these grooved conduits could

offer a promising alternative to autografts.
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Figure 14. Shapes of microgrooves investigated by Mobasseri et al. [184]

As we can see from these studies, microgrooved structures can provide guidance to cells in vitro and
have shown the ability to enhance nerve regeneration in vivo. However common manufacturing
methods for these types of structures involve complex, multi-step procedures involving lithographic
techniques using photoresist masks often followed by plasma etching to create grooves and casting
or stamping from a mould [106], [177], [179]. Additionally, these films then have to be rolled and
sealed with heat or a solvent which could be damage the structures or be detrimental to the tube’s
mechanical properties. As discussed previously, micro-stereolithography could offer a much easier
and more adaptable, one-step production of microgrooved conduits without the need for the

complex production of moulds or rolling of films.

1.6.6 Conclusions

e Aligned electrospun fibres show potential for enhancing nerve regeneration but there is
little in vivo data on their performance.

e There are few groups directly inserting fibres into the lumen of tubes without intermediary
steps such as the formation of fibre yarns or sheets.

e No groups have performed analysis of the density of electrospun fibres within the scaffolds.

e Microgrooves can effectively promote cell alignment, encourage directional migration and
improve in vivo nerve regeneration.

o Beneficial effects have been seen form grooves ranging from 5 um to 100+ um
e uSL may offer easier and more adaptable manufacturing of microgrooved structures.
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1.7 Project Aims and Objectives

1.7.1 Main project Aim:

Produce NGCs containing physical guidance cues, which are more successful in the repair of
peripheral nerve injuries compared to simple designs. Aligned grooves and aligned microfibres will

be investigated for their ability to facilitate cell guidance and support improved regeneration.

1.7.2 Objectives

1) Produce a photocurable prepolymer resin which cures to form a biocompatible,
biodegradable material
2) Use this material in microstereolithography to produce NGCs and other 3D structures
3) Produce and characterise NGCs containing intraluminal physical guidance cues
a) Produce conduits with aligned grooves in the luminal wall, directly by
microstereolithography
b) Combine microstereolithography constructs with electrospun fibres to produce conduits
with aligned microfibres within the lumen
4) Demonstrate the biocompatibility of the materials and suitability of the conduit designs via in
vitro testing
5) Investigate the performance of these NGCs in comparison to plain designs and graft controls

using an in vivo nerve injury model and determine the effect of the physical guidance cues

Chapter 2 will focus on the synthesis and characterisation of a photocurable prepolymer resin. This
resin will then be used in uSL and the process optimised to produce NGCs and other 3D structures to
a high quality. Chapter 3 will explore the design and production of NGCs containing physical
guidance cues (aligned grooves and aligned microfibres) with the focus of creating implantable
conduits for use in vivo. The production of aligned fibres via electrospinning will be discussed as well
as characterisation techniques for determining parameters such as fibre packing density. In chapter
4, in vitro work will be discussed, testing the biocompatibility of the materials used in uSL as well as
determining the optimal conduit designs to take forward to the initial stages of in vivo testing. In
chapter 5 the different conduit designs will be tested in vivo to determine their ability to support
nerve regeneration and the effect of the intraluminal guidance cues. Conduits containing aligned

grooves and aligned fibres will be tested in a 3 mm mouse nerve injury model.
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2. Chapter 2: PCLMA production, characterisation and use in

microstereolithography

2.1 Chapter Introduction

This chapter focuses on the production and characterisation of a photocurable resin for use in
microstereolithography. Since the mechanical properties and degradation rate are important for

NGCs (or any biomaterial application) the aim was to produce a material with tuneable properties.

The polymer used to produce this resin was poly(caprolactone)-methacrylate (PCLMA), a
photocurable form of the biodegradable and biocompatible polymer, poly(caprolactone). PCLMA
prepolymer was synthesised and characterised and it was shown that the mechanical properties and
degradation rate of the cured polymer could be tuned by varying the parameters used in the

polymer synthesis reaction.

The PCLMA was used in microstereolithography to produce a variety of structures including simple
tubes for NGCs. The curing parameters such as laser power, stage speed and resin temperature were
optimised to produce tubes of an excellent quality. Additives to the photocurable PCLMA resin were
also investigated to improve the quality of the structures produced. Namely, the addition of
photoabsorbers was considered to improve the z-resolution of the printed constructs and allow the

production of more complex 3D scaffolds.

Though the work in this thesis is directed towards the production of NGCs, the PCLMA resin
developed in this chapter and its use in stereolithography could be applied to the production 3D

scaffolds of any design for a variety of applications in tissue engineering.
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2.2 Background

2.2.1 Materials for NGCs

In chapter 1, the ideal NGC is described as being biocompatible, biodegradable and having the
appropriate mechanical properties. These are all directly influenced by the choice of material used
to fabricate the NGC. Biocompatibility is important when considering any tissue engineering scaffold,
as to encourage the effective growth of tissues it important not to provoke an immune reaction or
inflammatory response which could lead to tissue damage and scarring. Related to this is the
biodegradability; unless the implant is removed via a 2" operation (which has obvious
disadvantages), a non-biodegradable material will remain in the injury site inducing a chronic foreign
body reaction. This would lead to an adverse immune response including scar tissue formation and
the hindrance or decline of recovery [58]. The mechanical properties of a NGC are also important to
allow adequate flexion without kinking and for it to be able to resist compression without damaging

the surrounding tissues.

There is a plethora of commonly used biomaterials for the production of NGCs, ranging from natural
materials such as collagen [185], silk [162] and chitosan [103], [186] to synthetic polymers such as
PGA [109], PLA [187] and polyurethane [11]. These materials are able to be processed in a variety of
ways for the production of NGCs but for use in stereolithography, materials must possess a certain

chemistry.

2.2.2 Photocurable materials for stereolithography

When considering materials for stereolithography, the requirement is that the material must be
photocurable. That is that the prepolymer is in a liquid form until exposure to irradiation (either in
the UV or visible spectra) which induces crosslinking to form a solid polymer structure. To render a
polymer photocurable, it must be functionalised by the addition of certain functional groups which
facilitate crosslinking between prepolymer molecules. Acrylate or methacrylate groups are often
added for this purpose [188] usually replacing hydroxyl groups in the original molecules. A resin is
then produced from the photocurable prepolymer and this must have a low enough viscosity for use
in stereolithography. If the prepolymer is not already a liquid or of a low enough viscosity at room
temperature, it can be heated or mixed with solvents to create a suitable resin. A photoinitiator
(often a benzoin derivative) is added to the prepolymer resin which, upon absorption of UV or visible

irradiation, generates free radicals which initiate chain polymerisation. This free radical
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polymerisation occurs between the functional groups (i.e. acrylate/methacrylate groups) and results

in a crosslinked, solid polymer [189], [190].

2.2.2.1 Poly(ethylene glycol)

Poly(ethylene glycol) (PEG) is commonly used in uSL due to its commercial availability in
dimethacrylated or diacrylated form. Various groups have used photocurable forms of PEG to
fabricate scaffolds for tissue engineering applications [191], [192]. More common however, is the
use of PEG dissolved in water and cured to form a hydrogel. This method has been used to fabricate
hydrogel scaffolds [193]-[195] and cell-encapsulating hydrogels [195]-[197]. Hydrogels exhibit a
large degree of swelling in water which can lead to deformation and dimensional changes [198] as

well as poor mechanical properties, so are not ideal for NGC use.

PEG also has unfavourable biological properties. It is inherently a bioinert material and therefore
demonstrates poor cell attachment properties [199], [200]. Moeller et al. demonstrated the poor
protein and cell adhesion properties of PEG compared to glass and tissue culture plastic [200]. It has
also been shown that the addition of PEG to hydrogels decreases their protein binding properties
[201]. PEG is also non-biodegradable which could cause the problem of an evoked immune response
during long term implantation and may require a second surgery to remove. Lastly, in its bulk form,
PEG can be very brittle, especially low molecular weight PEG. For thin walled PEG structures (i.e.
NGCs) this could lead to fracturing during handling. A related property is its low elasticity which does
not adequately match the tissue at the site of a nerve injury and could lead to tissue damage in vivo.
These properties all contradict the ideal properties of a NGC discussed in section 1.3.1. Despite PEG’s
poor cell adhesion properties, it has been shown that in a bulk form, PEG can support cell growth,
especially after prolonged washing which can increase the supported cell viability [202]. This
biocompatibility was demonstrated in the NGC implantation study by Pateman and Harding et al.

discussed earlier [128].

The results in this chapter will include some discussion of the use of PEG-diacrylate (PEGDA, a
photocurable form of PEG) in stereolithography. For obvious reasons the aim here is not to produce
an optimal PEGDA resin for the production of NGCs but only to use it as a platform for testing the
effect of different additives to the prepolymer resin. PEGDA will be used to test the effect of
different photoabsorbers (discussed in more detail in section 2.2.4) on the structures produced by
USL. This work with PEGDA forms a proof of concept study that can then be applied to materials with

more desirable properties for tissue engineering applications i.e. poly(caprolactone).
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2.2.2.2 Poly(caprolactone)

A more appropriate material to use for NGC fabrication would be a biodegradable, elastic polymer
that is more favourable for cell growth. Poly(caprolactone) (PCL) satisfies these requirements. PCL is
biodegradable via the hydrolysis of ester linkages in the polymer backbone [203], [204] as well as via
enzymatic action by lipases [205], [206]. This would allow a PCL NGC to be degraded over time as the
injured nerve regenerates and matures. Importantly, PCL-containing medical devices have been FDA
approved for use in various applications, such as sutures (e.g. Monacryl by Ethicon, a copolymer of
glycolide and e-caprolactone [207]) and drug delivery systems (e.g. Capronor™, a subdermal
contraceptive device [208]). This approval makes PCL a clinically relevant material meaning that a
novel PCL nerve guide product would have a more favourable passage through the approval process

of the FDA and other regulatory bodies.

Non-photocurable forms of PCL are widely used in the field of biomaterials. Examples include
biodegradable particles for drug delivery [209], knitted scaffolds for aortic valve [210] and
electrospun scaffolds for various applications in bone [211], cartilage [212] and nerve [213]. Itis also
the material of choice for many groups producing scaffolds for tissue engineering by additive
manufacturing. PCL’s low melting point of 60°C makes it suitable for use in FDM and is widely used
to produce woodpile scaffolds such as those by Hutmacher et al. [214]. Porous PCL scaffolds are also
produced by SLS for applications such as bone and cardiac tissue engineering [215]-[217]. PCL has
had limited use in stereolithography due to its inherent non-photocurability, however it can be
functionalised to allow it to be photocured. Various formulations of photocurable PCL resin have
been reported, however some of these require a number of additives (e.g. crosslinkers or reactive

diluents) or the use of heat to produce a usable resin.

Early reports of methacrylated PCL can be found in work by Storey et al. who methacrylated PCL triol
by reacting with methacryloyl chloride. The work included homopolymerisation and co-
polymerisation of this PCL-methacrylate (PCLMA) with mixtures of other polymers (methyl
methacrylate, styrene, and 2-methylene-l,3-dioxepane) to give cured materials of different
mechanical properties [218]. All polymers were thermally cured into bulk structures and though this
is a different system than that used in stereolithography, the work could be translated to inform

work with UV-curable systems.
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More recent work has been carried out by Elomaa et al. who produced a photocurable PCL resin and
demonstrated biocompatibility and 3D structuring [219]. PCL triol was produced by ring opening
polymerisation of e-caprolactone monomers and methacrylated with methacrylic anhydride. The
resulting three-armed PCLMA molecules were photocurable with the addition of a photoinitiator
(Irgacure 2959) but required heating to produce a liquid resin. The resin was cured using UV light
and by varying the molecular weight (M,) of the PCLMA prepolymer from 800-6000 the Young’s
modulus of the resulting material was varied from 15.4-6.7 MPa. Thin PCLMA films were shown to
be biocompatible, supporting fibroblast growth, without the need for treating or coating with other
substances. The resin was also used to produce 3D, PCLMA scaffolds using a commercial

stereolithography machine.

Other photocurable forms of PCL have also been produced by utilising different functional groups in
place of methacrylate groups. Ronca et al. incorporated vinyl end groups in a PCL molecule to enable
photocurability [220]. This required a two-step reaction for ring-opening and vinyl termination of
e-caprolactone, followed by reaction with fumaryl chloride to produce divinyl-fumarate poly-
e-caprolactone. The resulting polymer was UV crosslinkable but due to the lower reactivity of the
vinyl groups compared to the methacrylate groups it was necessary to include a crosslinker (N-
vinylpyrrolidone, NVP) at 30 to 50 wt% in the resin mixture. 2 mm thick discs were produced by
photocuring under UV light for 30 mins. Two types of macro-porous scaffold were also created,
using a commercial stereolithography machine, with gyroid and diamond shaped pores (710 um and
400 um average pore sizes). Photocured polymer films were shown to support the growth of human
mesenchymal stem cells however metabolic activity was lower than the tissue culture plastic (TCP)

controls.

PCL has also been copolymerised with trimethytlene carbonate (TMC) to producing poly(CL/TMC)
and made photocurable with coumarin [221] and acrylate [222] functionalisation. Coumarin-
functionalised molecules cure slowly due to crosslinking occurring as a result of a photodimerization
reaction between associated pairs of groups. This limited the UV curability of the resin to only thin
films. Free radical polymerisation (that which occurs between acrylate and methacrylate groups)
occurs much more rapidly and makes it possible to produce much thicker 3D structures. The
acrylate-functionalised poly(CL/TMC), similarly to the other resins discussed, could be used to
fabricate simple 3D structures by pSL, including simple tubes and microneedle arrays. However the

resolution demonstrated was limited to around 500 um [223].

62



2.2.2.3 Examples of other polymers

Poly(propylene fumarate) (PPF) is a widely used polymer in the formulation of resins for
stereolithography and is biodegradable via hydrolysis of ester linkages [224]. PPF can be synthesised
by reacting diethyl fumarate with 1,2-propylene glycol and polymerising the resulting dimer. Lee et
al. produced such a resin and used a commercial 3D Systems stereolithography machine to produce
scaffolds with controllable macro-porosity in the range of 450-900 um [225]. PPF has also been used
to create structures with micro-sized features such as that by Choi et al.; the group used a PPF-based

resin in a custom pSL set-up to fabricate microstructures with a feature size of 30 um [119].

Melchels et al. prepared a novel, photocurable poly(D,L-lactide) (PDLLA) resin which is crosslinkable
without the need for a reactive diluent to act as a crosslinker. 2-, 3- and 6-arm PDLLA oligomers were
synthesised and functionalised with methacrylol chloride to produce methacrylated PDLLA [226]. A
methacrylated poly(D,L-lactide-co-e-caprolactone) (P(DLLA-co-CL)) co-polymer was also produced
and used to fabricate structures with more flexible properties (the bulk elastic modulus of P(DLLA-
co-CL) was 2 MPa compared to 2.5x10° MPa of PDLLA) [227]. The polymers were mixed with solvent
(either 19% ethyl lactate or 40% N-methylpyrrolidone) to produce resins with appropriate viscosity
for use in stereolithography. 2-6% photoinitiator (Lucirin TPO-L), 0.025% inhibitor (hydroquinone)
and 0.2% Orasol Orange G dye were also added. Using a commercial stereolithography machine,
both resins were used to fabricate macro-porous scaffolds with cuboidal, diamond and complex
gyroid structures. Pore size was in the range of 200-550 um for the different designs and pore

architectures.
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2.2.3 Varying the Degree of Polymer Methacrylation and the effects

As discussed, the work in this study will focus on the use of PCLMA. As far as can be seen from the
literature, little work done to vary mechanical properties of photocurable PCL, aside from mixing
with different materials or varying the molecular weight. An alternative method would be to vary
the degree of functionalisation of the prepolymer which may allow a greater control over the
Young’'s modulus of the material. As described in section 2.2.2, photocurable functionality can be
added to a prepolymer via the addition of methacrylate groups which facilitate the crosslinking
between molecules. It then follows that varying the number of methacrylate groups per prepolymer
molecule leads to a change in crosslinking density in the cured polymer. This affects the mechanical

properties (Young’s modulus, tensile strength), degradation rate and swelling characteristics.

The extent of polymer methacrylation is measured by the degree of methacrylation (DM). This is
defined as the percentage of available functional groups (e.g. hydroxyl groups) in the initial molecule

that have reacted to form methacrylate groups in the end product. In other words:

no. of methacrylate groups (per molecule)
initial no. of functional groups available for methacrylation
(per molecule)

Degree of methacrylation (DM) = x 100 (%)

The variation of polymer DM is a well-known practice and can be achieved by controlling various
parameters in the chemical reaction, such as the reagent concentration, reaction time and reaction
temperature. Displayed in Table 3 is a summary of the work by a number of groups into the

methacrylation of various polymers and the control of DM by varying such reaction parameters.

The most common method of controlling DM is by varying the molar quantities of the reagents used
in the reaction. The required amount of ‘methacrylating reagent’ (e.g. methacrylic anhydride (MAA))
can be estimated by calculating the number of functional groups in the prepolymer molecule which
are available for methacrylation. A 1:1 molar ratio reaction (or 1x molar excess) means that for every
1 mole of available functional groups, 1 mole of methacrylating reagent is provided in the reaction.
Since most methacrylation reactions are not 100% efficient, an excess of reagents is often used to
drive the methacrylation reaction further. When the molar excess of the reagents is increased, the

effect is an increasing DM of the resulting polymer.
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This effect has been demonstrated in the methacrylation of various polymers such as hyaluronic acid
[228], gelatin [229], [230], chondroitin sulphate [231], alginate [232] and poly(glycerol sebacate)
[233] (see Table 3). For example, Hoch et al. increased the amount of MAA from a 1.5x molar excess
to a 20x molar excess, effectively increasing the DM of gelatin from 68% to 98% [2]. Similar effects
were seen in studies by Abbadessa et al. [231] and Jeon et al. [232] where an increased molar excess
resulted in increased DM of chondroitin sulphate and alginate, respectively. Pashneh-Tala et al.
demonstrated the use of a molar insufficiency of reagents in the methacrylation of poly(glycerol
sebacate). A molar insufficiency of 0.3x, 0.5x and 0.8x resulted in 30%, 50% and 80% DM,
respectively, implying a 100% efficiency in the methacrylation reaction [233]. Another method of
increasing DM is to increase the reaction time. Abbadessa et al. increased the reaction time of
Chondroitin sulphate methacrylation from 1.5 hours to 7 days, resulting in a DM increase from 4% to

43% [231].

A combination of methods is often used to drive the reaction and increase DM. Bencherif et al.
experimented with the methacrylation of hyaluronic acid. Reaction temperature was decreased
from 40°C to 25°C and the amount of glycidal methacrylate was increased from 50x molar excess to
100x molar excess. The carrier solvent was also changed form 100% PBS to 50% PBS/50%
dimethylformamide, improving the dissolution of the hyaluronic acid and increasing its availability

for the reaction. These three changes resulted in an increase in DM from 14%-90% [228].

The increase in DM of a prepolymer results in an increased crosslinking density in the cured polymer
and hence a stiffer material (see Table 3). Bencherif et al. demonstrated a 4-fold increase in shear
modulus of methacrylated hyaluronic acid hydrogel as DM was increased from 14-90%. Increased
storage modulus and Young’s modulus with increasing DM were also demonstrated by Hoch et al.

(methacrylated gelatin) and Pashneh-Tala et al. (methacrylated poly(glycerol sebacate)).

The increased crosslinking density (due to increasing DM) also acts to slow the degradation of the
crosslinked polymer. Jeon et al. demonstrated this effect with the degradation of methacrylated
alginate hydrogels. By increasing DM from 4% to 25% slower degradation was seen with complete

mass loss occurring after 5 weeks in compared to 2 weeks [232].
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Table 3. A summary of research into controlling the degree of methacrylation (DM) of various polymers. Displayed here are the reaction parameters which were

varied, the effect on the DM and resulting properties of the crosslinked polymer. A molar excess of <1x denotes an insufficiency of reagents.

[229], [230]

Gelatin (G) + methacrylic
anhydride (MAA)

1.5%x -> 20x excess

40-50°C

Group Methacrylated polymer Reaction parameters to control DM Resulting DM Resulting change in polymer properties
Reaction Variable Constant
Hoch et al. Gelatin methacrylamide Molar excess of MAA: | 2-day reaction 68% ->98% Higher DM gelatin resulted in stiffer hydrogels,

represented by an increased storage modulus
e.g. 2x excess: ~31 kPa, 10x excess: ~57 kPa

Jeon et al. [232]

Methacrylated alginate
Alginate +2-aminoethyl!
methacrylate (AEMA)

Amount of AMEA

24 hr reaction
Room
temperature

4->25%

For DM increase of 4-25%:

- Increase in elastic modulus: 43-175 kPa

- Slower degradation: 2-5 weeks for complete mass loss
(water, 37°C)

Abbadessa et al.
[231]

Chondroitin sulphate
methacrylate

Chondroitin sulphate + glycidal
methacrylate (GM)

Molar excess of GM:

0.1x -> 3.2X excess

2-day reaction

8% ->49%

Reaction time:
1.5 hour -> 7 days

1x molar excess

4% -> 43%

al. [233]

methacrylate
PGS + triethylamine (TEA) and
MAA

MAA:
0.3x -> 0.8% excess

(insufficiency)

Room
temperature

Bencherif et al. | Hyaluronic acid - glycidal Reaction temperature: | 50x molar excess | 14 ->21% For DM increase of 14-90%:
[228] methacrylate conjugates 40°C -> 25°C 10-day reaction - 4-fold increase in shear modulus from 16 kPa to 65
Hyaluronic acid (HA) + GM Solvent ratio 50% molar excess | 21 ->32% kPa (Uniaxial compression testing)
(PBS:DMF): 10-day reaction
100:0 -> 75:25 25°C - Decrease in swelling ratio form 93-27 (%)
Molar excess of GM: 10-day reaction 32 ->90%
50x -> 100x excess 25°C
PBS:DMF ratio:
75:25 ->50:50
Pashneh-Tala et | poly(glycerol sebacate) (PGS) Molar excess of TEA, 24 hr reaction 30 -> 80% For DM increase of 30-80%:

- Increase in Young’s modulus: 0.5-7.5 MPa
- Increase in ultimate tensile strength: 1-4 MPa
- Slower degradation with cholesterol esterase.
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2.2.4 Photoabsorbers for stereolithography

Once the photocurable prepolymer is produced, a resin must be formulated for use in
stereolithography. We have already discussed the need for photoinitiators and the requirements of
some prepolymers to be mixed with a reactive/non-reactive diluent (section 2.2.2). Additionally, a
photoabsorber is sometimes included in the resin formulation to absorb UV light and control the
depth penetration of the laser. The z-resolution in constructs produced by stereolithography is
limited by the laser depth penetration so this must be controlled to produce high quality 3D

scaffolds; too high depth penetration results in poor z resolution, i.e. large layer thickness.

Laser depth penetration is determined by the Beer-Lambert law (Equation 1) which states that laser
power (I) decreases with depth (I) travelled through the material, at rate determined by the

material’s absorbance.

Beer-Lambert law: A = loglOITQ =c¢lc

1

Rearranging we get: [ = [ X Toelc

Equation 1. The Beer-Lambert Law, describing the absorbance of radiation travelling through a material.
Absorbance (A), initial intensity of radiation at surface (1,), intensity through solution (1), length of
solution light passes through (1), concentration of absorber within the solution (c), molar absorption
coefficient of absorber ()

From this equation, if we assume that there is a threshold (critical energy, E.) at which laser power
is too low for polymer curing to be initiated, there will be a depth (I) which corresponds to the laser
intensity (I) falling below this threshold. This depth is known as the cure depth (Cd) which was

described by Jacobs et al. in ‘Fundamentals of Stereolithography’ [234] (Equation 2).

Cd=Dp X In (Ema"/EC)

Equation 2. Cure depth (Cd) is determined by the penetration depth (Dp), critical energy (E.) and laser
power at resin surface (E,, 4., €quivalent to I, in the Beer-Lambert Law). The Dp is determined by the

depth of resin which will reduce the irradiance to 1/ e (about 37 %) of the surface irradiance [234].

From Equation 1 we can see that the absorbance properties of the material (c and &) affect the
attenuation rate of the laser light as it passes through the solution. This determines how far the laser

can penetrate through the material (the depth penetration, Dp, Equation 2) which in turn influences
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the apparent cure depth (Cd) of the system and, by extension, the achievable z-resolution. It then
follows that to decrease cure depth in the uSL system, the absorbance of the prepolymer resin must
be increased (in the wavelength range of the light source). This can be done with the addition of
photoabsorbers. Referring to Equation 1, increased absorbance can be achieved either by choosing a
photoabsorber with an increased molar absorption coefficient (&) or by increasing the concentration

(c) of a particular photoabsorber in the prepolymer resin.

There are several photoabsorbers used in literature, however different light sources require
photoabsorbers with absorbance peaks at different wavelengths, and resins of different properties
require photoabsorbers with different properties to allow dissolution. There is also limited

knowledge of the biocompatibility of most available photoabsorbers.

Choi et al. investigated the effect of a popular photoabsorber, Tinuvin 327™, on the cure depth of a
monomer resin. As expected, increasing concentration of Tinuvin 327™ (from 0 to 0.15 wt%) in the
resin resulted in a decreased depth penetration and a resultant decrease of cure depth (from 200-

30 um) [235].

Other than well-known photoabsorbers such as Tinuvin™, some groups have used other substances
including the food additive, paprika extract (Kalsec Durabrite®) used by Barker et al. in their uSL
system with a 465 nm light source. Without the light absorber, cure depth in the resin was >500 um
and with the addition of 0.1 and 0.4 wt% paprika extract this was decreased to 254 um and 82 pm,
respectively. Higher concentrations of paprika extract resulted in films becoming too brittle to
measure due to insufficient crosslinking. This decrease in cure depth allowed the production of
complex 3D networks with a gyroid structure, seen in Figure 15. Biocompatibility testing of the
paprika extract-containing resins was conducted using bovine intervertebral disc cells similar
proliferation rates were seen over 5 days, comparing the crosslinked polymer constructs to a TCP
control [236]. Elomaa et al., mentioned previously in section 2.2.2.2, produced similar gyroid
structures using Orasol Orange G dye (Ciba Specialty Chemicals) as a photoabsorber in their PCLMA
resin. This was chosen for its high absorbance in the wavelength range emitted by light source in the
commercial EnvisionTEC stereolithography machine. The gyroid structures had interconnected pores
with an average pore size of 465 um. Basic biocompatibility testing showed that the PCLMA
networks supported fibroblast cell growth but biocompatibility studies were not carried out with

dye-containing PCLMA [219].
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Figure 15. Gyroid structures produced via uSL by Barker et al. with paprika extract as a photoabsorber
A,C: CAD model, B,D: photograph. Scale Bars: 2.5mm. Reprinted from Barker et al. - Published by The
Royal Society of Chemistry under a Creative Commons licence [236)].

2.2.5 Conclusions from literature

e Thereis a need for photocurable prepolymer resins for use in stereolithography
e PCLis a biocompatible, biodegradable polymer which can be made photocurable by the
addition of methacrylate or other functional groups
e Itis possible to vary the degree of methacrylation of a prepolymer to have an effect on the
mechanical properties and degradation rate of the cured polymer but no studies to date
have altered the DM of PCLMA or assessed the effect of this on material properties
e Thereis a need for photoabsorbers for use in stereolithography and a variety have been
used in previous studies
o Different photoabsorbers are required for different wavelength light sources and
prepolymer resins with different properties
o Limited data can be found of biocompatibility testing of various photoabsorbers,

especially in neural applications

69



2.3 Aims for this chapter

Develop a tuneable, photocurable prepolymer resin for use in stereolithography and use this to

produce NGCs and other 3D structures. To achieve this, the following objectives were addressed:

1) Synthesise photocurable PCLMA with varying DM to produce a material with tuneable
properties
a) Assess the effect of DM on mechanical properties and degradation rate
2) Optimise the production of PCLMA NGCs by pSL
a) Find optimal production conditions by investigating the effect of laser power, stage speed
and resin temperature
3) Identify and optimise the use of a suitable photoabsorber to improve the resolution of PCLMA
constructs produced by pSL
a) Assess the suitability of a number of photoabsorbers in terms of light absorption and
solubility in prepolymer resins

b) Produce 3D structures with photoabsorber-containing resins
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2.4 Materials and Methods

All chemicals and reagents used were purchased from Sigma-Aldrich unless otherwise stated.

2.4.1 PCL methacrylation and characterisation

PCL triol was methacrylated to add photocurable functionality and allow its use in uSL. The following
reaction resulted in the addition of methacrylate groups to the terminal hydroxyl groups of the 3-

armed PCL molecule. Methacrylation was confirmed by nuclear magnetic resonance spectroscopy.

2.4.1.1 Synthesis of poly(caprolactone)-methacrylate prepolymer

PCL triol (Mn: 900 g/mol) was reacted with methacrylic anhydride (MAA) in the presence of
triethylamine (TEA) to produce poly(caprolactone)-methacrylate (PCLMA) (see Figure 16 for reaction
scheme). The molar ratio of the three reactants was varied along with the reaction time to control
the degree of methacrylation in the resultant PCLMA. For example, for a 2x molar excess reaction: 1
molar equivalent PCL triol (e.g. 30 g) was dissolved in dichloromethane (DCM, Fisher Scientific) and
added to a 3 necked flask along with 6 molar equivalent TEA (20.02 g). The reagents were
continually stirred and the flask cooled over ice. The flask was fitted with a dropping funnel, a
nitrogen inlet and a condenser and was purged with nitrogen prior to the reaction. 6 molar
equivalent MAA (30.8 g) was added dropwise and the reaction was left stirring for 1-5 days
(depending on the degree of methacrylation required) in dark conditions, under nitrogen. The
resulting PCLMA solution was washed 3 times with 1 M hydrochloric acid (Fisher Scientific),
separating in a separating funnel after each wash. This was followed by 2 washes with deionised
water. The solvent was then removed from the PCLMA by rotary evaporation. The resulting
prepolymer was purified by washing in methanol; PCLMA was shaken with methanol and separated
overnight at -80°C. The methanol was removed and new methanol added to repeat this washing
step 3-4 times. The final methanol was removed and any left-over solvent was removed by rotary

evaporation until constant weight was reached.
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Figure 16. PCL methacrylation reaction scheme. PCL triol (A) dissolved in DCM, was reacted with MAA in
the presence of TEA to produce three-armed PCLMA (B).

2.4.1.2 Nuclear magnetic resonance (NMR) spectroscopy

Proton NMR was performed to allow calculation of the DM of the PCLMA i.e. the percentage of end
groups (OH) in the PCL-triol molecules, substituted with methacrylate groups. This indicates the
number of end groups that are able to be involved in cross linking reactions to form polymer
networks on photocuring. 20 mg samples of PCLMA prepolymer were placed in 5 mm NMR tubes
and solvated with 0.5 ml of deuterated chloroform. The samples were analysed in a Bruker AV3HD-

400 NMR spectrometer at 400 Hz at room temperature.

2.4.2 Prepolymer resin preparation

Photocurable PCLMA resin for UV curing applications was produced by the addition of 2 wt%
photoinitiator to the PCLMA prepolymer. The photoinitiator used was a 50:50 blend of
diphenyl(2,4,6-trimethylbenzoyl)phosphine oxide and 2-hydroxy-2-methylpropiophenone. Mixing

was achieved using a vortex mixer followed by sonication for 10 minutes.
For some of the following experiments, photocurable poly(ethylene glycol)-diacrylate (PEGDA) resins

were used and these were prepared in the same way, using PEGDA (M,: 700 g/mol) in place of the

PCLMA.
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2.4.3 Mechanical testing of cured PCLMA

Tensile mechanical testing was performed on photocured PCLMA specimens to determine the effect

of DM on the mechanical properties of the material.

2.4.3.1 PCLMA dog bone production

PCLMA ‘dog bones’ were prepared to specifications adapted from ASTM D638 - 14 ‘Standard Test
Method for Tensile Properties of Plastics’ type V specimen (see Figure 17). Dog bone test pieces
were printed to the defined specifications using a commercially available stereolithography printer
(Form 1, Formlabs). The printed pieces were used to produce negative polydimethylsiloxane (PDMS)
moulds for the production of PCLMA dog bones as follows. Silicone prepolymer (Sylgard 184, DOW
Europe GmbH) was mixed thoroughly with curing agent at a ratio of 10:1 and centrifuged at

1000 rpm for 5 mins to remove air bubbles (centrifuge rotor radius (rmax)=155 mm). The printed dog
bones were glued to the bottom of petri dishes and the silicone was poured into the dish to fully
cover the printed part. The petri dishes were placed under vacuum to remove any remaining air
bubbles before curing at 60°C for 2 hours. The cured PDMS was then removed from the petri dish to
reveal the mould used to cure the PCLMA dog bones. PCLMA resins were prepared according to
section 2.4.2 using PCLMA of varying DM. PCLMA resin was dispensed into the PDMS mould and
excess resin scraped away to leave a flat surface. Resin-filled moulds were placed under a UV lamp
(OmniCure S1000, Exfo) for 1 minute at 30% power before increasing to 100% power for a further 4
minutes. Samples were then flipped and cured for a further 5 minutes at full power to ensure even
curing of both sides. Cured constructs were removed from the moulds, briefly washed in methanol

and left to dry overnight before mechanical testing.
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Figure 17. Specifications of the 'dog bone' tensile test piece adapted from the ASTM D638 - 14 ‘Standard
Test Method for Tensile Properties of Plastics’ Type V specimen. For those dimensions that were altered
from the original specifications, the original specifications are displayed in blue.
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2.4.3.2 Tensile testing of PCLMA dog bones

Tensile testing was performed using an EnduraTEC ELF 3200 load frame system (Bose Ltd) with a
450 N load cell. Dog bone test pieces were placed vertically, secured between grips with an initial
separation of 22.5 mm (see Figure 18). A strain rate of 0.1 mms™ was applied to the samples until
either failure occurred, or the grips begun to slip due to insufficient friction between the grips and
the test piece. Force-displacement data was obtained and converted to stress-strain measurements
using the individual test piece dimensions. The linear region of each individual stress-strain curve
was selected (see Figure 24B) and linear regression analysis was carried out with Prism (GraphPad)
to calculate the gradient, representing the Young’s modulus of the material. 4-7 samples of each

PCLMA resin were tested to obtain average values of the Young’s modulus of each material (n=4-7).

\ 1]
dave el J

Figure 18. PCLMA tensile testing. A: Cured PCLMA dog bone. B: The dog bone held in place between the
grips of the BOSE Electroforce 3200 prior to mechanical testing.
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2.4.4 Soluble fraction calculation of cured PCLMA

Cured PCLMA was solvated in DCM to dissolve the uncured prepolymer resin, not incorporated into
the polymer network on photocuring. The soluble fraction of the cured PCLMA could then be
calculated. PCLMA resins were prepared as described in section 2.4.2. Polymer discs (4 mm
diameter, 1.3 mm thickness) were cured in PDMS wells by dispensing resin into the mould, scraping
away excess resin and curing under the UV lamp at 30% power for 1 minute followed by 4 minutes
at 100% power. The samples were flipped and cured for a further 5 minutes at 100% power. Cured
discs were placed under vacuum for 2 hours to remove any residual solvent and weighed (Mm;yitia1)-
The discs were then washed in DCM for 5 days to swell and remove any uncured prepolymer. The
samples were then removed from the solvent, dried under vacuum and weighed again (my;y4,). The
difference between the start and end weights was used to calculate the soluble fraction of the cured

constructs (Equation 3). The experiment was performed in triplicate (n=3).

Minitial — Myi olymer removed during solvation
Soluble fraction (%) = initial final (p y g

>><100

Minitial total polymer

Equation 3. Calculation of the soluble fraction of cured PCLMA.

2.4.5 Degradation study

A degradation study was performed in sodium hydroxide (NaOH) to simulate accelerated hydrolysis
and used to compare the degradation rates of the PCLMA with different degrees of methacrylation.
Cured PCLMA discs were prepared as in section 2.4.4 using PCLMA resins of varying DM and washed
in DCM for 5 days to remove the soluble fraction. Additional discs of commercially available PCL
were produced for comparison. PCL pellets (M, 80 000 g/mol, Sigma-Aldrich) were placed in silicone
moulds and heated in an oven to 100°C for 1 hour to melt the PCL. Moulds were removed from the
oven and excess molten PCL was scraped from the top of the mould using a hot scalpel knife. PCLMA
and PCL discs were dried under vacuum and individually weighed before placing each disc in the well
of 6-well plate with 7 ml of 5 M NaOH. The well plates were placed on a rocker for the duration of
the study. Samples were removed from NaOH at timepoints of 5-21 days, washed three times in PBS
and dried under vacuum. Discs were then weighed and each disc was compared to its individual start
weight to calculate the percentage weight remaining. The experiment was performed in triplicate

(three samples were used per timepoint, n=3) with separate samples for each time point.
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2.4.6 Microstereolithography for scaffold production

PCLMA and PEGDA resins were prepared according to section 2.4.2 and used in uSL to produce

scaffolds of a variety of designs.

2.4.6.1 The microstereolithography set-up

An in-house built pSL set up (modified from that described by Pateman et al. [128]), displayed in
Figure 19 was used to fabricate polymer constructs from the PEGDA and PCLMA prepolymer resins.
This consisted of a 405 nm violet laser (Vortran Stradus, Vortran Laser Technology Inc) which was
passed through a series of beam-expanding optics to reflect off a DMD (DLP® 0.7” XGA, Texas
Instruments Inc). The reflected image (scaffold cross-section) was passed through a set of focussing
optics and focused on the platform of a one-axis motorised translation stage (Thorlabs Ltd). The
stage was controlled by computer software (APT Software, Thorlabs Ltd) allowing precisely
controllable, micrometre adjustment in the z direction. A vial of photocurable prepolymer resin was
placed under the stage with the level of the resin matching the level of the stage at the focal point of

the projected image.

2.4.6.2 DMD image production

DMD images for tube production consisted of simple circles (Figure 19, inset) and were created
using MATLAB (MathWorks) to allow for precise control over dimensions such as internal diameter
and wall thickness. DMD images for grooved channel production (e.g. section 2.4.7.3) were adapted
from these using Preview (Apple Inc). All DMD images were raster format consisting of 1024x768

pixels to match the number of micromirrors on the DMD (see section 1.4.3).
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Laser Beam
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O

Figure 19. The microstereolithography (uSL) set-up. Inset: Schematic of the set-up. An expanded laser
beam hits the DMD which selectively reflects the laser beam in the shape of the desired image which is
focused on the surface of a vial of prepolymer resin. Example DMD image shown for use in tube
production. Main image: The experimental uSL set-up. A laser beam from source (a) is passed through a
spatial filter (b) and reflected off a mirror (c) towards a DMD (d). The selectively reflected image from the
DMD is passed through a 25 cm focal length lens (e) followed by an iris (f) to remove multiple images
caused by diffraction. The image is then reflected down by a second mirror (g) and focused by a 10 cm
focal length lens (h) onto the stage in the vial of prepolymer resin (i). The blue arrow illustrates the laser
beam path.

2.4.6.3 2.5D structure fabrication

The pSL set up was used to produce structures (e.g. tubes) with a uniform cross-section along their
length and these were described as 2.5-dimensional (2.5D) structures. A cross-sectional image of the
tube was uploaded onto the DMD so that when the laser was turned on, the cross-sectional image
was projected onto the stage at the surface of the prepolymer resin, curing the first part of the
structure and attaching it to the stage. The stage was set to descend and the prepolymer continually
cured at the surface while the surrounding resin flowed over the cured structure. This formed a tube

with the cross-section of the uploaded image. Laser powers of 10-40 mW were used with stage
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speeds of 0.03-0.005 mms™. These two parameters were balanced to produce tubes of a high

quality.

2.4.6.4 3D structure fabrication

3-dimensional (3D) structures with non-uniform cross-sections (e.g. bifurcated tubes) were created
by the same process as 2.5D tubes, however the image displayed on the DMD was changed as the
stage descended. The 3D tube was designed in CAD software (SolidWorks) and ‘sliced’ to produce
images of the tube cross-section at sequential positions through the structure (Figure 20A). These
multiple images were uploaded onto the DMD and as the stage descended the images were
displayed in sequence to correspond the shape of the current cross-section being cured. The layer
thickness of the structure was determined by the time that each image was displayed for and the

speed of the stage. This process is described in Figure 20.

A B Time point: 1 2 3
DMD Image: (o) oo O o
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image
projection
Z-stage
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\ 3D Tube
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Pre-polymer Z-stage
resin

Figure 20. Production of 3D structures via microstereolithography. A: 3D bifurcated tube designed in
SolidWorks and 3 example cross-sectional images obtained from the ‘slicing’ process. B: The process of
curing a 3D tube by sequentially displaying the cross-sectional images on the DMD. (3 arbitrary time

points shown.)

2.4.6.5 The effect of prepolymer resin temperature on the uSL process and tube quality

It was thought that increasing the temperature of the prepolymer resin during the curing process
may decrease its viscosity, allowing it to flow more easily over the descending stage and
subsequently improve the quality of the cured structures. To investigate this, the same set-up as in
Figure 19 was used to produce simple tubes, however, the vial of prepolymer resin was placed in a

heated water bath, maintained at a constant temperature of 60°C.
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2.4.6.6 Scaffold post-production

After production of by pSL, the construct was removed from the stage and washed in isopropanol
(IPA) to remove any uncured prepolymer resin and unreacted photoinitiator. If the scaffold was to
be used in vitro (chapter 4) or in vivo (chapter 5) IPA washing was carried out for at least 1 week with
regular changes. This is an important step as it has been previously found that long-term washing of

photocured polymer structures increases cell viability [202].

2.4.6.7 Imaging of uSL structures

To determine the quality of the structures produced by uSL, samples were imaged by optical
microscopy (Stemi 305, Zeiss, equipped with Axiocam 105 camera) or scanning electron microscopy
(SEM) (Inspect F50, FEIl). Prior to SEM imaging, tubes and other structures were sputter coated with
gold (SC500, Emscope). All measurements from optical microscopy and SEM images were carried out

in ImagelJ (NIH).

2.4.7 Investigation of photoabsorber use in pSL

2.4.7.1 Addition of photoabsorbers to PCLMA and PEGDA resins

Photoabsorbers were added to the prepolymer resins to reduce the laser depth penetration and
consequently improve the z-resolution in the fabricated structures. The photoabsorbers investigated
were beta-carotene, Alizarin Red S (Alizarin Red) and Riboflavin. The aim was to produce a PCLMA
resin with decreased cure depth but the ready availability of PEGDA made it a useful material for
testing the effect of these photoabsorbers before moving on to using PCLMA. Photoabsorbers were
added to PEGDA and PCLMA prepolymers at varying concentrations (up to 1%) depending on their
solubility and stirred until homogeneous. The photoabsorber was deemed soluble if it fully dissolved
in the prepolymer to produce a coloured but translucent solution. Particulates left in solution due to

non-solubility or saturation caused scattering of light to produce an opaque, cloudy solution.

PEGDA resins containing the three photoabsorbers were used in the uSL set-up to produce 3D
structures to assess the effect of the photoabsorbers on laser depth penetration and cure depth.
Due to the hydrophobic nature of the PCLMA, it was only possible to produce a solution with beta-
carotene so this was the only photoabsorber used. To fully dissolve the beta-carotene, it was stirred

with the PCLMA for 1 hour at 60°C.
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2.4.7.2 Evaluation of photoabsorber suitability by analysis of absorbance spectra

UV-VIS spectrometer (Perkin Elmer Lambda 900) was used to measure the absorbance spectra of the
photoabsorbers to determine the absorbance at 405 nm. The 3 photoabsorbers were mixed into
PEGDA at concentrations that were low enough for the absorbance values of the solutions to fall
within the dynamic range of the spectrometer. The samples were measured in the range 300-

600 nm against a reference vial of PEGDA to obtain the absorbance spectra of the photoabsorbers.

2.4.7.3 Evaluation of photoabsorber suitability by analysis of laser depth penetration

Intermittently-grooved channel constructs (Figure 21A) were produced from PEGDA and PCLMA by
uSL. The DMD image was altered between a smooth channel and a grooved channel (Figure 21B,C)
with each image being displayed for the same duration. With minimal depth penetration of the laser
light, the prepolymer would only be cured at the surface of the resin and a channel would be
produced with equal strut length and gap length. However, with increased laser depth penetration,
the light from the grooved image (Figure 21C) will penetrate too deep and cure grooved constructs
where the channel should be smooth (Figure 21D). The structures were imaged with optical
microscopy (section 2.4.6.7) and the lengths of the struts and gaps were measured to calculate a
ratio, ‘strut length:gap length’. The closer this ratio was to 1, the lower the laser depth penetration

and therefore the better performance (higher absorbance) of the photoabsorber.

\ Areas of unwanted

curing due to high
laser depth
/ penetration

Figure 21. Intermittent grooved channels. A: model of a channel with intermittent grooves fabricated by
alternating the DMD image between a smooth channel cross-section (B) and a grooved channel cross-
section (C). D: an example construct produced with high depth penetration and example measurements of
strut length and gap length (optical microscopy image).
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2.4.8 Statistical analysis

Statistical analysis was performed with GraphPad Prism. Data was tested for normality using
Shapiro-Wilk normality test and found to be normally distributed. To test for significant differences
between groups, ANOVA was used, followed by Tukey’s multiple comparison tests. For data affected
by one factor, one-way ANOVA was used and for data affected by two factors, two-way ANOVA was
used. P<0.05 was used to determine a statistical difference. All data is presented as meantstandard
deviation (SD). Sample sizes are presented as N=experimental repeats, n=replicates per experiment

i.e. N=1, n=3 signifies an experiment performed once in triplicate.
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2.5 Results

2.5.1 PCL methacrylation and characterisation

2.5.1.1 Determination of methacrylation with NMR spectroscopy

Unmethacrylated PCL triol and PCLMA prepolymer samples were analysed by proton NMR
spectroscopy. Figure 22 shows example spectra of PCL triol and PCLMA with varying degrees of
methacrylation. The spectra peaks were identified with the help of a previous publication by Elomaa
et al. on PCL triol methacrylation [219]. These are displayed in Figure 22, with the corresponding
hydrogen environments labelled on the molecule diagrams. The position of the peaks representing
the methacrylate group was confirmed by other sources [228], [237]. The appearance of the peaks i
(6.09 ppm), j (5.55 ppm), k (1.93 ppm) and a’’ (4.14 ppm) confirmed the presence of the
methacrylate groups in the PCLMA. These peaks increased in size with increasing DM of the
prepolymer sample. The decrease in size of the a’ peak (3.64 ppm) indicates that the OH group form
the original PCL triol molecule had become less prevalent in the reaction products, showing that

these OH groups had been substituted for methacrylate groups.

For quantitative analysis, the i, j and a’’ peaks were integrated with the h peak (0.88 ppm) set as a
reference, equal to 3 protons. This is a reliable reference peak as it represents the three protons in
environment h which have no nearby electronegative bonds, so peak splitting is unlikely. As we tend
towards 100% methacrylation we should see the complete disappearance of the a’ peak and the
growth of the a’ peak integral, tending towards 6 protons. The summation of the i and j peak

integrals should also tend towards 6 protons.

In short, for 100% methacrylation the following should be true:

Ji+[j=Ja"=6, [ad=0

For quantitative analysis of DM the following calculation was used:

Jo . Ji . Ja [i fj, Ja
DM = Ji100%DbM [ i100%DM J @'100%DM _ s T3t
3 3

Equation 4. Calculation of the degree of methacrylation (DM) of PCLMA from the integral of peaks i (6.09
ppm), j (5.55 ppm) and a'’ (4.14 ppm) in the NMR spectra (Figure 22).
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Figure 22. Proton NMR spectra of unmethacrylated and methacrylated PCL triol. The PCL triol and PCLMA
molecule diagrams are displayed (top) with the hydrogen environments labelled (a', a’’ and h-k)

corresponding to the relevant peaks in the NMR spectra used to determine degree of methacrylation. a’’,
i, j and k are present only in methacrylated PCL and the size of these peaks increases with increasing DM.
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2.5.1.2 The effect of reaction parameters of the degree of PCL methacrylation

Notation for reaction parameters

The following results describe a series of reactions which aimed to produce PCLMA prepolymer with
a range of DM by varying the reaction time and the molar ratio of the reactants. Per 1 mole of PCL
triol, 3 moles of TEA and MAA are required to provide enough reactants to produce a methacrylate
group on each of the three arms of the PCL molecule. This will be described as a 1:1 reaction ratio
(1M). The reaction was also carried out with either an insufficiency or an excess of MAA and TEA to
reduce/increase the concentration of the reactants, altering the reaction rate and the resulting DM.
For example, a 2x excess in the molar ratio would require 1 mole of PCL and 6 moles of MAA and
TEA, defined as a 1:2 reaction ratio (2M). The reaction time was also varied from 20-95 hours. The
reactions/products were named according to these two conditions (see Table 4) i.e. 2M20 refers to a

1:2 reaction with a 20 hour duration.

The effect of Molar concentration and reaction time on degree of methacrylation

As described in Table 4, methacrylation reactions were carried out where the reaction ratio was
varied from 1:0.5 (providing half the reactants required for full methacrylation, 0.5M) to 1:2 (a 2x
molar excess in the required reactants, 2M). The reaction time was kept constant at 20 hours. As we
can see in Figure 23A, increasing the excess of TEA and MAA in the reaction resulted in a linear
increase in the DM from 8% to 47% (0.5M and 2M reactions respectively). To increase the DM
further, the reaction time was increased to give more time for the methacrylation to occur. 2M
reactions were carried out for 20, 40, 68 and 95 hours. Figure 23B shows that the increasing the
reaction time in this range resulted in an increased DM from 47% to 77%. However this was not a
linear increase that we see in Figure 23A but increases with an exponential decay. This is to be
expected — as time progresses the reagents are used up in the reaction so a smaller amount of the

reagents remain and the reaction rate slows.
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Table 4. Reaction parameters used to produce PCLMA and the resulting degree of methacrylation (DM).

DM was altered by varying the molar ratio of reactants and the reaction time. N=1, n=1, except for 2M20

where N=3, n=1 so mean£SD shown only for 2M20.

Notation Reaction Moles of Reaction Resulting
ratio MAA/TEA per | Time Degree of
(Mol of PCL: | 1 Mole of PCL Methacrylation
Molar excess
of MAA/TEA)
Varying | 0.5M20 1:0.5 1.5 20 hours 8%
reaction | 0.75M20 1:0.75 2.25 20 hours 11%
ratio 1M20 1:1 3 20 hours 17%
1.5M20 1:1.5 4.5 20 hours 39%
2M20 1:2 6 20 hours 47+2%
Varying | 2M20 1:2 6 20 hours 47+2%
reaction | 2M40 1:2 6 40 hours 66%
time 2M68 1:2 6 68 hours 73%
2M95 1:2 6 95 hours 77%
?A DM vs Molar Excess B DM vs Reaction Time
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Figure 23. PCLMA produced with varying degree of methacrylation (DM). DM was altered by A: varying

the molar ratio of reactants (linear regression curve fitted, R?=0.96) and B: varying the reaction time (one

phase decay curve fitted, R?>=0.99). N=1, n=1, except for 2M20 where N=3, n=1 so mean+SD shown only

for 2M20 (error bars are too small to be seen in B).
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2.5.1.3 Effect of the degree of methacrylation on the mechanical properties of cured PCLMA

PCLMA prepolymer of varying DM was photocured into dog bone test-pieces and tested under
tensile conditions. Photocuring of PCLMA was only possible with prepolymer of a high enough DM.
The two PCLMA batches below 17% DM (0.5M20 and 0.75M20) did not form bulk, solid structures
when photocured but formed a more gel-like consistency. An example set of stress strain curves
from the cured 2M20 PCLMA samples can be seen in Figure 24A. Young’s modulus was calculated
form the linear region of each sample’s stress-strain curve (Figure 24B). There was low variation in
the Young’s Modulus calculated from the samples, evident from the similar slopes in Figure 24A and
the small standard deviations in Figure 25A. On the other hand, the ultimate tensile strength varied
quite considerably between each sample. It is thought that early failure occurred in some samples
due to the concentration of stresses around imperfections such as small bubbles in the cured test
pieces or microfractures created at the point where the grips were tightened to the sample ends.
For PCLMA test-pieces of higher DM, slipping of the grips usually occurred before failure of the
material. Slipping could be reduced by tightening the grips but overtightening caused cracking of the
PCLMA constructs. Therefore, grips were tightened enough to allow an accurate calculation of

Young’'s modulus with the sacrifice of not being able to calculate ultimate tensile strength.
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Figure 24. Mechanical testing of cured PCLMA. A: Stress-strain plots from 4 separate PCLMA samples
(2M20). B: Stress-strain plot from sample 1. Highlighted in red: linear region used for calculation of

Young's Modulus.
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Comparing the Young’s modulus of the different cured PCLMA samples, we see an increase of
Young’'s Modulus with increasing DM (Figure 25A). A comparison of typical stress-strain plots of each
PCLMA type is displayed in Figure 25B. This result is as we expect, as increasing the number of
methacrylate groups in the PCLMA allows for a greater degree of crosslinking in the cured product
and therefore results in a stiffer material. We can see an almost 30-fold increase in Young’s modulus
from 0.12+0.20 MPa to 3.51+0.25 MPa (in the 17% and 77% DM PCLMA, respectively). The
difference in Young’s modulus between each group of PCLMA was statistically significant (P<0.005),
except for 1.5M20 vs 2M20 (39% and 47% DM, respectively) (one-way ANOVA with Tukey’s multiple

comparisons).
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Figure 25. The effect of the degree of methacrylation on the Young's Modulus of cured PCLMA.

A: The Young’s modulus of cured PCLMA plotted against the degree of methacrylation of the prepolymer
(N=1, n=4-7). Values displayed meanSD. (N.B. The SD in the 17% 39% and 47% DM is too small for the
error bars to be visible.) The point in red signifies a theoretical (0,0) representing a 0 MPa Young’s
Modulus for 0% DM PCLMA (since curing of solid structures to test under tensile loading is not possible).
Cubic polynomial regression curve fitted (R?=0.99). B: A comparison of the stress-strain plots of each
variant of PCLMA. One stress-strain plot (representing a typical sample) was taken from each group for

the sake of comparison.
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2.5.1.4 Effect of degree of methacrylation on PCLMA soluble fraction

Cured PCLMA of varying DM was solvated in DCM to dissolve any uncured prepolymer. Samples
were weighed before and after solvation to measure the soluble fraction of the cured material.
Increasing the DM of the PCLMA prepolymer led to a decrease in the soluble fraction of the cured
PCLMA (seen in Figure 26) as a greater percentage of molecules are incorporated into the network.
The least methacrylated PCLMA (17% DM) had a soluble fraction of 53.1+2.1% but this dropped to
0.61£0.8% as DM increased to 77%.
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Figure 26. The effect of degree of methacrylation on the soluble fraction of cured PCLMA. Values
displayed mean+SD (some SD values are too small for error bars to be visible). N=1, n=3.

2.5.1.5 Effect of degree of methacrylation on PCLMA degradation

Cured PCLMA with different DM was degraded using NaOH and compared to commercial, non-
photocurable PCL. The results are displayed in Figure 27. Over the course of the study, there was no
significant degradation of the commercial PCL with 99.0+1.1% still remaining after 21 days.
Degradation was also very low for the 2M95 and 2M40 PCLMA samples, with 92.9+1.4% and
93.11+0.2% remaining respectively. The degradation of the PCL, 2M95 PCLMA and 2M40 PCLMA were
not significantly different from each other at any time point. The 2M20 and 1.5M20 PCLMA
degraded faster than the previous 3 (45.1+5.1% and 43.1+1.6% remaining respectively after 21 days)
but were not significantly different to each other at any time point. The 1M20 PCLMA degraded still
faster with complete degradation occurring in 17 days. By day 9 the mass remaining of the PCL,
2M95 PCLMA and 2M40 PCLMA were significantly different to the 2M20 and 1.5M20 PCLMA
(P<0.05). Additionally, the mass remaining of the 1IM20 PCLMA was significantly different to both
the 2M20 and 1.5M20 PCLMA (P<0.0001) (two-way ANOVA with Tukey’s multiple comparisons).
These significant differences continued for all remaining time points (P<0.0001 in both cases, at days

13, 17 and 21).
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Figure 27. Accelerated degradation of PCLMA and PCL discs in 5M NaOH and the effect of degree of methacrylation. Value displayed mean+SD (N=1, n=3).
* denotes significant differences between groups at days 9, 13, 17 and 21 (two-way ANOVA with Tukey’s multiple comparisons).
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2.5.2 Microstereolithography — Parameter optimisation for tube production

The pSL set-up (Figure 19) was used to produce plain PCLMA tubes and various parameters were
investigated to determine their effect on tube quality. All PCLMA tubes and other structures

produced by puSL were made using resin containing 2M20 PCLMA (47% DM) and 2% photoinitiator.

2.5.2.1 Effect of laser power and stage speed on tube guality

It was found that when curing tubes via puSL from PCLMA resins, it was important to find the right
balance between laser power and stage speed. If the laser power was too low for a certain stage
speed, the tubes were under-cured and had thin walls, often with a hole or thin section down the
side of the tube. Conversely, if the laser power was too high in relation to the stage speed, over-
curing would result in lateral lines/ridges caused by rapid curing and viscous flow of the prepolymer

as the stage descended. These observations can be seen in the PCLMA tubes displayed in Table 5.

Table 5. The effect of laser power and stage speed on PCLMA tube quality.

Stage Speed 0.015 mms?

Laser Power 20 mwW 21 mw 22 mW Comments

No laser power
that produces
good quality tubes
at this stage speed.

Thin/under-cured Thin strip and also | Lateral ridges from

strip down side of over-curing over-curing.
tube. present.
Stage Speed 0.01 mms™

12 mW 15 mW Comments

At a slower stage

Laser Power

speed (0.01mms™),
a suitable balance
can be found
between power

and speed.
As above - power Suitable As above - power
too low. power/speed too high.
combination.
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2.5.2.2

Effect of prepolymer resin temperature on tube quality

Heating the prepolymer resin decreased its viscosity and allowed faster speeds to be used without

the appearance of lateral lines/ridges caused by viscous flow of the resin. These effects can be seen

in Table 6, with good quality tubes being produced at 60°C.

Table 6. The effect of raised prepolymer temperature on PCLMA tube quality with increasing stage speeds.

Stage Speed 0.01 mms?
Resin Temp. Room temperature
Laser Power 14 mW 18 mW 20 mW Comments

No laser power
that produces
good quality tubes
at this

: temperature.
Stage Speed 0.01 mms?
Resin Temp. 60°C
Laser Power 14 mW 30 mW Comments

18 mW

Tubes are of higher
quality than any
produced at room

temp.
Slight under-curing but most of tube length | Over-curing.
is of good quality. Top end can be trimmed.
Stage Speed 0.02 mms™*
Resin Temp. 60°C
Laser Power 25 mW 34 mW Comments
25 mW: tube looks
of ok quality.
‘ -4
Under-curing causing | Slight imperfection | Over-curing.
hole down side. present
Stage Speed 0.03 mms™
Resin Temp. 60°C
Laser Power 30 mW 32 mw 34 mW Comments

Under-curing causing
hole down side.

Slight under-

curing.

Over-curing.

32 mW: tube looks
of ok quality and
usable if ends are
trimmed.
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2.5.3 General appearance of PCLMA tubes produced by uSL using optimum

parameters

For the observations described in Table 5 and Table 6, it is important to note that when using
different batches of PCLMA resin or when curing tubes of different diameters and wall thicknesses it
was necessary to re-optimise the curing parameters. The SEM images in Figure 28 show that when
the curing parameters are optimised (i.e. in this case: 60°C resin temperature, 10 mW laser power
and 0.02 mms™ stage speed) the tubes are produced to a very high quality. The tubes have straight

sides with no lateral lines/ridges, a circular internal diameter and an even wall thickness.

Microgroove measurements

Groove width: 35 um
~ -

Strut width:
13 um

Figure 28. A: SEM image of PCLMA tubes produced by uSL. B,C: higher magnification images showing the
presence of microgrooves on the tube’s inner surface. D: The two distances measured to characterise the
microgrooves. The red arrow indicates the microgroove width (peak to peak distance) and the blue arrows
indicate the strut width (distance across peak).
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2.5.3.1 The presence of microgrooves

An interesting feature to note are the microgrooves seen on internal and external surface of tubes
produced by uSL. These run longitudinally along the surface of the cured tubes and are present due

to presence of individual micromirrors forming the pixels of the DMD.
These features were measured from SEM images to determine two measurements: microgroove

width and strut width (detailed in Figure 28D). Average microgroove width (peak to peak distance)

was 35+10 um and average strut width (distance across peak) was 13+4 pum.

93



2.5.4 Photoabsorber suitability and the effect of their use in pSL

Various photoabsorbers were tested in the prepolymer resins to improve the quality of structures
produced via uSL. The photoabsorber compounds were first tested in PEGDA resins as a proof-of-
concept before using the results obtained and translating this to their use in PCLMA resins. All resins

(PEGDA and PCLMA) used in uSL contained 2% photoinitiator.

2.5.4.1 Absorbance spectra of the photoabsorbers

The absorbance spectra of the 3 photoabsorbers were measured (Figure 29A) to see which was most
suitable for absorbance of the 405 nm laser light used in the pSL setup. Alizarin Red had an
absorption peak nearest 405 nm (at around 430 nm) and beta-carotene’s absorbance peaked
around 465 nm. The absorbance spectrum of riboflavin did not vary much over the 300-600 nm
range. It should be noted that for the absorption level of each to fall within the dynamic range of the
spectrometer, they were all dissolved in PEGDA at different concentrations. To get an idea of their
relative absorbances at 405 nm, the spectra were linearly scaled to extrapolate their absorbance at a
1% concentration (Figure 29B). This showed that beta-carotene had the highest absorbance at

405 nm. However, since each compound has different solubilities in in PEGDA and PCLMA and
therefore will be usable at different concentration, this does not make it directly obvious which is

the most suitable for use as a photoabsorber in uSL.
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Absorbance spectra of diffferent photoabsorbers
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— B-carotene (1%)
Alizarin Red (1%)
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Figure 29. The absorbance spectra of the three photoabsorbers (A). B: The absorbance spectra scaled to
visualise their theoretical absorbance when dissolved at the same concentration.
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2.5.4.2 Addition of photoabsorbers to PEGDA resins

Photoabsorbers were mixed into PEGDA resin. Beta-carotene did not dissolve well in PEGDA due to
its hydrophobic nature. It formed a cloudy solution indicating the presence of particulates and
separated if left overnight (Figure 30A). Riboflavin mixed with PEGDA in a similar way to produce a
cloudy yellow solution which separated over time. Alizarin Red dissolved well in PEGDA due to its
hydrophilicity. At a concentration of 0.5% it produced a dark orange/amber colour solution and did

not separate over time (Figure 30B).

W W
o

Figure 30. Photoabsorbers mixed with PEGDA. A: PEGDA with 1% beta-carotene, 2% photoinitiator. Mixed
until homogeneous and left to settle over time. B: PEGDA with 0.5% Alizarin Red, 2% photoinitiator.

2.5.4.3 Addition of photoabsorbers to PCLMA resins

Photoabsorbers were mixed into PCLMA resin. Due to the hydrophobic nature of PCLMA, Alizarin
Red did not dissolve well, with many particulates visible after stirring overnight (Figure 31A).
However, beta-carotene dissolved well up to a concentration of 0.05-0.075% to produce a clear

orange solution (Figure 31B). Riboflavin was not investigated due to its low absorbance at 405 nm.

Figure 31. Photoabsorbers mixed with PCLMA. A: PCLMA with 0.5% Alizarin Red, stirred overnight at 60°C.
B: PCLMA with 0.05% beta-carotene

2.5.4.4 Analysis of laser depth penetration in the manufacture of 3D PEGDA Tubes

The effect of laser power on cure depth was investigated by varying laser power in the fabrication of
constructs with beta-carotene-containing PEGDA resins. A grooved, channel was designed with non-
grooved ends/cuffs (Figure 32A) so that if the laser penetration was too high when fabricating, the
result would be grooves that continue further into the empty end than in the designed construct. As
expected, an increased laser power resulted in longer continuation of grooves (Figure 32C),

indicating an increased cure depth.
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Figure 32. Grooved channels produced by uSL (PEGDA with 0.5% beta-carotene, 2% photoinitiator).

A: Designed construct. B: uSL curing process for this construct. C: Light microscopy images of the bottom
end of the grooved channel constructs showing longer continuation of the grooves (larger cure depth)
with increased laser power.

Next, to assess the cure depth resulting from the use of the various photoabsorbers, intermittently
grooved channels were produced as described in Figure 21 and the strut and gap length of each was
measured to produce the strut length:gap length (S:G) ratio (Figure 33). Photoabsorbers were added
to the base PEGDA resin: Alizarin Red (0.1% and 0.5%), beta-carotene (1%) and riboflavin (0.5%).
0.5% Alizarin Red and 1% beta-carotene produced channels with the smallest S:G ratios (1.16+0.03
and 1.31+0.07 respectively — not statistically different). 0.1% Alizarin Red and 0.5% riboflavin
produced channels with significantly larger S:G ratios of 1.96+0.24 and 2.31+0.65, respectively. The
opaque appearance of the PEGDA constructs containing beta-carotene and riboflavin show the
presence of undissolved particulates of the photoabsorbers left in the cured constructs. This
contributed to poorer mechanical properties of the constructs compared to the Alizarin Red

channels and they were more easily fractured during handling.

96



o
E Desired
e l Value Strut
9 Length
K] 1
Q
1] o
9 Y.
5 .
& : Gap
> Length

Figure 33. Strut length:gap length (S:G) ratios. A: Graph showing the S:G ratio of PEGDA constructs with
different photoabsorbers (Alizarin Red, at 0.1% (a) and 0.5% (b), beta-carotene at 1% (c) and riboflavin at
0.5% (d)). Values displayed mean+SD (N=1, n=5). * denotes significant differences between groups.

B: Example images of the corresponding constructs. C: Strut and gap length measurements.
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2.5.4.5 Production and imaging of 3D PEGDA constructs

Grooved PEGDA channels containing 0.5% Alizarin red and 1% beta-carotene were imaged via SEM
to determine their quality. The PEG/Alizarin Red structures (Figure 34A) had a smooth appearance,
indicating the Alizarin red was well dissolved in the PEGDA resin. However, the strut features were
thin and under-cured, implying that the concentration of Alizarin red was slightly too high. The
PEG/beta-carotene structures (Figure 34B) had a rough, textured surface, indicating the presence of
particulates/granules of undissolved beta-carotene. The groove features, however were well defined

and not under-cured.

det| WD |mag O |mode ———— 500 ym ———
VIETD 18.2 mm| 180x | SE

Figure 34. Scanning electron micrographs of PEGDA grooved channels with 0.5% Alizarin Red (A) and
1% beta-carotene (B).

Using these two photoabsorbers, more complex 3D constructs (bifurcated tubes, Figure 35A) were
fabricated as described in Figure 20. Figure 35B shows the tubes produced using PEGDA (i), PEGDA +
1% beta-carotene (ii) and PEGDA + 0.5% Alizarin Red (iii). With the use of the photoabsorbers, the
tubes produced (Bii and Biii) were a good representation of the designed construct, with clearly
defined edges and open lumen throughout (demonstrated in Figure 35D). This was in contrast to the
increased cure depth and over-curing seen in the PEGDA construct (Bi, Ci) marked by the cured

material outside of the blue line in Figure 35Ci.
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Figure 35. Bifurcated tubes produced by uSL. A: STL file of designed construct (3 differently oriented
views). B-D: Optical micrographs. B: Tubes fabricated from (i): PEGDA, (ii): PEGDA + 1% beta-carotene,
(iii): PEGDA + 0.5% Alizarin Red (all with 2% photoinitiator). C: The same tubes as in B with a blue line
marking the designed shape of the constructs. Material outside the line in (i) represents over-curing due
to increased depth penetration in PEGDA without photoabsorbers. Scale bar divisions = Imm. D: Different
views of the tubes, showing the open lumen throughout. (i) and (ii): tube fabricated from PEGDA + 0.5%
Alizarin Red, (iii): PEGDA + 1% beta-carotene (cut open to visualise lumen).
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2.5.4.6 Manufacture of 3D PCLMA constructs

3D constructs (intermittently grooved channels and bifurcated tubes) were fabricated from PCLMA
resin containing 0.05% beta-carotene as a photoabsorber. Figure 36A shows an intermittently
grooved channel with small cure depth (S:G ratio=1.11+0.07), similar to that achieved by PEGDA
resin with 0.5% Alizarin Red. A bifurcated tube Figure 36B was also produced with good resolution
and similar quality to those in Figure 35. The low amount of beta-carotene (0.05%) meant that the
transparent nature of PCLMA was maintained. This makes it possible to visualise an open lumen

throughout the tube, indicating a good control over cure depth.

Image focussed
on the upper
struts

Figure 36. 3D constructs produced from PCLMA with 0.05% beta-carotene, 2% photoinitiator.
A: Intermittently grooved channel with magnified image focussed on the upper struts. B: Bifurcated tube
with open lumen visible. Scale Bars: 500 um.
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2.6 Discussion

2.6.1 PCL Methacrylation

2.6.1.1 Controlling the degree of methacrylation

In the methacrylation of PCL triol, it was shown that the DM of the resultant PCLMA can be
increased by either increasing the molar ratio of MAA/TEA:PCLMA (increasing the amount of
methacrylation reagents) or by increasing the reaction time. For a 20 hour reaction, the
methacrylation was not 100% efficient (a 2x molar excess reaction achieved only 47% DM) but
increased reaction time lead to a further increase in DM. The increase of DM with time was not
linear and when increasing the time of a 2M reaction to 95 hours, the rate of increase of DM
dramatically slowed and levelled off at around 77%. A similar effect was seen by Abbadessa et al. in
the methacrylation of chondroitin sulfate where the DM increased over the first 7 days before
settling at around 43% for the remaining 2 weeks. They speculated that this was due to an
equilibrium state being reached between the reacting molecules [231]. This could offer some insight
into the reason behind the plateau of reactivity in our PCLMA reaction. When the molar excess of
reagents was increased in the PCL methacrylation, no such plateau in the DM was reached. It seems
logical then, that if a DM higher than 77% was required, the molar excess could be increased beyond
2x to drive the reaction further. It is not uncommon to use large molar excesses, with examples in
the literature presented in section 2.2.3. Hoch et al. [229], [230] and Bencherif [228] et al. used up to

20x and 100x molar excess, in the respective methacrylations of gelatin and hyaluronic acid.

2.6.1.2 Determining degree of methacrylation via NMR spectroscopy

DM of the PCLMA prepolymer was assessed via NMR spectroscopy, based on the integral of the
spectra peaks which correspond to the methacrylate group (i: 6.09 ppm, j: 5.55 ppm and a’: 4.14
ppm, Figure 22). This is a well-known method performed by other groups (i.e. in the methacrylations
of hyaluronic acid [228] and chondroitin sulfate [231]). Alternatively, some groups have assessed DM
based on the integral of the NMR peak representing the two hydrogens next to the hydroxyl group
(a’, Figure 22). Elomaa et al. determined full methacrylation by disappearance of this hydroxyl peak
[219]. In theory, this is a valid way of assessing methacrylation as disappearance of this peak signifies
disappearance of the hydroxyl groups and therefore full methacrylate functionalisation. This method
was considered in our work but it was noted that this peak is split by the strongly electronegative
hydroxyl group and is reduced in height compared to its theoretical value; in the unmethacrylated
PCL triol (Figure 22) a’ should represent 6 hydrogens however it’s integral is only 3.67. Using this

integral to calculate DM would give a false impression that only 61% of the original hydroxyl groups
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remain and that the unmethacrylated PCL triol is actually 39% methacrylated. This is obviously an

erroneous result so this method of DM calculation could not be relied upon.

Alternatively, DM could be determined based on the integral of a’ as a percentage of its integral in

the unmethacrylated PCL triol, i.e:

DM (%) — (1 _ famethacrylatedsample ) x 100.

!
f aunmethacrylated sample

Equation 5. An alternative method for calculation of the degree of methacrylation (DM) of PCLMA, using
the integral of the a'peak in the NMR spectra (Figure 22).

This is similar to Hoch et al.’s method for determining the DM of gelatin methacrylamide [229],
[230]. Using this method, we get a much higher estimation of DM but the same trends are seen. (See
Figure 37 for a comparison of the two methods.) In the NMR spectra of our 2M95 PCLMA, the a’
peak is almost completely absent and so using this method calculates the sample to be almost 100%
methacrylated (Figure 37A). However, the unreliability of this method can be demonstrated by
looking at Figure 37B. Here, this alternative method calculates that the DM of the 0.5M20 PCLMA is
less than 1 (due to the fact that [ apciya0.smz20 > | @unmethacrylatea peL trior)- A Negative DM is
obviously not possible, so this highlights that in our case, the a’ peak cannot be used for a reliable

calculation of the DM of PCLMA.
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Figure 37. Graphs showing the DM of PCLMA calculated via two separate methods.

Black: (The method reported in this thesis, see Equation 4): DM calculated using the integral of peaks i, j
and a'' (which represent the hydrogen environments associated with methacrylated functional groups).
Red: (Alternative method, see Equation 5): DM calculated using the integral of peak a' (which represents

the hydrogen environment associated with the OH group in unmethacrylated functional groups).
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2.6.1.3 Effect of DM on mechanical properties and other ways of varying mechanical properties

It was found that varying the DM of the PCLMA prepolymer had an effect on the mechanical
properties of the crosslinked polymer. Increasing the DM means that more functional groups are
present in the prepolymer molecules, resulting in a greater degree of crosslinking between
molecules during photocuring and an increased Young’s modulus. However, this is not the only way
to change the stiffness of a photocured polymer. Other ways to do so involve varying the contents
and additives of the prepolymer resin such as the amount of solvent, photoinitiator and reactive

diluent.

Lee et al. experimented with different formulations of PPF resin to vary the mechanical properties of
the cured polymer. Changing the prepolymer:solvent ratio and photoinitiator content resulted in
cured polymer samples with varying compressive moduli, ranging from 19 MPa to 140 MPa. Both
increasing prepolymer:solvent ratio and increasing photoinitiator content caused an increase in
modulus [225]. The amount of a reactive diluent (crosslinker) can also be varied as shown by Jansen
et al. who produced a photocurable resin comprised of PDLLA functionalised with fumaric acid
monoethyl ester. By varying the content of NVP from 20-50 wt%, The Young’s modulus of the
crosslinked polymers increased from 1.5-2.1 GPa when tested in the dry state. However, the
addition of NVP caused a dramatic increase in the water uptake of the polymer networks. Therefore,
when testing in the wet state, increasing NVP content caused a significant decrease in Young's

modulus [238].

To avoid changes in resultant material properties, be it swelling characteristics and resultant
mechanical properties or biocompatibility from unwanted residual diluents, it would be more
desirable to use resins without additional additives. To vary the mechanical properties of a
crosslinked polymer without adding any extra components to the prepolymer resin, changes to the
molecular structure of the prepolymer molecules could be investigated. Two ways of achieving this
would be to either changing molecular weight of the prepolymer or varying the number of

methacrylate-terminated arms in the molecule.

Green et al. performed tensile testing on cured samples of acrylated PCL triol (3-arm, PCLTA) and
PCL diol (2-arm, PCLDA) of different molecular weights. The lower molecular weight prepolymers
(e.g. PCLTA 300 g/mol vs 900 g/mol) cured to produce a material with higher Young’s modulus and
greater tensile strength (75% and 22% increase respectively). Prepolymers with a greater number of

functionalised arms (e.g. PCLTA vs PCLDA) also resulted in a higher Young’s modulus material [239].
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Both of these results can be explained with a change of crosslink density. With the higher molecular
weight molecules, there are longer polymer chains between the crosslinks, so a looser network is
formed with lower mechanical properties. A fewer number of methacrylated arms in the diol
molecule vs the triol also produces a network with a lower crosslinking density and therefore a

lower stiffness material.

Polymer blends can also be used to vary mechanical properties. Chung et al. found that by mixing
PCL triol methacrylate with di(propylene fumarate)—dimethacrylate compressive strength in the
cured material could be reduced compared to networks comprised to PCL triol methacrylate alone
[240]. This is likely due to the two-armed di(propylene fumarate)—dimethacrylate reducing the

crosslinking density of the three-armed PCLMA.

In the present study, the DM of PCLMA was varied, altering the number of functional groups
available for crosslinking and the subsequent crosslink density. The result is similar to changing the
number of arms in a methacrylated molecule but gives more adaptability as we can produce PCLMA
of any DM in the range of 17% to 77%. This essentially produces blends of 1-, 2- and 3- arm PCLMA
with the average number of arms increasing with increasing DM. This allows us to fine-tune the
mechanical properties and produce cured PCLMA with Young’s modulus anywhere in the range of
0.12-3.51 MPa (a 30-fold change). This range of Young’s modulus is lower and wider than that by
Green et al. (4.0-6.9 MPa) [239] and Elomaa at al. (6.7-15.4 MPa) [219] achieved by varying the
molecular weight of their PCL-based prepolymers. This highlights the advantage of our method,

being able to produce a more elastic material with a wider range of properties.

This relationship of DM and Young’s Modulus is similar to that seen by Pashneh-Tala et al. in their
PGS-M. They calculated Young’s modulus via tensile testing of dog bone structures and found a
significant increase with increasing DM. Young’s modulus ranged from around 0.5 MPa for 30% DM
to around 7.5 MPa for 80% DM. The ultimate tensile strength was also seen to increase from around

1 MPa to 4 MPa with increasing DM [233].
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2.6.1.4 Effect of DM on Soluble Fraction

It was seen that increased prepolymer DM resulted in a lower soluble fraction in the cured PCLMA.
With increasing DM, the increased number of functional groups per PCLMA molecule means that on
crosslinking, a higher proportion of the molecules will be incorporated into polymer network and
less material is left free to dissolve in the solvent. In the 17% DM PCLMA (soluble fraction = 53%), an
average of 0.5 arms per 3-arm molecule have been methacrylated i.e. ~50% of the molecules will
have 1 methacrylate group and the remaining 50% will be completely unmethacrylated. Upon
curing, the methacrylated molecules are able to form a crosslinked network however the
unmethacrylated molecules will remain free. This explains why 50% of the prepolymer resin (in the

17% DM PCLMA) is not incorporated into network and comprises the soluble fraction.

2.6.1.5 Effect of DM on Degradation

Like many synthetic polymers, PCL degrades by hydrolysis of the ester linkages in the polymer
backbone [241], [242]. Degradation of cured PCLMA and PCL was performed in NaOH, which
simulates accelerated hydrolysis due to the presence of OH" ions which catalyse the hydrolysis of
ester bonds [243]. The linear decrease in mass seen in the results is suggestive of surface
degradation which is usually preferable for tissue engineering scaffolds as mechanical properties are

maintained throughout the degradation process, unlike with bulk degradation [244].

An increased DM of the PCLMA resulted in slower degradation rates for the same reason that we see
a higher Young’s modulus. This is due to the increased crosslink density, meaning more bonds need
to be broken for material to degrade. These results are consistent with other studies in literature.
Pashneh-Tala et al. found that increasing the DM of PGS-M lead to a decreased degradation rate in
enzymatic degradation with cholesterol esterase [233]. Linear degradation was also seen,
characteristic of surface degradation. This inverse relationship of polymer degradation rate and
crosslink density has been shown in other studies with degradable poly(vinyl alcohol) scaffolds and
PEG-co-PLA hydrogels [245], [246]. In a study with PCL, Green et al. compared the degradation of
crosslinked PCL-triol acrylate and PCL-diol acrylate in 1M NaOH, 37°C. It was found that the diol
acrylate (with a lower crosslink density) degraded much faster than triol acrylate (full degradation in

8-9 days vs 22 days respectively) [239].

The commercial PCL in our study was seen to degrade very slowly with minimal (non-significant)

mass loss after 21 days. PCL is known to have a slow degradation rate with reports of ~2%

degradation after 6 months in vivo [247], however our result was still surprising, considering the
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strong (5 M) NaOH. Other studies degrading PCL scaffolds in the same concentration of NaOH report
80% degradation in 18 days [248] and complete degradation after 35 days [249]. These studies
however, were both performed with porous, woodpile scaffolds which have a much larger surface
area than the bulk discs in our study, allowing for much greater hydrolytic action. These studies were

also performed at 37°C which would increase the rate of degradation.

2.6.2 PCLMA resin formulation

One advantage of PCLMA resin described in this work is its simple formulation compared to resins
used by other groups, consisting of only the liquid PCLMA prepolymer and a photoinitiator. Since the
mechanical properties and degradation rate of the material can be tuned by varying the DM of the
prepolymer, there is no need for the additives discussed above (such as crosslinkers or solvents)

which may cause problems or influence the properties of the fabricated part.

The necessity for solvent addition is also removed due to low viscosity of the PCLMA prepolymer.
Since it is liquid at room temperature, it can be used in stereolithography without additional
diluents. The low viscosity of the PCLMA could be explained by the loss of -OH groups (present in the
unmethacrylated molecules) which contribute to hydrogen bonding [218]. For more viscous
prepolymers or ones which are solid at room temperature, non-reactive diluents/solvents are often
necessary to solubilise polymers or reduce their viscosity for printing. Melchels et al. used 19% ethyl
lactate [226] and later 40% N-methylpyrrolidone [227] as diluents to make PDLLA and P(DLLA-co-CL)
liquid at room temperature and allow scaffold production using a commercial stereolithography
system. As with all methods which use solvent-containing resins, this resulted in shrinkage of the
printed parts upon extraction of the solvents (10% and 22% shrinkage for the respective studies).
Diethyl fumarate is commonly used as a solvent in PPF resins such as that used by Lee et al. who
used 25-50% diethyl fumarate and saw up to a 12% shrinkage in the printed scaffolds [225].
Shrinking due to solvent use can present obvious problems when designing and producing a scaffold
as it could result in significant distortions or dimensional changes [119] which need to be factored
into the scaffold design. Even in the case of isotropic shrinkage, this can cause problems in design

optimisation [227].

The necessity for crosslinkers in our PCLMA resin is also removed due to the high reactivity of the
methacrylate groups compared to many alternatives [218]. When lower reactivity groups are used, a
reactive diluent/crosslinker is usually required to produce a curable resin. This acts to increase the

reactivity of the prepolymer by acting as a crosslinker or copolymer which becomes incorporated

106



into the network during photocuring. Both Jansen et al. [238] and Ronca et al. [220] required the use
of NVP in their resins due to low reactivity of fumarate- and vinyl- terminated prepolymers,
respectively. Without NVP, the vinyl-terminated PCL by Ronca et al. polymerised very slowly under
UV light, forming a putty-like structure after 20 mins irradiation but with the addition of 30-50%
NVP, sufficient crosslinking could occur to form complex structures by stereolithography. However,
due to its hydrophilicity, the addition of NVP significantly increased the water absorption of the
polymer networks [220]. This water uptake may be undesirable for some applications as it could
result in swelling of the part or a reduction of mechanical properties [238] (as discussed in section

2.6.1.3). Additionally, unreacted NVP may cause toxicity [224].

Due to the low viscosity of the PCLMA, the high reactivity of the methacrylate groups and the ability
to tune the DM, there is no need for the addition of either solvents or crosslinkers. This means that
problems associated with their effect on the structural, chemical and biological properties of the
material can be avoided. The simple resin formulation is also beneficial as for future medical device
production it would be desirable to limit the resin components to materials already present in FDA
approved products (such as PCL) with minimal additives, making the approval process more

straightforward.
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2.6.3 The microstereolithography process

The method of uSL described in this thesis uses a continuous motion of the z-stage. This means that
with the correct power/speed combination we can prevent transverse ridges forming within the
construct which is obviously preferable when producing structures for nerve guidance. Most groups
use a stop-start technique in which the stage is repeatedly lowered and raised between curing of
cross-sections as described by Choi et al. [119] and shown in Figure 38. This technique cures distinct
layers, one at a time, causing lateral lines to form between the layers. Using this process, it has been
said that a layer thickness of 5 um or less is generally needed for the production of smooth parts

with no obvious layers [250].

As well as preventing the formation of distinct layers, the continual motion of the stage also
removes the waiting time for resin to settle after lowering and raising of the stage (Figure 38,
timepoint 2-3), which can take up to 10-15 seconds each time. This drastically limits fabrication time
with fabrication speed reported of around 1-1.5 mm per hour [250]. Conversely, our continuous
technique can fabricate structures at hugely accelerated speeds of up to 0.005-0.03 mms™ (18-

108 mm per hour).

Time point: 1 2 3 4
Last layer cured Stage moved down and back up to Resin settles and is
refresh resin layer ready to cure next

Laser layer
image
projection

jl% _

Prepolymer Z-stage
resin

Figure 38. Conventional stereolithography methods which cure sequential layers, one at a time, with a
stop-start motion of the stage. This results in the formation of lateral ridges within the construct.

The other main technique of stereolithography is to use a ‘bottom-up’ set-up where the laser image
is projected, from below, at the base of a vat of prepolymer resin (Figure 39). The z-stage is then
moved upwards so that the structure is seen to ‘rise’ from the resin. This is also a step-wise process
that produces a layered structure; between the polymerisation of subsequent layers the structure

needs to be detached from the bottom surface of the vat before the stage can be raised. In addition
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to the formation of layers, another drawback of this technique is that the detachment produces a

force which can be damaging to the construct and this has been studied by Zhou et al. [251].

Cured structure

Vat

N

Laser

Prepolymer
resin

Mirror
DMD

Figure 39. A bottom-up stereolithography system with the laser directed at the base of the resin vat.

There is however one group that uses a continuous bottom-up uSL approach, coined ‘CLIP’
(continuous liquid interface production). This technique utilises an oxygen-permeable membrane in
the bottom of the resin vat enabling there to be a thin layer where oxygen is present. This presence
of oxygen facilitates oxygen inhibition of the free radical polymerisation producing a ‘dead zone’
between the construct and the vat floor where the prepolymer is prevented from curing. The
polymer therefore does not adhere to the vat surface and a continuous production is permitted,
similar to our top-down approach. The group can produce structures with micro-sized features at a

speed of 25 mm per hour which is comparable to what we can achieve [252].

2.6.3.1 The effect of laser power, stage speed and resin temperature

During pSL fabrication, we found that a careful balance of laser power and stage speed was
necessary to achieve high quality parts. Too low laser power or too high stage speeds resulted in
under-curing characterised by thin-walled, partially cured structures. Conversely, when the laser
power was too high or the stage speed too slow, over-cured structures were produced,

characterised by lateral ridges in the cured construct.

It was found that heating the PCLMA resin increased the quality of the printed parts, allowing
constructs to be cured with faster z-stage speeds. This effect is seen due to the decrease of the resin
viscosity as the temperature is raised. Low viscosity solutions are important in conventional
stereolithography methods so that flow of the resin can allow the recoating process in Figure 38 to

occur effectively, with the new resin layer settling in an appropriate time [235]. The same is true for
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our method which uses continuous z-stage movement. If resin viscosity is too high compared to the
stage speed, the continual curing process is disrupted as the resin cannot flow fast enough to keep a
level surface as the stage descends. The effect was demonstrated in Table 5 and Table 6, where the
PCLMA resin was too viscous (at low temperatures) or the laser power was too high compared to the
stage speed. In such cases, it seems the available resin at the surface cures rapidly and the stage
descends until the viscous prepolymer is able to flow over the construct and refresh the surface
resin. This then repeats in a cyclical process, causing lateral ridges to form in the cured construct.
This result is similar to what is seen in constructs produced with stop-start motion of the z-stage
(Figure 38). By heating the resin, its viscosity was decreased and it was able to continually flow over
the descending construct even at higher stage speeds. The laser power could then be selected to

achieve a curing rate suitable for the stage speed, eliminating the formation of the lateral ridges.

Steyrer et al. demonstrated the same benefit of increased resin temperature in the printing of a
dimethacrylate resin, reducing resin viscosity from 1.73 Pa s at 23°C to 0.036 Pa s at 70°C [253]. This
resulted in reduced printing times at the higher temperature as the hold time for the resin to settle
between printed layers was significantly reduced. This effect was also seen by Choi et al. who heated
PPF resin while printing [119]. Steyrer et al. also found that the increased resin temperature resulted
in a lower critical energy required for the polymer to cure and so the exposure time for each layer
could be reduced. Generally, the parts printed at 70°C also exhibited higher tensile strength, Young's
modulus and double bond conversion, however this difference was eliminated after post-curing of
the parts. One downside was that the distinction between the layers of the 70°C-cured parts was
more pronounced. This is likely due to the shorter exposure time resulting in reduced over-curing
between layers and a reduction in inter-layer bonding. The result was that the parts printed at 70°C
exhibited lower tensile strength (in the direction perpendicular to the layer formation) compared to

the parts printed at 23°C (only in the post-cured specimens) [253].

These findings highlight another potential advantage of our continuous curing process which likely
produces parts with better mechanical properties and better bonding between ‘layers’. In the simple
2.5D tubes (Figure 28) there are no distinct layers present. This is because one DMD image is
displayed, continually projecting the laser image at the resin surface as the z-stage continually
descends. Even during the production of 3D constructs when the DMD image changes as the z-stage
descends, in areas where sequential cross-sections overlap, there is no break in the light exposure so
the resin keeps curing as if it were a continuous part. This is in contrast to other systems, where the

light stops and starts over the whole cross-section, introducing weak points between layers that may
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not be properly bonded together. In our continuous process, the outside of the part may show a
stepped appearance (see Figure 35) where cross-sectional images have changed on the DMD, but in

the bulk of the part there are no distinct layers present as the resin is cured continuously.

2.6.4 Presence of microgrooves on constructs produced by

microstereolithography

It was noted that the tubes produced by puSL have microgrooves present on the surface that run
longitudinally along their length. These features were also observed by Pateman and Harding et al.
and are an inherent feature caused by the pixellation of the DMD [128] (shown in Figure 40).

The DMD image consists of pixels (representing the individual 14 um micromirrors in the DMD) and
laser light reflecting of these individual mirrors/pixels results in the microgroove features in the
cured product. It is possible that these microgrooves may offer physical guidance cues to migrating
Schwann cells and regenerating axons as discussed in section 1.6.5. This idea will be explored further

in chapter 5.

Figure 40. DMD image used to produce tubes by microstereolithography and a magnified section of the
DMD image showing the pixellation which represents the individual micromirrors.
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2.6.5 The addition of photoabsorbers to pSL resins

The observation of cure depth increasing with laser power (section 2.5.4.4) is consistent with what is
described by Jacobs in ‘Fundamentals of Stereolithography’ (see Equation 2) [234] and observed by
Choi et al. in their investigation into the use of Tinuvin as a light absorber [235]. They demonstrated
that cure depth increased linearly with the log of the exposure energy and increasing concentrations
of Tinuvin resulted in a decrease in the cure depth. Additionally, they found that the higher the
concentration of Tinuvin, the lower the rate at which cure depth increased with incident radiation
power. This means that using a high concentration of light absorber may allow more flexibility over

the laser power, making it possible to use higher laser powers without sacrificing z-resolution.

It is however, important to find the optimum concentration of light absorber to add to the resin.
Even though larger concentrations lead to lower cure depths, when too much light absorber is
present, features become thin and fragile due to under-curing. This effect was observed when using
high concentrations of beta-carotene in PCLMA resins, resulting in under-cured PCLMA tubes (Figure
41A). To achieve adequate curing with a certain exposure energy, there therefore exists an optimum
concentration of light absorber, where the light absorption is high enough to limit cure depth but
not too high as to prevent the proper curing of features (see Figure 41B, where this was
demonstrated by Choi et al. [235]). This balance was achieved in the present study with beta-

carotene concentration of 0.05% in PCLMA resin.

A

Figure 41. The effect of light absorbers in uSL. A: Side view (i) and top view (ii) of an under-cured tube
produced by uSL with PCLMA containing too high a concentration of beta-carotene (0.2%). Scale bar:

1 mm. B: The effect of too much and too little light absorber. a: No light absorber leads to increased depth
penetration and over-curing in the z-direction. b: optimum light absorber concentration leads to perfectly
cured structure. c/d: too high concentration of light absorber leads to under-cured features. Reprinted
from Choi et al. with permission from Emerald Publishing Limited [235].
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It is evident that photoabsorbers are necessary to produce complex 3D structures via uSL, however
one main problem with most current photoabsorbers used in literature is the limited evidence of
their biocompatibility. There is little data supporting the biocompatibility of Tinuvin with some
studies showing possible cardiotoxic effects [254], [255]. Additionally, Barker et al. [236] used a
paprika extract which may contain capsaicin, the active component in chili peppers which is well
known for its sensory nerve activation and inflammatory properties [256], [257]. For these reasons it
would be difficult for any products containing these substances to gain FDA approval for clinical use.

It is obvious that biocompatible photoabsorbers would be necessary.

Beta-carotene may be a suitable alternative. While there is some evidence that beta-carotene may
increase the incidence lung cancer in heavy smokers [258], the doses administered in these studies
is upwards of 20 mg per day. This is orders of magnitude higher than the level of beta-carotene that
the patient would be exposed to from an implanted conduit. Moreover, beta-carotene is a common
substance in foods and multivitamin supplements and some studies have shown its potential
benefits in neural applications. The anti-oxidant activity of beta-carotene has been shown to prevent
the decrease in nutritive blood flow to sciatic nerve seen in diabetic rats [259] and it has also
demonstrated potential in reducing neurogenic inflammation in response to certain substances

[260].

In terms of assessing the effect of the addition of light absorbers into uSL resins, PEGDA has been
very useful due to its easy availability and low cost. It is however unlikely to be used in in vivo
implantations due to its poor biocompatibility so we do not need to be concerned about the
biocompatibility of the other photoabsorbers used (i.e. Alizarin Red). Conduits to be used in vivo will
be fabricated from PCLMA containing beta-carotene and the biocompatibility of this material will be

assessed in chapter 4.

The use of beta-carotene in PCLMA resins was shown to improve the resolution of structures
fabricated by pSL and this work seems to be the first report of beta-carotene’s use as a
photoabsorber. Before this research, our uSL system had only been used to produce 2.5D structures
such as simple tubes [128], for which basic manufacture methods such as extrusion could be used to
produce these scaffolds at much faster rates. The addition of photoabsorbers into the prepolymer
resins has given us control over the cure depth of the system and has allowed us to produce

constructs with real 3D geometry (a non-uniform cross-section), much more difficult to produce with
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alternative manufacturing techniques. We have been able to produce grooved channels with non-
grooved cuffs, a feature which may be beneficial for conduits to allow easier implantation. Such
structures would not be producible by extrusion or by the rolling of grooved films, performed by
many groups [106], [183], [184] (see section 1.6.5.2). This highlights advantage of uSL over
conventional fabrication techniques. We have also shown the ability to produce much more complex
3D structures, such as bifurcated tubes. These are similar to the bifurcated nerve guides produced
by Johnson et al. [87] who demonstrated that by including two types growth factors within the
separate branches, it was possible to guide the growth of motor and sensory nerve branches along

the different paths. This demonstrates the potential applications of the tubes produced in this work.

2.7 Conclusions

A tuneable, photocurable PCLMA resin was produced for use in stereolithography and successfully
used to produce tubes and other 3D structures. PCL triol was successfully methacrylated to produce
a photocurable PCLMA prepolymer. The DM was varied to alter crosslinking density in cured
polymer, allowing the production of PCLMA with tuneable mechanical properties and degradation
rate. An order of magnitude change in the Young’s modulus was seen between the PCLMA with the
lowest and highest DM. Relative degradation rate was also varied from no significant degradation in
21 days to complete degradation in 17 days, in an accelerated study. The photocurable PCLMA was
used in microstereolithography to produce PCLMA tubes of an excellent quality which was
dependent on curing parameters such as laser power, stage speed and resin temperature.
Additionally, beta-carotene was found to be a suitable photoabsorber to improve z-resolution in

printed constructs and allow the production of complex 3D scaffolds.
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3. Chapter 3: Conduit design, production & analysis

3.1 Chapter Introduction

Using the photocurable PCLMA resin and the microstereolithography techniques described in
chapter 2, this chapter explores the design and production of different types of NGCs. The conduit
designs presented here will incorporate the two different types of physical guidance cue discussed in
chapter 1: aligned grooves and aligned microfibres. The conduits described in this chapter will be
used in the in vitro and in vivo models discussed in the following chapters, to assess the effect of the

physical guidance cues on peripheral nerve regeneration.

Firstly, conduits containing aligned grooves along the luminal surface were produced via
microstereolithography. The use of beta-carotene as a photoabsorber within the PCLMA resin was

investigated to improve the resolution of the groove features.

Secondly, conduits containing aligned polymer microfibres were produced. Highly aligned PCL fibres
were produced by electrospinning and incorporated into tubes produced by microstereolithography.
These conduits were characterised by analysing parameters such as fibre diameter and fibre packing
density. The manufacture and assembly methods used to produce these conduits was of importance
as there was emphasis on producing a design that would allow for easy implantation in vivo within a

nerve defect.

Thirdly, an injection moulding technique was used to produce conduits with a smooth luminal
surface, absent of the inherent microgroove features present on tubes produced by
microstereolithography. These could then be tested in the in vivo model to help determine the

effect of the inherent microgrooves on nerve regeneration.
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3.2 Background

3.2.1 3D printing of conduits with guidance cues

As discussed in chapter 1, physical guidance cues are of interest for NGCs due to their potential
ability to guide migrating Schwann cells and advancing axons in regenerating peripheral nerves.
Different types of guidance cues have been incorporated directly into the design of conduits, such as
aligned grooves in the luminal wall, or channels running through the conduit, forming a multi-lumen
structure. These conduits are usually made by conventional manufacturing techniques — for example
multi-lumen conduits fabricated by using an injection moulding technique with stainless steel wires
forming the channels [104]. Conduits with aligned grooves are often fabricated using multi-step
methods involving rolling and sealing grooved sheets [106], [183], [184] (see section 1.6.5.2). These
grooved sheets are often patterned using grooved silicone substrates produced by a combination of
photolithography and etching techniques. Conduits with aligned grooves have also been fabricated

with a dry-jet wet spinning process using a micro structured spinneret [180], [261].

Microstereolithography may be a useful alternative method for the production of NGCs with aligned
physical guidance cues. As a type of 3D printing, uSL is a versatile technique that could allow the for
the design and production of complex NGCs. The use of 3D printing in NGC production is not a novel
idea but most groups have used these methods to produce simple NGCs. Examples include filament
extrusion (FDM) for PCL conduits [262], inkjet printing of poly (lactide-co-caprolactone) conduits
[263] and work at the university of Sheffield producing PEGDA [128] and PGS-M [129] conduits by
USL (see section 1.4.4). 3D printing has also been used to produce more complex conduits with
physical guidance cues, with most groups focussing on conduits with intraluminal channels.
Demonstrating an indirect use of 3D printing, Hu et al. used a commercial system to 3D print moulds
which were filled with gelatin methacrylate to produce conduits with multi-lumen structures [264].
For direct 3D printing of NGCs with physical guidance cues, micro-extrusion methods have been
utilised by a number of groups. Jakus et al. demonstrated the use of a graphene/poly(lactide-co-
glycolide) ink in an extrusion-based setup to produce conduits, including those with a multi-channel
lumen [265]. Cellular, multi-lumen conduits have also been produced by extrusion-based 3D
printing, as demonstrated by Owens et al.; using a bioprinter, cylindrical cellular units were
deposited into a tubular structure, with sacrificial agarose rods forming three luminal channels. After
fusion of the cellular units and a 7-day maturation period, the result was a fully cellular construct
containing bone marrow stem cells and Schwann cells which was implanted into a rat sciatic nerve

gap. Extrusion methods have also been used to produce complex conduits with a grooved structure.
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Johnson et al. used a custom microextrusion-based 3D printing system to produce bifurcated
silicone conduits with aligned grooves (groove spacing ~160 um, groove depth ~15 um) in which
gradients of NGF and GDNF were also incorporated [87]. The effect of these grooves however was

not tested with no conduits being produced without a grooved structure.

Though these extrusion-based methods may allow for the production of NGCs containing physical
guidance cues, extrusion techniques can often be slow and offer limited resolution.
Microstereolithography could offer advantages to these techniques in terms of fast print times and
high resolution. Despite these potential benefits, studies from only two groups have been found
which use pSL to produce conduits with guidance cues. Previously discussed in section 1.4.4 is the
work by Arcaute et al. [124] and Evangelista et al. [126] producing PEG-based conduits by pSL, using
a commercial 3D systems, scanning stereolithography machine. The group fabricated multi-lumen
conduits with seven 0.5 mm luminal channels. These were tested in the repair of a 10 mm sciatic
nerve gap but demonstrated very poor regeneration potential compared to the single-lumen
alternatives. Suri et al. fabricated similar conduits from methacrylated hyaluronic acid using a
custom stereolithography set-up consisting of a UV lamp and a DMD. These seven-lumen conduits
were cultured in vitro with Schwann cells to show biocompatibility but no in vivo testing was

performed to show the effect of the multi-lumen structure [266].

As far as can be seen from the literature, there have been no studies using stereolithography to
produce conduits with aligned grooves. This is probably due to limitations in resolution present with
most systems, preventing the production of grooves of a relevant size. In this chapter, we will

explore the direct printing of grooved NGCs using pSL.

3.2.2 Combining microstereolithography and electrospinning for NGCs

The production of fibre-filled conduits will combine products from microstereolithography and
electrospinning, two techniques which have not often been combined in research. One instance of
this is research at the University of Sheffield for the application of corneal repair where electrospun
fibres were deposited directly onto PEGDA rings produced by microstereolithography. These were
used as scaffolds to culture cells from rabbit cornea [267]. Microstereolithography and
electrospinning have been combined for neural applications but only in simple forms. Lee et al. used
USL to print PEGDA on top of aligned PCL and PCL/gelatin fibres. The result was PEGDA scaffolds
consisting of an array of rectangular wells and a base of electrospun fibres. The scaffolds supported

the growth of rat embryonic primary cortical neurons with longer neurites and greater alignment

117



being expressed on the PCL/gelatin fibres compared to the PCL fibres [268]. This model may prove a
useful platform for testing different materials or fibre types but it has been developed for in vitro
testing. If the aim was to use the model for in vivo device testing, the system would need to be

redesigned, using more complex methods to incorporate the electrospun fibres into a NGC.

3.2.3 Incorporating Electrospun fibres into NGCs

Electrospun fibres have been incorporated into NGCs in a variety of ways, a review of which was
presented in section 1.6.3. Examples include rolling electrospun sheets into single-lumen
tubes/tubes with multiple channels [105], [161]-[163], stacking or folding sheets within tubes [134],
[154] and the formation of electrospun fibre bundles/‘yarns’ which are inserted into tubes [168],
[169]. In the present study, electrospun fibres will be directly threaded into the lumen of tubes
produced by uSL. This is done without the formation of ‘yarns’ or sheets so that the fibres are evenly
spread throughout the tube lumen and offer maximum surface area throughout the lumen for the

guidance of regenerating cells.

The work in this thesis follows on from early stage work done in a pilot study by Pateman et al. (also
discussed in section 1.6.3). Here electrospun PCL fibres were incorporated into PEG conduits
produced by uSL and used to repair a 3 mm mouse nerve injury [170]. Importantly, the packing
density of the fibres were not quantified but merely described as ‘high’ and ‘low’. The axonal
regeneration within the ‘low’ packing density tubes was improved compared to the ‘high’ packing
density, implying that fibre packing density is an important parameter to quantify to understand the
performance of these conduits in vivo. The results were however hugely variable, possibly owing to
the poor conduit design and variation between the conduits within each group. This emphasises the
importance of properly characterising the fibres within the conduit and optimising parameters such
as packing density. With regards to conduit design, the fibres continued all the way to end of the
conduits, leaving no space for insertion of the nerve stumps. This makes surgery more difficult and
means that axons may not be guided into conduit. A design incorporating an empty cuff at each end
of the conduit would result in easier surgery and greater chance of the axons being directed into the
fibrous lumen of the conduit. The conduits also were fabricated from PEGDA which is not a clinically
relevant material. Improvements on the design used in this early study are obviously necessary
along with the use of proper characterisation techniques, both of which will be addressed in this

chapter.
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3.2.4 Conclusions

e Research in 3D printed conduits with physical guidance cues has focussed on multichannel
conduits which have often not been tested in vivo or have demonstrated poor results.

e Examples of 3D printing of conduits with aligned grooves is limited, especially the use of puSL.

e Analysis of fibre-filled conduits prior to in vivo use is essential to understand the effect of
various design parameters such as fibre packing density.

e The design of such fibre-filled conduits should be improved to allow easier implantation and

more reliable use.

3.3 Aims for this chapter

Produce and characterise nerve guidance conduits containing physical guidance cues.

To achieve this, the following objectives were addressed:
1) Produce and characterise grooved PCLMA conduits via puSL
a) Investigate the effect of the inclusion of a light absorber (beta-carotene) on the quality of
the grooved features produced
b) Assess groove size in the NGCs produced
2) Produce and characterise fibre-filled conduits by combining products from pSL and
electrospinning
a) Produce highly aligned electrospun PCL microfibres to a range of diameters
b) Incorporate electrospun fibres into plain conduits produced by microstereolithography and
guantitatively assess the packing density of the fibres within the conduit
c) Develop an easily implantable conduit design by incorporating empty cuffs at either end of
the conduit

3) Produce smooth conduits with no luminal features
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3.4 Materials and Methods

In all the following experiments, PCLMA tubes were fabricated using the uSL apparatus described in
chapter 2. The standard resin used was 2M20 PCLMA prepolymer with 2% photoinitiator. Any other

supplements are described as necessary.

3.4.1 Production of plain conduits

Plain conduits were produced to act as a control during the in vivo testing of the grooved, fibre-filled
and smooth conduits. These were fabricated using uSL as described in section 2.4.6.3. The DMD
image used is displayed in Figure 42A. The conduits were designed to have an internal diameter of
850-950 um and a wall thickness of 250-300 um and these dimensions would be replicated by the

different types of conduits produced hereafter.

During pSL fabrication, the PCLMA resin was heated to 70°C and the image was uploaded onto the
DMD. The laser power was set to 23-24 mW and the stage set to descend 6 mm at a speed of

0.015 mms™. This produced 6 mm tubes that could be laser-cut to shorter lengths (see section
3.4.9). This was to remove the end of the tubes that were often of a lower quality or had different
dimensions to the rest of the tube. After fabrication, structures were washed and stored in IPA until

use.

3.4.2 Production of conduits with aligned grooves

Conduits containing aligned grooves running longitudinally along the lumen were produced by pSL

to study of the effect of aligned grooves on peripheral nerve regeneration in vivo.

Grooved conduits were produced using USL as described for the plain conduits, using the same
fabrication parameters and the DMD image in Figure 42B. Tubes were produced using the standard
PCLMA resin with no additives and also PCLMA resin containing 0.075% beta-carotene as a
photoabsorber. This was to demonstrate the effect of beta-carotene on the x-y resolution of the
grooves. Plain tubes were also produced (using the DMD image in Figure 42A) with beta-carotene-

containing PCLMA resin.

When using standard PCLMA resin the stage speed was set to 0.015 mms?, but for resin containing

beta-carotene the stage speed was reduced to 0.010 mms™. This was due to the light absorbing
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effects of the beta-carotene causing in the resin to cure more slowly so a slower stage speed was
necessary to increase the curing time. After fabrication, structures were washed and stored in IPA

until use. 6 mm tubes were produced and cut to a shorter length before use (section 3.4.9).

A B

Figure 42. DMD Images used to produce plain tubes (A) and grooved tubes (B). The images were designed
for the tubes to have an internal diameter of 850-950 um and a wall thickness of 250-300 um. The
grooved tubes were designed to have an equal strut and groove size of around 80 um.

3.4.3 Electrospinning for the production of aligned PCL fibres

Aligned PCL microfibres were produced by electrospinning. These would be combined with tubes
produced by uSL to produce fibre-filled conduits to investigate the influence of aligned microfibres

on peripheral nerve regeneration.

3.4.3.1 Preparation of PCL solutions for electrospinning

PCL, M, 80 000 Da (Sigma-Aldrich) was dissolved in DCM to produce polymer solutions for
electrospinning. 10-20 wt% solutions of PCL in DCM were produced by adding the polymer and

solvent to a glass vial and placing in a 37°C water bath overnight to insure dissolution of the PCL.

3.4.3.2 Electrospinning of aligned fibres

The PCL solutions were electrospun as described previously by Daud et al. [153] and shown in Figure
43. A syringe was filled with polymer solution, capped with a blunt 20 G hypodermic needle, and
placed in the syringe pump (WPI EU). A high voltage supply (Genvolt) was connected to the needle
and used to ground the collector. The collector was a rotating mandrel powered by a motor (IKA
Works) (mandrel diameter: 60 mm, rotation speed: 2200 rpm). The polymer solution was dispensed
at a controlled rate (1-15 ml/hr) from the syringe, across the high voltage gap and fibres were

deposited on aluminium foil wrapped around the rotating mandrel. For each combination of
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parameters (polymer concentration and flow rate) the voltage was chosen so that a stable polymer
jet was visible from the needle to collector (typical voltage 5-20 kV). The duration of electrospinning
was varied (9-1440 seconds), depending on the fibre density required in the fibre sheet. The foil was

then removed from the collector with the fibres attached. For all conditions, the needle-to-collector

distance was 20 cm.

Figure 43. The electrospinning set-up consisting of a syringe pump (a) holding a syringe (b) capped with a
blunt 20G needle which is connected to a high voltage supply (c). The rotating mandrel (d) is powered by a
motor (e) and connected to the ground of the power supply (green wire).

3.4.3.3 Imaging of fibres via scanning electron microscopy

Electrospun PCL fibres were imaged by SEM (Inspect F50, FEl). Squares of aluminium foil, with the
fibres attached, were cut from the electrospun sheets and placed on SEM stubs. Samples were

sputter coated with gold (SC500, Emscope) prior to imaging.

3.4.3.4 Analysis of electrospun fibres

SEM images of electrospun fibres were analysed in ImagelJ to determine the fibre diameter produced
from each combination of electrospinning parameters. For each set of parameters, 3 fibre sheets
were independently electrospun and a 1 cm x 1 cm square section was taken from each, for analysis.
4-5 SEM images (with around 10 individual fibres visible) were taken from different areas on each
square sample. The diameter of every fibre in each image was measured so that an average of 151
fibres per parameter set were analysed - 3 samples per parameter set (N=3) and 50 fibres measured

per sample (n=50).
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3.4.4 Incorporating electrospun fibres into tubes produced by

microstereolithography

Electrospun PCL fibres were incorporated into plain tubes to act as intraluminal guidance cues for
regenerating cells. The tubes and fibres were produced separately by uSL and electrospinning

respectively before being combined into a composite device.

3.4.4.1 Plain tube production

Plain conduits were produced by microstereolithography as in section 3.4.1 and the plain DMD
image shown in Figure 42A or a similar image with a different wall thickness. The standard PCLMA

resin was used, with no photoabsorbers.

3.4.4.2 Inserting electrospun fibres into tubes

The electrospun fibres (section 3.4.3) were incorporated into the lumen of plain tubes using a
careful threading technique. A 1-4 cm width of fibre sheet (still attached to the foil) was cut into a
strip. The fibres at the end of the strip were lifted from the foil and rolled into a fine thread which
was threaded through a plain PCLMA tube. The tube was then slid along the fibres so that the fibres
lifted off the foil and entered the tube. Up to 13 tubes could be threaded onto the same bundle of
fibres (Figure 44A), producing conduits containing the same density of fibres. The fibres were then
cut with a scalpel between each tube to produce conduits with around 3 mm of fibres sticking out of

each end (Figure 44B).

3.4.4.3 Cutting the ends of the fibre-filled tubes

To achieve a clean cut of fibres at the end of the tubes, the fibre-filled tubes were cut using a
cryostat. The tubes were embedded upright in optical cutting temperature (OCT) gel and frozen with
liquid nitrogen. The sample was mounted on the cryostat and 100 um slices were taken until the end
of the tube was clearly visible. The sample was flipped and the second end cut in the same fashion.
The number of 100 um sections taken from each end of the tube determined the final length of
tube. The OCT gel was subsequently removed by washing the tubes overnight in distilled water. The

cut, fibre-filled tubes were then stored in IPA until use.

Other methods of achieving a clean cut of the fibre ends were trialled for comparison to cutting on

the cryostat. The ends of fibre-filled tubes were cut using a scalpel under different conditions: at

room temperature and after freezing in liquid nitrogen. These methods proved less successful than
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cutting using the cryostat (see section 3.5.4.2) so the cryostat method was selected and used from

this point onwards.

Un-rolled PCL Conduits  Fibre bundle rolled
fibre bundle into a thread

Figure 44. Threading electrospun PCL fibres into PCLMA tubes. A: 13 conduits threaded onto a single
bundle of electrospun fibres and a magnified portion of A showing the conduits on the fibre bundle. B:
individual fibre-filled conduits cut from the single thread.

3.4.5 Analysis of the packing density of the fibre-filled conduits by gas

displacement pycnometry

To allow the production of fibre-filled conduits with specific and controllable fibre packing density,
gas displacement pycnometry was used to measure the volume of the electrospun fibre bundles
used to thread the tubes. Using the volume of the fibre bundle and the volume of the tube lumen it

was possible to calculate the percentage volume of the conduit lumen occupied by fibres.

Electrospinning was carried out using a determined parameter set for the production specific
diameter PCL fibres. Electrospinning duration was varied to produce electrospun sheets of varying
densities. Fibres were removed from the aluminium foil and formed into bundles as if threading into
tubes. 1 cm lengths of the fibre bundle were cut and measured using a gas pycnometer (AccuPyc Il
1340, Micrometrics) (fill pressure:19.5 psi, equilibrium rate: 0.005 psi/min, number of cycles: 20).
For each group, 3 fibre bundles were measured (1 sample each from 3 independently produced

electrospun sheets) to calculate the average volume of the fibre bundles (N=3, n=1).
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Optical micrographs were used to measure the internal diameter of the pSL tubes (see section
3.4.11) and calculate the luminal area. This was multiplied by a 1 cm tube length (matching the 1 cm
fibre bundle) to calculate the luminal volume. 5 independently fabricated tubes were measured to
obtain the average luminal volume. The fibre packing density (percentage fill of conduit lumen)
could be calculated using the measured volume of the fibre bundle and the measured luminal

volume (Equation 6).

Average volume of 1 cm fibre bundle (Measured from He Pycnometry)

Packing density = x 100 (%)

Average volume of 1 cm tube lumen (Measured from microscopy images)

Equation 6. Calculation of fibre packing density of fibre-filled conduits. The result is the percentage fill of
the conduit lumen, occupied by electrospun fibres.

3.4.6 Analysis of fibre-filled conduits via micro-computed tomography

Fibre-filled conduits were imaged using micro-computed tomography (micro-CT) using a SkyScan
1272 (Bruker) to visualise the fibres within the conduits. Scanning parameters were as follows.
Source voltage: 40-50 kV, source current 200-250 pA, rotational step: 0.7°, sample rotation: 180,
filter: none, pixel size: 3-4 um. Scans were reconstructed using Nrecon (Bruker) to obtain either
transverse or longitudinal slices of the sample. Images from the micro-CT reconstructions were used
to demonstrate the possibility of measuring packing density using micro-CT and to compare with the
pycnometry data. Reconstructed transverse images were processed into binary images via
thresholding in Imagel. The threshold value was chosen so that the fibres in the image were
converted to black pixels and the empty luminal space was represented by white pixels. The area
occupied by the fibres could then be easily calculated from these images by calculating the

percentage of black pixels.

3.4.7 Production of fibre-filled tubes for in vivo use

3.4.7.1 Modular conduit design: thin-wall tube with cuffs

When designing the fibre-filled conduits, to allow for easier implantation in vivo it was desired to
produce fibre-filled tubes with empty cuffs at either end. This was to allow the insertion and fixation

of the proximal and distal nerve stumps during the nerve repair.

When threading electrospun fibres into tubes and cutting with the cryostat (described in section

3.4.4) it was only possible to create fibre-filled tubes in which the fibres were continuous to each

end of the tube. To produce the empty cuff, the fibre-filled conduits were produced in three-part
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modular design described in Figure 45. Thin-wall tubes were produced to house the fibres produced
by electrospinning and the ends were cut on the cryostat. 3D cuffs were then produced to fit over

the ends of the fibre-filled tubes.

3.4.7.2 Microstereolithography of thin-wall tubes and 3D cuffs

Thin-wall tubes were produced using USL as described for the plain conduits (section 3.4.1), using
the DMD image in Figure 45(i). These tubes were designed to have an internal diameter to match
the plain conduits in section 3.4.1 but half the wall thickness. Tubes 5 mm in length were produced

which were later cut to 3 mm after filling with fibres.

The 3D cuffs were produced by USL, using the technique for production of 3D structures (section
2.4.6.4) by changing the DMD image displayed as the z-stage descended into the polymer. 2
separate DMD images were necessary (Figure 45 (ii) and (iii)). The DMD image (ii) was designed to
produce the 1.5 mm long sleeve to fit over the thin-wall tube. The DMD image (iii) was designed to
produce the 1 mm long empty cuff with a wall thickness equal to that of the inner tube plus the
sleeve. This design meant that the assembled conduit was to have the same internal diameter and
wall thickness as the plain tubes used as a control (internal diameter: 850-950 um and wall

thickness: 250-300 um).

Both the thin-wall tubes and the 3D cuffs were produced using standard PCLMA resin with no
photoabsorber. Microstereolithography parameters were as follows. Laser power: 25 mW, stage
speed: 0.015 mms™, resin temperature: 70°C. After fabrication, structures were washed and stored

in IPA until use.

126



3.4.7.3 Assembly of tube and cuffs

Thin-wall tubes were filled with fibres and cut to 3 mm length on the cryostat (as described in
section 3.4.4) leaving a clean cut with fibres extending to the end of the tube. These were then
assembled with the 3D cuffs as follows. The fibre-filled tubes and the 3D cuffs were removed from
the IPA and left to dry. The outside of each tube was individually painted with a small amount of
PCLMA resin and a 3D cuff was slotted over each end (Figure 45). The assembled construct was
exposed to UV irradiation using a high power UV lamp (OmniCure S1000, Exfo) for 1 minute at full
power. The construct was flipped over and exposed for a further 1 minute at full power. This UV

exposure cured the PCLMA resin which acted as a ‘glue’ to secure the cuffs in place.

Inner tube
: | T@ 1
@ il with Fibre-filled tube
uSL fibres with empty cuffs
O — f — 3mm at both ends
\
DMD Image L - |
Assemble
tube with
3D Cuff CUffs
(ii)

1.5 mm
(iii) /
L | 1 mm
o Conduit cut open
to view internal
Cuff cut open to structures
view internal
DMD Images structures

Figure 45. The design and assembly process for the fibre-filled tubes with empty cuffs. The inner tube was
filled with fibres and the 3D cuffs were slotted over each end. On the left are the DMD images used to
produce the thin-wall inner tube (i) and the 2 sections of the 3D cuff (ii: the sleeve to slot over the inner
tube; iii: the empty cuff of the assembled tube).
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3.4.8 Production of smooth tubes via injection moulding

PCLMA NGCs were produced with completely smooth luminal and outer surfaces, without the
inherent microgrooves present from the use of the DMD in pSL. This was to assess whether the

inherent microgrooves present on the pSL tubes had an effect on peripheral nerve regeneration.

The smooth conduits were produced by injection moulding with the mould described in Figure 46.
PCLMA resin was pipetted into a void between a silicone tube (forming the outer diameter of the
conduit) and a hypodermic needle (forming the lumen of the conduit). The shaft of the hypodermic
needle was then held in place in the centre of the silicone tube with two P1000 pipette tips as
shown. The filled mould was placed under a UV lamp (OmniCure $1000, Exfo) for 1 minute at 30%
power followed by 3 minutes at full power. The construct was flipped and exposed for a further 4

minutes at full power to ensure even curing of both sides.

A 20 G needle was used (outer diameter: 0.9 mm) and the silicone tube had an internal diameter of
1.5 mm. This was to result in a PCLMA tube with internal diameter of around 900 um and a wall
thickness of around 300 um. Long tubes (~¥25 mm) were produced which were laser cut into multiple

shorter tubes prior to use (section 3.4.9).

20 G Hypodermic needle Void for polymer injection
Silicone tube

l

Hypodermic needle tip

P1000 pipette tips (cut)

Figure 46. The mould construction used for production of smooth PCLMA tubes via injection moulding.
A 20 G hypodermic needle was held in place inside a silicone tube by two P1000 pipette tips. The void
between was filled with PCLMA resin which was cured using a high power UV lamp.
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3.4.9 Laser-cutting of conduits

All conduits types (plain, grooved, fibre-filled with cuffs and smooth) were laser-cut to 4.5 mm in
length before using in vivo. This was to ensure that all conduits were the same length before using in
experiments and to remove the ends of the conduits which were often of a lower quality than the
middle portion of the tube. Conduits were removed from IPA and left to dry before cutting. The laser
cutter (Mini 18 Laser, Epilog Laser) was used at 30% speed, 10% power and 2500 Hz frequency. 3
passes of the laser were required to cut through the tubes. After cutting, conduits were washed and

stored in IPA until use.

3.4.10 Imaging of conduits via scanning electron microscopy

To observe the overall quality of the 3D printed constructs and the fibre-filled conduits, samples
were sputter coated with gold and imaged via SEM as in section 3.4.3.3 for the electrospun fibre

samples.

3.4.11 Optical microscopy for measurement of tube dimensions

Optical microscopy images were used to obtain accurate measurements of the internal diameter
and wall thickness of the conduits. Tubes were laser-cut to remove the ends that were often of a
slightly different dimension to the middle portion of the tube. The conduits were then placed
upright on a microscope calibration slide and imaged with a bottom-up microscope (Motic AE2000)
equipped with a digital camera (Moticam 2, Motic). For each conduit type, at least 5 different
conduits were imaged (1 image of each end obtained) (N=5). Analysis was performed with Imagel.
For each image, 4 internal diameter measurements were taken and 8 wall thickness measurements
(Figure 47A) to obtain average values. For the grooved tubes, measurements were taken from the

base of the grooves (Figure 47B).

From the same images of the grooved tubes, measurements were made to determine the size of the
grooves. Three different distances were measured: strut width, groove width and peak-to-peak
width (described in Figure 47C). 6-8 measurements for each groove parameter were taken from 5

grooved tube images and averaged to calculate mean values (N=5, n=6-8).
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Figure 47. Optical microscopy images of plain and grooved tubes showing the measurements made in red.
Internal diameter and wall thickness measurements from plain (A) and grooved (B) tubes (Scale divisions:
100 um). C: The three different groove measurements made from the grooved tubes (Scale bar: 200 um).

3.4.12 Cryosectioning of conduits

To further investigate the quality of the conduits, some were sectioned to visualise the internal
features not visible from imaging whole conduits. Conduits were embedded in OCT gel and frozen
using liquid nitrogen. Using a cryostat, 100 um sections were obtained and mounted on a slide to
image with optical microscopy. Grooved conduits were sectioned to analyse groove quality down
the length of the tube to obtain further information than just visualising the grooves at the top
opening. Thin-wall tubes assembled with cuffs were sectioned to determine the fit between the
inner tube and the cuffs and ensure there was no empty space. The overall wall thickness of the

tube and cuff was measured to ensure it was similar to the plain conduits.
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3.4.13 Statistical analysis

Statistical analysis was performed with GraphPad Prism. Normality of the data was tested using
Shapiro-Wilk normality test. To test for significant differences between groups, normally distributed
data was tested with one-way ANOVA followed by Tukey’s multiple comparison tests and for non-
normally distributed data, Kruskal-Wallis test was performed followed by Dunn’s multiple
comparison tests. P<0.05 was used to determine a significant difference. All data is presented as

mean+SD.
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3.5 Results

3.5.1 Plain conduits produced by microstereolithography

Plain PCLMA conduits were produced via uSL and were representative of those in Figure 28. They
possessed the characteristics described in section 2.5.3.1 i.e. the inherent microgrooves present
from the use of the DMD. The tube dimensions were as follows. Internal diameter: 916+44 um; wall

thickness: 284418 um (N=12).

3.5.2 Grooved conduits produced by microstereolithography

3.5.2.1 Effect of beta-carotene on groove quality

Grooved conduits were also fabricated via uSL. For the tubes fabricated from PCLMA resin
containing no beta-carotene, the grooves were well defined at the top of tube but became over-
cured further down the tube. We can see from the cryostat sections in Figure 48 that further down
the tube, the grooves lost definition and began merging together. The result was an undulating
pattern around the tube lumen with little height difference between the top of the struts and the

bottom of the grooves.

With the addition of beta-carotene, the structure of the grooves was maintained as we look further
down the tube. There was still a slight decrease in groove quality as we move down the tube but the
strut height/groove depth was maintained much more compared to the tube printed with resin
containing no beta-carotene. The struts and grooves were more defined in the tube containing

0.075% beta-carotene compared to the tube with 0.05% beta-carotene.
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Figure 48. Sections of grooved tubes (obtained using a cryostat) showing the appearance of the grooves
down the length of the tubes. Groove quality decreases towards the middle of the tube but improves with
increasing amount of beta-carotene in PCLMA resin. Scale bar: 500 um.

3.5.2.2 SEM imaging of grooved tubes and plain tubes (containing 0.075% beta-carotene)

Grooved and plain tubes were produced by pSL with PCLMA resin containing 0.075% beta-carotene.
Tubes were laser-cut and imaged with SEM (Figure 49). The images provide us with greater detail
and allow us to visualise the grooved structures. From Figure 49A-D we can see that the grooves in
the grooved tubes were well defined and had a consistent structure around the perimeter of the
lumen. The plain tubes (Figure 49E-F) were of a very similar appearance to the plain tubes produced
using PCLMA resin without beta-carotene (Figure 28). The inherent microgroove features from the

DMD were visible in both tube types but more evident in the plain tubes.
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Figure 49. SEM of PCLMA tubes fabricated by uSL using PCLMA resin containing 0.075% beta-carotene.
A-D: Grooved tubes with well-defined grooves, consistent around the perimeter of the lumen.

E, F: Plain tubes with circular lumen and visible microgroove features.
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3.5.2.3 Measurements of grooved and plain tubes from optical microscopy and SEM

The dimensions of the plain and grooved conduits (containing 0.075% beta-carotene) were
measured by optical microscopy. Measurements can be found in Table 7 and an annotated version
of the image in Figure 49D showing the groove dimensions can be found in Figure 50. Internal
diameter and wall thickness measurements were compared between the two conduit types and the
plain conduits made without beta-carotene (section 3.5.1) (one-way ANOVA with Tukey’s multiple
comparisons). The internal diameter (897+8 um) and wall thickness (28312 um) of the plain conduits
(containing beta-carotene) were not significantly different to those of the plain conduits made
without beta-carotene. Comparing the two conduit types containing beta-carotene: the grooved
conduits had a slightly reduced internal diameter (833+15 um) compared to the plain conduits
(significant difference, P=0.02). They also had a slightly increased wall thickness (304411 pum)
compared to the plain conduits (not significant). The decreased internal diameter and increased wall
thickness was due to the merging of the groove features at the base of the struts. This also resulted

in a rounded V-shape groove as opposed to the square groove designed in the DMD image.

The inherent microgrooves present on the surface of the conduits were also measured from SEM
images of the plain tubes. The microgroove (peak-to-peak) width was 3946 um and strut width was
1241 pum. These measurements were not significantly different to the measurements of the
microgrooves on the plain tubes (without beta-carotene) presented in section 2.5.3.1 (one-way

ANOVA with Tukey’s multiple comparisons).

Table 7. Measurements of Grooved and Plain tube dimensions from optical microscopy images.
N=5 for internal diameter and wall thickness measurements. N=5, n=6-8 for groove measurements.

Beta-carotene-containing conduits
Measurements (meantSD) Grooved Conduit Plain Conduit
Internal Diameter 833115 ym 89718 um
Wall thickness 304£11 ym 28312 ym
Groove width 48410 pm -
Strut width 83+10 ym -
Peak-to-peak width 143+14 ym -
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Figure 50. Annotated image of a grooved tube showing the average groove width (48 um), strut width
(83 um) and peak-to-peak width (143 um).

3.5.3 SEM analysis of PCL fibres produced by electrospinning

Electrospun PCL fibres were fabricated under a variety of different electrospinning conditions and
imaged via SEM (Figure 52). All fibres displayed a high degree of alignment. Polymer concentration
and flow rate were varied to determine the effect of these conditions on fibre diameter. Table 8 and
Figure 51 outline the different electrospinning conditions investigated and the resulting fibre
diameters, measured from SEM images (Figure 52). Fibre diameter steadily increased with increasing
polymer flow rate, with significant differences between almost all groups of fibres fabricated using
different flow rates (P<0.01, Kruskal-Wallis with Dunn’s multiple comparison test). The only
exceptions were groups E and F which were not significantly different (6 vs 9 ml/hr flow rate, 15 wt%
PCL) and group H (11 ml/hr, 15 wt%) which was not significantly different from G (9 ml/hr, 20 wt%)
or | (15 ml/hr, 15 wt%).

Polymer concentration did not have a great effect on fibre diameter. Non-significant differences in
fibre diameter were found all groups pairs with the same flow rate but different polymer
concentration (Avs B, Cvs D, Fvs G and | vs J). However, for flow rates of 9 ml/hr and 15 ml/hr, a
higher polymer concentration resulted in lower variability of fibre diameter, demonstrated by the
smaller standard deviation in the fibres produced with the 20 wt% vs the 15 wt% PCL solution (G vs F

and Jvs ).
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Table 8. The different parameter sets used in the electrospinning of PCL and the fibre diameters produced.

Parameter | Flow rate Polymer Mean fibre Standard
Set (ml/hr) concentration (wt%) | diameter (um) deviation (um)
A 1 10 2.25 1.00
B 1 15 2.60 1.31
C 4 10 5.29 0.66
D 4 15 5.95 0.82
E 6 15 8.21 1.99
F 9 15 9.39 2.86
G 9 20 9.88 1.92
H 11 15 11.38 3.02
I 15 15 14.10 5.34
J 15 20 15.68 3.07
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Figure 51. The effect of flow rate and polymer concentration on the diameter of electrospun PCL fibres.
Values presented as mean+SD (N=3, n=50 average). Concentration of PCL displayed as wt% in DCM
solution. * denotes significant difference between the groups indicated by the colour of the brackets

(P<0.01, Kruskal-Wallis with Dunn’s multiple comparison test).
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Figure 52. SEM images of aligned PCL microfibres fabricating using different parameters.

PCL solution, 1 ml/hr. B: 20% PCL solution, 9 mi/hr. C: 20% PCL solution 15 ml/hr.
Low magnification images (400x) displayed on the left and high magnification images (3000x, 1000x,

A:15%

800x, respectively) displayed on the right.
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3.5.4 Fibre-filled conduits — general observations via SEM and micro-CT
imaging

3.5.4.1 Visualisation of internal fibres with micro-CT

Plain PCLMA tubes (section 3.5.1) were filled with PCL fibres as described in section 3.4.4.2 and
imaged with micro-CT to visualise the packing of the fibres. Figure 53 shows a longitudinal cross-
sectional image obtained from the micro-CT scan. The fibres were visible within the lumen of the

conduit and retained a good level of alignment after the packing process. The fibres were also evenly

spread throughout the conduit lumen.

Figure 53. Longitudinal cross-sectional image of a fibre-filled tube with the aligned PCL microfibres visible
within the lumen. Scan parameters - Source voltage: 50 kV, source current 200 UA, rotational step: 0.7°,
filter: none, pixel size: 4.0 um. Scale bar: 500 um.

3.5.4.2 Visualisation of conduit ends with SEM — comparison of different cutting technigues

Similar PCLMA tubes containing PCL fibres were cut using the cryostat (section 3.4.4.3) and imaged
with SEM. The images in Figure 54 reveal a nice, clean cut from the cryostat with all the individual
fibre ends distinctly visible. The conduit displayed here has an arbitrary ‘high’ packing density of PCL

fibres.
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Figure 54. SEM images of PCL tubes containing aligned PCL microfibres, cut on the cryostat. A: Tube end
with clean-cut fibres. B: Close up image of cut fibre ends.
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Fibre-filled conduits were cut on the cryostat (as above) as cutting with a scalpel disrupted the ends
of the fibres and often caused the fibres to clump together. Other cutting methods were trialled,
however these were not successful in achieving a clean cut of the fibres at the ends of the tubes. For
comparison, SEM images of fibre-filled conduits cut by these alternative methods can be found in
Figure 55. Figure 55A shows a fibre-filled conduit cut with a scalpel (at room temperature). This
compressed the fibres together so that the individual fibre ends were no longer distinguishable.
Fibres were also bunched in the centre of the lumen. Freezing the conduit in liquid nitrogen prior to
cutting with a scalpel achieved improved cuts (Figure 55B), preserving the individual fibre ends but
there was still more disruption compared to cutting with the cryostat. The PCLMA tube also became

brittle at the low temperature of the liquid nitrogen and often cracked on cutting (Figure 55C).

HV [det| WD |mag O|mode] ————— 1 mm
15.00 kV|ETD|13.2 mm| 150x | SE

HV Tdet| WD [mag Ofmode[ ~ ————500ym———  Q HV WD [mag O[mode] ~  ——500pm—— |
2000KkVIETD 11 4mm 200x | SE | J2000kV 160x L SEL |

Figure 55. Fibre-filled conduits cut with a scalpel. A: Conduit cut with a scalpel at room temperature.

B/C: Conduits frozen in liquid nitrogen and cut with a scalpel.
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3.5.5 Analysis of fibre packing density with gas displacement pycnometry

Gas displacement pycnometry was used as a method for assessing the packing density of PCL fibres
within the PCLMA tubes. 2 um diameter PCL fibres were electrospun for varying durations and
formed into bundles. The volume of these bundles was measured with gas displacement
pycnometry. The bundles were then threaded into plain PCLMA tubes to produce conduits
containing three different packing densities of fibres (Figure 56A). Longer electrospinning duration
lead to a greater number of fibres deposited on collector therefore a larger fibre bundle which filled
more of conduit lumen. ‘Low’ packing density conduits were produced with fibres electrospun for 8
minutes which filled around 10% of the conduit lumen. Increasing electrospinning duration to 16
minutes and 24 minutes produced ‘medium’ and ‘high’ packing density conduits with respectively
around 30% and 50% fill of the conduit lumen. All three groups were significantly different (P<0.002,

one-way ANOVA with Tukey’s multiple comparisons).

Using the same techniques, conduits were produced with different diameter fibres but filled to a
similar ‘low’ packing density (Figure 56B). 2 um, 9 um and 16 um fibres were respectively
electrospun for 480 seconds, 22 seconds and 9 seconds to produce fibre bundles which were
analysed with gas displacement pycnometry and threaded into tubes. This produced conduits with
similar packing densities of around 12%. There were no significant differences between any of the

three groups (Kruskal-Wallis test).
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Figure 56. Graphs showing the packing density (percentage fill of the lumen) of PCLMA conduits filled with
electrospun PCL fibres. Values displayed mean+SD (N=3, n=1).

A: Conduits filled with 2 um fibres, to three different of packing densities. * denotes significant difference
(P<0.01, one-way ANOVA with Tukey’s multiple comparison test).

B: Condluuits filled with fibres of three different diameters, all to the same level of packing density. No
significant differences between groups (Kruskal-Wallis test).

Referring to Table 8: the 2 um fibres here were fabricated using parameter set A, 9 um fibres were
fabricated using parameter set F, 16 um fibres were fabricated using parameter set J.
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3.5.6 Analysis of fibre packing density with micro-computed tomography

Micro-CT imaging was trialled as a method of measuring the fibre packing density and compared to
calculations obtained from the pycnometry measurements. A conduit was filled with 10 um fibres
(fabricated using parameter set G, Table 8) to match the ‘low’ packing density as described above.
The 10 um fibres were used due to their lower standard deviation compared to the 9 um fibres
(made using parameter set F) but it should also be noted that the mean fibre diameters of the two

groups were not statistically different.

The fibre-filled conduit was imaged with micro-CT to obtain cross-sectional images (Figure 57A)
which were thresholded (Figure 57B) and analysed to determine the percentage area occupied by
the fibres. Images were analysed at 5 positions down the length of the tube and the mean packing
density was calculated as 10.411.9%. This was non-significantly different from the 11.6% packing

density calculated using pycnometry of the conduits filled with 9 um fibres in Figure 56B (unpaired t-

test).
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Figure 57. Method of calculating fibre packing density from micro-CT images. A: Example cross-sectional
image of a fibre-filled conduit obtained by micro-computed tomography, showing the outer PCLMA tube
and the inner PCL fibres (scan parameters - Source voltage: 40 kV, source current 250 A, rotational step:
0.7°, filter: none, pixel size: 3.75 um). B: The thresholded image produced in MATLAB displaying the fibres
in black and the empty luminal space in white.
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3.5.7 Fibre-filled conduits for in vivo use: modular conduit design

A three-part conduit was designed so that the inner tube could be filled with fibres and then capped
with cuffs to produce empty regions at each end of the conduit. Figure 58 shows SEM images of a
thin-wall tube and 3D cuff used to produce the fibre-filled conduits with this design. The thin-wall
tubes had a well-defined structure with straight walls and an even wall thickness round the
circumference of the lumen. The characteristic microgrooves from the uSL process were also
apparent. The stepped design of the 3D cuff can be seen, with the large internal diameter and thin
wall of the upper section (sleeve), and the reduced internal diameter and increased wall thickness of
the lower section. Figure 58E shows the assembled construct and Figure 58F shows a section of the
assembled construct cut on a cryostat. The internal diameter was 883+11 um (not significantly
different to the plain conduits, section 3.5.1). The inner tube and outer cuff fit together well and
were designed to have a combined wall thickness equal to the plain conduits (284 um). This was

confirmed by cryosectioning to be around 280 um.

Assembled construct

Thin-wall tube

Angled view

Side view

Top view

Cross-section

HV |det| WD |mag 0|mode|spot
15.00 kV/ETD|10.3mm| 120x | SE |3.0

Figure 58. Modular design for the fibre-filled conduits. A-D: SEM images of a thin-wall tube (A, B) and a 3D
cuff (C, D). E-F: Light microscopy images of the assembled construct (E) and a cryostat section of thin-wall
tube with cuff (F), showing the tight fit of the cuff sleeve around the inner tube (scale bars: 500 um).
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Shown in Figure 59 are SEM images of fibre-filled conduits assembled with 3D cuffs. Thin-wall tubes
were threaded with 2 um (Figure 59A-B) or 10 um (Figure 59C-D) fibres. These were assembled with
3D cuffs and laser-cut to 4.5 mm. The images show that fibres reach the end of the inner tube and
the addition of the 3D cuff creates an empty region at the end of the conduit as desired. The
magnified images show the fibres ends in greater detail and it can be seen that the 2 um fibres were
partially melted by the laser beam during laser-cutting. The melted regions formed more of a closed
structure which may pose as a barrier to advancing cells. The 10 um fibres, however, were

undamaged and so should allow the migration of cells and regeneration of axons into the conduit.

HV det WD
15.00 kV|ETD[13.8 mm| 100 x

Figure 59. SEM images of assembled fibre-filled conduits with 2 um fibres (A, B) and 10 um fibres (C, D).
Electrospun fibres were inserted into thin-wall tubes, cut using a cryostat and capped with a 3D cuff. The

assembled product was then laser-cut to 4.5 mm. Magnified images (right) show more detail of the
electrospun fibre ends.
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3.5.8 Smooth conduits produced by injection moulding

Smooth PCLMA conduits were fabricated via an injection moulding technique to replicate the plain
tubes produced by pSL, but without the inherent microgrooves caused by the use of the DMD.
Figure 60 shows SEM images of the resulting tubes with smooth inner and outer surfaces without
any obvious features. The tubes had a good overall appearance, similar to the uSL conduits, with a
circular lumen and straight, parallel sides. Tube dimensions were measured from optical microscopy
images to give an internal diameter of 962+10 um and a wall thickness of 277424 um (not
significantly different to the plain conduits). The internal diameter was slightly larger than the

900 um expected from the size of the 20G needle used in the mould but was consistent across all
samples, with a low standard deviation. The wall thickness was little more uneven round the
circumference of the lumen. This was due to the needle in the mould not always being positioned

perfectly in the centre of the outer silicone tube (see Figure 46).

HV det| WD |mag O|mode]spot T HV det | WD mag O |mode | spot — V101
15.00kV ETD /9.6 mm| 110x | SE | 3.0 15.00 kV ETD /9.9 mm| 300x | SE | 3.0

400 pm ———

 HV [det| WD [mag O[mode|spot| ——
15.00 kV|ETD 11.1 mm| 300x | SE

Figure 60. SEM images of smooth PCLMA conduits produced by injection moulding and curing with a UV
lamp. The inner and outer surfaces lack the microgroove features present on conduits produced by uSL.
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3.5.9 Handling properties of PCLMA tubes

The PCLMA tubes showed a high degree of flexibility as would be expected from the Young's
modulus values of the PCLMA measured in chapter 2. Shown in Figure 61 is a 20 mm PCLMA tube
being bent between fingers. The tubes were able to flex to a high degree before kinking occurred.
On release of pressure the tubes recovered without damage. The tube shown was produced using
the injection moulding technique so that a long tube could be used to more easily demonstrate the
bending properties. Short tubes made by uSL exhibited similar properties and could be flexed

without fracturing.

N | 4 nd
Figure 61. Bending of a PCLMA tube produced by injection moulding. 20 mm long tube held between
fingers (A), bending without kinking (B), kinking upon extreme bending (C) and recovering from
bending/kinking (D).
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3.5.10 Autoclavability of PCLMA conduits

Plain PCLMA conduits (section 3.5.1) were autoclaved to demonstrate a clinically relevant method of
sterilisation. The autoclaved conduits (Figure 62) maintained their physical appearance and suffered

no visible damage from the autoclaving process.

mode HV 1mm mode HV pot
SE [15.00 SE 115.00 kV

o v
mode HV spot| WD |mag O mode HV potf, WD |mag O —O U 111]
SE [15.00kV| 3.0 |111.8 mm| 70x SE [15.00 0 111.5mm

Figure 62. SEM images of autoclaved PCLMA conduits. No visible damage occurred from the autoclaving
process.
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3.6 Discussion

3.6.1 Grooved conduits

Grooved tubes were produced by pSL using both plain PCLMA resin and PCLMA resin containing
0.075% beta-carotene. With the addition of beta-carotene the resolution of the grooved features
was improved, making them more pronounced and continual down the length of the tube. The poor
quality grooves produced when using the plain PCLMLA resin can be explained by the lack of
photoabsorber; rather than just curing the polymer at the surface of the resin, the laser light is able
to penetrate further down into the resin and continue to cure the structure as it is lowered by the
descending z-stage. This effectively increases the exposure time for lower sections of the tube and
causes the lower ‘layers’ to become over-cured and lose definition. The addition of beta-carotene as
a photoabsorber reduces the depth penetration of the laser (as discussed in chapter 2) meaning that
the polymer is only cured at the surface of the resin. Once the cured ‘layer’ descends beneath the
surface of the polymer, the laser light no longer reaches it, leading to reduced exposure times of
each ‘layer’ and less over-curing. The beta-carotene likely also reduces over-curing in the x-y plane
by reducing the spread of light as the laser hits the polymer. This scattering has less of an effect on
resolution in comparison to over-curing due to depth penetration, as the translucent PCLMA resin
results in minimal light scattering. However, if using alternative resins where light scattering cases a
significant limitation on resolution, this could be an important effect to consider and one where the

use of beta-carotene as a photoabsorber may provide a solution.

The grooves on the luminal wall of the conduits were produced with a mean groove width of 48 um,
strut width of 83 um and peak-to-peak width of 143 um. These are very similar dimensions to that of
the conduits produced by Suo et al. using a dry-jet wet spinning method (discussed in section 1.6.5.1
[180]), as well as those produced by Johnson et al. [87]. Suo et al.’s conduits (with a peak-to-peak
width of 183 um and a strut width of 73 um) effectively promoted the alignment of PC12 neurites in
vitro so this shows promise for the beneficial effect of our grooved conduits in the in vivo model that

will be explored in the final chapter.
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3.6.2 Fibre-filled conduits

3.6.2.1 Electrospun fibre diameter

Highly aligned Electrospun fibres were produced to a range of diameters between 2-16 um. The
diameter range investigated was based on work by Daud et al. investigating the optimal fibre
diameter for the guidance of neuronal and Schwann cells [153], discussed in section 1.6.2. In this
work, 8 um fibres were found to be the best for promoting growth and guidance of neurites. Larger
diameters were not investigated so it is possible that the optimum fibre diameter for promoting
neurite outgrowth may be larger than 8 um. In our study, larger diameter fibres were also produced
so this could be investigated. The smaller, 1 um diameter fibres produced by Daud proved better for
promoting Schwann cell adhesion and growth. For this reason, smaller diameter (in this case 2 um)
fibres were also considered as it is not obvious which cell type the fibres should be optimised for and
how the dependence on fibre diameter may change as we move towards more complex in vitro
models and in vivo studies. Work in the following chapter will explore the use of an in vitro DRG
model to assess the effect of different fibre diameters on the growth of Schwann and neuronal cells

in @ more clinically relevant system.

3.6.2.2 Method of assessing packing density

The electrospun fibres were incorporated into tubes produced by uSL. When considering NGCs with
luminal fillers (e.g. electrospun fibres), packing density is an important parameter to measure as
there is plenty of data to suggest that a high volume of material in the conduit lumen can impede
regeneration [126], [165], [166], [269]. Though this seems to be an important parameter, groups
using electrospun fibres or filaments within a NGC have performed limited assessment of the
packing density. Some groups do not assess this parameter at all and only use one type of scaffold
without varying the fill percentage [36], [169]. With the few papers that do state a packing density,
calculations are used to approximate the value based on the dimensions of the tube lumen and the
size/number of the filaments inserted. Koh et al. roughly estimated a 10% packing density from the
use of around 360 nanofibre yarns (each 25 um diameter) inside a 1.5 mm diameter tube [168]. Ngo
et al. similarly calculated packing densities based on the number of PLA microfilaments (40-100 um
diameter) inserted into silicone tubes to produce a range of packing density from 3.75-30% [172].
This technique of assessing packing density gives a rough estimate which may be accurate enough
when using large diameter filaments or fibre bundles. However, when using a large number of small
diameter electrospun fibres as in the present study, this method would not suffice. The difficulty in
counting the number of electrospun fibres used would create too large an error in the end

calculation.
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Here we explored the use of gas displacement pycnometry to effectively assess the packing density
of electrospun fibres in PCLMA tubes. It was possible to directly measure the volume of the fibre
bundles used to fill the tubes and use this to calculate a packing density based on the measured
luminal volume of the tubes. Micro-CT was also trialled as a method for assessing packing density
and was seen to produce comparable results. Being able to quantifiably assess the packing density of
the fibres as well as fibre diameter is critical as it will allow proper characterisation of conduits
before use in vitro and in vivo. This makes it possible to change one parameter while keeping the
other constant, allowing the isolation of each variable to independently assess how each parameter
effects nerve regeneration. In the following chapter, as well as assessing the effect of fibre diameter

with use of an in vitro DRG model, the effect of packing density will also be investigated.

3.6.2.3 Method of cutting conduit ends

Fibre-filled tubes were cut so that the ends of the electrospun fibres were flush with the ends of the
tube. Cutting the conduits with a scalpel resulted in damage to the outer tube and clumping of
fibres. It was thought that these dense areas of fibres could form a barrier to regenerating axons so
evenly spread fibres were preferable. Embedding in OCT gel and cutting with a cryostat allowed the
tube and fibres to supported during the cutting process resulting in undamaged tubes and evenly

distributed fibres across opening of conduit lumen.

3.6.2.4 Conduit design for in vivo use

The fibre-filled NGCs were designed so that there were empty cuffs present at the end of each tube.
This was to allow for easier implantation of the conduits during the repair of a nerve injury as the
empty cuffs provide a place for the proximal and distal nerve stumps to be inserted and secured.
Evangelista et al. recognised this need for empty regions at the conduits ends and design their multi-
lumen PEG conduits to have similar empty cuffs [126]. Most studies in literature which use conduits
containing electrospun fibres do not consider including empty cuffs in the design but directly suture
the nerve endings to the end of the conduits [154], [167], [168]. It is not clear how or if they are able
to avoid disrupting the fibre distribution but this would be difficult in the case of our design with a
low density of small-diameter fibres spread unsupported throughout the conduit lumen. This
disruption of fibres on implantation may explain the low success rates and high variability in the
results of the conduits implanted by Pateman and Harding [170]. The fibres in these conduits
continued to the ends of the tubes and so insertion of the nerve stumps may have caused disruption
of fibre alignment, preventing the successful guidance of the regenerating axons into and along the

conduit.
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Creation of conduits with filled lumens but empty cuffs is not widely explored, possibly due to the
requirement for complex manufacturing methods. However, the use of uSL enabled 3D structures to
be produced which could be secured on the ends of fibre-filled conduits. This created the necessary
empty cuffs which would allow for insertion of the nerve stumps without disrupting the fibres.
Importantly, despite the modular structure of the fibre-filled conduits, they were fabricated to have
the same overall wall thickness as plain conduit controls. The wall thickness of both the thin-wall
inner tube and the 3D cuff were half that of the wall thickness of the plain tubes. Due to the
difficulty in producing very thin structures, thicker walls were originally used in the tube and cuff but
this produced an assembled construct with too great a wall thickness. By carefully balancing the
laser power and stage speed during uSL fabrication, tubes and 3D cuffs with very thin walls could be

produced.

With the end goal of producing a product that could be used commercially, the handling and use of
the conduits by the surgeon needs to be considered. The empty cuffs makes surgical implantation
easier and surgeons would be more accepting of this design as it would be used in a similar fashion

to current commercial NGCs.

3.6.3 Autoclavability of PCLMA conduits

Another important consideration for future commercial use is the ability to sterilise the conduits
with a clinically relevant, FDA approved technique. This was demonstrated with the plain PCLMA
conduits being able to survive sterilisation in the autoclave. The resistance to deformation at high
temperatures is due to the presence of crosslinking in the photocured PCLMA. However, the tubes
were only assessed for damage visually. Mechanical testing before and after autoclaving would be
necessary to determine any detrimental impact on mechanical properties. Fibre-filled conduits
however could not be autoclaved as the PCL used in electrospinning has a low melting point (around
60°C ) and would melt during the autoclave cycle [270]. For this reason, ethanol sterilisation was
used in the work in the following chapters. If the fibre-filled conduits were to be developed for
clinical use, an alternative method of sterilisation such as gamma irradiation or ethylene oxide could
be used, however these are also known to affect the properties of polymer samples. Gamma
irradiation is used on electrospun samples but can lead to changes in hydrophilicity and Young's
modulus, decreased tensile strength, decreased molecular weight and increased degradation rates
[271], [272]. These effects could, however, be used as an advantage and Bosworth et al.

demonstrated that these changes to electrospun PCL fibres did not have a detrimental effect on cell
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response [271]. Ethylene oxide has also been shown to affect mechanical properties, material
wettability and fibre morphology and orientation [273] and can cause PCL fibres to fuse and become

brittle [270]. These effects would need to be considered if pursuing one of these methods.

Ethanol sterilisation has also been shown to affect the mechanical properties of polymer fibre
scaffolds such as an increase in Young’s modulus and/or decrease in tensile strength with PLGA
scaffolds [274]—-[276]. This effect is not always seen however, with Yoganarasimha et al. reporting no
change of either tensile modulus or tensile strength after ethanol sterilisation of PCL fibre scaffolds

[270].

3.7 Conclusions

Plain NGCs were produced as well as conduits with two types of physical guidance cue. Conduits
containing aligned grooves were produced directly by uSL. The incorporation of beta-carotene into
the photocurable PCLMA resin improved the resolution of the structures, allowing the production of
grooves with a size comparable to other NGCs described in literature. Secondly, by combining
products from uSL and electrospinning, conduits were produced containing aligned electrospun
fibres running longitudinally and evenly spaced throughout the lumen. Gas displacement
pycnometry was used to develop a simple method of assessing fibre packing density which is an
important parameter to consider when using these fibre-filled conduits. The design of these
conduits was optimised for surgical implantation by incorporating empty luminal spaces at each end
of the conduit, allowing for insertion of the nerve stumps. Thirdly, using an injection moulding
technique, smooth NGCs were produced which were devoid of any physical guidance cues. This was
to determine if the inherent microgrooves produced from the use of uSL have an effect on nerve

regeneration.
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4. Chapter 4: In Vitro analysis of conduit performance

4.1 Chapter Introduction

This chapter describes the in vitro work that was done prior to in vivo implantation of the conduits
that were described in chapter 3. In vitro work is obviously necessary before progressing to the use
of an in vivo model, however the main focus of this PhD was to assess the regeneration potential of

the NGCs, using the specially developed in vivo model that will be discussed in Chapter 5.

The biocompatibility of the photocured PCLMA was tested as well as the biocompatibility of PCLMA
containing beta-carotene. The biocompatibility of the PCL used in electrospinning was not
investigated as this form of commercial PCL is widely known to be biocompatible. Biocompatibility of
electrospun PCL microfibres for neural applications has been assessed previously in our lab with the
growth of neuronal and Schwann cells [153], [277]. PCL fibre-filled conduits were used here in vitro

to demonstrate the ability of Schwann cells to migrate along the fibres.

Air-plasma treatment was then investigated as a way of increasing the hydrophilicity of the polymer
materials with the aim of promoting better cell attachment and growth. PCLMA and PCL samples

were both treated with air-plasma and assessed for water contact angle.

Finally, fibre-filled conduits were tested in ex vivo cultures with chick dorsal root ganglia. This part of
the chapter refers to work by M. Behbehani which was done concurrently with the work in this study
and used to inform the work in this project. Here chick DRGs were cultured in fibre-filled conduits to
assess:

1. The effect of air-plasma treatment on nerve outgrowth
2. The effect of fibre diameter on nerve outgrowth
3. The effect of fibre packing density on nerve outgrowth

The first two studies were performed solely by M. Behbehani and the third was done in
collaboration. Selected outputs of this work will be briefly presented here as the results are
necessary to justify the choice of NGCs used in the in vivo studies in the following chapter. The work
is presented in full in the thesis of M. Behbehani [278]. This work focussed on the fibre-filled

conduits, and the grooved conduits were not explored for this.
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4.2 Background

4.2.1 Plasma Treatment

In this chapter, the use of plasma treatment is explored to improve the outgrowth of DRG explants
in fibre-filled tubes. Plasma treatment is a technique that is used to alter the chemical properties of
a material surface, most widely the material wettability. When polymers are exposed to plasma, the
polymer surface reacts with the radicals generated by the plasma. This results in chemical
modification of the surface (if simple gasses are used) or grafting of polymer fragments and
functional groups onto the surface (if volatile monomers are used). When oxygen, air and nitrogen
are used, this results in the oxidation of the polymer surface via reaction with oxygen and nitrogen
radicals. This modifies the surface to produce surface functional groups containing oxygen or
nitrogen and these polar groups act to increase the hydrophilicity of a surface [279]. Surface
wettability is important for cell-material interactions as hydrophilic surfaces are generally
preferential for cell attachment [280], [281]. The role of hydrophilicity/hydrophobicity in cell
attachment is complex but it is thought that hydrophilic surfaces allow cell attachment proteins in
serum-containing media to adhere and spread on the surface, which facilitates cell attachment; it
has been shown that hydrophilic surfaces pre-adsorbed with serum support cell greater cell
attachment and spreading compared to hydrophobic samples that have undergone the same

treatment with serum [282].

Since the early 1970s air-plasma treatment has been widely used in the preparation of commercial
TCP (polystyrene) cell culture plates. Early work demonstrated that though hydrophobic polystyrene
did not support cell attachment, plasma treatment could be used to increase the hydrophilicity of
polystyrene plates resulting in improved cell attachment and growth compared to non-treated
plates [283], [284]. Since these early studies involving tissue culture plates, increased hydrophilicity
after plasma treatment has been shown in a huge number of different polymers including PCL, PLA,
PLGA, polycarbonate, polypropylene, polyethylene and poly(methyl methacrylate) [285]-[291].
Hydrophilic surfaces created by plasma treatment have been shown to improve the attachment,
spreading, proliferation and metabolic activity of many cell types, including fibroblasts, osteoblasts,

endothelial cells, smooth muscle cells and marrow stromal cells [282], [290], [292]-[294].
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4.2.2 Assessment of nerve regeneration in vitro — the effect of different fibre

diameter and the importance of 3D culture

As discussed in chapter 3, there are different parameters to consider when designing a fibre-filled

conduit to support peripheral nerve regeneration, namely fibre diameter and fibre packing density.

Daud et al. investigated the effect of fibre diameter on the growth of neuronal and Schwann cells in
vitro. It was found that 8 um fibres were best for supporting growth and guidance of neurites,
however 1 um fibres promoted the best adherence of Schwann cells and supported increased
Schwann cell extension [153]. Schwann cell ‘extension’, however, is not a very relevant factor as it is
the migration of Schwann cells that plays an important role in peripheral nerve regeneration so
migration needs to be compared on the different fibre diameters. As discussed in chapter 1,
Schwann cell migration has been investigated in vitro on microgrooves, with 30 um grooves
supporting more directional migration compared to 60 um grooves [179]. However, the migration of
Schwann cells on electrospun fibres of different diameters fibres is less well studied (especially on

fibres in the low micrometre range) so this will be investigated in this chapter.

Though 2D cell mono-culture is useful for gaining insight into how cells behave and interact with a
material, the behaviour of cells in this type of culture is often not representative of behaviour in
vivo; here cells are missing the physical and chemical cues from the 3D ECM and interactions form
other cell types [295] (co-cultures are widely used but this is still not enough to represent the many
cell types present in vivo). It is therefore desirable to use more complex methods to assess cell
interaction in more physiologically relevant settings. Commonly used in peripheral nervous system
research is the ex vivo culture of dorsal root ganglion explants. DRGs can be harvested from an
animal (often rat or chick) and cultured in vitro with different biomaterials [143], [154], [159]. The
DRG contains sensory, neuronal cell bodies as well as satellite glial cells, Schwann cells and
fibroblasts together within a collagen ECM [296], [297]. This native, 3D structure of the DRG can be
maintained in vitro which allows neurons and Schwann cells to be studied together in a

physiologically relevant co-culture in a model representative of their arrangement in vivo.

DRGs are often grown in vitro on 2D mats of electrospun fibres (as discussed in section 1.6.2) and it
is possible to measure Schwann cell migration and neurite outgrowth from the DRG as well as
investigate the interactions between the two cell types. As well as introducing a 3D element to the
culture by the use of DRG explants, 3D scaffolds can be used to provide a 3D platform for the

outgrowth of cells from the DRG. Cell behaviour in 3D culture better resembles in vivo growth due to
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the more accurate representation of cell microenvironment [298]. The combination of 3D DRG
explants and 3D scaffolds will allow the creation of an in vitro model that more closely mimics the
growth of a regenerating nerve through a NGC in situ and therefore be more predictive of NGC

performance.

Work at the University of Sheffield by Behbehani et al. has been carried out, developing such a 3D in
vitro model to assess DRG outgrowth through fibre-filled conduits [299]. Conduits were produced by
USL and filled with fibres produced by electrospinning. Rat DRGs were then harvested and placed
onto fibre-filled conduits, standing upright, in cell culture media. After 21 days, the fibres were
removed and imaged to reveal that Schwann cells and axons had migrated out from the DRG, along
the fibres. This in vitro model was developed as a platform for testing different intraluminal fibre
scaffolds and since then, has been developed into a model using chick DRGs. This chick DRG model
was used in the current study to assess different parameters of PCL fibres prior to in vivo

implantation.

Other work has been carried out with DRGs cultured in fibre filled conduits. Wen et al, investigated
the effect of fibre diameter on the outgrowth of rat DRG explants, through tubes filled with
polypropylene filaments [300]. The work investigated a wide range of fibre diameters ranging from

5 um to 500 um. Neurite alignment increased with decreasing fibre diameter (assessed qualitatively)
and the 5 um and 30 um fibres supported significantly greater outgrowth of Schwann cells and
neurites compared to the 200 um and 500 um fibres. The results of this work suggest that smaller
diameter fibres (in the order of 5-30 um) are beneficial but a range of small diameter fibres were not
tested. It is necessary to determine how smaller changes in fibre diameter within this sub-30 um

range affects outgrowth and this will be investigated in this chapter.

4.2.3 Effect of fibre packing density

In contrast to fibre diameter, the effect of fibre packing density is something that has not been
widely studied. As far as the author is aware there have been no studies previously reported that

explore in vitro nerve regeneration through conduits with various packing density of fibres.

There has been a small amount of in vivo work on the subject of packing density but this focuses on
large diameter filaments. Ngo et al. produced NGCs containing PLA filaments; varying numbers of
filaments (40-100 um in diameter) were inserted into silicone tubes to produce conduits with

packing densities ranging from 3.75 % (16-24 filaments) to 30 % (128-160 filaments) [172]. These
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conduits were used to repair 1 cm rat sciatic nerve gaps and histologically observed after a 10-week
recovery. In conduits with 30% packing density there were the same number of myelinated axons
present at the distal end compared to the empty conduit controls. With lower packing densities, the
number of myelinated axons in the distal stump was seen to increase. Significantly more myelinated
axons were present in repairs with conduits packed to 3.75% compared to the 30% conduit and the
empty control. Conduits were tested in larger gaps (1.4-1.8 cm) with 7.5% packing density as these
conduits had a more even distribution of filaments throughout the lumen and positive results were

seen in comparison to the controls.

As discussed in the previous chapter, most other studies do not vary packing density, such as Koh et
al. who inserted PLGA nanofiber yarns into conduits at roughly 10% packing density [168]. Benefits
from the inclusion of the yarns were noted in terms of increased sensory recovery compared to
empty conduits (see section 1.6.3). Matsumoto et al. also saw some positive results with conduits
filled to a low packing density [36]. Here, conduits (4 mm internal diameter) containing 80 collagen
filaments (50 um diameter) supported common fibular nerve regeneration in beagle dogs (see
section 1.6.4). By calculation from the device description, the conduit appears to have been filled to

a 1.25% packing density.

From these studies, though no strong conclusions can be drawn, the common theme seems to be
that low packing densities of 210% are mostly used or accepted as beneficial. However, as these
studies have been carried out with large diameter filaments or yarns, the packing density values may
not be directly relatable to packing density with electrospun fibres. When large filaments are used,
the gaps between the filaments are correspondingly large. This may not be analogous to the
percentage fill using small diameter electrospun microfibres inter-spaced with smaller gaps. It
follows that a range of packing density of electrospun fibres should still be considered and will be

explored in this chapter.

4.2.4 Conclusions from literature

e Plasma treatment can increase the hydrophilicity of polymer materials and improve cell
attachment

e Thereisaneed for physiologically relevant models to test the performance of fibre-filled NGCs

e Limited work had been carried out testing the effect of fibre diameter and fibre packing

density so these need to be optimised before progression to an in vivo model.
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4.3 Aims for this chapter

Determine the biocompatibility of the NGC material and the optimum parameters for fibre-filled
scaffolds via in vitro testing. To achieve this, the following objectives were addressed:
1) Assess the biocompatibility of the materials used in NGC production (PCLMA and PCLMA
containing beta-carotene)
2) Assess the ability of Schwann cells to migrate through fibre-filled conduits in vitro
3) Assess the effect of air-plasma treatment on the hydrophilicity of PCL and PCLMA
4) Assess the effect of plasma treatment, fibre diameter and fibre packing density on DRG

outgrowth through fibre-filled conduits
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4.4 Materials and Methods

4.4.1 General cell culture

All reagents used in cell culture were purchased from Sigma-Aldrich unless otherwise stated. TCP
culture plates were purchased from Starlab and T75 flasks purchased from VWR. For all

centrifugation steps, centrifuge rotor radius (rmax)=125 mm.

4.41.1 Media preparation and culture conditions

All cells were maintained and used in experiments with serum-containing cell culture media. This
consisted of Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 10% foetal calf serum
(FCS), 1% L-glutamine, 1% penicillin/streptomycin, and 0.25% amphotericin B. Cells were cultured in
T75 flasks with 10-12 ml media at 37°C in a humidified atmosphere with 5% CO,. On reaching 80-
90% confluency, cells were passaged as described below and either reseeded at a lower density in

T75 flasks or used in an experiment. Media was warmed in a 37°C water bath before use.

4.4.1.2 Freezing

Cells were frozen and stored in liquid nitrogen for long term storage. Cells in culture were
trypsinised, centrifuged and resuspended in freezing solution: 10% dimethyl sulfoxide (DMSO, Alfa
Aesar) in FCS. Cell suspension was aliquoted into 1 ml cryovials and placed in freezing containers
(CoolCell®, Biocision) in a -80°C freezer. The containers ensure a standardised, controlled rate of

temperature change of -1°C/minute. After 24 hours the cryovials were transferred to liquid nitrogen.

4.4.1.3 Defrosting

Required cells were removed from liquid nitrogen and defrosted by placing the cryovial in a 37°C
water bath. To minimise cell death, as soon as the suspension was defrosted, the contents of the vial
were transferred to a T75 flask with 12 ml of media. The flask was placed in an incubator and the

media was changed after the first 24 hours to remove any residual DMSO.

4.41.4 RN22 cell culture and passage

RN22 cells (European Collection of Authenticated Cell Cultures) are a cancerous cell line derived
from rat Schwann cells. RN22 cells were maintained in culture using the media described above and
passaged as follows. Media was removed from the T75 flask and one wash with phosphate buffered
saline solution (PBS) was performed. 5 ml trypsin-EDTA solution was added and the flask was

incubated for up to 5 minutes. Cell detachment was confirmed by observation with light microscopy
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and the trypsin was inhibited by adding 10 ml of media. The contents of the flask were centrifuged
at 1000 rpm for 5 minutes. The supernatant was discarded and the cell pellet was resuspended in
3-6 ml of media. If using in an experiment, cell counting was performed using a haemocytometer

and a suspension with the required number of cells was made up with fresh media.

4.41.5 Schwann cell culture and passage

Primary Schwann cells were obtained from rat sciatic nerve using methods described previously
[301] and provided to the author by C.Taylor. Schwann cells were passaged as above for RN22 cells
but using 2.5 ml trypsin in a T75 flask and an incubation time of 6-7 minutes. To avoid long times in
trypsin, towards the end of the 6-7 minutes the bottom of the T75 flasks were tapped to ensure cell
detachment. Upon detachment, 10 ml of media was added to the flask and contents were
centrifuged at 1700 rpm for 6 minutes. The supernatant was removed and the cell pellet was
resuspended in 1-3 ml of media. If using in an experiment, cell counting was performed using a
haemocytometer and a suspension with the required number of cells was made up with fresh

media. Schwann cells were used in experiments at a passage number of 6-8.

4.4.2 Biocompatibility testing of NGC materials

PCL is widely used in tissue engineering and regarded as a biocompatible polymer. Since the PCLMA
used for the production of NGCs in this study is a chemically modified version of PCL, it was
necessary to test this material to ensure its biocompatibility. The biocompatibility of beta-carotene-
containing PCLMA was also tested to ensure the addition of beta-carotene into the resin did not
have any adverse effects on cell growth. The PCLMA resins used in this chapter were made using
2M20 PCLMA with 2% photoinitiator and any beta-carotene content as described. Preparation of
photocurable resins is described in section 2.4.2. All experiments were performed in triplicate (n=3)

and repeated up to 3 times (N=3).

4.4.2.1 MTT assays

The MTT assay was used to measure the metabolic activity of cells grown on various polymer
samples to give an indication of cell viability and material biocompatibility. MTT solution (0.5 mg/ml
MTT powder in PBS) was made up and filter sterilised before use. Acidified isopropanol was made up
with 125 pl of 10 M hydrochloric acid in 100 ml IPA. Media was removed from the cell culture
samples which were then washed once with PBS. 1-2.5 ml of MTT solution was added to each well
(12-well plate) and samples incubated for 1-hour at 37°C. The MTT solution was removed and 350 pl

acidified isopropanol was added to each well to lyse the cells and elute the stain. 2x 100 pl samples
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of the IPA were then taken from each well and pipetted into wells of a 96-well plate. Plates were
read on an absorbance plate reader (Bio-TEek ELx 800) with absorbance measured at 540 nm

(reference 630 nm).

4.4.2.2 Biocompatibility testing of PCLMA

The biocompatibility of cured PCLMA was tested using flat PCLMA substrates produced by spin
coating and compared to glass and TCP controls. Glass coverslips (22 mm diameter) were treated
with Piranha solution (3:1 sulphuric acid:hydrogen peroxide, 60 minutes) followed by a treatment
with 3-(Trimethoxysilyl)propyl methacrylate (MAPTMS) solution (10% MAPTMS in toluene, 24
hours). This treatment functionalises the glass surface and allows polymer films to bind to the glass

during photocuring.

150 pl of PCLMA resin was dispensed onto the centre of a MAPTMS-functionalised glass coverslip
which was placed on a spin coater (Laurell Technologies Corporation). The sample was spun at
3000 rpm for 30 seconds to evenly coat the coverslip and then cured under the UV lamp at 100%
power for 100 seconds. The coated coverslips were then washed in IPA for 1 week prior to cell

culture, changing the IPA at least twice in this time.

PCLMA-coated coverslips and plain glass coverslips were placed in 12-well plates, sterilised with 70%
ethanol for two hours and washed 3 times with PBS. Confluent RN22 cells were trypsinised and
seeded onto the coverslips as well as empty TCP wells. 25,000 cells in 3 ml media were added to
each well and cultured at standard conditions. Cultures were maintained for either 24 or 72 hours
(day 1 and day 3) when an MTT assay was performed as described above. 1 ml of MTT solution was

added to the wells for a 1-hour incubation at 37°C.
This experiment was repeated with Schwann cells, also seeding 25,000 cells/well in 12-well plates
but performing the two MTT assay timepoints at day 2 and day 5 to allow a greater time for the

proliferation of the slower-growing Schwann cells.

4.4.2.3 Biocompatibility testing of beta-carotene-containing PCLMA

PCLMA resin containing beta-carotene was cured into discs and tested for biocompatibility against
plain PCLMA discs containing no beta-carotene. PCLMA resins were prepared with 0% and 0.05%
beta-carotene. Polymer discs (12 mm diameter, 2 mm thickness) were cured in PDMS wells. Resin

was dispensed into the mould, a glass slide was placed on top to ensure a flat upper surface. The
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polymer was then cured under a UV lamp at 30% power for 1 minute followed by 100% power for 4
minutes. The samples were flipped and cured for a further 5 minutes at 100% power. The polymer
discs were washed for one week in IPA prior to cell culture, changing the IPA at least twice in this

time.

The PCLMA discs were placed into 12-well plates, sterilised for two hours in 70% ethanol followed by
3 washes with PBS. Confluent RN22 cells were trypsinised and seeded into the wells at 48,000 cells
per well in 3 ml media. At 24 hours, all discs were moved to new wells with fresh media so that only
the cells attached to the discs were studied and cells attached to the TCP were left behind. Cultures
were maintained for either 24 or 72 hours from the time of seeding (day 1 and day 3) when an MTT
assay was performed as described above. 2.5 ml of MTT solution was added to the wells for a 1-hour

incubation at 37°C.

4.4.3 Schwann cell migration study in fibre-filled conduits

Cells were seeded on fibres protruding from the end of fibre-filled conduits to investigate whether
cells could migrate along the fibres into the tubes. After a period of culture it could be assessed
whether cells proliferated and migrated along the fibres into the tubes or remained only on the end
of the fibres at the location of seeding. A preliminary experiment was carried out with RN22 cells

followed by an experiment with Schwann cells.

4.4.3.1 Scaffold preparation

Fibre-filled conduits were produced as described in section 3.4.4.2. PCL fibres were inserted into

5 mm long PCLMA tubes and cut with a scalpel to leave 3 mm of fibres sticking out one end and

1 mm of fibres sticking out the other — this was so each end could be easily identified. Conduits were
sterilised in 70% ethanol for two hours and washed 3 times in PBS. Conduits were then placed in
sterile media and put under vacuum. This removed the air from the scaffolds which caused them to
sink (making them easier to use in cell culture) and ensured maximal contact of media with the

conduit and internal fibres. Scaffolds were stored in media for 24 hours prior to cell seeding.

4.4.3.2 Cell seeding

To achieve isolated cell seeding on the ends of the fibres a protocol was developed as described in
Figure 63. The scaffolds were individually placed into Eppendorf tubes with the 3 mm of fibres
pointing towards the bottom of the tube. Cells were trypsinised, centrifuged and resuspended and

10 pl of cell suspension was aliquoted into each Eppendorf tube. This was the maximum volume that
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could be added so that the cell suspension came only into contact with the protruding fibres and not
the tube itself. The 10 pl cell suspension contained approximately 16,000 cells for the experiment
with RN22 cells and 4300 cells for the Schwann cell experiment. This difference was due to the
smaller number of Schwann cells in a confluent flask compared to the RN22s. The Eppendorf tubes
were sealed and incubated at 37°C for 1.5 hours to allow cell attachment to the fibres. After the 1.5-
hour incubation, the conduits were washed in PBS to remove non-attached cells and transferred to
wells in a 12-well plate, each with 2.5 ml fresh media. RN22 cultures were maintained for 4 days
before fixing. Schwann cell cultures were maintained for either 3 or 21 days to give two timepoints:

one early timepoint to demonstrate localised cell seeding and a late timepoint to investigate cell

migration.
PBS Media
Fibre-filled / /
conduit | _’ _»
\10pl cell
suspension
1.5 hour incubation PBS wash Culture period

Figure 63. Cell seeding protocol for migration experiment in fibre-filled conduits.

4.4.3.3 Staining of cells on PCL fibres

At the endpoint of the experiment, samples were washed once with PBS wash and fixed with 3.7%
paraformaldehyde for 10 minutes. Fibres were then removed from the tubes and, separately, the
fibres/tubes were fixed for a further 10 minutes in 3.7% paraformaldehyde. This was followed with
two PBS washes. Cells were permeabilised and unreactive binding sites blocked with 0.1% Triton X-
100 (Fisher Scientific) and 1% bovine serum albumin (BSA) in PBS for 20 minutes. If required,
samples were then incubated for 30 minutes with phalloidin-fluorescein isothiocyanate (phalloidin-
FITC) (1:100 dilution in PBS) for staining of the actin cytoskeleton. Nuclei were stained by a 10 min
incubation with 4’,6-diamidino-2-phenylindole dihydrochloride (DAPI) (1:1000 dilution in PBS) then

samples were stored in PBS until imaging.
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4.4.3.4 Confocal imaging

For confocal imaging, PCL fibres with labelled cells were mounted with citifluor, AF1 mountant
solution, on a histology slide under a glass coverslip. Samples were imaged using an upright Zeiss
LSM 510 Meta confocal microscope with a 10x air objective, an argon ion laser (488 nm) for
excitation of FITC and a Ti:sapphire laser (780 nm) for two photon excitation of DAPI. Z-stack images
were taken through the depth of the fibre sample and combined into maximum intensity projection

images.

4.4.3.5 Fluorescence microscopy imaging

To visualise the DAPI-stained nuclei of the Schwann cells on PCL fibres, samples were imaged using
an epifluorescence microscope (Olympus IX73) equipped with an LED illumination unit (QImaging)

and a monochrome camera (Retiga 6000, Qlmaging).

4.4.4 Effect of plasma treatment

Prior to work with the DRG model, air-plasma treatment was investigated as a way of increasing the

hydrophilicity of the PCL and PCLMA with the aim of improving cell attachment and outgrowth.

4.4.4.1 Spin coating

Spin coated PCLMA coverslips were produced as described in section 4.4.2.2 in the preparation of
PCLMA coverslips for biocompatibility testing. PCL films were produced in a similar fashion. PCL
solution (15% PCL in DCM) was made up as used in electrospinning (section 3.4.3.1). 100 ul of PCL
solution was dispensed onto a 13 mm coverslip placed on a spin coater and spun at 3000 rpm for

30 seconds. The solution evenly coated the coverslip and the DCM evaporated to produce a thin film

of PCL that could be peeled off the coverslip.
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4.4.4.2 Plasma treatment

To increase their hydrophilicity, PCLMA coverslips and PCL films were subjected to air-plasma
treatment with a commercial plasma system (Zepto, Diener Electronic). Samples were placed on an
aluminium foil-wrapped platform and loaded into the chamber. The chamber pressure was set to
0.4 mBar and the radio frequency power source was turned on at 50 W (40 kHz) for a treatment

time of 60 seconds.

4.4.4.3 \Water contact angle

Water contact angle of the plasma-treated samples was measured with a Drop Shape Analyser
system (DSA100, Kriss) and compared to non-treated samples. Samples were placed on the stage
and the needle of the syringe was lowered to the sample surface. 5 ul of ultrapure water (ELGA
LabWater) was dosed to the sample and the needle tip was raised out of the droplet. The drop
shape was immediately analysed (by sessile drop fitting) using the built-in camera and software to
measure the contact angle. 5-7 samples of each type were analysed to obtain mean water contact

angle values (n=5-7).

167



445 Exvivo DRG culture in fibre-filled conduits

Chick embryo DRGs were extracted and cultured in fibre-filled conduits to assess the effect of
different parameters on the outgrowth of Schwann cells and axons:

1. The effect of air-plasma treatment

2. The effect of fibre diameter

3. The effect of fibre packing density
Experiments 1 and 2 were performed solely by M. Behbehani and experiment 3 was done in
collaboration with the author. All DRG extraction, culture and analysis was performed by

M. Behbehani with methods reported in full in her thesis [278].

4.45.1 Production of fibre-filled conduits

PCL fibres were electrospun and threaded into conduits according to section 3.4.4.2. For the purpose
of this in vitro study, empty cuffs at the ends of the conduits were not required so the three-part
modular conduit design was not used. Plain tubes (5 mm in length) were filled with fibres and fibre

ends were cut. These were used without the addition of the 3D cuffs.

For studies 1 and 2 (the effect of plasma treatment and fibre diameter), PEGDA tubes were
produced by pSL and filled with PCL fibres to a packing density of 20% (10 um fibres were used for
study 1 and 1-13 um fibres were used for study 2). For study 3 (the effect of fibre packing density)
conduits were produced by the author and provided to M. Behbehani for DRG culture. Here plain
PCLMA conduits (section 3.5.1) were produced by pSL and filled with 10 um PCL fibres of different

densities, based on gas pycnometry results.

4.4,5.2 Plasma treatment of fibre-filled conduits

For the plasma-treated groups, fibre-filled conduits were treated with air-plasma with a commercial

plasma system at 50 W for 60 seconds as described in section 4.4.4.2.
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4.4.5.3 DRG culture, imaging and analysis

DRG explants were cultured in fibre-filled conduits as described here: [278]. Briefly, day 12 chick
embryos (Gallus gallus domesticus, Henry Stewart Co. Ltd). were sacrificed and DRGs were removed,
trimming the attached nerve roots. Fibre-filled conduits were individually held upright in the cut
ends of 200 pl pipette tips which were slotted into stainless steel grids. The grids containing the
conduits were sterilised in 70% ethanol and placed in well plates for culture. The extracted DRGs
were placed on top of the fibre-filled conduits and incubated for 30 minutes to allow attachment of
the DRGs to the fibres. The culture plates were filled with media and returned to the incubator for a
culture time of 7 days. Following culture, the fibres (with attached DRGs) were removed from the
conduits, fixed and labelled for Blll Tubulin, S1003 and DAPI for visualisation of axons, Schwann cells
and nuclei respectively. Following this, the scaffolds were mounted in agarose and imaged with light
sheet fluorescence microscopy (Lightsheet Z.1 microscope, Zeiss). Image analysis was conducted to
measure the maximum outgrowth distance of axons and Schwann cells in each sample and these

were compared between the different conduit types.

4.4.6 Statistical analysis

Statistical analysis was performed with GraphPad Prism. Data was tested for normality using
Shapiro-Wilk normality test. To test for significant differences between groups, normally distributed
data was then tested by ANOVA. For data affected by one factor, one-way ANOVA was used
followed by Tukey's multiple comparisons tests. For data affected by two factors, two-way ANOVA
was used followed by Tukey’s multiple comparison tests. For non-normally distributed data, Kruskal-
Wallis test was performed followed by Dunn’s multiple comparison tests. P<0.05 was used to
determine a statistical difference. All data is presented mean+SD. Sample sizes are presented as
N=experimental repeats, n=replicates per experiment i.e. N=1, n=3 signifies an experiment

performed once in triplicate.
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4.5 Results

4.5.1 PCLMA Biocompatibility

Biocompatibility of PCLMA was tested by culturing cells on PCLMA substrates as well as glass and
TCP controls and performing an MTT assay to measure metabolic activity. This was performed with

both RN22 and rat primary Schwann cells.

45.1.1 RN22s

Metabolic activity of RN22 cells was compared on PCLMA-coated coverslips, plain glass coverslips,
and TCP wells (Figure 64A). For each of the three sample types, metabolic activity significantly
increased from 24 hours to 72 hours, suggesting proliferation of cells between the two time points
(P>0.001, 2-way ANOVA with Tukey’s multiple comparison). There was no significant difference
between the three groups at either 24 hours or 72 hours, suggesting a comparable level of

biocompatibility.

4.5.1.2 Schwann Cells

Metabolic activity of Schwann cells was compared on PCLMA-coated coverslips, plain glass
coverslips, and TCP wells (Figure 64B). For all samples, metabolic activity significantly increased from
day 2 to day 5 suggesting proliferation of cells between the two time points (P>0.0001, P<0.05 and
P<0.001 for PCLMA, glass and TCP respectively, 2-way ANOVA with Tukey’s multiple comparison). No
significant difference was found between any samples at day 2 but at day 5, the metabolic activity
was significantly higher on PCLMA compared to both glass and TCP (P<0.001 and P<0.01
respectively). However, this experiment was only performed once in triplicate so would need to be

repeated to verify the results.

170



>

o
(e}
1

o
[e2]
1

©
N
1

Metabolic Activity
(Absorbance)
o
T

o
o
1

Day 1 Day 3
Time point

W

0.25+

0.20+

0.101 1

0.05+

Metabolic Activity
(Absorbance)

0.15+

=

0.00-

Day 2 Day 5

Time point

Bl PCLMA
Bl Glass
] TCP

B PCLMA
Bl Glass
] TCP

Figure 64. Biocompatibility testing of PCLMA, assessed by MTT assay. Values displayed mean+SD.

A: Biocompatibility assessed with RN22 cells (N=2, n=3). B: Biocompatibility assessed with Schwann cells

(N=1, n=3). * denotes a significant difference (2-way ANOVA with Tukey’s multiple comparison).

171



4.5.2 Beta-carotene biocompatibility

45.2.1 PCLMA vs PCLMA + Beta-carotene

The biocompatibility of beta-carotene-containing PCLMA was tested by performing an MTT assay
with RN22 cells (Figure 65). Cells were cultured on polymer discs of PCLMA and PCLMA with 0.05%
beta-carotene. No significant difference was found between the PCLMA and PCLMA with beta-
carotene at either time point. This suggests that the beta-carotene had no adverse effect on the
viability of the RN22 cells. The increase in metabolic activity from day 1 to day 3 was significant for
both materials (P<0.0001, 2-way ANOVA with Tukey’s multiple comparison) suggesting a large

amount of proliferation on both samples and indicating their common biocompatibility.
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Figure 65. Biocompatibility testing of beta-carotene-containing PCLMA, assessed by MTT assay. Values
displayed mean+SD (N=3, n=3). * denotes a significant difference (2-way ANOVA with Tukey’s multiple

comparison).
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4.5.3 Cell migration through fibre-filled conduits in vitro

Experiments were carried out in which cells were seeded on the end of fibres in fibre-filled conduits

to assess whether cells could proliferate and migrate along the fibres into the conduits.

4,5.3.1 5.4.1. RN22 cells cultured in fibre-filled conduits

RN22s were seeded at the end of fibre-containing conduits containing 2 um PCL fibres. Samples
were fixed on day 4 and imaged with confocal microscopy. A large number of cells adhered to the
ends of the fibres, where the cells were seeded, however the cells clustered together in large clumps
(Figure 66A, B) which is not representative of in vivo growth. Some cells were visible along the fibres,

part the way into the tube (Figure 66C,D) and these were seen to align and extend along the fibres

and sometimes join together to form bands.

Figure 66. Confocal microscopy images of RN22 cells growing on electrospun fibres. A, B: Clusters of cells
growing on fibres protruding from the tubes, at the position of cell seeding. C, D: Cells growing on fibres
part the way into the tube. Green: Phalloidin-FITC, Blue: DAPI.
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4,5.3.2 Schwann cells cultured in fibre-filled conduits

Schwann cells were seeded at the end of fibre-filled conduits and fixed on day 3 and day 21 before
DAPI staining and imaging with fluorescence microscopy to assess cell migration. Table 9 displays the
fibres that were imaged at each time point. Conduits containing both 2 um and 10 um PCL fibres at
10% packing density were tested. On day 3, on both 2 um and 10 um fibres, cells were confined to
the ends of the fibres at the point of seeding. On day 21 on the 2 um fibres, the cells seemed to have
increased in number but were still confined to the ends of the fibres. At day 21 on the 10 um fibres,
in 2 out of the 3 samples, Schwann cells could be seen to have migrated along the fibres. The fibres
in the 3" sample seem somewhat disorganised which could have prevented migration along toward

the centre of the tube.

Table 9. Schwann cell migration in fibre-filled tubes. DAPI stained nuclei of Schwann cells grown on 2 um
or 10 um PCL fibres within PCLMA tubes. Cells were seeded at the ends of the fibres and fixed after 3 or 21

days.
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4.5.4 Effect of plasma treatment on water contact angle

Before progression to the DRG model, the effect of plasma treatment was investigated to determine
the effect on the hydrophilicity of PCLMA and PCL samples. Flat polymer substrates were produced
and water contact angle was tested on substrates with and without air-plasma treatment. The water
contact angle of the non-treated PCLMA and PCL were not significantly different (102.0+5.4° and
89.8+7.7° respectively). Plasma treatment significantly lowered the water contact angle of all three
samples types, indicating increased hydrophilicity (P<0.0001, one-way ANOVA with Tukey’s multiple
comparison). There was no significant difference between the water contact angle of plasma-treated

PCLMA and plasma-treated PCL (43.3+2.9° and 47.0+10.9° respectively).

150
(] 1 = Non-treated
) - * * * samples
[ i | | | | | |
5 = 1001 i — Plasma-treated
O 9 - % samples
£ ] =
<) 7
O @ = S
O3T 501 1T
3 J —— —al 1
whd
g o
0. —
T -1 T T T T
Glass Glass PCLMA PCLMA PCL PCL
Non-treated Plasma 2M20 2M20 Non-treated Plasma

Non-treated Plasma
1 L] | ]
-~ a - -t =

—— \_A .. —
Figure 67. Water contact angle measurements for glass, PCLMA and PCL before and after air-plasma
treatment. Values displayed mean+SD (N=1, n=5-7). * denotes significant difference (one-way ANOVA
with Tukey’s multiple comparison). The pictures below the x axis offer a visual representation of the water
contact angle of each sample, showing the effect of treatment with air-plasma (blue arrow).
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4.5.5 DRG outgrowth in fibre-filled conduits

The results in this section refer to work performed by M. Behbehani. Chick DRGs were cultured in
different types of fibre-filled conduits to assess the effect of different parameters/treatments. The
DRGs on fibres were imaged using light sheet microscopy to measure the outgrowth of both

Schwann cells and axons.

In the first two experiments (investigating the effect of plasma treatment and the effect of fibre
diameter) conduits were produced and DRG culture was performed by M. Behbehani. A brief
summary of the results are shown here as the experiments were run concurrently with this work and
used to inform the choices for the in vivo study in chapter 5. The third experiment (assessing the
effect of packing density) was performed as a collaboration between J. Field and M. Behbehani;
here, conduits with different packing density of fibres were produced by the author and provided to
M. Behbehani for DRG culture and analysis. Full presentation and analysis of these results can be

found in the thesis of M. Behbehani [278].

4.55.1 The effect of plasma treatment on DRGs cultured in fibre-filled conduits

Chick DRGs were cultured for 7 days in fibre-filled conduits containing 10 um fibres at 20% packing
density, both with and without plasma treatment. DRG outgrowth on the non-treated scaffolds was
very limited, however a large degree of outgrowth was supported on the plasma-treated conduits.
The probability of DRG outgrowth was significantly increased on plasma-treated vs non-treated
conduits (from 56% to 85%). Additionally, the outgrowth distance of axons and Schwann cells was
measured from the DRG body. A significant, five-fold increase in maximum outgrowth of both cell
types was seen on the plasma-treated conduits compared to non-treated conduits. Average
maximum outgrowth was measured to be 0.54+0.29 mm and 0.50+0.23 mm (axons and Schwann
cells respectively) in non-treated conduits compared to 2.52+0.36 mm and 2.46+0.37 mm (axons

and Schwann cells respectively) in plasma-treated conduits [278].
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4,5.5.2 The effect of fibre diameter on DRGs cultured in fibre-filled conduits

Chick DRGs were cultured for 7 days in fibre-filled conduits containing fibres of different diameters
(1,5, 8,10 and 13 um) at 20% packing density. All conduit types were plasma-treated to promote
outgrowth. The shortest maximum outgrowth of axons and Schwann cells was seen on 1 um fibres,
and the longest maximum outgrowth was seen on the 10 um fibres. This trend of increasing
outgrowth vs fibre diameter was evident and the 10 um fibres were found to promote significantly
greater maximum outgrowth compared to the 1 um fibres (2.52+0.36 mm vs 1.25+0.06 mm for
axons and 2.46+0.37 mm vs 1.34+0.29 mm for Schwann cells). The 13 um fibres, promoted slightly
lower outgrowth compared to the 10 um fibres and though the difference was not significant, it

suggests that 10 um may be the optimal fibre diameter in this range for promoting outgrowth [278].
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4,5.5.3 The effect of packing density on DRGs cultured in fibre-filled conduits

Chick DRGs were cultured for 7 days in fibre-filled conduits containing 10 um fibres, filled to
different packing densities (10, 20 and 40%). The maximum axon outgrowth was measured for each
sample and the results are displayed in Figure 68. For non-treated conduits axonal outgrowth was
slightly higher in the 10% packing density conduits compared to the 20% and 40% but the
differences were not significant. No significant differences were found between the plasma-treated

conduits of different packing densities (2.92+0.22 mm, 3.02+0.61 mm and 2.74+1.45 mm for 10%,
20% and 40% respectively).

B Non-treated B Plasma-treated

N w B
L [1 [

Maximum Axon outgrowth (mm)
1

o
L

10 20
Packing Density (%)

Figure 68. The effect of different fibre packing densities on the outgrowth of axons from DRGs cultured in
fibre-filled conduits. Values displayed mean+SD (N=3, n=3). No significant differences were found between
any of the groups (Two-way ANOVA with Tukey’s multiple comparisons test for comparing different

densities, Two-way ANOVA with Sidak’s multiple comparisons test for comparing plasma-treated and
non-treated samples).
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4.6 Discussion

4.6.1 Biocompatibility testing of NGC materials

As discussed in chapter 1, PCL is widely known as a biocompatible material used in many
applications including FDA approved medical devices. The PCLMA synthesised in this study was
shown to be biocompatible, demonstrating its suitability for use in tissue engineering applications.
The photocured PCLMA supported RN22 cell growth with a level of metabolic activity comparable to
that on TCP. Schwann cells grown on PCLMA had a higher metabolic activity than TCP however this
experiment was only performed once in triplicate, so it is necessary to repeat this to verify the
results. The biocompatibility of this PCLMA resin could be an improvement on other photocurable
forms of PCL i.e. the vinyl-terminated PCL by Ronca et al. which supported considerably lower
metabolic activity of mesenchymal stem cells compared to TCP control [220]. Elomaa et al. used
PCLMA similar to that in our study and demonstrated biocompatibility with fibroblasts assessing
with MTS assay [219]. Again, slightly lower metabolic activity was seen in comparison to TCP so it
may be that the PCLMA in our study demonstrates a greater biocompatibility. This biocompatibility
may be a result of the long washing times (7 days) used for all PCLMA samples before cell culture, as
it has been shown that prolonged washing of photocured polymers is necessary to improve their
biocompatibility. Ortega et al. demonstrated that cured PEGDA supported significantly greater cell

viability after washing for 7 days compared to 4 days or less [202].

It was also necessary to test the biocompatibility of beta-carotene. Since beta-carotene is a
hydrophobic powder, its dissolution into culture media was not possible and so its biocompatibility
could not be directly assessed in plain cell culture. Instead, the biocompatibility of beta-carotene-
containing PCLMA was tested against plain PCLMA as this is the form it would be used in vivo.
PCLMA discs were used here instead of spin-coated films as it was desired to use a bulk volume of
material. This was to ensure that any low level dissolution of beta-carotene from pSL structures in
vivo would be replicated in vitro by the use of the bulk discs. The beta-carotene-containing PCLMA
demonstrated an equal biocompatibility compared to the plain PCLMA. As expected, as a natural
pigment present in food, beta-carotene showed no signs of toxicity to RN22 cells. This means it
could offer a desirable alternative to commercially available photoabsorbers such as Tinuvin which
has shown cardiotoxic effects in rats both in vitro and in vivo [254], [255]. Tinuvin has also been
known to produce contact allergy [302]. Since RN22 cells are a cancerous cell line, it would be

desirable to test biocompatibility with a more relevant cell type such as Schwann cells. Further
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biocompatibility testing could be performed with a neuronal cell type such as NG108-15 cells [153]

or primary neurons from dissociated DRG cultures.

4.6.2 Schwann cell migration study

The migration of Schwann cells within fibre-filled conduits was investigated due to the importance of
Schwann cell migration during regeneration after a nerve injury. Preliminary experiments were
carried out with RN22 cells however their behaviour is not completely representative of native
Schwann cells. The RN22s were seen to form clumps on the fibres at the point of seeding which
could have been a result of a high cell density due to the cells’ rapid proliferation rate. Further along
the fibres however, where cell density was lower, cell behaviour was more representative of
Schwann cells, with RN22s being seen to extend and align along fibre direction, assuming a more
Schwann-like phenotype. The formation of bands mimics native Schwann cell formation of Bands of
Blngner during peripheral nerve regeneration and may suggest the scaffold’s ability to promote
desirable Schwann cell growth. It is unlikely however, that the cells were present along the fibres
due only to migration. Since RN22s are a very proliferative cell type the large amount of proliferation

will have contributed to the cells spreading along the fibres.

Further experiments were carried out with primary Schwann cells to investigate migration with a
more relevant cell type. Schwann cells were seen to migrate more along 10 um fibres compared to
2 um fibres. These are of course qualitative observations only and the experiment was only
performed once in triplicate so would need to be repeated to confirm observations. However, the
preliminary data suggests that 10 um fibres may be more effective at promoting and guiding the

migration of Schwann cells within a conduit used to repair a nerve injury.

The migration of Schwann cells is an important behaviour to investigate as it is well understood that
migrating Schwann cells guide the extension of regenerating axons within a nerve injury. Studies
have shown in DRG cultures that the extension of axons is always preceded by Schwann cell
outgrowth in that the axons always lag behind the advancing Schwann cells [153], [300] and that
Schwann cells and axons are often found co-localised [143], [154], [300]. The presence of Schwann
cells is known to enhance and align neurite outgrowth in vitro [177], [178] as well as in vivo.
Numerous studies have reported on significantly improved nerve regeneration in implanted conduits
filled with Schwann cells compared to acellular conduits as assessed by parameters such as axonal
diameter, number of myelinated axons, nerve conduction velocity and post-operative time to

achieve functional recovery [303] [304] [103].
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These results all emphasise the importance of migrating Schwann cells and their ability to guide
regenerating axons, implying that for a NGC to be successful, it needs to be designed to support
Schwann cell growth and migration. If Schwann cells can be encouraged to rapidly migrate into the
conduit, pre-seeding of Schwann cells would not be necessary, avoiding the need for
immunosuppression that may be required with the use of allogenic Schwann cell transplantation. It
has also been shown however, that on fibres coated with laminin or fibronectin, axons are able to
extend beyond advancing Schwann cells [300]. This suggests that the beneficial effect of Schwann
cells may be replicated by the inclusion of relevant ECM molecules and provides an alternative

method for enhancing neurite growth.

4.6.3 Plasma treatment

Treatment with air plasma significantly increased the hydrophilicity of both PCL and PCLMA. The
water contact angles of plasma-treated PCL and PCLMA (~45°) falls in the 40-70° range that has been
reported as optimum for cell attachment [281], [305], [306]. It is also interesting to note that the
PCLMA synthesised in this study had the same water contact angle as the commercially available PCL
(in both plasma-treated and non-plasma-treated states) showing that methacrylate functionalisation

and photocuring does not cause a significant change in the material hydrophilicity.

Treatment with air-plasma acts to oxidise the material surface and incorporate hydroxyl, carbonyl
and carboxyl groups onto the polymer backbone [284]. This is well known to increase the
hydrophilicity of polymer materials and the effect of plasma treatment on PCL has been widely
studied. Jacobs et al. showed that air-plasma treatment caused a 10% increase in oxygen content,
with an increase in the presence of C-O and O-C=0 bonds as assessed by X-ray photoelectron
spectroscopy, as well as an appearance of C=0 bonds. This was accompanied by a decrease of water
contact angle from 74° to 52° [285]. This effect has also been studied with PCL microfibres produced
by electrospinning. Can-Herrera et al. found similar results with air-plasma treatment resulting in
increased oxygen content and decreased water contact angle with a more pronounced change being

detected with increased power and longer treatment times [286].

This chemical change is usually accompanied by an increase in biocompatibility as reported by
Yildirim et al. in the culture of mouse osteoblasts. Increasing plasma treatment time resulted in
decreasing water contact angle (as reported by Can-Herrera et al.) and this was accompanied by

increasing metabolic activity [292]. Valence et al. also reported benefits from air-plasma treatment

181



of electrospun PCL scaffolds. With in vitro culture of smooth muscle cells, plasma treatment resulted
in slightly increased proliferation but also significantly increased cell spreading (cells appeared less
rounded). Scaffolds were also implanted for 3 weeks in vivo, both subcutaneously and as vascular
grafts. In both positions, a marked increase in cell infiltration was seen in plasma-treated PCL
scaffolds, with cells penetrating deeper into the material [307]. This demonstrates the ability for
plasma treatment to enhance cell migration and tissue ingrowth which is hugely important for the

promotion of nerve regeneration through a conduit.

Plasma treatment of polymer materials is often performed with other gases such as oxygen,
nitrogen, hydrogen, ammonia and argon (or combinations of these). These treatments have all been
demonstrated to improve metabolic activity of cells grown on PCL scaffolds including human

umbilical vein endothelial cells, mouse osteoblasts, fibroblasts and chondrocytes [294], [308], [309].

4.6.4 The effect of fibre parameters/properties on DRG outgrowth

In the study of DRG outgrowth within fibre-filled conduits, it was seen that: a) plasma treatment had
a great effect in increasing Schwann cell and neuronal outgrowth, b) the greatest outgrowth was

seen on 10 um fibres and c) fibre packing density had little effect on DRG outgrowth.

The effect of plasma treatment on increasing DRG outgrowth is comparable to work by Valence et
al., discussed above, that saw improved cell migration through plasma-treated PCL scaffolds. In a
similar study, Cheng et al. treated PLA microfibre scaffolds with Ar and Ar-NHs/H, plasmas. With in
vitro culture of bovine aorta endothelial cells, greater cell infiltration was seen into both types of
plasma-treated scaffolds. Scaffolds were then implanted subcutaneously in rats and cell infiltration
was observed after 5 and 14 days. On day 5, the harvested samples showed greater infiltration in
the plasma-treated samples compared to the controls but by day 14 this difference was less
significant [293]. These results suggest that the plasma treatment can successfully speed up the rate
of cell migration into the scaffold and is similar to the results here of increased DRG outgrowth in

plasma-treated scaffolds.

Regarding fibre diameter, we saw that from 1 to 10 um, there was a trend of increasing DRG
outgrowth distance that correlated with increasing fibre diameter. This is the same trend as seen by
Daud et al., growing neuronal cells on fibres of 1 to 8 um diameter: the longest neurites were seen
on 8 um fibres however the authors did not test any fibres larger than this diameter [153]. In the

present study it has been shown that 10 um fibres supported greater outgrowth than 8 um fibres
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but outgrowth declined on the 13 um fibres. Though this latter decrease is not significant, it seems
that 10 um may be the optimal fibre diameter for promoting axonal and Schwann cell outgrowth
from DRG explants. Interestingly, this appears to be contradictory to the results from the DRG
cultures by Daud et al. Though there were no significant differences, a decreasing trend of axonal
and Schwann cell outgrowth was seen on increasing fibre diameters (1 to 8 um) [153]. However, in
this experiment DRGs were grown on mats of electrospun fibres compared to our experiment with
DRGs in fibre-filled tubes. Containing the fibre bundles within tubes introduces a 3D element to the
culture and highlights the importance of factors not considered in 2D culture. When filling tubes
with a set packing density of fibres, it follows that using smaller diameter fibres results in smaller
pores/smaller gaps between the fibres. It is thought that these small pores may present a barrier to
impede the migration and outgrowth from the DRG explant. This highlights the indirect effects that
need to be considered when varying parameters such as fibre diameter and emphasises the

importance of using models that closer approximate the use of the device in vivo.

Other studies culturing DRGs on electrospun fibres mostly focus on fibres in the nanometre range
[154], [155], [158], [159]. A limited number of studies have investigated the effect of fibre diameter
on outgrowth from DRG explants and these have used fibres on the border of micro-nano range.
Wang et al. electrospun aligned PLA microfibres with large, intermediate and small fibre diameters
(1325 nm, 759 nm and 293 nm respectively) [310]. Chick DRGs were cultured on these fibre mats
and it was found that the large and intermediate fibres promoted significantly longer neurite
outgrowth compared to the small fibres. Schwann cell migration was also significantly increased on
the large compared to the intermediate fibres and on the intermediate compared to the small fibres.
As found by others, neurite extension lagged behind Schwann cell outgrowth on the large and small
fibres. However, on intermediate fibres, the neurite outgrowth was significantly greater than
Schwann cell outgrowth, suggesting that certain fibre morphologies are able to guide neurite growth
in a similar fashion to Schwann cell Bands of Blingner. Gnavi et al. also cultured DRGs on fibres in the
range of 300-1300 nm and found similar results with significantly longer axonal outgrowth on the
600-1300 nm fibres vs 300 nm fibres [311]. These however, were randomly oriented fibres
compared to the aligned fibres by Wang et al. Additional experiments with primary Schwann cells
yielded some interesting results with Schwann cell migration being significantly faster on the larger
fibres (assessed by time lapse imagery). The larger fibres also promoted increased formation of
filopodia (structures important for cell migration) compared to the smaller diameter fibres. These
two studies suggest that small diameter microfibres (~¥1.3 um) promote better outgrowth compared

to smaller fibres in the nanometre range [310], [311]. Looking at larger fibres, the study mentioned
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previously by Wen et al. (section 4.2.2) suggested that 5 um microfibres performed better than

500 um fibres [300]. Considering these results together, fibres in the small diameter micrometre
range, either side of 5 um, is of great interest to research in nerve regeneration. In the current study,
we have investigated this range and shown that 10 um fibres seem to be optimal for the promotion

of axonal and Schwann cell outgrowth.

In terms of packing density it was shown that varying the packing density in the range of 10-40%,
had little effect on DRG outgrowth. Previous studies have used packing densities of 210% with
positive results [36], [154], [168], [172] so 10% packing density seems to be a good starting point for

use in preliminary in vivo studies.

4.7 Conclusions

PCLMA and PCLMA containing beta-carotene were shown to support the growth of Schwann and
Schwann-like cells, demonstrating the material’s biocompatibility and its suitability for use in the
fabrication of NGCs. Schwann cells were also able to migrate along 10 um fibres in vitro, indicating
their potential use as scaffolds for nerve guidance. Treatment with air-plasma increased
hydrophilicity of both PCL and PCLMA which significantly improved the outgrowth of DRG explants
through fibre-filled conduits. Along with the other results from the DRG study is can be concluded
that a plasma-treated, fibre filled conduit with 10 um fibres, filled to 10% packing density is the best

candidate to go forward with preliminary in vivo testing.
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5. Chapter 5: In Vivo analysis of conduit performance

5.1 Chapter Introduction

This chapter investigates the in vivo performance of the different conduit types with the use of a
3 mm nerve injury model in thy-1-YFP mice. The presence of fluorescent axons in this transgenic

mouse strain allows for the use of unique methods in the assessment of nerve regeneration.

Preliminary work which was performed during the early stages of the study will be discussed. This
involved the use of conduits produced before the conduit designs were finalised for the full studies,

with the results showing limited success.

In the main studies, the conduit designs presented in chapter 3 were assessed for their ability to
support nerve regeneration in the above model. Conduits with aligned grooves and conduits
containing aligned electrospun PCL fibres (both produced by microstereolithography) were tested
against plain (empty) conduits and graft controls. Following the beneficial results from using plasma-
treated conduits in vitro (chapter 4), the effect of plasma treatment was also investigated in vivo.
Both plain and fibre-filled conduits were plasma-treated and tested alongside the non-treated
conduits. Smooth conduits, without the inherent microfeatures from pSL production, were also

tested to investigate the effect of these features on nerve regeneration.
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5.2 Background

5.2.1 Methods of assessing nerve regeneration in vivo

There are a variety of methods used to evaluate the regeneration of peripheral nerves and compare
the success of different repair strategies. Observational techniques such as histology are widely used
to gain an overall view of nerve regeneration in terms of the physical characteristics of the
regenerated nerve. Fixed nerve tissue is usually paraffin wax-embedded and sectioned to allow for
staining and imaging with light microscopy. Non-specific stains such as haematoxylin and eosin can
be used to evaluate tissue ingrowth into conduits [134] and compounds such as toluidine blue or
osmium tetroxide can be used to highlight myelinated axons [106], [312]. Transverse sections are
usually taken and allow for measurements such as axon number or density and the diameter of
nerve fibres. These measurements can be performed on sections at various locations along the
repair, usually at the graft midpoint or in the distal nerve [313]. Immunohistochemical staining with
antibodies can also be used to stain for specific cellular components such as S100 (present in
Schwann cells) and neurofilament or beta-lll tubulin (present in axons) [314]. The presence and
distribution of Schwann cells and axons within the repair can then be measured and together with
longitudinal sections, Schwann cell migration and axon growth distance can be quantified [154],

[182].

Other than direct observational techniques, functional recovery during nerve regeneration can also
be assessed to determine the level of sensory or motor function regained following nerve repair.
Electrophysiological methods can be employed to quantitatively measure the functional
performance of a regenerated nerve in terms of its ability to transmit signals in the form of
compound action potentials (CAPs) [315]. With the use of electrodes placed either side of the injury
site, the nerve is stimulated and the transmitted CAP waveform can be recorded. Motor nerve
function can be specifically assessed by detecting the signal transmitted to the innervated muscle
fibres (the compound muscle action potential) [184]. The amplitude of the CAP signal is used as a
measure of function as it depends on the number and size of regenerated axons within the nerve
tissue [315]. The amplitude can be compared between groups and to uninjured controls to compare
the success of different repair types [36], [316]. Nerve conduction velocity can also be calculated
[134], [316] and is another measure of functional recovery and nerve maturation due to the
dependence on axon diameter and myelination [315]. Alternatively, end-point muscles can be
harvested and weighed, and the level of atrophy in comparison to normal muscle weight can give an

indication of the level of muscle reinnervation [168], [182].
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Functional recovery can also be assessed by behavioural methods such as walking track analysis in
rodent models. Here, paw prints are recorded and measurements made, including print length, toe
spread and stride length - parameters which rely on activation of various muscles [313]. Since
walking is dependent on the activation of different muscles in response to sensory input, walking
track analysis can give an overall view of coordinated nerve function [317], [318]. In case of sciatic
nerve injury, sciatic function index is widely used as a measure of functional recovery and is
calculated from a number of parameters from walking track analysis, in comparison to normal values
[13]. Other behavioural methods can be used to assess sensory recovery such as the response to
thermal stimuli, including thermal withdrawal latency [134], [168]. These behavioural methods are
non-invasive, so measurements can be taken at multiple time points, allowing the progression and

rate of recovery to be monitored over the whole recovery period.

In the present study, nerve regeneration was assessed via observational techniques, using a
particular strain of transgenic mice (thy-1-YFP-H). In these mice, axons express yellow fluorescent
protein (YFP) and with fluorescence microscopy, axons are visible through the depth of the tissue.
This allows nerves to be imaged, without the need for histological processing and destructive
sectioning techniques which lead to loss of information. The lack of sectioning means that axons
remain intact and high-resolution images of whole nerve samples can be obtained in which axons
can be traced across the injury site and into the distal nerve. By observing at the individual axon
level, detailed information can be obtained on the success of nerve regeneration and the effect of

different treatment methods.

5.2.2 The thy-1-YFP mouse model

The thy-1-YFP mouse strains were generated by Feng et al. [319], along with variants expressing red,
green and cyan fluorescent proteins (collectively termed XFP). The result was a number of strains of
mice, possessing neurons, labelled in their entirety with these florescent proteins. The pattern of
expression in each strain is comprised of different subsets of neurons in different combinations. The
thy-1-YFP lines are by far the most widely used of the XFP variants with the thy-1-YFP-H and thy-1-
YFP-16 lines being the most commonly used of these. The thy-1-YFP-H line express YFP in a smaller
subset of axons in comparison to other strains, which is useful for certain applications as fluorescent

axons are individually distinguishable when numbers are low enough.
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There are a number of research groups who have utilised thy-1-YFP-H mouse strains for the study of
peripheral nerve regeneration, with the greatest number of publications coming from the Arthur W.
English lab in Atlanta, Georgia. In a 2005 paper from this lab by Groves et al. [320] common fibular
nerves of YFP* mice were injured and repaired using graft tissue from wild type (WT, YFP') mice. As
part of their study, work was done to characterise the labelled axons in the thy-1-YFP-H strain.
Counting the number of YFP* axons in the dorsal and ventral roots of the L4 spinal nerve it was found
that 58% of the labelled axons were sensory and 42% were motor neurons (122.6 axons found in the
dorsal root vs 87.2 in the ventral root). Comparing the 122.6 labelled sensory axons found to the
4625 that make up the dorsal root [321] allowed for their estimation that 2.6% of all sensory axons
in the thy-1-YFP-H strain are YFP*. They further studied the common fibular nerve (which is a branch
of the sciatic nerve) to find an average of 36.03 (+2.35 SEM) YFP* axons and using the above ratio of
sensory:motor axons, we can assume that 21 are sensory axons from the dorsal root ganglion and 15

are motor neurons.

From this work we can see why the common fibular nerve is commonly used in the study of
peripheral nerve regeneration in YFP mice. The relatively small number of YFP* axons present in the
common fibular nerve means that each axon is individually identifiable. This allows the visualisation
and tracing of individual axons and the utilisation of the YFP strain to its full potential. The number
of axons in the common fibular nerve is however still higher than the tibial branch of the sciatic so is

preferred for these studies.

5.2.3 Methods of assessing regeneration with the thy-1-YFP mouse model

In the English lab, the thy-1-YFP-H model has also been used to investigate the effect of electrical
stimulation [322] and the effect of exercise [323] on peripheral nerve regeneration. To quantify
nerve regeneration, the groups counted the number of axons present in the graft tissue and
presented this as a percentage of the number of axons in the nerve at a point proximal to the injury
site. This gave a ‘sprouting index’ as an indicator of the amount of regenerative sprouting in the
repair [320]. The group also traced the regenerated axons from the point of injury to the most distal
point reached. The lengths of these axons were measured and presented as frequency distributions.
A shift in the distribution of axons towards a longer length was seen as a marker for improved
regeneration [320]. For example, in the study on electrical stimulation, graft repairs with WT tissue
were performed with or without a single 1-hour application of electrical stimulation to the common
fibular nerve immediately after repair. By averaging the frequency distributions of axon length in the

WT repairs, it was found that electrical stimulation resulted in a shift in the distributions signifying a
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significantly larger number of longer axons within the regenerating nerve. In terms of their method
used to assess nerve regeneration, the measurements made give an overall view of axon length,
which is obviously an important parameter, indicative of the level of recovery. However, the group
do admit a disadvantage in this method in that it is not possible to tell if an increase in the number
of long axons is due to more unique, long axons or due to an increase in axon branching. This is
obviously an important factor to consider when the aim is to promote functional recovery as it is
critical that as many unique proximal axons as possible are able to traverse the injury site and
regrow down the distal stump. An alternative method to assess regeneration is therefore desirable,

which takes into account axon branching.

In previous work in our lab by A. Harding et al. [128], [324], [325], a more complex method of
assessing nerve regeneration in thy-1-YFP-H mice was and developed with the use of a 3 mm
common fibular nerve injury model. A similar measure of sprouting index to that of Groves et al. was
calculated, but axon counting was performed at 0.5 mm intervals from the proximal to the distal
point of the nerve injury, giving more information of the sprouting profiles along the length of the
nerve repairs. This measure of sprouting is a useful statistic as increased sprouting/branching can
indicate increased disruption to the nerve growth [326]. Axons were also traced back from each 0.5
mm interval (starting with the most distal) until they either reached the proximal site or rejoined
with a branch of a previously traced axon. This allowed the calculation of the number of unique
axons at each interval, taking into account axons originating from the same proximal axon,
something not considered by the previous studies or the sprouting index measurements. Thus,
giving a truer measure of regeneration success. The proximal region of the nerve injury was further
studied in more detail as this is where the most axonal disruption occurs (where regenerating axons
enter the graft tissue/conduit). Axon lengths were measured and compared to the most direct path
to give a percentage increase in axon length. This indicates the level of axonal disruption and the
‘ease’ of the axons’ entry into the repair material (graft/conduit). These methods of assessment
demonstrate a number of advantages compared to the previously discussed studies allowing more

information to be drawn on how axon growth is affected by different repair types.

5.2.4 Method of nerve repair

The method of coaptation during nerve repair is another topic for debate with the gold standard
being the use of microsurgical suturing. However, fibrin glue has become a more widely considered
alternative, especially for use in rodent models, and is the method of choice used in the studies by

the Arthur W. English lab, discussed above. Although there are a number of advantages to micro-
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suturing (high precision and maintenance of tensile strength at the repair site), the disadvantages
such as tissue damage which can lead to scarring, increased inflammation and foreign body reaction,
may be overcome by the use of fibrin glue. Other benefits of fibrin glue coaptation include a
decreased skill required by the surgeon [327]. For small diameter nerves such as the mouse common
fibular nerve, suturing would likely be especially difficult, requiring a high level of expertise
compared to fibrin glue repair. Koulaxouzidis et al. performed a study to investigate the differences
in regeneration between nerve repairs by suturing and fibrin glue coaptation [327]. The sciatic nerve
in both legs of thy-1-YFP mice were transected and 1 cm segments of WT donor nerve were
attached to the proximal stumps using fibrin glue on one side and two 11-0 sutures on the other.
After a seven-day recovery period, the results showed an increased regeneration distance in the
fibrin repairs, demonstrated by a significantly longer mean axon length (2.62+0.10 mm vs 2.10+0.08
mm, P < 0.001). Fibrin glue has also been shown to promote less inflammation than suture repairs
and avoid disadvantages from suture placement and granuloma formation at suture sites which can
hinder axonal growth [328]. Additionally, repair with fibrin glue is less time consuming than with

sutures and surgical repair times can be cut by up to two thirds [327].
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5.3 Aims for this chapter

Assess the in vivo nerve regeneration potential of the NGCs discussed in chapter 3 using the thy-1-
YFP mouse model and determine the effect of aligned physical guidance cues on nerve regeneration.
Conduits containing physical guidance cues were tested in comparison to plain conduits and the gold

standard autograft treatment in order to:

1) Investigate the effect of aligned grooves along the surface of the conduit lumen

2) Investigate the effect of aligned PCL fibres within the conduit lumen

3) Investigate the effect of plasma treatment of the PCLMA conduits (both with and without
internal PCL fibres)

4) Investigate the effect of the inherent microfeatures present on conduits produced by

microstereolithography
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5.4 Materials and Methods

Nerve repairs were carried out using a 3 mm nerve injury model in thy-1-YFP-H mice. Conduits of
different designs (described in chapter 3) were produced to be surgically implanted in the nerve gap
and compared in their capacity to support nerve regeneration. Nerve graft repairs were also

performed to act as a control as the clinical, gold standard approach.

5.4.1 Conduit preparation

Conduits were produced as described in chapter 3, using microstereolithography, electrospinning
and injection moulding. All conduits were 4.5 mm in length to leave 0.75 mm either side of the 3 mm

nerve gap to insert the proximal and distal nerve stumps.
5.4.1.1 Plain conduits
Plain conduits were produced by uSL as described in section 3.4.1, with an internal diameter of

around 920 um and a wall thickness of around 280 um (see section 3.5.1).

5.4.1.2 Grooved conduits

Grooved conduits were produced to assess the effect of aligned grooves on nerve regeneration in
vivo. These were produced by uSL as described in section 3.4.2. Since these were produced using
PCLMA resin containing beta-carotene (to improve groove resolution), plain tubes were also
produced with beta-carotene-containing resin to be used as a control. The grooved conduits had an
internal diameter of around 830 um and a wall thickness of around 300 um. The plain conduits had

an internal diameter of around 900 um and a wall thickness of around 280 um (see section 3.5.2.3).

5.4.1.3 Fibre-filled conduits

Fibre-filled conduits were produced to assess the effect of aligned microfibres on nerve regeneration
in vivo. These were produced as described in section 3.4.7, using the three-part, modular design and
a combination of uSL and electrospinning. These conduits contained 10 um fibres filled to 10%
packing density had an internal diameter of around 880 um and a wall thickness of around 280 um

(see section 3.5.7).

Preliminary in vivo trials were also carried out before this design was finalised using conduits filled

with either 2 um and 9 um fibres to a 12% packing density. These conduits had an internal diameter

of around 890 um and a wall thickness of around 400 pm.
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5.4.1.4 Smooth conduits

Smooth conduits were produced to test against plain conduits to determine if the inherent
microfeatures present from the use of uSL had an effect on nerve regeneration. These were
produced by injection moulding as described in section 3.4.8. The internal diameter of the conduits
was around 960 um and the wall thickness was around 280 um (see section 3.5.8). The inner luminal

surface and outer surface lacked any obvious features.

5.4.1.5 Plasma treatment of conduits

In chapter 4, plasma treatment of fibre-filled conduits was shown to promote DRG outgrowth in
vitro. For this reason, both plain and fibre-filled conduits were plasma-treated to investigate the

effect of this surface treatment on nerve regeneration in vivo.

Plasma treatment was performed as described in section 4.4.4.2 with a Deiner electronics
commercial plasma system (60 seconds at 50 W, 0.4 mBar). Plasma-treated conduits were used in
surgery within 5 days after plasma treatment to avoid any problems due to instability of the surface

modification.

5.4.1.6 Conduit preparation and sterilisation for implantation

Following production, conduits were washed in IPA and laser cut to 4.5 mm (section 3.4.9). IPA
washing was carried out for at least 7 days, changing the IPA at least twice during this time. Plasma
treatment (if required) was performed after this washing step. Prior to implantation, conduits were
sterilised in 70% ethanol for 24 hours and then washed 5 times in sterile PBS. Conduits were then

stored individually in sterile PBS until use.
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5.4.2 In vivo surgery methods

Conduits and nerve grafts were used to repair 3 mm common fibular nerve injuries following a
protocol developed by A. Harding, and reported in [128], [324], [325]. Surgeries were carried out by

the author, after training from (and in some cases under supervision by) A. Harding.

5.4.2.1 Animals

All experimental protocols were carried out in accordance with the Animals (Scientific Procedures)
Act 1986, under valid UK Home Office project licence (PPL 70/8194, Licence holder: F. Boissonade)
and personal licence (PIL 39680, Licence holder: J. Field). Experiments were carried out with thy-1-
YFP-H transgenic mice (described in section 5.2.2) in which a subset of axons express YFP along their
length. This allows for whole nerve samples to be imaged without the need for sectioning and
staining. This means that the whole tissue structure remains intact and individual axons can be

visualised across the nerve injury/repair site.

Thy-1-YFP-H mice were obtained from a Home Office-approved UK supplier (JAX Mice, USA via
Charles River UK Limited) and bred for experimental use. The breeding pairs used in this study were
heterozygous for the thy-1-YFP gene. The offspring were therefore a mixture of mice possessing the
modified thy-1 gene (YFP* mice) and mice without the modified gene. The offspring without the
modified thy-1 gene revert back to the WT genotype of the C57BL-6J strain, used in the production
of the thy-1-YFP-H strain. YFP* mice were used for both types of nerve repairs (conduit or graft) and
WT mice were used as donors to provide non-fluorescent nerve tissue for use in graft repairs.
Heterozygous breeding pairs were used to produce a greater number of YFP* than WT mice to match
the numbers required for experiments and minimise surplus mice numbers (a greater number of
conduit repairs were performed compared to graft repairs as there were different conduit types to

test). Experiments were carried out with mice aged between 17 and 23 weeks.
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5.4.2.2 Surgery groups and animal numbers

A total of 99 mice were used in the following experiments (86 experimental mice and 13 graft
donors). 63 of the experimental animals were used for the three main studies and were split
between 8 different repair type groups (Table 10). It was desired to include 6-7 mice in each group
(see section 5.4.5 for sample size calculations), with extra where possible, to account for any
failures, but in some cases numbers were limited by the number of mice that were available at the
time of each study. The remaining 23 experimental animals were used in preliminary experiments

(see page 196).

Three main studies were carried out in line with the chapter aims:
1) Plain conduits vs grooved conduits (beta-carotene containing conduits)
a) To determine the effect of aligned grooves on peripheral nerve regeneration
2) Plain conduits vs fibre-filled conduits (plasma-treated and non-treated conduits of each type)
a) To determine the effect of plasma treatment in plain conduits
b) To determine the effect of plasma treatment in fibre-filled conduits
c) To determine the effect of aligned fibres (in both plasma-treated and non-treated conduits)
3) Plain conduits vs smooth conduits

a) To determine the effect of DMD microfeatures
As a positive control, graft repair surgeries were carried out alongside the repairs in the different
studies and pooled into one group for analysis. This allowed the efficacy of each conduit type to be

compared to the gold standard treatment for long gap injuries.

Table 10. Animal numbers for the three main studies

Repair type No. of animals in group
Graft repairs 10 (plus 10 donors)
Plain conduits (containing beta-carotene) 7

Grooved conduits (containing beta-carotene) 8

Plain conduits 11

Plain conduits (plasma-treated)

Fibre-filled conduits

Fibre-filled conduits (plasma-treated)

co| U»Ln| L ©

Smooth conduits
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The following preliminary experiments (see below) were performed before the conduit designs were
finalised. The results will briefly be discussed in section 5.5.1. Nerve harvests from preliminary
experiment 1 and 2 were imaged with fluorescence microscopy (yielding poorer quality images than
with confocal microscopy) and analysed only qualitatively. Preliminary experiment 3 compared
thick- and thin-wall plain conduits and confocal images were analysed quantitatively. The thin-wall
conduits were chosen as the final design for the plain conduits and therefore included in the analysis

of the main studies (Table 10), as were the graft repairs.

e Preliminary experiment 1:
- 3x Plain conduit (thick-wall design)
- 3x 2 um fibre-filled conduit (thick-wall design)
- 3x 9 um fibre-filled conduit (thick-wall design)

e Preliminary experiment 2:
- 3x Plain conduit (thick-wall design)
- 3x 9 um fibre-filled conduit (thick-wall design)
- 3x Graft (plus 3 donors)

e Preliminary experiment 3:
- 5x Thick-wall conduits
- 5x Thin-wall conduits (included in Table 10 count for plain conduits)

- 5x Graft (plus 5 donors) (included in Table 10 count)

196



5.4.2.3 Anaesthesia

For conduit or graft implantation, animals were anaesthetised using isoflurane (IsoFlo, Zoetis UK
Limited) mixed with oxygen. Induction of anaesthesia was performed in an induction box connected
to an anaesthetic machine (Harvard Apparatus Limited) with 4% isoflurane in 100% oxygen at a flow
rate of 4 L/min. Once anaesthesia was confirmed by a fall in respiratory rate and by testing the toe-
pinch reflex, the animal was transferred to the operating table. Animals were placed on top of a
heated blanket, covered with a sterile surgical drape. Here anaesthesia was maintained using a

nosepiece tube connected to the anaesthetic machine (2-4% isoflurane in 100% oxygen, 1 L/min).

For non-recovery animals (graft donor mice and tissue harvest at experiment end-point) were
anaesthetised with a combination of Hypnorm (0.315 mg/ml fentanyl citrate, 10 mg/ml fluanisone;
VetaPharma Limited) and Hypnovel (5 mg/ml midazolam; Roche Products Limited). An injectable
solution of Hypnorm:Hypnovel:sterile water (2:2:3) was prepared and administered via

intraperitoneal (IP) injection at 10 ml/kg.

5.4.2.4 Nerve repair with conduit implantation

YFP* mice were anaesthetised using isoflurane in oxygen (as described in section 5.4.2.3). The rear
left leg was shaved, disinfected with hibitane and an incision was made up the back of the leg. The
muscles were parted to reveal the common fibular nerve which was freed from surrounding tissue
using blunt dissection techniques where possible. The common fibular nerve was then cut and the
ends were trimmed to produce the required gap. The conduit was positioned between the proximal
and distal nerve stumps, which were inserted approximately 0.75 mm into each conduit end (Figure
69A). This resulted in a 3 mm gap between the sectioned nerve endings. The conduit was secured in
place with fibrin glue: equal quantities of fibrinogen (10 mg/ml; Sigma Aldrich) and thrombin

(40 1U/ml; Sigma Aldrich) both prepared in distilled water. 5-7 minutes was allowed for the glue to
set before muscle and skin were respectively sutured (6-0, coated vicryl sutures; Ethicon) to close
the wound. A single dose of analgesic was administered subcutaneously: 0.01 ml of Vetergesic

(0.3 mg/ml buprenorphine hydrochloride; Ceva Animal Health Limited). The mouse was placed in an
incubator to recover from anaesthesia before returning to cages. For the recovery period of 21 days,

mice were individually housed in cages to minimise the chance of suture removal.
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5.4.2.5 Nerve repair with graft

The donor mouse (a WT mouse, from the same litter as the experimental recipient mouse) was
anaesthetised via IP injection of Hypnorm:Hypnovel:water (as described in section 5.4.2.3). The

recipient mouse was anaesthetised using isoflurane (as described in section 5.4.2.3).

The left rear leg of the donor mouse was shaved, disinfected and an incision was made. The
common fibular nerve was exposed and freed from connective tissue as described for conduit
surgery (section 5.4.2.4). Once complete, the nerve was re-covered with the muscle and skin to
prevent it from drying out. The common fibular nerve of the experimental mouse was then exposed
in the same way. A silicone trough, 5 mm length, was placed under the nerve to provide support
during repair and the nerve was sectioned to create a 3 mm gap. The common fibular nerve of the
donor mouse was sectioned to produce a 3 mm graft and immediately positioned in the silicone
trough between the proximal and distal ends of the nerve in the recipient mouse (Figure 69B). The
nerve ends were secured with fibrin glue as described in section 5.4.2.4, the silicone trough was
carefully removed and the muscle and skin were sutured. A single dose of analgesic was
administered (0.01 ml of Vetergesic) and the mouse was placed in an incubator to recover from
anaesthesia. The donor mouse was culled by cervical dislocation. For the recovery period of 21 days,
experimental mice were individually housed to minimise the chance of suture removal.

Proximal nerve

A

Ao

2 Conduit

Distal nerve end
Figure 69. Photographs of common fibular repair surgery. A: Conduit repair, B: Graft repair. The position
of the conduit between the proximal and distal nerve endings can be seen in A. The position of the silicone
trough (removed after surgery) can be seen in B with the 3 mm nerve graft between the two nerve
endings. Scale bar: 1 mm.
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5.4.2.6 Conduit/Graft harvest

Mice were allowed to recover for a three-week period before nerve tissue was harvested for
analysis. On day 21, mice were anaesthetised via IP injection of Hypnorm:Hypnovel:water (as
described in section 5.4.2.3). The common fibular nerve was exposed and freed from surrounding
tissues to reveal the conduit/graft repair. The skin was sutured to a raised ring, forming a pool which
was filled with 4% formaldehyde for 30 minutes to fix the nerve in situ. The nerve was the harvested
by sectioning at points proximal and distal to the repair site (as long a section as possible was taken).
For conduit repairs, the conduits were always found surrounded in connective tissue (Figure
70Ai,Bi). This was tissue was removed (Figure 70Aii,Bii) and the conduit was broken open to reveal
the regenerated nerve cable (if the repair was successful, Figure 70Aiii,Biii). Excess tissue and large
blood vessels around the nerve and neuroma sites were removed by microdissection. The nerve
tissue was then fixed in 4% formaldehyde for a further 30 mins before mounting under a coverslip
on a microscopy slide with Vectashield mounting medium (Vector Laboratories). The mouse was

culled by cervical dislocation.

in connective tissue) were removed from repair site (i). Connective tissue was removed to reveal conduit

(ii). The conduit was broken open to reveal nerve cable inside (iii). In A iii, the nerve cable connecting the
proximal and distal nerve segments can be seen lying in half of the broken conduit. In B iii, the proximal
and distal nerve ends are connected by a tissue cable containing the aligned PCL fibres. Scale bar: 2 mm.
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5.4.3 Imaging of YFP nerve harvests

5.4.3.1 Imaging of YFP nerve samples with fluorescence microscopy

For preliminary experiment 1 and 2, harvested YFP nerve samples were imaged with a fluorescence
microscope (Zeiss Axioplan2 equipped with a Qlmaging QI Click camera) using the FITC filter set
(467-498 nm excitation). Image Pro-Plus software (Media Cybernetics) was used for image
acquisition and processing. A 10x objective was used to obtain z-stack images with 10 um slice
intervals through the depth of the tissue. Z-stack images were taken at sequential positions along
the nerve and each was processed into a single composite image (maximum intensity projection).
Composite images were stitched using Adobe Photoshop to obtain composite images of the whole

nerve segment.

5.4.3.2 Imaging of YFP nerve samples with confocal microscopy

For the main studies and preliminary study 3, YFP nerve samples were imaged using an upright
confocal microscope (Zeiss LSM 510 Meta) with a 10x air objective and an argon ion laser for
excitation of YFP (514 nm excitation, 535-590 nm detection). Z-stack images were taken at
sequential overlapping positions along the nerve segment, starting at a position proximal to the
injury site and finishing after the start of the distal nerve stump. The slice spacing in the z-stacks was
set to 10 um. Sequential z-stacks were stitched together using ImagelJ (Grid/Collection Stitching
plugin [329]) to produce a composite z-stack of the whole nerve segment. Minimal processing

(adjustment of brightness and contrast) was applied to increase the visibility of individual axons.

5.4.4 Analysis of YFP nerve harvest images

5.4.4.1 Sprouting index (Axon counting)

Stitched confocal z-stacks of the whole nerve segments were processed using a maximum intensity
projection to produce a single image for each nerve harvest. The start position of the regeneration
was determined as the point where the nerve morphology and arrangement of axons became more
irregular, just prior to the proximal neuroma site. A vertical line was drawn here (0.0 mm) and at

0.5 mm intervals along the whole nerve. An additional line was drawn at -0.5 mm before the start of
axonal disruption where the nerve could be considered to be in its native, undamaged state. A nerve

repair with 0.5 mm intervals can be seen in Figure 71A.
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The number of axons present at each 0.5 mm interval along the nerve repair were counted to obtain
a measure of the level of regeneration. The counts were performed twice, independently, to ensure
validity. Where the two counts varied significantly, a third was performed to account for any
erroneous counts and the numbers were averaged. The number of axons at each interval was
normalised to by dividing by the number of axons at -0.5 mm. This gave the measure of sprouting

index at each interval and allowed the counts to be compared between samples.

5.4.4.2 Unique axon tracing

Regenerated axons were traced to determine the number of unique axons present in the distal end
of each repair. This method of analysis takes into account axon sprouting, which results in multiple

axons from the same neuronal cell reaching the distal point.

Z-stack images of the whole nerve repairs were uploaded into Adobe Photoshop and individual
axons were then traced to determine whether they reached the start point or joined with another
axon which had already been traced. Starting at the distal end, an axon was chosen at random and
followed back towards the proximal start point, by observing the axon path through the different
slices of the z-stack images. Axons were traced in a single slice from the z-stack until the axon
‘disappeared’ from the current slice. Tracing was continued by switching the view to the adjacent
slice into which the axon path continued. Tracing through the individual z-stack images (rather than
maximum intensity projections), reduced the number of axons visible at one time, making the
tracing process more reliable. Axons were traced (drawing a pseudo-colour line) until reaching the
start point (0.0 mm interval) or until the axon joined a previously traced axon. This process was
repeated until 50% of all the axons from the distal end were traced (or as many as possible due to
image quality). The number of unique axons present at the distal stump was calculated and used to
calculate the percentage of the start axons (at 0.0 mm) that are represented at the distal point.
Figure 71B shows an example nerve repair with axons traced back from the distal end. A magnified

view of a sprouting axon can be seen in Figure 72.

Due to a difference in the length of regenerated nerve in graft and conduit repairs, it was necessary
to pick different distances to define the ‘distal end’. In graft repairs, regenerating axons entered the
distal stump at around 3-3.5 mm whereas in the conduit studies, the distal stump started at around
5-5.5 mm. It was chosen to trace axons in the graft repairs from a distal point of 5.0 mm and in the

conduit repairs from 6.0 mm.
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Figure 71. Unique axon tracing of YFP nerve repairs. A: Image of nerve repair with 0.5 mm intervals marked. B: The same image with pseudo-colour axons traced

back from the distal end (YFP axons converted to black and white to improve visibility of traced axons).
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Figure 72. A magnified view of a sprouting axon from the nerve repair in Figure 71.
The red arrow (A) indicates the point where sprouting occurs, and the axon path can be seen traced in B.

5.4.4.3 Measurement of initial axon disruption

Axon lengths were measured at the proximal segment of each repair to give a measure of axon
disruption during entry into the conduit/graft. Extra axons present at 1.5 mm (not already traced)
were traced back to the start point (0.0 mm) as described in section 5.4.4.2 and shown in Figure 73.
Axon path lengths were measured between 0.0 mm and 1.5 mm (using ImagelJ) and compared to the
shortest possible path between the intervals to give a percentage increase in axon length. Average

increase in axon length was calculated for each repair and used to compare between repair types.
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Figure 73. Axon disruption measurements. A magnified view of proximal portion of the nerve repair showing extra axons traced from 1.5 mm. The length of each

axon was measured to calculate axon disruption. 0.5 mm intervals marked. YFP axons converted to black and white to improve visibility of traced axons.
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5.4.5 Sample size calculations

Sample size calculations were carried out using PiFace software (obtained from
http://www.stat.uiowa.edu/~rlenth/Power, v1.76 [330], see Appendix, Figure 93 and Figure 94) and
using standard deviation values from a previous study in our group by Harding et al. [324]. Summary

data from these calculations is displayed in Table 11.

For Study 1, comparing plain conduits, grooved conduits (both containing beta-carotene) and graft
repairs, a sample size of N=7 was chosen. This would allow differences of 35.3%, 18.3% and 7.8% to
be detected for sprouting index, unique axon tracing and axon disruption, respectively (Table 11). A
difference of 35% in sprouting index was considered quite large, meaning that small differences
could be difficult to detect. However, differences between repair types of up to 57% have been seen
in previous studies [324]. Even if few significant differences are found, it should still be possible to
identify trends within the data which could suggest the better performance of certain repair types.
Differences of 18.3% and 7.8% in unique axon tracing and axon disruption should be able to be
detected more easily and seemed reasonable based on the results of previous studies in our group
[324], [331]. This sample size calculation also applied to Study 3 (comparing smooth conduits, plain

conduits and graft repairs) as this contained the same number of groups as Study 1.

For Study 2, comparing plain and fibre-filled conduits (both plasma-treated and non-treated) and
graft repairs, a sample size of N=6 would allow a difference of 31.9% to be detected for sprouting
index measurements (Table 11). From pilot studies, it was expected that unique axon tracing would
be difficult due to difficulties obtaining high enough quality images when imaging the fibre-
containing constructs, so these measurements were not considered during the sample size

calculations.

Where possible, extra animals were included to account for failures in some cases. Despite this, in
some of the analysis groups, the final number of animals was not as high as desired due to either a
higher failure rate than expected or an insufficiency in the number of mice available at the time of
study. Difficulties associated with in-house breeding of the animals and the mixed genotypes
present in offspring meant that animal numbers available for experiments were not always as

expected.
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Table 11. Summary data from sample size calculations showing the sample sizes for each study and the

resulting power and detectable differences, based on the parameters of the statistical testing and

standard deviation data from a previous study. Refer to Appendix (Figure 93, Figure 94) for calculations

with PiFace software.

Study 1 &3
Sample | Analysis | Number Number Standard Power | Detectable
size type of groups | of deviation difference
(columns) | intervals (previous (%)
(rows) study data)
Sprouting 7 Two-way | 3 13 27.83 0.8 35.3
index ANOVA
Unique axon | 7 One-way | 3 - 9.96 0.8 18.3
tracing ANOVA
Axon 7 One-way | 3 - 4.24 0.8 7.8
Disruption ANOVA
Study 2
Sample | Analysis | Number Number Standard Power | Detectable
size type of groups | of deviation difference
(columns) | intervals (previous (%)
(rows) study data)
Sprouting 6 Two-way | 5 13 27.83 0.8 31.9
index ANOVA

5.4.6 Statistical analysis

Statistical analysis was performed with GraphPad Prism. To test for significant differences between

groups, ANOVA was used, followed by the relevant multiple comparison tests. For sprouting index,

two-way ANOVA was used with Bonferroni multiple comparison tests. For unique axon tracing and

axonal disruption, one-way ANOVA was used, followed by Tukey’s multiple comparison tests. P<0.05

was used to determine a statistical difference. All data is presented mean+SD with N=number of

animals in each group.
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5.5 Results

5.5.1 Preliminary in vivo studies

In the early stages of in vivo work, before the full trials were conducted, a number of studies were
performed to carry out preliminary testing with a number of different conduit designs. These
conduits were tested in the same 3 mm common fibular nerve repair as the main studies and left for
the full three-week recovery before harvesting the nerve segments and imaging with either
fluorescence or confocal microscopy. The images were mainly analysed by observational analysis as
the small sample numbers would make it difficult to draw any strong conclusions from quantitative
analysis. The results were of varying success but helped to understand some underlying problems

and informed conduit design for the full studies that followed.

5.5.1.1 Preliminary experiment 1: Plain conduits vs Fibre-filled conduits (both with thick-wall

design)

Before the design of the fibre-filled conduits was optimised, preliminary in vivo trials were carried

out with fibre-filled conduits with a thicker-walled design. This was due to difficulties in producing
conduits with the three-part design with a total wall thickness of ~280 um to match the intended
design of the plain conduits. The fibre-filled conduits used here were of the same three-part design
as described in section 3.4.7 but with a total wall thickness of 400 um. These conduits were filled
with either 2 um and 9 um fibres (12% packing density) and tested in vivo in common fibular nerve
repairs. Thick-wall plain (empty) conduits with a comparable wall thickness were used as a control.
Three animals per conduit group were used (nine mice in total) and the nerve tissue was harvested

after three weeks and imaged with fluorescence microscopy (Figure 74).

As can be seen in Figure 74, the level of nerve regeneration in all conduits was very poor. In the plain
conduits (Figure 74A) tissue cables formed in 2/3 cases as can be seen from the faint fluorescence
between the proximal and distal ends. However only one or two axons regenerated through these
tissue cables and no axons reached the distal ends. In the fibre-filled conduits (Figure 74B,C), axons
were seen to regenerate up to or just past the start of the fibres. Here the fibres seemed to form a
barrier to regenerating axons with only a small number of axons growing partly into the fibre-filled
sections. These results were surprisingly poor, especially considering the failure of the plain conduits
of which similar designs had been shown to work in previous studies by A. Harding [324]. It was
hypothesised that the unsuccessful regeneration was a result of poor surgical techniques as these

were the first surgeries performed by the author.
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Proximal stump Distal stump

Regenerated axons Electrospun fibres

Regenerated
tissue cable

Figure 74. Fluorescence microscopy images of nerve harvests from preliminary experiment 1: Nerve repair with plain conduits (A) and fibre-filled conduits containing
2 um fibres (B) and 9 um fibres (C) (both conduit types were the thick-wall design). Axons are visible in yellow due to the expression of YFP. Scale Bar: 1 mm.

A: Plain conduits - tissue cables connecting proximal and distal ends can be seen but very limited axonal regeneration has occurred.

B: 2 um fibre-filled conduits and C: 9 um fibre-filled conduits - axons have regenerated until reaching the start of the fibres, which seem to act as a barrier to

regenerating axons. The white dotted lines represent the start and end of the electrospun fibres inside the conduit.
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5.5.1.2 Preliminary experiment 2: Grafts vs Plain conduits vs Fibre-filled conduits (thick-wall

design)

A set of nine surgeries were then carried out with three plain conduits and three 9 um fibre-filled

conduits (of the same designs as preliminary experiment 1). Three graft surgeries were also carried
out to act as a positive control to help deduce if any failures could be attributed to poor surgical
technique or if they were related to the use of the conduits. Fluorescence microscopy images of
nerve harvests showing the resulting regeneration are displayed in Figure 75. From observational
analysis, 2/3 graft repairs possessed a good level of regeneration with a large number of axons
crossing the gap and growing into the distal end (Figure 75A). All three plain conduits (one is not
shown) completely failed to regenerate, with no tissue cable connecting the proximal and distal
stump and no axons extending into the conduit lumen (Figure 75B). The three fibre-filled conduit
repairs showed a varying level of success. In Figure 75Ci, a number of axons have regenerated across
the gap and grown into the distal stump. In Figure 75Cii, axons have started to regenerate through
the fibres but the longest axons only reached a little past the mid-way point of the conduit/fibres. In
Figure 75Ciii, the regenerating axons have only made it a very short distance into the fibres, similar

to the repairs in Figure 74C.

The positive results from the graft repairs suggested that the surgical technique was sufficient
enough not to hinder nerve regeneration. The results from the fibre-filled conduits was more
promising than the previous experiment (albeit still highly variable) and showed enough promise to
continue to test fibre-filled conduits of a similar design. The continued failure of the plain conduits
however was unexpected. As mentioned, the conduits in this study had a wall thickness of around
400 um which is considerably thicker than the 250 um wall thickness of conduits used in the
successful conduit repairs by A. Harding [324]. It was thought that the increased wall thickness of

the conduits may have had a detrimental effect on the nerve regeneration.
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Proximal stump Distal stump

Regenerated axons

A

Electrospun fibres

Figure 75. Fluorescence microscopy images of nerve harvests from preliminary experiment 2: Nerve repair with grafts (A), plain conduits (B) and 9 um fibre-filled
conduits (C) (both conduit types were the thick-wall design). Axons are visible in yellow due to the expression of YFP. Scale Bar: 1 mm.

A: Grafts — A good level of regeneration is seen in repairs Ai and Aii with a large number of axons reaching and growing down the distal nerve stump.

B: Plain conduits — No regeneration is seen with axons failing to regenerate into the conduits.

C: 9 um fibre-filled conduits — Ci shows a good level of regeneration with a number of axons reaching and growing down the distal nerve stump. In Cii, some axons
have regenerated part the way through the electrospun fibres but none reached the distal end. In Ciii axon regeneration stopped a short distance into the fibres.
The white dotted lines represent the start and end of the graft tissue (B) and the electrospun fibres (C)
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5.5.1.3 Preliminary experiment 3: Thick vs thin-wall conduits

A third preliminary experiment was performed to assess the effect of conduit wall thickness on
nerve regeneration. Nerve repairs were carried out with five grafts, five thick-wall conduits (380 um
wall thickness) and five thin-wall conduits (270 um wall thickness). Both conduit types were plain
conduits containing no electrospun fibres. Regenerated nerves were imaged with confocal
microscopy (Figure 76). 3/5 grafts became disconnected during the recovery period (due to a failure
in the fibrin glue) leaving only two for analysis. These two grafts however, possessed a good level of
regeneration (Figure 76A). Of the five thick-wall conduit repairs, four nerve harvests were imaged
(one was lost due to an error in harvesting). One completely failed to regenerate (not shown) and
the remaining three possessed varying level of success. Figure 76Bi shows an excellent regeneration
with many axons reaching the distal stump, however in Bii far fewer axons traversed the repair site.
Repair Biii was significantly worse, with no axons reaching the distal stump. For the thin-wall
conduits, improved results were seen. 1 out of 5 repairs completely failed to regenerate (not shown)
but of the four that did, all showed a high level of regeneration with many axons reaching the distal

point (Figure 76C).

Axon counts were performed to calculate the sprouting index of the thick-wall and thin-wall conduit
repairs (and the graft controls) and compare the number of axons present at each interval along the
repair site (Figure 77). Quantifying the above observations, the sprouting index was lower in the
thick-wall conduits at the majority of intervals compared to the thin-wall conduits. The difference
was especially evident at the 5.5 mm interval in the distal end however the results were highly
variable (as demonstrated by the large standard deviations) and the no significant differences were
found (two-way ANOVA with Bonferroni multiple comparison). Looking at the results, together with
preliminary experiments 1 and 2, the higher failure rate of the thick conduits may also be indicative

of poorer performance (compared to the 1/5 failure rate in the thin conduits).

Though it is difficult to draw a strong conclusion from the small sample size, the qualitative
observations were enough to suggest that the thin-wall conduits may be preferable and were
certainly not detrimental to nerve regeneration. For this reason, and to keep the studies comparable
to previous work [128], [324] it was decided to perform the full in vivo studies with thin-wall
conduits. Following this, the fabrication parameters of the uSL constructs were optimised and the
design of the three-part, fibre-filled conduits was changed to the thin-wall design, outlined in section
3.5.7 (total wall thickness of 280 um). The plain conduits and grooved conduits were fabricated to

have a similar wall thickness (280 um and 300 um respectively).
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Distal stump
Proximal stump

Regenerated axons

Figure 76. Confocal fluorescence microscopy images of nerve harvests from preliminary experiment 3: Nerve repair with graft (A), thick-wall plain conduits (B) and
thin-wall plain conduits (C). Axons are visible in yellow due to the expression of YFP. Scale Bar: 1 mm.

A: Graft repairs show a good level of regeneration with many axons regenerating across the repair site and growing into the distal stump.

B: thick-wall conduits showed a varying level of success - good regeneration in i, and some regeneration in ii and iii with a few and no axons reaching the distal end,
respectively (note that the nerve cable in Biii was accidentally transected during harvest). C: thin-wall showed good regeneration with many axons reaching the
distal stump in all four cases.
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Preliminary experiment 3: The effect of conduit wall thickness
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Figure 77. Sprouting index measurements from preliminary experiment 3 (thin-wall vs thick-wall conduits)
Number of axons (expressed as a percentage of start axons) present at each 0.5 mm interval distal to the
proximal injury point. Values presented mean+SD (N= 2, 3 and 4 for graft, thick-wall and thin-wall,
respectively). No significant differences were found at any interval (two-way ANOVA with Bonferroni
multiple comparison test).
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5.5.1.4 Confocal vs fluorescence microscopy

What was evident when comparing the images of nerve harvests from the three preliminary
experiments was a huge increase in image quality when using confocal microscopy (Figure 76)
compared to fluorescence microscopy (Figure 74 and Figure 75). The graft repair in Figure 76Ai was
imaged both with fluorescence (section 5.4.3.1) and confocal microscopy (section 5.4.3.2). Figure 78
shows a comparison of the maximum intensity projection images obtained with the two imaging
modalities. The blurred portions of the fluorescence microscopy image (Figure 78A) obscure the
smaller axons and much higher contrast can be seen in the confocal image (Figure 78B). Individual

axons are more easily distinguishable which allowed more accurate analysis.

Figure 78. Increased image quality when imaging YFP harvests with confocal vs fluorescence microscopy.
A: Maximum intensity projection from fluorescence microscopy.

B: Maximum intensity projection from confocal microscopy.

Enlarged images of selected regions shown. Confocal images exhibit much higher contrast with less
background fluorescence. This makes individual axons more easily distinguishable. Scale Bar: 0.5 mm.
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5.5.2 General observations regarding failed regeneration

Before presenting the results of the in vivo studies with grooved and fibre-filled conduits, it is worth
commenting on the failure rate of the repairs and how this affected the inclusion criteria of the

analysis.

As discussed in (section 1.3.2), successful regeneration through a conduit must always be preceeded
with the formation of a fibrin cable between the proximal and distal nerve stumps. This acts as a
scaffold to support the migration of Schwann cells and regeneration of axons. In the present study, if
a connecting tissue cable was found within the conduit (during harvest), at least some axons would
always be present within this tissue cable (visible with confocal microscopy), having regenerated
fully, or at least partly, across the nerve injury site. In some (~15-30% of) cases, regeneration
completely failed, and no tissue cable was found connecting the proximal and distal stumps.
Examples of these failures are shown in Figure 79, where the regenerating axons have formed a
neuroma and failed to regenerate into the conduit. For the graft repairs, if the graft tissue remained
secured between the proximal and distal nerve endings, regenerated axons were always found
within the graft tissue (as with the tissue cable in conduit repairs). In a few cases the graft tissue
became disconnected from the proximal or distal nerve stump and regeneration failed in a similar

fashion to the failed conduit repairs.

Conduit and graft repairs which completely failed like this (no nerve cable or graft disconnection)
were excluded from the following analysis of sprouting index and axon tracing but were included

when considering the overall success and failure of the different repair types (section 5.5.7).
Additionally, 1 out of the 9 plasma-treated plain conduits was excluded from analysis due to a

technical failure of the distal nerve stump becoming detached from the conduit during the recovery

period. This was the only case where a conduit became disconnected from the nerve stumps.
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Figure 79. Examples of two failed conduit repairs where no nerve cable was found connecting the

proximal and distal stumps. A: Grooved conduit repair. B: Plain conduit repair. Scale bars: 0.5 mm.
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5.5.3 Study 1: The effect of alighed grooves on nerve regeneration

(Plain conduits vs Grooved conduits)

Grooved conduits were tested against plain conduits to determine the effect of aligned grooves on
nerve regeneration. Grooved conduits were produced with PCLMA resin containing beta-carotene
(to improve groove resolution) and so the plain conduits were produced using the same resin to
serve as the appropriate control. Graft repairs were also used for comparison as the clinical gold

standard.

5.5.3.1 General observations

Representative images of the three repair types can be seen Figure 80. All three groups showed a
good level of regeneration with many axons regenerating through the graft tissue/conduit lumen
and into the distal stump. Two obvious sites of disorganisation were observed in all repairs. At the
proximal injury site (between 0.0 mm and 1.5 mm) axons became disorganised as they exited the
proximal stump and entered the graft tissue or the conduit lumen but organisation was regained
within the mid portion of the repair. The second site of axonal disorganisation was where axons

entered the distal stump (Figure 80, white arrows).

The plain conduits (Figure 80B) and grooved conduits (Figure 80C) showed very similar levels of
regeneration with no obvious differences to each other or to the graft repairs (Figure 80A). One
notable difference was that in the graft repairs, the distal stump was seen to start between the
3.0 mm and 3.5 mm interval. However, in the conduit repairs the distal stumps started between

5.0 mm and 5.5 mm.

The regenerated nerve cables within the conduits (between intervals 1.0 mm and 4.5 mm) showed
axons with a good level of organisation, similar to those within the graft tissue. However, the nerve
cable in the conduit repairs tended to be slightly thinner (with axons less spread out) compared to

those in the graft repair. It is thought that this is due to an absence of any support structure within

the conduit and reliance on the native fibrin cable produced to support regeneration.

217



Figure 80. Typical images for common fibular nerve repairs with Graft (A), Plain conduit (B) and Grooved conduit (C), (Both conduits containing beta-carotene).
0.5 mm intervals marked from the proximal point of injury. The Proximal nerve ends are visible leading up to the 0.0 mm interval (proximal injury point). In all cases,

regenerated axons can be seen growing across the repair site (through the graft tissue/conduit) and entering the distal stump (marked by white arrow).

218




5.5.3.2 Sprouting index

To quantify the above observations and the overall level of regeneration in each repair type, the
number of axons at each 0.5 mm were counted and expressed as a percentage of number of start
axons (at -0.5 mm). This gives the sprouting index (see sections 5.2.3 and 5.4.4.1) and the results are

displayed in Figure 81.

The sprouting index in all three repair types peaked at 0.5 mm as the axons begin to regenerate out
from the proximal stump and enter into the graft tissue/conduit. The sprouting index at 0.5 mm was
slightly lower for the grooved conduits in comparison to the plain conduits, though not significantly
different. Despite this lower initial sprouting index, the sprouting index between 1.0-5.5 mm was
consistently slightly higher for grooved conduits, but comparing the conduit types, no significant

differences were found at any interval (two-way ANOVA with Bonferroni multiple comparison).

A significantly higher sprouting index was seen at 1.0 mm for the grafts in comparison to the plain
and grooved conduits (P<0.001 and P<0.05, respectively) corresponding to axons entering the graft
tissue and encountering a level of resistance. In the middle of the graft tissue (1.5 and 2.0 mm), the
sprouting index fell to a comparable (not significantly different) level to both the conduit types. As
the axons in the graft tissue approach the distal nerve stump at 2.5 mm, the sprouting index
increased and was significantly higher than in the plain conduits (P<0.05). This increase continued at
3.0 mm where the graft sprouting index was significantly higher than both the plain and grooved
conduits (P<0.01 and P<0.05, respectively). At 3.5 mm, the sprouting index of the grafts remained
significantly higher than the plain conduits (P<0.05). The sprouting index of the graft repairs then fell
to a level comparable to the conduit repairs and the values between the three groups remained
non-statistically different for the remainder of the intervals and at the distal end. This increase in
sprouting index around 3 mm was not mirrored by the conduit repairs as the distal stump was not

present until around the 5.0 mm interval.
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Figure 81. Sprouting index values at 0.5 mm intervals along the repair for Graft repairs (N=7), Plain and Grooved conduits (both containing beta-carotene (BC), N=6).
Values presented mean=SD. # denotes significant difference from graft (two-way ANOVA with Bonferroni multiple comparison test).
Inset: SEM images of Plain conduit (i) and Grooved conduit (ii).
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5.5.3.3 Unique Axon Tracing

Unique axon tracing was performed to calculate number of unique start axons that are represented
at the distal end of each nerve repair (Figure 82). This provides more detailed information about the
success of regeneration than the sprouting index values, as it takes into account the sprouting of

axons and avoiding the same axon being counted multiple times due to the occurrence of branching.

The number of unique axons present in the distal end of the plain and grooved conduits was very
similar (21.25+£15.70% and 21.75£12.96%, respectively). These values were lower than the number
of unique axons in the distal end of the graft repairs (39.62+18.98%) though the differences were

not significant (one-way ANOVA with Tukey’s multiple comparisons).
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Figure 82. Unique axon tracing: The number of unique start axons present in the distal end of the Plain
conduits, Grooved conduits and Graft repairs. (Both conduits containing beta-carotene.)

Values presented meanSD, (N=6). No significant differences were found (one-way ANOVA with Tukey’s
multiple comparison test).
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5.5.3.4 Axonal disruption

The length of axons between the start of the repair (0.0 mm) and the 1.5 mm interval were
measured and compared to the shortest possible path, to give the percentage increase in axon
length (Figure 83). This gives a measure of axon disruption during the exit from the proximal stump
and entry into the graft tissue/conduit lumen. The smallest increase in axon length was seen in the
grooved conduits and highest in the graft repairs (15.26+5.60% and 29.2218.12%, respectively). This
was a significant difference (P<0.05) meaning that axon disruption was significantly lower in the
grooved conduits. The plain conduits had an intermediate level of axon disruption (23.46+£11.80%)
which was not significantly different to either the grooved conduits or the graft repairs. As well as
having a lower average increase in axon length, the variation in the axon disruption of the grooved
conduits was also much lower than the plain conduits, demonstrating a more consistent result.

Example traced axons from each group can be seen in Figure 84.
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Figure 83. Axon disruption measurements: The % increase in axon length between 0.0 mm and 1.5 mm
(compared to the most direct path). A comparison between Plain conduits, Grooved conduits and Graft
repairs. (Both conduits containing beta-carotene (BC).) Values presented mean+SD, (N=6).

* Denotes significant difference (one-way ANOVA with Tukey’s multiple comparisons)
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Figure 84. Example axons traced for axon disruption measurements. A: Plain conduit (intermediate
disruption), B: Grooved conduit (low disruption), C: Graft repair (high disruption). (both conduits
containing beta-carotene) 0.5 mm intervals.
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5.5.4 Study 2: The effect of aligned fibres and plasma treatment on nerve

regeneration

(Fibre-filled vs plain conduits, with and without plasma treatment)

Fibre-filled conduits were tested against plain (empty) conduits to determine the effect of aligned
fibres on nerve regeneration. Since plasma treatment was shown to improve nerve regeneration
through fibre-filled conduits in vitro (section 4.5.5.1) the effect was also tested here in vivo. Plasma-
treated fibre-filled conduits and plasma-treated plain conduits were included in the study along with

graft controls. All conduits were fabricated with PCLMA resin without beta-carotene.

5.5.4.1 General observations

Representative images of the nerve repairs can be seen in Figure 85 and Figure 86. Regeneration in
the plain conduits (Figure 85) was very similar to the regeneration in the beta-carotene-containing
plain and grooved conduits in the previous experiment (Figure 80B,C). There was no obvious
difference between the non-treated plain conduits (Figure 85A) and the plasma-treated plain

conduits (Figure 85B).

Looking at the fibre-filled conduits, there was an obvious difference between the non-treated and
plasma-treated conduits. The non-treated conduits (Figure 86A) performed very poorly, with axons
only regenerating a short way into the fibres. On the other hand, the plasma-treated conduits
(Figure 86B) supported much improved regeneration. In some cases (e.g. Figure 86Bi) axons seemed
more spread out within the regenerated cable compared to the plain conduits however in other
cases (e.g. Figure 86Bii) axons were seen to grow round start of fibres and continue between fibres

and conduit wall.
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Figure 85. Typical images for common fibular nerve repairs with Plain conduits. A: Non-treated conduits. B: Plasma-treated conduits. 0.5 mm intervals marked from
the proximal point of injury (0.0 mm). In both cases, many axons regenerated across the injury site and into the distal nerve endings (5.0 mm).
Inset: Graph of sprouting index (values isolated from Figure 87).
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Figure 86. Typical images for common fibular nerve repairs with Fibre-filled conduits. Red arrow indicates the start of the fibres. A: Non-treated conduits (axons
failed to regenerate far past the start of the fibres). B: Plasma-treated conduits (axons regenerated across the injury site and into the distal nerve endings (5.0 mm).
0.5 mm intervals marked from the proximal point of injury (0.0 mm). Inset: Graph of sprouting index (values isolated from Figure 87).
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5.5.4.2 Sprouting index

Figure 87 shows the sprouting index measurements from all 5 repair types. Again, the sprouting
index of all groups peaked at 0.5 mm, however (like the graft repairs) this stayed elevated for the

plasma-treated fibre-filled conduits at 1.0 mm.

At all intervals, there were no significant differences in the sprouting index of any conduit type in
comparison to the graft, except the non-treated fibre-filled conduit. These possessed significantly
lower sprouting index compared to the graft at all intervals from 2.5-4.5 mm (P<0.0001, P<0.0001,
P<0.001, P<0.01, P<0.05). Comparing between the two non-treated conduit types, the sprouting
index of the fibre-filled conduits was significantly lower than the plain conduits at every interval
from 3.0-6.0 mm (P<0.05, P<0.05, P<0.01, P<0.001, P<0.0001, P<0.01, P<0.05). As observed in Figure
86A axon numbers in the non-treated fibre-filled conduits declined rapidly after the start of the

fibres (0.5-1.0 mm).

Plasma treatment had little effect on the plain conduits with no significant differences in sprouting
index at any interval between the plasma-treated and non-treated plain conduits. On the other
hand, in the fibre-filled conduits, sprouting index was higher in the plasma-treated group at all
intervals from 0.5 mm onwards. Significant differences were seen in the fibre-filled conduits at 1.5
and 4.5 mm (P<0.05) between the plasma-treated and the non-treated groups. The improved
regeneration in plasma-treated fibre-filled conduits is reflected by the absence of any significant
differences between plasma-treated fibre-filled conduits and plain conduits (either plasma-treated

or non-treated).

Unique axon tracing was not performed on the images from this experiment as the presence of

electrospun fibres in the harvested nerve tissue resulted in poorer quality images where axons could

not be as reliably traced.
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Figure 87. Sprouting index values at 0.5 mm intervals along the repair for Graft repairs (N=7), Plain conduits (plasma-treated and non-treated, N=7) and Fibre-filled
conduits (plasma-treated and non-treated, N=5). Values presented mean+SD. Conduits of the same physical design are displayed in a common colour and plasma
treatment is represented by spotted bars. * denotes significant difference to Graft, T denotes significant difference to Plain conduit (non-treated), # denotes significant
difference to Fibre conduit (non-treated) (two-way ANOVA with Bonferroni multiple comparisons). Inset: SEM images of Plain conduit (i) and Fibre-filled conduit (ii).

228



5.5.5 The effect of beta-carotene: Plain conduit vs Plain conduit containing

beta-carotene

Looking at the sprouting index values from Study 1 and Study 2 (Figure 81 and Figure 87) we can
compare the regeneration in the plain conduits (Figure 85A) and the plain conduits containing beta-
carotene (Figure 80B). This allows us to determine if the inclusion of beta-carotene in the conduits
had an effect on nerve regeneration. As seen in Figure 88, the increase in sprouting index at 0.5 mm
was consistent between the two plain conduit types. The values then fell to a similar level in the
within the conduit (from 2.0-4.0 mm). As the axons entered the distal nerve stump (around 5.0 mm)
there was an increase in sprouting index in the non-beta-carotene conduits, which is not evident in

the beta-carotene conduits. However, there were no significant differences between the two groups

at any interval.
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Figure 88. Sprouting index values at 0.5 mm intervals along the repair for Plain conduits (taken from
Figure 87) and Plain conduits containing beta-carotene (BC) (taken from Figure 81) (N=7,6 respectively).

Values presented mean+SD. No significant differences were found (two-way ANOVA with Bonferroni
multiple comparison test).
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5.5.6 Study 3: The effect of uSL microfeatures on nerve regeneration

(Plain vs Smooth conduits)

As discussed in section 2.5.3.1, on the surface of the plain conduits were aligned microfeatures
present as an artefact from the uSL production using the DMD. To see whether these features had
an effect on nerve regeneration, conduits with smooth luminal and outer surfaces were produced by

injection moulding and tested in vivo to compare with plain conduits and graft repairs.

Eight surgeries with smooth conduits were performed however 2 mice developed problems with the
sutures closing the wound and had to be culled. Additionally, 2 complete failures were seen (no
tissue cable found connecting the proximal and the distal stump) and as a result the sample size for
analysis was only N=4. Example images can be seen in Figure 89. Figure 89A shows a typical plain
conduit from study 2 and Figure 89B shows two smooth conduits. 3 of the 4 smooth conduits
possessed a good level of regeneration (e.g. Figure 89Bi), visually comparable to the plain conduits. 1
smooth conduit supported very poor regeneration (Figure 89Bii) with only one axon regenerating
into the conduit. This variation resulted in large standard deviations in the sprouting index values of
the smooth conduits which are displayed in Figure 90. No significant differences were found in the

sprouting index between the plain conduit, smooth conduits and grafts at any interval.
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Figure 89. Typical images for common fibular nerve repairs with Plain conduits (A) and Smooth conduits (B).

A: Plain conduit from study 2 showing good regeneration. B: Smooth conduits showing good (i) and poor (ii) regeneration. 0.5 mm intervals marked from the
proximal point of injury.
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Figure 90. Sprouting index values at 0.5 mm intervals along the repair for Graft repairs, Plain conduits and Smooth conduits (N=7,7,4 respectively).
No significant differences were found (two-way ANOVA with Bonferroni multiple comparison test). Inset: SEM images of Plain conduit (i) and Smooth conduit (ii).
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5.5.7 Overall success/failure: Comparison between all repair types

It was highlighted in 5.5.2 that in around 10-30% of conduit repairs, no tissue cable formed between
the proximal and distal nerve stumps and no axons were able to regenerate past the proximal
neuroma. If no tissue cable was present during harvest, the repair was considered a failure. This
failure rate was quantified (Figure 91A), allowing us to compare the overall success of the different
repair types. Most interestingly, in 100% of the fibre-filled conduits (both plasma-treated and non-
treated), a tissue cable formed and at least some axon regeneration was present. All other groups
had some instances where complete failure occurred (no tissue cable and no axon regeneration).
The poorest performing groups were the plain (non-treated) and smooth conduits where complete
failure occurred in around 35% of cases. Failure in the graft repairs was also around 30% but this was
always due to the graft tissue becoming disconnected from either the proximal or distal nerve

stump.

A second method of quantifying the overall success is to determine if any regenerating axons
reached the point of the distal nerve stump (at around 3.5 mm for graft repairs and between 4.5-
5.5 mm for conduit repairs). This result is shown in Figure 91B and indicates whether the repairs
were successful in supporting axons to fully traverse the injury site. The two graphs in Figure 91A
and B are largely the same for most of the repair groups. This was due to the fact that if a nerve
cable formed, in almost all cases, at least one axon would reach the distal stump. Exceptions include
one smooth conduit (Figure 89Bi) and one plasma-treated plain conduit where cable formed but
axons regenerated only partly into the conduit. The most striking difference between Figure 89A and
B is in the non-treated fibre-filled conduits. Here, even though a tissue cable formed and axonal
regeneration began in all cases, there was only one repair in which a single axon reached distal end.
This 80% failure rate (despite successful tissue cable formation) further highlights the poor
performance of the non-treated fibre-filled conduits. On the contrary, the plasma-treated fibre-filled
conduits were the only conduit type with no complete failures. In 100% of plasma-treated fibre-filled

conduits, at least one axon successfully reached the distal end.
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Figure 91. The overall success/failure of each conduit type, quantified using 2 criteria:

[ No
Bl Yes

Bl No
Bl Yes

A: ‘Did a tissue cable form between the proximal and distal nerve stumps?’ If ‘yes’, in all cases, this

supported the regeneration of at least some axons into the injury site.

B: ‘Did any axons reach the distal nerve stump?’ This measured whether the repair was successful in

supporting any axons to fully traverse the injury site and grow into the distal nerve stump.
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Discussion

5.6.1 Preliminary experiments

Before the conduit designs were finalised and the three main studies were conducted, preliminary
experiments were carried out using alternative conduit designs (plain and fibre-filled conduits with a
greater wall thickness). Failure rates were higher than expected, especially in the plain conduits, but
this was partly attributed to poor surgical technique. It was thought that the thick-wall designs of
the conduits may also have been affecting the efficacy of the plain conduits as thinner-wall plain
PCLMA conduits had been successful in previous studies in our lab [324]. The fibre-filled conduits,
although highly variable, out-performed the plain conduits, showing promise for their use. In the
third preliminary experiment, conduits with a thin-wall design were shown to perform slightly better
than the thick-wall conduits, though small sample sizes made it difficult to draw any firm
conclusions. Previous studies have shown that increased wall thickness can lead to limited nerve
regeneration and the effect may be due to decreased conduit permeability for the exchange of
nutrients or oxygen [184]. Our PCLMA conduits do not have a microporous structure so nutrient
diffusion through the wall is unlikely but gas permeability studies could be performed in the future
to determine whether oxygen diffusion is a limiting factor. With improvements in the manufacturing
technique making the thin-wall conduits possible and the suggestion of better performance, this
conduit design was chosen for the main studies to keep the conduits comparable to those in

previous studies from our group [128], [129], [324], [331].
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5.6.2 The advantages of confocal over fluorescence microscopy: allowing an

improved axon tracing method

Previous studies in our lab performed axon counting and axon tracing using maximum intensity
projection images from fluorescence microscopy z-stacks. As mentioned in section 5.5.1.4, the use of
confocal imaging in this study allowed a greater quality of image acquisition and the maximum
intensity projection images obtained were of a higher quality than those obtained by fluorescence
microscopy (Figure 78). This meant individual axons were more easily distinguishable and axon
counting analysis could be performed more accurately. The increase in image quality is due to the
fact that in fluorescence microscopy images, out of focus axons remain visible, contributing to
background fluorescence and a low contrast image. On the other hand, in confocal microscopy, a
pinhole is used in the optical set-up to remove out-of-focus light from the image and so the images

have a much higher contrast (Figure 78B).

The second difference between the analysis in this study and the analysis in previous studies, was
that tracing of axons was performed using single slices from the z-stack images rather than using
maximum intensity projections. This reduced the number of axons visible at one time, allowing for
more accurate determination of axon path. The reduction of visible axons can be seen by comparing
images in Figure 92A and Figure 92B which show maximum intensity projections and single slices
respectively. Axons in Figure 92B can be much more easily traced. The difference in image quality
between fluorescence and confocal images was even more evident when looking at the individual
slices from the z-stacks. Figure 92C shows a single z-stack slice from a fluorescence microscopy
image of the same position, where out of focus axons contribute to a blurred looking image, making

tracing through individual slices not possible.
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Figure 92. Image quality of YFP nerve harvests imaged by fluorescence vs confocal microscopy. The same
position of a nerve segment was imaged with confocal (A,B) and fluorescence (C) microscopy. Enlarged
images of selected regions shown for clarity (ii). Scale bars: 100 um.

A: Confocal microscopy, maximum intensity projection image. (Many axons visible.)

B: Confocal microscopy, single z-stack slice. (Fewer axons visible so individual axon paths are more clear.)
C: Fluorescence microscopy, single z-stack slice. (Presence of blurry axons decreases image clarity.)
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5.6.3 Study 1: The effect of alighed grooves on nerve regeneration

Plain conduits and grooved conduits (both containing beta-carotene) were tested in the 3 mm
common fibular nerve injury model and regenerated nerves were analysed to give measurements of

sprouting index, unique axon number and axon disruption.

5.6.3.1 Sprouting Index

Axons were counted at 0.5 mm intervals along the repair site to give an overall view of axonal
regeneration and the level of sprouting occurring at various points along the repair. This allows us to
obtain similar information to that which can be obtained via histological methods. Using histological
methods, sections of nerve tissue can be taken and axons counted, however most studies which use
this form of analysis only count the number of axons at one or two points along the repair (i.e. the
mid graft or distal end) [171], [181], [184]. Our method allows us to gain information across the
whole length of the repair giving a sprouting index profile for each repair type. This makes it possible

to look in more detail at the effect of each repair type.

From the images of the conduit and graft repairs (Figure 80), it was clear that the locations with the
greatest amount of axonal disorganisation were the proximal injury site and the beginning of distal
nerve stump. The quantitative analysis of axon number revealed that the sprouting index in all repair
types peaked at 0.5 mm, confirming that this visible disorganisation was due to the regenerative
sprouting of axons as they regenerated out from the proximal stump, into the injury site. There was
a second (lower) peak in sprouting index as axons entered the distal stump which was most evident
in graft repairs (around the 3.0 mm interval). At these proximal and distal points, there is a
discontinuity in axonal guidance cues as axons leave the aligned structures of the proximal tissue
and enter the graft tissue/conduit or leave the graft tissue/conduit and enter the distal stump. It is
thought that this lack of appropriate physical guidance is a strong contributing factor which leads to

increased sprouting.

Axon sprouting in areas of disorganisation has been reported as early as 1934 by Weiss in
experiments observing axons growing though clotted fibrin [140]. He observed that axon branching
was limited in fibrin with parallel organisation, but in areas where fibrin was less organised, axons
branched much more readily. It was hypothesised that this increased branching was due to axons
being presented with mechanical obstruction in the form of disorganised guidance cues and this can

explain the increased sprouting at the proximal/distal points in our study.

238



Looking at the proximal portion of the sprouting index profiles, the sprouting index in all repairs was
similarly elevated at 0.5 mm but at 1.0 mm, the sprouting index of the graft repairs remained high
and was significantly greater than the plain and grooved conduits. This prolonged, elevated
sprouting index in the graft repairs is thought to be caused by the greater discontinuity in guidance
cues as axons exit the endoneurial tubes of the proximal nerve tissue and attempt to find new
guidance cues in the form of the endoneurial tubes of the graft tissue. Conversely, in the conduit
repairs, axons extend into the lumen, guided instead by the fibrin matrix which forms during in the
first few days of the nerve repair. This aligned fibrin matrix acts to guide migrating cells (including
Schwann cells and fibroblasts) into the injury site, resulting in a cellularised matrix which supports
axonal regeneration [35] (see section 1.3.2 for more info). Based on the lower degree of sprouting in
the conduit repairs, it would seem that the supportive fibrin matrix within the conduits offers less
mechanical obstruction to regenerating axons compared to the pre-formed arrangement of
endoneurial tubes in the graft tissue. Once in mid portion of the repair (1.5-2.5 mm in the grafts and
1.5-4.5 mm in the conduits), axonal organisation resumed, seen by a stable sprouting index and
visibly aligned axons. This reinforces the idea that organised axon growth depends on organised,
continuous guidance cues as here, structural guidance is provided by the extracellular matrix of the

graft tissue or the fibrin matrix of the conduit repairs.

Comparing the sprouting index of the plain and grooved conduits, no significant differences were
found. It was hypothesised that the grooves would improve regeneration by providing guidance to
Schwann cells and axons, resulting in quicker, more directional axonal growth with less sprouting
and more axons reaching the distal stump. However, to see a significant difference in sprouting
index, the effect would need to have been quite large (see section 5.4.5). Previous studies showed
that grooved conduits can result in a larger number of regenerated axons [106], [181] or a larger
area of axonal regeneration [106], [184] however differences were often absent at longer time
points. It is possible that our three-week recovery time was too long to see differences between the

two conduit types (this will be discussed in more detail in the following section).
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5.6.3.2 Unique axon tracing

As discussed, the counting of axons (sprouting index) gives a good indication of the number of axons
that have regenerated across the repair site. However, it is not possible to tell the number of unique
axons; even if there is a large number of axons present in the distal stump, many of these could have
originated from a small number of proximal axons which have undergone a high degree of sprouting.
As a result of this, a number of studies have reported differences in functional recovery where

differences in axon number were not present [183], [332].

Using the thy-1-YFP mouse model, whole nerve samples were imaged without sectioning and it was
therefore possible to trace individual axons across the repair site. By doing this, we can determine
where axons have sprouted and calculate the number of unique axons present in the distal end of
each nerve repair. This may highlight differences that were not seen in sprouting index values and

give a good indication of functional recovery.

As discussed in section 5.2.1, one of the most common ways of assessing functional recovery is via
electrophysiological assessment of the regenerated nerve. One method is to record CAP signals from
two stimulation electrodes placed either side of the repair site [332]. The ratio of these CAP signals
(distal/proximal) gives a measure of the percentage efficiency of signal transmission through the
repair site. In a study in our lab by Albadawi, it was shown that the CAP ratio was very closely related
to the number of unique axons present distally from unique axon tracing (25.3% and 27.1%,
respectively) [331]. It then follows that by performing unique axon tracing and calculating the
number of unique axons present at the distal end, we can obtain a pseudo-measure of functional

recovery which can be considered an alternative to electrophysiology measurements.

In the current study, no significant differences were found in the number of unique distal axons
between any repair type. Both conduit types had slightly lower values compared to the graft but this
was not significant. This slight difference in unique axon number could be attributed to the fact that
unique axons were counted after tracing back from 5.0 mm in the graft repairs and 6.0 mm in the
conduit repairs. These distal points were chosen so that they were well clear of the proximal
neuroma site. Due to the shorter length of the graft repairs, 6.0 mm could not be chosen as
harvested tissue usually ended around the 5 mm mark. The longer length of the conduit repairs has
been noted previously [331] and was thought to be caused by the retraction of the proximal and
distal stumps causing them to slip to the ends of the conduit, overcoming the relatively weak hold of

the fibrin glue. Looking at the sprouting index results (Figure 81), the axon number in the grafts
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started to decline after entering the distal stump so if it was possible to trace axons from the 6.0 mm

interval, the number of unique axons would likely be lower and closer to that of the conduits.

Comparing the grooved and plain conduits, the number of unique distal axons was almost identical
(21.25% and 21.75%, respectively). From previous studies (discussed in section 1.6.5.2), it was
expected that the grooved conduits would promote an improved level of regeneration but unique
axon tracing did not reveal any difference. A possible explanation is that the presence grooves alone
was not sufficient to promote improved regeneration and that additional factors are needed to
facilitate their beneficial effect. Rutkowski et al. repaired 10 mm rat sciatic gaps with grooved and
non-grooved PLA conduits, with and without the pre-seeding of Schwann cells, prior to implantation.
Neither the presence of grooves or Schwann cells alone were found to be beneficial but when
combined (grooved conduits pre-seeded with Schwann cells) significantly greater functional
recovery was seen compared to the control conduits (assessed by sciatic function index) [183].
Another study found that when using grooved PLGA conduits, improvements were only seen in
comparison to non-grooved conduits when the conduits were coated to make the surface more
hydrophilic [182]. We have previously discussed how cell attachment and spreading can be
improved on hydrophilic surfaces (sections 4.2.1 and 4.6.3) and this could promote enhanced cell-
material interaction, allowing the cells to detect and respond to the underlying physical features.
This result suggests that it would be interesting to study the use of plasma-treated, grooved conduits

(something that was not included in the present study).

Revisiting the idea of the fibrin matrix which supports nerve regeneration, we arrive at an alternative
explanation for the similar level of recovery between the two conduit types. This is that the axons
regenerate though the fibrin matrix (and the resulting tissue cable), rather than along the conduit
wall. It has been noted in a number of studies that the connecting cable between the proximal and
distal stump is always suspended in the centre of the conduit lumen, separated by fluid from the
conduit wall [35], [333]. This was also evident during the harvest of regenerated tissue in the
present study - in Figure 70Aiii the tissue cable can be seen lying in the centre of the conduit lumen.
If this is the case, and axons and Schwann cells regenerate only through the fibrin cable, they may

not come into contact with the grooves and therefore not experience any guidance effects.

It may also be possible that with our 3 mm injury model, the three-week recovery time was too long

to detect differences in the number of unique distal axons. Studies have shown that differences in

functional recovery at earlier time points do not always remain as recovery continues (similar to the
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disappearance in differences of axon number at later time points discussed in section 5.6.3.1). Kim
et al. found that grooved conduits resulted in improved sciatic function index at 2 weeks but the
difference was absent at 4 weeks [182]. If the grooved conduits in our study promoted a similar
increased rate of functional recovery and unique axon number, this difference may have
disappeared by the three-week time point as the majority of regenerating axons in all repairs had
extended past the distal point (6.0 mm). A shorter time point would be necessary to determine if

there are any differences in initial regeneration between the plain and grooved conduits.

The use of a longer gap model would highlight differences in the repairs more easily, especially at
longer time points. Since the plain conduits in our study did not perform significantly worse than the
grafts, there was no room for improvement with the use of a different conduit design and it would
only have been possible to detect a detrimental effect. To see a potential beneficial effect, a longer
gap model could to be chosen in which axonal regeneration in plain conduits is severely limited
compared to grafts (seen in 6 mm mouse sciatic conduit repairs [334]) or where the fibrin cable
formation is disrupted (around 10-15 mm in a rat model [92]). To detect differences in functional
recovery in our 3 mm model with a three-week recovery time, different parameters could be
assessed such as compound muscle action potential which indicates the number of functional axons

which have regenerated the full distance to the distal target muscle [184].

5.6.3.3 Axonal disruption

For measurement of axon disruption, axon path lengths were measured from 0.0-1.5 mm and
compared to shortest, most direct path. Extra axons were traced back from 1.5 mm and measured in
addition to ones traced from the distal end. This was so that all axons were considered rather than
just the ones that reached the distal end (and therefore likely to be less disrupted). This
measurement provides information about axon growth in the transitional region between the
proximal nerve stump and the graft tissue/conduit indicating how easily axons were able to
regenerate into the graft/conduit. This may highlight if the presence of grooves has an effect on
axon growth that is not reflected by the number of axons (either sprouting index or unique axon

tracing).

Both conduit types presented lower axon disruption compared to the grafts. This relates to the
lower sprouting index at 1.0 mm and the hypothesis that fibrin cable offers less resistance compared
to the graft tissue so it is easier for axons to regenerate into and find an appropriate path.

Interestingly axon disruption in the grooved conduits was significantly lower than the grafts but the
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plain conduits had intermediate level and was much more variable, meaning it was not significantly
different to either the grooved conduits or grafts. The consistently low axon disruption in the
grooved conduits resulted in a significant difference to the grafts. In the grooved conduits, axons
grew in a more directional and aligned fashion, parallel to groove direction, therefore exhibiting a
shorter path length. This implies that the grooves are providing some guidance to regenerating

axons in this proximal region.

The ability of grooved substrates in guiding axonal and Schwann cell growth has been widely
demonstrated in vitro (discussed in section 1.6.5.1). Beneficial effects have been seen with a wide
variety of groove sizes ranging from 5 to 180 um. In studies with neuronal and Schwann cell culture,
aligned grooves have been shown to promote the alighment of neurites [174], [176], [180], [182],
[335], [336] and Schwann cells [174], [175], [335], [336], increase neurite outgrowth distance [182],
[335] and enhance Schwann cell migration [174], [182], [335]. Similar effects have also been seen
with the culture of DRG explants with longer neurite outgrowth [337] and improved Schwann cell
alignment [177] on grooved substrates. The mechanism by which grooves promote axonal alignment
in vitro has also been hypothesised by previous groups. It is thought that the filopodia in the growth
cone of advancing axons which are sent out to explore the area (see section 1.2.3) come into contact
with grooves and, on contraction, experience directional traction forces which direct movement
[43], [338]. Additionally the microtubules which make up the cytoskeleton of axons are thought to
be inflexible and so cannot deform over grooves [338]. This means that once in contact with a
groove, axons have a limited angle in which they are able to advance, resulting in growth along the

groove direction.

Though grooved conduits have been tested by a number of studies in vivo, beneficial effects are
usually assessed by conventional parameters such as axon number [106], [181]—-[183], axon area
[181], [183], [184], percentage success rates [106] or functional recovery (electrophysiology [182]
and sciatic function index [182], [183]). These methods do not determine how axons and Schwann
cells respond to grooved topographies in vivo, as this information is difficult to obtain from
conventional histological methods. This highlights the advantages of our thy-1-YFP mouse model as
the tracing of individual axons allows the measurement of axonal disruption, which is similar to
measurements of axon alignment in vitro. The response of axons to grooves in vivo can then be
studied and compared to in vitro observations. In our study, the smaller axonal disruption in the
grooved conduits showed that some axonal guidance was provided by the grooves, similar to what is

seen in vitro.
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However, the mechanisms by which axonal regeneration is improved by the grooved conduits is
unclear. Hsu et al. [106] and Mobasseri et al. [184] hypothesised that the grooved surface of
conduits directly influences cell growth by promoting enhanced Schwann cell migration and
resulting axonal outgrowth. However it is thought that the axons regenerate through the supportive
fibrin matrix, not in contact with the conduit wall (see section 5.6.3.2). Interestingly, however, it has
been shown that properties of conduit wall can influence the formation and structure of the fibrin
matrix. In a study by Aebischer et al. repairing a 4 mm mouse sciatic gap, smooth-walled conduits
promoted the formation of an oriented fibrin matrix and successful regeneration, whereas rough-
walled conduits caused a disorganised matrix and resulted in poor regeneration [333]. Building on
this, some studies have hypothesised that the grooved topography of conduits can promote the
organisation of this fibrin matrix and influence the remodelling of this ECM bridge, resulting in a
more regular aligned structure to support enhanced Schwann cell migration and axon extension

[181].

From our results it is unclear whether the grooves directly promoted directional Schwann cell
migration, and by extension, axon alignment or if there was an indirect effect on axonal guidance
from the promotion of an organised fibrin matrix. The fact that the regenerated tissue within the
conduit did not appear to be in contact with the conduit wall suggests that cells were not migrating
directly along the wall and the latter, indirect effect, may be the case. In future studies, histological
examination of the harvested tissue could be included to determine if any effects on ECM structure

can be observed.

Regardless of the mechanism, the grooved conduits resulted in a lower axon disruption meaning
that axon growth was more directed towards the distal stump. The shorter distance travelled by
axons may indicate faster initial recovery in the grooved conduits. This gives further reason to
investigate the same conduits with a shorter recovery time to see if differences can be detected in

sprouting index or unique axon number.
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5.6.4 Study 2: The effect of aligned fibres and plasma treatment on nerve

regeneration
Plain conduits and fibre-filled conduits (both non-treated and plasma-treated) were tested in the
3 mm common fibular nerve injury model and regenerated nerves were analysed to give

measurements of sprouting index. This allowed the effect of plasma treatment and aligned fibres to

be investigated independently as well as in combination.

5.6.4.1 The effect of plasma treatment in plain conduits

In terms of sprouting index, plasma treatment had no effect on the regeneration through plain
conduits. Despite the fact that plasma treatment was seen to reduce water contact angle of PCLMA
in a similar way to PCL (section 4.5.4), the improvement seen on plasma-treated vs non-treated
fibres was not mirrored on plasma-treated vs non-treated plain conduits. This gives further evidence
to support the hypothesis that Schwann cells and axons do not migrate and regenerate along the

conduit wall, but instead through the fibrin cable in the centre of the conduit lumen.

5.6.4.2 The effect of fibres and plasma treatment

As with the plain and grooved conduits in section 5.6.3.1, the sprouting index of all repairs peaked at
0.5 mm, however in the plasma-treated fibre-filled conduits, the sprouting index at 1.0 mm was still
at the maximal level and higher than the other repair types (though not significantly different). This
is similar to the observation made in section 5.6.3.1 about an elevated sprouting index in the graft
repairs at 1.0 mm. This suggests that, like in the grafts, the regenerating axons are being presented
with a level of resistance as they meet the edge of the fibres adjust their growth according to the
new guidance cues. This has been noted previously by Kim et al. who observed increased sprouting

in the proximal portion of repairs with fibre-filled conduits in comparison to autografts [154].

In terms of sprouting index, all conduit types performed comparably to the graft except for the non-
treated fibre-filled conduits. There were no significant differences between any group except the
non-treated fibre-filled conduits which possessed significantly lower sprouting index at multiple
intervals compared to the grafts and plain conduits. This result indicates that the non-treated fibres
impede nerve regeneration. The drastic failure of non-treated fibre-filled conduits was surprising
considering the results seen in literature on the beneficial effects of fibres within conduits. These
studies have used many different approaches such as the use of larger diameter fibres/filaments

compared to that produced by electrospinning [171], [172], the use of electrospun fibres with
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alternative methods of incorporating them into conduits [154], [168] or the addition of ECM proteins

and growth factors to improve regeneration [134], [168].

Successful studies using plain polymer fibres/filaments (no treatment or additional components)
include that by Cai et al. [171] Ngo et al. [172] who used PLA microfilaments of 60-80 um and 40-
100 um diameter, respectively. Conduits containing these microfilaments were used to repair

18 mm rat sciatic nerve gaps and compared to empty conduit controls. Cai et al saw a greater
number of axons present in the distal end of the repairs containing filaments as well as enhanced
Schwann cell migration and improved axon myelination [171]. Ngo et al. saw similar results with
significantly more myelinated axons in the filament conduits at regular intervals along the repairs
[172]. Kim et al. also saw beneficial results with conduits containing stacked sheets of aligned
electrospun fibres (poly(acrylonitrile-co-methacrylate), ~500 nm diameter). In a 17 mm rat tibial
nerve gap, these conduits performed comparably to autograft in terms of distal axon number and

muscle reinnervation, whereas empty conduits did not support axonal regeneration [154].

The difference between these three studies and the present study is the use of larger diameter
filaments or the use of electrospun fibre sheets. Despite the similar packing densities to this study
(around 10%) the larger filaments or sheets of fibres mean that there are larger voids between the
areas occupied by material, which may allow tissue to regenerate more easily. This suggests that our
arrangement of evenly spread fibres throughout the conduit lumen may be detrimental, presenting
a barrier to the regenerating tissue. In some cases in our results (e.g. Figure 86Aii, Bii) axons were
seen growing largely around the start of the fibres rather than through the centre of the conduit,
indicating the resistance presented by the fibres. Impendence to regenerating axons from luminal
fillers has been seen previously in the form of laminin gels and collagen sponges [165], [166] as well
as conduits containing dense electrospun fibres [164]. In these studies, the presence of fewer
regenerating axons or shorter axonal outgrowth in the filled conduits compared to empty conduits is
thought to be due to the filler presenting a mechanical barrier. This can prevent the diffusion of
molecules, Schwann cell migration and axon growth as well limiting the formation of the fibrin cable.
In such studies, axons were also often seen growing in areas not occupied by the gels/fibres i.e.
round the lumen periphery or between fibre layers [164], [165] suggesting the empty space
provided less resistance than the gels/fibres. ECM gel-filled conduits have been successful in a
number of studies but a dependence on gel concentration has been shown. Gels with higher
concentrations of collagen/laminin were more dense and therefore presented an obstruction to

regenerating cells [339]. Lower concentration gels supported successful regeneration, further
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showing the importance of the density and composition of luminal fillers and the need for sufficient

space for cell migration and axon regeneration.

With the use of plasma treatment, regeneration through the fibre-filled conduits was significantly
improved to make the growth comparable to the graft and plain conduit repairs. This beneficial
effect of plasma treatment was expected based on results from the DRG study (section 4.5.5.1),
which showed a 5-fold increase in Schwann cell migration and axon outgrowth in plasma-treated
fibre-filled conduits compared to non-treated controls. Plasma treatment is well known to improve
cell attachment/migration on polymer substrates (see sections 4.2.1 and 4.6.3). For example,
increased rate of cell infiltration has been observed on plasma-treated PCL and PLA electrospun
fibres scaffolds by Valence et al. [307] and Cheng et al. [293], respectively. This increased migration
rate on plasma-treated surfaces could explain the improvement of the plasma-treated PCL fibres in
the present study. As discussed in chapter 1, Schwann cell migration is essential to nerve
regeneration and always precedes axonal regeneration. If Schwann cells are able to attach and
migrate more readily along the plasma-treated fibres during the early stages of the nerve repair,
they would be able to support improved axonal outgrowth through the conduit. This relates to
observations by Kim, Cai and Ngo who saw improved Schwann cell migration in fibre-filled conduits
[154], [171], [172]. Kim et al. hypothesised that the electrospun fibre sheets supported migration of
Schwann cells which were able to form of Bands of Biingner and lay down laminin to guide axonal
regeneration. Since the results from our DRG study showed improved migration on plasma-treated
fibres, it suggests that this process was also supported in vivo by our plasma-treated fibres but not

by the non-treated fibres.

Despite improvements in plasma-treated vs non-treated conduits, the plasma-treated fibre-filled
conduits still offered no improvement compared to the empty plain conduits. A number of studies
have shown that beneficial effects of fibres within conduits can be amplified by incorporating some
ECM components such as laminin. Laminin, which is produced by Schwann cells during nerve
regeneration is important for the guidance of axonal regeneration [340] and has been shown to
enhance Schwann cell migration in vivo [341]. Neal et al. fabricated similar conduits to those of Kim
et al. by inserting electrospun fibre sheets into outer tubes and used them to repair a 10 mm rat
tibial nerve gap. Conduits containing aligned PCL fibres promoted improved thermal withdrawal
latencies and recovery of toe spread (measures of sensory and motor recovery, respectively) but
improvement in both parameters was increased when a PCL/laminin blend was used. A similar result

was also seen with nerve conduction velocities in conduits containing fibres of PCL and PCL/laminin
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[134]. Koh et al. also investigated the effect of laminin inclusion in PLA conduits containing
bundles/yarns of PLGA fibres. In measurements of both axon density within the midgraft and muscle
weight, no difference was seen between the fibre-filled conduits and the empty conduits, but with
the inclusion of laminin, regeneration was significantly increased [168]. Neal et al. hypothesised that
laminin supported improved Schwann cell attachment along with greater basal lamina secretion and
neurotrophic factor production, all factors which would be expected to improve axon outgrowth.
These results suggest that the inclusion of laminin may facilitate the beneficial effect of intraluminal

fibres and would be an area of interest for future studies.

Aside from fibre properties, the apparent lack of improvement from the plasma-treated fibre-filled
conduits, compared to plain conduits could be due to the 3 mm nerve gap length in the model
utilised in this study. This is for the same reasons as discussed in sections 5.5.3.2 and 5.5.3.3 on the
grooved conduit performance; since the plain conduits performed comparably to the gold-standard
grafts, there is not much room for improvement with the inclusion of fibres. If the fibres improve
axonal regeneration in the initial stages due to increased migration and attachment of Schwann
cells, these differences may be absent by the three-week timepoint as regeneration in the plain
conduits catch up. A shorter time point or longer gap length may more easily highlight differences in
the performance of different conduit designs. The beneficial effects of filament-containing conduits
from Cai et al. and Ngo et al., discussed earlier, were only apparent in gap lengths of 18 mm. In both
studies, 14 mm nerve repairs were also carried out but no significant differences were found in distal
axon number between empty and filament-containing conduits [171], [172]. Differences in the

18 mm gaps were more evident due to a higher failure rate of the empty conduits. Many of the
studies mentioned above which highlight the benefit of intraluminal fibres were also carried out in
gap lengths where empty conduits performed very poorly with high instances of complete failure
and no axonal regeneration [154], [168], [171], [172]. For example, Neal et al. used a 10 mm rat
tibial nerve gap where empty conduits performed significantly worse than all other repair types,

exhibiting no recovery of motor function or nerve conduction velocity [134].

The failure of empty conduits in longer gaps and the improvement with the use of fibres, relates to
another potential mechanism by which intraluminal fibres can support improved regeneration.
Specifically, that the intraluminal fibres help the formation and stabilisation of the fibrin cable during
the early stages of the nerve repair and allow the cable to form over distances where it would fail in
an empty conduit. We can see evidence of this effect when looking at the failure rates of the

different conduit types in this study.

248



5.6.4.3 Differences in overall success rates and the importance of fibrin cable formation

Comparing all conduit types in terms of overall success/failure, we can see some big differences
between fibre-filled and plain conduits. In terms of tissue cable formation (Figure 91A) 100% of both
fibre-filled conduit groups successfully formed a connecting cable between the proximal and distal
nerve stumps compared to 64% in plain conduits. Secondly, in terms of successful axonal
regeneration (Figure 91B), 100% of the plasma-treated fibre-filled conduit had axons present in the
distal nerve ending compared to 64% and 75% in non-treated and plasma-treated plain conduits,
respectively. The plasma-treated fibre-filled conduits was the only repair group where no complete

failures occurred.

These results of increased cable formation and presence of distal axons has been shown by a
number of the studies mentioned previously. Cai et al. saw 100% nerve cable formation in fibre-filled
conduits repairing an 18 mm nerve gap compared to 56% in empty conduits. This was accompanied
by 90% of fibre conduits having distal axons present compared to 56% in the empty controls [171].
Ngo et al saw 70% and 75% cable formation in empty conduits repairing 10 mm and 14 mm nerve
gaps which was increased to 100% with fibre-filled conduits. With this, came an increased number of
repairs with distal axons in the fibre-filled vs empty conduits (95% vs 53% in 10 mm and 75% vs 25%
in 14 mm) [172]. Similar results were also seen in Kim et al.’s electrospun fibre-containing conduits

with 100% successful regeneration compared to only 15% cable formation in empty conduits [154].

The increased cable formation in fibre-filled conduits (and subsequent improved axonal
regeneration) has led to the hypothesis that the fibres provide mechanical support to stabilise and
aid the formation of the fibrin cable [171], [172], [342]. Lundborg et al., who also saw more
successful cable formation with fibre-filled conduits, suggested that in longer gaps within empty
conduits, the fibrin matrix dissolves before it can become cellularised and remodelled by migrating
cells from the two nerve endings. However with the presence of fibres, the matrix is stable over

longer time periods, allowing greater cell infiltration [342].

Ngo et al. and Koh et al. separately observed that Schwann cells and axons were not found in
contact with fibres suggesting that the fibres were not directly guiding Schwann cell migration/axon
growth, giving more evidence that the beneficial effect was due to the support of the fibrin matrix
which in turn acts to guide the cells. This relates to observations made by Weiss in early studies on
contact guidance (see section 1.5.1). It was shown that very large fibres (500 um diameter) could still
direct axonal growth from tissue explants despite them being thousands of times larger than the

axonal processes and too large for axons to ‘see’ a discernible fibre with a distinct direction. He
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hypothesised that fibres caused the fluid exudate from the explants to advance directionally (by
capillary action) laying down an aligned fibrous matrix, which coated the structures and in turn
guided the cell migration and growth [138]. It could be by a similar method that the fibres within a
conduit are able to support the formation of the fibrin matrix which then supports Schwann cell

migration and subsequent axonal regeneration.

It is an interesting result from our study that despite successful cable formation in the non-treated
fibre-filled conduits, there was an 80% failure rate in axons reaching the distal stump. Even in the
one case which was ‘successful’ only a single axon regenerated to the end of the conduit. The failure
mode in these conduits was different to the plain conduits, which when failure occurred, no tissue
cable was found and the proximal axons formed a neuroma-like knot of axons (see Figure 79). In all
failed repairs with non-treated fibres, axons always regenerated a short distance into the fibres, but
axon number declined rapidly with each interval (see Figure 86A). This suggests that the fibres must
be providing some guidance (either directly or indirectly) but the properties of the material are not
optimised (for example, the increased hydrophobicity in comparison to the plasma-treated fibres). It
may be that the fluid exudate secreted from the nerve endings (from which the fibrin matrix forms)
cannot flow properly through the conduit or that the hydrophobic fibres support reduced protein
binding from this fluid. If the fibrin cable fails to form properly (such as the disorganised ECM cable
seen in rough-walled conduits by Aebischer et al. [333]), a tissue cable may form but axonal
regeneration would still be limited. It would be interesting to perform histology on the tissue cable
from the treated and non-treated fibre-filled conduits to investigate any differences in structure.
This would also allow investigation of the proximity of Schwann cells and axons to the electrospun
fibres, to see whether guidance is being provided directly or indirectly, and determine if the plasma-

treated fibres can provide guidance where the non-treated fibres cannot.

Direct guidance to regenerating cells from NGC luminal fillers has been hypothesised with the use of
gels containing collagen and laminin. Since these proteins are able to guide Schwann cell migration
and axonal growth, such gels may be able to provide support in place of the failed fibrin cable by
providing these exogenous ECM components into the injury site [343]. Conduits filled with collagen
and laminin-containing gels have allowed regeneration in mouse sciatic nerves over longer distances
compared to control conduits [339]. The guidance provided by these gels is evident when comparing
gels with differing orientations. Aligned collagen/laminin gels can be produced in a variety of ways,
such as the with the use of magnetic fields. Verdu et al. demonstrated that magnetically aligned gels
supported faster functional recovery compared to non-aligned gels in mouse sciatic nerve repairs

[343]. Conduits containing self-aligning collagen gel have been produced by Phillips et al. who filled

250



conduits with Schwann cell and fibroblast-containing gels. The gel was tethered at either end of the
conduits, resulting in the generation of uniaxial tension and alignment of collagen fibrils as the cells
contracted. These conduits outperformed empty tubes in the repair of 5 mm rat sciatic nerve gaps
[344]. The guidance provided by gels containing ECM components complements the studies
discussed earlier which demonstrated the beneficial effect of laminin-containing fibres [134], [168].
These results suggest that the incorporation of collagen/laminin into the PCL fibres of the present
study, would be an alternative method which may help the fibres provide an element of direct

guidance in addition to the stabilisation of the fibrin cable.

Of the conduit designs investigated in the present study, looking together at the results of sprouting
index and the overall success rates, the plasma-treated fibre-filled conduits promoted the most
successful regeneration. Even though no improvements were seen in axon number compared to the
plain conduits, the 0% failure rate is obviously an important factor. In this way, the plasma-treated
fibre-filled conduits performed similarly to the graft repairs - Ignoring the 3 cases where graft
became detached, all graft repairs promoted successful regeneration. If these conduits were tested
in longer gaps, it would be expected that the incidence of failure in the plain conduits would
increase as the fibrin matrix fails more frequently. However, based on the results of this study, and
results seen in literature, the plasma-treated fibres should stabilise the fibrin matrix and provide
guidance to regenerating cells (either directly or indirectly) leading to improved regeneration. This
suggests there is promise for the use of fibre-filled NGCs in the clinical setting as they may overcome

disadvantages of plain conduits which can only support regeneration in short distance nerve gaps.
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5.6.5 Study 3: The effect of uSL microfeatures on nerve regeneration

Smooth conduits (produced by injection moulding) were tested in the 3 mm common fibular nerve
injury model to compare with plain conduits produced by microstereolithography. This study was
carried out due to unpublished work from our lab which suggested the inherent microfeatures in
conduits produced by microstereolithography were important for the regenerative capacity of these
conduits. The small groove height and width of the micropatterns are similar to some of the smaller
dimension microgrooves reported in literature [174], [183], [184] (see section 1.6.5). It was thought
that they might replicate the beneficial effects seen in studies with grooved conduits via the

mechanisms discussed in section 5.6.3.

This assumption was not entirely in line with or observations. In terms of sprouting index, the
smooth conduits seemed to promote comparable regeneration compared to the plain (uSL)
conduits, however the lower sample size made it difficult to draw any strong conclusions. The
occurrence of a repair with only a few regenerating axons caused high variability in the smooth

conduit results, making it necessary to perform more surgeries to confirm these findings.

Looking at the overall success rate of the smooth conduits, in 50% of cases, no axons regenerated
into the distal stump. This was the highest failure rate of all conduit types except the non-treated
fibre-filled conduits. Despite the similar sprouting index to plain conduits (when successful repairs
are counted) the high failure rate suggests that the smooth conduits could be detrimental to
regeneration and that the microgrooves of the plain conduits may help initiate recovery and
improve success rates. In the clinical setting, the reliability of a procedure is of great importance and
so the plain conduits (which promoted less variable, more successful regeneration) would be

preferable over the smooth conduits.
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5.7 Conclusions

Both grooved and fibre-filled conduits supported a comparable level of regeneration to graft repairs
and empty conduits. Plasma treatment was found to be essential for the fibre-filled conduits to
support nerve regeneration as regeneration was significantly impaired by the presence of non-

treated fibres.

Regeneration through empty conduits was characterised with lower axon disruption compared to
graft repairs, especially in the grooved conduits in which axons took a more direct path in the
proximal region. This suggests that the grooves supported axon guidance, either by directing
Schwann cell migration or influencing the fibrin cable, justifying the further investigation of grooved

conduits in longer distance nerve injuries.

Plasma-treated fibre-filled conduits achieved higher success rates compared to any other repair type
by stabilising the formation of the fibrin matrix and providing guidance to migrating and
regenerating cells. This demonstrates the potential for the use of fibre-filled conduits in longer

distance nerve gaps where empty conduits typically fail due to the failure of the fibrin matrix.
The higher failure rate of the smooth conduits in comparison to the plain conduits suggests that the

inherent microfeatures from pSL may play a role in promoting successful regeneration but a larger

sample size is necessary to confirm these findings.
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6. General Discussion and Future work

6.1 Materials

6.1.1 Suitability of PCLMA as a NGC material

Photocurable PCLMA resin was developed for use in uSL and used for the production of the NGCs in
this study. Since the mechanical properties of NGCs are of importance, the Young’s Modulus of the
PCLMA material was measured and shown to be tuneable by varying the DM of the prepolymer
(chapter 2). The flexion of PCLMA NGCs was also demonstrated (chapter 3) with the ability of the
conduits to bend to a high degree without kinking. Future work could entail further characterisation
of the mechanical properties of the PCLMA tubes. Three-point bending tests could be performed to
guantify the results seen in section 3.5.9 and level of kink-resistance. Uniaxial (longitudinal)
compression of conduits can also be performed to calculate maximum stress at failure [128]
however this method does not adequately represent the forces the conduit would experience in
vivo. More physiologically relevant testing would be to apply compression perpendicular to the long
axis to the conduit. This transverse compression allows quantification of the conduits’ resistance to
luminal collapse from external forces (which would lead to nerve compression and limited recovery).
Previous studies have recorded the load required to cause different levels of compressive
deformation (between 10-60%) [78], [345]-[347] and calculated compressive strength from the
force required to cause complete luminal collapse [348]. These tests could be performed with

PCLMA conduits to compare with previous studies and determine the effect of DM on these values.

As well as mechanical properties, the degradability of NGC materials is of importance. Appropriate
degradation rates for NGCs are a topic of discussion with FDA approved conduits having a range of
degradation times between 3 months and 3-4 years [61] (see Table 1). Conduit degradation within
the first 6 months (i.e. with PGA conduits and some collagen conduits) is thought to be too fast to
allow full regeneration to occur [61] [349]. Long-term degradation is also problematic due to long-
term placement of conduits leading to pain or local discomfort caused by compression of the
regenerated nerve [94], [350]. For this reason, Dahlin found that non-degradable silicone conduits

often had to be removed after 12-44 months [351], [352].

In chapter 2, PCLMA was produced with a range of degradation rates (determined by DM) all of

which were faster than the degradation of commercial, linear PCL which is known for its slow
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degradation. In a long-term in vivo study, PCL implants were shown to retain their structure for
around 2 years with PCL fragments still remaining after 3 years [353]. Since our PCLMA degraded
faster than the commercial PCL, it would be expected that the in vivo degradation of PCLMA would
be faster than the 3+ years in the aforementioned study, meaning it would likely fall in an acceptable
range for use in NGCs. Future work is necessary to confirm the in vivo degradation of the PCLMA
material and the degradation timescale for PCLMA with differing DM. Degradation can be carried
out in vitro under simulated physiological conditions in PBS or with the addition of enzymes such as
lipase [129] or cholesterol esterase [233]. For true determination of degradation rates, in vivo
implantation would be necessary, harvesting the material at various time-points to determine mass

loss.

The 2M20 PCLMA was chosen for initial testing of conduit designs as this showed mid-level stiffness
and degradation rate. The short gap nerve injury model and short recovery time used in the present
study meant that the mechanical and degradation properties of the conduits were not of huge
importance. Moving forward to longer gap lengths would mean that the mechanical properties may
have more of an influence on recovery due to a greater chance of the conduit being subjected to
external bending forces. Longer recovery times would also mean that degradation rate would need
to be considered. For future studies, conduits could be used with PCLMA of different DM, depending

on the requirements and the results of future degradation studies and mechanical testing.

Another problem not highlighted with short gap was the suturability of the PCLMA conduits.
Unfortunately, the PCLMA material is unable to hold sutures, which is not a problem with short
distance nerve gaps in mice as the use of fibrin glue was suitable. Suturable conduits are more likely
to be accepted into the clinic as they would fit better with current methods used by surgeons. If
suturability is a required feature, conduits could be designed with holes in the cuffs to act as anchor
points for sutures. These could be directly printed into the structure during uSL production, making
use of the ability to create more complex geometries. Alternatively, other materials could be
investigated. In the Claeyssens lab, PGS has been methacrylated in a similar way to the PCL in the
present study and the resulting PGS-M has shown the ability to hold sutures [129]. Since the PGS-M
is biodegradable, has tuneable mechanical properties [233] (with Young’s modulus in a similar range
to PCLMA) and is structurable by uSL [129], the work in this thesis could easily be applied to the use

of this material.
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6.1.2 Porous materials

The PCLMA conduits in this study successfully supported nerve regeneration however the bulk form
of PCLMA may not be ideal due to a lack of porosity. Though non-porous conduits can allow the
build-up of beneficial neurotrophic factors, essential nutrient diffusion may also be prevented [354].
Porous materials allow for the inward diffusion of nutrients and the outward diffusion of waste
products. As a result, many studies have shown more successful regeneration through porous
conduits compared to non-porous alternatives [171], [355]-[358]. Materials with too large a pore
size, however, may be detrimental as a result of fibroblast invasion and production of excess

connective tissue [355] so tight control of porosity (percentage porosity and pore size) is essential.

One way of including porosity in a polymer material is the use of polymerised high internal phase
emulsions (polyHIPEs) which have been produced in the Claeyssens lab from a variety of polymers.
Here a hydrophobic prepolymer (oil phase) is mixed with water and surfactants to create a water-in-
oil emulsion, with water droplets dispersed though a continuous phase of prepolymer. The
prepolymer phase is then cured and with the removal of the water phase, voids are created in the
polymer, resulting in a highly interconnected porous structure [359], [360]. Porosity and pore size
can be controlled by varying the parameters used in the preparation of the emulsion. Additionally,
the ability to produce polyHIPE structures via uSL has been demonstrated with production of simple
tubes [361]. Recent work has resulted in the production of a PCLMA polyHIPE produced using a
PCLMA prepolymer similar to that in the present study [362]. Future work would include the
adaptation of this method to produce porous PCLMA conduits with emulsion preparation and
structuring with pSL. This would allow for the in vivo assessment of porous PCLMA conduits to

compare with the non-porous conduits in the present study.
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6.2 The in vivo model

6.2.1 Use of thy-1-YFP mice — Analysis methods

The thy-1-YFP mouse nerve injury model was successfully used to assess nerve regeneration through
different conduit designs in comparison to autograft controls. The advantages of this model were
highlighted in the study of plain vs grooved conduits where a significant difference was found in the
measurement of axon disruption, when there were no differences in sprouting index or unique axon
number. The ability to trace fluorescent axons allows much more detailed information to be
obtained about axon behaviour in different conduit designs (i.e. axon disruption). This allows
differences to be found which would be missed by conventional histological methods or functional
testing. This was also seen also by Pateman et al. [128] with the use of PEGDA conduits, where axon
disruption was lower in the conduits compared to the grafts despite no differences in sprouting

index or unique axon number.

Imaging nerve harvests with confocal microscopy rather than fluorescence microscopy led to higher
quality images and more reliable axon tracing. However, axon tracing was still a very time-
consuming process. Automated tracing methods were investigated as it was thought that this could
remove human error and speed up analysis but the resolution of the images was still too low for this
to be possible. Alternative imaging systems were trialled such as the Zeiss LSM 880 Airyscan which
can produce even higher resolution images than the confocal. The resulting images showed promise
for automated tracing but image file sizes were too large to be easily processed. Future work could
involve optimising these imaging methods for automated tracing to allow for a much higher

throughput of results.

Additionally, it was not possible to obtain high enough quality images of the fibre-filled nerve
harvests to carry out axon tracing. This was due to the presence of PCL fibres blocking the light from
the confocal microscope. Future work is necessary to determine a post-processing method for the
harvested tissue to allow full visualisation of the regenerated axons. Previous studies have treated
nerve tissue in DCM to dissolve PLA fibres [171] so this could be explored but the effect on tissue

morphology and preservation of YFP fluorescence would need to be considered.
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6.2.2 The importance of nerve gap length and recovery time

As discussed in chapter 5, the 3 mm mouse common fibular nerve gap model did not highlight many
differences in axon number between conduits containing physical guidance cues (fibre-filled or
grooved) and plain conduit controls. The high regenerative capacity of mouse nerves coupled with
the short gap and the long three-week recovery time meant that the plain conduits performed
equally well compared to the autograft, and so did the grooved and plasma-treated fibre-filled
conduits. This meant that it was difficult to use this model to highlight any differences in

performance between these conduit designs.

The short gap model however, was useful for preliminary, proof of concept testing and for screening
a large number of potential devices. By testing a number of different conduit designs we were able
to identify those which would be worth perusing in future work, i.e. a longer gap study. Both the
grooved conduits and plasma-treated fibre-filled conduits showed promise compared to plain

conduits by respectively decreasing axon disruption and increasing overall success rates.

The decreased axon disruption in the grooved conduits suggested that axons regenerated in a more
directional fashion and it would therefore be interesting to carry out the same 3 mm nerve repairs
but terminate the recovery at shorter time points (i.e. 1 week and 2 weeks). This would reveal
whether regeneration can occur at a faster rate in the grooved conduits due to guidance effects

from the grooves, even if differences are absent at a later time point.

Both grooved and fibre-filled conduits should then be tested in longer distance nerve gaps. A critical
gap length should be chosen in which poor regeneration occurs in plain conduits. This has been
demonstrated in a 6 mm mouse sciatic nerve gap by Gémez et al. where conduits resulted in
severely limited axonal regeneration compared to autografts. This was contrast to 4 mm repairs in
which conduits and grafts performed comparably [334]. Testing the conduits in longer gap lengths
should more easily reveal beneficial effects from the guidance cues in terms of influencing or
stabilising the fibrin cable. For nerve gaps of >3 mm, the mouse common fibular nerve could not be
used due to its short length but recent work has developed the imaging and axon tracing methods to
work with the sciatic nerve in thy-1-YFP mice [331]. For even longer gaps, it may be necessary to
move to a larger animal model. The next step would be the use of a rat sciatic or tibial nerve gap.
Here gap lengths of around 10-18 mm are commonly used in which poor regeneration often occurs

in empty conduits, likely due to the failure of the fibrin cable [92], [134], [154], [171], [172].
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6.2.3 ldeas for conduit improvements

Aside from testing the current conduit designs in longer nerve gaps, alternative designs should also
be considered to improve the performance seen in the current studies. In chapter 5 it was
highlighted that the small spaces between the 10 um fibres in the fibre-filled conduits may be
detrimental to regeneration and that a number of studies use conduit designs with larger inter-fibre
spaces [154], [171], [172]. Larger diameter fibres would help with this issue and in chapter 3, fibres
were electrospun up to a diameter of 16 pum and inserted into conduits to the same packing density
as the 10 um fibres. Future work could include the testing of these conduits filled with larger fibres
but electrospinning parameters could also be altered to further increase fibre diameter. Although
the in vitro results from chapter 4 suggested that 10 um diameter fibres were optimal for Schwann
cell and neuronal outgrowth, in vitro models do not adequately mimic the in vivo environment and

so optimisation of parameters in vitro may not always be possible.

Surface treatment of the conduits was discussed in chapter 5 to improve the biological response
from migrating Schwann cells and regenerating axons. Plasma treatment was shown to increase the
hydrophilicity of both PCL and PCLMA and improve the regeneration through fibre-filled conduits.
Previous studies have also shown that surface treatment to improve the hydrophilicity of grooved
conduits can facilitate the beneficial effect of grooves [182]. It would therefore be interesting to test

plasma-treated grooved conduits in the current in vivo model to determine any beneficial effects.

Alternatively, biological response from regenerating cells can be influenced by incorporation of ECM
proteins such as laminin and collagen which can promote the attachment and migration of
regenerating cells. A number of studies have successfully utilised collagen/laminin containing fibres
for peripheral nerve repair [36], [173], [312]. Specific benefits have also been seen with
incorporation of these proteins into polymer fibres which supported improved nerve regeneration
compared to plain polymer fibres both in vitro and in vivo [134], [159], [168]. The PCL fibres
produced in the present study could simply be coated with laminin by immersion in a laminin
solution [156], which would allow the current scaffold designs to be used with minimal alteration.
More complex methods could be explored such as creating PCL-collagen/laminin blends for use in
electrospinning [134], [159] or filling the fibre-filled conduits with collagen/laminin-containing gels

[339], [343].
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Finally, a cellular component may be added to the conduit to facilitate improved regeneration. Since
Schwann cells play a vital role in nerve regeneration following injury, they are the main cell type of
choice for cell-based therapy. A Schwann cell suspension may be injected directly into the conduit
during device implantation or pre-seeded and cultured in the conduit prior to use [133], [363]. Using
these techniques, many studies have shown the ability of conduits containing Schwann cells to
promote enhanced peripheral nerve regeneration compared to cell-free conduits [103], [303], [304],
[363]. Future work could include implanting both grooved and fibre-filled conduits containing or pre-
seeded with Schwann cells. The actions of Schwann cells, such as growth factor production and basal
lamina secretion would hopefully facilitate the beneficial effects of the physical guidance cues as
seen in the study by Rutkowski et al. (where improved regeneration was seen in grooved conduits

pre-seeded with Schwann cells, but not in cell-free grooved conduits) [183].

6.2.4 More complex nerve injury models and other applications

In chapter 2, the ability to produce complex 3D PCLMA structures was demonstrated with the use of
USL. Bifurcated conduits were produced, which would be much more difficult to manufacture using
conventional methods such as extrusion or the rolling of films. These bifurcated conduits could be
used in more complex in vivo models such as the repair of the sciatic nerve where it branches into
the common fibular and tibial nerve. Such repair of bifurcated nerves has been demonstrated by
Johnson et al [87] and could be replicated with bifurcated conduits produced in this study.
Bifurcated conduits could also be produced with a grooved luminal structure. If successful, this

would open the door for the use of conduits in the repair of more complex nerve injuries.

Finally, the PCLMA material is not just limited to use in the production of NGCs. The ability to
produce any structure 3D with use of uSL means that scaffolds could be produced in a variety of
shapes for different tissue engineering applications. The tuneable mechanical and degradation

properties mean that the material could be adapted for use in a wide range of tissues.
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7. Final Conclusions

The work in this thesis has explored the manufacture, characterisation and assessment of NGCs
containing physical guidance cues. The aim was to produce conduits with the capability to support
improved regeneration compared to simple conduit designs. A tuneable, photocurable resin was
produced for use in uSL with a range of possible mechanical and degradation properties. This was
used to produce conduits containing physical guidance cues in the form of grooves and, in
combination with electrospinning, aligned polymer microfibres. Conduit characterisation allowed
control over important parameters thought to influence nerve regeneration, such as fibre diameter
and packing density. The effect of plasma treatment was also studied and found to improve the
hydrophilicity of the conduit materials. In the repair of 3 mm nerve injuries, both grooved conduits
and plasma-treated fibre-filled conduits supported comparable nerve regeneration in comparison to
gold standard autograft controls. Grooved conduits showed lower axon disruption compared to
autografts (where plain conduits did not) and plasma-treated fibre-filled conduits resulted in higher
success rates compared to empty conduits. The results justify the use of these conduits in future

work to determine their potential in larger distance nerve gaps.

From the results of this study and comparisons to observations in literature, it seems evident that
level of guidance provided to Schwann cells and axons within a NGC is a clear determinant of
successful in vivo regeneration. The lack of guidance cues within plain/empty conduits is likely a
large contributing factor to their low success rates. Guidance may be provided by luminal grooves
within a NGC, which may influence the formation of the fibrin cable or directly guide regenerating
cells. Additional factors such as surface treatment or Schwann cell pre-seeding may help to facilitate
the full beneficial effect of the grooves. The most critical factor for guidance of regenerating cells is
the formation of the fibrin cable in the early stages of repair. In cases where the fibrin cable would
normally fail, if it can be stabilised or mimicked by internal guidance cues (i.e. fibres), successful
regeneration will usually follow. The reliance on the fibrin cable highlights the disadvantages of in
vitro models, (which cannot adequately simulate fibrin cable formation) and emphasises the

importance of appropriate in vivo models in which control conduits fail to regenerate successfully.
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8. Appendix
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Figure 93. Sample size calculation results (from PiFace software) for Study 1 and Study 3, showing the
detectable differences in Sprouting index (A), Unique axon tracing (B) and Axon disruption (C).
levels[row]=number of intervals (A), levels[col] (A)/levels[treatment] (B, C)=number of repair groups
(graft, plain conduit grooved/smooth conduit), n[Within]=sample size, SD[Within]=standard deviation
from previous study, # tests=the number of tests performed during Bonferroni multiple comparisons.
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Figure 94. Sample size calculation results (from PiFace software) for Study 2, showing the detectable

difference in Sprouting index.

levels[row]=number of intervals, levels[col]=number of repair groups (non-treated plain conduit, plasma-
treated plain conduit, non-treated fibre-filled conduit, plasma-treated fibre-filled conduit and graft),
n[Within]=sample size, SD[Within]=standard deviation from previous study, # tests=the number of tests

performed during Bonferroni multiple comparisons.
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